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Dynamic Simulation Modelling of Locust Qutbreaks

Abstract

Much about the life history and biclogy of the Brown Locust, Locustana pardafina
(Walker), is known and documented; litlle is known of how locust populations
change and move, owing to thelr occurrence in sparsely inhabited regions of
southern Africa,

With a view to understanding the mechanisms driving population fluctuations, a
medel for simulating plague events was developed for the Mathworks Matlab™
intarpreter. A previously developed model, applying rules that determine the
transitions batween the stages of the locust life-cycle, contingert on daily rainfail
and temperature records, was enhanced by migration probability functions based
on the distance between stations, wind speed, locust flight duration and wind
heading.

It was hypothesised that ihcorporating the phenomenon of wind-facilitated
migration into the basic madel would increase the accuracy of predictions. The
inclusion of migration tracking routines manifests itself in improvements in the
simulation of outbreak events with respect to timing,
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Chapter1 OBJECTIVES

1.1 TOWARDS DEVELOPING A LOCUST OUTBREAK EARLY
WARNING SYSTEM

During 1994, the Agricultural Research Council {ARC) convened a
multidisciplinary task group, to work fogether on a project titled “Towards
developing an early warning system to predict Brown Locust outbreaks'. The
following organisations have beenintimately involved in the project:

The Agricultural Research Council, with representation from the following ARC
departments: Tha Piant Protection Research Institute (PPRI),

The |nstitute for Soil, Climate and Water (ISCW),

The GIS {Geographical Information System) Department,

Ramote sensing,

Agromet,

The University of the Witwatersrand, specifically the Department of Zoology.

The Department of Agriculture, ang the Directoi«ie . Resource Conservation
also play ardle.

The specific aims of the enterprise are outlined as:

Cellection and coliation of focust datain the outbreak region
Retrospective analysis and mapping of locust outbreaks
Impraved|ccust monitoring systams

Analysis of weather datain the outbreak region
Bio-modelling of locust outbreaks

Developing an early warming system (EWS) using weather data,
vegeiation indices and locust data, and integrating this into a Geographical
Informatlion System.

L Providing rapid exchangse of information on past cutbreak status to achieve
more efficient management and deployment of resources.

The University of the Wilwatersrand's Departmeni of Zoology has been
soncerned with the weather data analysis and bio-modelling of locust outhreaks.

The role of the Zoology Department has been one of providing some of the
biological foundations - in collaboration with members of the PPRI - for building
the looust lifecycle model. In addition to being a source of information of the
lifecycle parameters, the Zoology Department has been responsible for collating
this information with that from the PPRI, and for the software development and
coding of a fully workable computer simulation, the details of which are described
inthls document,

s & & & & 0

The aperation of these simulations hinges on environmental data obtained from
the PPRI, the }SCW, and the S.A. Weather Bureau. Additionally, the ARC
requested that the simulation model require only data fields which they could
supply from their or the SAWE's databases.

Chagter 1. Objectives FPage 1
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POTENTIAL IMPACT QF THIS RESEARCH

The Brown Locust is a setious insec! problem in South Africa. An indication of the
magnitude of this problem is reflacte J In the fact that R11m’ was spent on locust
control during the 1893-1894 seas 'n. This pales In comparison to that spent
during the previous maior outbreak. Toms (1988) reported an expenditure of
R28,3m for the 1985-1986 Karoo outbreak season, and declared that the locusts
were not considered to have bean successfully controlled. These figures do not
indicate indirect costs such as environmental pollution. The real financial impact
isreflected in Toms' analysis of return per hectare,

He points out that R28,3m translates inta an approximate cost of R5,66 per
hectare, yet the average net profit recorded by typical Karoo farms over the three
years preceding the cutbreak amounts to only R4,51 per hectare. Further, during
the period 1907 to 1967, there were only six years during which there were no
reports of brown locusts,

An accurate EWS - based on sound scientific data - would alert decision makers to
the danger of impending outbreaks. A better management suppert system would
exist for timeous ptanning and execution of control campaigns. Limited resources
could also be beiter utilised in response to rapidly changing priorities. Targeting
specific areas would reduce the cost involved in polson distribution and recovery,
Additionally, better estimates of the required amounts would be possible. In
essence, the problem to be solved is delivering the right amount of poison to the
right piace at the right time. :

The proposed project will utilise and integrate the latest technology, such as GIS,
satellite-based vegetation indices, the AgroMst databank, and the ARC's wide
area network (WAN) and other computer technology.

The ARC, and more specifically the Agromet section of the ISCW, has baen the
primary co-ordinating body of the project. Agromet is also responsible for
supplying weather data to the group, as weil as analysing weather data in the
Karoo. Regular meetings and workshop sessions have enabled all the
contributors to discuss the availability of essentlal information, and the
shorteomings whare those arise,

A diagrammatic representation of how the different institutions interact is shown
overleafin Figure 1.1.

1 Agendum - meeting of involved partiee - March 1995, ARC headoffice, Pratosia.

Chapter 1. Cbjectives Paga2
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Fig.1.1  The interaction: of institutions involved in the develapment of a {ocust
early warning system, The contribution made by WITS is described
fully in this docurient.

BYNAMIC SIMULATION MODELLING

The simulation model developed comprises two more-or-less independent
components. The core of the simulation is a software model of the Brown Locust
lifecycle. This lifecycle simulation has been used as a buliding block in the
development of a migration simulation model that tracks the movements of locust
pepulations in response to changing weather conditions.

The logical conclusion is to integrate the locust outbreak simulation modelinto the
EWS, which is based on a UNIX™ operating system. The simulation model at
present runs exciusively on a personal cornputer (PC™), using the Mathworks™
Matiab™ command irterpreter, which runs under Microsoft™ DOS™ and
Windows 3.1™, As such it dves not interface directly with the proposed GIS-
basad early warning system. However, the existing model provides two essential
cornerstones ofthe EWS:

Firstly, the PC-based simulation model provides a platform for testing the theory
and lifecycle parameters. A greater degree of testing and experimentation can be
done since operators are not confined to limiled-access, high-cost GIS-
compatible hardware,

Chapter 1. Objectives Page3
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Secondly, Matlab is available for the UNZ'™ uperating system. At some future
date it may be dcsirable to transport the model to this operating system. Since the
Matiab interpreter syntax is universal to all operating systems (except for the
graphical capabilities of that system), the translation is a simple, fast and cheap
process.

The project objectives which are specifically relevant fo ths currenit author, and
which are addressed in this document are;

® Is it possible to determine migration movements from wind speed and wind
direction? Can this be done accurately snough in order to achieve the
objective outlined directly below?

® Will the accuracy of outbreak predictions improve significantly if the
simutation model is expanded to take migration movements - based on
wind phenomena - into account?

. Wil taking migrato~s movements into consideration create suitable initlal
conditions for the next season? This differs subtly from the objective
diractly above in that It will take Into conslderation migratory effects, such
as population relocation, and dispersal of eggs over many seasons. The
question addressed above is directed more towards finding out If
population redistribution has an immediate effect.

The experimental hypothesis may be summarised as:

incorporating the phenomenon of wind-facilitated migration into the basifc
one-point lifecycle model will increase the accuracy of the predictions on a
termporal scale (i.e., simulated outbreaks will coincide more precisely time-
wise with actual outbreaks).

1.2 THE SCOPE OF THIS DISSERTATION AND WORK
ACCOMPLISHED

The initial scope of the enterprise was limited to extending an existing simulation
mode! (Nailand and Hanrahan, 1993; Hanrahan and Hanrahan, 1994). The model
was to be modified to incorporate the necessary software entities so that it could
simulate locust migration between various weather stations.

The slmulation model, as it stoed towards mid-1984, proved to be compietely
unworkable. Encumbered by unnecessarily complex and slow software code, and
excessively greedy with regard to computer memory, it failed to provide a useful
platform on which to build the migration model.

The entire software suite comprising the model was re-written, paying carefl
attention to the following factors:

- The revised model should be at least as easy to use as the originat version,
as far as the user interface is concerned. This would facilitate a rapid
changeover for people already familiar with the operation of the older
model.

Chapter 1. Objectives Page4
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[ ] The revised software must be as frugal as possible with regard to computer
resources such as memaory {(RAM),

®  Therevised software must execute as fast as possibie.

With regard to the second two points, speed and compactness were of the utmost
importance. No matter how fast, or memory-frugal the software is, it is always
desirable to improve the specification of both of these parameters.

The lifecycle model (Nailand & Hanrahan, 1993), afterimprovement, was used as
a basic building block in creating the larger scale migration mode) developed by
the current author. This migration mode! simulates locust population fluctuations
at two {or more, if dasired) geographical locations, and simulates movemenss of
migratory swarms between these sites.

An additional objective of the reworked sofiware was, white retaining bac....ard
compatibility with earlier commands, to make it very simpla to operate and updats,
so that potential users need have no special modeiling knowledge or
programming skills. To this end, the model now operates through a standard
Windows™ graphical interface, with menus and dialogue boxes. All data input
and cutput is in industry standard spreadsheet format, and several graphical
utilities and statistical tools have been added to make interpretation of the results
quick and easy.

A comprehensive technical user manual has been written in order to facilitate use
of the model by those with little experience of computer pregramming or
simulation modelling. 1t does, however, inciude an entire technical reference
explaining all the internal operations of the simulation model. Such information
will prove invajuable to those wishing to maodify or expand the software at some
future date. This document is included as Appendix E. Nevertheless, the
simulation model remains a moderately complex entity, and s notintendedtobe a
use-it-out-of-the-box preduct for casual users who do not have some
understanding of computer basics or modelling theory.

Various other sofiware utilities were developed to complement the simulation
madel. These included programs to canvert various formats of weather data, and
to analyse the simulated resuits, but since their development bears no direct
relation to the simulations, they will not be discussed further.

The following chapter deals with the agricultura! and biological background to the
problem of locust swarming. A simple population model is discussed, and the
concepte raguired to expand that model to & multi-point migration modet are
introduced. The rdle that wind plays in driving migrations is addressed with a view
to developing the mathamatical representations required to implement to
simulation software.

Chapter 1. Objectives Page b
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Chapter2 BIOLOGICAL and AGRICULTURAL
BACKGROUND

21 THE NEED FOR A LOCUST OUTBREAK SIMULATION
MODEL '

The Brown Locust - Locustana pardalina (Walker) - regarded by Matthée {1951)
to be “undoubtedly the most important of the African locust species” is aiso
considered by Uvarov (1928, 1966) to be the chief destructive species of focustin
South Africa. This opinion is strongly supported by the fact that tha insects have
been declared a national pest - making control of swarms a legal obligation to the
relevant government auihorities (as reviewsd by Hanrshan, 1888). The Brown
Locust regularly forms swarms with a periodicity of seven to sleven years,
although the actual period within this interval is highly variable, making prediction
difficult. During the last two-hundred years or so that interest has been taken in the
Brown Locusts' popuiation dynamics, a change has been nated in the general
periadic frends. Although formal recordings of outbreaks have been made for
South Africa as a whole only since 1910, De Villiers (1888) has noted that up until
the second decade of this century, the duration of plague events was
approximately thirteen years, interspersed with quiet, non-piague intervals
varying about a mean of eleven years. Priorto 1907, population control of locusts
was characterised by natural physical means, namely predation. Lea (1958}
observed that since various chemical means have been adopted with regard to
controlling locust numbers and plague outbreaks, control bodies have neither
succeeded in detaying the regular onset of such plagues, nor have they shortened
their duration. The only tangible evidence that chemical control has had any
effect, is an apparent shortening of the inter-plague period to around seven to
eleven years, and Lea (1958) notes that control measures introduced in the late
1940s have been able to cofifine tocusts fo their cutbreak region.

The Brown Locust constitutes a major threat to agriculture and suppressive
control in the outbreak area requires considerable expenditure (Botha 1967).
Toms {1998) reports an expenditure of mR28,3 for the period 1985 o 1986 for
locust control in the Karoo, and that the locust swarms were not considered to
have peen successfully cantrolled. This period refiects the mostrecently recorded
instance of major swarm activity {not including 1994 through 1996) for which
comprehensive information is available, although Toms als reveals that during
the interval 1807 to 1967 there were only six years in which there were no reports
of Brown Locusts. He polnts out the general assumption that If incipient swarms
were 1o get out of control, the expenditure could be much greater, but provides no
numerical figures o back up this statement. Further, he notes that there are no
accurate figures te indicate indirect costs such as environmental poliution. Wiese
and Bot (1973} have suggested that the high level of y-BHC (gamma benzene
hexachioride) that was found in humans in research done in the late 1960s was
derived from that used to control locust sutbreaks in the Karoo. The use of y-BHC
has since been banned in South Africa due to its ecologically harmful effects,
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Fig. 2.1 The Brown Locust, Locustana pardalina (Walker)

altirough it is still considered an acceptable poison solution in many other African
countries. Remarkably enough, Hill (1283} actually recommended y-BHC as the
poison of choice for locust and grasshopper control.

Toms (1988) thecrises that if locust rescarch is proportional to the immediate
threat, then the quantity of research wili appear much like a classical predator /
prey time analysis graph.

This suggests that control bodies are best equipped to solve the problem when it
is in its natural decline phase or when it is no problem at all. Conversely they are
least equipped to deal with the problem in its exponential growth phase. He
suggests that an effective control strategy might be most appropriately applied in
the middie of atrough - or cessation - when the problemis hardly apparent.

This concurs with Hanrahen's 1988 comments that during the preceding twenty
years, locusts have represented a comparatively minor problem in Africa, leading
to the conclusion that any lessons learned during earlier plagues have gone
largely unheaded.

Wagner & Willers (1992} summarise two caormmon land management approaches
to dealing with insects: through direct contrel at times of crises (during cutbreaksy),
or through direct control at times when no control is needed (endemic
poputations). These strategies they refer to as crisis-orientated management and
fear-orientaied management respectively, both of which provide only a limited
success rate. The problems arise from a scarcity of knowledge, or the inability to
access and effectively use existing knowledge.

Chapter 2. Biological and agricutural background page 7
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Personal communisations the Department of Agriculiure {Heyns, 1896, pers.
comm.) have revealed that their main problem, when planning anti-locust
campaigns, is estimating the magnitude and duration of a swarm event This often
resutts in too little poison being made available - the consequence of which is a
proliferation of insects in the absence of adequate control measures. The
converse situation - overproduction of poison - means costly programmes to
recover unused poison from farmers and local storage depots, and ‘he need o
store or dispose of these dangerous products. Careful conirol of the poisons is
essential since many farmers fail to realise the extreme toxicity of th2 sroduct and
do not adhere to adequate safety measures.

An accurate method of predicting locust outbreak activity woulri allow more
efficient control rescurce usage. Targeting specific areas would reduce the
amount of poison released into the environment, as well as the cost involved in its
distribution, and recovery.

Predicting major outbreaks of locust activity is thus a highly desirable talent, and
many attempts to achieve more accurate forecasting techniques have been
made, both locally (du Plessls, 1938; Smit, 1941; Nailand & Hanrahan, 1993;
Napier-Backs, 1996, pers. comm.) and abroad (Farrow & Longstaff, 1886;
Dennis, Kemp & Beckwith, 1886; Krebhs, 1978; Wrighi, 1987; Eerryman, 1987,
Risch, 1987; Day & Knight, 1998, Robinson, 1995; Lecog, 1995).

Smit {(1941) arrived at some general maxims for predicting a high probabitity of an
outbreak. Thase were based on meteorolegical conditions such as a minimum
rainfall during the summer months, but only after one or more Jry seasons had
occurred. Smit proposed somewhat different criteria for rainfall to Du Plessis
(1938} yet is substantially in agreement with Du Piessis as regards those
environmental conditions conducive to imminent swarming activity. Prics (1988)
sxpounds on these basic theories, suggesting that at the onsat of spring, with
sufficient rainfall, almaost all eggs in the soll will hateh simulianeously. This factor,
in conjunction with his proposal that outbreaks occur after a build-up of solitarious
females during the previous seasons, can account for the observed trends.
Matthed's (1951} findings that solitary females tay proportionately more diapause
eggs than gregaricus females, and that proportionally more diapause eggs are
Jaid as the female ages, certainly lend support to this hypothesis.

A BASIC POPULATION MODEL

Nailand and Hanrahan's 1993 work on a Brown Locust population model provided
the basic building blocks from which the locust lifecycle model has grown.

May (19786) provides insight into the mathematics associated with various modes
of population growth and has determined certain prerequisite conditions
necessary for chaotic population fluctuations. in essence, he shows that a Leslie
matrix may be used to compute the intrinsicrate of growth within a population, and
determine whether chaotic behaviour is a justifiable explaniation for the observed
trends. Cheke (19878) provides comprehensive guidelines for the uses and solution
of such Leslie matrices. Cheke's methods were also adopted by Farrow and
Longstaff {1986) in determining the necessity for an explanation other than the
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intrinsic rate of increase to precipitate plague events. Recently, Higgins,
Hastings, Sarvela and Botsford (1997) have shown that erratic population
fluctuations in the Dungeness crab are generated by density-dependent
mechanisms that are both non-chaotic, and produce a strongly stable equilibrium
in the absence of exogenous stochaticity.

While the original locust lifecycle model of Nailand and Hanrahan (1.93)
appeared sound from a biclogical point of view, factors other than the intrinsic
population growth rate are clearly at work, and need to be incorporated into the
lifacycle medel if the key fo piague initiation is to be understood. The first iogical
step in continuing the lifecycle modeal, was to consider the rdle of migration, a
prominent characteristic of locust swarms and upsurges (Pedgley, 1979).

In brief, the migration model simulates the waxing and waning of (twa) different
populations of locusts - at various stages of development in the lifecycla. These
populations are presumed to be distinct, apart from migration of individuais
between them and other such distinct populations. Interactions between these
population entities are then considered and simulated using a wind-based
trajectory model, developed specifically to interface with the lifecycle model. The
core bullding block of the migratory simutation model is the locust lifecycle modet.

A graphical representation of such a trajectory medel s shown in Figure 2.2
overleaf. Note thai in this simplified representation, fluctuations in local
population size are not shown.

22 ATMOSPHERIC PHENOMEMNA ANDINSECT TRAJECTORIES

Insect migration modelling reguires the integration and standardisation of large,
complex and varied sets of cross-disciplinary information. Data containing such
diverse information as (nearly) continuous weather records, discrete counts of
trapped or kilied insects - which are sometimes only estimates - requires merging
into meaningful and compalible data sets.

TAKING POPULATION MIGRATIONSINTO ACCOUNT

it is well known that atmospheric phenomena are an influence on locust
migrations, b1t certain specific features of the atinr~* sric environment have
been found significant in relation to the distributic , 2« movemsnt of pest
populations, and in relaticn to forecasting the incict. o of migrant pests (Drake &
Farrow, 1988, Farrow, 1980). Further, the long distance transport of such
migrants by large-scale wind systems frequently inifiates outbreaks of agricultural
pests in the destination region. Insect migration can be affected by a wide variety
of meteorological phenomena and towards the end of the last decade new
rescarch revealed how migrants interact with small-scale weather features and in
particutar, with the vertical structure of the atmosphere (Drake & Farrow, 1988). it
has also been noted that insect migratory flight is confined to the lowest two
kilometres of the atmosphere, and in the case of the Brown Locust, a substantially
smaller band even than two kilometres (Price, 1996, pers. comm.). This two
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Fig.2.2 Schematic representation of general hypothstical population
trajactories, showing migration and subsequent growth or extinction.
{After Drake & Farrow, 1988)

kilometre region coincides with the planelary boundary layer, defined to be that
zone in which the underlying surface has a direct effect on the atmosphera. The
planetary boundary layer can exist in one of two states: convective, and stable.
Migrating insects are strongly influenced by the planetary boundary layer in both
forms (Drake & Farrow, 1888},

Farrow (1990) reiates that flights by Insects in the upper air were previously
considersd to be largely accidental, resulling in passive transport by wind to
destinations over which the migranis had no control, and where most faited to
reproduce. Farrow proclaims that it is now widely recognised that migrationis an
active process by which [Acridoids] achiave significant spatial redistribution. This
preposition is supported by Rainey (1989).

The wind speed in the lowest few tens of metres (defined to be the surface layer, a
zone of particular interest In the case of Brown Locusts) increases as a near
logarithmic function of altitude. Beyond the surface layer the spead continues to
increase, but the wind direction becomes influenced by factors independent of the
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surface features, specifically the Coriolis force. Towards the top of the planetary
boundary layer the wind is approximately geostrophic'. This phenomenon gives
rise to what is known as the Eckman spiral, a description of the wind bearing as a
function of altitude. The failure of the wind to blow directly down the pressure
gradientis a consequence of the planet's axial rotation.

Farrow {1990) has suggesied that nocturnal temperature inversions are
particularly favourable for sustained iong period flight, even long after the surface
air has cooled below the tirreshold for flight. These conditions correspond to the
stable form of planetary boundary layer (increase intemperature with altitude).

The wind profile of the stabie planetary boundary layer frequently exhibits a wind
speed maximum at an altitude of several hundred metras, This effect is known as
a low-level-jet. Drake and Farrow {1988) maintain that low level jets that occur in
the absence of cnld fronts or topographicai features such as coastlines and
mountain ranges, are found only at night over inland areas that are relatively flat
(such as the Karco). The top of the nocturnal wind shear occurs just below the top
of the vemperature inversicn boundary layer where wind maxima and |ow-level
jets are often found {Farrow 1590). Brown Locusts are not usually observed in
high altitude night-time migrations. However, If the mode! is adapted for use in
other situations, this factor may prove imporiant. Seino ef a/ (1987} in Wantanabe
(1995) obtained highly significant correlations between the immigration of
planthoppers inte Japan anu the devejopment of low-level-jet airflows {LLJs).
Wantanabe has developed a computer program te identify LLJs, with the
objective of monitoring planthopper immigration. The program is based on wind
speeds and direclions measurad atthe 850mB pressure surface.

Wind trajectories derived from real time patterns of atmospheric circulation can be
used to represent regional displacement of acridoid insects ({Pedgley 1981 in
Farrow 1990). At night it is assumed that they are transported downwind in the
nocturnal geostrophic wind, details of which are confirmed by Drake & Farrow
(1988), at a speed exceeding the streamline by p to 25kmh™, In some instances,
supergeostrophic flows devalop that can transport the insects even faster than
expectad. Such features are n # always detected by standard meteorclogical
obsarvations. (Farrow 1990), Emphasis is placed on real-time streamiine charts,
in contrast to those which snowthe general seasonal trends,

Farrow states that in southern Africa, the northward spread of plagues in the first
generation of the new season of Brown Locusts does not accord with the
expectation of the downwind movement o the south on pre-frontal airflows,
obser +ed [in Juty]. He continues fo say that movement could accur on a southerly
anticyclonic [high pressure cell] flow, although that flow would be relatively cool at
thattime of year.

1 genstrophus wind: air flow with adircction parallel to isobirs and perpendicular fo the pressure gradiont: aceurs in upper
atmospliere where Dow i relativi v imdependent of surfuce influences.
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This factor would have a negative influence on the insects' fiight due to their flight
threshold temperature - an important factor. According to Smit (1939) easterly
movements pradominate in the summer generation, which are decidedly against
ohserved aliflows, Farrow's explanation of this phenomenon is that the swarms
arae gene.ally low flying, and the prefarred direction is maintained independent of
wind direction both in spring and in summer. This contradicts Wood's 1956
measurements in east Africa (Rainey, 1989). These movements would take
swarms Into areas of summer rainfall where chances of survival are likely to be
higher. However, analysis of the records far the 1986 cutbreak in South Africa
reveals that the greatest densities of hoppers are found in the months centred on
March and September, not in the perlods centred on July and January. These
midwinter and midsummer months appear to be the periods upon which Farrow
{1990} has based his assumptions, and contradict his earlier proposal that cause-
effect relationships should be based on real-time streamline fiows and not general
trends.

Furthermore, Farrow's Hlustrations incorporate generalised synoptic weather
patterns, which by convention show wind patterns af the 850mB pressure surface.
This typically exists at a height of approximately 1500m, which as he points out, is
much higher than the typical flight altitude of the locusts. He does, howevaer,
conclude that most nockirnal migrants are displaced downwind in the geostrophic
flow, as mentioned earlier.

Records of near-ground wind speed and direction would provide a more suitable
refarence from which to test any hypothesis relating wind to migratory movement.
As noted previously, Drake and Farrow (1988) surmise that the zone of insect
migratory flight extends in instances to 2000m, which indicates that note should
be taken of both the synoptic wind patterns as well as ground level
measurements,

INCORPORATING WIND EFFECTS INTO THE MODEL.

Drake and Farrow (1988) provide - for aach of the atmospheric features shown to
affectinsects during migratory fl!ght - a brief description of the phenomenon and a
description of the entomological cbservations. Since it is desirable to transport
the simulation model to a grid-base, it will be necessary to determine how
individual cells of the grid interact. Reliable recording of swarm movements has
hot been drne and wind phenomena are suspected of providing a reasonable
indicator ot migratory movements. This suggests that incorporation of wind speed
and wind direction into the model should be done, where a certain fraction of
individuals would be removed from the population if they were of sufficlent
maturity, and ifthe wind speed was sufficiently high.

However, there is also the limiting factor of low air temperature - a function of
increasing altitude - which constrains the insects' ascent beyond a certain altitude
« that must be taken into account Rainey (1989) describes the slgnificance of ' .is
for the developmeant of thermal convection currents, and in turn the vertical
distribution of airborne insects. Numerically, the temperature decrease as a
function of altitude is described by the dry adiabatic lapse rate (DALR) which is
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found empirically to be approximately 9,8°C/km. Also features of the atmospheric
temperature profile are the wet adiabatic lapse rate (WALR) and the
environmental lapse rate (ELR), although Rainey does not make mention of
these, The magnitude of the DALR is a constant. The figure of 9,8°C/km is very
relevant if one considers the claims that insect migrations occur at altitudes up to
2000m (Drake & Farrow 1988}, since It implies tempsratures at that altiiude can
be near to, orindeed below 0°C. If, on the other hand, Price (1996, pers. comm.) is
correct in his assumptions that Brown Locust migrations occur at altitudes of
around 10 to 20 metres, then the lapse rate implies a drop in temperatur ; of only
0,2°C aver that height, which is no cause for concern, since internal mixing within
the surface layer will mask the lapse rate effect,

Baker ef af (1984) have obsserved that the swarms of Australian migratory locusts
most often occur in the 6,0m to 6,2m above ground altitude band. However, thiz
does not imply that this is the predeminant zens for migratory flight. As noted by
othars, there is evidence to suggest that the migrating locusts occur in a belt, er
belts at much higher altitudes - the geostrophic wind zone. At such aititudes (1km
to 2km) there islittle opportunity for viewing them directly frem the ground.

Farrow (1990) indicates that it is difficult to show that flight has been terminated by
falling air temperature. Drake and Farrow (1988} intimate that although insects
may actively avoid ascent, they may be carried up to altitudes where the
temperature is below their flight thresheld and then their {ailure tc ascend may be
simply passive. This is important, they say, since such insects failing to reach the
zone of divergence above a rising thermal circulation will collect at the region of
convergence? at the base [of the circulation] and not be transported laterally.

Drake and Farraw (1988} noted that locust flights began at dusk with mass take-
off, and centinue throughout the evening until approximatsly midnight. They
suggest that take-off is initiated by falling light inteasity, and only occurs if ihe
temperature is greater than approximately 20°C. Sustained migratory flight, but
not necessarily take-off, is inhibited if the immature locusts have been unable to
accumulate adequate energy reserves, owing to lack of gresn feed. (Symmons
and McCulloch, 1880, In Drake & Farrow, 1888). Botha and Jansen (1962 put
forward that “the old world species of locust” [most likely the Desert Locust,
Schistocerca gregarnia) characteristically fly during the day during the gregarious
phase, and roost at night. Conversely, in the solitary phase, they are ususally
sedentary by day but may make considerable flights at night. This Botha and
Jansen support by quoting Waloff's 1983 findings that flight {of the Desert Locusi]
may be a reguiar nightly occurrence in low density solitarious populations.

Adult Brown Locusts are sometimes found in [arge numbers at street lights in
Karoc towns in the outbreak region, even when there is no chserved swarm
activity. Botha & Jansen {(1969) claim that this indicates that night flights of
salitarious insects do oceur on a substantial scale.

12

Thunderstorns result from th>convergenee ofir it depressions or toughs of low e poessare (eyelone systems). Such
convergenee leads 1o rising air curzents. Where sufficient moist air is involved amd where condinons are unstable,
convergenee pravides the Leipger sction for thusderstorms, Divergence involves the desventimd sdinbatic hewting of aie
in high pressure cells (anlicyelanes Y. and is associaled with fine weathervonditions.
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However, an alternative explanation lies in the locusts being actively drawn by the
presence of the lights. In other words, the lights induce flight activity that woutd
otherwise be absent (Hanrahan, 1998, pers. comm.).

MIGRATION SOURCES AND SINKS

In a process such as migration, two pieces of information are of paramount
importance. The source of the migrating swarm must be identifiled, and its
probable destination site must be identified - or estimated as accurately as
possible. These, in essence, define the migration. Time, as will be shown later, is
closely linked to distance and is thus accounted for by specifying |ocation.

Kennedy (1951) in Baker et a/ (1984) suggests that to the locust, the apparent
movement of a fixed background is an unsettling stimutus which provokes a
turning response. This may be either into the wind - if the wind is light, or down-
wind if the wind is strong. The objective of this being for the locust to maintain a
certain preferred speed of ground moving under it. Kennedy also remarks that
there is a polnt at which the apparent ground speed is so low that the locust can no
tonger respond to it, This will occur when the locust is above a certain height - the
so-called maximum compensatory height, This implies that iocusts moving into
the geostrophic flow have little or no ability to gauge their own speed, and will
allow themselves to be carried by the wind regardless of its direction or speed.
There Is also the unadressed matter of whether surface features offer suitable
visual cuas during night flights.

Uvarov (1977) claims that individuals and solitary locusts do not fly
spontanecusly by day from low density populations, but Farrow (1990}
contradicts this, proposing that daytime flights of Acridoids af (retatively) high
altitudes of 110 - 300m and at speeds of greater than 20kmh™ have been
recorded. Such fiights often result in migratory movements between habitats, This
partly concurs with observations made by Price (1998, pers. comm.), although
Price suggests lower altitudes for the Brown Locust. Farrow claims that more
important are the night-time flight movements, since these are associated with
iarge scale migratory movements, when nocturnal migration is characterised by
remarkably uniform and persistent cross-country flights, typically at several
hundred metres of altitude. Flight is initially upwind, but if the wind speed Is
22ms™, protracted flights are predominantly downwind, typically at heights of 150
- 500m. (Farrow 1990). The zonhe in which the Insecis' flight speed is lower than
the wind speed is referred to by Drake & Farrow (1988) as the fight boundary layer
(FBL}. They also confirm that migrations above the surface layer are generally
close to downwind, because the wind speed is usually high compared to the flight
speed.

Rainey {1989) provides a concise graphical representation of the observation
made in east Africa during the 1950s. This graph Is reproduced overleaf in Figure
2.3, It shows the relationship between locust orientation, overall insect velocity,
and wind velocity. In essence, the net locust velocity s largely determined by the
wind, although there appears to be a constant difference between these two
velocities due to the non-cohsrenmt orientation of individuals within a
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Fig. 2.3 Swarm ground velocity compared to wind speed. (Aiter Rainey, 1988}

swarm.Commonly ocourring insect velocities range from 20 - 50kmh, and typical
flight duration from 3 - 5 hours. Drake and Farrow (1988) suggest flight durations
from <1h to approximately 10h. This can result in an overall displacament ofup to
250km in a single night {Farrow 1990}, Rainey (1989} claims flights of up io
40hours at speeds of 15kmh™ for the Desert Locust, which corresponds to a fotal
flight distance of 600km. This s not necessarily the overall displacement of the
swarm though, since direction may change during flight and so may locust
orientation.

The number of migrants In such movements depends primarity on the size of the
contributory source, and not on the immediate weather conditions (Johnston
{1969) in Farrow (1990)). Rainey (1989} mentions swarms that were estimated to
contain 10° (a thousand milllon) individuals, and extanding over an area of 30km?.

Farrow {1990) also indicates that probable triggers for migratory flight are
temperature, humidity, wind speed, rainfall and air pressure. Large scale takeoffs
are rare |f temperatitres are below 20°C. In the subtropics, migratory activity is
often enhanced by the occurrence of atmospheric instability (Farrow, 1980, Drake
& Farrow, 1988; Rainay, 1973) which is asscciated with low ievel convergence,
Rainey (1989) abserves that wind speeds exceeding 40kmh! are not conducive
fo low level flight, and thus wili inhibit take off, although at higher altitudes {up to
600m) no such flight inhibitlons are observed. Note that high velocity winds athigh
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altiludes do not necessarlly imply such high velocities at the surface. In fact,
sudden changes in wind velccity and direction with altitude are characteristic of
the wind shear (Farrow, 1980). Drake & Farrow (1988) indicate that migrating
insects are likely to become concentrated in a zone of convergence that exists for
any length oftime,

Lambert (1972) reiterates the fact that night-time flights tend to be of a migratory
nature. Night flight involves mainly older insects, but only those which are still
sexuaily immature or females that have recently oviposited and contain poorly
developed oocytes. Locusts with fully developed eggs do not fly at night, which is
substantiated by Clarke (1971), indicating that migratory insects will not have a
substantial contributory influence on the local eggheds (migrating individuals will
only reach sexual maturity after they have migrated; their confribution to the egg
beds wil! be at another location). Clarke confirms that observations of night flight
agree with the view that migration commonly occurs in sexually immature insects
after a teneral period, during which flight patterns become fully developed. Clarke
{1968} has also shown that cycles of oviposition [in the Australian plague locusi)
can take place every twelve days, depending on conditions. If locusts carry out
prolonged flight activity only when they are sexuaily immature or when they have
recently ovipositad, then each Individual would be expected to fly for only a few
days in every twelve. Hence only a portion of the population could be expected to
migrate on any one night. That proportion vrould depend on how many have
oocytes in thesa classes [<0,89mm in lengtn] at that time. In order to reaschably
assess the likelihood of any populatlon undergoing migration, the matt rity of the
adults would have to become a monitored parameter, Botha and Jansen (1969)
concluded from their ohservations that the occurrence of night flights must be
associated with the age of the adults and not only favourable weather mx (ditions.

In determining the fraction to be removed from a particular population, it is
necessary to take into account this postulation by Botha and Jansen. Clarke,
Ashall, Waloff & Chinnick (1969 in Lambert, 1972) recorded an estimated
average of 35% of locusts leaving observation areas per day during work done in
Queensland.

PRACTICAL MODELLING CONSIDERATIONS

A synopsis of the nature of various wind phenomena has been provided. In many
cases, the interaction between insect flight and the wind is more speculation than
fact, making the exact réle of the simulation engine somewhat nebulous. in
designing the simulation model - as an expanslon of the lifecycle model - an
attempt has been made to incorporate generally accepted theory, but to avoid
modelling processes which are more rare, or less well understood. Retaining
model simplicity is an underlylng prerequisite, since each modelled phenomenon
regulres proportionately more input data. Environmental input data is a scarce
commodity, notonly locally but abroad too {Antonov & Kambulin, 1996).

The podium on which the simulation model is built are Rainey's (1973 & 1989) and
Batten's {1967) hypotheses that major swarm movements take place downwind,
towards and within zones of low level wind convergence, which will also induce
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rainfall necessary for breeding. In essence, design of the simulation engine
Involves recording that fraction of migrants removed from an area of interest, and
the prevailing wind direction assumad to have removed [t. Simulations performed
at other areas {ake into account those individuals removed from adjacent districts
(fthey were regarded as lying upwind from the area currently in question,

Various mathematical tools - such as probability distribution functions - allow a
moderately realistic spread of quantities that arise from discrete sample intervals
{Davies & Hicks, 1975; Stremmier, 1982).

2.3 RELATEDMODEL BUILDING EFFORTS

Hendrie et af (1885), when appreaching the modelling problem of aphid migration,
compartmentalised the model building process inte three broad sub-studies:

® the environmental sensing, from whence model data are derived,
] the operational model, which integrates the data,
® intermediate and final products, including test results and forecasting.

Three fundamental aspects should be addressed when modeliing insect pestsin
agro-ecosystems according to Hendrie et al, Thess are population dynamics,
overseasoning [diapause, aestivation], and dispersion patterns. Migration refers
to mass translocation of [aphids] frem permanent source regions o hosts in
temporarily or permanently colonisable regions (referred to by Hendrie et &/
(1985) as sinks, although more correctly, a region is enly a sink if there Is a net
inflow of Individuals). The movement is the consequence of innate behaviour. Itis
bath initiated and terminated by environmentally induced physicloglcal changes.
The concept can be extended to include back-migration, the mass-translocation
of [aphids] from temporary source reglons back to permanently colonisable
regions. The model proposed by Hendrie ef af {1985} does not include pre-
emigration and post-emigration populatlon dynamics except as far as they
influence take-off and settling behaviour,

Pivotal to obtaining accurate analyses from the wind transport model are an
accurate 4-dimensional (3 space vectors and one time vector) depiction of the
wind fields and an understanding of the temporal and aerial distribution of the
immigrant insects. Compare this to the simplified illustration of Drake, Gatehouse
& Farrow {1995), shown modified in Figure 2.2, which [llustrates only two spatial
dimensions.

In conceptualising the movement of aphids, Hendrie ef al {1985) assume the
dgivision of the troposphere into four zones:

* Aphid pool on plants

) The region Just above the crop canopy, the surface boundary layer {(SBL),
usually the lowest 10m-20m abave the plant canopy

. The planetary boundary layer (PBL) - the layer of air in which turbulence
and surface effects are dominant, typically 1km deep. Under condition of
aphid migration, this is frequently capped by an inverslon layer It is the
{ayer of horizontal iong distance movement
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. The free atmosphere layer (FAL), the insect pool involuntarily uplifted by
canvection.

Hendrie ef al (1985) suggest a model that allows only voiuntary take-off. This
means that aphids in the plant canopy can ascend only to the SBL or PBL. The
FAL can receive aphlds from either the PBL or SBL by convective uplift, but not by
take-off from the plant canopy tayer.

Aphid landing is more complex and could result from behaviourally motlvated, or
Induced (rained out, or forced by convective downdraughis). Hendrie
accommodates both, but suggests that most landings are behaviourally
motivated.

The SBL contains aphids that are considered to be in a short duration mode of
movement. They are not physiologically programmed for long-distance flight and
will not voluntarily move into the PBL. Aphids will however voluntarily land, orthey
could be fransported upwards to the FAL by convective forces. But if an intense
convective situation arises (a squall line} the aphids would probably attempt to
land - as observed in locustflightin Africa {Rainey 1973).

The PBL is considered the zone of major harizontal translation.

The Free Air Layer: Hendrie's madel takes into account voluntary transport during
ascent and descent. Also involuntary ascent from lower levels when convectiva
currents produce vertical winds with velocity in excess of the flight speed. In such
a situation meteorclogical models of air movement adequately predict aphid
movement. Hendrie ef af do not cansider the possibility of involuntary descent
due to physical rain-cut because all of the evidence refutes such a situation. They
found that National Atmospheric Depositicn Program records of objects observed
in wet deposition coliectors - open only during precipitation events - state few
cases of any insects.

WIND TRANSPORT MODELLING

In the past techniques that have been used to characterise the motion of biota
through the description of air movementis have included the use of wind roses,
climatologically prevalling winds at one or more points, streamlines and
trajectories at various elevations, In many cases incofrect assumptiions have
been made in the use of these technigues for interpreting migratory pathways,
which leads to a divergence between estimated migratory tracks and the actual air
trajectory in which the insects moved. Wind roses and prevailing winds lead to
large discrepancies because these data represent long-term averages or
integraticns at a glven locallty, Migrations are usually short term discrete events
oceurring in response to certain meteorological stimuli (Hendrie et al, 1985).

Streamlines - the instantaneous directions and patterns of air movement - have
been used to define the migratory path. However because migration operates
over a time interval of several hours, and bacause the weather system causing the
particular direction of air flow at any given instant moves with time, trajectories -
the actual path of air as a function of time - should rather be used. Under steady
state condition trajectories are squivalentto streamiines.
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Yet trajectories must be used with caution too. Thelr magnitude and directional
characteristics can change rapid'y with Increasing height above the surface. This
implies that the height at which 1isest flight takes place is important so that
trajectories for that height can be calculated.

Usually flight speed is much less than wind speed, especially during periods
favouring long-distance migrations (Rainey, 1989, see figure 2.3 earlier), hence
weather conditions, and especially air movements are the dominant factors
determining migratory tracks (Huff 1963, Pienkowski & Medler 1964, Peterson
1968, in Hendrie ef ai, 1985). Hendrie ef al also outline the problem of abtaining
accurate weather measurements from a 12-hourly set of upper atmesphere
soundings taken on anirregular grid of widely spaced monitoring sites.

Trajectory models mustbe:
o responsive to surface influences upon airmovement

L able to provide interpolations of air movernent between timss, places and
heights of measurement

able to provide frajectories at any level where insects may beflying

capabie of including insect behavioural characteristics that might influence
flight pattarns.

Achtemeler (1979) in Hendrie st al {1885) has developed an interpolation routine
based on a predictor/corrector algerithm. This interpolatas trajectories at 3-hourly
intervals at seven heights based on the 12-hourly soundings from the National
Weaiher Service of the USA. Hendrie et af state that wind transport medelling
should be used in conjunction with flight duration data. That is based on flight
energy utilisation components, i.e., determinad partly by aphid lipid reserves.

Aphids are not uniformly distributed in the atmosphere. Their occurrence is
related to the vertical distribution of temperature and wind. Flight altitude strongly
influences the insects transport velocity and in part the terminus of the migration.
Observations of aphids in North America indicate that they travel in distinct layers
during periods of prefrontal weather condition in late spring and in summer.
{Hendrie et a/, 1985)

Long distance flight cessation could resuit from several causes.

. it could be a physlcal phenomenon resulting in passive flight termination,
e.g., precipitation or convective downdraughts could cause rain-out, or
forced landing. This theory has been rejected by Hendrie et af (1885).

. A physlological response fo exhaustion. l.e., fuel reserves are fully used
up. Hendrie et al have rejected this also since in tethered flight tests, the
aphids continue to fly long after the lipid fuel reserves are minimised.
Further, in field capture tests, it has been found that aphids continue to fly
throughout the night even if lipid reserves are minimised. it is thought that
lipld fuel reserve minimisation may cause the insecls to respond ditferently
1o environmental stimull.
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° Cessation could resutt from a complex combination of reactions to various
environmental stimuli. This multiple cause case is favoured by Hendrie ef
al, and If it holds true then long distance, and local flight cessation may
result from similar kinds of stimuli or cues.

DIRECTION OF MIGRATORY MOVEMENT AND INSECT ORIENTATION

Riley and Reynalds (19886) Indicate that there is commaon orientation found amang
larger (30mg:--2g} insects involved in night migrations. This phenomenon is
apparently independent of the presence of moonlight. Yet litlle is known of the
factors controlling mean direction, or degree of orientation. There appears to be
NQ notable correlation between the orientation and any obvious directional cues
in studies done on Chortoicetes terminifera - the Australian Plague Locust.

Rainey {1951) confirms that the field observations had, at that time, failed to give
any fixed and consistent orientation of flying locusts to potential crientating
factors such as wind and/or sun. In winds of less-than-probable airspeed of
locusts, up-wind, down-wind, and cross-wind orientations are all possibly
observed. A swarm failing to maintain any persistent orientation, either circling (a
form of swarm movement not infrequently seen) or even changing course
sufficiently frequently at random, would atso be displaced downwind. On that
evidence, swarm movements in directions other than down-wind would appear
likely to be of limited extent, and to occur only in seasons and areas of light winds.
Rainey further intimates that some - possibly all - of the exceptions to these
generalisations may well represent movements down non-prevailing winds.

Riley and Reynolds {1986) determined in studies conducted in south western
Kenya that in some cases the insects [noctuid and sphingid moths as well as
locusts] were orientated closely to the downwind direction [no specifics given].
However, there also exist cases of crosswind unimodal distributions (Riley and
Reynolds (1986) ) where the insects are aligned largely across the wind.
Calculations on wind- and orientation vectors show that the downwind direction
approximates 74° measured relative to the average insect orientation. This angle
remained relatively constant, even in the face of changing wind directions!

Less commonly encountered are himodal orientation distributions, or split
distributions (Ritey and Reynolds, 1986). The distinct modes observed here arise
from different congregations of insects at different altitudes. The difference in
mean otientation is at most 30°, and it is also seen that the deviations about the
mean are sufficient to encompass a large commen area. Hence the current author
feels that such bimodal distributions - especially considering their rarity - are not
cause for special concemn.

At high wind speeds (>8ms™") migrants tend to orientate themselves within a few
degrees of the downwind direction (Riley and Reynolds (1978), in Drake &
Farrow, 1988), They observed that only approximately 25% of flight orientations
were within 10° of the downwind bearing, yet the majority of fllers were confined to
an arc ranging from 25° - 50° cantred on the wind bearing. There appears to be no
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evidence that they ever attempt to fly upwind in winds with velocity higher than
their flight speed - typically 3 - 8ms™. The distance covered is a function of both
flightduration and resultant velocity,

Inwark done in Kenya, Brown {1970) found a ¢onvincing relationship between e
track (the path followed by a flying insect, distinct from its orientation) and v -
direction of the wind. The wind direction was determined and continually updated
by the release of a small quantity of smoke. The direction of flight displacement of
gach observed insect was classified into one of 16 sectors, sach spanning 22%",
The results of Brown's observations are recapped befow:

* 69,5% of all insects observed displayed flight displacement directions
withity £11%"° of the downwind direction.

L 80,5% of =l observed insects displayed displacement directions within
+33,75° of the downwind direction.

These cbservations were made within 8m of the ground surface. Brown estimated
maximum ground referenced speeds of 14km.h* at times when the wind speed of
the order of 7km.h™ were recorded, indicating that the locusts speed is its flight
speed added to the wind speed. However, others as well as Brown, have
determined that [in the case of the of the desert [ocust, S, gregaria) although the
general direction of displacement of complete individual swarms is downwind, the
orlentation of groups of individuals within the swarm is constantly changing. At
different times of day they may be heading down-wind, up-wind or across the
wind. The net ground speed of the swarm is usually less than individuals over a
long distance, since flight is intermittent and not all individuals are participating at
the sametime (Rainey, 1870).

Rainey (1889) quotes observations of 49 swarm observations made in Kenya,
Somalia and Tanzania during the period 1951 to 1957. Here the swarm
displacements showed an RMS (root mean square) difference of oniy 156° from the
corresponding downwind directions, and in halfthe cases, the difference was less
that 10°. In only fwo cases did the angular difference exceed 30°, and in both of
thesa the swarmwas unusually high at more than 900m above ground.

Tayler's (1979) model iz also based on the assumption that the locusts have no
preferred direction of flight and that displacement of the swarm is achieved by
displacement of the supporting medium.

Scott and Achtemeier (1987) have noted that previous siudies done on past
migrations have produced estimates of migratory pathways by backtracking,
based on data from standard meteorological observations during the time of flight.
Howaever, the problem assoclated with those studies is that the avallable data is
based on ground-level winds and thoss at the 850mB pressure surface (typically
at a height of 1600m above ground). Recall that Wantanabe's LLJ model
(Wantanabe, 1995) also utllised measurements at the 850mB pressure surface.
These data do not adequately resolve the vertical structure of the wind,
particularly in that layer between the two levels {surface and 1500m). This zoneis
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a region that many researchers have found to be favoured by flying insects,
Hence, back-trajectories based solely on these data will pravide only general
estimates of migratory pathways.

Once airborne, most insects move with the airflow. Due to their smail mass, all but
the largest insects will have negligi y small airspeeds in relation to the wind
velocity. Their horizontat transport witl thus be essentially passive (Rose, 1875, in
Scott and Achtemeter, 1987). Trajectory analysis is based on this assumption.

Citing studies done by Clarke in 1983 on inanimate transport using trajectory
analysis to model flow of pollutants, Scott and Achtemeier (1887), ouiline three
different numerical techniques evaluated.

The salient features of these computations were:

® There is an apparent relationship between simulation accuracy and the
use of synopticweather patterns in contrast to regional weather pattemns.

] The highest accuracy of simulation was found to occur during well defined
flowpattems, especially onthe lagging side of high pressure systems,

L For complex meteorological conditions, increases in the data density DID
NOT result in betier performance of the trajectory technigue.

. Meteorological events on time scales of less than six hours apparantly
contributed significantly to simulation error,

insect pests have shown an ability to change height during flight, although a large
numkber of migrants travel in the [convective} boundary layer; most|ikely by choice
(Scott and Achtemeier, 1987). Work done by Rose in 1975 {in Scott & Achtemeier
(1887), and Hendrie et a/ (19885), indicate that there are preferred regions of flight
irt the areas of warmest temperatures and highest wind speeds. Thase are layers
usually assoclated with, and found near the convective boundary layer's upper
timit. This means that know,edge of the timing and height of the insects' flight is
paramount for the usefulness of trajectory analysis to be maximised.

Scott and Achtemeler (1987) did their work in North America, their data being
provided by the NWS (National Weather Service). The NWS's weather stations
form a roughly uniform grid over the entira continent, with an average interstation
distance of 365km, The theoretical horizontal resolution of this network s twice
that distance, i.e., approximately 700km. Given the widely spaced locations, and
the temporat frequency of routine observations above the surface, Scott and
Achtemeier question the limits of confidence that can be placed upon back-
irajectories created fram this data. Suspicion must then |ogically fall on forward
trajectory accuracy also. Small-scale meteorological features that may play an
important rdle in some insect migrations could not be adequately resolved. The
upper air measurements were available only for 12 hour intervals, which is too
coarse for accurate temporal resoiving of small-scale disturbances, or for rapidly
moving synoptic-scale weatherfeatures.

In developing trajectory analysis techniques, Scott and Achtemeier (1987)
obhserved:
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L ] Air near the ground surface blows parallel to the earth's surface, but at
elevations above 2000m (above ground) the flow tends to follow surfaces
of constant pressure, EXCEPT near weather fronts.

® The advantage of performing the trajectory analysis on constant pressure
surfaces is that most other insect studies have relied upon existing
constant pressure charts, Also, upper air meteorotogical observations are
usually made for certain pressure levels,

* Pressure surfacas within the lower troposphere can intersect with the
ground. The outcome of this phenomenon is twofold:
a) coding problems, and
b) the need for extrapolation of meteorological variables below ground
leval.

Their solution is to utilise a co-ordinate system (mapping) that ensures that lower
surfaces of constant pressure follow the ground, and the upper surfaces follow a
surface of constant pressure.

An accurate, objective streamline technique developed by Achtemeier
(Achtemeier, 1979, in Scott & Achtemeier, 1987) was used to calculate Scolt and
Achtemeier's back-irajectories, These trajectories are constructed from eight
segments, each one for a three hour interval, thus covering a full 24 hour pericd
preceding the observation. Bilinear interpolations are used to calculate wind
vectors at points not coincident with actual paints of measurement. It is assumed |
that for the interval of 3 hours over which the trajectory segment is constructed,
the wind blows uniformily in that region.

The resutts obtained by Scott and Achitemeier (1987) are summarised below:

® Back trajectories for the eastern site (Jackson, Mississippi} averaged
approximately 80km longer with the improved temporal resolution. At the
same time, at the western station (Coifege, Texas) endpoint differences
maximised at 180km, yet varied elsewhere from 40kmto 100km.

° The effects of back-trajectories calculated with wind observations using
data from exira sites (where available) in the analysis network roughly
paralleled the patterns calculated with oriy reguiar data.

- Increases in either temporal or spatial data {(but NOT both) frequencies
generated endpoint differences that were generally not greater than
150km. Larger difference were produced when both were combined but
only at the western station (Texas).

L The authors state that although the results may ssemto show substantially
large errors, they are still considerably less than the potentia' -rors arising
from calculations omitting improved vertical resolution ofthe u  a.

® One should expect 24 hour back-trajectories calculated frorm the NWS
upper air network (800mB pressure surface) to produce errors in the
trajectory end pointlocations (which is in fact the migratory journey starting
point) that can range from O to 250km, or more, depending on the
persistence of wind, orlack thereof, throughout the 24 hour period.
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o These errors are small in comparison to the approximately 800km
separation (at the western site) betwean the endpolnts of the surface and
the 1900m trajectories, assuming in hoth instances that the same air
passed over the western slte 24 hours later.

> In a shearing environment, in early spring weather systems, uncertainties
in locations of the origin of migrating insects can be decreased if back-
trajectory caiculations Include more fully the vertical structure of the
boundary iayer windfield.

e An extreme event - the nocturnal jet - is a short-lived {6 - 12h) nighttime
wind speed maximum occurring frequently in the lower 600 - 1200m
altitude under certain weather conditions. The nocturnal jet may pass
through its life cycle between regular upper-air observation times. Then
large errors beiween back-irajectorles and the actual migratory paths
shauld be expected, regardlass of the methods of calculation. Because of
the potential importance of this phenomenen for transporting insects, a
method of incorparating It into calcuiations should be sought.

Ralney (19561) has said that it has been found useful to examine some of the
metaorological implications of down-wind movemsnts, A synoptic chart,
recording observations of weather over a large area, demonstrates across which
boundaries surface winds show a net inflow of air over outfiow, and also reveals
areas within which the overall motion of the wind Is one of ascent. Also shown are
areas of divergence, across the boundaries of which, outflow exceeds inflow, and
within which, the overall vartical motionis one of descent.

Note that divergence is generally associated with fine weather, while
convergence usually leads to widespread and heavy precipitation. In general,
winds blowing within & few thousand feet of the surface are considered as
ultimately blowing from zones of divergence to zones of convargence. Thersfore,
downwind displacements may be expected to carry airborne insects inte “agions
of convergence, and swarms may be expected to aggregate In such areas,

" Convergence also provides a mechanism for the frequently recorded assoclation
of exceptional rains with the arrlval of locusts (Rainey, 1951). A similar effect, he
stales, may perhaps also contribute at times {o the process of gregarisation, by
producing a measure of reai concentration of locust numbers into areas of
molsture and vegetation necessary for breeding.

Brown (1970) has also made a relevant observation regarding the night migration
of insects compared to those that fly during the day. Attempts to back-track
immigrant insects to biologically feasible source areas, although nearly always
giving plausible results for night-flying maths, has proven much less satisfactory
inthe case of buiterflies - which fly predominantly during the day.

Since the methods used for back-tracking presuppose down-wind movement, this
avidence may be regarded as suggesting that migrating butterflies can, and do,
maintaln an orientation other than down-wind over long periods, whereas the
greater success in back-tracking moths is dus to their flight orientation being
down-wind or at random. The relevance of this is thus that locusts - many species
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of which migrate at night, might be expectad to have flight paths that closely match
the downhwind direction. This should be considered in addition to findings that no
convinclng cues - such as compass bearing or lunar azimuth - could be found for
orientation guidesin the case of locust flight.

Drake and Farrow (11983) performed trajectory cajculations on Australian plagus
locusts, covering distancas of the order of 200km. They assumed as necessary
and acceptable that all locusts took off at dusk. This contradicts the observations
of take-off being spread ovar a dusk-to-midnight period.

At any particular time, the speed and direction of flight at locations away from the
observation slie were the same as {hat measured at the site, This is likely to be
valid {according to Orake & Farrow) as there wera no major terrain features in the
areas over which the locusts were believed to have flown. The upper air winds
wulld thus have been uniform over a wide area.

Clarke's {1971) work on C. ferminifera indicates that these insects {ake to
migratory flights sharily after sunset. This migratory mode of flight differs frem
arbitrary daytime flights in that the take-off climb-rate (s substantially steeper.
Clarke postulates that the trigger for these flights is falling light intensity, The
threshold temperature for flight has been empirically estimated to be 17,5°C.
Relative humidities during these observations ranged from 9% o 70%, although
there is no indication that these are limiting valuss, Wind speeds exceeding
1,8ms™ rasulted in the locust flying substantially downwind, white at lower wind
speeds the flight orientation was |ess weil defined.

This random orientation of fliars with resp  stto wind at low wind speeds suggests
that under dry anticyclonic canditions, where pressure gradients are slight, flights
after sunset will iead to widespread dispersal. Downwind flights at the higher wind
speeds are associated with the passage of depressions - low-pressure troughs
and thunderstorms, or cold fronts. Thus night flying locusts are not only
concentrated by the passage of depressions, but are also likely to encounter rain
and conditions favourable for breeding {Drake & Farrow, 1988; Pedgley, 1979).

The wind speeds do not appear to be a decisive factor in determining whethar or
not takeoff will occur. Clarke (1971) has observed takeoff in winds with speeds
ranging from 0,5 - 8,56ms™, Clarke maintains thet at the time of writing (1871)
nothing was known concerning the sensory input which induces locusts to land
where they do. At collection lights, large numbers often appear when there [s a
sudden change in wind direction or speed. Cessation of flight is not likely to be
caused by an abundance of available food either, since large masses of
Individuals are known to land on ground devaid of vegetation.

Kisimoto and Sogawa {1995) - in studying long-winged plantheppers in Asia -
have noted that thesa insects exhibit both dawn and dusk takeoff during summer,
but during autumn the dawn takeoff is much reduced. Further, the dusk takeoff s
teduced in windy conditions, a~d is completely inhibited when the near-surface
windspeed exzeeds approximately 3m.s,” {8 knots). This is a relatively light wind,
but it must be kept in mind that ths refers to surface measurements (10m altitude)
and higher altitude winds will have substantially higher velocitiss. Investigations
into the cessation of flight lead ta speculation that landing of planthoppers is
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associated with rainfall events, freguently combined with cold fronts. Turbulance
at the front is suspected of suppressing active flight and forcing insects to land.
This [s substantiated by laboratory tests in which insects subjected to airflows of
greater than 5,5ms™ {11knots) cease wing-beating. The destination |ocations of
migrations ware frequently found to be inhospitable to the planthoppers,
suggesting that migrations may end almost randomly if appropriata flight
conditions are not maintained,

OTHERFACTORS INFLUENCING POPULATION REDISTRIBUTION

Australian Plague |.ocusts caught under lights were examined by Clarke (1971}, it
was found that in most cases the specimens' alimentary tracts contained eitherno
food or very few plani fragments. The examined individuals were also found to
range in sexual maturity from entirely immature to advanced stages of maturity. A
small pioportion were ready to lay with fully formed eggs in the oviducts. There
was also evidence that some of the females collected had recently faid and were
beginning another cycle of reproduction.

Wright (1981) in her freatise on the origin and development of plagues concludes
that her data show no cobvious paitern leading to plague generation In the
Australian interior, Neither do the overall monthly or seasonal rainfall averages
saem to be of major importance. This claim is supported by the fact that plagues
have occurred following wet winters and heavy spring rain - such as in 1878 - or
after light winter raln and dry springs - as in 1872, This concurs with the
observations of Price (1988). However, the first major rain of the Austraiian locust
season generally cccursin Octaber, usuaity following a dry winter.

Wright (1981) determined that for each of the four Australian plagues studied, a
breeding sequence leading to the peak infesiation can be followed over either
three orfour consecutive genserations in the Australian interior, In each generation
major rain fell either after paak fledging - causing the adults ta mature and lay
locally - or before peak fledging - producing adults which migrated, Rainfall in the
Australian interior varies greatly between years and also geographice!ly within
any season. This means that the average rainfall is useful as a very gene. al guide
only. Cutbreaks decline if rain fails to fall at any of the critica) stagesin the plague
generation pathways, Conversely, sequences of very heavy rain can cause the
majority of adulis to lay locally in each generation. The rapid onset of egg
maturation caused by such rainfall only allows two or three days for migration and
this period will not necessarily coincide with sultable migratory conditions.

Further, while immigrants are able to lay in dry soil, rainfall around the time cf an
invasion may make the difference between the decline of an outbreak and the
development of a plague. Hunter (1981) claims that mass take-off requires that
locusts with adequate fat reserves must experience windy conditions that would
normatly inhibit daytime flight. Daytime flight can also be inhibited when It is
exceptionally hot (>37°C). High surface winds and high temperatures often cecur
ahead cf frant and troughs, which might explain why migration is associated with
the approach of such systems. It has been suggested that locusts are seeking the
rain which these systems often cause, in order to fay. Immigrant locusts are known
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to lay without rain, although persisting (resident) locusts with little fat will not lay.

Hence, laying in dry saii after migration is probably the general rufe in Jow rainfall
areas,

The power for flight is derived from the oxidation of stored fat, and an upper limit
for the potential duration of continuous flight without feeding is set by the ratio of
size of fat resources to the rate of consumption in steady flight. Weis-Fogh {1952)
in Taylor (1979) estimated a maximum endurance of locusts fiying in a wind tunnel
to be around 20 hours of continuous flight. Taylor suggests that these estimates
require some revision - based on Wooten and Sawyer's (1854) observations. The
distribution of individual's flight endurance is of extreme imporiance to Taylor's
model, and atthet time (1979) was unknown.

Taylor's (1979) model assumes that the flight time s determined solely by the ratio
of an insects' fat reserves to the rate of fat consumption. A log-normal probability
distribution is applied to this state variable, with parameters such that the madian
flight time is 10h, with appraximatety 6% of individuals achieving a flight time of up
to 80h. Taylor suggests that ihe log-normal distribution is preferable to the
Gaussian distribution since the latter exhibits a symmetrical distribution about the
mean. This, he claims, is blolagically improbable. Note thatin the current author's
model, the Gaussian distribution is NOT applied to a biclogical phenomenon, but
to air (fluid) dynamics, where ihe Gaussian distribution's symmetry more closely
relates to expected outcomes.

The current simulation model does not incorporate any interpretation of the
insects fat reserves or indeed any energy balance equations. At this time there 1s
no environmenial data available which can give any indication of the fat reserves,
or consumed vegetation.

INTEGRATING OBSERVED PATTERNS INTO A SIMULATION MODEL

The following chapter "The Modelling Approach®, describes some of the
characteristics of classica) and contemporary models, The developmental history
of the locust lifecycle medel is reviewed with reference t. commonly encountered
made} buiiding techniques, and some special features that have been inciuded
into the model. A detailed mathematical description of the current model is
pravided with the emphasis on the most recent developmental phase, namely
wind {ransport modelling.

Chapter 2. Biclogical and agricultural background page 27

dmacicuninkgmddp wep 14 1158



Chapter3 THE MODELLING APPROACH

3.1 MATHEMATICAL MODELS DESCRIBED

It is convenient to conceptualise & model as a representation of an existing
structure, on a smaller scale. This often involves a simplified (always
mathematical, according to Wormner, 1991) description of a system etc., to assist
caloulations and predistions.

Starfleld, Smith & Bleloch (1894) define a model as being “a purposeful
representation”. They suggest that the model does not have to be a complete
representation, and should only include those features of reality that are essential
to understanding the entity under consideration. Removat of spurious detail
allows the model to be more easily understood and better controlled. When
designing computer models, smaller more concise models are deslrable
{McKinion, 1992} since they require less in the way of computer resources
(computing power and hardware) and assoclated software will frequently execute
faster. This is in addition to the universal advantages of easy maintainance and
understanding. Any model is only an approximation to reaflity. The key to
successful modelling lles in striking ar optimal balance between the accuracy of
the approximation, and the complexity of the model.

Inthe case of atime variant phenomenon, itis necessary to represent the physical
characteristics of the system, and then also to emulate how these change astime
progresses. In this way, a static model has become & simulation. The term
“simulation” has been formally defined by Maisel & Gnugnofi {1972, In McKinnion,
1982) as “a numerical technique for conducting experiments ... which invoives
certain types of mathematical andlogical modeis that describe the behaviourof ...
blological [and] physical systems - or some componentthereof - over time”, Maisel
& Gnugnoli erronecusly imply that simulation modslling can only be performed
using digital corputers; there is nothing inherent in the simulation process that
confines it to this type of machinery. McKinnion concludes that, for complex
systems, the use of simration methodalogy is unequalled In lts ability to achieve
realistic models of system behaviour at a reasonable investment of time and
money.

In referring to a system, it is important to define and understand that system's
boundaries. Those entities within the boundaries comprise the systam itself, and
those without comprise the environment. Systems which perform ne interaction
with their environment are closed systems. In practice, all bioiogical systems are
opan systems, and the simulation modal therefore requires a link to the
environment. In the locust simutation model, thi  'ink is achieved by the Input data
set, which comprises detailed weather records

The concept of a 'dynamic simulation model’ arises when the model of the
physical process becomes self-configuring In rasponse to simulation conditions.
In contrast to a static representation of the process - which is unchanging in its
specification throughout the simulation, the dynamic simulation model has the
capability to adapt its structure in response to the conditlons itis simulating. Thisis
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naot to say that the software code re-writes itself, but different code can be selected
from a library of available functions. The functions most appropriate to the
prevailing conditions can be used, thus creating a suite of many different models,
where only the best is utllised under any given circumstances.

Formal definitions of models distinguish two sub-species: th2 linear 8 - hraic
model, and the rule-base model,

A linear algebraic model makes the assumption that the processes ;. nodels are
usually mathematically smooth. in otherwords, the phencmena can be measured
to a thearetically infiniteslmal degree of accuracy. In gertain instances there are
exceptions to the smoothness of the functions and discontinuities or singularities
do arise. These modals frequently make use of linear (or moce raraly, non-linear)
differential or difference equations. In the case of the difference eguation, the
smoothness of one of the model parameters has besn sacrificed by considering
the quanfity to incremeant in discrete steps. A typical example is time. n some
cases it may be more convenient to consider time in discrete quantities - such as
days, or years - instead of a quantity that can be regarded as continuous with no
lower limit {in theory) inthe fineness of its measurement.

Non-linear differential or difference equations are often exceptionally difficult to
solve, and can often only be solved by regarding a limited range where the
equations can be approximated by linearised forms.

The term non-linear spacifically refers to non-linearity in the context of the state
variables of the system. (A formal definition of state variables is included in the
section "How the lIfecycle simutation operates |I", laterin this chapter, where it is
more appropriate.) If the environmental variables are assumed to be periodic (as
is the case here) then the environmental input can be regarded as a pariodic
forcing function. The dynamics of a forced system which is linear in the system
variables is simply a stable system which Is “pushed around” by the environment,
no matter how complicated the forcing function is (Allen, 1992}, Stability implies
that the system decays to some finite steady state. While envirenmental forcing
can result in some highly complicated and surprsing ways with non-linear
systems, the outcome with linear systems is basicaily simple. Most insect lifecycle
models to date are of the linear type with complicated environmental forcing
functions {Allen, 1992), and the non-finear rule-base approach of Nailand and
Harirahan (1993} 1s unconvantional.

The rule-base medel differs from the tinear (or non-lineer) algebraic model in that
it does not use continuous mathematical relationships to describe causefeffect
phenomena. Broadly speaking, it can be regarded as a sequsnce of ifithen
decision interrogations. This lends itself to representation biy a flow diagram. At
ke: decision points, a question is asked. The model is interrogated conceming
provailing conditlons, and then decisions are made as to the course of action to be
taken in response to those conditions. A data base exlsts; this contains the rules
by which the decision engine must abide.

The attractiveness of the rule-based model lies in the fact that it is nol necessary -
or even desirable - to develop mathematical relationships to describe the
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processes. If the causefeffect mappings are known, then the model grows diractly
fromthem.

These two madsl types describe extremes, and it is not unusual for a model to
incorporate components of both. Such a hybrid Is known as a rule-enhanced
model {Starfield, Smith & Bleloch, 1994).

It s not always a characteristic of a simulation that it must execute faster than
real-time (in instances when the process is {oo fast for obssrvation it might be
nacassary to modsl itin order to monitor it at an acceptable rate), Yetin our case, it
is extremely beneficial for the simulation to execute as rapidly as possible. Thisis
to facilitate as many simulations as possible in the available time. A large numbar
of simulations will allow a more cbjective evaluation of the model's accuracy.
Many of the physical characleristics of the model are knhown only vagualy, and it is
by such simulations that they can be fine tuned. The essence of this approach is
that a great many successive simulations may be executed, altering the physical
characteristics belween each execution and the next. By observing how the
resulis converge towards, or diverge from the actua! recorded results, it is
possible to estimate more accurately the optimum value of the changed
parameter. It also provides information on the sensitivity of the phenomenon with
respect to that parameter. A more detailed discussion of parameter estimation
and sensitivity analysis is provided in chapter 4.

Once the madel has been defined, a key question needs to be asked: "How good
does it have to be?'. This question might initially seem paradoxical, but it is not
necessarily true that the most accurate model is the best model. A highly accurate
model will frequently Incorporate unnecessary details, with twe undesirable
consequeances: firstly, the model becomes difficult to undarstand and maintain,
secondly, simulation execution fimeis poor.

The following tentative answers to the above questions are proposed:
L [fitisfast,itis good, Ifitis slowitisbad.
® If it meets the required specification for accuracy, it is good encugh.

Itis important to note that the ¢ -iteria for a good model are highly dependentonthe
application, and no general rules should be applied, Not all situations, for
example, demand rapid execution time.

in this application, there is nothing to be gained from building 2 mode! that is too
complex or detsiled. As described in later sections, there is insufficient testing
infarmation to verify the accuracy of the increased resolution. Furthermore,
unnecessary delail will cloud understanding of the basicfunctions.

STOCHASTIC AND DETERMINISTIC MODELS

Modbels, whether they be linear algebraic, rule-based or rule enhanced, may also
be sub-divided into the categories of stochastic or deterministic. Deterministic
models are entirely predictable in their behaviour. Stochastic models introduce
the element of probability, and of trying to anticipate the likelihood of an event.
The classic "Schradinger's cat” thought experiment relating to guantum physics is
an interesting example: the conclusion drawn from thers being an equal
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probability of the cat being alive or dead is that the cat is simultanecusly alive and
dead!

Insect population systems are always embedded in the larger physical and
biological environment, and this is reflected in their equilibriz and dynamics.
These systems are highly dependent on how and where the system boundaries
are defined. Allen (1292) claims that, even with 2 meticulous degree of care,
isolation of the system is never complete, and this failure to confihe all links to the
environment to known, defined channels manifests itself as randem or
pseudorandom perturbations in the model, i.e., noise, Since noise represenis an
unpredicable component, it is conventionalty described as random error. This
interpretation of apparent randomness in an otherwise simple deterministic model
is comparitively new, according to Allen, Recently, Higgins et al (1997) have
stown that even relatively small perturbations, uncorrelated from year-to-year,
can lead to large population 1 tuations - with a muiti-year period - in
deterministic biological systems.

Generally, if the number of simulsation runsis farge, then the average of the results
given by the stochastic model will tend towards those provided by the
deterministic modei, The stochastlc model will, however, provide an indication of
the variability of the outcomes from the mean, and ailso the confidence we can
have in the simulated result.

Starfield ef al (19294} show that If chance is not an important part of the
phenemenon, then there is nothing to gain from building a stochastic model. The
stechastic details only serve to confuse the understanding of the problem.

Tha locust simulation model relies on climate data, and the simulation results are
evaluated upon actual locust count data, It is known that neither of these data sets
is particularly accurate. Furthermore, the level of accuracy is unknown, It is
therefore difficult to estimate a confidence interval on any of the simuiation
results. For this reason it was decided that no additional random elements should
be introduced. The cancept of a probability index is introduced when considaring
the wind data, but this doss not make the mode! stochastic. There s no
randomness assoclated with these probability density functions; ali are based on
unvarying mathematical formulze, and are thus predictable and the experiments
highly repeatsable.

3.2 AHISTORY OF THE SIMULATION MODEL'S DEVELOPMENT
AFIRST APPROACH TO DEVELOPING ATMODEL

In1993, P. Nailand and S. A. Hanrahan published the results of their development
of a population madel for the Brown Locust (Nailand & Hanrahan, 1993). That
model, coded by P. Nailand, for Watford Pascal™, and running under iBM's
VM/XP operating system required (relatively) large amounts of computer memory
and relied on the University's mainframe computer - which was subsequently
decommissioned. The model was converted by P. Hanrahan to run under
Mathworks™ Matlab™ ver. 4.2 with Simulink™ graphical support. Matlab is
available for Microsoft Windows™, and this operating system environmant was
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selected due to its universal appeat to PC™ users, Although Matlak is available
for the more powerful UNIX™ operating system, the PC was retained as a
hardware platform in order maintain transportability within the Zoology
Depariment.

Matlab was chosen as a programming language because it was available to the
Zoology Department, and because it allowed for great flexibility, compact model
structure and efficiency in model design. Matlab is specifically engineered to cope
with operations on exceptionally large matrices. Additionally, matrix operations
are an integral part of the command set, facilitating easy prograrnming and rapid
execulion. At the same time as the conversion to Matiab, the original Watford
Pascal source code was translated to Borland Pascal™ - which is supported by
the PC operating system environment. Although the code executed, it was found
that the Borland compiler placed severe restrictions on the maximum dimensions
of variables within the program. The Pascal approach was then abandoned in
favour of Matlab - a more versati|e interpreter.

Nailand & Hanrahan' s (1993) mode! was rule-bhased, Parametars of the locust
life-cycie were used to generate a set of rules according to which population
numbers changed in response {o changing rainfall and temperature conditions.

So too was the first-generation Matlab model rute-based, but during its
subsequent improvement it has grown to incorporate various characteristic
components of the linear algebraic type of model, and so is best now described as
aruls-enhanced modal.

The first generation Matlab model became the starting point for the ongoing
development of a migration model. The specific aims of the revised modsti have
been autlinedin Chapter 1 - Qutlingand objectives.

Problems encountered with the eariest Matlab model| were;

. The model opsrated only at a single gecgraphic location, on a single grid
co-ordinate generating changes in locust population numbers at that point
in space. No account could be taken of portions of the population being
removed or added due to phenomena such as migration.

® The technigue used for storage of |locust and egg numbers did not lend
itself to rapid index addressing of the matrices. The simulations were
stupendously stow.

L The matrix structures used were unnecessarily large, generating variables
in the order of 60MB in size - foo large for the available harware to deal
L YR

. Errors were discoverad in the formuia used to compute degree-days.

The output of the simulation failed to monitor stagnant (or steady state)
populations. Only transitions between stages were recorded, and
populations that remained constantin size were not recognised.
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e The simuiation retained records of all individuals that had died.

Consequently large areas of storage space were being wasted in tracking
dead individuals.

in the light of these errors, it was conzluded that the results from the eariiest
Matlab model were of little value, altf sugh the basic mode) structure was sound.
Later revisions relied h~> y on the initial structura) layout provided by that
modet,

The structure of the model is derived from the locust lifecycle block diagram,
formulated by Nailand and Hanrahan (1993} and revised by P. Hanrahan (1994,
pers. comm.). This visualisation has been retained from Naifand's original model,
although the Nailand modef was not based on a graphical user interface. The
locust lifecycle is welt documented in various texts (Price, 1888; Matthée, 1951;
Matihée, 1961; Lea, 1970).

Mathworks Simulink™ is a companion application to Matlab, which allows
realisation of block diagram structures within & model. The customary (classicai)
technigue for building such a simulation model is to represent each transition by
‘means of a difference equation {or differential equation, in the case of continuous
time analyses). When considering any lifecycle stage, instars, for example, the
popuiation of instars at time +7, Py, becomas some mathematical function, F, of
the population attimef,

Peeny=F{Py}

It is not too difficult to conv.. e onesslf that any physical (real) procass can be
described by an n'h-order differential equation (d.e.). The more complicated the
process, the higher the order of the equation, Using matrix algebra, a finear
nf-order differential equation can be decomposed into n first-order differential
equations, which are substantially easier to solve than the original n™-order
equation. This decomposition cannot be performed with nen-inear systems,
another reason why they are so difficult {o deal with,

The time incren.2nt, {, can be chosen fo be any value that provides sufficient
resolution. In the case of the locust model, a time step of one dr sonvenient
since weather records are available to a resolutio, of one day, a1 u.8 entire (ife
cycle is compieted in a matter of weeks. Events do nut oceur rapidly enough in the
lifecycle to merit using finer timeslices. Using the largest possible timesiice is
desirable, since the size of the data structures that record the lifecycle history are
Inversely proportional {o the length of the timeslice. Shorter timeslices require
mora storage space for a given simulation peried. The need for timesilces as shorl
as one day is perhaps debatable; modelling lifecycle events themselves does not
require such fraquent updates, but the nature of Karoo weather dictates that each
day must be simutated so that rainfall - which might occur enly on a single dayina
long span of dry conditions - is not overlooked (Price, 1996, Pars, Comm.}.

Simulink allows the programmer to paste the block diagram directly nto the
model. The block diagram is then not an abstraction of the model, or vice-versa.
On the contrary, the block diagram actually becomes the model. Each block
within the block diagram encapsulates the appropriate representation of the
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applicable difference equations, and the visual link lines between blacks actually
carry information between relevant blocks, implicitly, The programmer is not
compelled to program channels of information interchange between blocks: this
happens automatically when the blocks are linked graphically. This model
building technique is inexiricably linked with object orientated programming
struciure (OOPS), & concept that will be described inmore detail 1ater,

DEVELOPMENTS WITHIN THE CONTEXT OF THE MATLAB DYNAMIC
SIMULATION MODEL

Revisions of the simulation model, for which the currant author is respansible are:
streamlining of the program code, exploiting the capabilities of Matlab in the
model design and cerrection of computational errors discovered.

Additianally, the following progress has been made:

e The most substantial advance has beenthat the model has besn extended
to Incorparate wind data and to allow immigration and emigration of locusts
between stations. The model at present deals with two stations at one time
but can be extended to deal with any number of stations when the need
arises,

Understandsbly, as more sites are added to a simulation, so more
demands are made upon the computer's resources. Simulation models
incorporating many sites will require both fast processors (high speed
Pantium™) and adequate memary (upwards of 16MB RAM)

. Spreadshest capabllities have been added, The Input to the simulation
{weather data, and actual locust count data) is now presented to the model
in the form of a Lotus 1-2-3™ (ar compatible WK1 format) spreadsheet file.
This allows many database applications such a Lotus™, Quattro-pro™, D-
Base™ (&A™, etc. to generate climate data for the simulations. There s
no need - as was the case before - to convert data into a speclalised model-
compatibte format.

Furtharmors, the simulation mode! output is now also available in Lotus
WK1 spreadshee! format. This allows users the option of loading the
simulation results into their database application of choice, and using any
of the analysis tools which that application offers (graphs, histograms,
regressions eic.).

® ~he simulation model incorporates some simple statistical analysis tools.

- correlation tests have been chosen as the most useful tests, in terms

type of data available from the simulation. Various such tests may

1. wbe performed within the simulation, withoutthe need to e ;portdatatoa

statistical analysis application. The details of these test are discussed in
Chapter 4, under the section “A Statistical Approach”.

s The simulation runs substantially faster, due to improved technigues for
assigning variables within ihe program code. Typically a two-year
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simulation, running at twn siles simultaneously, can now be accomplished
in around five minutes (80486-DX4 99MHz CPU with 16 MB RAM}.

Such a simulation generates workspace variables that require under 2MB
of RAM. However, Microsoft Windows and Matiab's command interpreter
demand that the machine has a minimum of 8MB of RAM, for reliable
operation. 16MB is preferred for stable Windows multitasking {other
utilities running In the background). The salient feature here is that adding
one additional site, for instance, will not require an additionat 84MB of
memory (virtual or hardware), as was the case with the earlier version of
the simuiation model. In fact, 16MB of RAM is speculated to be adequate
for simulations involving upto six sites.

THE LIFECYCLE MODEL

The lifecycle model is heavily based on the work of Nailand and Hanrahan {1993}
and Hanrahan & Hanrahan {1994). Rules for the lifecycle stage transitions have
been retained frem Hanrahan & Hanrahan (1994), with minar modification (Price,
pers. comm. 1998). Dramatic changes t.; the model have been in the way that the
source code represents various populations, The matrices, or array variables,
created within the simulation havs been completely redesigned to optimise spead
of access, and required storage space (RAM).

As stated earlier, the lifecycle model remains an independent entity - even within
the context of tha migratory simulation model. The model retains a hierarchical
structure, The top level of the hierarchy represents the broadest description of the
model, and the nested structures are added relating finer and finer detail as one
pragresses down the hierarchy, and as mare accuracy is required.

Such a hierarchical structure is shown belowin figure 3.1.

MGRATION MDDEL

e ] %

Fig. 31 Nested hierarchical model structure.
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OBJECT ORIENTATED PROGRAMMING SYSTEMS

Object Orientated Program Systems (OOPS) is a revolutionary programming
methodology that has rapldly become the programmers' buzzword of the nineties.
It provides a powerful model develapment and building tool, and its adoption is
encouraged by the inherent design of Matlab and Simulink. McKlnnion's 1892
formal definfion of QOPS s one in which a model of a system can be viewed as a
coliection of system components that are treated as objects. These objects have
knowledge within them concerning their function. Objects are activated by
messages (infermation) from other objects, and the other cbjects do not nead to
know anything about the object to which the message . Jassed. The simulatian
model is heavily based on OOPS methodology. The primary advantage of YQPS
programming is maintainability of software code for very large systems. McKinion
proposes that 100 000 lines of code is the maintainable limit for conventional
structured prog: ‘mming approaches, whereas OOPS methodology Imposes no
such limitations.

The simulation madel in its present form coensists of slightly more than 1MB of
source code, The actual number of code lines has not been countea, but it is
astimated to be betwesn 25 000 and 50 000. This is not yet beyond McKinion's
theoretical limit. Notwithstanding, the OOPS approach facilitates faster, more
accuraie program development and teaching, even for models that can be coded
In a few hundrad lines. More importantly, OQFS allows the model to be
customised orupgraded very easily, simply by replacing the obsolete object,

BLACK BOXES, INTERFACES Al PORTS

The top level of the hierarchy is represented by the inter-lifecycle interactions
(Figure 3.1). Atthis level, the lifecycles are considerad closed entitles (objacts), or
“black-boxes”. No clues are visible at this lavel as to what goes on inside these
compartments, hence the term black-box. Each lifecycle black-box represents the
lifscycle of a particular population of lccusts, at various stages of development, at
a single geographic location. Each fifecycie entity (object) has a well-defined
Interface, by which it communicates with the environment, and with other such
lifecycle entities. This interface comprises two sets of variables - and possibly
constants - making up both an input interface and an output interface,
conveniently referred to as ports. The input port conveys Information required by
the lifecycle system in order to perform its pre-requisite activities. The locust
lifecycia parameters constitute a component of the input port. The results of the
computations performed within the fifecycle black-box are available at the output
port, (see Figure 3.2 overleaf)

This design, incorporating sub-systems with invisible inner structuce, is very
useful in creating an ullimately complex model, At sach stage there is no
unnacessary detail visible to cloud the major issugs under consideration. At the
migratory level, it s not useful fo know what kinds of processes are occurring
within the various devaeiopmental stages. All that Is required is knowledge of the
number of fiying adults. if this information is available at the output port of the
lifscycle black-box, then the model is perfectly adequate at this feve/. How this
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information is generated at the output port is of No concern - yst. Thatis a problem
to be considered only at the next step down the hierarchy.

INPUT
PCRT

The processes that occur
: within the black box are hidden
QUTPUT

from view at this level of the
PORT hiararchy.
Fig.3.2 Black box diagrammatic representation.

This descriptioh of how detail is hidden, and made accessibie only to |evels which
require I, Is used throughout the simulation mode!. This must be remembered
when considering any leve! of detail within the model.

THEL.OCUST LIFECYCLE

The Brown Locust lifecycle is complex, particularly when considering egg stages.
This is one of the reasons It Is so good at surviving the inhospitable conditions of
the Karoo region. The model, although developed specifically to model the Brown
Locust, has no inherent characteristics that make it exclusive to this species.

Locusts are grasshoppers, distinguished by their pronounced,
density-dependent polymorphism, About a dozen species in the short-horned
grasshopper famlly, Acrididae, have evolved this capacity to change their habits
and appearance «ccording to their population density. When populations are
sparse, the individuals live separate lives and migrate singly, often at night. As
their numbers increase, however, they respond te more frequent encounters with
one another by becoming mare and more gregarious, active, and conspicuous.
They forni bands of hoppers (nymphs) and adults, which migrate by day in a
uniquely itinerant mode of life, mating and reproducing as they.travel. The
swarming and non-swarming forms are known as the gregarlous and solitarious
phases, So different are these in appearancs, that they were not recognised tobe
of the same species unti] 1923 (Faure, 1923).
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The solitary phase is always present, whereas the gregarious phase appears only
sporadically. Under sufficiently high population densities, a solitary hopper wiil
mature into a gregarious aduli, with fonger wings, shorter legs, and other
identifiable characteristics, most obviously changes in colouration, but also
behaviour {Backlund, 1955; Pick & Lea, 1970). As more and more of the
gregarious types appear, migratory swarms build up. Once started, a locust
plague may last for several months - or even years - while generations of the
swarms overrun regions in which the solitarious phase cannot maintain itself. The
swarms eventually die cuf and scatter, leaving only the solitary phase,

The lifecycie mode! distinguishes gregaricus and solitary forms of aduits, But it
does not automatically determine whether nymphs will pregress io gregarious or
solitary adults. The phase ratio at present is a fixed quantity, adjustable by the
user. Further developments might allow the madel ta continually update the phase
ratio depending on the instantaneous pepulation density. However, Wolda and
Dennis (1993} suggest that density dependant mechanism tests only become
sta* ~lically significant after 20 to 30 generations, and the short perlod simulations
performed th-is far are unlikely to stimulate these mechanisms.

A superficial description of the jifecycle foilows, however, if concise numerlc
details are required, the reader is referred to the accompanying fechrnlcal
reference, which describes the rulebase In detail {(Appendix F). Inspection of the
rulebase reveals how these lifecycle characteristics are Incorporated into the
model. The fifecycle block diagram, figure 3.3 overleaf, will also be helpful in
understanding this descripticn, as will figure E5.14 inappendixE.

The female |locust lays eggs in sandy soft soil, typleally 40 to 80 at a time, and
embeds them in frath as an egg pod, about fifty mlllimetres beneath the soll
surface. These eggs may be diapause or nan-diapause, and both types may cccur
within a single pod. Wateriogging is fatal to the eggs, but the embryos have totake
in a certain amount of water or thelr development stops. Sufficient hydration of the
embryo causes it to develop to a stage known as catatrepsis, beyond which it can
no longer return to a state of dormancy. If conditions become unfavourable again
{too dry), eggs beyond catatrepsis will die. Normally not all eggs in an eggbed will
hatch together. Approximately five percent of these eggs - those |aid as diapause
eggs -remain in a state of dormancy, ar quiescence. Non-diapause eggs may also
enter a state of quiescence if temperatures rer zin low for long. Quiescent eggs
may be resurrected by sufficient moisture and prolonged warmth, otherwise they
can - if conditions are not too severe - remain viable in quiescence for up to three
years (Matth&e, 1951; Price, 1988).

The newly hatched larvee quickly moult to become hoppers. They pass through
five larval - or hopper - stages and become progressively more like the adults,
which are readily distinguished otlly by the complete wings and genitalia. Growth
continues for some time in the adult stage, especially in the exoskeleton and
muscles, before sexual maturation begins. Once sexual maturily is reached, the
adult females begin laying. The mode! distinguishes four age classes of adult
females, in order to deal with the fact that the ratios of diapause to non-diapause
eggs laid may change with progressing age.
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rig. 3.3 The complete locust lifecycle block diagraim, Sea also figura E5.1.
Maodelled adult mates are ar A to be available in sufficient numbers for

mating, and thalr numbers are avtilable for tallying In swarm totals, Tha sexratio
of mature adults is 1:1. Although mating occurs regularly thoughout the females'
life, one insemination can sufflce to fertilise all the eggs the female will lay in her
lifetime (Norris, 1954, in Price 1988}, which may total more than a thousand but is
usually much less.

Development may be inhibited {slowed) in any stage of the life history, for days,
weaks or months {in the case of some egg stages), during unfavourable seasons.
The egg stage ususlly continues through cold winters, and eggs may remain
dormant for saveral years. In some spacies, hibernation occurs in the hopper or
adult stage, during mild winters, but in the case of the Brown Locust the hopper
and aduit populations usually do not survive the cold, dry winters. The lifecycle
model Incorporates a rcutine to eliminate adults and hopp #rs during the cold
winter period.

HOW THE LIFECYCLE SIMULATION OPERATES|: 1.OOP STABILITY

The lifecycle simulation operates in discrete time increments of one day.
Inspection of the block diagram {Figure 3.3) shows that it consists of a closed
algebraic ioop. Problems arise when trying to evaiuate conditions In such a foop,
since each stage reguires an unambiguously defined inputin order to evaluate the
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output. Each stage derives Its input from the preceding stage's cutput. If one
pregresses backwards around the ioop In this way, a point of paradox is reached.
At some peint, information which we wished to compute Is found to be dependant
on that very information, and the cause/eifect argument collapses. Under such
conditiens, Matlab will attempt fo perform a Newton-Rhapson iteration, in order lo
find the points of stabilily within such a syster, Under conditions where the loop
can be evaluated (stable, convergent loop), the iterative process dramatically
slows down the simulation. Matlab will allow only 200 iterations bafore detlasing
the loop unstable orinsoluble. If the points of stabllity cannot be evaluated within
200 iterations, an error is signalled, and the simulation is halted. This metheod
invariably caused “random” errars in the simulation. The precise nature of the
errors has not baen adequately explained. It is suspected that such loops have
multiple points of stability, and fluctuations in conditions cause the Iteration to
converge to zero - an obvicus, but not unigue point of stabiiity. Different initial
conditlons result in alternate points of stability being found - hence the apparent
randomness o the error. A solution to preciude these |oops has been
incorporated inta the simulation.

By inserting a single-step (= ona day) delay into any recursive [oop, an initiat paint
of stabillty is automatically defined, since there is no dependence of any outputon
its own input at the same time. This Is the recommended methed of dealing with
closed loops, according to the Mathworks {Programmer's Reference Guide,
1992). Two such delay blocks can be seen in the complete lifecy-:le block diagram
(Figure 3.3).

The lifecycle is described by eight distinct developmental stages: eggs, hoppers
(instars}), maturing adults, four stages of sexually mature females, and sexually
mature aduit males. Instars ane through five are not distinguishad individually,
since there are no events or processes exclusive to any particular Instar stage.
Adult females progress through four laying siages; each is represented.
Distinction between males and females is made at the end of the maturing adult
stage. Although biologically this Is untrue, it facilitates a more compact model
dasign, with no errorintroduced. Hopper stages require time ta mature. This time
s dependant on the amount of heat energy they receive. Based on the air
temperature - measured an a daily basis - the degree day contribution to the
hoppers is computed (Zalom et al, 1983) and used to determine how long they
ramainin this class. Adulis mature on a time basis, without regard to heatinput.

Each developmental stage is a self-contained object, with a well defined interface.
As long as the interface structure is maintained, any changes or additions may be
made to the object without affecting any other part of the modal.

The egg stage is further subdivided into eight developmental stages. £ggs are
laid as sither diapause or non-diapause. Non-diapause eggs ray hatch after
sufficient development, if conditions are suitable, or proceed to a state of
quizscence. Diapause eggs never hatch directly, and may progress to statss of
deeper diapause or gulescence. Diapause and quiescent eggs may need to
undergo a process of rehydration before they davelop further, providing there Is
sufficient warmth for continued development. Such rehydrated, or turgid. eggs
reach catatrepsis and will die if a dry spell ensues. All egg stages require time to
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develop to subsequent stages. This time is dependent on the amount of heat
energy they receive from the soll. Based on the soil temperature - measuredon a
daily basis - the degree day contribution to the eggs is computed and used to
determine how long eggs stay in each class. The factors which break diapause
are not yet well understood, An unusual feature of the diapause eggs s that a
small fraction enter a state of deeper diapause.

The egg subsystem is not visible to the top-levs| of the lifecycle modsl hierarchy,
Eggs - tagqed as either diapause or non-diapause - are passed into the egg
sublevel, and all processes regarding egg development are invisible. Hatchlings
are returned to the ton-lavel of the lifecycle from the egg subsystem, from whence
they develop as hoppers.

HOW THE LIFECYCLE SIMULATION CPERATES Il: DATA PROCESSING

The simulation madel has baen optimised for speed at each possible stage. To
achieve this, a simulation is divided into two steps, The first incorporates all the
processes required for data preparation that do not constitute the simulation
proper. These are processes that are required only once, no matter how many
times the simulation proper s to be run. The second step is the simulation proper,
whil. i relies on the pre-processed data generated in step one, Itis envisaged that
use;< ¥l want to perform multiple simulations consecutively, posslbly modifying
lifecycle- or simulation parameters. The two-step approach makes this fast, since
manipulations that are required only once are parformedin step one.

Individuals are categorised in the lifecycle according to the stage of development
they have reachad. Within each such stage, an age record of each individual Is
kept. Each lifecycle stage functions more or less as a first-in-first-out (FIFO)
queue. Exceptions to this FIFO rule are when certain indlviduals In a lifecycle
stage die (e.g., dehydration of catatrepsis eggs). The order of individuals within
the queue cannot be reshuffled, but portions of the queue can be removed
(proceed to next development stage) or deteted (death).

An example of such a quaue js shown below, figure 3.4,

advarae condiliors can
detate Individualz fram
any paoint In the guele

old individuals . new individuals
fevracedfomauee - F £ 4 . o, flatesdto quave
|r |1' I] ¢ oldesl I i l youngest | ‘ DD

=0
4 lime axls currant day
- Tndividuals advanes along queLs ene day @t a ime

Fig. 3.4 First-in, first-out (FIF O) queus schematic.
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The time axis shown in the figure runs from right to left, which is unusual, Matrices
are conventionally augmented to tha right, meaning that new individuals are
added on the right-hand-side of an existing matrix. Thu: the oldest indlviduals will
be found in the left-most colurmns of any matrix, making the direction of increasing
age right-to-left.

As the simulation progresses, the number of individuals in each stage of
development is dumped to a record of populations. This record is updated on a
daily basis. Once the simulaticn is complete, or terminated, there exists an entire
history of the number ofindividuals present in each lifecycla stage, on each day of
the simulation. This record may be plotted graphically, or used to perform
statistical tests on the simulation accuracy.

The queue reprasenting the lifecycle population for that particular stage, is a
dynamic variable. It has no predefined size, and is redimensioned appropriately
as the population size fluctuates. The population record is maintained In such a
flexible data structure, rather than a set of simple variables, in order {0 minimise
resource usage. In fact this was a prominent failing of the original Pascal mods}
{Nalland & Hanrahan 1993}, where the data structures were declared a fixed size.
That requires allocating memory for the maximum anticipated - Jpulation
scenario. Problems arise when these aniicipations are exceeded,

At any time, individuals within a queue may be deleted if conditions become
unfavourable. Small portions within the queue may be nulled if the causa of death
is an age-specific factor (dehydration of catatrepsis eggs, for instance). Such
deaths are represented by the corresponding spaces being filled with zeros.
Delating the values and collapsing the qusue Is not an option, since It implies the
sudden maturation of individuals younger than those deceased. All queues are
continuously monitored to truncate them te thelr shortest possible length. Tralling
zeros, although harmiess as far as the simulation accurasy is concerned, are
wasteful of memory.

The advantage of using a two dimensional array, in place of a set of scalars, is that
the length of the array can be used to represent age, again reducing the number of
individual variables that need to be created and updated. Once any Initial
resistance to understanding such two dimensional arrays it overcome, they
become a very elegant and concise method of visualising the populations.

STATEVARIABLES

The data structures that represent various lifecycle stage populations are known
as the stafe variables of the system. The state variabjes are those variables that
are described quantitatively and are modelled. They are distinguished from the
environmental variables which drive the system, and various internal variables
that allow the model to execute but do not necessarily represent a real ar tangiel>
phenomenon. The state variables uniquely describe the system at a:'y ime, but
interestingly, the state variables thamselves are not unigue; i.e., there are an
infinite number of sets of variables that could be used to uniquely describe the
system, not all of them representing real or physically meaningful quan’ties.
Although state and state-space anaiysis has come into vogus recently imong
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modellers, the methods date back to the 18905 when Jules Menri Poincaré used
state-space representations in his work on modelling celsstial mechanics

Formally, the state of a system is a (non-unigue) mathematical structure,
containing n variables,

x{t), xa(t), xa(t}, ... Xa(f), called the state variables, which together with the initial
values x(lo) of this set, and the system Inputs, is sufficient to define uniquely the
system's behaviour for all future time,

As confusing as thls statement may sound to the non-mathematically inclined, it
has profound implications as far as building and running the simulation model is
concerned. In short, the state is tha minimum set of variables (state variables)
which contaln sufficlent information about the present and past history of the
system to permit computation of alt future states of the system, assuming all future
inputs are known.

Thus for the simulation modef to be workable, three things are essential:

. the state variables must be defined.
° the future inputs {weather) must be known.
L the initial conditions must be specified,

To return briefty to the attractiveness of linear systems, as compared {o nen-linear
systems: the general n"-order differential equation that describes any system:
dny dn-1y dn-zy dy
2, + 8n.4 +an-'z + ek ay— + 8= U(t)
dt gt dt~2 dt

where y(t} is the system ouiput, and u(i} is the systeminput,

can in the case of a linear system, be decomposed into n (ron-unique) first order
differential equatiens of the form:

dx,
— = F{x,(iu(thi t}
dt

where F is some vector function of x,, u, the input, and fime, t. X, are the n state
variables of the system. Since these can, by definition, in conjunction with the
system Input, describe the system for all future time, we can easily determine the
system outputby:

y{t)= G {Xn(t); u(t). t}

where G is some vector function of the state variables x, the system input u, and
time, &

CHAOQTIC BEHAVIOUR DESCRIBED

Chans can be loosely described as aperiodic (random looking) dynamics from a
[stable] deterministic system sensitive to initial conditions, such that close initial
points will diverge from each other at an exponential rate. Since the initial
conditions cannot be specifled with an absolute degree of accuracy, no chaotic
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system can be predicted for long without updates from the real systam - aven ifthe
model is perfect! (Allen, 1992)

To further confuse the issue, non-linear systems can exhibit guasi-periodic
behaviour, which superficially appears to be chaotic, but is not. Quasi-periodic
systems are characterised by the oscillatory modes having frequencies that ara
irrational muitiples of ocne another, i.e., they are anharmonically related {Moon,
1887}, The distinction of chaotic systems lies in the fact that the curve of
intersection of their response with a line (2 dimentional system} or plans {three
dimensional system) is characteristically fractal. This curve of intersection is
known as the Poincaré map, but details of its characteristics are beyond the scope
of this repoart {(see Moon, 1987).

While complicated dynamics are possible in very simple systems, ceriain
characteristics of a system do favour chaos. Delayed non-linear feedback is a
prime example, as is periodic forcing of a non-linear system. Inspection of the
locust lifecycle block diagram, and consideration of the model operation will show
without a doubt that these two chaos-conducive criteria are present. Allen (1992)
states that virtually all biological systems fit this descriptlon. It is thus not
surprising that the locust simulation model exhibits chaotic behaviour, although
formal proof of this requires more rigourous analysis than has been attempted by
the current author.,

APPLYING THE RULEBASE

The simulation operates in discrete time increments of one day (24 hours}. This
coincides conveniently with the interval of rainfall records, and temperature
records. Conceptually, all changes that occurwithin a time span lessthat 24 hours
are assumed to ocour within a single instant, once per day. It is conceivable that
this might introduce some errors, since actual events proceed on a continuous
time scale of infinitesimal resolution. Increasing the simulation resofution
amounts to mare than simply adding extra records to the waather data {twice- or
thrice daily measurements) since the rutebase impliclily assurnes a timestep of 24
hours. Spedifically, computations based on triangular modelling of daily
temperature would require reworking, as would the degree-day contribution
calculations.

The rulebase for any particular lifecycle stage performs three aclivities:

1 It evaluates the current states of devalopment reached by individuals, or
groups of individuals within that stage, and adjusts thase states of
development as necessary. This includes actions such as augmenting the
accumulated degree-day total, increasing the age of the individuals
universally, setting a catatrepslsflag if appropriate, and soon.

2 It deletes individuals that have succumbed to unfavourable conditions,
such as waterlogged eggs, individuals that are too old, or catatrepsis eggs
that have dehydrated.
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It promotes individuals to subsequent etages if and only if they meat the
necessary requirements for further development, such as sufficient
accumulated degree days, or eggs rehydrating, etc. In the case of adult
females, each stageis allowed to generate egys.

These rules are all based on iffthen constructs, and the decision peints are
determined largely on the numeric values of the lifecycle paramsters selected by
the user. Rules used in the model are outlined explicitly in Appendix F. The reader
isurged tointerpretthese in conjunction with the mode! biock diagram (figure 3.3).

INITIAL CONDITIONS

The source of individuals in any particular stage is one of two. Individuals may be
introduced into any stage from the preceding stage. In the case of some egg
classes (viz. quiescent 1, quiescent 2, diapause 2, turgld 1, turgid 2) there exist
muitiple preceding stages, hence individuals may be introduced from one or two
preceding stages. Individuals are always moved on the current day. Individuals
are never moved into the history portion of any stage, meaning that they are not
considered to grow older during a migration event. Migration is a relatively brief
event in the context of the insects' life and therefore regarding it o ocour
instantanesusly introduces negligible error, The alternative source of indlviduals
to a iifecycle stage is from the record of initial conditions. Logically, this is only
applicable to day one of the simulation, but the initial condition record has the
facility to store a history. Theinitial conditions are a record of all the populations of
all the lifecycle stages on the zero™ day of the simulation. Since it is not possibie
to run a simulation from the begirning of time, it is convenient to establish that on
day zero {which can be any convenient starting reference date) there exists 2 set
of populations defined by [x]. [x] is a user editable matrix. Althaugh fx] stores
information for day zere only, it can, as noted earlier, reflect a history. In other
words, on day zero there are indlviduals that arrived in that lifecycle stage on day
zero - and are therefare zero days old, but there may also be individuals that are
ong, or two, or three, or more days old. As the simulation proceeds, these older
individuals will advance to subseguent stages before youngerindividuals.

In this way, a simulation can be starteu at any time, and will emulate a much ionger
simulation - stretching further back in time, provided that the simulation state at
the discontinuity is known.

Recall that chaotic systems are exquisitely sensitive to small changes in their
initial cenditions (Moon, 1987), so for accurate simulations it is very important to
use realistic initial conditions. Technlques for estimating suitable values are
described in the following chapter on model testing.

Initia} conditions are arily read at the start of the first simulation of a series, orupon
request. Subsequent simulations will build un populations synthesised In the
previcus simulation run. Under certain circumstances, the user may wish to run
several simulations, using the same initial conditions for each run. if lifecycle- or
migration parameters are to be changed and their effect investigated, it is
necessary to use identical starting populations for all simulation runs, so that
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results may be directly compared. In such instances, initial conditions can be
restored uponrequest.

The reason that inltial conditions are not read at the start of every simulation is so
that long simulations can be performed In several parts, without distortion of
population numbers at the hiatus points.

Furthermore, it is possible to create a library of initial conditions. Thus several
different sets of initial conditions may be named and stored independently, for
various simulations runs requiring a diversity of starting populations.

3.3 INCORPORATING MIGRATORY PHENOMENA

Migration invoives the translocation of certain portions of the population at a
specific geographic location to another distinet geographic location, Migration is
regarded as a short duration avent - in terms of the timescale of the lifecycla -
hence no development is considered to occur during a migration, Individuals
leaving any site wili arrlve at other sites at the same stage of development they
had reached when they left.

Only individuais capable of flight can migrate, so the only development stages
communicating with the migration engine are the sexually mature adult females.
Adult males could possibly be incorporated into this scheme, as could the
maturing adults. Hoppers exhibit a phenemenon of marching, but since thay cover
relatively small distances compared {o fledglings, with no obvious envirecnmenital
influsnce over the direction in which they move, no account of this is taken by the
simulation model. Maturing adults are known to migrate (Rainey, 1988), but thay
will not be rasponsible for ergs being introduced to the destination site (this is
already taken care of by migration of adult females). The mode] does not currently
nllow migration of maturing adults in order to keep the migration enging as simple
as possible. The primary cuicome of allowing maturing a2dults to migrate would be
changes in the timing of immediate population interchanges, butfii ‘e change toto
the pattern of egg redistribution, Currently, the maturing adults require around 60
degree-days before they can progress to the migrating adult stages. Considering
that typical Karoo summer temperatures are in the upper 20 - 30°C range, and the
fower threshold for development is approzimately 20°C, 60 degree-days is
accumulated in approximately one week. Maturing adulis would then conceivably
require at least some development before migrating, and thus advance migration
events by maybe 3 -6 days. In practice, it is difficult to calibrate the model to this
degree of temporal accuracy because actual outbreak records are monthly
cumlative totals. Once the timing of outbreaks is being modelied satisfactorily, it
will be appropriate to look at the maturing adulis as a component of swarms.

Recall that each lifecycle stage queues individuals as they enter that lifecycle
stage. During migration, the numerical contents of the adult female queues are
modified twofold:

Firstly, a proportion of the contents of each queue is deleted. This represents
emigrating individuals that leave for another station or stations.
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Secondly, a calculated quantity of individuals is added to the appropriate gueus.
This represents immigrants, that have arrived from snother station or stations.

Individuals thal mig-ate are «roduced into the lifecycle stage st the destination
siteas r~ omersto that stage. They are regarded as having the same history as
those inu duals that have been infroduced inte that stage from the previous
stage at the same site. Migrations do not facilitate the transition from a
developmental stage to a subsequent developmental stage at the destination site.

This is done because the lifecycle modal considers that females lay eggs upon
being introeduced to a subsequent development stage. [.e., a female progresses,
after n days, to the subsequent lifecycie siage. As soon as she arrives in that next
stage, she lays, While this is not strictly true biologically, it makes implementation
of the model easler. The omission of the usual growth period prior to laying may
introduce a negligeably small error in the timing oi egg laying. This error can be
substantially compensated for by tuning the accumulated degree-days required
for progressing to the next stage, She will then remain in that stage, not laying
again, until suiticlent degree-days are accumulated for her to proceed to the next
stage, where she will again lay, Thus, emigrating females are considered to have
|aid at their departure site, and will alsc tay at the destination site. A {ime - denoted
minimum_age_to_:ly - is required to elapse before a female may leave any
lifecycle stage by migration. Thus she cannot lay on consecutive days at different
sites {unless minimum _age_to fly hasbeensettiozeroorone).

Only gregarious females are considered to migrate, Solitary individuals o not
leave the site at which they hatched Backlund, 1855). The ratio of solitary to
gregarious females Is detarmined at the time of adult maturation. This ratio is
user-adjustable, but does niot change automatically as population densities
fluctuate. Wolda and Dennis (1893} suggest that density dependent
computations only becomae significant after 20 - 30 generations, and in the case of
the Brown locust there is litle field data to suggest under what conditions
gragarisationis initiated,

The minimum flight age is not the only criterion that determines whether a female
may leave a site. The wind conditions on that day are of paramount importance.

THE EFFECT OF WIND ON THE MIGRATION PATH.

The reader is referred to Chapter 2 for background information on how wing
conditiens control and influence migratory events. The salient points are listed
below:

[ ] Migrations occur predominantly in a downwind direction.

e Migrations occur only if temperatures are sufficiently high.

(] The fiight speedis largsly irrelevant.

o Theinsects' speed of movement is the same as that of the prevailing wind.
. The wind data records are only applicable to the instant at which the

measurement was taken.

Chapter 3 The modalling eppreach Page4?

et biimada e wes 14 141 G



The migration engine developed incorporaies features to take account of all these
phenomena,

Establishing whether conditions conduclve t¢ migration are present is partly a
case of looking at the air temperature, and the number of gregarious females
present at each particular laying stage. What this really indicates is that the
tocusts are likely to start to fly, it doesn't necessarily mean there will be lacge scale
migrations. To establish thatrequires a look atthe prevailing winds.

Twi: factors are important when considering the influence of the wind.

Firstly, the diraction is abviously imperiant since itis this that wili have the greatest
contral over the trajectory followed by the locusts. The destination site is
determined by the diraction of the prevailing winds at both sites. Secondly, the
wind speead is a key factor in determining the distance over which the migration
can oceur, since time of flight is limited.

The locusts' actual flight-speed is largely irrelevant, since they are, for the most
part, at the decree of the wind. In general, the distance travelled, denoted s, will
be some function uithe product of the wind speed, denoted v, and theflight time,
denotedt.

by definition, veloclly is the time derivative of displacement
thatis v=ds/dt
hence s=fv.dt

The velocity is assumed to be a constant during the simulation interval increment,
This is completely valid, since there is only one wind speed measuremant
appiicable per day. Wind speed data is available at 08h00, 14h0Q and 20h00, but
since the simulation time increment is 24h, the different values cannot be
processed during the simulation. At best a compromise canbe reached by fitting a
curve - polynomial or otherwise - through the three measurements Then an
appropriate value could be read off the fitted curve, correspondence to the
preferred time of flight. This process would have to be performed on the weathar
data prior to commencing a simulation run. Alternatively, a single measurement
can be used, that being the one that most closely matches the observed flight
time, viz, shortly after sunrise. The latter appreach has been adopted in the
currentmodel,

Thus s=vi
where vis the early mormning wind speed.

The time of flight, 1, is essentially determined by temperature and possibly by
changes in light intensity. Light intensily is likely to be sufficiently high a
considerable time before the dally temperature starts rise. For this reason
tomperature is consldered the limiting factor and has been used exciusively.
Using a triangular-wave approximation to the sinusoidal daily air temperature
fluctuation, that portion of the day whe.e the temperaiures is above the threshold-
temperature-for-flight is evaluated. Thisis shownin Figure 3.5 overleaf.

The day fractionis used as thaflightfime.
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Fig. 3.5 Time of flight estimation schematic.

It is not an ideal measure, since if locusis have been lifted into high altitude
weather systems they are often passively lransported, even though the
requlrement of sxceeding threshold-temperature-forflight is no longer
maintained. It must be stressed that we are dealing only with low aititude flight
here, Once insects are carried up into the higher sirata of the atmosphers, their
behaviour has little dependence an the surface temperatures and wind Jata that
we have available for consideration. However, consultants (Price, 1998 pers.
comm., Naplier-Backs, 1896, pers. camm.} have suggestad that migrating swarms
of Brown Locusts - in contrast with many other sbe :jes - bagin flying shortly after
sunrise, and are confined to altitudes of around 10 ta 20 metres above ground.

Inspection of Figure 3.5 will reveal that if the threshold tamperature for flight lies
below the daily minimum temperature, then the entire 24-hour day will be
perceived as conducive to flight. it is not certain whether temperature alone
govermns cessation of flight, since it has been suggested that visual cues play a
r6le in flight mechanisms. Nonetheless, nightime migrations are known to ccourin
some instances.

WIND DATA PROCESSING - PROBABILITIES BASED ON WINDSPEED

Direct knowledge of the expected translocation distance. s, Is not particularly
useful though, since we are dealing with a small number of fixed weather stations,
and there may well be no other stations at a radius equal to 5. in other words, one
can detarmine that the locusts will fly a distance s, but what does one do if that
distance doesn't correspond to another site being modslled? What s more
pertinent is how closely that flight distance matches the actual distance between
the two stations of interest. If the wind speed is low, or flight time is short, then
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there is a likelihood that the |ocusts will not be carried far enough to reach the
downwind station.

Conversely, if the wind speed is high, or flight time long, then there Is & possibillty
that the airborne locusts will be carried right ¢ -er the downwind destinatjon sites,
and few will be deposited. Hence, in terms of the model cperating at two fixed
points, there is an opiimum flight distance (viz. it matches the interstation
distance) that may or may not be achieved, depending on conditions. This
phenomenon is ilusttatedin Figure 3.6.
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Fig. 3.6 Source & destination sites; loss of individuals to unmaodelled sites,

Such a function may be conveniently modelled by a curve ofthe form
P= a‘e"g(s'sllz

which is the Gaussian probability distribution (Davies & Hicks, 1975). e and p are
constants incorporating the standard deviation and variance of the random
variable, s. A sultable form of the function is shown in Figure 3.7 overleaf.
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Fig. 3.7 Interstation distance and associated probabilty.

8 denotes the actual flight distance, the product of wind speed and flight time,
The computation of s has been described earlier.
s' denotasthe distance between the two stations of Intarest,

The vertical axis, P, represents the probability of focusts being deposited at a
certain defined distance s, The probabilily, P, is a funciion of s, the translocation
distance, so P is more correctly represented by P(s). For every P(s) we considers'
{o be a constant. P(s) - in the form finally used - is not strictly a de facto PDF, this
being described more fully overleaf,

The turning point of the curve passes through the point (s'.x) where the distance
travelled during the flying time is exactly equal to the distance between the
stations, 8'. Thatis

P(s) |s=¢ =P(s) =0

From this equation it can be seen that when the flight distance, s, exactly matches
the interstation distance, s', then there s the highest (=a} probability that the
locusts will be deposited atthe downwind statior.

if there 1s no wind, no migration is expected, and so P(s=0) might be regarded to
be zero, However, a probability distribution curve - being an exponential function
- hever attains a P value of zero, Itis possible to shift and scate the curve toforce it
to pass through the origin, but in an attempt to accommeodate the limitations of the
wind speed records, the curve has been forced to pass through the point P equal
to one percant, where s iszero, Thatis

P(0}=0,01
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Forcing the curve through the origin by P-axis shifting is likely to cause conceptual
difficulties sinca P{s>2s') and P(s<0) will be negative quantities.

In summary, if the flight distance, s, differs largely from the interstation distance,
s', then there is a very low (= 0,01) probability that locusts will be deposited at the
downwind station. A lower threshold probability of 1% is used in place of zero, to
allow for migrations even when wind velocities are not in accordance with the
required distances. This has been done because the wind spaed records ara of
limited resolution (very low wind speeds are recorded as zero, because the
records are rounded to the nearest muliiple of § knots). Also, wina .=eds may
fluctuate considerably during the course of the day, so no wind measured at 8am
does not imply that there will notbe a light breeze Jater during the morning.

It is convenient 1o let w=1. Strictly, assigning a value of "1" to the turning point is
mathematically incorrect, because the definition of any true probability function
requires that the total area under the PDF curve be unity. Since the curve extends
from -« o +x along the random-variable axis, it is impossible for the area to be
unity unless the turning point of the curve is somewhat (ess than unity. However, in
the case of estimating probabililies for tocust flight distance (and tater, flight
direction), what is important is the shape of the distribution curve. Hence the use
of an expontential square {which it shares with the Gaussian, or normal
distribution). By avelding having to maintain the correct area under the curve,
computations of the constant & (described below) become extremely simple. The
efror so introduced is compensated for (see later sectinn "Combining the
probability functions®) by a multiplier k, which may incorporate ihe reciprocal of cc.

If a curve encompassing unity area is required, then there are an infinite number
of possible curves, all of which will satisfy the other requirement of passing
through (0;0,01). The optimum curve would be selected on the basis of satisfying
a specific variance. Note that then o becomes a function of &'. In practice, the
variance associaied wilth the flight distance and direction distributions is
unknown, hence o and b are chosen for simplicity of computation, while still
retaining the correct shape ofthe curve.

Reducing the P(0) value will have the effect of squeezing the curve on either side
of 8'. The actual curve used in the computations is:

P =0L.e'b‘s'5')2
In,100
a=1, b=
Slz

Manipuiation of « and b allows the turning point of the curve, P(s=s'} and the zero-
wind probability, P{s=0) to be adjusted o accommodate any desired standard
deviation.

CALCULATING THE P VALUES FORWIND SPEEDS

The P{s) valueis caiculated for each day of the simuiation.

For each day, there exists a record of wind velocity, v. Also, the air temperature
maxima and minima are known, and by triangular approximation, the flight time, t,
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¢an be found. P(s) changes on a daily basis, depending on the temperature, the
temperature range, and the wind speed. The interstation distance, &', is cbviously
fixed, so the P(s} values are applicable to a particular pair of weather stations
only.

Tha simulation incorporates a look-up database of all possible sites' latitude and
longitude co-ordinates. For all possible simulation sites available, the simulation
"knows" the gecgraphic location of those sites, since this information constitutes
part of the data required when adding a site name to the program menu. Thus s',
the interstation distance is automati ~=ilv computed from these co-ordinates when
the two simulation sites are specified for any particular simulation,

IMMIGRANTS AND EMIGRANTS; THE SOURCE AND DESTINATION SITES.

Emigrants are determined as a function of the prevailing wind speed, and the
temperature. These are the oniy two climatic factors that influence the simulation's
decision whether or not emigration will occur and how profusely. This requires
determination of the wind speed only at the station under consideration. Thatis,
emigrants can be carrled out of a site population, even If the destination is
unknown, P{s) computed abave is not useful in calculating emigrants from a site.
Determining emigrants is a difficult procedure conceptually, since there is little
information available to indicate at what wind speeds locust will begin to fly. The
wind speed is only measured fo an accuracy of 5 knots, Zeroreadings do not allow
any emigratfon to occur, and 5 knots is certainly sufficient for take-off. Hence in
practice, there Is no real need to determine the exact speed above which
emmigration is possible. The assumption is made however, that the higher the
wind speed, the greater witl be the number of departing emigrants.

Alinear mapping refating quantity of emigrants to wind speed has beert chosen for
simplicity. In arder to prevent mathamatical incongruencies, itis required thatthe
reationship between wind speed and quantity of emigrants never demands 1~ ore
emigrants than there are individuals in the population. To maintain this condition,
the entire wind speed record is scanned prior to a simulation commencement. The
highest wind speed that will be encountered during the imminent simulation is
detected, and that is used as a limit when computing the mapping between wind
speed and number of emigrants. At the maximum possibie wind speed, a specific
fraction of the population is assumed to leave, This number may be arbitrarily
changed by the user. Values between 75% and 100% might be typical. This
implies that when the wind attains its maximum speed, then maximum
depopulation will occur (i.e., 75% to 100% of gregarious individuals will be
remaved). At all other wind speeds, 2 correspondingly smaller percentage of the
gregarious population will be removed, down to a wind velocity of zero, when no
individuals will be removed. Clarke, Ashall, Waloff & Chinnick (1969) in Lambert
{1972) recorded an estimated average of 35% of locusts leaving observation
areas per day during work dane in Queensiand. Without doing any rigorous
caiculations, but by inspection of plots of the wind recards, the most frequenily
occuring wind speed represents between 33% and 46% of the maximum recorded
speed at any particular site. Thus it seems reasonable that if Clarke et al.
observed on a typical day, then the prevailing wind would be roughly 39% (the
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average of 33% and 46%) of the maximum wind ever experienced at that site. The
figure is close enough to the 35% depopulation fraction fo justify using maximum
observed wind speed corresponding to 100% depopulation as a locus for fitting
our linear mapping.

Kisimoto and Sogawa (1995) have discovered that planthoppers only take off if
the wind speed is below approximately 3m.s.”’. There might be similar
characteristic in Brown Locusts, but mention of it has not been found. If it is so,
then it would ba appropriate to apply a distribution curve to the wind speed, as has
been done to determine interstation flight distance. Such a probability distribution
curve would account for some optimal take-off wind speed, and simulate reduced
take-off numbers if wind speed was particulafly low, as well as if wind speed was
excessivley high. A limit ~f 40kmiv for African Migratory Locusts is suggested by
Rainey (1289), which corresponds to 21,6 knots, but at all the sites available over
the period 1985 - 1990, the highest recorded m~ ning wind speed was 15 knofs,
sono upperlimit of wind speed for take off has been designed into the medel.

In order to detarmine the influx ofindividuais, itis necessary to determine whether
there are likely to be any individuals carried in on the prevailing winds. This is
dependanton two factors:

® are there any stations that are in the same direction as the prevailing wind's
source?
» are there any other statlons that have prevailing winds such that this

station is downwind?

These two are subtly different, in that they are based on different wind conditions
at different stations. Immigraticn is only likely if there has been emigration al a site
thatis upwind of the site under consideration.

In most cases the wind direclions vary on an instantaneous basis. The recorded
wind directions are at best daily averages, or values that happen to be applicable
at the instant the measurement was taken. [n addition to this, the resolution of the
available wind bearing is only one-in-sixteen (2214°).

A practical] and convenient way to accommodate these uncertainties is to
synthesise one or mere wind direction probability functions.

WIND DIRECTION PROBABILITY FUNCTIONS.

For any pair of weather stations, it is convenient to define two pairs of probability
funciions:

PalA ~> B) = probability {based on wind data at A) that Bis downwind of A

Pa(A € B)= probabiiity (based on wind data at A} that Bis upwind of A

Pg(B = A) = probability (based on wind data at B) that A s downwind of B

Pg(B € A} = probability {based on wind data at B} that Ais upwind of B

Note that the first and the last shown here are really telling us similar things - the
chance of getting insects from A to B. They are different though, because they are
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dependent on different site cata. The same is frue for the second and third - which
both showthe chances of gatting insectsframBto A

Tha first probability, PA(A ta B), is of no value to & simulation oceurring at A, butitis
of value to simulations occurring at B, since it determines - in part - if any
individuals leaving A might be on a trajectory directed toward B

The second probability Pa{A from B} is useful to a simulation running at A, since i
determines - in part - if A is likely to be on the recelving end of any wind-borne
focustsiromB.

Similarly, Pg(B > A) is useful for a simulation running at A, but not useful to cne
running at 8, and Pg(B € A) is useiul for a simulation runining at B, but notuseful to
ane running at A,

CALCULATION OF P FUNCTIONS FORWIND HEADINGS

Figure 3.8, below, shows a hypothetical example of two sites A and B, and an
arbitrary wind direction, denoted omega, o.

NOTE: Wind flags {whits) fly Info the wind

Wind heading =60° Wind heading m=240°

Fig.3.8 Probability that station B will be downwind of A for any wind heading.

The wind heading is alvays measured relative to true north (zero degrees), and
the heading denotes the direction from which the wind is blowing. B has arbitrarily
baen placed at a bearlng of approximately 225° relative to A. (A is of course thenat
a bearing of 45° relative to B).

Consider the wind heading at A to ks approximately 60 - as shown in the left-hand
diagram of Figure 3.8. Inthis case there is a high probability that B is downwind of
A, P=1. This probability is denoted by the intensity of the shading of the disc.
Bright colouring denotes high probability. If the wind heading changes, to say
nearly 240° - as shown on the right-hand diagram, then the probability that B is

Chapter 3, The medelling approach Page 55

o \macirupimodappsy weg 14 1168



downwind of A is very low. The shading in this area of the disc is very dark to
indicate this, P=0,

Consider now the general case (Figure 3.9) where theta, 6 is the bearing of B
relative to A, and Jet the wind-heading - measured at A - be denoted amega, w.

NOTE: Wind flags {whliz} fly Into the wind

DEFINITIONS OF ANGLES
e
|
I
|

8= |0-0|

& < 180°

Fig.3.9 Probability determined by the difference between omega and theta.

Suppose it is required to find the probability, or likelihood that B Is downwind of A,
for some wind direction a. The probability function - suggested by the shading - is
dependenit on the difference between the bearing of B relative to A, 8, and the wind
neading, o. This difference may be called delta, &. Intuitively, it canbe seen that if
8 1s close to zero, then P will be close to zero. Conversely, if §is close to 180°, then
P will be close to unity.

Delta is constrainad to be positive, - nd always lies between 0 and 180°. All thatis
of interestis how large the difference between @ and 8 is. A negative value ford
can be interpreted in exactly the same way as the equivalent positive value, i.e.,
8= -8 . Thus P4(A to B) and PA(A from B) are both some function of §, and & is
defined as the absolute difference between theta and omega:

5={8-0|

Using the an exponential square probability distribution function once again, we
can determine: Pa(A ta B) and P4(A from B} as functions of the angle 8. As before,
the constant b scales the curve to pass through the desired P(0)=0,01 point.

Pa(A> B) =o @ b1 1807
yields a curve of the appropriate form, where b= (Ing100)A 80°

Once again, it s convenient to let a=1, and correct this ervor tater by an inverse
multlplying factor, included in an ali-encompassing term k.
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This probability curve s shownin Figure 3.10.
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: 180 .. In{100}
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Fig. 3.10 Angular PDF: probability that station A is upwind of station B.

Nota that P,{A € B)is simple fo calculate from Pa{A-> B}, since
PalA € B)=1- Pa(A2>B)
Again, these probabililies vary on a daily basis, asthe wind bearing changes.

Pa(B = A)is computed in exacily the same way, by evaluating delta for each day's
wind direction measured at station B. Pg(B € A) can easily be found from
1- Pa(B=> A)

Each of the four P(A, B, 8} functions is calculated for each day of the simulation
and forwind measurements at each of the two stations.

THE VON MISES CIRCULAR PROBABILITY DISTRIBUTION

The approach described abova, using a distribution based on the exponential
square of the angle, can be more accurately performed using a von Mises circular
distribution, which is the most common mode! for unimodal circular data {Fisher,
1993). This distribution is the usually encountered analogue to the linear normal
distribution (Batschelet, 1981), and takes the form of an exponentia! Lasine. Inthe
case of 180° (n rads) being the mode, or centre, of the distributior;, e PDF takes
the form:
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PA(A> B) =c g *¢%(0 )

1 1 (=
o = and Lik)= — [exs=t-ndy
27 Ip(x) 2n Jq

Note that the term Ip{x} serves to scale the magnitude of the probability function
and ensure that unity areais encompassed.

x is the parameter of concentration, and determines the width of the bell-shaped
curve aboutthe mode,

To achieve the same conditions as before, P(x) = 1, and P(0) = 0.01, the required
values are o= 0. and x = In{10). Note that strictly P(m; <1 for unity area, hence
the need once again for alater correction termin k.

although the von Mises equation differs in form from the ad hoc approach
described sarlier, the two equations yield a substantially similar curve when
plotted as functions of o for the range 0 to 2x (=360, This is shown below, where
the two forms are superimposed on the same axss. Note that hare the von Mises
equation has a substantially larger x value than In,(10)}, which resuits in the
probability dropping below 1% at the extrema of w. Gensraily the von Mises
distribution is wider that the “exponential sguares” form of distribution.

~ -« gxponential squared difterence yon Mises exponential cosine
PN
Y
4y
_________________ - _|‘_,,_,,_,____,,__-.__...
:‘ “.
7 %
Z pomeoeeseoeee- bRl ki
= 2 [}
2 X
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/ \
# \\
y e \""———-._.._.
mﬁm—j L e e T
0 n In
angle [rad]

Fig. 3.11 The von Mises probability distribution ggmpared with the
: distribution obtained by using the terme -7,
Note the von Mises distribution (as «—0;2x) tends to zero faster
under conditions of equal width, as shown; alternatively, for equal
P{0) values for both distributions, the von Mises curve is
substantially wider (not shown).
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COMBINING THE PROBABILITY FUNCTIONS

Keeping in mind that in the first inctance we are warking only with 2 two-node
model, for each weather station node we have

® The probability that this station is downwind of the other station - based on
this station's wind direction: PA{A € B} ifthis stationis A, —1dthe otheris 8.

® The probability that the station is downwind of the other station - based on
the other station's wind direction: Pg{ B> A} if this station is A, and the
otheris B

® The probability that locusts will be deposited at this station, based on the
current day's wind speed, the expected flying time, and the distance from
the ather stalion: P(s). This prabability is computed for wind speeds at
each of the two stations and is thus more correctly denoted P4(s) andfor
Pg(s), and hence two additional probabilities arise.

Thus four probabilities are computed for any potential migration between A and
B.These probabilities are combined into two probability indices, one for sach
station, to determine immigraticn numbers to that station,

For alifecycle simulation running at station A:

insects arriving atA: Pg(s) x Pg(B > A) x Pa(s) x Pa(A€Bixk
For alifecycle simulation running at station B:
Insects arriving at B: Pa{s} x PalA > B) x Pg(s) x Pg{B €AY x k

In each cass, these probabilities are used as scaling factors on the number of
gregarious females, beyond the minimum flying age, added to each adult female
lifecycle stage. The number of emigrants from a distant station is multiplied by the
product of the appropriate scaling factors, and is then added to the appropriate
queue for the local station. In this way there can be emigration from the distant
station, but that does not imply immigration at the local station, since if the winds
are "wrong" (probabilities are close to zera}, very few insects leaving a source site
wlll arrive at the other modelled site. Conversely, there can be no immigration at
the local station if there has been no emigration from the distant station {in the
case of a two sité model). The operation of the migration engine is represented
schematically infigure 3.12, overleaf.

k is a scaling factor used to compensate for the ¢ terms assigned to unity when
determining the probabllity expressions. k can be modified empirically to bring the
magnitudes of migratory populations in line with those observed in reality. iceally
ksvouldincorporate  furocal terms of o, which are generaliy functions of s'.

Currently, all pr es are evaluated at both stations, and probabiiities
combined direws . multiplication. This conceivably introduces some
approximation, t...u the flight distance will be an unknown function of the
combined wind speeds at the two stations, and probably other unknowable
factors. Further, the individual weighting of each of the probabilities might differ.
At present using direct muitiplication, all four probabilities are assigned equal
favour. It might prove necessary to raise each prabability to a (different) fractional
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Fig. 3.12 Graphical representation ofthe migration engine application.

power to account for their different importance. This cannot be determined from
the limlted slmulations performed so far.

However, the approximation is retained since there is no satisfactory method of
determining exactly how the wind speeds and headings should be combined or
averaged. If the sites are reasorably close, the wind speeds will not differ
markedly, and the error so introduced will be conceivably small.

MIGRATION AND NON-MIGRATION MODELS

The simuiation afllows the user to enable or disable migration, either prior to
commencing a simulation run, or at any time during a run. When migratlon is
disabled, no insects in the sexually mature adult female stages are permitted fo
feave the site at which they arose, even if conditions conducive to migrations
arise, If ail emigrations are inhibited in this way, there can be no individuals
available for iinmigration, and all movement between stations is suspanded. This
has no effect on the lifecycle models at those stations, except as far as reduced
depletions of populations.

The abillty to run otherwise identical simulations, both with and without
migrations, allows the effects of the simulated migrations to be given careful
scrutiny.
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3.4 LIMITATIONS ONMODEL COMPLEXITY

A ey decision point when developing the model, as outlined earlier, was how to
decide when the model was “"good enough”. The top-down approach to medsl
building facilitates a changeable goal, whereas a bottom-up approach requires
that the ultimate goal be spacified bafore model development begins. Having
adopted the top-down approach, we are able to add refinements to the model, as
they becomes necessary. At each revislon, the question *is the model good
enough now?" can be asked, and then depending on the answer - obiained by
whichever statistical test is deemed most appropriate - development can be
continued, or suspended.

What should also be considered when evaluating If the model is good enough, is
fhe possibility of the model, or a part thereof, being too good. Improvements in a
certain section might make accuracy introduced into another section of the modsi
redundant. Care should be taken not to create an unjustifiably unbalanced model,
where some portions involve extracrdinary degrees of detail and accuracy, and
other areas involve the minimum of detail. In certain instances, such situations ars
justified, and no part of the mode! should be regarded as ultimately complete,
while development is progressing on another portion.

A logical question to ask mightbe "What is wrong with a perfect rnodet?” There ara
twa immediately apparent failings of such a perfect model. Th= first being that it is
too close a replication of reality, and as such doesn't realy teach or explain
anything. A simple model, when It warks, demonstrates that it has captured the
complete essence of the problem, and that the unnecessary detail has also buen
correctly identified, The second failing of an inordinately complicated {and thence
hopefully accurate model) is that it requires excessive resources to operate,
Resources here are measured in terms of computing power of the system on
which the model executes, as well as the human factor involved in maintaining the
model, providing it with input data, tuning the simulation parameters, and
evaluating its output.

COMPUTER HARDWARE CONSIDERATIONS

When the original lifecycle model was transported to the PC environment, one of
the prime arguments for this hardware platform was its universal accessibility to a
large number of users, Currently there exist a wide range of computers, all of
which claim to run MS-Windows software, but which differ markedly in their
performance,

The model has thus been allowed to grow In complexity to stages where it
performs impressively on state-of-the-art hardware, but is still acceptably useful
an older and more common machinas.

In order to achieve these performance goals, the model has been limited in
complexity as follows:
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. Two site simulatian only. This adequately demonstrates the operation of
the migration engine, and the principie behind simultaneous multiple site
simulations. At the same time, It ‘oes not require exceptional information
interchange. See Figura 3.13 below.

2 STATIONS 3 STATIONS 4 STATIONS

Number of information interchange pathways for N statlions = N{N-1)

Fig. 3.13 Datainterchange paths forincreasing numbers of stations.

° Simulation time interval of one day (24 hours). Each simulailon step
requires a complete weather data record, that is, for all weather
parameters, a measurement is required for each day/step. Increasing the
temporal resclution of the simulation will require a proportionately larger
weather data file. Additionally, since the weather data is converted into a
workspace variable during the simulation, increasing the size of the file
directly increases the required workspace (RAM requirement). Moreover,
since the population record is updated and augmentad at every simulation
step, increasing the number of steps further increases the workspace.
Loading the weather data file, and the pre-processing thereof requires a
substantial porticn of the simulation time. Keeping the weather datafllatoa
minimum size is an important consideration in ensuring rapid simuiation
resuits.

. Linear approximations to degree-day contributions. The daily air and soil
temperature fluctuations are assumed to vary sinusoidally. This is not
strictly true, but there is no value in trying to fit a more accurate function to
these data, since the data are not sampled at an adequate resolution for
this purpose. Computing degree-day contributions frem varying sinusoidal
functions was deemed too computer intensive, and a linear (triangutar)
form curve is fitted to the temperature data. This facilitates rapid degree-
day calculations, and is in line with methods recommended by Zalom et a/
(1983).

Linear approximations to {flight time as & function of day iength. The same
technique of linear {triangular) curve fitting used for the calculation of
degree-day contribution is used to determine the expected time of flight. A
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more accurate approximation to the assumed sinusoidal form was
considered unnecessary, since the precise dependence of flight time on
temperature is unknown anyway. Noise due to these uncertainties Is
anticipated to mask any errors due to the approximate curve fit,

L Omission of various |Ifecycle and migration parameters. Only the essential
features of the migratory phenomana have been included. Less well
understood, and scantily documented aspects have besn omitted.

In some areas, the ultimate effects of applicable approximations were wholly
unknown. If the omission of such approximations made no noticeable impact on
the computing overheads, then the most accurate computation techniques were
selected overthe approximation.

One such example is the inter-station distance computation. These calculations
take Into account the convergence of lines of longitude as such lines tend towards
the pole. Using a straight line approximation o longitude gave no detectable
improvement in simulation time, and the potential error Introduced - as would be
reflected in locust population numbers - is unknown. This is estimated tc be
negligibly smali, and in all likelihood will be obscured by other errors and
approximations. However, since no computing power is wasted using the more
accurate (achnigue, it has been retained.

DETERMINING THE QUALITY OF THE MODEL

In the next chw.pter, the various aspects of how models can be tested are
discussed. The availability of data suitable for testing *1e locust simulation model
is described, as well as some statistical and non-staustical tools for interpreting
the test results, and howthese relate to the quality of the model.
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Chapter 4 MODEL TESTING ANf: EVALUATION
41 MODEL TESTING CONCEPTS

VERIFICATION, VALIDATION AND SENSITIVITY

Wagner & Willers (1892} distinguish betwean validation testing and veriffcation.
Verification refers to the process of ensuring that the modsl ar simulation
executes as it should, whereas validation refers to the confirmation that the model
is an accurate representation of the real system within its deflned limlis.

The importance of testing the validity of models is given great emphasis by
McKinion {1992). He claims that a model can never be completely validated due
to the possibility of non-uniqueness of the mode!. This is interpreted to mean that
there may remain aspecits of the model which cannot be prolied by any available
tests, Indeed this is certainly true of the locust simulatior modal, since it is not
feasible to run simulations on every possible permutation of weather data and
initial conditions. Thus there are potential behaviour patterns of the model that will
anly be revealed under certairt chance conditions, After a level of confidence in
the model has been established through validation testing, then the model can not
only be used in a descriptive or sxplanatory capacity, but can be used to predict
{he behaviour of the modelled system in quantitative terms.

Models that perform adequately on some gecgraphic locations may fail in othars,
Inthis case, adjustments of some parameter values may correct the problem, This
procedure is known as calibrating the model. Shoemaker {1980}, in Wagner and
Willers (1892) , cautions that the field data used for validation Is not necessarily
good for calibration. Calibration is an acceptable tweaking option if the modified
values of parameters do nei differ markedty from their original theoretical values.
The acceptable limits on tnis difference Is a subjective quantity influenced by the
conditions underwhich the parameters were determined (laboratory vs. field) and
by the variance cf the data.

Validation can anly be performed once the mode! has been verlfied, Verification
has heen performed on a continuous basis throughout the model devalopment.
Easy verification is a cansequence of OOPS pragramming, since each object can
be tested quickly and thoroughly on its own. Errors are immediately apparent and
there is no possibility of the saurce of errors being difficult to track down, or being
obscured in large, unwisidy code structures.

The keystone of the simulation result analysis (validation) fles in comparing the
simulated results to the actual outbreak records, Graphical representations of the
simulation output provide a quick gualitative indication of the accuracy of the
simulations. Various statistical tests are applied to give a guantitative indication of
the closeness of the simulated results to the actual locust counts (locust control
data).

Also Important is sensitivity analysis. This is performed by varying the values of
the input parameters (one - or sometimes more - at & time) and seeing the impact
of these changes on the modal behaviour (Worner, 1991; Wagner & Willers,
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1992}, Broadly speaking, there are two possible outcomes according to Wagner &
Willers (1922}, One is where small changes in a parameter value rasult in distinct
changes in output, the model being sensitive with respect to the changing
parameter, The other possibillty is that even extensive changes in a parameter
valus will result in littie or no difference in the model cutput. Shoemaker reports
that sensitivity analysis is important in determining future research priorities.

In the case of a complex, multiple cutput phenomenon such as locust cutbreaks, it
is difficult to specify sensitivity. in the case of a simpie model, sensitivity can be
represented as a fractional ¢hange in output for a corresponding fractional
change in the parametier of interest. For example, if the sensitivity to flight
threshold temperature was being investigated, the sensitivily could bs specified
in units of locusts-per-degree-Celsius [°C-']. Since in the locust model thera is no
easy way io represent the output as a single quantity, this singie-ve’
representation Is not possible. Furthermore, the sensitivity may be dependen:
the initial conditions {typical of a chaotic system), or the input data over the
interval of observation. Thus the sensitivity analysis resuits are presented as a set
of three-dimensional surface plots, in the x, t and y domains. x represents the
parameter under scrutiny, { the time axis, and y the simulation output {number of
swarms, or hoppers).

4.2 MODEL TESTING CRITERIA
REQUIREMENTS FORTEST SIMULATIONS

The simulation model requires two typas of data:

Firstly, weather data are required for each day of the desired simulation period.
These data comprise maximum and minimum air and soll temperatures, rainfall,
and wind speed and direction.

Secondly, in addition to the weather data, accurate locust count data are
desirable. Although strictly this is unnecessary for performing simulations, it is
required If the simuiated results are to be meaningfully compared to reality.

Any missing data in the weather data sequence {i.e., periods where no
measurements have been taken) cause the simulation to generate spurlous
resulis because missing entries are regarded as zeros by the data processing
software. The errors depend on which measuremeants are missing:

® absent temperature values are translated into a null degree-day
contribution, which will retard development of any stages experiencing
those conditions.

L] absent rainfall records may falsely contribute to premature death of certain
egg stages due to dehydration, or false inhibition of development, A lack of
rainfall records Is thus interpreted as a prolonged and possibly unrealistic
drought. In practice, rainfall records are good, and require very little
interpolation.

Chapter 4. Model testing and evaluation Page 65

damscinupheaingg weg 151188



e absent wind speed values resultin the inhibitlon of migration, while missing
wind bearing values - in the preserice of valid numeric wind speed data -
will cause migrations to be simulated to false destinations.

For these reasons it is imperative that continuous weather data be available in
order to test the model accurately. In certain circumstances, where the missing
daia spans in the data are small and sparsely distributed, it is possible to insert
estimated values tofill blank fieids.

Weather data has been made available by the Agromet section of the ARC and
also the SAWB. These data provide records of maximum and minimum air and soil
temperatures, and rainfall records for a limited number of weather stations, and
for limited time periods. The South African Weather Bureau {SAWE) f:as made
availlable records of wind data for a limited number of stations and limited periods
oftime.

There are two formats of recorded |ocust data available:
1. Recorded data catalogued by latitude & longitude co-ordinates

These data are available for 1884 and the first half of 1995, Most of this
data is available only on paper, and requires entry into some data
management program to be useable. This is a time-consuming process,
and little - if any - of the processed data is available at the time of writing.
Large quantities of the data are available in unprocessed form, but the lack
of accurate tocation entries, and suspected errors in the dates make it of
little value.

2.  Recorded data cataloguad by magisterial district.

These recards convey informaticn ever a much longer time period, from
1985 to 1992. These data are less specific, in that they only distinguish
between hopper bands, and adult swarms sighted. Location is specified
only by magisterial districi name.

These two formats are sourced from the same original data set: the DRC survey
"yellow forms" distributed {o farmers throughout the Karoo.These forms collect
detailed data on the magisteriai distrizt, farm name, |atitude, longitude, and date
of sighting, as well as the particutar stage of development reached by the
observed insects.

While the more complete iocust count data (co-ordinate data) are more attractive
from the point of covering the largest number of sites, the time ¢ 2riod which they
span is very restrictive. No wind or soil temperature data are avaitable for those
years. Furthermore, the accuracy of the datesis suspect, and the lack of accurate
longitude and iatitude fields makes it difficult to use (although work perfarmed by
Margaret Keiser of the PPRI should do much to solve the latter problem). The
second set of locust data {based on magisterial district} remains the only count
data corresponding to those years for which complete weather data are available.
A substantial portion of that data is readily available in spreadsheet format.
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It must be emphasiced that these data reprasent quantities of locusts controlled
(killed), and these are catalogued by magisteria! district. Therefore, the regions
dao not coincide precisely with the points of weather data collection, nor do they
accurately indicate the magnitudes of actual outbreaks.

Incomplete locust count data does not have any impact on the accuracy of the
simulation. It does have an impact on the interpretation of the simulation results; a
simulated outbreak might be interpreted to be spurious, when the real cause of the
anomaly is the failure to record an actual outbreak.

SELECTION OF TEST SITES

The range of available potential weather data is summarised as a Gantt chart in
Figure 4.1, overleaf. When selecting sites for test simulations it must be kept in
mind that the simulation has io be performed at two sites simulianeously,
otherwise migration has no meaning. The weather data for both these sites must
span the same range of dates, which [imits the simulation period to the shorter of
the two data racords. This is mare than a case of meaningfulness - the simulation
will be halted prematurely If ane site runs out of weather data before the other.
Lifecycle simulations can be performed with no migration for single sites by
allocating fictitious weather data to one of the sites. It must be rememberad
subsequently that the simulation for that site is meaningless. Also required for
meaningful interpretation of the simulation results, are the actual counts of adult
swarms and hopper bands.

With these conditions impased, it becomes apparent that the only useful sites for
migration simulations are: Douglas, Graaff-Reinet and Pofadder.

The rarity of soil temperatures has prompted investigation of some simulations
that omit the use of those records. De Aar provides good spans of alt other data,
and has baeen included in the {est set. The climate data availabie for De Aar
contains no record of soil minimum temperatures. The soil minimum temperature
data for De Aar have been derived from that site's soil maximum temperature
record. The method used to derive these missing records is analogous to that
described below for emulation of soil temperatures derived from air temperatures
- details are provided later. The difference between these two computations lies
mainly in the scaling factors and temperature offsets required.

At the time of testing, there were no sites where "good” test data were available in
all respects excepting soil temperature. However, this kind of data may become
avaitable in future, so the tests perfoimed ai De Aar - the site using minimum soll
temperatures derived from the soil maximum temperature records - wiit help to
determine if the model can be made sufficlently accurate without using some (or
possibly any) soil temperature records.
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EMULATING SCiL TEMPERATURES

An ever-present problem throughout the development of the simulation model,
was an inadequacy of climatic data. The only regularly obtainable measurements
were those for maximum and minimum air temperature, and for rainfall. These

were available on a daily basis for most potential modelling sites, and for almost
all periods considered.

Much of the locust lifecycle hinges on the egg stage. In fact, If time spent in any
stage is a reflection of the importance of that stage, then the egg stage is by farthe
most important. Being buried within their egg pod approximately 50mm below the
soil surface, the eggs can he assumed fo track the soil temperature clossly. Thus
sotl temperature is a very desirable parameter to have avallable when monitaring
the developmental conditions of the eggs. Unfortunately soil temperature
measurements were extremely difficult to come by, even for a modest number of
sites. There exist many methods for extrapolating soil temperatures at various
(small} distances balow the solil surface {McCann ¢ af ,1992, Thunholm, 1990,
Matthée, 1981), but these often pose more questions than they answer. These
techniques invarlably require measurements of the soil moisture content, and
additionally or alternativety, the soil composition. Other desirable factors to know
are the type of groundcover present, as well as the percentage cloud-cover, from
which solar radiation effects may be estimated. Measurements of many of these
factors were unavailable for the sites of interest.

Attempts were made to find simple correiations between soil temperatures and air
temperatures, where both these measurements were available to us. However, no
obvicus relationship could be found, and simpie linear mappings proved to have a
high margin of error, indieating the Importance of the other factors listed in
determining the soil temparatures. Note that in all cases "soil femperalure” refers
to measurements taken 50mm below the surface.

Both the models of McCann ef al (1992} and Thunholm {1980) require
environmental and meteorological information that is not currently In the daia set
specification to which the model Is required to adhere. Therefore, while attractive
as these medels may seem, another approach must be found. Three approaches
are possible:

1. Some intervals within the simulation period lack both soil minimum and
soil maximum temperature records. Under these circumstances, soil
temperatures have to be based on airtemperatures

By inspection of temperature-time plats of air- . 21l maximum and
minimum {emperatures for other sites, the Jliowing general trend
emarges.

The difference between minimum soil and minimum air temperature is
an approximately sinusoidal function, with the same long-period and
phase as the maximum air and soif temperatures (Long period refers fo
the seasonal fluctuations, not the day-to-day oscillations).
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Fig.4.2 Examples of soil and air temperature differences recorded at
Douglas.
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The long-period amplitude (or seasonal temperature rangs) in the airis
smaller than in the sol’ (an unexpected ohservation). The consequence
of this is that in summer the (°C.y - °Cy) difference for minima is
positive, whereas in winter the difference is negative. Very genarally, in
summer the soil temperature tends to be higher than the alr
temperature; in winter the soll temperature tends to be virtually the
same as the air temperature. Some of these trends are shown in Figure
4.2 for Dougtas by way of exaiiple,

A rough estimate of the soil temperature can be made by smoothing the
air temperature curve, and then adjusting the lcng-period amplitude
and offset. The amplitude adjustment and offset adjustment is
determined by inspection of records for which soil temperatures are
available. The offset is readily calculated by finding the difference
between the mean values of soil and air temperature { %Ceqi - “Cair )
using the whole span of available records,

The y-axis shift coefficient should ideally incorporaie a seasonal
variation 100, since { °C a4, max = °C soil, min ) IS lArgEr in summer than in
winter (refer to Figure 4.3 later). Such a function could be synthesised
to be of the form:

A’C=Ycos{ot-¢)

where o is the angular fi squency. 2=/365,25 days™, and tisthe number
of days since January 1%, ¢ is an optional phase offset, to correct for
mid-summer not falling an January 1%, § ~ 0,025. This correspondsto 9
days (December 22™ to December 31%) expressed as & fraction of the
total number of days per year.

However, these finer points are bettar suited to work on soil
temperature madelling, and will not be discussed in datail. Nor have
they been incorporated into the temperature records used to test the
locust simulation model.

Although this technique produces temperature curves that appear reasonably
good, the aiternative method - outlined below - has been used exclusively. This
method, which is easisr 1o imglement, and achieves much the same resuls,
involves seasonal average differences.

B.

By looking at periods where all temperatures do exist, it is possibie {0
calculate the mean difference between any two temperature records,
o tar one season. It is impoertant to limit the averaging window to a
. -.ason or similarly small period because the mean differences change
depending on the time of year. Once the seasonal mean difference is
known, it can be used to compute unknown soil temperatures by
assuming that the seasonal mean difference does not change from
yeartoyear,
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When performing the calculations the seasonal means are computed
for 30-day sliding windows, In othe) words, the “season” is regarded as

a thirly day period centred on the day for which a value is to be
predictid.

In this way, soil minimum temperatures can be estimat~. from air
minimum temperatures, and soil maximum temperatures can be
estimated from air maximum temperatures. This approach is sasy fo
apply to any data within standard spreadsheets, and if the spreadshest
cells contain the appropriate formulse, rather than values, the
spreadsheet automatically keeps itself updated as data are added or
changed.

C. For De Aar, no sail minimum temperatures exist. There are good
records of soil maximum temperatures. Under these conditions, basing
the soll minimum temperature on the soit maximum temperatures is
more desirable, because these two show smaller deviations from each
other than either do from the air temperatures.

Except during mid-summer, the soil temperatures (maxima and
minima) generally lie between the air maxima and minima, due to the
higher specific hr.at capacity of the soil. The soll and air maximum and
minimum temperatures for & short span of three years is shown for
Douglas In Figure 4,3,

36
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Fig. 4.3 Example of airand soil maxima and minima recorded at Douglas.
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The soil minimum temperature is estimated from the soil maximum
temperature by using the technigque of mean seasonal differences
again. However, since no soil minimum temperatures existfor De Aar at
all, there is no easy way to evaluate a typicai mean seasonal difference
hatween soll maximum and minimum temperature, The seascnal mean
has thus been based on that computed for Graaff-Reinet. This site is
the closestto De Aarof all available sites, and it shares a similar climate
(within the limits of available sites).

Thus, for a 30-day sliding window, which moves throughout the eniire
five-year span of data, the mean difference between Graaff-Reinet’s
soil maximum and its soil minimum is computed. This difference is used
to find the estimated soil minimum at De Aar, for the corresponding
period,

For evaluation purposes, the technigue was used fo generate soil temperatures -
based on air temperatures - for those sites where soll temperatures were present.
These were then graphically compared to the recorded soil temperatures, and the
technique was found to provide much better tracking than simple equations
relating soil to air temperatures. More comprehensive data sets, haopefully
available in future, will obviate the need for these techniques for temperature
estimation.

RELIABILITY OF DATAFOR CHOSEN SITES

The sites and time intarvals chosen for the test simulations and mode! evaluation
comprise the most complete sets of data available at the time of writing. The
weather data for the four sites chosen (most especially De Aar) contains missing
spans that vary from sporadic absences of single entries for various temperature
flelds to whole months or more of missing entries! Douglas Is the only site for
which there are continuous records of all temperatures and rainfall.

in such cases of data absence, some estimated values have to be Lsad, because
the simulation fails to execute correctly If it encounters missing entries. Varlous
techniques and approaches have been adopted to compensate for lack of actual
measurements, these being dependent on the magnitude of the missing data
span. For the temperature curves, in essence, the aim of the data reptacement -
and measure of the quality of the technique used - Involves plotting the recorded
and replaced data as a function of time, and noting the smoothness of the curve,
The lack of obvicus discontinuities, or noticeable daviations from the
approximately sinusoidal temperature fluctuations, Indicate a poor data
estimation technique,

] Where the missing datum Is a singie fieid for a particutar day - such as
one of air maximum or soil maximum or air minimum or soil minimum,
but where the other three entries are present - the entlre site data is
searched for days where those three fields match most closely. That
searched-out day's corresponding data is used to replace the missing
field.
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o If muitiple figlds are missing on a single day, an intermediate value for
each measurement is chosen, based on the measurement for the
preceding- and subsequent day. This approach is expanded for
sequences up {o several days of missing data. If two, or three, or four
consecutive days are missing records, then a sequence is constructed
that smoothly links the value recorded on the day before the missing
data span to that on the day after the span. This is not based on any
documented mathematical computations or formulz; a simple
average, or mentally caiculated estimate of the average is used. Thisis
considered acceptable since there is ho available absaolutely accurate
method of predicting the missing values.

o When runs of consecutive days are found with na records for ary fields,
a small window on either side of the missing data spanis examinedfora
trend: sither falling temperatures, or rising temperaturas. That trend is
continued to the mid-point of the span, from both the start and the end of
the span. Again, no elegant or rigorous mathematical treatment is
involved, butif the followed trends lead to a mid-point value that seems
subjectively unreasonable, then the slopes of the trends may be
modified to achieve a more acceptable midpoint. instances of very
large missing data spans are rare in the time ranges selected because
their occurrence is considered reason enough for discarding that site or
time period.

® L.arge missing data spans in all four data fields {one month or longer)
are filled using weather data from previous or subsequent years, forthe
same period. The year chosen as the 'donor is selected by subjectively
evaluating the step size Introduced at the transition boundaries. The
selected yearis that which minimises this discontinuity.

o Missing rainfall values are almost always replaced by a zero reading.
Rainfall in the Karoo |s sporadic and seldom oceurs on successive
days. The likelihood of raln falling on the particular day when no data
was recorded is considered low enough to discount. The exception to
this is when nissing rainfall entries arise simultaneously with
noticeable drops in air and soif temperatures. This suggests the
occurrence of rain. Rainfall values that typify those of the season
(inspeciicn of previous or subsequent years) are inserted in locations
corresponding to the discantinuities in the temperature records. There
are very few occurrences of missing rainfail data (Appendix D).

L Missing data in the wind speed record are always replaced by zeros. If
any fields exist where there are wind speed measurements but no
directlonat Information, the speed value is zeroed, Basing a migration
event on a false wind bearing can introduce larger errers that the
suppression ofthat event. A direction measurementin the absence ofa
spead measurement is not a serlous problem, since the spead will be
interpreted to be zero, and resuitin a low probability of migration. There
are further comments on the effect of this interpretation under the
section “Known flaws in the simulation model”.
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Much more accurate wind data have recently become avallable from
the S.A. Weather Bureau, and use of this should preclude the need for
such estimation In that field. More on this is to be found in the section
“Recommendations”in Chapter 8.

The [arge missing data fields are highlighted in Appendix D..

The mean seascnal difference is always computed for a 30 day window at the
donor site, centred on the date of {18 missing datum.

It is not possible to enumerate svery single instance where real data is missing,
since there are a great many small missing data spans that occur during the
chosen simulation period, However, when analysing the simulation resulis, if
anomaiies coincide with these data adjustments, then these are highlighted.

The original Quattro-pro™ WB1 spreadsheet file in which the simuiation data
was assimilated has been celour coded to indicate all entries that are not
measured values {i.e., synthesised or substituted entries). The reader may wish
to refer to the disc file when regarding the simulation results. A paper printout of
this file cannot be included in this document due to the enormous size of the
spreadsheet (over one hundred thousand entries).

TEMPERATURE AND RAINFALL MEASUREMENT ACCURACY

The daity maximum and minimum air and soll temperatures - where available -are
recorded to an accuracy of 0,1°C. Rainfall {s measured and recorded to an
accuracy of 0,7mm. All of these measurements are considerably more accurate
than necessary, and no errors are expected due to failings in the precision
thereof. A point to note when inspecting the simutation input files (spreadsheet
data files) is that ihe numerical records represent a decimal fraction, although the
decimal point Is not recorded. in the case of temperaturs, rainfall and wind speed
records, the least significant digit is regarded as the fractional part. That is, an
entry ot 123" Is Interpreted to be 12,3 degrees, milllmetres or knots or whatever
units are appropriate.

SITE PERMUTATIONS

The number of two-slte simulations possible with A available sites is given by
N
simulations = 21{n-1) = Y% N{N-1)
n=

Hence, with four sites, there are only six possible permutations. The simulation
based on Pofadder, De Aar and Douglas can be of longer duration, since these
sites have longer air temperature records than Graaff-Reinet. The data spans are
given, with the slement limiting the span glven in brackets.
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Douglas 1Jan 1986 (counts) - 31 Dec 1920 (air °C, R™™)

Graaff-Reinet 1.Jan 1985 (counts) - 31 Dac 1989 (air °C, R™)
Pofadder 1 Jan 1885 {counts) - 31 Dec 1980 (air °C, R™)
De Aar 1Jan 1985 (counts) -~ 31 May 1992 (counts)

Also provided is a graphical representation of all the recorded outbreaks for the
potential four sites, Figure 4.4, overlgaf. Inspection of this bar chart will show that
outbreaks hava occurred more-or-less throughout the period at all four slies,
except Da Aar, where there was an chvious recession during 1989 and 1891, Note
that Douglas was the only one of the four sites to show any record of cuthreaks
during the whole of 1991.

The apparent monthly periodicity of the outbreaks revealed by the bar chart is due
to the count records being monthly cumulative totals.

This spread of outbreaks and recession periods presents a superbly diverse setof
scenarios for testing the simulation modeil, it makes sense to run simulations over
the whole January 1985 - December 1990 interval, so that the reliability of
simulated outbreaks can be gauged. This includes possible false alarms, which
can only be investigated properly intimes of outbreak recessions.

In earlier non-documented tests done on the model, test runs were initiated from
September 1%, in order to caich the beginning of the locust season. Initial
conditions were based on quiescent egg reserves with no individuals in other
stages. However, starting a simulation so close to the first “anticipated” outbraak
(November '85) may cause the simulation to omit consideration of events during
the previous summer {January ‘85) which might be contributory factors in initiating
outbreaks the following season.

INITIAL CONDITIONS & QUTBREAKSIN 1985

When running any test simulation starting in January 1985, thera were always
found to be simulated outbreaks coinciding with the ralns at the beginning of
February 1985, and on March 10, and March 15. These simulated outbreaks are
not indicated to have occurred in the actual records (refer to Figure 4.4).

In fact no outbreaks are recorded before April 1985 anywhere in tha region,
although this [s possibly due to poor racord kesping and failure to observe any
swarmevents.

Further, the simulation records insect or swarm Increases, whereas the actual
data records numbers controlled. This might - in many circumstances - account for
discrepancies.

During April of 1985, swarm events wera recorded at the following magisterial
districts only:

e Koffiefontein
Partrusberg
Vosburg
Carnarvon
Britstown
Prieska,
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The reader is referred to the map (Flgure 4.8) for the positions of the towns
associated with these districls, Once again, a note should be made that the
ouibreaks are classlfied according to magisterial district, whereas weather data
are associated with the nearest town. Unfortunately, the resolution of the weather-
record grid does not favour a closer match of these two data sets.
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Fig. 4.5 South Africa: locations of sites of interest. Locust countdata are catalogued
eccording to magisterial district, but weathar data are catalogued according to town.

A possible explanation for the paucity of outbreaks during 1986 lies in there being
no viable eggs at any of the modelled regions, and migratory swarms may have
flown in at a later time. This secenarlo cannot be simulated with the present
model's available data since there is no weather data availabte for the above six
sites where early 1985 outbreaks occurred, so they cannot be Included in a
simulation. Further, it Is not possible to run a simulation with no initial insects or
viable egg reserves, such as would be required for the sites where spurious
February and March outbreaks are noted to have been simulated. Any such
simulation would be completely static, showing no population fluctuations at all,
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Clearly the problem of the false early-1985 simulations lies in the Initial
canditions. The only way to preclude these false simulated outbreaks was to
specify no egg bed reserves in any of the four test sites (Douglas, Graaff-Reinet,
Pofadder, De Aar).

Then, since the initia! conditions refiact no eggs, simulations are started at the first
observed outbreak, i.e., Mar-h 1986, and using observed adult swarms and
hopper bands as initial conditions. This is an inconvenient date and it would be
preferable to start simulations at the beginning of the year, allowing day '1' of the
simulation to be assigned to January 01. Starting the simulationin 1986 obviously
prevents simulating any part of 1985, a minor drawback. Initial conditions for the
1886-onwards simulation then become ones with no egg reserves, but realistic
adult and hopper numbers.

In some ways this is better than using initial conditions involving egg numbers,
because there are no records or even adequate estimates of egg reserves in the
soil. However, itis also an uprealistic approach, since eggs are known to be very
resistant to drought and can endure long unfavourable periods; it is extremely
unlikely that there are in fact no eggbeds at all. Thus there doss remain the
problem of deciding whether to ignore the eggs In initial conditions, or to use
estimated numbers thatlargely have no observations to support them.

START AND END DATES OF GENERAL TEST SIMULATIONS
The following six simulation runs are thus possible:

Douglas « Graaff-Reinet 1Mar1986--31Dec1989 1432days 4years
Daouglas < Pofadder 1Mar1988--31Dec1990 1797 days byears
Douglas <> De Aar 1Mar1986---31Dec1990 1797 days Syears

Graaff-Reinet <» Pofadder 1 Mar1986 - 31 Dec1989 1432days 4years
CGraaff-Rainet & DeAar 1Mar1986---31Dec1989 1432days 4years

Pofadder ¢&» De Aar 1 Mar 1986 31 Dec1980 1797 days OSyears

Thers is no conceptual distinction between site A and/or site B in the simulation
model, hence a simulation A< Bisthe same asB & A.

l.oading two data fites of different length causes problems with the simulation’s
data processing modules. For instance, the data file for Douglas represents 1797
days whereas that for Graaff-Reinet only represents 1432 days. In order to
overcome this difficulty, the sites with longer records (Douglas, Pofadder & De
Aar) each have had their associated data files truncated. Thus test simulations
rununtil the end of 1989,

4.3 SIMULATION RUN QUTPUT PROCESSING

Graphical representations of the results are provided in Appendix A, both for the
non-migratory model, and for the model with migration enabled. A five year
simulation is quite within the capabilities of the model, and completes in under ten
minutes, even on an older 486-based computer,
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Test runs were performed in single executlons, i.e., the entire four- or five year
span in a single run. The simulation output was recorded to a WK1 spreadsheet
file, this file was loaded into Quattro-Pro™ version 5.0 for Windows. Quattro-Pro
was used to create the graphs shown in this document, since it provides superior
toals for manipulating and annotating graphs. The rank correlation results quoted
ars generated directly by the simuiation model simply by specifying the “statistics”
option from the model toolbox, The nature and Interpretation of these statistics is
described fater in the saction 4.4 "A statistical approach”,

The simulation output, in its most rudimentary form, consists of tabulated lists.
These lists represent the numerical magnitudes of population stages far all days
of the simulation. It is possible te monitor any population stage, from eggs through
to sexually mature adults. Examptles of lifecycle stages are diapause eqggs, first
level quiescent eggs, instars, adult males, mature females of 3 lay stage, and so
on. Selection of which population stage to monitor is achieved by modifying the
stages' names listed in the monitor software module. Details of these procedures
are provided in the software technical reference accompanying this document as
appendices (Appendix E through G).

Instars are not distinguishable into individual first, second, third etc., nymph
stages. This is a consequence of the way in which the software code has been
written and does not imply that these stages are biologlcally indistinguishable.
There are no important differences between the different nymph stages, as far as
the simulation mode| is concerned, Therefore the same rutes may be applied to all
nymph stages, allowing concatenation of these into a single software object.

The choice of which lifecycle stage to usa for model evaluation is complately
determined by the availability of actual recorded data. Tests on egg stages are not
meaningful if no records of actual egg numbers are available. To this end, the
evaluation has concentrated on hopper band counts, and adult swarm counts.

MODEL TEST CONDITIONS

The model testing was performed In two phases. Absolute accuracy Is tested by
executing multipte simutation runs, on the same weather data, but trimming the
migration parameters where necessary in an attempt to make the simulated
results fit the recorded data as closely as possibie. Initially the migration engineis
switched off, disallowing migration. On the second run for the same weather data,
migration is enabled, and the migratory results are compared directly to the non-
migratory results, If any fine tuning of mode! parameters are required, both
migratory and non-migratory simulations have to be redone before direct
comparison of the results may be done - unless, of course, the changing
parameter relates specifically to the migration model.

Sensitivity testing is performed by executing multiple migratory simulation runs,
but trimming the migration parameters to see how changes in these affect the
overall simulation results. There is no direct comparison of migratory results with
non-migratory results,
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Nate that there is nothing to be gained from running repetitive simulations on the
same data, using unchanged model parametiers. The model is wholly
deterministic and thus will produce the same, identical resuit each time it is
executed. Applying measurements of variance to the outcome is irrelavant; if a
parameter is edited, a different model now exists, which cannot be directly
comparad with former models in measurements of this sort.

A potential cause for concern is that the lifecycle model and [ts associated
parameters have not yet been tested fully. Detailed testing of the lifecycle
parameters is beyond the scope of this report, but it must be noted that errors that
exist within the lifecycle model can mask or exacerbate any flaws that exist in the
migration model.

A feature of the complete migratory model is the facility to inhibit all migrations,
even when suitable conditions for migration prevail. In this way, further testing of
the lifecycle model alone is sasily done.

The complete migratory model is a complicated entlty. Lifecycle paramsters
combined with migratory parameters allow for an enormous number of
permutations. Only brief testing has been done 1o verify that the infroduction of
soma essential migratory modelling techniques leads to a significantly more or
significantly lass accurate simulation than that produced by the lifecycle modei
alone,

Migration and lifecycle parameter seitings in effect during the simulation run are
tabledin Appendix H,

4.4 A STATISTICAL APPROACH

A reasonably detatled description of the statistical approach is presented since
the tests form an important component of the software created. Also, the locust
population data presents special problems that merit highlighting, and correct
interpretation of the statistical tests requires an understanding of how these tests
operate,

RANDOM VARIABLES

The magnitude of the population of any particular lifecycle stage can be
considered a random variable, Note that this Is a statistical convention, and does
not imply that the numeric value is truly random in the sense that random numbers
are random. The term random variabte refers to a mapping function whereby itis
possible to map the cutcomes of an event to a numerical quantity. In the case of
the experimental data being numeric, the data itself can be considered the
random variable (no explicit mapping is then required).

Since the actual papulation is known - from the count records, and the simulated
(or predicted) population is also known - once the simulation run has been
completed, itbecomes apparent that there are two random variables.

ltis convenient to consider only one fifecycle stage population at a time.
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® Letthe random variable associated with the simulated population be Y
] Letthe random variable associated with the actual population be X

These assignments are purely arbltrary, and any variable name could have been
ug»d. These should not be categorised as dependent and independent variables.
Th .+ nomenclature does not intend to implv that there is a relation (in the pure
mathematical sense) between X and Y. T' sse variables are wholly independent
of each other, since there is no cause/feffect mechanism, except in the broadest
sense that both are linked to the weather. Noiwithstanding, the actual count
record is an unchanging record, whereas the simulated count record is variable,
depending on the model parameters. The described statistical tests seek to
determine a correlation between the two variables, but this does not imply that
changes in one can cause changes in the other. Note that both X and Y are
(discrete) functions of time, and thus are more completely denoted as X{t} and
Y(t).

itis equally accaptable to regard these two random variables as a single bivariate
random variable, in other words, Iinsiead of considering that there exist two
random variables which are the outcomes of two independent processes X and Y,
it is possible to regard them as the paired result of a single process - a bivariate
random variable Z=(X;Y). This is mare a matier of conceptual convenience under
some circumstances and doas not alter the analysis.

JOINT PROBABILITY FUNCTIONS (JPFs)

Consider now two random variables X and Y, the outcomes of two independent
processes:

It can ba shown that under conditions of a normal joint probability function for X
and Y, the discrete-sample correlation cosfficient between X and Y is given by

Zi(x -y ) (¥ - my)

pdiscreh: "
£ Zilxi-mx)® S{yi- myP}

N
where m, = — ,E1xf the expected or mean value of X
N "™

and simllarly for m,

Note that this exprassion for p is a special case; it is a simplified form of the
normalised co-variance of (X,Y) that applies when the Joint probability function
PyiX,y) is assumed to be uniform.

Essentially what this expression says is that the correlation coefficient, rho, the
special-case normalised co-variance, is a function of the difference between gach
and every x value and themean of X, aiid the difference between each and every
yvalue and the mean of Y.
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The correlation coefficient refers to a linear correlation between the random
v- rjables Xand Y. It is not so much a measure of how dependent X and Y are upon
eaci ntherin a general sense, butis a measure of the /inearity of that relationship.

p?is called the coefficient of determination, and is a relative measure of howwsil a
straightline fits the data (x;, v;)

p aboveis also known as Pearson's Product Moment,

It is tempting to accept this analysis approach, and utilise this p as a measure of
the correlation between the predicted and recorded results, Such an approach
has been used to analyse earlier models {(Nailand & Hanrahan, 1993) with respect
to rainfall, Unfortunately, this is an unsatisfactory approach - due to the fact that
the unknown JPF describing (XY} is invariably assumed to be uniform. As
stressed before, with these assumptions it is possible 1o simplify the normalised
product moment to the familiar correlation caefficlent as shown above (Stremmler,
1982).

The fact that the normalised product moment approximates a coefficient of
correlation only when the JPF is of the reguired caneonical form is seldom
emphasised in texts (Neave & Worthington, 1988, Conover, 1971; Stremmler,
1982). The probiem that arises is in the interpretation of p. p itself is a random
variable, with an assaclated probability density function (PDF). That PDF is a
function of the JPF of the paired data (X,Y}. if the JPF of (X,Y) is unknown, thenthe
PDF of p is unknown, and thus p is of no value as a test statistic, or in forming
confidence intervals.

Inspection of the distributions of either the actual [ocust count data (Table 4.1
overleaf), or the predictst population data shows immediately that neither even
vaguely resemble uniform nor Gaussian distributions, due to the preponderance
of zeros.

For each site, the left column shows the magnitude of an outbreak, the
corresponding right column shows the frequency of occurrence for that magnitude
of outbreak. The dala are not presented as a histogram, because the necessary
probability-axis scaling causes the majority of the data to be “lost”, these values
being too small {o be seen above the x-axis.

This PDF of undetermined nature does not altogether preclude using the proc ict
moment as a maasure of correlation, since theoretically it is possibie to evaluate
the mathematical expression describing the distribution of the populations.
Knowing that would facilitate an accurate evaluation of the moment, p. The
difficulty arises in the complexity of calculating such a distribution function, which
does not remain constant. The enormity of this task is reason enough to turn to
distribution-free analysis tasts,
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TABLE 4.1 : Data distribution of locust outbreaks

Douqlas Graaff-Reinet Pofadder De Aar
magnitude of outbreak
¥ probabitity of occurrence
0 99.315% 0 99.133% D 99.133% Q 89.087%
8 0.048% 5 0.048% & 0.046% 1 0.046%
13 0.046% & 0.046% 30 0.091% 8 0.046%
14 0.046% 28 0.046% 102 0.046% 8 0.046%
16 0.046% 31 0.046% 139 0.046% 12 0.048%
32 0.046% 45  0.046% 179 0.046% 13 D.046%
35 0.048% 54 0.046% 187  0.046% 14  0.046%
47 0.046% 66 0.046% 189 0.046% 18 0.046%
90  0.046% T4  0.046% 203  0.046% 17  D.046%
84 0.046% 82 0.046% 503 0.046% 29 0.046%
135 0.046% 892 0.048% 578 0.046% 39 0.046%
141 0.0458% 104 0.046% 762  0.D46% 53 0.0468%
203 0,046% 106 0.046% 852 0.04v% 130 0.046%
443  0,046% 181 0.046% 1040 0.046% 135 0.046%
585 0.048% 214 0.046% 1455 0.046% 166 0.046%
848 0.046% 368 0.046% 1725 0.048% 187 0.046%
674 0.046% 1984 0.046% 209 0,046%
747 0.046% 2857 0.046% 552 0.046%
822 0.046% 10396 0.046% 635 (.04E%
2281 0.046% 712 0.048%
5239 0.045%

TESTS OF THEDISTRIBUTION-FREETYPE

Statistical tests of the lype described so far are known as parametric statistics.
Typically, it is assumed that there exists some stetistical model, that is, one ~r
more random varlables that define the process. Further, it is assumed that theie is
a loint probability which is completely specified. As outlined above, the joint
probability, p,,, is unknown in the case of the locust population distributions. Non-
parametric statistical tests distinguish themselves by making no assumptions
concerning the knowledge of p,,, making them extremely atiractive for the
required analysis. Assumptions which are siill made under non-parametric
analyses are!

e The observations in the samples are indepandent

e The sample distributions are the same and continuous, although other
knowtedge of that distribution is not required. Animportant pointis thatthe
distributions are not required to be symmetlc,

o The Y,'s may be shifted with respect to the X's. What this meansis that the
distribution of {Y;- delta) is the same as the distribution of X,. Delta is scme
unknown parameter. If delta = O then the distiibutions of X; and Y, are the
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same. For the simulation, this conveniantly accommeodates scaling errors,
Errors in the overali magnitude of the output will not induce a poor
correlation statistic.

The second assumption cannot be irrefutably stated to be true. Butin the case of a
reasonably accurate simulation (tha goodness of which may be estimated by
graphical representation of the two variables X and Y), the distributions may be
cansidered to be at |least similar.

Several non-parametric or distribution-free tests exist {Kendail, 1962; Bradley,
1968; Conover, 1971; Holtander & Wolfs, 1873; [.ehmann & D'Abrera, 1975}, As
the name implies, these statistical tests do not require that .; .« data conformto any
of the common canecnicel PDF forms.

it is not obvious, although It can be shown to be true (Neave & Worthington, 1988),
that tha Pearson's Product moment approximation to the cotrelation coefficient
appliss equally to the rank of the data. By ranking the data {ordering it from
smallest to largest, and assigning an index to each element} we eliminate the
clumsy distribution function associated with the original data: the rank indices can
be analysed.

Intuitively, when considering rank indices, the distribution function must be
uniform. The rank index runs from one through to N, where N corrasponds to the
number of samples. Then there exists a single rank index far each sample.
Samples in the case of the simulation refers to the number of days over which the
simuiationwas run.

As notad abave, if the JPF of (X,Y} is unkno' 1, then the PDF of p is unknown.
However, since the rank indices have a uniform PDF, the p associated with them
has a known, calculable POF, and thus can be used as atest statistic,

Violations of this uniform distribution assumgption occur when there exist tied data,
Tied data refers to the cases when consecutive or non-consecutive samples of
either the X, or Y, data or both are identical. Such datum points cannot be uniguely
ranked, and a special approachis requiraed. These special cases will be discussed
later under the section “Dealing with tied data". Unfortunately, in the case of the
locust simutation data, and the real locust count data, tied data is likely to cccur
frequently, because on many days there will be no locust outbreaks. The zero
values cannot be ranked satisfactorily, although they represent extremely
importantinformation. [f the simulation pradicts no locusts, and the actual records
show no locusts, then the simutation is performing accurately, and the numeric
statisticmust be able to reflact this.

SPEARMAN’S RANK CORRELATION

Spearman's rank correlation coefficient test is one of the simplest and most
frequently used of the non-parametric distribution free tests. Its simplicity should
not belie its usefulness.

Let X, and Y;be the two random variables under consideration,
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X;and Y; are ranked from lowest value to highest value, and given indices from 1 to
n, where n is the number of sample pairs. The ranks are conveniently denoted by
I'(Xi) and I'(Y|).

Nota that tha X and 'Y data are not re-ordered. Ranking does not Involve 'moving'
the numerical quantities, meraly assigning anindex to each value.

For each pair [ X;;Y; ], with corresponding [r{X)):r{Y))] the differance between the
ranks is calculated: rank difference; = d;=r{ Y;}-r{ X;)

Each rank pair difference is computed, giving n values. Note that the rank
difference may be a negative number,

The sum of the squares of the rank differencesis denoted
D2 = d12 +d22 +d32+ ok dnz

it can be shown that {Neave & Worthington, 1988) the Spearman's rank
correlation coefficientis given by:

6 D?
r=='|_

He-n

This formula is identical to that obtained if the derivation of Pearson's Product
Moment is applied to the ranks instead of the actual data values,

What this correlation coefficient computes is essentially a function of d,? + d? +
da? + ... + dn2 The only circumstance underwhich r, is close to unity is when ail the
d, values are small. In other words, if D*is small. Such a condition arises only if
smal] X; occur with small Y, and intermediate X, oocur with intermadiate Y,;, and
large X;occur with large Y;, Intuitively it can thus be seen that 'good' Spearman's
rank coefficients are found when the peaks and valleys of the two X(t} and Y(t)
curves coincide, regardless of the actual magnitudas of thase turning points. Less
obvious is the fact that shifts in the median of either of the two random variables
does not make the coefficient iess meaningful.

Spearman's correlation coefficient does not test for a specifically linear
relationship between X, and Y, as does Pearson's product moment. Any
monotonic function (defined below) that maps X, to Y;in a way such thatincreasing
X, corresponds to increasing Y, will show up as a strong positive correlaifon under
the Spearman test, whereas the function is requirad to be specifically linear for
such a positive correlation to show up under the product moment test.

Amonotonicfunctionis deflned as follows:

If, for any sequence, a4, 8, 83, ... &,
8ip € B

or An = Bpa

then the sequence is monotonlc.

In other words, every number is iarger or equal toits predecessor (non decreasing
sequence), CR every number Is smaller or equal to its predecassor (non
increasing sequence),
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KENDALL'S RANK CORRELATION COEFFICIENT

The Kendall's rank correlation is less weli-know than Spearman's, and has some
theoretical points in its favour. The most relevant being that

Its null distribution converges to normality faster than in the case of
Spearman's coefficient {Conover, 1971).

This is important with small sample sizes, and becomes progressively less
relevant as the sample size increases, or as the confidence interval widens.
Typically a 5% confidence Interval is used. Neave and Woaorthington (1988)
suggest that a sample slze of 50 [days] is sufficient to bring the difference between
Kendall's coefficient and Spearman’s to an inconsequentially small value,

Kendall's approach is based on a comparison of all possible pairs (X;Y) with every
other such pair (Kendall, 1962). The correlation coefflcient, 1, Is determinad by
number of discordant, denoted Ny, pairs of (X;Y)). When comparing pairs for
instance (X;Y)with (X;Y)), (X;Y)) is said to be discordantifeither

{(Xi<X)and (Yi>Y;)} orif {{X;>X )and (Y, <Y;}}

The formula developed by Kendall (Kendall, 1962}, gives < as a function of Ny

4 Ny

21

1_'=‘| -

From this it can be plainly seen that for = to approximate unlty (a good puasitive
correlation), Ng must tend toward zero. That s, there mustbe very few discordant
pairsinthe data.

Intuitively this makes sense, since when comparing (X;Y) with (X;Y}, small X;
aceurring with small Y, will result in concardant palrs, aswill large X; oceurring with
large Y;. Many concordant pairs imply few discordant pairs, and hence a low value
for Ng.

INTERPRETATION OF CORRELATION COEFFICIENTS

There are a number of matters cancerning correlation and its interpretation that
sometimes trap the unwary into misinterpreting the test results.

Firstly, it is not true that a strongly slgnificant result from either of the two rank tests
Implies, oris implied by, a high correiation between the X and Y random variables.
What the tests actually evaluate is whether or not the null hypothesis of zero
correlation is consistent with the (X;Y) data. If n is large - as will frequently be the
case with the simulation model results - a relatively small value of r, or r may be
highly significant. Secondly, even if rg or v turn outto be zero, or close to zero, that
does not necessarily imply that X and Y are unrefated. They may still be very
strongly related, since r, and = are measuring the extent to which 3 monotonic
relationship applies between X and Y {although not speclfically linear, as in the
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case of Pearson's product moment). If the data is closely related by some non-
monotonic function or relation, it is conceivable that all three correlation
coefficients yield a value approaching zero,

Thirdly, r; and t measure a tendency towards monotonicity, notjust linearlty. This
Is a consequence of all distribution-free analyses, not only Spearman's and
Kenhdall's tests. None of the coefflcients of correlation derived from such tests
relate directly fo the numerical data, but anly indirectly via their ranks. Thus the
test measure the tendency of X and Y to increase (or decrease} together,
irrespactive of whether they Jdo so linearly ar otherwise,

The importance of this is dependent on context, and in the case of the simulation
model there is litlle cause for cancern. I is extremely unlikely that the simulation
will consistently generate a set of output data that is some non-linear monotenic
function of the recorded quantities. Yet even if this were to be the case, the
resulting high corretation coefficlent would be cause for jubllation, since it watld
imply very good temporal corretation, although at the expense of accuracy of
popuiation magnitudes,

Generating a scatter-plot of the predicted and recorded data sets will reveal ata
glance whether the relation betwsen X and Y is tending towards linearity or some
other monatonicfunction.

DEALING WITH TIED DATA

Since the procedures for computing the two rank correlation indices are differant,
different methods are adopted for dealing with tied data.

Neave and Warthington {1988) outline a procedurs for accommedating ties in the
Spearman test. This [nvolves a modification of the ranking procadura so that tied
data values are not given sequential rank indlces (such as 5,6,7,8, for example).
The tied data are all given the same rank index, which Is computed as the
arlthmetic mean of the sequential indicss - were those {o have been used. For
example, if four tied values axisted that would have arbitrarily been assigned
indices 5 through 8, tha data are now all assigned a common index, given by
(B+6+7+8)+4=86%

If the general assumption - that most ties for the locust data will occeur at zero
values - is adhered to, then this has an important consequence as far as using
average indices is concerned, Bacause all the data values are zero, the index
range must originate from one, for no datum value can be smaller than zero. The
average of the 'tied’ indices must always be smaller than the largestindex usedin
the calculation of the index mean, by definition of the calculation of means. Thus
the averaged rank index applied to all tied data poirds will stilf be the smallest
index inthe series, If there are ntied data points, then *e average rank willbe (1 +
2+3+..+n} +n. Thiscan be expressed by theformuta /4 = % {n+1}.

Thus the average tied index, /i, varies considerably depending on the number of
tied samples. The precise effects of using A In place of sequential indices
depends on the type of test being used, and how the indices are used to compute
the correlatlon coefficient.
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The method currently used by the simulation model's statistic tools is that of
averaging tied index ranks. The program code written for the statistical analysis
relies on certain conditions and assumptions. Tied data are only accounted for if
they ocour for sample values of zero. This assumption dramatically speeds up the
analysis, and reduces code complexity, since it does not require each and evarv
datum value to be compared to all others for equality.

The Kendall test, based on counting discordant pairs, requires a slightly - .iferent
approach to dealing with ties. Kendsll's suggestion is o order the ties in all
possible ways and then average the value of the statistics thus obtained. In the
case of the [ocust data, virtually the anly [nstance where ties occur is when both
the sample populations (predicted and aclual} are zero. In thls instancs,
reardering the tles will cause absolutely o change in the statistic - since the
values are all zeroes. Hence this approach does not provide a particularly helpful
solution. Neave & Worthington recommend that to account for ties, when
counting discordant data pairs, a count value of 4 be attributed in any Instance
where elther the X, or the Y, data exhibits a tle, This does not have exactly the
same effect as applying the tied rank average to the Spearman test.

When incorporating the possibility of tied data into the Kendall's test - and
evaluating this test with synthesised data - it was found thatin the presence of ties,
the correction factor was jarger than the analogous correction for the Spearman's
test. This difference can be explained by the nature of the cosrection when applied
to the Kendall test {Kendall, 1962) . The differences in the correlation coefficients
that were noted were of the arder of 1Y percent. Thisis considered negligible.

TWO TESTS EASED ON THE CUMULATIVE DISTRIBUTION FUNCTIONS
(CDFs) OF TWO POPULATIONS

Two popular rank-correlation tests have been outlined. These distribution-free
tests aperate on the assumption that the PDF's of the sample populations are the
same. Tests which give an estimate of the samaness of the FDF s are those of the
Kolmogorov-Smirnov type, and the Mann-Whitney test (Conover, 1971;
Hollander & Wolfe, 1873; Neave & Worthington, 1988).

MANNWRITNEY TESTS

A distribution-free test also based on ranking the {X;;Y|] samples; the Mann-
Whitney tast, vields a so-called "U" value, which may be Interpreted with the help
of critical value tables. Comparison of the computed U value with the tabulated
critical value shows whether or not the Nul Hypothesis, *Hy", - the conjecture that
the san-ples X; and Y, are not significantly different - is true or false. Critical values
may also be computed using the standard formula. {Neave & Worthington, 1888).
A version of the Mann-Whitney test, was developed two years earlier by
Wilcoxen. This Wilcoxon signed-rank test assumes equal sample sizes - a
criterlon not necessary for performing a Mann- Whithey test, making the fatter
useful for partial simutation runs.
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Unfortunately, the Mann-Whitney test is sensitive to differences batween the two
sample populations means or medians, but does not show up differences of other
types, such as differences of variance.(Connover, 1971). In fact, the Mann-
Whitney test and the Wilcoxon variant both suffer a reduction in power when the
PDF= differ in both mean and spread. Furthar, the Mann-Whitney test can only
iolerate a moderate number of ties, something which cannot be guaranteed with
the output from the [ocust simutation,

THE KOLMOGOROV-SMIRNOV TEST

The Kolmogorov-Smirnov test is the most commonly used, and the simplest, of
several distribution-free tests which compare two sample cumulative distribution
functions {CDFs) in order to test for differences of any kind between the
distributions of the populations fram which the samples have been taken, (Neave
& Worthington, 1988).

The Kolmogorov-Smirnov test statistic computes the maximum vertical difference
between the two cumulative distribution functions. The CDF for a sample of sizé n
is a step function which rises by 1/n at each observaticn, always starting at zero
and ending at unlty. A hypothetical example of two CDFs is shown overleaf in
Figure 4.6, The maximum difference, D, depends only on the order of the sample
values of the two populations, and not on their actual values,

Standard texts on statist'cal tests include critlcal value tables for D. More
commonly, critical values for D* are given, where

D*=ng.ng.D

since D* takes on integer values; it Is easier to find the maximum difference
between integers thanfractions, when thetest isdone by inspection.

When interpreting D*, large values of D* will cause Hy to be rejected. Thats, if D*
is large then it is not valid to say there is no difference between the sample
populations.

Critical regions are derived from

"
D writicelvaiue

Neave and WorthIngton (1988) provide a table of critical values for D*, for values
of 10%, 5% and 1%, but only for sample sizeslessthan 25,

Critical values for  [not D*] can be camputed from the following:
Dcritlr.al =m-1,2238 {nlnﬂng}“
where m, for various confidence limits, is given by:

g moskadtosn 10% 5% 2% 1%
m 1,2238 1,3581 1,8174 1,B276
{The one sided testis not relevant to the simulation tests.)
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Fig. 4.6 Maximum difference shown between two hypothetical COFs.

The Kolmogorov-Smirnov test Is most appropriately used in instances where it is
unclear what kind of differences to expect between the sample populatiung, or
where expected differences do not fit inte the usual categories of location (means
or medians) or spread of the PDF. (Neave & Worthington, 1988).

The Kolmogorov-Smirnov test gives an estimaie of how well the two sample PDFs
match, and hence the reliability that can ve placed on the other test of correlation
perfermed. Its non -specificity towards types of differences in the PDFs make it
much more suited to the types of data under conslderation, than is the Mann-
Whitney test, orits derivatives.

In common with most rank correlation type test, the Koimogorov- Smirnov test also
runs Into problems with tied data. The first approach to this problem, suggested by
Neave & Worthing!an (19888}, is to simply ignore the ties. it has the disadvantage
of possibly giving the statistic a smaller value than It should have, but the erroris
claimad to be small enough to have no substantial effsct on the conclusion. The
error is oniy introduced if the tied values occur in the vicinity of the maximum
difference. The maximum difference refers to the largest ccourring value Y- X ]
This may or may not ceinclde with the tied data points, depending on the nature of
the simulation's failing. In the event of largely accurate simulations, the maximum
difference will not aceur near to tied values, A maximum difference coinciding with
tied values occurs under conditlons where a large outbreak ocourred, yetfailed to
show up in the simuiated results, or else where a non-existent outbreak was
reflected by the simulation. The second approach is analogous to that suggested
by Kendal! - reordering the ties in all possible ways, and averaging the values of
the statistics thus obtained, Once again, If the ties all occur at population values of
zero, recraering will have no net effect on the testrasuit,
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A SIMPLE NON-STATISTICAL EVALUATION

A simple method of showing up good or poor correlations is to draw an X, Y scafter
plot - as described earlier for testing linearity and monotonicity - which maps each
paint of the independent variable set to its corresponding point in the dependent
variable sef (Figure 4.7). Usually a line of varying degree of straightness resuits.
No such line can be drawn when the vast majority of points in both the
independent and dependent variable sets are zeros, as is the casa with the
simulation output and the associated count data. The goodness of fit line
degenerates into a set of coincident points, which nonetheless do provide an
indication of the quality of the simulation. If the points all lis at the origin, then they
can be interpreted to lie on the line Y=X, where X and Y are the independent and
dependent variables respectively. The number of points away from this line is then
an indication of the poorness of the simulation.

B
Ll

ANY point that lies off

. the axes is a ‘good'
. simulation, it shows
correct  timing, but

discordant magnitude.

114 ¢

SPURIOUS SIMULATIONS
-

The vast majerity of
simulated results Ue at
the origin {0;0). This is
good as it shows the
correct simulation of
periods of recession.

t

Counting the number of
. points at the origin, on
the axes and in the
plane gives a measure
UNSIMULATED QUTBREAKS of the quality of the
¥ 2 2 3} 3 | R ] simulation,

I
»

Mormalieed magnitude of simuiated outbreak

Mormalised magnitude of actual outbreak

Fig.4.7 Scatter piot of two random variables to iliustrate graphically how a
‘good' simulation can be determined by many points on the line Y=X,
including those atthe origin.

If the independent variable {considerad here, with some licence, to be the actual
count record) is represented by the horizontal axis, and the dependent variable,
considered to be analogous to the simulated resuit, then the scatter plot may be
interpreted as:
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. points which lie at the origin show correct simulation operation, where
inter-outbreak recessions were accurately predicled.

® points which lie below the 45° line {representing Y=X) reflect instances
where an outbreak was observed te r.cur, yet the simulation failed to track
it. In fact, only points which lie on the horizontal axis represent compleiely
failed predictions. Am.  sints within the lower triangle of the co-ordinate
- plane correspond to simulations of incorrect magnitude.

. points above the line Y=X reflect instances where spurious predictions
ware made by the simulation. As before, only points on the axis represent
completely false outbreaks.

IN SUMMARY

The simulation model testing comprises three components: validation,
verification and sensitivity testing. Test runs require weather data to drive the
simulation, and actual iocust count data to validate the simulation output,

Adequate weather data exist only for a few sites, and for a limited perlod
(1986-1988). Within this interval, if weather data is sparse or missing, a
technique of mean seasonal differences is used to synlhesise data from
applicable time periods, Special consideration is given to determining suitable
initial conditions for simulationrur. ..

The Spearman and the Kendall rank correlation tests provide a quantitative
measure of how well the simulation output maps to the actual count records.
Neither of these tests take cognisance of the magnitudes of the outbreaks, but
they do test whether large simulated outbreaks coincide with large actual
outbreaks, and whether small simulated outbreaks coincide with small actual
outbreaks. The simulation output data is unsulted to parametric tests, The
Kolmogorov-Smirnov :est is useful In determining whether the PDFs of the two
samples (simutation cutput and actual count records) are similar. Simit stthe
PDFs is a requirement if the rank correlation tests ~re to be meani.gfully
interpreted. Summaries of non-parametric statistical tes. results are provided in
Appendix C,

In the following chapter, simuiation results are presented alongside actual count
data, a graphical qualitative analysis. The statistical test resuits are aiso shown
for each set of simulation runs, providing a guantitative measure of the modef's
performarnce.
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Chapter5 COMMENTS ONTEST SIMULATION RUNS

51 OBSERVATIONS ON THE SIMULATION OUTPUT

The reader is referred o Appendix A {Simulation test results), which show the
model outputfor the period 1986 - 1988, with actual swarms killed for comparison.

The timing of some of the simulated outbreaks is pleasingly accurate, even in the
case of the non-migratory model. Note that when considering these results, it
makes no difference which station is paired with which other statlon. Sinoe no
migration |s allowed, all simulation results associated with a particular station will
be the same, regardless of which station it was paired with during the actual test.

Naotable resulfs iInclude simulated outbreaks at the following locations and times,
Days indicated are approximate and are those shown on the graphs’ horizontal
axes, denoting days since March 1%, 1986,

SITE OF SIMULATION DAY OF SAL.ENT OUTBREAK

Dougilas 30, 80,245
Graaff-Reinet 30,60,280,315
Pofadder 30, 60

De Aar 245

The good tracking occurs predominantly in the early part of the simulation. Thisis
not surprising since the initial conditions are those derived from actual outbreak
numbers, If the locust poputation fluctuations are truly chaotic, as pastulated, then
the observed divergence fromreality is to be expsacted.

The cause of concern is mare the model's failure to simulate observed outbreaks,
rather ttan the spurfous simulations, Forinstance:

SITE OF SIMULATION DAY OF FAILED SIMULATED OUTBREAK

Douglas 760, 780,1005

(i aaff-Reinet 385,980, 1160, 1190, 1340, 1375
Pofadder 750,950-1190

De Aar 780, 790, 980, 1005

The outbreaks, when they occur, are mainly triggered by rainfall evenis, but not
necessarily exceptional rainfall. This highlights the value of having a& gsnuine
simulatin * raodel, rather than a predictor algorithm based on rainfall alone. When
investige . "~ causes of the above errors, the primary focus should therefore
fall on he. aodef interprets and applies the ralnfell data, and under what
conditions . full events become significant. These factors inciude quantities
such as accumulated degres-days, the age nf eggs, and preceding periods of
wefness or dryness.

Rainfall charts of the four sites investigated are inciuded in Appendix B.

Note that the statistical tests (Appendix C) show good correlation coefficients
even in the case of the non-migratory model. This anomaly is explained further in
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the section on statistical testing - section 5.2 - and also provided is an explanation
of why the statistical tests are of limited value.

Inspention of the failed events listed above shows that they have all ocourred
towards the end of the simulation period, typically two years or longer aiter the
starting date.

it seems unlikely that the failed events will be corrected by the introduction of
migration emulation. All the non-migration simulations suffer tha same drawback
n that populations tend to die out within two years, leaving ne adulis or hoppers to
potentially invade other areas. This extinction is not true of the egg reserves
though, which can remain dormant for substantial periods - certainly longer than
the dormancy shown by the simulation graphs. Thus the overriding problem
seems to be one of aggs entering to deep a state of dormancy too early on in the
simulatien, It should be remembered, however, that the simulation model has by
then executed several hundred time steps with no update from the actua! count
data. It is reasonable to expect guality of the tracking te diminish as time
progressas,

Nonetheless, when migration is enabled, imp ovements in the prediction of late-
simuiation outkreaks resulis.

It has been suggested {Hanrahan 14988, pers. comm.} that the cause of the
dormant egg problem outiined above might be in the ratios between gregarious
and solitary females. Gregarious and solitary females tend to have different
criteria when selecting laying sites {Prics, 1888). The hatching of these eggs will
thus be dependant on different conditions, a fact which the simulation does not
take into account. Further, there is a distinct correlation between the phase of the
aduit and the type of eggs laid (Matheé, in Prica, 1988). As mentiched earliar, the
accuracy of density dependant computations (Wolda & Dennis, 1923) only
becomes significantly useful after 20 to 30 genarations - too long a span to be
relevant in short simulations - which is why there is no conslderation given to itin
the mode! thus far - but which may become more influential as simulations much
beyond 2 o 3 years are considered.

The Douglas < Pofadder simulation shows a curious resuit. Adult popuiations
suddenly appear - when the migration is enabled - but there Is no obvious source,
since the other station of the pair exhibited no outbreaks at that time.

This can be ascribed to the fact that the modeil uses reaf (flcating point) numbers
to represent insect numbers. Small populations - smaller "an one insrct - can
ex!st within the modael, and do not shiow up on the graphs because of the log axes.
{The logarithm of a fraclion manifests itself as a numberless than zero and so falis
below the horizontal axis.) Very small “invisible" populations are migrating and
thus introducing non-diapause eggs intc favourable areas where there would
otherwise be nona.

In practice this is not a failing of the model, nor ar. zror. Itis just a manifestation of
the initial population sizes being small (several tens to several hundred of
individuals). in fact, the initlal condition data used numarically represents swarm
numbers, not individuals. Again, this is no reason for concern. The iinearity of the
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mathematical functions within each rule of the rulebase ensures proporticnal
scallng no matter what the absolute sizes of populations. For example, if the initial
populations were “increased" tenfold, the output would increase tenfold, yet still
exhibit the same curve shapes and trend... Therefore, if the input data represents
swarms, not individuals, then the output should be consldered to represent the
same units,

5.2 STATISTICALANALYSIE ‘ ,F THE SIMULATION RESULTS

The statistical tests performed, that is, the Pearson pre-iust moment, the Kendall
rank correlation and the Spearman rank correlation test as well as the
Kolmogorov-Smirnov test, are presented for sach simulation in Appendix C.

A common misconcaption concerning correlation coefficients s that any
coefficient larger than +% represents a good positive correlation, while any
coeflicient smaller than +¥z Implies a poor correlation, While itis true that numbers
closer to “1* imply better correlations than those close 0 0%, the critical regions
where the daesired confidence intervals lie, are highly dependent on the sample
size. Typically, for the simulation output, the sample size is 1402 or 1767, for
sirnulations running to 1989, or 1990 respectively. No standard tables extend to
this magnitude of sample size, but the appropriate quantiles for any available
sample size are easlly calculated from standard formulee. Appropriate quantiles
for the tasts performed are shown below..

it can be seen from a glance at any of these tables that for usual levsls of
significance, o = 8%, o = 2,5%, e = 1%, and s0 on, the quantiles becomse
& .ceedingly small as the sample size becomes large. For Instance, at a lavel of
significance o= 5%, the quantiles are asfollows:

Spearman Rs  W,=0,0440] c0400 W,=0,0388 . 700
Kendali T WP= 0,0239 |I'I‘-‘t400 Wp =0, 0266 ln=‘j?00
Kalmogorov-Smirnov D W, =0,0513|ha1400 W =0,0466 jr=1700

(The Pearson praduct mament quantites are not given here, beceuse the joint
probability function associated with (X; Y) is unknown for the simulation data, and
hence confide 'ce intervals are meaningless)

Essentially what these quantiles mean |s that even moderately "large” correlation
coefficients imply good measures of correlation. it might be conjectured that the
coefficients obtained from the test runs are exceptionally large in the fight of these
quantiles, but it is imperative to remember that, typlcally, 90% to 95% of all the
sample points represent (X;Y) = {(0:0). It is therefore not surprising that the rank
tasts yleld very strong measures of correlation, but also unfortunately makes
these test results somewhat difficult to interpret within the more conventional
understanding of correlation, and not particularly useful. It has been shown thal
the Pearson product test based on weighted covariance is unsultable due to the
unknown nature of the joint-probability function associated with the random
varlables. Under such conditions the rank based tests normally provide a suitable
solution, but the assumption is that the data is more-or-less uniformly spread over
the range covered, without too many zeros or ties. In the case of the simulation
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output, and the actual count records, much of the sampled data consist of zeros.
While this is entirely correct [n representing the situation as perceived, it causes
the rank tests to fail to give the desireu indication of simulation accuracy. It might
be suggested that the zeros be deleted from both records and the focus placed on
those instances where locust numbers rose substantially. These events ocour
infrequently during the {est period, and the sample size would tend to make the
tests less than satisfactory.

Intuitively, the large number of zeros indicates that - for the most part - the
simulation is operating correctly. Much of the simulaticn period involves records
that show no outbreaks. All the non-aexistent outbreaks correlate well i an
abstract sense with the simulation's null output,

The rank corralation coefficients might seem in the light of this description to be
giving a good representation of the quality of tha simulation. But, It is easy to
imagine that a pseudo-simulation, the autput of which remalned continuously at
zero, would not give rise to a much different resultin this respect.

A further complication is that the rank correlation tests behave "well” when there
are not many ties present in the data. In order to make the statistical analysis
engine built into the simulation operate at an acceptabie speed, ties (inthe case of
the Spearman's coefficient) are only compensated for when they occur at zero,
This accounts for all the ties present in the actual count data, and tho vast majority
of the ties in the simulation results. Regions of nun-zaro tied data olnts are easily
identified in the graphs as flat-lopped. Conover (1987} suggests a different
formula to be used for calculating Spearman's rank when a farge number of ties
are present, and this resultis included in the statistics summary.

It can be seen that the corrected Spearman's coefficient , in some cases, falls as
low as the p=0.7 quantile, and so indicates a much pooerar tendency towards
correlation. Butin the light of the number of ties occurring, this number should not
be given too much credence.

The Kendall coefficient of rank correlation is easier to compute in terms of
program complexity, and does not require such extensive computer processing of
the data to account for tles. For this reason, the computed coefficient is more
accurate, although the Spearman's rank coefficient cannat be compared directly
to the Kendall, coefficient since their critical regions are completsly different.

Dearson's product moment is calculated, using the standard formuta, but as
discussed earlier, since the joint probability function of the two data sets is
unkniown, the test statistic has no meaningful interpretation. Its value Is included
only to highlight that numerically it can give misleading results.

Thus the simulation generates correct results for most of the test periods, but the
numerically high corredation results may cause the output to be given more
credencs that it merits.
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5.3 NON-STATISTICALEVALUATION

As described in the previous chapter, one graphical method of showing up good or
poor correlationsis to drawan X,Y scafterplot. Tore-iterate:

. points which lie at the origin show comrect simulation operation, where
inter-outbreak recessions ware accurately pradicted.
) points which lie below the 45° line (reprasenting Y=X) reflect instances

where an outbreak was observed to occur, yet the simulation failed to
track it. In fact, only points which lie on the horizontal axis represent
completely failed predictions. Any points within the lower triangle of the
co-ordinate piane corraspond to simulatlons of incorrect magnitude.
Points on the x-axis represent completely falled simulations.

] points above the line Y=X reflect instances where spurious predicticns
were made by the simulation. As before, only points on the y-axis
represent completely false simulations.

A simple analysis and evaluation technique that avoids all the pitfalls of the
statistical computations and thelr requirements for meaningful interpretation is to
generate data for such a scatter plot, but the plot itself is not necessarily required.
A 'quality index for the simulation can then be computed by counting all the data
points that lie on the line Y=X (including those at the arigin, Y=X=0), and
expressing this total as a proportion of the total number of points {(which will be the
number of days for which the simulation was run).

In an analogous manner, an ‘index of spurious prediction' can be computed by
counting up all the points that lie on the Y axis, and an 'index of failed pr Jictions'
computed by counting peoinis thatlie onthe X axis,

The obvious caveat in this technique is that any timing errors - even if as small as
one day - in predicted simulations cause a large drop in the quality index. Thisis
particularly impartant to note since the actual count records {more accurately, the
control records) are monthly cumulative totals, Modifying the simulation software
to provide its output as monthly cumulative totals would provide a satisfactory
solution to this problem. From a software point of view this is not dlifficult, but it
does require an accurate c2' ndarto be builtinto the model so thataccount can be
taken of 30- and 31 day months, February, and leap years. A simple 30 day
cumulative total technique would go out of synchronisation with the actual
count/contral data. 1t would, however, be better to abialn count data with specific
dates. Than the association between specific rainfall events and outbreaks could
be more closely examined. The simulation output has been retained as & dally
population plot so that this very phenomenon can be investigated, atleast during
simulations, 1. notin the case of count records.

Notwithstanding the fact that this is the most simple of tests, it is the one that (s
least disrupted by the unusual type of data under question, and is regarded a3 the
test which provides the best indication of the model's performance and
impravement in performance.
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Even whan applying the most stringent test condition of prediction accuracy to a
single day, the scatter plottest showed the notable Improvements (Table 5.1).

Table 5,1 Scatter plot analysis showing Improvemant in number of off-axis XY
pairs whenmigrationis enabled.

nomigration — withmlgration nofrigration — with migration
Douglas Graaff-Reinet
4 ] 9 a . 7
Douglas Pofadder
4 . 5 5 . 13
Douglas De Aar
4 ' a 2 . 10
Graaff-Reinet Pofadder
3 . 5] 5 . 4
Graaff-Relnet Da Aar
3 . 8 2 . 9
Pofadder De Aar
5 . 3 2 - 8

Note that these numbers refer to the number of days during the simulation period
{1986-1989) on which the model provided good temporal accuracy. The tabulated
valuesrefe ~ .2 number of off-axis XY data points, in other words, those points
that do not 2ent spurious or failed simulated cutbreaks, but rather simirlated
outbreaks tha! coincided time-wise, but not necessarily magnliuda-wise with
actual count records. It must be remembered that the actual count dafa is a
morithly cumulative total, and hence the term*accuracy’ is used with some license.
What [s important to note is the increase in number of accurate simulation events
when the migration engins is enabled,

These data show an improvement in the simulation performance in all cases but
one {Pofadder). The small numbers might initially appear disappointing, but since
accurate timing is of paramount importance for this test to work, the inclusion of
some form of “temporal windowing” {for example, using simulated monthly totals)
is anticipated to dramatically increase these values,

In bioeographic studies, commonly encotntered measures of simllarity between
biotas - real or simulated - are, infar alfa, the indices of Jaccard, Dice and
Simpson. Brown & Lemniino (1938) define, whers

G =taxa present in both units,

N; =total taxa presentinfirst unit,

N, = total taxa presentin second unit,

Jaccard coefficient. [j= C+(N;+N2-C)
Simpson coefficient. ;= C+N,
Correlationratio:  re= C2+{N;Ny)
Dice ratio: o= 2C+{Ny+Na)
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These are all used to quantify the simllarity between pairs of biotas, and are based
on simple presence/absence data. Several other similar coefficients are ylven, all
based on various algebraic expressions involving C, Ny and N,, which are
conveniently visualised by reans of a Venn diagram, as in Figure 5.1.

NI N:

Flg. 5.1 Venn diagram showing variable definitions for the Jaccard, Simpson,
Dice and correlation cosfficient indices.

in essence what these tests all do, is express the shared (commoan) events
{populatioris present) as a proportion of some expression of the total avenis
possible,

The failings of all of these is that they caanct address the question of size-zero
populations, (a problem of many otherwise useful tests, and a notable point being
that any test must give the model a thumbs-up when it correctly simulates no
outbreaks), unless cne considers these no-size populations {no outbreaks
occurring) to be some kind of special 'population' where we can't numerically state
the populatlon size, but we can say it is the same in both regions (i.e., actual
counts and simulated population). In that case, the zero size populations do
feature in the Jaceard coefficient (and others), and then numerically the Jaccard
coefficlent gives the same result as the suggested metihod of using a scatter piot.

it has been suggested (Piper, 1998, pers. comm.) that a 2 test could be used to
svaluate the magnitude aceuracy of the simulations, This commaonly encountered
test measures whether the outcomes of a number of observed events are dua to
chance or due to an underlying cause. The %2 test does not work on continuous
variables, but on expected fraguency of events. In this sense, one would have to
calculate the frequency oi an ouibreak of a particular size, and do so for every
possible magnitude of cutbreak. Then the chance of getting an outbreak of that
size category is used in the test. In that way, the timing of outbreaks falls away
entirely, which has the potential for making the statistic compietely misleading.

Suppose the simulation - for whatever reason - generates outbreaks that are
coincidentaliy of the right size, but they appear at the wrong times: the %2 test will
yiald a high quallty Index, although sequivalent magnitudes do not coincide
timewise, Logizally, one cannot evaluate the outbreak sizes on their own without
conslasring the timing of the outbreaks, unless one does it on a day-by-day basis

In this sense the author originally considered computing the “least squares error
as a quallty indicator for outbreak magnitude. This technique compares outbreaks
to simulations on a day-by-day basis over the whole simulation period, and totals
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the arrors found on each day. The reason for discarding that {est was that tha
result is an arbitrary number, with no scale of refersnce, so it is impossible to say
that a simulation with aleast squares error of say 1000 is better than a simulation
with a least squares error of 900, the values depend on the actual magnitudes of
outbreaks, Tha only useful application is when comparing multiple simulations on
the same test data, where the user has changed some mods! parameter. Then
the reduced error as datermined by the least squares shows up a betier or worse
modael. With hindsight, the least squares error computatfon could be modified ta
reflect a proportional error, rather than an absolute error, making differant
simulations directly comparable.

54 SENSITIVITYTESTS

These tests involve choosing a parameter on which migration computations are
based, and varying that parameter about the expected correct valus. For each
altered value of the parameter, the simulation is re-run (all other conditions
remain unchanged). The population fluctuations are then compared for the whole
range of vaiues of the parameter under consideration. The “importance” of a
particular paramater can thus be gauged by the contribution changes in that
parameter make to the model output.

There are a very large number of possible sensitivity tests that could potentially be
performed, especially witen considering all the parameters that are available for
usar-adjustment within the Jocust lifscyclte model. However, since the focal point
of this report is the impact of migration effects on the simulation, enly the
sensitivities with respect io those parameters re shown,

in doing standard tests, it was discovered that the mode! in all forms {migratory
and non-migratary) is exceptionally sensitive to initial conditions. Smali changes
in the relative initial populations can cause large changes in the magnitudes of
outbreaks one or two years later. Such properties are typical of chaotic systems.

SENSITIVITY TEST CONDITIONS

Sensitivity tests are conducted by varying the parameter of interast about the
nominal value, l.e., that value which Is assumed theoretically to be most
appropriate, shown in italics in the formulaa below. The nominal value is chosen
according to the background and modelling thecry outlined in Chapters 2 and 3.
The range of values over which the parameter |s varied is chosen to give a span
which might reasonably show fluctuation is population magnitudes, or in cases of
time and temperature, to be ranges that might reasonably be encountered in
reality.
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Tests with regard to wind speed and directlon computations

Sensitivity was tested with espect to the values of § an b, inthe following
probability equations:

1, for the wind magnitude computations
p=aeh(ss) :

2. forthe wind heading computations
p=g*® -180°)° k= {In, b}/ 1802

f and b are independently varied in the range [70 80 90 700 110 120
130}

Tests with regard to flight threshold temperature

a=1, h=Iny(p)/s'"

Varying the threshold temperature fer flight about the 'nominal' ar
generally accepted vaiue of 20°C

Tireshot 1S Varied with therange [8 12 15 18 20 21 24 271°C
Tests with regard to flight time limiting

The process that determines flight time Is potentially subject to errors in
that if the daily temperature never drops below the flight threshold, then
migrations are not terminated (flights may endure for 24 hours). To avoid
this problem, a limiting case has been introduced, which is simply the
number of hours after which a migration event is terminated no matter
what the temperature. This is Intended te model the exhaustion of insect
lipid reserves, although it does not take biological factors into account.

This value Is nominally set {o 2Chours, If the value exceeds 24, thenitis
conceivable that migrations may then endure for an unlimited period - if
the temperature is conducive to flight - since the following day might
exhlbit sufficient temperatures for flight, with no forced cessation
between days. This pheromernon is evident in a levelling off of the
sensitivity curves beyond the 24 hour fimit.

Fly_timep,, isvariedintherange[1114 17 20 23 26 29] hours.

STATISTICAL ANALYSES ON SENSITIVITY TESTS

i is feasibie to perform correlation coefficlent tests on thesz simulated
populations. For example, each altered value for beta (B) requires a simulation
run. Thus each of these simulation outputs could be correlated with the actual
count record to achieve a set of correlation coefficiznie relati g to the set of values
for B. Howsver, in the light of what will be discussed concerning the correlation
coefficients, it was felt that these numbers are not pasticulardy useful, and a better
feel for whether the simulation is improving or worsening can be obtaihed by
inspection of the population/ftime graphs. A rigorous analysis of sensitivity to
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migration parameters should ideally only be performed after the sensitivity to
lifecycle parameters is Known,

PRESENTATION OF SENSITIVITY ANALYSES

The sensitivity tests are only performed using one pair of waather stations - those
which gave the best subjective output during the validation tests, Douglas and
Pofadder. The sensitivity of the model to migration parameters is not a function of
any of the population magnitudes, so it makes little difference which simulations
are used for the sensitivity test. The only condition that must be satisfied is that
some migration must occur during the simulation. The Douglas ¢ Fofadder
simulation has been selected as it illustrates a noticeable variation when the
migration engine is switched on.

The sensitivity tests are presented as a suite of curves: population magnitude asa
function of time. Initially these appear quite complicated: the simulaticn is run for
each value of the parameter under scrutiny. Predictably then, the population
fluctuations are different each time the simulation is run. The populationitime
plots for each psrameter value are presented side-by-side on the same
populationftime/ parameter axes, thus forming a 3-D surface rather than & 2-D
line.

The function of the population magnituds is plotted on the y-axis {vertical axis).
The time progression of the simulation {number of days) is reprasentad by the
horizontal x-axis, and a third component - the parameter under investigation -
axpands the plotinte a 3-dimensional surface, obliquely towards the viewer.

in this way it can be seen that as the paramater of interast changes, it may have
little effect on population sizes, or it may cause population sizes to be different
only at certain times, or it may cause the population sizes ta be different over the
whole simulation period.

Ti.. population magnitude compenent has been modified in its representation,
The vertical axls represents the dewviation in population size on each particular
day, as compared to the corresponding simulated size before the parameter
under consideration was altered. For example, suppose the total outbreak
magnitude was stored as a matrix variable called Population, and this was
simulated using a flight threshold temperature of 18°C. Itis convenlent to note the
population magnitude as Population,s. Now suppose the parameter, flight
threshold temperature, is modified, vielding a different simuiated population, say,
Fopulationsg, and soon.

The sensitivity plot is generated using the functions of the form:
Populationg - Popuiationsg,

Population g - Populationas,

Populationss - Populationg, and so on.

The advantage of this s twofold:
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1 it makes the 3-D plots easier to see, the curves being fiatter {the range of
the populaiion axis is small) and less likely to be cbscured by those in

the fareground,

2 the scaling is more conducive to highlighting small fuctuations, which
would otherwise be "lost’ owing to the largesi valuss having to be
accommodated on the axis.

Notice that in this formula, the adjusted population forms the subtrahend (that
which is taken away}. The simulated population for the unchanged parameter
(nominal value) corresponds to a straight line (no fluctuations), and the curves
show differences from the nominal, in response to the variation of the paramater
under consideration.

Flatter surfaces show relatlve Insensitivity to the parameter. Surfaces with
pronounced peaks and troughs indicate a marked sensitivity, since the change in
the model outputis large in response to changes in the parameter.

Presented averleaf are the sensitivity test result plots for Douglas and Pofadder
for the period March 1986 through December 1989. Sensitivity test were
performed on the Douglas< Pofadder simulation In all cases, thus the top plot
represents populations for Douglas, and the bottom plot represents popuiations
for Pofadder in all four pairs of graphs.

Note that some of the 3-D plots are viewed from "behind”, to prevent the plane
from abscuring the negative peaks. Thus the day axis increments fromright to left.
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Top plot=Douglas, bottom plot=Pofadder, 1986-1989
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Fig8.2 Sensitivity lo B, inregard to the flight distance probability computation
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Top plot=Douglas, bottom plot=Pofadder, 1986-1989
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Fig. 8.3 Sensitivity to b, in regard to the flight irection probability computation
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INTERPRETATION OF TESTS WITH REGARD TO WIND SPEED AND
DIRECTION COMPUTATIONS

The model is insensitive t» changes in the value of p (Figure 5.2). That is, the
spread of the wind direction curve does not dramatically affect the magnitudes of
simulated outbreaks. Population changes of less than one are noted for changes
in B of £40. (B is a dimensionless constant). This insensitivity can be ascribed to
the low {onein sixteen) resolution of the wind bearing readings.
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The model is very much more sensitive o the parameter b (Figure 5.3), which
governs the spread of the flight-distanice probability as related to interstation
distance, In this case the computations Include time of flight information too, which
introduces a much finer division of measure to the parameter, and hence a greater
sansitivity. Notice that this does not apply at both stations though. Population
fluctuations at Pofadder remain insensitive to these parameter varlations, and
also note that the sensitivity at the Douglas siation is confined to events early in
the simutation.

Top piot=Douglas, bottom plot=Pofadder, 1986-1589
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Fig. 5.4 Sensitlivity to flight threshold temperature, with parameter temp inreshon
assuming values[9 12 1518 20 21 24 27] °C, nominal value shown
initalics.
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INTERPRETATION OF TESTS WITH REGARD TO FLIGHT THRESHOLD
TEMPERATURE

The readeris referred to Figure 5.4.

Similar trends to the sensitivity to b apply, At Douglas, sensitivity is marked only
garly in the simulation period, Sansitivity at Pofadder is much lcwer than at
Douglas,

Aninterasting feature is the levelling off of the sansitivity curves as the parameter
deviatzs far from 100 {either higher or lowar).

At Dougias, the turve shows unexpected behaviour in that when this parameteris
lowered substantlally below the hominal of 18°C, the sensitivity drops.

Interastingly, this behaviour is seen also in the case of flight time {imiting and b
sensitivities in the case of Douglas simulations.

This anomaly is certainly grounds for further investigation. There is the possibility
that there is a preblem in the Mattab 3-D surface, since this software procedure
faiied to operate correctly an other cccasions.
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Top plot=Dougtas, bottom plot=Pofadder, 1986-1989
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Fig. 8.5 Sensitivity to flight time limiting value. with parameter fiy-tme —ywmum
assuming values [ 11 14 17 20 23 26 291 hours, nominal value shown
initalics.

INTERPRETATION OF TESTS WITH REGARD TO FLIGHT TIME LIMITING

Qnce again, high sensitivity is evident at the beginning of the Douglas simulation,
and noiiceably sain the early part of the simulation, as shownin Figure 5.5,

Understandably, the sensitivit, curve levels off as the parameter |s raised much
beyond 24h, since the subsequent day's high enough temperatures would have
tnitiated fiights rather than flighis being "carried over” from those initiated on the
previous day.

It is evident that the sensitivity to these parameters - as anticipated - is closely
linked to the nature of the prevailing winus, and not simply the way the model
processes that data. A better understanding could be gained by supplying the
mode! with fictitious, carefuily designed testwind patterns.

In all cases, the trend is for the sensitivity to drop as the simulation prograsses.
This is in line with the observed phenomenon of population extinction as fime
progresses. As flying adults are depleted from the simulated popufations, sa the
dependence on factors related to migrations becomes progressively less
relevant,
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Chapter6 COMMENTS AND CONCLUSIONS

6.1

GENERAL COMMENTS

The simulation model has been improved considerably since its first adaption to
run on a personal computer. Notable advancements are:

Several errors in the application of the rule-base have been identified and
corrected.

The total memory regulrement of the simulation. has been reduced from
approximately 50MB to under 8kB (excluding overheads raquired by the
interpreter). This is a considerable achievement in progressing towards a
true mulli-point grid modsl which can simulate several geographic locations
simuliansously.

The execution time has been reduced from tens-of-hours to under five
minutes {single site simulation, four year data span). This allows users the
chance to experiment with various canditions and parameters and achieve
visible results within a reasonable time.

The two site model presented here contains all the necessary slements for
expansion to a 3 or 4 or more site simulation. Itis expected that the mode! can
be expanded considerably before a larger, faster computer becomes a
necassity.

The soil temperature model developed as an essential side-project. This
model will find useful application in a number of other soil-dependant
phenomena, bothin the biojogical fisld and outside.

The statistics tests are built into the simulation. In principle there is no
requirement for additional analysis tools, although at present the statistics
calculation unit requires refinement in terms of assumptions and
approximations whichit makes.

The Windows graphical user intarface (GUI) is now an integral part of the
simulation. This includes modules to generate output plots, Most people
famitlar with Windows applications should find that experimanting with the
model requires an acceptably brief learning period.

A full-feature user manual and technical reference has been compiled,
providing for both novice users and the more advanced users who wish to
adapt to mode) to other applications, or improve its performance (Appendix
E).
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6.2 NEGATIVE ASPECTS OF THE SIMULATION ANALYSIS

The primary problem sncountered in performing the simulation test runs was
optimising the locust lifecycle. As already discussed, there are many difficulties
that aris= from models becoming too intricate, and this has been confirmed to be
s0 with the |locust simulationt model. The lifecycle model has became large with
regard to the number of parameters which are considered when applying the
rulebase. The solution to this difficulty requires a targe number of test runs, once
good climate data has been assimilated, By varying the lifecycle parameters
betwesn successlve test runs it will be seen which parameters are responsible for
which changes in the output. In summary, a thorough sensitivity analysis is
reguired in terms of the [Ifecycle parameters.

The same software analysis module developed for the migration parameter
sensitivity testing can be used for analysis of any of the |Ifecycle parameters,

Although these parameters are thought to be accurate in the light of research
done by Price {1988), and Mattheé {1251), the errors Ih the simulated outputs
show a definite shortcoming in the model. [t must also be noted that much of the
research on the Brown Locust and its egg physiology has been carried out under
controlled laboratory conditions, which may riot be applicable in the field,

in addition to this, the test input data is of dubious accuracy. The weather data is
assumed to be accurate for pericds where it exists, and where simulation failures
colnclde with perlods of synthesised weather it is easy to attribute the failures to
errors in that data. Unfortunately, during intervals described by accurate and
coptiguous weather data, there is still no guarantee on the accuracy or
completeness of the actual locust count data. The locust count data is
undoubtedly in error to some degree. The swarm reports are based on chance
sightings and control attempts, and not followed by accurate surveys, Further, the
magnitudes of the reported swarms killed are not based on any accurate or well
established method of determination. The possibility of their being unrecorded
swarms is imagined to be high, and the magnitude of many reported swarms is
likely to be larger than the records indicate.

Manipulating the model parameters to fit this observed data will result In an
unrealistic model. Altesnatively there may be no correct solution to the preblem of
optimising the parameters, since a fictitious phenomenon Is being “observed”
(i.e., the countrecords give an inaccurate pictura).

if the actual count data is taken to be reasonably accurate, then a salient
characteristic of the model is that it tends to produce talse alarms more often than
it fails to simutate actual outbreaks.

The simulated output plats show immediately that locust populations tend to die
too readily. In other words, the simulations track actual events reasonably for a
variable period of one to two years, but then tend to simulate smatler and smaller
outbreaks. The correction of this lies in tuning the parameters which trigger egg
hatching, since the interpretation of this is that eggs enter {oo deep a state of
dormancy (quiescence) to hatch with typical rainfaits.
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Before any definite causes for the simulation errors can be identified, additional
tests must be performed under conditions that meet the following criteria:

# Accurate soil temperature data needs to be obtained.

Although it has been accepted that none of the sources of weather data
available during the duration of this project (SAWB, ISCW, CCWR) can
supply soil temperatures, it may be possible to find a source of such recerds,
If not, then the technique used to emulate soll temperatures should be
analysed more fully on its own, and not within the conte:* «f the locust
simulation model where other issues can cloud - or completely mask -
shortcomings or triumphs of this method.

o Accurate count data needsto be obtained,

What has consistently been referred to as "count dats” is in reality a count of
locust swarms killed, or hopper bands killed. These records therefore do not
accurately reflect locust numbers, since no measure is taken of the size ofthe
swarm or band. These numbers therefore represent & component of the
population removed, and may prove more useful in future as an adult- or
hoppermoriality compenent to the model,

Additionally, only those swarms or bands which are identified and killed are
counted. There certainly exist a much larger number of populations which do
not get seen.

& Eggheddataneedstobe available.

The combined hopper band and locust swarm data generated by the modal
represents oniy a fraction of the information that the simulation generates.
Recall that all the egg stages are available at the simutation ouiput toa, butif
this cannat be compared to real data, it is not useful in evaluating model
accuracy.

Further, the egg beds constitute the lion's share of an accurate simulation’s
initial conditions. All the simulations presented here have been performed
with no egg bed reserves, Itls quite possible that accurate initial egg numbers
will generate better sImulations. These initial conditions were omitted at
present because it was felt that introducing artificial or invented egg numbers
would be less helpful than assigning all these records to zero. Inaccurate
numbers comprise aform of noise, or a perturbation input to the model, which
is understandably undesirable,

® More sites need to be available, in closer proximity.

The four sites used for test simulations are a great distance from one another
(seefigure 4.8), placing a great dependence on the accuracy of the wind data
and assoclated computations. it would be desirable if simulations could be
concentrated in small areas, where migration distances are short and the
movements could be tracked more ciosaly.
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6.3 POSITIVEASPECTS OF THE SIMULATION ANALYSIS

Some of the simulated outbreaks are simulated to a surprising degree of accuracy
with regard to timing. Recall that the actual count data is a monthiy cumulative
total, and thus the model can never be tested to a temporal accuracy of less than
30 days. Howaever, if the run is parformed over four or five years , this resolution
corresponds to an error less that 2% in either case, This should be kept in mind
when zooming in on & short period simulation, since the error becomes
proportionately larger as the examined time span decreases.

The chserved accuracy of tha iming - when it ccours - can be attributed to the
initiation of outbreaks by rainfall events. When comparing simulation plots to
rainfall plots, the coincidence of these two is striking. Hence the fiming of an
outbreak in response to rain is not, in fact, that surprising. According fo Price
{1988}, hatching occurs approximately two weeks after a rainfall event - other
conditions being favourable - but this dslay is maskad by the 30 day resclution
lirnitimposed by the count data,

The population/time graphs do show in some Instances a striking improvement
when migration is allowed. Outbreaks that were conspicuously absant in the non-
migratory model appeared - although with errors In timing - once migration was
allowed.

The scatter-plot technique shows a quantitative improvement in the accuracy
when migration is enabled. The smallness of the change, and the method's
simplicity should not mask its value, espedially if more accurate count data
becomes avallable,

6.4 KNOWNFLAWSINTHE SIMULATION MODEL

Features of the locust lifecycle and migration that have been outlined in the citad
refarences, and which are not supported by the model at the time of writing are:

@ The flight threshold temperature used is compared to that measured at
ground level, when evaluating the possibility of fiight. Although this threshold
is almost universally considered to be approximately 26°C (Botha & Jansan,
1969: Clarke, 1971), no account has been taken of the charnge in temperature
with altitude. This environmental lapse rate is of the order of 0,8°C to 1°C per
100m, depending on the vertical mixing of the alr and the humidity. Under any
circumstances, since only near-surface flight activity is under consideration,
there is no necessity to take the temperature profile into account. High
altitude flight has been ighored,

® Themodel doas not support natural changesin the locust populations.

The ratio of solitarious phase to gregarious phase insects remains fixed
throughout the simulation period. Converting this fixed parameter {0 a
variable based on density dependence might help correct the problem of
eggs prematurely entering a state of deep diapause and thence stifling the
continuance of swarming populations. A poiential problem is the lack of
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information concerning those fleld conditions which stimulate changes in
phase. These events are only envisaged to have an effect on long period
simulations.

8 Poorresolution of the wind speed data. The wind speed data is only recorded
to a resolution of & knots, Light winds may occur but not ba reflected in the
data set, which means that low windspeeds (under § knots} imply no
migration. Initially a migration probability of 1% was allowad in the absence of
ANY wind records (mlssing data), then there was still some migration
simulated north ta south, since the defauit wind heading is 0° {a non existent
value is interpreted as a zero by the data processing software). It is not
desirable to suppress such svents totally since other sites may have high
winds in the right direction, and {rhen a valuable migration event might be
inadvertently suppressed. However, in the cases of missing data, the
migration of populations to false destinations was felt to be more of a problem
than the suppression of such a migration event.

® No migration of maturing adults cccurs in the current model. This is
biologically an impartant time for migration to ocour. However, this erroris not
envisaged to alte: the output dramatically. All instars progress to maturing
adults, and experience & fractional depletion to represent mortality and
praedation. Thus the quantity of maturing adults is always a linear proportion of
the number of hoppers present, offset in time by the accumulation of the
necessary degree days. These populations of maturing adults precede the
populations of mature adults also by the accumulation of the necessary
degree days, Thus all that can be expected to change is the magnitude of
migratory popuiations, and the timing of migration-induced cutbreaks, but
this will fall below the lower resolution limit imposed by the actual count
records, and therefore its significance will be masked.
Adding an extra migration pathway for maturing adults is not an involved
procedure and might become necessary if more accurate test data becomas
available,

® The wind speed magnitude high enough to completely depopulate a region is
unknown. The assumption is made that increasing wind speeds - up to 3 cut-
off threshold - will increase the magnitude of an emigrating swarm. As
discussed previously, there is no accurate information that allows the model
to determine exactly how much of a poputation should be removed for any
particular wind speed. Correction of this information Js likely to adjust the
magnitudes of migration-induced outbreaks, but be unlikely to show up any
"new" outbrezks, orinhibit any that are currently being simulated.

® The simulation nperates only at two geographic locaticns. This is the first
phase in the creation of a multi-point model that supports simulations on a
network of interconnected nodes. As such, this [s not seen as a flaw, but
rather an expected limitation at this level of development. Nonetheless e
lack of sourcs sites, for immigrating individuals could contribute to the exly
extinction of populations observed during long simulations,
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¢ The Spearman's rank correlation coefficient calculation makes the

assumption that tied data values only ocour at (0;0). Whils this is frue in most
instances investigated, itis a source of error in this statisticwhen ties occur at
non-zero values. The reason for this assumption is to make the execution of
the computation acceptably fast.

None of the rank corretation tests are ideal tests of the simulation's success.
Other commonly encountered statistical tests are unfortunately even less
appropriate to the kind of data encountered in the simulations. Atpresentitis
felt that if a number has to be assigned to the quality of a simulation, then the
bast Indication of how well the simulation performs can be gauged by
counting the number of correct simulations, expressed as a ratio of spurious
predictions. The term "correct simulations" is open to subjective
interpretation, since the window allowed for the correct timing of an eventisa
personal prefer :nce, asis the magnitude error sllowed.

The simulation output needs to be converted to monthly totals io be more
accurately compared with the count data. Altarnatively, and more useful, ifthe
count data could be presented on a dally basis and not as monthly cumulative
totals. This would aitow more accurate pinpointing of simulation errors, since
these could be analysed in the light of prevailing weather conditions on that
day.

6.5 OVERALLCONCLUSION

The initial development objective of the project was:

2 Will the accuracy of cutbreak predictions improve significantly if the

3 Will taking migratory movements into consideration create suitable

1 Isit possible to determine migration movements from wind speed and
wind direction? Can this be done accurately enough in order to
achieve the objective outlined in "2” below?

simulation modet is expanded to take migration movements - based on
wind phenomena- into accouni?

initia} conditions for the next season? This differs subtly from "2" in that
it will take into consideration migratory effects, such as population
relocation, a«d dispersal of eggs over many seasons, The question
addressed in "2" is directed more towards finding out if population
redistribution has an immediate effect.

The following answers are tendered:

1 Yes. In some Instances the wind speed and direction is sufficient information
to correct errors in the simulation that arise when migration is not taken into
account. However, these wind parameters alone do not satisfactorily account
farthe errors ohserved,
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2 No. The outbreak predictions (simulations) improve, but statisticaliy there is
no significance in the observed change. A better method of evaluating the
simuiation Is required,

3 Yes andno. The simutation modet generates relatively good initial conditions
for one subsequent season whether migration is allowed or not. This can be
seen by the quality of the tracking over the first 80D, or so, days. Beyond this
periog, the simulation fails to =k well, there being virtually no hatching in
subsequent seasons (beyond o, proximately 700 days) whether migration
oceurs or not.

In some instances, the migration simulation provided very interesting and
pleasing results (Douglas < Pofadder), but these improvements are not
universal to all sitesand events,

It is theorised that large errors in the lifecycle parameters are masking the more
subtie effects of the overlying migration model.

6.6 RECOMMENDATIONS

During the writing of this report, and based on evidence Inferred from the model
test phase, the following amendments are suggested for improving performance
of the simulation model:

@ The biological component of the lifecycle model has not baen tested fo a
safisfactory degree. The effect of varying parameters involved in driving the
lifecycle mode! shouid be considered before any major adjustments or
changes are made fo the migration component, This Is not to say that the
migration component is nat without flaws, but I[f errors exist in the underlying
stubstructure of the biology, they can not be corrected by processes that accur
irt the migration unit.

® Thre model is too demanding on ciimatic data. The need to provide soil
temperatures makes the number of useable weather stations available
inconveniently low.,

it is not advisable to substitute air temperature for soil temperature without
somea corrective procedure. Unfortunately, accurate corrective processes
require other data - such as soil moisture content, soil type, cloud cover
{Thunholm 1990, Mathée 1861}, which is more difficult to obtain than is the
soil temperature.

It has been shown that the simple mapping function of mean seasonal
differences can be used to derive soil temperatures from the air
temperatures, but the effect of this on the simulation resuits needs to be
investigated.

o Overall complexity of the model, particularly the biological aspect, makes
modification and maintenance of the model cumbersome. Hencs, while the
developing simulation model provides a superb base for testing biological
theories, it still fall short of being accurate enough to be used as a predictive
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too! as part of a G.1.8. A primary objective of implementation using the G.1.5/
UNiX platform was that it could interface directly with the climatic data
assimilated by the 1SCW. However, that data proved less useful that
originally anticipated.

e The model ultimately needs o operate at more gaographic locations
simultaneously. In practice, the current model is equipped to do this. It is
merely necessary to add a small amount of software code in order to allow
weather data for extra sites to be loaded, and to accommodate the output
matrices, as well as to copy and rename the existing lifecycle model code o
represent the exira sites. Considerable economies can be realised if the
same code is used, and the internal matrices named appropriately.

Naturally, such multi-point simulations will rur slower, but since the initiation
of this project, significantly faster personal computers have become
affordable.

& Wind datafor testing the model has be2n obtained on diskette from the Sauth
African Weather Bureau. The fullness of these data are reflected in Figure
4.1. At the time of receiving these data {jate 1994), it represented the most
complete and up-to-date wind measurementis that the SAWB could supply.
Since that ime, the SAWB has obtained the ETA mode! - developed by the
American National Weather Service. This model came on-line in April of
1996, and has the potential to provide all the wind data required by the locust
simulation model.

Wind data obtainable from the ETA system covers an area from 6°s---564"s,
18°w--B6°e, on a 49x85 grid. This is a substantially iarger area of cover than
is of interest to the locust modelling project, and spurious records can be
Ignored. The grid resolution is 1° north-south and east-west and the data
represents ¢ and v components 10 metres above the surface (sea or land).
The predictive forecast is made every six iours, and corrected to match
actual observations ohce every 24 hours.

At the time of testing of the locust simulation model, no rainfall or air- or soil
temperatures were available for any part of 1996, Thus the ETA model data
was not useable. However, for future applications, it provides the most
accurate, reliable and comprehensive wind measurements available.

® Accurate field data needs to be obtained, or made available in a suitable file
format. The monthly cumulative totals available at present are not particularly
helpful in evaluating or correciing timing errors in the simulated outbreaks.
Attantion should be given to correct timing of outbreaks hefr:s the question
of magnitude accuracy is addressed. Admittedly measuring .ne magniiude of
areal outbreak is considerably more difficult than merely noting the presence
of an outbreak on a particular day - which is all that is required for accurate
evaluation of simulation fiming errors.
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Appendix A Simulation testresults

The following twelve simulation result plots for Douglas, De Aar, Graaff-Reinet
and Pofadder for the period March 7986 through December 1989 are included for
refarence purposes.

The rasulis are shown in 12 groups of four graphs per page. The two columns
represent the two stations at which tha simulation was performed; tha top row
showing stmulated results, the bottom row showing actuat confrol data.

Simulated result for sits A Simulated result for site B
(lod,p numbers of awarms & hopper bancis) (lug,q numbers of swarma & hopper bands)

Actual control data for site A Actual cantrol daia for site B
(hopper bands & ewarms cembined) {hopper bands & swarms cembined)

Each two-site simulation is shown both with migration disabled, and with migration
cnabled, on separate pages.

In each case the vertical axis represent total number of swarms and hopper bands
combined {both simulated and field observations). The actual countsrefers to the
number of swarms or hopper bands conirolled (poisonad).

Contral data represents monthly cumulative totals, whereas actual simulated
results are shown for the day on which th. mode! records such populatation
fluctuations.

In each graph, the horizontal time axis represents days from the start of the
simutation: March 1%, 1986.

The sequence of simulations is asfollows:

Douglas ¢ Graaff-Relnet
Douglas ¢ Pofadder
Douglas <> DeAar
Graaff-Reinet < Pofadder
Graaff-Reinet <> DeAar
Pofadder <> DeAar
Appendix A - Simufatiot test results Page 123
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Appendix B Rainfall graphs for simulation period

The following rainfall graph plots for Douglas, De Aar, Graaff-Reinet and
Pofadder for the period March 1986 through December 1989 are included for
reference purposes.

Note that the time axis represents days since March 1st, 1986, so that ralnféll
events maybe compared directly to those events on the simulation piots.
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Appendix C Statistical correlation tests applied to locust populations,

stmulated and controlled (kiiled).

Population = combined happer bands and aduit swarms
Quantiles for tha a=5% level of significance are shown for diferent sample sizes.

Wp = 0.0513 |n=14|]u Wp= 0.0486 ||1=17m
W, = unknawn, dependant on Jolnt-PDF,

Wp = 0.0440 |n=14uu W9= 0,0399 In=1m
Wo=0,0238 |prin Wp=0,0266 |mizge

C=Kolmogarov-Smimav
p=Pearson product moment
Rg=Spearman rank
t=pormalised Kendal | rank

NORMAL text denotes staticn A |, ITALIC text dencles statlon B, tmprovement or deterioration
may be seen by comparing left column to right column directly.Station A is given first - the
top-most group of figures,

WITHOUTMIGRATION  WITHMIGRATION

Test on simutation 1
Douglas ¢ Graaff-Reinet

D= 0.,1598
= 0.3457
R = 0.3276
1=0.3697

D= 0.0271
p = 00456
R, = 0.8286
r=0.1726

Test on simulation 2
Douglas ¢ Pofadder

D= 0.1588
n= 0,3457
R, = 0.3276
1= 0,3687

D = 0.0257
p=-0.0040
R, = 0.6904

r={0.1384

Test on simulation 3
Douglas <+ De Aar

D= 0.1392
p= 03458
R, = 0.3405
= 0,2799

0 = 0.0057
p= 00046
R, =0.7910
r= 02595

Appendix C - Statlstleal correlation tests

d vnycthand_trapp_cwad 16-1192

Test an simulation 1 (with migration enabled)
Douglas < Graaff-Relnet

D= 15877
p=0.3457
Fe.=0.4918
t=0.3858

D=0.6434
p=0.0456
R, = 0.3462
r=0.3613

Test on simulation 2 (with migration enablad)
Douglas < Pofaddar '

D=0,5083
n=0.3457
R,=0.3578
T=0.3128

D=0.5214

p=-0,0042
R;=0.3968
r={.0670

Test on sitmuiation 3 (with migration enabled)
Douglas ¢+ De Aar

D=0.3945
p=0.3107
Ry=0.4230
t=0,4092

D=0.3401
p=0.0073
R, = 0.4688
r=0.3041
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Test on simulation 4
Graaif-Relhet ¢ Pofadder

D = 0.0278
p = 0.0453
Ry = C.0377
1=0.1738

D = 0,0257
o =-0,0040
R, = 0.6504

r=0.1391

Test on simulation 5
Graaff-Relnet < De aar

D = 0.0278
n=0,0453
Ry = 0.8277
©=0.1738

D = 0,0078
p = -8.2088e-004
R, = 0.7431
r=0.3182

Test on gimulation 8
Pofadder < De aar

b = 0.0257
p=-0.0042
R, = 0.88¢&

= 0.1402

D = 0.0078
p = -8.20886-004
R, = 0.7431
r=0.3162

Appendlx C - Statistical correlation tests
d:mozihand,_riapp_g&vead - 13- 41-98

Testan simulation 4 {with migration enabled)
Graaff-Reinet « Pofadder

D=0.8138
p=0.0452
R =0.4881
1=0.3622

D=0.7753
p=-0.0042
Ry=0.4772
= 0.3674

Test on stmulation 5 {with migration enabled)
Graaff-Reinet ¢ Da aar

D=0.4579
r=0.0443
R,=0.3254
1=04196

D=03652
p=-9.17292-004
Ry,=0.3723

r= 04836

Teston simulation & {with migration enabled)
Pofadder < Deaar

D=0.40866
n=-0,0044
R.=(.3135
=0,3371

D=0.3509
p=-8.95060-004
R, =0.3761
r=0.4039
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AppendixD

method used to interpolata the data is given.

SITE

Douglas:

Pofadder

Graaff-Reinat

DeAar

' Summary of weather data missing from data set

used to perform test simuiations.

The followlng list outlines those sites and dates within the weather data set used
to test the modal, that exhibited large absences of data values. In each case, the

INTERVAL
April88
Aprli88

Jan 85,.Aug 85

Jan 85..Aug 85

1988
Dec 83

1885

April 88
Jui88..Aug 88

Dec88
Aug 88..Dec89

1985..19980

Apr 88

OCct88..Dec88

MiSSING DATA
alr °C, sail "¢
rainfall

air °C

rainfall

soil °C,, (sparsa)
soll °C
soll °C {spayse)

°C sail, "C alr

s0i°C,,,
soli°C
soll°C

°Csoil,,

9C S0il,,

°C sall,,,

REPLACEMENT DATA
April 86 records.

Zero, excapt where sudden dreps in °C
of air and soil, Used typical seasonal
rainfall values.

Basad on soil °C, uslng 1986 seasonal
mean differences

Zero, except where sudden dreps In °C
of soil. Typical seasonal rainfall values
used,

Based on soil °C,, using 1987 mean
seasonal difference.

Based on alr °C, using Dec '87 mean
seasonal difference.

Based on alr °C, using 1987 mean
saasonal difference.

Substituted April 1587 °C.

Basad on soll °C,,. using 1887 mean
seasonal difference.

Based on sir °C using 1987 mean
seasonal difference.

Based on air °C uslng 1987 mean
seasanal diffarence.

Based on °C soll,,,, using Graaff-Reinet
mean  seasonal  difference  for
cortesponding seasons.

Based on °C air,,, Using 1987 mean
seasonal difference

Based on °C air,,, using 1987 mean
seasonal difference.

Other smaller data *holes" can be found by means of the colour coded fields in the
waather data file used asinputto the test simulation runs.

Appendix D+ Weather data missing from test data set
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AppendixE Section1 Simulation Software Technical
Reference

Getting started

NOTE: The following documentation uses illustrations representing displays
under Windows™ 3.1, using 2 600x800x256c SVGA display. Windows
‘95 may appear slightly differently on screen, Your display may also
differ slightiy depending on your VGA card, monitor and your Windows

sat-up.

TYPOGRAPHICAL CONVENTIONS

bold Anything that you must type exactly as it appears. For example, if you
are asked to type dir \windows, you would type the bold charactels
exactly as printed.

ktalic Place-holders for information you must provide. For exampile, If you are
asked to type copy flename, you would type the actual file's name
instead of theterm initalics.
ftalictype alsointroduces a new term, or keyword,

UPPERCASE Diractory names, filenames, and ecroryms.

J Thissymbol represants the cartiage return (CR} or “Enter” key

A This symbol represents i Gantral character. The CTRL key must ba held
while tha characteristyped. For example *C means that you should hold
down the CTRL key and while doing so, touch the “c” key.

ir ¥ refers to the Alternate functlon key, This is similar to the Control key.
The ALT key tust be held whila the charactar is typed. For example & F
means that you should hold down the ALTkey and while doing se, touch
the“f" key.

S This symbol denotes addltfienal infermation for the advanced user. It is
nof essential to basic operation.

= Helpful hints or tps that apply to all Windows applications, not only the
Simulation Mods.

SYSTEM REQUIREMENTS

The simulation model runs exclusively under Mathworks™ Matlab version 4.2 or
higher, and requires Simullnk™ version 1.3 or higher. Both Matiab and Simulink
require Microsoft Windows™ 3.1 or higher.

[BM OSf2™ offers full support of Windows applications without the need for
actually running MS-Windows.

“Enhanced Mode" operation of MS-Windows requires an 80386 CPU, or an 80488
CPU orhigher (DX-2, DX-4, Pentium™, P24). 4MB (minimum) of RAMis required
{16MB recommended). Simulations incorporating large numbers of nodes (more
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than =4) or that run for long periods {rmore than =5 years) will require 8MB, 16MB
or 32MB of RAM for efficient execution. If you are using a network installation, a
permanent local Windows swapfile will improve performance.

if you are using an 80386 based machine, an 80387 floating point processor is
required. Matlab cannot run on an 80486/ A based machine unless an 80487
floating point processor has been installed.

Itis assumed that the readeris familiar with basic DOS and Windows procedures,
such as file copying, editing of ASCI| text files, text-highlighting, drag-'n'-drop
mouse operation. Please rafer to your Windows and 50OS manuals if you need
information on these topics.

NOTE: Windows NOTEPAD will frequently be inadequate for editing the texi
files generated by the simulation, Itis recommended that an editor such
as the Norion Utilities Editer (NE.EXE), or the Norion Deskiop
DeskEdit, orDOS's EDIT be used instead.

THE MS-WINDOQWS™ OPERATING SYSTEM SHELL

Matlab needs to have been installed on your machine and needs {o be aware of
the directory structure of your model files. See the Mattab Users' Guide if you are
unsure about how to sef up the correct operation environment for Matlab.

All the model and simulation files are written in Matlab's own interpretive
language, and have the DOS file extension.M

Thesefiles should all reside under the same directory path, for example:
CAWINDOWS\MATLAB\WMODELVfenames.M

Windows' Program Manager should be made aware of this path by setting the file
propertios associated with the Locust Simulation icon to point to the correct start-
up directory.

H Windows™ 3.1/ 3.11 will run faster and more efficiently if you do not
use a third party shell, such as Norton Deskiop™. To remove Norton
Deskiop from your instaifation, edit the file SYSTEM.INI in your
Windows diractory {use Windows Notepad). Under the [boot] sectinn
of SYSTEM.INI, replace the Instruction:
shell=ndw.exe withtheinstruction;
shell=progman.exe
Remember to save thefiie!

Once correctly installed, the simulation can be accessed by double-clicking the
Locust Simulation program icon (a WITS University crest) displayed inthe Matlab
program greup, as shownin Figire E1.1.
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Fig. £1.1 The Windows Procgram Managei, showing possible icons including the
Simulation Model icon.

if Matlab is correctly instailed (see notes below), double-clicking the icon will
result inthe appearance of the Matiab Licence Information, and subsequently the
simulation model's Banner Window. Thers al:ould be no error messages
displayed at this stage.

Fig. £1.2 The simulation modei Banner Window.

In order to start the simulation model, left-click the mouse pointer "% onc. 1the
"OK" push-button. The Banner Window will close, and will be replaced by the
Model Control Panel. The Matlab Command Window will always be available in
tti@ background, but is not strictly required for running basic simulations.
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NOTE:

NOTE:

In order to launch the slmulation from the icon, the line CPANEL must
appearinthe file STARTUP.M that resides in your model directory. If
this file is altered or deleted you cannot iaunch the simulation from the
icon. The icon wilt then only 1aunch the Matlab Command Window, and
the model will have to be invoked manually from the Command Prompt.
This is accomplished by typing cpanel 4 at the Matlab Command
Prompt"=>".

DO NOT DELETE the copy of STARTUP.M that is located with your
main Matlab flles, Be sure that if you decide o delete STARTUP.M for
any reason, you delete only the STARTUP.M file located in the path
specified as the one where your simulation model fiies are located.

Once the Matlab Command Window is apen, all extended commands pertinent to
the model are issued atthe Matlab Command Frompt “>>" adouble greater-than
sign. Howaever, the basic modelling procedures can all be invoked and executed
frominterartive menus and pop-up contrals such as pushbuttons.

You can access the Matlabk Command Window even white the model contro) panel
is open. To enter commands into the Command Window, you need to bring itio the
foreground, Thisis done simply by left-clicking once somewhere in that window.

wn

Ifyou hava difficulty finding windows that have been minimised, or have
bacome obscured behind other foreground windows, you can get a
listing of all current windows, as shown in Flgure A1.2. Touch the "Ctrl*
key - and hold it down, While still helding down the “Ctrl” key, touch the
"Esc” key. Release both keys togather, You will be shown a listing of all
current applications, Double left-click the mouse pointer on the name of
the window youwant brought to the foreground.

= ; ) ati'ly: List. ;. e
T . ———
Clock

WSWin 2.0 - [c:Awswin\decumant\zoo_bot\use
Program Managesx

[Swiehto | | EndTask | | Concel |

i___;_aaloade.-l |_ Xila | 1_auange lcons I

Fig. E1.3 The Windows task manager, used to select the foreground application,
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Ifyou want to verify what revision of Matlab you currently are using, type ver .1 at
the Matlab Command Prompt. information similar to the following will be
displayed:

MATLAB Yersion 4.2

MATLAB S1te Identificatiaon Number: 374705

MATLAB Toolbox Version 4.2 25 Mar 94

SIMULINK model analysis and construction function. Version 1.3 1B
Mar 94

SIMULINK demonsirations and samples. Version 1.3 18 Mar 94
SIMULINK black 1ibrary. Version1.3 18 Mar 94

SystemBulld 3.0 model impert inte SIMULINK. Version 1.Ca 09 Mar
a4

The Command Prompt wili again be displayed ">>,

NOTE: THE MATLAB COMMAND INTERPRETER IS CASE SENSITIVE. All
commands should be issued in lower-case.

if you have clesed the model's Contral Panel, you can re-invoke the interactive
mode by typing cpanel 1 atthe “>>" command prompt.

If you experience problemns with dialogue boxes locking-up, or only partially
displaylng, or a mouse painter that permanently remains as "Z*, you may need to
shut down Matlab, In the Matlab Command Wir 'ow, type *¢ J and then guit 4 -
and re-starting the simulation fromthe icon.

QUICK OVERVIEW

Once the Control Panelis visible, basic modelling eperatians can be performad by
selecting appropriate items (pushbuttons or menus). The details of how to
perform slmulations are described in the following chapter.

The dialogue boxes and windows used for driving the model are generated by
Matlab script files (.M files). These are not compiied, and do rnot have associated
executable modules. Therefore, it is an easy matter for those users familiar with
Matlab's scripting language to madify and customise any of the user interface (U}
features, such as windows, menu bars and dialogue boxes, merasly by editing the
appropriate .Mfile,
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AppendixE  Section 2 - Running atrial simulation

LOADING WEATHER DATAFOR A SIMULATION RUN.
Before a simulation can run, three pieces of infarmation are requirsd:

)] Weather datafor the simulation period.
The.dle based model makes decisicns concerning transitions between
fifecycle stages based on the prevailing weather data. Numerical
values for maximum soil temperature, minimum soil temperature,
maximum air temperature, minimum air temperature, rainfall, wind
speed, wind direction, are required for every day of the simulation.

2) The specific sites involved.
Migrations of populations from one site to any other are based on the
interaction of the daily wind data, and the exact geophysical
relationship between the sites. Co-ordinate data locating the sites is
necessary to determine the bearing of any site relative to another, and
the distances between sites,

3) Initia locust population conditions.

The initial popuiations of alt lifecycle stages (ail stages of eggs,
hoppers, maturing adults, flying adults) are required so that the
simulation can progress from some known starting point. Logically,
these values would be the ending conditions from a simulation that had
been run to cover a time period immed|ately before the one currently of
interest.

If no simufations have been done to estimate these initial conditions,
then values derived from field observations should be used.

All the required information is already available for certain sites, making it
possible to be up-and-running immediately. To perform simuiations for additional
sites, or for time perlods not already provided for, you will have to provide data
files in the necessary format (See the section £6 - 'Adding your own weather
data').

After choosing the "OK" butten from the Banner Window, you wlll see the Control
Panel dialogue box.

Fig. E2.1 Controi panel dl.alogue box for the simulation modelling software,
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Choose the “LOAD DATA” push-button. The loading dialogue will appear.

ouglas B6-89 | Douglas 86-89

Fig. E2.2 The dataloading dialogue box.

You need to select which sites are to be used forthe simulation, aswell as whether
you want migrations to be simulated or not. You may not alter the flight threshold
temperature, and the degres-day threshold for development, even though these
values are displayed here. These vaiues must be altered in the PRECALC.M
script files if they are to take effect, Thase two text entry boxes are includead here
only to be implamentad in a fulure revision of the model.

Two site-name fields are displayed in the dialogue window.

To choose site A for a simulation, click the "8" push-bution to expand the drop-
down menu, A fist of town names will be displayed. Select the town of your choice
for station A, by left-clicking the mouse pointer an that name. In the same manner,
click the "8" push-button to expand the drop-down menu for station B site
selection, A list of town names will be displiayed. Salect the town of your choice for
station B, by ieft-clicking the mouse peinter on tr.at name.

NOTE: DO NOT ENTER THE SAME SITE for two different stations. This will
result in a2 nonsensical simulation. Error  trapping built into the
simulation model will warn you of this condition and require you to enter
an alternative sitefor A orB.

Next, look at the checkbox for migration on/off.

DO migration ON/OFF

At this stage you can sefect whether the simulation will allow populations to move
between sites if the weather Is conducive to migration. Or you can inhibit
migrations even when weather conditions indicate that it should occur. It is
possible at any subsequent stage to turn migration ON or OFF, regardless of what
you have selected here.

Left-click the mouse polnter in the little checkbox , to select migration on "[X" or
off “[1". Repeated clicking in the box toggles migration on, off, on, off, etc.
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Once you are happy with the chosen sltes, and the other options of this dialogue
window, left-click on the "OK" push-button.

The simulation responds with a dialogue window:

LOADING DATA FILE...
Loading weather daiz for station A

If your file format is ASCI| text, then follows a display in the Command Window of
the entire weather datafile fo- the station chosen fo be station A;

......

366 388 155 415 263 0 1 1 0 0 80 230
If you are using Lotus™ 1-2-3 worksheets as data files, there is no such data
display.

The correct reading of data is indicated by a “Done.” message, and confirmation
that station Aisinfact associated with a named town.

‘Bone.

Currently working station A as Douglas

A sequence of preliminary data calculations are performed at this time. Three

large matrices called Wetindex, DegreeDay-Air and Degreelay-Ground are
created, Correct completion of these calculations is indicated by the® Done.”
massage:

CREATING wet-1ndex DATA STRUCTURES. ..
Done.

CREATING degree-day VARTABLE STRUCTURES., ..
Done.

The initial conditions for the first station are now loaded. These data refer to how
many individuats there are in each egg and lifecycle stage. Agaln, the *Done.”
message indicates a correct reading of the datafile.

LOADING station A dnitial conditions...
Done.

The same calculations are now repeated for each and every other site / station to
be simulated. Sites are named sequentially *A”, *B", “.2" znd so on.
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The dialogue box shows:;

LOADING DATA FILE...
Loading weather data for station 8

and in the Command Window will - if you are using ASCI| data files - be displr:
the data;

LOADIKG weather dats FILE for statfon B...
1 356 104 288 240 O 1 1 30 &0 30 230

365 388 155 415 263 0 1 1 0 O 80 230
Oone,
Currently working station B as Pofadder

CREATING wet {ndex DATA STRUCTURES. ..
Jone.

CREATING degree day YARTABLE STRUCTURES. ..
dJone, .

LOADING station B inittal conditions. ..
Dane.

NOTE: |If you encounter any error messages or warning messages, It is
recommended that you check the structure of the data files, and the
format of the commands you have issued, it may or may not be possible
to proceed with a simulation - depending on the nature of the error, but it
islikely that the results will be meaningless.

The simulatioh model will next automatically load the default initial conditions for
sites in use. The initial conditions specify the state of all populations up until the
start of the current simulation (day zero). Thus any simulation can be made aware
of any populations that are assumed, or known, to exist prior to the date of that
simulation commencement. Two simulations can be run end-to-end, generating
exactly the same results as a single tonger simuiation, if the second simulation
uses initigl conditions that are equivalent to the ending conditions of the first
simulation. The default initial conditions (specified by the two files ICSA.M and
ISCB.M for sites A and B) may not be those you wish to use, To load other initial
conditions, choose "ICs” from the Gontrol Panel Menu Bar, and then select the
desired iritial condltions from the list.

All the simulation variables are now loaded. it is possible at this point to view and
or medify any of the variablesinuse.
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The Control Panel dialogue boxremalns on screen:

Dynamic Simuiation Modelling - CONTROL PANEL
menu bar;  [Quit  Tools - Help - Bored - Edit - Special - ICs ]
pushbuttons: [Load Data] [Purge] [Show Vars] [Simulate] [Graphics] [Statistics)

Simulation status: Station A = Douglas, Station 8 =
Pafadder

NOTE: Before proceeding, you have to make certain variables available to the
Simulink graphical companion program. This is achieved by choosing
fromthe CONTROL PANEL menubar:

Toaols, and then Globalise

Then, left-click the mouse pointer on the push-button of your choice. (suggestion:
[Simulate])

"Simulate” launches the Simulink simulation module that modals the lifecycle
and the migrations.

"Showvars" displays all the variables cusrently in use and the memory they are
oceupying.

" Purge® only in exceptional circumstances. If there has been an error, and -
the simulation model fails to clean up any unnecessary variables,
Purge clears all non-population variables,

The following two function CANNOT be used until after the simulation proparhas
been performed.

“Graphics" graphically displays {plots graphs) simulated results.

"Statistics” performs various rtatistical tests (rank correlation) on the
simulated data.

Mattab Command Prompt cernmands useful at this stage are:

what shows the contents of the current directory (the directory in which all
the simulation files are located).

who Lists the names of all the variables currently defined.

whos Lists all variables currently in use and provide s informatien on their
size, number of elements (in the case of a matrix variable) and the RAM
oceupied by the variable. This command is useful to determine how
close you are to overtaxing your computer's resources. {Same as
pressing the *Show vars” push-button)

name  Typing the name of any variable will explicitly dispiay the contents of
thatvariable (if it s a matrix) or its value (ifitis a scalar).
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name= The assignment statement redefines a variable. If you wish to change
the content, or value of any variabig, issue a command such as: name
= pew value .l
For exampie, the variable "yn" is a flag thatindicates whather migration
should be allowed or not. Typing yn. will yleid the response "yn=n", or
possibly "yn = y*, To meodify this variable, issue an assignment
statement: yn="y"..,

qui Displays the long (full town names) of the sites currently loaded into the
simulation.

You can choose to access the Command Prompt by left-clicking anywhere in the
Matlab Command Window; you can return to the Simutation Option dialogue by
left-clicking in the Simulation Run Opticswindow,

You may also load any set or sets of initial conditions that you have created,
simply by typing the name of the M file defining those initial conditions. Should you
wish to create your own set of initial conditions, itis suggested that you look at the
files ICSA.M and ICSB.M to learn the format of such files. Create your own initial
condition file with exactly the same structure, give it a suitable name, and editinto
itthe appropriate values for each population size. Those populations can be used
asinitial conditions by typlng the file name at the command prompt.

it Is possible to add your custom initial conditions file to the Controt Panst menu
bar, but this requires editing the CPANEL.M script, and it is not suggested for
beginners or those unfamiliar with the Matlab scripting language.

COMMENCING A SIMULATION RUN

NOTE: Youcannot commence a simulation run before leading weather data for
at |least two sites - see the section on |oading weather data at the
beginning of Section E2,

To commence a run, you need o start Simulink™. This is accomplished by
chaoosing the “Simulate” push-button fromthe Control Panal,

Simulink wil! start and automaticatly ioad the Bimulation Block Diagram. The Block
Diagram appears in a newly opaned window that will overlay the Matlab
Commang Window, and the Cantrol Panel. The block diagram in the Simulink
Eggoycl9windowis shown asIn Flgure E2.3, overicaf.
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Figure E2.3: Simulation Black Diagram

Itis possible to flip any window o the foregraund merely by left-clicking the mouse
curser once somewhere on that window.

The Block Diagram window shows a graphical representation of the simulation
model. initially enty a two site model is provided, You may wish to expand this in
future to a three, or four, or more site model.

The Menu Bar associated with the Block Diagram Window provides a number of
options.

File Clipboard Edtt Options Simulation Style

A Each menu command has an underscored letter in the name. These
menu items can be accessed very quickly by pressing the «2 key and
simultaneously the appropriate underscored Istter, instead of using the
mouse, This applies to all the menus you have seen and used up to this
point aiso!

Left-click once on the word Simulation, orsimply use At s.
Adrop-down nenu appears....

Start Ctri+T
Resume
Continue
Parameters

Left-click the mouse cursor once on the word Start. Alternatively, Hold down the
“CTRL" key and simultaneousty fouch the “t" key.
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MONITORING A SIMULATION'S PROGRESS

The simulation has now siarted, If you wish to view the progress of the simulation,
double left-click the mouse cursor an the clock icon “@™ within the Block Diagram
Window. An additional window will open and display the current day of the
simulation. This figure will i .inent at a rate of about two days per second,
depending on the capabillties of your computer, and the number of sites in use.

When the simulation is complete, the bell will sound.

NOTE: The bell will also sound if there has been an arror during the simulation.
If an error has occurred, an Error Window will open in the foreground
containing an error message.

Further datails of the error may be displayed in the Matlab Command
Window, which will have to be brought to the foreground for viewing.

ADJUSTING THE DURATION OF THE SIMULATION

The simulation runs for a duration of Ndays. Nlis the value contained in the stop
fime field of the Simufink Control Panel. The Simulink Control Panel can be
accessed from the Block Diagram Window's Menu Bar.

File Clpboard Edit Options Simulation Siyle

Double jeft-click on the Simulation word, (oruse Eis).
A drop-down menu will be displayed...

Slart Cirl+T
Resume
Continue
Parameters

Select the Parameters option by double lefi-clicking it, or use B&m. Th wing
fields will be displayed....

Start Time t ]
Stop Time : 600
Min Step size : 1
Max Step Size : 1
Tolarance i 1
Return Yariables :

Place the text cursor in the Stop Time field, by single left-clicking the mouse cursar
somewhere in this field. Use the "Backspace” key or "Del” key to remove the
numeric value and type in anawvalue.

Left-click on the *OK” push-button to close the Simulink Control Panel window.

NOTE: Do not alter the values contained in the flelds Min Step Size, Max Step
Size, Tolerance. These values are used to determine the step sizes
used when iterative calculations are performed, and the simulation step
size.
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NOTE: Before changing the duration of the simulation, be aware of the size of
the svailable data file. Do not set the Sitop Time of the simulation to a
value greater than the number of days in the weather data file. If you do
so, the simulation will run out of weather data prematurely, and
terminate unexpectedly.

NOTE: ‘Youcansetthe Sfart Time of a simulationto a value otherthan "1
This might be desirad if you wish to start a simulation from a date that is
sometime after the first daie referenced in the weather datafile.
For example, the weather data fife may contain data from Sept 01, 1985
through Aug 31, 1995. However, you may wish to simulate from the
beginning of 1986. To do so, setthe Start Time =122, since January 01,
1986 is 122 days after Sept01.

NOTE. The Stop Timeis NOT the duration of the simulation. The duration (in
days) isthe differance betwsen the Stfarf Time and the Stop Time.

RETRIEVING THE RESULTS OF THE SIMULATION

As a simulation progresses, the variabjes associated with each lifecycle stage are
stored. This record is updated for each day of the simulation. Thus atthe end of a
simulation run there is available a record of the numbers in each lifacycle stage,
spanning the entire simulation Interval. Experienced users may wish to access
and plot these variables directly. The section E3 - 'Customising The Simutation
QOutput'- explains howto do this,

Shouid you wish to view the results quickly and not to retrleve variables inanually,
then you can make use of cne of the modules provided for this purpose. These
modules are simply Matlab script macros. They can be customisedif desired - see
section - 'Customising The Simulation Output’.

Avallable fr.atscripts: show Display 4 graphs on screen, of simulated results and of
actual recorded outbreak numbers, for both stations A,
ard B. Simulated results show hoppers, maturing adults,
mature adults,

dumpWK't Dummps the simulation results to dislk. Uses interactive
dialogues to get and check variable names and flle
names. Stores the file In Lotus 1-2-3 WK1, format for
direct usein mostspreadshasts.

logplot Plots the numbetrs of hoppers, maturing adults, and adults
on log-linear axes, to facllitate sasy discarnmant of small
populatians
eggpiot Plols the egq reserves (egg stages defined by the monitor
scripts) onlinear axes.
rain Plots the rainfall curves forthe two sitesin use.
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These scripts are availabie from the Special opticn of the Control Panel menu
bar. The Control Panel may need to be brought to the foeground from behind the
Simulink Black Diagram window.

For example, fo see the plot of hoppers, maturing adults, and mature adults for
two sites, as well as the recorded outbreak numbers sslect Scripts from the
Control Pane! menu bar, and then select Show,

Several output scripts can be invoked sequentiaily, in any order, You may wish to
close down those display windows that you are no longer interested in, to
conserve computer resources and to reduce clutter on the screen.

NOTE: These uutput scripts rely on the oufput vector of the script files
MONITORA and MONITORB. If either of these two script files is
changed, the results ploited by any or all of the above menu choices
may be unpredictable.

NOTE: Youmay see additional enfries in the SPECIAL section of the menu bar
that are not outlined here. These are scripis used for testing and
evaiuation of the model during development,

EXECUTING A SECOND SIMULATION RUN

Onee a simulation run is complete 1t is possible to run a subsequent simulation
immediately. In genera this should only be required if you have chosen to splitthe
interval of interest into several sub-intervals. For exampie, you may wish to
simulate from Sept 01, 1385 through Aug 31, 1891. In order that the resolution of
the graphs be retained you might have decided to perform this simuiation in three
distinct runs, namely :

Run1 :Sept01, 1985..,.Aug31, 1987

Run?2 : Sept01, 1987....Alg 31, 1089

Run 3 : Sept01, 1989....Aug 31, 1991

NOTE: A second simulatlon run - using the same weather data as the
preceding run - witl yield unexpected results unless you reset the initial
conditions, The second simulation run regards its Initial conditions as
the ending conditions of *1e preceding simulationrun

If you choose to perform several simulation runs on the same weather data, a
special approach should be used. This situation may arisel. , ou decide tc perform
many simulation runs, but choose to alter some of the lifecycle or other model
parameters between runs. Before starting the second run, you will need to re-load
the initial conditions, otherwise the simulation runs as If it were one long run -
continually buiiding on previous populaticri tallies.

To resettheinitial conditions:
From the Tools optienin the Control Panel menu uer, select ResetICs

Alternatively, in tha Matlab Command Window, type icsa S to reset inilal
conditions for station A, type lesb . to resetinitial conditions for station B, and so
on. Be certain to reset initial conditions for all stations i3 use ( A, B, C, D etc.).
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UNLESS you have some spacific reason for retalning the ending conditions for a
particular station. This mathod allows you to selectively reset initial conditions for
some stations and not others.

You may wish to load a spacial set of initial conditions that you have created. In
this case, enter the name of the file referencing yourinitial conditions atthe Mat'ab
Command Window Prampt ">>".

A number of sets of initial conditions suitable for the provided weather data are
included. These may be loaded by choosing : e appropriate entny from the
Control Panel menu bar option *ICs". After choosing “ICs", a lIst of available inltial
conditions will be displayed. Choose the one(s) applicable {o e sites and
simulation durations you are using.

Matlab w. : respond to @ach command with an appropriate message such &s...

LOADIHG stat1on A inftial conditiors,..
Done,

You can also commence your second or subsequent simulation runs by choosing
the Load Data pushbotton in the Contol Panel, tn the sare way you did to start
the first simulation. This wili ensure that all initial conditions are reset. However, it
has the disadvantage of belng much slower since all the necessary weather data
will be reloatled from disk files.

To find out more on how to change and customise the initial conditions, see
Appendix E seclion 4 -'Customising The Simulation input',
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AppendixE Section3 Customising thz simuiation output

HOWPOPULATION RECORDS ARE STORED

Each lifecycle stage is represented internally by a single dynamic data structure.
This is essentially a number, or an organised set of numbers that refiects how
many Individuals are present at a particular simulation day. Each of these
numbers Js continually changing in size, from day to day, since they only reflect
the population slzes onthe current day of the simulation,

In order to recover a meaningful result from a simulation it is necessary to record
the history of every one of these population data structures. In other words, it is
necessary to keep a racord of each of their values on every day of the simulation.
This operation is performed by a script file called generically MONITOR_.M
There s a separate MONITOR script for every station in use. Hence, a two site

simulation model will have two monitor scripts MONITORA.M and MONITORB.M
for station Aand station B.

&y Within the MONITOR_ M seript file are the instructions to concatenate the various fields
that comptise each life-cycle stage’s variable. This ls necessary since some of tha life-
cycle stage variables are not merely numbers, but are two-dimensional arrays whouse
entries need to betallledto geta population figure, Thelifecyt © usesthe followingintuinal
variables, where the underscore can ba either A or B or C ete., dapending on which stafion

the script file applies to,

RAINFALL_ MATURINGADULT_  LAY1_ LAYZ_
LAY3 LAY4_ ADULTMALES INSTARS_
DIAPAUSE_ DIAPAUSET_ DIAPAUSEZ2_ TURGIDT_
TURGID2_, QUIESCENTY_ QUIESCENTZ_

NONDIAPAUSE_

Becausa of the structure of these variables it is not valid to assume that any variable
named above simply represents a daily population figure. Incorporated with the population
Into the data structure are cerlain binary flags Indleating the past history of those
individuals, and sometimes also accumulated developmantal degree-days.

MONITOR_ extracts the values from each of thesa fifecycle variables on a daily basis and
makes the total dally population for each stage available as...

diap dlapt diap2 ql g2 turg
turg2 instars nondlapmat  nlay1 nlay2 nlay3
nlay4 adults

Thesevarlables are di ect numerlcal tallies of the number of individuals on the current day
of simulation. Howaver, they are notglobal variables, meaning that they are only available
to Instructions within the MONITOR_ weript. No other script or function or procedure has
accesslothese values as caleulated hera.
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MONITOR_ has access to the following variables, and any of them, or

comblnation of any of them are available as the numerical output from the
simulation:

diap Number of Diapause eggs

diap1 Number of Diapause1 eggs

diap2 Number of Diapause 2 eggs

nondiap Number of NonDiapause eggs

a1 Number of Quiescent 1 eggs

q2 Number of Quiescent 2 eggs

turg1 Number of Turgid 1 eggs

turg2 Number of Turgid 2 eggs

instars Number of hopperin instar [i] through instar [v]

mat Number of maturing aduits

nlay1 Number of sexually mature adultfemales in Lay1 stage

nlay2 Number of sexually mature adultfermales in Lay2 stage

niay3 Number of sexually mature adultfemalesin Lay3 stage

nlay4 Number of sexually mature adultfemalesin Lay4 stage

adults Number of sexually mature males & females in all laying
classes

HOW INTERNAL. POPULATION VARIABLES BECOME THEQUTPUT

The MONITOR _ scripts generates FOUR output channels per station, Thus you
could, for example, keep track of nlayl and nlay2 and nlay3 and nlay4
individually, This would occupy all the output channels , so you could not keep
track of any eggs, or hoppers.

However, you could combina (nlay1 + nlay2 + niay3 + nlay4) so that they would
together only take a single output channel. This would leave three remaining
channels through which to keep track of eggs. Note that now, by combining, you
can no longer keep track of each of nlay1, nlay2, ntay3, nlay4 INDIVIDUALLY.

& It is possible to increase the number rf gutput channels of the MONITOR _ seript This
requires a thorough undarstanding o. Simulink and how It is controlled by the Matlab
interprefive language. A value of four was selected as a compramlse between quantity of
information recoverable and the amount of storags space required. Adding more
channels makes more demands on the computer's avallable memory,

Redefining the output channels of the MONITOR_ script requlres editing the
MONITQR_ .M script file with a text edltor such as Norton Deskedit, DOS's EDIT,
Norton Commander EDI1, Windows NOTEPAD, or a wordprocessor that s
capable of saving text in unformatted ASCII.

HOW TQ EDIT THE MONITOR SCRIPTS

Use the editor of your choice to open the MONITOR_.M script file that you wish to
modify.
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NOTE: The scripts available from the Special optlon of the Control Panel menu
bar make implicit assumptions about the structure of the output vector of
ths monitor seripts. If the output of the monitor scripts is changed, the

scripts logplot, eggplot, dumpWK1 etc. will not necassarily return the
expected results,

NOTE: Remember that the names of the MONITOR_ scripts do NOT contain an
underscore as denoted here. The underscore *_" will be replaced in the
filenama by a letter A", "B", “C”, etc,, to denote the station that the script
monitors, Specifically, the monitor script for station A will be designated
MONITORA.M. Similarly the monitor script for station B will be
designated MONITORB.M.

Once the MONITOR_ script Is open, scroll down to the iast line. This shouid be of
theform...

putput = [ comporent_one componenit_twe component_three
component_Ffourl;

NOTE: The punctuation and parentheses are important!

The fislds component_one componen!_two component_three component_fr-
can be replaced by any ofthe following variables:

diap, diap1, diap2, nondiap, q1, 42, turg1, turg2, instars, mat, nlay1, nlay2, nlay3,
nlay4,adults

or any algebraic combination of any from the list. The meaning of each of these
variablesisexplained ¢ -

Forexample, changing & Jutput asslgnment to:

output = [diapl+diap+tdlap+ql+q2+turgl+iurg? instars mat
aduits]:

resultsin:

o gutput channel ana being the tally of ali eggs that are not non-diapauss eggs,

@ gutput channel two being the tally of all instar stages,

w output channel three being the tally of maturing adult stages,

« output channel four being the total of all adults, male and female thatare
sexually matura.

You may wish to introduce a new variable that represents a sub-tally, which will
simplify your outiut statement. In this example a ne'v variable is introduced -
called "alleggs". Noilce that before alleggs can be used in the output statement, it
has to be defined in its own assignment statement. This requires that you add the
additional &11eggs = assignment statement

allegys = diapl+diap+diap+qleg2+turgleturg2+nond] ap:
outpui =[ alleggs instars mat adults];
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NOTE: You may wish to retain the original last line of the MONITOR__ script so
that you can always go back to using it as it was, There is no need to
delete the existing output = assignment statement in the last fine,
simply meake sure that your new line Is below any other such
assignments. The only assignment that will actually deflne the output is
thelastoneinthefile,

Similarly, if you define a new variable, and subsequently wish for a different
definition of that variable, vou can retain the older definition for backup purposes.
Be sure, however, that the assignment that you want to be the effective one is the
last oneinthe file. For example, if your script file lookslike this...

allegys = g2+qlinondiap:

alteggs = diapl+diaptdiap+ql+q2+turgl+turg2+nondiap:
output ={ alleggs diapl diap2 mat]:
output =f alleggs Instars mat adults];

the only lines that define the output are the last ones of each type:

alleggs = diapi+diap+diapt+ql+q2+turgl+turg2+nondiap; and
output =[ alleggs 1nstars mat adults];

Alternatively, you can precede any line that you want the interpretartoignore, with
an "at’ symbal "@?”. In this case, the order of the '‘commentad out' Instructions is
irrelevant. Repetitive non-commented [nstructions wilt still always be interpreted
in their orderof ocourrence.

Onece you are satisfied with the modifications you have made, be sure to save the
updated fils, using whatever commands your editor raquires.

H Windows editors such as Norton Deskedit, and Notepad, as well as
DOS'sEDIT alluse"Bi{s” as afile-save keystroke sequence.

NGTE: When using any multitasking operating system, such as Windows, you
may get anerror:
ERROR: SHARING VIOLATION ON DRIVE C:
if you try to edit and then save a file that is currently in use by another
application {in this case Mattab’s Command Interpreter).
Should this happen, you will nesd to free the file you wish to edit frem the
contro! of the other application, by shutting down that second application.
Only then will you be able to save the file successfully. This problem can
be avoided by enabling the operating system's file sharing system. Under
DOS/Windows 3.1 this is done by loading SHARE.EXE in the
CONFIG.SYS. See your DOS manual forinstructions on this procedure.

NOTE: Problems are known to occur when using the NOTEPAD application with
Windows 95. No.epad, under Windows 95, does not recognise the
Matlab seript files as text files. Difficulties occur when trying to open the M
files, and also when Matlab's interpreter tries to access the subsequently
savedfiles,
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When you next run a simulation, the four output variables available for plotting
etc., will be those that you have named explicitly in

autput = [ component_one component_two component_three
companent_fourl:

NOTE: if you want the output variables of all statlons In use to be changed
similarly, you will nead to edit all the associated MONITOR_.M script
files, namely MONITORA.M, MONITORB.M, MONITORC.M, efc.

NOTE; The variable names you use in place of coemponent, ine,
component_twe, componeni_three, companent_four are NOT
AVAILABLE &t the Matlab Command Prompt AS TALLIES OVER THE
WHOLE SIMULATION PERIOD. They are available at the command
prompt only as populations on a single day, The tallied populations are
stored as a n array, or list (one entry for each simulation day). The
carresponding listnames are:

STATIONA

outputcomponent name listed variable name
component_one yout1
component_two yout2
component_three yout3
component_four yout4

STATIONEB

output componentname listad variable name
component_one youtd
component_two youts
component_three yout7
component_four yout8

STATION C (ifit exists)

output component name listed variablie name
component_one yout9
component_two yout10
component_three youtt1
component_four youtt2

It is these listes variables {yout1, yout2, eic.) that should be used to plot
the outputs, or viewed to determine population histeries.

It is Important to keep track of which internal population variable
(diap, t2, g1, etc.) is mapped to which listed output variable (yout1,
yout2, etc.). This is especially important If you wish to modify any of
the plotting routines.
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HOWTO USETHE QUTPUT LISTS - SIMPLE O1'TPUT DISPLAYS

The ouiput lists yout1, yout2, ete., exist in groups of fours, because each station,
or site, generates four output iists . So a two-sita model will have eight cutput lists
yout1,..yout8, A three -site modsl will have twelve autput lists yout!...yout12, and
soon.

These lists are the most useful available output recard, since they each contain
the varlable-of-interest 's history over the entire simulation.

Any day of the simulation can be pinpointed in anyllst, if you knowthe Index of that day. The
index Is simply & numbar that tells you which day of the simulation # points to. Fornstance,
the ninety-seventh day of the simutation would have adayindex of *87". The first daywould
have anindex of*4".

For example, if you wanted to see what the population of mature adults on the 87" day of
the simulaticn was, you would proceed as follows:

Make certain that adults appears somewhersin the

output=[ component_one component_two component_three
component_fourl:

statement of the MONITOR_.M output script, Suppose the output assignment statement
Was..,

autput = [ aileaggs instars mat adgults]:

Note carsfully the position ofthe adults variable-itlsthe fourth In the assignment.

(f adufts does not anpear in the output = assignment, you wilt have lo edit the
MCNITOR_ script to include adults, or whichever population varlable you have chasento
look 2t Remember, you need to change the MONITOR_.M script for each station if you
wan to monitaradulits for all the stations.

Since adults is the fourth population varfable In the output assignment, [t wilt be recorded
in yout4 Ifwe are concerned with station A, it will be recorded [n yout8 if we are considering
station B, anditwill be recorded in yout{2 Ifwe are cu. nsidering station C, and so on.

Generating a plot of youtd would thus give you a plot of mature adults at station A over the
whole simuttation interval. A plot of youtd would showthe population of all mature adults at
station B forthe entire simulation interval.

Tafind the number of mature adults on day 97 atstation A, Issue the following command at
the Command Prompt: youtd.
The numberwill be displayed In the Command Windaw.

A simple plot can be obtained by issuing the plof command in the Command Window. At
the Command Prompt, type plot youtd ¢

Matlab will respond by apening a Figure Window, in which it will display a single graph of
the mature adults, plotted over the entire simulation period.

AppendixE  Technical Reference - Gustomising the simulation output Page 182

dimscthand Mapp e3wid (51188



& MANIPULATING PLOT VISUAL PARAMETERS

Some useful comtmands to manipulate the plot obtalned above are:

sl X Y Yand} - sets the fimits of the plotted axes - allows details to be
shown

title{name) 4 names a plot

UNDERSTANDING THE “SHOW” SCRIPT

For those users wishing to aobtain a plot directly, and not wishing to design their
own plots, some simple scripts are included to generate graphical displays of the
simulation resuits.

show.m can be invoked once a simulation run has been completed. From the
Control Panel menu bar, select special, and then show.

A Figure Window will be opened and brought to the foreground, and four sets of
axes will be displayed. Thase show clockwise from top left: simulated resulted for
station A, simulated results for station B, actual outbreak records for statlon B,
actual outhraak records for station A.

SHOW.Mis a script file containing a list of more complex conymands. In this sense
it does no more than can be accomplished by Issuing these commands from the
Command Prompt. However, concatenating these commands into a single script
provides a macro command, saving yvou the effort of having to issue all the
necaessary commands,

& WHAT SHOW .M ACTUALLY DOES

Bslow is a listing of the SHOW,M seripi. After each iina is an indented explanation of that
lines function, Inthis way you can sea axactly howa complex displayis builtup.

t=[1:7 ngth{ycut?)];

establishesthe langth (number of days) ofthe simulation
subpiot(2,2.1) ,bar(t,youtsd, 'b’);

plots a one-quarter siza plot af yaut4, in blue Ink, in the toplaft hand comner
hold on;

freezes the plotalready done so new plots can be overlaid on existing plots
subplot{2,2,1),bar(t,yout2,’g");

plots a one-quatter size pot of yout2, in green Ink, in the bottom lefthand corner
axis(L100,500,0,max{[max{yout2) max{youtd)])]):

sets the x-axis to show day 100 to day 500, Scales the y-axis to Include the largest
value
subplot(2,2,3),plot(LCOUNTR), "w';

plotsin the bottem left comer, inwhite ink, actual number counts for station A
fitte(namea};

assignsthe name of stdation Atothe lefi-hand side plats
axis([100,500,0,max{max({LCOUNTa))]);

sets the x-axis to show day 100 to day 500. Scales the y-axis to Include the largest

value
subplot(2.2,2),bar(t,youtd, ')

plots a one-quartar size plotof youts, In blue ink, in the top righthand corner
ho'ld on

freazes the plotalready done so new plots can be overiald on existing plots
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subplot{2,2,2) ,bar(t,youts,'g"):

plots a one—quarter size plot of youts, in gresnink, in the bottom right hand comar
axis([100,500,0,max{[max(youtt) max{yout8}1)1};

sets the x-axis to show day 100 to day 500, Scales the y-axks to Include the largest
value
subplot{2,2,4}.plot {LCOUNTD), 'w';

plots [n the hottam rightcorner, iInwhite ink, actual numbear counts forstation B
title(nameb);

assigns the name ofstdation B to the right-hand side plots
axi1s({100,50C,0.,max(max(LCOUNTD))]);

sels the x-axis o show day 100 te day 500. Scales the y-axls to include the |argest
value

NOTE: The copy of SHOW.M you have may not lock exactly as shown due to
constant updates and improvements:

It is possible to edit the commands in the SHOW.M script to customise it for your
own use. SHOW.M can be edited with any text editor as outlined in. this chapter,
underthe section 'HOWTO EDITTHE MONITOR SCRIPTS'.

UNDERSTANDING THE“NUTAB” SCRIPT

Also provided is a script NUTAB.M, for dumping the simuiation lists to a disk file.
This is useful if you wish to have a tabulated output of the numerical populations
for certain lifegycle stages.

A non-interactive version of nutab exists. This is called tab, Nutab Is easierto
use, and is recommended over tab. Tab is invoked from the Matiab Command
Prompt*>>" by typingtab .1,

Before NUTAB can write the numerical populations to a file, those populations
need to be assigned within the MONITOR_ script(s) - see notes below. The
section 'HOW INTERNAL POPULATION VARIABLES BECOME THE OUTFUT!
explains how to ensure that the population variable that you are interested in (s
included in the simulation output (the list variabies - yout1, yout2,...)..

Once you have assigned the population variable (s} you are interested In (s.9..,
nfay1, instars, q1, g2, ...) to the deslired list varlable (e.g.., yout1, yout2, ...}, you
need to perform a simulation run.

NOTE: Youmust assign the population variables to list variables BEFORE you
perform the simulation run. List variables (yout1, yout2,..) are not
updated after a simulatiorn run has finished, hence re-assigning
population variables to these lists after a run will not affect the lists,

NOTE: You do not need to re-assign the population variables to a desired fist
variable each time you perform a simulation. Once the assignments have
been made they are retained for all subsequent simulations. The need for
re-assignmentonly arises if you wish to change the particular mapping of
population variables-to-list variables.
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Perform the simulation as you would normally do. Allow the simulation to run to
completion.

From the Control Panel menu bar, selectspecial, and then nutab.
Mattab will respond with a pop-up dialogue:

S5elect 115t variable name to dump :

You should now choose the lisf variable that youwant tabulated. This wilf be one of
yout1, yout2, you3,...yout8 if you are running a two-site simulation, if you have a
three-site model, the list includes yout9 up to yout12. Nutab automatically detects
which list variables exist, and only displays those available.

Left mouse-ciick on the name of the list variable, e.g., youts

If you have no list variables in the workspace (either because you have notyetrun
a simulation, or you have not assigned any output list variables, or you have
cleared any previously existing list variables), Matlab will respond with a pop-up
errorwindow:

.There are no 1ist variables to tabulate!

and you will be returned to the Command Prompt. Correct the problem and re-
issue the nutab command,

[fthe list variable is valid, the entire list will be displayed on-screen.

1 BC

500 76000

NOTE: The first column (left-most column) is a list of day-numbers, running from
"1" to the number of days you have selected as the duration of the
simulation,

NOTE: Theformat ofthis display (and ofthefile stored {o disk) is:

Column one reflects the day index. Days are numbersad sequential from
thefirst day of the simulation.

Each rowrepresents a single day of the simulation.

Each column contains the list variable you have chosen fo tabulate. Each
fime you run nutab, an new column is added on the right. This
corresponds to the most recently selected list variable,

Next will be displayed:

This result has bean stored to disk under the file SIMRESLY.TXT
[Close} [0k}
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The file SIMRESLT.TXT is an ASCI file containing exactly the numbers you have
seen on-scraen. You may wish to import this file into a spreadsheet, or text editor,
which will facilitate detalled analysis of the numbers. Click on either *Close" or
"OK" to close the information window,

You are also offered the choice of saving this data to a file of anothar name. Thisis
useful since tha file SIMRESLT.TXT will be overwritten each tirne to execute the
nutab function, A pop-up window will ask if you wish to save the file as a
permanentfile;

Do you want to store this ag a permanent file?
[Yes] ENal

Left click on “yes" or"no” as appropriate.
if you select "yes", a pop-up dialogue window will appear to allow you to select or
enter the file name of your choice.

NOTE: You can use any filz name, but be careful not to use a file name that is
reserved for Matlab function calls. These all have the extansion ®.M".
Also, do not use the name SIMRESLT.TXT, since this file will be
overwritten nexttime you use nutab,

Matlab will also show a print dialogue window:

Do you want to print this result on paper?
{yes} [not

You now have the option of sending the entire file to the prirter. Be careful about
doing thls, since a 4ypical simulation run is 500 days, which will require around 10
sheets of paper, depending on your printer font.

Selectyornasdesired.

NOTE: The device for printing is LPT1: {first paralle, port) regardiess of the
Matlab “printopt® siring, The device can be changed to any legal BOS
device (LPT1...3, COM1..4} by editing the file NUTAB.M

NOTE: This print is performed by a COPY command Issued to the DOS
Command Interpreter., If a problem occurs it is most likely to be caused by
too little memory for loading an additional copy of COMMAND.COM

If you choose not to print, or once the print instruction has been issued, you will be
returned to the Command Prompt.

Now you might wish to alter some of the life-cycle parameters, or initial conditians,
(see section - 'Customising the simulation input' and section - 'Customising the
mode} parameters' ) and then re-run the simulation for the same perlod. After you
have re-run the simulation, you can append the newer simulatien results to the
nutabulated results on file. This is done by simply invoking nutab at the end of
the second simulation run.,
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Ifyouinvoke nutab i secondtime, you will get a warning message:

NOTICE: A previous simuiation record exists.

Do you want to DELETE it, or ADD to it?

TAB has detected that trere are lists being retained In memory for storage in afiie.
If you do not wish to retain the tabulated resulis from your earlier simulation runs,
choose del, to delete the sarlier |st records, if you wish to append the most recent
resulis to all previous results, choose add,

NOTE: Each time you invoke nutab, the temporary disk file in which data has
been stored is erased! Nutab will then write the curreni tab information to
the file on disk. So, if you perform 25 simulations sequentially during a
work peried at your computer, you can sdd the results sequentially to the
SIMRESLT.TXT file, and all 25 results will be retained.
If you now shut down Matlab, and restart it to do further simulations, any
tabulated results gathered during the second session will overwrite and
destroy the results from your earlier session. if you wish to retain these
earlier 25 results you must save the results to a permanent file before
running nutab at any {ime in your second session,

NOTE: If at any time you choose del, fo delete the tab record, the previous tab
results are deleted entirely. THERE IS NO UNDO COMMANDI Howaver,
the tab results will be retained in the file SIMRESLT. TXT. You should - if
you have erroneously chosen to delete - immediately abort the tab
command (by pressing AC) and rename the file SIMRESLT.TXT to
something else, to prevent permanent loss of that data.

UNDERSTANDING THE“DUMP WK1” SCRIPT

Also provided Is & script DUMPWK1, for dumping the simulation lists to a
spreadsheet fila. This is useful if you wish to use’'a spreadsheet or data base
application to analyse the simulationresults..

Before DUMP WK1 can write the numerical populations to a file, those
populations need to be assigned within the MONITOR_ scripi(s) - see notes
below. The section "HOW INTERNAL POPULATION VARIABLES BECOME THE
QUTPUT' explains how to ensure that the population variable that you are
interested in is included in the simulation output (the list variables - yout1,
yout2,...)..

Once you have assigned the population variable (s) you are interested in (e.g..,
niay1, instars, g1, 2, ...} to the desired list variable (e.g.., yout1, youi2, ...}, you
need to perform a simulation run.

NOTE: You must assign the population variables to list variables BEFORE you
perform the simulation run. List variables (yout1, yout2,..) are not
updated after a simulation run has finlshed, hence re-assigning
population variables to these lists after a run will not affect the lists.
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NOTE: You do not nead to re-assign the population variables to a desired list
variable each time you perform a simuiation. Once the assignments have
buaen made they are retained for all subssquent simulations. The need for
re-assignment only arises if you wish to change the particular mapping of
populetion variables-to-list variables.

Perform the simulation as you would normally do. Allow the simulznon to run to
completion,

From the Control Panel menu bar, select special, and then dump WK1,
Matlab will respond with a pop-up dialogue:

Entar the name of the file to dump: [*.WK1]

The file extension is forced to be WK1, In accordance with the Lotus 1-2-3
conventlon for that fite format. Since the file dump Is a DOS-handied procedure,
only 8 characl: ‘s are permitted for tha file name.

Click "OK" when you have entered a suitable file name.

NOTE: There isno checking to see if a file of that name already exists! If a file by
that name does exist, 1t will be overwritien, so be sure that ycu select a
new name I you wish to retaln previously dumped data.,

The script will create the file which consists of eight columns, and as many rows &s
there are days in the simulation. The list variables - defined by the scripts
MONITORA.M and MONITORB.M are written columnwise as fallows:

{for a simulation of duration m days)
Variables pertinent to site A Variables pertinent to site B

yout1 yout2 youtd youtd youts yout§ yout? youtd
day1 nnn  nnn nnin nnn NN han nnn nAan
day2 nnn nnn  nan nnn nnn R nAan nnn
day3 nnn nnan nnhn nnn NN ARN N nnn
gay4 nop RN nono nnn non N nnn nnn
daymnnn nnn naono nan nnn - Ann ant o nnn

NOTE; This file is In Lotus 1-2-3 WK1 format. it cannot be viewed with a text
edltor or {most) wordprocessors. It can be opened directly by most
spreadsheets (Quattro-Pro, Excel, etc.),

AppendxE - Technical Referents : Custornising the simulation oufput Page 168
d’mardhand _ivapp, a3 wed- 131108



THE“RAIN" SCRIPT

The rain script plots the rainfail records for site A and site B, for the entire duration
of the simulation. This Is useful for evaluating whether any locust activity is
associated with a partoularrainfall event.

The window is resizeable to allow it and any cther simulation output plots to be
viewed in a tiled fashion.
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AppendixE Section4 Customisingthe simulationinput

THE MODEL INPUT
The mode! input has two components:
0] The simulation model requires weather data:

Daily measurementsof. = maximumairtemperature
= minimum air femperature
@ maximum soil temperature
= minimum soil temperature
< rainfall
w actual locust swarmcounts *
w getual hopper-band counts *
@ wind speed
= wind heading

* these data are not necessary for the simulation but are used by some of
the plotting routines. Values of zero for each day will not affect the
simulation.

The above data is required for a minimum of two sites {stations/towns). iis stored
in ASClIfiles, or Lotus 1-2-3 worksheets, on disk, and generally should notrequlre
medification by the user,

Appendix E, section 6 "Adding your awn / updated weathar data’ outlines the
exact structure ofthess files and how they can be modified.

@:  The simulation also requires inltial population condltions:

Values reprasenting the numbers of individuals In every iifecycle stage at the start
of the simulation. These values are only required for a single day {i.«., simulation
day “0"). The simulation uses these numbers as the starting points for all
population calculations. If zeros are entered as initial conditions for both stations,
the simulation will be stailc - there will be no popuiation changes during the
simulation pariod.

Each station has associated with it, a unique set of initial conditions. These canbe
altered independently for any station, without affecting any other station. The
numetic values are stored In ASCIi files, one for each station. Initial conditions for
Station A are stored in the file ICSA.M Initial conditions for Station B are stored in
thefile ICSB.M, and soon.

Each ICS_.M file contains a list of assignment statements, Each statemeni setsa
popuiation variable (symbols that can take on any numneric value equal to the
number of your choice; frequently have word-type names to help identify their
function).
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NOTE: Lifecycle population variables are not simple scalar values. Frequently
they carry inforration concerning the weather history, and current
developmental state of the individuals.. Hence the population variables
are in many cases two dimensional arrays, or matrices. ltis important to
understand the function of the number in each array cell before
changingit.

THE POPULATION VARIABLES

These ars variables that contain the quantity of indlviduals at each stage of
developmentin the lifecycle.

The population variables In use are listed below. Note that the underscore “_*
fakes on a value of g, b, c,... etc. to denote the site with which that variable is
assoociated, Population variables are, for example: TURGID1_, DIAPAUSE_,
LAY1_. in otherwords, variables for populations at station A will have the names:
TURGID1A, DIAPAUSEA, LAY1A, etc. Variables for populations at station B will
have names: TURGID1B, DIAPAUSEB, LAY1B, etc.

LIST OF POPULATION VARIABLES:

ADULTMALES_
LAYY_

LAYZ_

LAY3_

LAY4_
DIAPAUSE_
DIAPAUSET _
DIAPAUSE2__
NONDIAPAUSE_
TURGID1_
TURGIDZ_
QUIESCENT1_
QUIESCENTZ_
INSTARS_
MATURINGADULT_

CUSTOMISING THE INITIAL CONDITIONS OF A SIMULATION RUN

As an example, tonsider the population variable DIAPAUSEA. This represents
the number of diapause egys to be found at station A. For a simulation run to take
adequate account of the history of a population, DIAPAUSEA (and all otner
population variables) has to take on a numeric value corresponding to the
diapause egg population size on the day the simulation begins. References to this
varlable's initial vatue witl be found in the file ICSA.M

To modify the initial conditlons, itis necessary to open tha file ICS_.M using a text
(or ASCII) editor.
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Consuit Appendix G to leam the precise structure of each population variable. For
DIAPAUSE_, Appendix G provides the following information:

DIAPAUSE:
AZxnmatrix

1,1 1.2 1,2 1.4 t,n
2,1 2,2 2,3 2.4 2,n
Entries in the j-th column have been in OTAPAUSE for j da, ..

(1,3} = quantity of eggs Taid in wet conditions, in DIAPAUSE for j
days
{2,J) = quantity of eggs lald ir dry conditions, in DIAPAUSE for j
days

DIAPAUSE is apparently a 2-by-n matrix. This means it is a rectangular array of
numbers: there are two rows, and n columns, {matrices are always dencted rows
first, columns second, hence a pxg matrix has p rows, and g celumns)

A diagrammatic view of the variable is shown. Each entry is denoted by two
numbers separated by a comma. The first of these numbers denotes the row that
the entry belongs to. The second number denotes the column that this entry
belongsto. Thus 2,3 isthe entry in the second row and third column. It does notin
any way relate to a decimat fraction 23%/,,.

We are also told that: *Eniries in the j-th column have been in DIAPAUSE for j
days”. This means that the particular celumn of an entry (first, second, third, j*,
etc.) of an entry tells us the number of days those eggs have been in DIAPAUSE. A
number - say 666 in column 9, means that six-hundred-and-sixty-six eggs have
been in diapause fornine days.

Further, *{1,}) = quantity of eggs laid in wet conditlons, in DIAPAUSE for j days”.
This means that the entire first row denotes eggs laid in wet conditions. (1, j)
means row 1, and | means the j" day. So, the column number tells how maay days
the eggs have been there, the row number tells whether they were laid ir. wet or
dry conditions,

The DIAPAUSEA variable would typically look fike this:

a 0 100
G 500 0O

Inthls example, there are 500 eggs that were laid in dry conditions, and have been
in DIAPAUSEA for 2 days. There are 100 eggs that were laid in wet conditions,
and which have been in DIAPAUSEA for 3 days. There are no eggs at alt that have
been in DIAPAUSEA for only 1 day, and none that have baen in DIAPAUSEA for
longer than 3 days.
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Inthe ICS_fI' ,, the variables are not written in several rows as shown above, but
they do adopt the structure as shown, The difference is that a new row is signified

by a semi-colon" ;". Hence the ICS_ file would repressnt the above conditions by
ihe statement

DIAPAUSEA =0 0 100:0 500 01

NOTE: Semi-colons demarcate new lines. Note there is a semi-colon after the
first three numbaers, aswell as atthe end ofthe statement.

The initial condition does not ne ~=<sarity have to contain a history of 3 days {or
whatever number of days). [t could simp be numbers of eggs for the starting day,
in which case it would have only one column {n = 1). HOWEVER, it is required to
have two rows, no matterwhether a history Isincluded ornot,

DIAPAUSEA = [0;07]:

denotes that on the start day there were no diapause eggs {(column one is zeros),
and before the starting day there is no knowledge of the diapause eggs number
(sincethere is no second, third, etc. column).

Atypical ICS_ file mightlook something like this;

ADULTMALESa =100}
LAY1a =[00:0];
LAY2a = [00;0};
LAY3a =100;0];
LAY4a = [00:0F;
DIAPAUSEs =[M00:0h
DIAPAUSE1a =[100};
DIAPAUSE?a =[100];
NONDIAPAUSEa =[100;0;0};
TURGID12 =[100;0:00;
TURGID2a ={100;0;0h
QUIESGENTa =[t00];
QUIESCENT2a =[1001;
INSTARSa =[00:0};
MATURINGADULTa  =[00;0];

NOTE: The spaces on either side of the "=" symbol are optional, They serve to
align the numbers for appearance sake only. Blank lines between
sections are oplionat.

NOTE: Double zeros“00" areinterpreted as numericzero 0", the two notations
areintarchangeable.

NOTE: The interpreter is case-sensitive. “INSTARSa" is NOT the same
variable as "instarsa”, or “Instarsa”. Failure to interpret the data wili
resultif cases are switched.
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NOTE: You can have many initial conditions files stored on d.sk. Only the one
with the DOSfile name |IC8_.M, where *_" corresponds to the station (a,
b, ¢, etc.) wili be interpreted. Name your files in any convenient way,
and simpty change the name of the file you want to be interpreted as the
initial conditions for a particular run. In fact, you don't even need to
rertame files, simply call the appropriate file from the Matlab command
window!

WHEN ARE INITIAL CONDITIONS USED?

The initial conditions are read during the executlon of load data , or if the reset
ICs option is called from the tools section of the Control Panel, They are also
read if the instruction icsa .1 or icsb J is isslued at the Matlab command
prompt. They are not read again or interpreted again during any of the Simulink
procedures (procedures launched from the mode! block diagram window).This
has importantimplications!

Suppose you load weather data, and start a simulaticn run. Then you might
examine the results and decide to re-run the simulation, after possibly medifying
some of the lifecycle parameters. If you were to commence a second simulation
run, by choosing Simulation / Start from the Simulation Block Diagram
Window, aninteresting situationwould arise.

The initial conditions for the second run would be those values that were 'left' from
the first simuation run. In other words, simulation-run-two's initial conditions are
the ending condition of simuiation-run-one. This is fine if your two consecutive
simulations are based on weather data for consecutive periods, but results in
meaningiess results if you wish to re-simulate the same period. To re-simulsate the
same period, or any nen-consecutive period, It is necessary to load the comect
initial conditions.

This can of course be done by starting afresh, and seleciing the load data
pushbutton. This, however, performs & number of calculations that do notneed o
be redone, and Is wasteful of time. The initial conditions contained in the disk file
can be manually reloaded prior to any simulation run by typing icsa .1 at the
Matlab Command Prompt ">>", to reload for station A. Type icsb . {o reload
initial condlitions for station 8, 1csc .J to reload initial conditions for station C, and
s00n. A quick way to reload ALL the initial conditions is to choose the tools / reset
ICs option sequence from the Control Pans! menu bar. Note that this resets the
initial conditions for all stations.

NOTE: Youneed toreload initial conditions for all the stations, A, B, C etc..O'my
under exceptional circumstances might you need to reload initial
conditions for some stations and not for others.

See Appendix G for a detailed explanation of each population variavle's
struciure,
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AppendixE Section5 Customisingthe model parameters

SIMULATION MODEL STRUCTURAL OVERVIEW

The simulation model can be viewed as a suite of hierarchically nested structures,
A top-down approach has heen used , meaning that large-scale concepts are
consldered first, progressing tofiner detall as it becomes necessary,

Hierarchically, the model may be represented:

N-nodemoclei of sites
Lifecycle modtl for n' node
Lifecycg stages
Application o& the rulebase

This structure is represented diagramatically in figure E5.1, overieaf. This
diagrammatic representation is ldentical to that adopted in the Simulink
representation of the model. That is, this visualisation as a suite of nested
structures has been carried right through to the software implementation of the
model

i arder ior therulebase to make appropriate decisions on the branch-points of the
lifecycle model, it nesds information concerning those parameters which govern
transitions between different stages in the lifecycle.

EXAMPLE:

A certain proportion of fifth-instar hoppers might not progress to becoming maturing
adults, due to predatars, shortage of resaurces ate, The fraction of the individualsshat
do survive needs to be known by the rmilebase, go it can transfer the appropriate
number of individuals from ke intar stage to the adult stage. This Information 13
supplied ta the rulebase in the form of a fifecycie parameter, called in this case,
“survivalrate”, Survivalrate is exclusive to the INSTARS [ifecycle stage. Other
lifacycle stages certalniy have survival rates, BUT they do nat affect this survivel rate
inanyway.
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FigE5.1 Hilerarchical structure of the simulation model
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CHANGING THE NUMERICAL VALUES OF THE LIFECYCLE PARAMETERS

NOTE: You need to have started Simulink to alter the parameters. To do so,
choose the “Simulate” pushbutton from the Control Panel window, or
type eggeyc0? 1, at the Command Prompt. The N-site biock diagram
will be displayed. You do notneed fo actually start the simulation runt

Decide which for which site you would like to aiter the lifecycle
parameters. You can change the parameters for each site
independantly of any other site. Double left-click the mouse pointer “R*"
on the block that represents the station of your choice. Such blocks will
be jabelled “LIFECYCLE” within the block, and have an associated
identifier "STATIONA” or “STATIONB".

NOTE: The blocks denoted “MONITOR" and “yout"1--yout8 contain routines
necessary to extract population data from the lifecycles. You should not
edit these blecks, nor should you have need to access them at this
stage!

Once you have clicked on the lifecycie block, a Lifecycle Window will open in the
foreground. Seefigure E5.1 fortypical examples.

Choose for which particular lifecycle stage yo'1wish to alter the parameters. Such
stages will typically be labelled: “Lay 17, “Maturing adult”, “EGG STAGES", Select
the chosen block by double left-clickingthe mouse pointer en that block.

NOTE: EGGSTAGES is different from the other blocks in this window,
EGGSTAGES contains one hierarchical level more than any other
block.

The Lifecycle Stage window will open, corresponding to the particular lifecycle
stage block you have clicked on,

If you chose any stage other than EGGSTAGES, double left-clicking the mouse
pointer “%" on that lifecycle-stage block will display the lifecycle parameters
assoclated with that stage. The avallable lifecycle parameters, along with their
recommended values, are fisted in Appendix G. To alter any parameter, simply
double lsfi-click the mouse pointer "R on the block containing the parameter. A
dialogue box willopen, allowing you to edit the numeric value of the parameter.
Seefigure E5.2 for a typical example.
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- Conatdft oL

Bln-& rame: cat max dry days
Block type:  Constant

Malntsing constani sutput value.

Canstant value:

0

i)

Fig.£E5.2 Simulink/ madel black diagram parameter editing dialogue bux

i When the current value of the parameter is first displayed, it will be
highlighted. If you press the backspace ey, the number will be erased
in anticipation of you entering a new one. Howsver, If the parameter
involves a two- or three digit number, for instance 100, that you wish to
change to 1085, it is more convenient to press right cursor, and then
backspace, This will anly erase the last digit, and you only need to
enter the changed digit,

It Is more convenient to press ., rather than clicking on the OK
pushbutton, once the value is adjusted.

If you have chosen EGGSTAGES as the lifecycle stage you wish to edit, there is
an additional step involved, Double left-clicking the EGGSTAGES block will
display an Intermediate block diagram which shows all the egg stages. To altera
lifucycle parameter associated with any one of the egg stages, simply double left-
click on the block corresponding to the egg stage of your cheice (for example,
turgid1, quiescentl, diapause, etc.)

NOTE: The biocks denoted *In_1".* In_2" and “Out_1" are used ta control the
flow of Information between hierarchicai levels and should not be
edited!

NOTE: Youmay changs lifecycle parameters while the simulation Is running.
you change a value, the new value Is used for alt simulation days after
the day on which you changed the parameter. This can lead to
confusion, and results that are difficult to repeat.

NOTE: [Ifyouchange a parameter, you will need to update the disk file in which
the lIifecycle model Is stored. Otherwise your changes will remain in
effect only during the current session. To save your changes, selectthe
Eile option fram the Simulink Block Diagram Window (the window that
displays the N-slte simulation block diagram). From the drop-down
menu {New/ Open / Close / Save / Save As/ Print/ Printer Setup / Exit),
choose the Save option.
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if you select the Save As aption, you will be required to choose a new
file identifier for the klock diagram data, and you will also have to edit
the program code which references that data (ieferences to this data
are to be found in the script file SIMOPTS.M). if you are not confidant
that you can edit the code, DO NOT use the Save As option.

&" W there are certaln sets of different lifecycle paraimeters that you will use
frequently, you can add exira menu items or pushbuttons to the
SIMULATION RUN OPTIONS dialogue box, These can be used to
quickly invoke one of several simulations, which differ anly In their
lifecycle parameters. In this way, you would not have to re-edit lifecycie
parameters each time you wanted to use a different (but often used) set.
For example, you could have two *Simulate® pushbuttons:

Q@ simulation where the adultfemale laying interval is 7 days.
@ simulation where the aduitfemale laying interval is 10 days.

NOTE: When you save a modified block diagram, all the current parameters
and biock praperties are updated. These include properties such asthe
names of blacks, the interconnections between blocks, black positions
on screen, and so an. if you have changed any of these parameters, the
changes will replace the ariginal properties when you re-open the black
diagram during a future session.

You can now return to the two-slte {or n-site, If you have an upgraded version)
representation of the model, and commence a simuiation run, by choosing
simulation and thence run, frorthe Simutink/ eggcyc08 windowmenu bar.

Your updated and modified parameters will take effect during all subsequent
simulation runs.

NOTE: Itis possible to enter a [Ifecycle stage block and alter parameters while
a simulation is actually runnisig {day counter incrementing indicates
this). However, such changes wiff have unpredictable, and
unrepeatable results, since it is not posssible {o determine on exactly
which day of the imulation the change came into effect.

For tais reason, all changes to lifecycla and migration parameters
should be made while the simulation is net running.

The technical description of the rulebase (appendix D} glves a conclse and
functional description of how each lifecycle parameter is used within tre model.
efertothis secti~ ~ ‘v learn howchanges wili be interpreted by the rulebase.

CHANGING? S USED INWEATHER DATA PRE-PROCESSING

When weath .a is [oaded initially, certain pre-processing is performed, to
create intermewate varlables which are used by the simulation in place of the
actual weather data flelds. Alr and soil teperatures are used to compute degree-
day contributions, rainfall is used 10 create a wetindex, and wind speeds and
headings are usedtocreate awindindex.
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The parameters used in these calcuiations are not available from the block
diagram of the model, and can only be adjusted by editing the Matlab script flles
with a Jitor. .

THE DEGREE-DAY CONTRIBUTION CALCULATION

This salculation is perfoermed in a script file called PRECALC_.M where “_" is
elther “A" or "B” or "C” etc.and denotes the site for which the calculation is being
performed, Thus the rules for degre..-day computation can be different for site A
and for side B. For a geneiis change to be effected, all relevant PRECALC files
must be edited to reflect the same rules. PRECALC_.M is automatically cailed
during the dataloading procedure,

50% of degree-day contribution

+— daily temperature fluctuation .

Tihreshold }. . . #7 . NS The degree-day conrikution is
Tminimum — computed only for haff-days and

then doubled. This
" 24h x| approximation Is faster to
b g compute than the full 24 hour
Gam 6am cantribution,

v

Fig EB.3: Befinition of degrae-day calculation

The only user-adjustable entry is the lower threshold for development. This value
may be different for soil te: nperatures - which determine egg stage development,
and ailr temperatures - which determine hopper stage development. The value
specified denotes the temperature below which all development will cease.
Temperatures below thig value offer no degree-day contribution,

NOTE: Thisvalue overrides any value specified in the data loading diatoguel If
the value [n the data loading dialogue is to be used, then there should
be .10 reference to lowerthreshold in any of the PRECALC_ scriptfiles.

“To alter Lhe override value, logate the line:
lowerthreshald = 20;
and alter the value, (units are °C}
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NOTE: There can be two Instances of lowerthreshold assignment
statements. The first is for the degree-day air contribution, the second
for the degree-day ground contribution. The same variable name is
used, butits value is adjusted prlior to each degree-day calculation.

NOTE: Remember to save the changes you make to the file. Since the
pracalculation procedure is anly called during the weather data loading
phase of the simulation, changes made here will not take effect until the
weather data is reloadedfromdisk.

THEWET-INDEX CALCULATION

The wet index Is used extensively by the decision rule engine - the reader is
refered o the rulebase summary to find out how components of the wetindex are
interpreted by the rules.

A wet index is created for each site, and is denoted WETINDEXa, WETINDEXD,
etc. WTINDEXa iz generated In PRECALCA.M, WETINDEXb Is created in
FPRECALCB.Metc.

NOTE: WETINDEXa, WETINDEXb are Matlab vr ~ .lrs (matrices), stored in
memory. PRECALCA.M, PRECALCB.M zre ~rript files - storad on
disk,

To adjust the rules and parameters used to compute WEL ,NDEX_, you need to
open and edit the correspondinf Matlab scriptfile with a text editor.

Wetindexis a matrixwith the following structure:

rows X columns = n X 3, where n Is the numver of days for which weather is
available (same number of rows as the weather datafile).

Columnt of WETINDEX_ is a binary (0 or 1) flag indicating if that day is wet (1) or
dry (0). A day is wet if the rainfall on that day Is non-zero, howaver a day is not
necassarily dry even if the rainfall on thatday is zero. A sufficlently large fall of rain
on a particular day can make several subsequent days ‘wet' even if no rain falis on
those subsequent days,

The following rules apply:
Rainfallon currentday Number of subsequent days -Including today-regarded wet

0

O<RMMcg
6<RMM<10
10<R ™15
15<R MMg 25
25 <R ™

LI T I - |

Column 2 [s computed fram entries in colurrin 1. Column 2 denotes the number of
censecutlve wet days, or consacutivbe dry days that have been experlenced up
until and including the current day, Column 2 contains an integer number, positive
values {>0) are used to denote i consecutive wet days. Negative numbers {<0)
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are used to denote n consecutive dry days. For exampte, If it has been wet for &
days already on a particular day, colurrn 2 of WETINDEX for that parficular day
will be +5, However, If it has been dry fo 6 days on a particular day, the column2
entry of WETINDEX for that particular dav will be -5.

Golurnn 3 of WETINDEX_ represents the number of consecutive rainy days up to
and including that particular day. if no raln falls on a particular day, then that day's
column 3 entry will be zero. A day Is considered rainy' if rain fell on that day.

EDITING THE CLASSIFICATICN BOUNDARIES

There is no anticipated need for the user to change anything except the delimiting
values used to determine how many wet days followa rainy day (column 1). These
values are changedwithin the source code for PRECALCA.Mor PRECALB.M etc.
The appropriate code segment Is shown below (from PRECALCA.M), tne
beidface numerals are those that the usermay wish to changs.

Note: These must be changed In pairs, except for the zero value, and the
maximum value (25mm).

far day = 1:length{RAINFALL=},
if ((RAINFALLa(day) > 0) & {RAINFALLa{day) <= &)}
WETINDEXa({day, 1) =[1];
end;
if ({RAINFALLa(day) > 6} & (RAINFALLa(day) <= 10})
WETIMDEXa(day:day+1,1)={1;1];
end;
If ((RAINFALLa(day) > 10) & {RAINFALLa{day) <= 15))
WETINDEXa(day:day+2,1) ={1;1;1];
end;
if ((RAINFALLa(day) > 15) & (RAINFALL a(day) <= 25))
WETINDEXa(day:day+3,1)=F1:1;1;1];
end
if (RAINFALLa(day) > 25)
WETINDEXa(day:day+4,1y={1:1;1:1;1];
end;
end;

NOTE: Remember to change PRECALCA.M and PRECALCB.M and all other
PRECALC_.Mfiles thatare avallable. i.e., one for each slts in use.

THE WIND-INDEX CALCULATION

The variable WINDINDEX is common to all sites. The WINDINDEX s created by a
script file called WINDCALGC.M, and there is no distinction between sltes.
internally, WINDINDEX reserves separate coluinns for different sites.
WINDCALC. Mis automatically called during the data loading procedure.

WINDINDEX is the key {o the migration model, WINDINDEX contains data that
represents the probability that Insects will be carried from one station to any other
station, and a brief description of these prababllity functions will be glven here.

The insects are assumed to be carried at the prevailing wind speed, ¥, for a time
period, t, controlled by the prevailing alrtemperature.
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The distance travelledis then s, where s=v-t
MIGRATION DISTANCE PROBABILITY

The model aperates only at a few points in space, not an infinitley resolvable
continuum. Therefore it is not useful to determine an absolute destination for the
migrating insects, since that may well lle at some point ather than where a
population simulation [s located. However, It is possible to consider only the
descrete localions, and estimate a pro®ability that locusts will be deposited there,
keeping in mind that a locust swarm |s a nebulous entity, and that the wind
measurements are enly applicable at one instant during the day. The variation in
wind speed and direction, and the fuzzy boundaries of swarms make the
destination of insects a region, rather than a peint. The probability approach
allows this cloudiness to be modelled in an analogous manner to the use of wave
probability functions In particle physics.

If the migration distance, 5, is known, and the interstation distance,s', is also
known, then we can calcultate the probahility that these twe values colficide. [f s =
s', then the probakility, P, is 1, i.e., we assume thatthere is a 100% chance thatthe
locust will he translated between the two sites {direction assumad to be correctior
the time heing).

A Gaussian probabiity distribution is used, meaning that P Is never equal to zero,
but approaches some assymptotic value as the difference betwsen s and '
approaches Infinity.

The actual caleviation usedis:
P = aeblea’)?
I, (100}
{s?

where b=

As s become more and more remote from &', so P tends towards zero. The exact
shape of the curve can be altered by varying the value of the constantb.
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Fig ES.4: The shape ofthe P(s) curve

These probabilities are stored in columns 1 & 4 of WINDINDEX, for sites A and B
respectively.

FLIGHT TIME ESTIMATION

The flight time is estimated from the change in alr temperature. This sinusocidal
fluctuation is appraximated by a triangular wave function, farced to fit through the
measured maximum and minimumdaily air temperatures,

Fy .r Tma.x- Tihrenl:nld 24h
flight = —2——2o—X
Tmax ™ Tortn

ttianguldr approximation'to «
Haily temperature fiictiration

Tmresholciw '
Trrin™ : .
] | | '
[ I [
Q8h00 14h00 20h00 02ho0 08h00
L v_ rJ
1day

Fig Eb.&, Flighttime estimation curve
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The period during which the air temperature remains above the threshold
temperature for flight is conslidered {o be the flight time. This s first computed asa
fraction of the day - since this is more conducive to the geametry of the diagram,
and then translated into a time in hours, The threshold temperature is specified by
the constant assignment

Tthresh=18

in the file WINDCALC.M. Units are *C. Higher threshold values will result In
shorter migration periods.,

If the flight threshold temperature is very low, or the air temperature is very high,
the air femperature may remain above the threshold for the entire 24hour period.
In this case somie other factor is necessary to cause cessation of flight., In reality,
this Is often some function of the insect fat reserves. No measure of this
available to the model, and hence an altermative methed has to be sought .
truncate the flight time. At present, flight time is limited by a constant named
maxhours, indicating the maximum pasible hours of flight, when temperature is
not a limiting factor. maxhours is defined within WINDCALC.M, by an asslgnment
statement of the form:

maxhours =20;

The user may wish to aiter this to any other appropriate vaiue, although numbers
larger than 24 will resultin meaningless, or contradictory calculations,

NOTE: Remember to save the changes you make fo the file. Since the wind
calculation procedure is only called during the weather data loading
phase of the slmulation, changes made here will nottake effect until ihe
weather data is reloaded from disk. '

WIND DIRECT.ON PROBABILITY

In the same way that a probabiity function Is used to determine the likleyhoodof a
certaln migration distance matching the Interstation distance, a probability
function Is used to determine how closely the wind heading matches the relative
hearings ofthe sites under consideration.

We have already described how the probability relating flight distance to
interstation distance 1s computed. This description assumed that the migration
was oceuring in the correct direction, i.e,, directly along the line joining the twa
stations.

If the wind direction Is along that line, then the assumption Is valid. If the wind
direction Is something other than along that line, then there is a less than 100%
probability that locustwill move from ane station to the other. The probabillty maps
the actual relative bearings of the stations being considered to the daify wind
heading. A Gaussian probabiity distribution Is used, meaning that P is never equal
to zera, but approaches some assymptotic value as the difference between the
two bearings approaches 180°,
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The computation used|s:
Pop=6"® {5-180P )2
In, {100)
(180°7

where a=

For any pair of weather stations, it s convenient to define two pairs of probahility
functions:

Pa(AtoB)  probability of getting insects from A to B, usingwind data at A
Pa(AfromB) probability of gettinginsectsfrom Bto A, using wind data at A

Pa(BtoA}  probability of getling Insects from B to A, usingwind data at B
Pg(BfromA) probability of getting insects from B to A, using wind data at B

These probabilities are stored (n WINDINDEX columns 2,3,5 & 6 respectively.

Changing the shape of the curve is effected by altering the value of the constant a,
wihinthe file WINDCALC.M.

COMBINING PROBABILITIES

The three probabilities for each site are combined. We have computed for
WINDINDEX:

Pals) column § the prabability that locusts will be carried from one site to the
other, based on the wind speed at A, and the interstation
distance.

Pa(A>B) column2 the probability that locust will ke transported from A to B, based
onthewind heading atA

Ps(A€B) column3 the prabability that locust will be transported from B to A, based
onthewind heading at A

Pgls} column4 the probability that focusts Wl be carfed from one site to the
other, based on the wind speed at B, and the interstalion
distance.

Pe(B>A) columnd the probability that locust will ba transported from B to A, based
onthewind heading atB

Pa{B<A) column® the probabillity that locust will be tranaported from A to B, based
onthe wind heading at8

These are combined by simpte multiplication of the probabllities:

P(AB)) column? Kq ' Pals)* PA{A>B) P5(B&A)  (columns1,2.6)

P{B>A)} columns ko' Pa(s): Pe(B2A) Po(A€B) (caumns4,5.3)

K, and k, are simple scaling constants, determined empirically; they adjust the
magnitude of the migratory fraction of the population to bring it as closely Inline
with the observed events as possible, Values of »5 have beenfound to work well.
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EMMIGRATING POPULATION ESTIMATES

So far, what has been computed will aid in estimating what fraction of individuals
that leave a station will arrive at other stations. In order to etimate the magnitude
of the emmigrating swarm, the wind speed and the temperature at that site are
monitored.

Emmigration is only allowed If the maximum air temperature Is ahove the
threshold temperature far flight, I this is not the case, emmigration Is inhiblted.
Adjustmwent of the threshold temperature for flight is described in the fight time
estimation section ahove.

In order to estimate exactly what proportion of a population will emmigrate, based
on wind speed data, the maximum occuring wind speed s considered. if an
assumption were to be made that a certain wind speed would resultin a migration
of a certain magnitude, there could arise problems when large wind speeds
occured. Ii is concelvable that high wind speeds would theorefically remove a
larger number of insects than existed in the population. To alleviate this potential
problem, and still retain a linear contstand of proportionality between wind speed
and size of migration, the largest ocouring wind speed is assumed to remove the
entire population, or If desired, some jarge fraction of the entire population.

A variable, depopwind, Is generated equal to the largest accuring wind speed. Al
daily wind speeds are compared to that maximum value, and a proportianal
fraction of insects s considered to be the emmigrating fraction.

if 1t is desired that the maximum oceuring windspeed only removes a fraction of
the population, then that fraction may be Included in the depopwind assignment
statementin WINDCALC.M. For example, the statement:

depopwind = max{[max(WiNDa(:, 1)) max{WINDb{;,1)}]);

causes the maximum occuring wind speed to remove 100% of the population.
Howaever, if it is required that this wind speed anly remove 75% of the population,
then the assignment should be changed to read:

depopwind = (100/75) * max([max(WINDa(:,1)) max(WINDb(:, 1))]);

NOTE: The boldface characters indicate the necessary changes, The vaiue of
75 can be changed to any percentage of total population that the user
desires.

On each day, the daily wind speed is compared to the maximum wind speed, and
thatratio (corrected or uncorrected, as desired) is used to estimate the proportion
of the population emmigrating, The ratios of actual wind to maximum wind speed
are storedin columns 9 and 10 of WINCALC, for sations A and B, respectively.

Pemmigratas  COILMN S daily wind speed / maxlmum ocurring wind speed at station A
Pemmigratws  cOlUMN 10 daily wind speed / maximum ocurring wind speed at station B
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AppendixE  Section6 Adding your own or updated weather
data :

BASIC PROCEDURE

If you are simply adding updated weather data for a fown or station that the
simulation model already recegnises, all that is required is to replace the old
weather data file with the newer file, using the same file name, Data files are
named according to the following convention:

The first twe letters of the file identifier represent the town code. dg = Douglas, gr=
Graaff-Reinett, pa = Pofadder, mb = Middelburg, and so on. The nexi four
characters denote the data fields presentin the file: a = air temperatures, s = soil
temperatures, r = rainfall, w = wind speed and direction. The file extension s
always *“.m" for ASCI| text files, and “wki" for Lotus™ 1-2-3 spreadsheet files,
Hence the file dyasrw.m contains air temperatures, soil temperatures, rainfall
and wind data for the town of Douglas, in ASCi data format. dgasrw.wk1
contains the same information, butin Lotus 1-2-3 WK1 format.

Adding a new, previously unrecognised station requires - in addition to creating
the data file - editing the simulation model's script files. A new data file has to be
created - according to the rules defining the format of the files. Further, the co-
ordinate data for the station has to be made avaliable to the model {|atitude and
longitude valueas). Finally, the name of the new station has to be entered into the
drop-down menu, so the new station can be chosen as a site during a simulation.
Editing if the necessaryfilesis described |laterin this chapter.

WEATHER DATA REQUIRED
The simulation model reguires the following climatic data:

maximum daily airtemperature
minimum dally air tempsrature
maximum daily scil temperature
minimum daily soil temperature

daily rainfall

daity wind speed attime of locustflight
daily wind bearing attime of iocust flight

TWO TYPES OF DATAFILE AREPQOSSIBLE

This data can be read from a DOS ASCli text file, using the ASCIi#10#13 CRALF
sequence as an end-of-line marker. Most spreadsheet print-to-file options and
text editors can produce output of this format.

SRONTRCRCR TN

The Simulation Model can also read the weather data directly from a Lotus™
1-2-3 spreadsheet file. Lotus 1-2-3 saves its spreadsheets in data files with the
extension “.wk1". Many other spreadshests and database programs {(such as
Quattro-Pro for Windows, Q8A for Windows) allowyou to save datan this format,
You can create and edit data tn your favourite spreadsheet, or import data from
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any other source that your spreadshest supports, and simply save the
spreadsheet as you would normally do. The simulation model can then access
this file, without the need to canvertit or process the data again.

NOTE: You do not have the option of selecting one data flle type or the other.
The data file format is at present inherent in the simulation model
saurce code. Make sure that the version you have supparts the type of
datafile you wish to use. Adjustment of the file type can be performed by
editing the script file LOADDATA. M.

Shown below is a short extract from LOADDATA.M, iilustrating the
segment that reads data for the town of Jansenville. As shown, the code
segment reads only WK1 format data.

% JVASRY;
DATA = wklread( ' JVASRW’,-3,0};
town = 'dJansenville’; %%

To alter the above code to make it compatibie with ASCI| text data files,
remove the *%" symbol preceding the ASCI| data file name "JVASRW",
Next, insert a"%” symbol in front of the "DATA" statement, thus:

JVASRY:
4 DATA = wklread({ "JVASRW’,-3,0};
town = *Jansenville’; $E%

The above code will nowinterpret ASCIl datafiles only.

You can mix different file tyg+ss and their calls within LOADDATA. You only need
to change those data file calls for which you have only ASCIl data files. For
exampie, if you only had Jansenville's data in ASCil format, you could perform the
change shown above, and then save the file. All weather data other than
Jansenville would be required in WK1 format. If all you files are available in only
ASCII format, then you need to perfarm changes outlined above for every station
listed within LOADDATA.M

You may also wish to incorporate actual recorded locust count data inthe datafile,
In this way it will be possible to plot the recorded numbers on the same axes as ths
simulated results, for a convenient comparison.

ASCITEXT FILE FORMAT SPECIFICATION

NOTE: The fallowing rules apply to the structure of the weather data file.
Deviations from this format will result in failure of the simulation model
to read the data at all, or may result in data being misinterpreted by the
model. In this case there may be no warning that the data is being
processed incorrectly, and the simulation result may be meaningless.

§ 3 MSDOS or compatible ASCI text file (7-bit) with #10 #13 CRI/LF end-
of-line delimitation.
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¥ Data segment width is 40 columns. Although more columns can be
added, they will be ignored unless additional code is written fo take
advantage of these columns,

% Number of lines is unlimited, dependant only on the amount of RAM
available during [oading of the data inte the Matlab workspace.
1 Each line (row) represents data for one day. The data on the

sV sequentline correspands to data applicable ta the following day.

* The data file may commence with a user-specified preamble. This may
contain any information that you would like to incorporate to help
identify the data, or explain its use. Such a preamble might typically
specify the starting date of the data, the ending date, the site for which it
was recorded, and possibly a key explaining the contentof each field.

% Any such non-data preamble must be "commented” by means of a
percent symbol *%" in column 1 of thatline, Any number of commented
lines may precede the data segmenti, but once the dala segment has
begun, no comments may come within the data area,

4 The data segment is start-delimited by tha character string; DATA=E..

* The data segmanit is terminated by the character string: §

% The individual fields of the data segment are delimited by one or more
consecutive SPACE characters {ASCIE#32).

* The end of the data file is marked with the standard EOF marker (*Z).

W Each line may contain the semi-colon character *," in the last column.

The CR/LF sequence is stifl required to indicate the end-of-line. Placing
a ""in the last column of each line will suppress the dispiay of weather
data in the Matlab Command Window when that data is being loaded
into the workspace, Since it must be the last character in & line, no
characters may be placed ta theright of the®,".

% All lines must contain the same number of fislds. No field may be left
empty. Any field within the data block must contain numeric values. If no
data is available for any particular field, that field must be filled with a
dummy number, possibly 899, or 0, or -1, Select a dummy number that
Is easily identified {such as 899) so it wiil not ba confused with real data.

% The |eft-most field in each row must contain a three digit day reference,
or be filled with a series of dummy numerals. No actual weather data
may acoupy the first fieid.
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ASCIIDATA FILE EXAMPLE
Anextract of the first 10 lines of a weather data file is shown below.

% Douglas: Aug-~26,1945, . 0es-3L, 1967

%ID

DATA={...

240
zil
242
243
244
2435

1)

Amx

278
Z10
24
274
278
290

27

¢ Comment line, rote % in first colume.
Amb Amx Sme Rmm 3 s bb 183 <Ba (lp <ip & Additional cotnment line, identifies fields.
& Starfofdata segment identifier
[ B R N [ & First line of deta segment. Flelds are
48 L2E il i x 1] woIloAl: delimited by spuce characters. Each line
35 13 4 o IR IR - B I I capresents data fara single day
LT gal kK ki l 17 0 [
35 145 ¢ 2 50 a2
1R a 50 3%
ten s - o " < Listlne of d.fa segment. Note that end of

data segment is marked by a *J" eharacter,
The EOF end-of-fle marksr s non-
printable, and I3 net normafly displayed.

ASCIIDATAFILE FIELD SPECIFICATION

The data file is required to be not less than 40 columns wide. Additional columns
may exist, but they will not be processed by the interpreter.

NOTE:

Columnis)

1,2,3

58,7

g9,10,11

12

13,14,15

16

A zero may precede any numeric value that is recorded to only one or
two significant digits, in order to preserve the visual symmetry of the
fiie.

For example, 5mm of rainfall may be enteredas " 5", i.e., "SPACE
SPACES", or it may be entered as*005", i.e.,"ZERQ ZERQ 5", Either of
theseis acceptable.

Data description

Day Idaniifier. Three digit number denoting the day of the year, January 1* is day
number 001, Decembar 31 is day number 365 (non-leap years) and day number
366 {leap years only).

space character.

Maximum alr * mperature. Three digit number indicating the maximum air
temperature measured in °C for that day. A declmal paint is assumed o lie
betwean column 6 and column £, hence an entry *275" sinterpreted as 27 .5°C. A *-
* in column Sindicates a neyative temperature, below freezing.

space character.

Minimum air femperature. Three digit number indicaing the minimum air
temperature measured in °C, for tha? day. A declmal point Is assumed to lie
batween column 10and calumn 11, hence an entry“95" is Interpreted as 8.5°C. This
valus ean also be entered as *095". A " in column 9 indicates a negative
tamparature, balowfreazing.

space character.

Maximum sofl temperature. Three digit number indicating the fmaximum soll
temperature measured in °C, for that day. A decimal point is assumed to lle
between columin 14 and column 15, hence an entry 275" isintarpreted as 27.5°C. A
“ In columin 13 Indicates a negative temperature, below freezng.

space character.

Appendix E - Technical Reference - Adding your ownweatherdata Page 191

dimactheiwt amapn eswsd 154108



17,18,18

20
21,22,23

24
25,26,26

27
28,28,30

31
32,33,34

35
36,37,38

39
40
41

Minimum sofl temperature. Three digt number indicating the minimum seil
temparature measured in °C, for that day. A dacimal point is assuemed to fie
betwesn calumn 18 and column 19, hance an entry 75" isinterpreted as 7.5°C. A *-
* In columin 17 indicates a negative temperature, below freezing.

space charac'er.

Relnfall. Three digit number Indlcating the rainfall measured in millimstres, for that
day. No decimal paintis ass.umed. Negative numbers are meaningless, and will be
interpreted as zero rainfall.

spece character,

Recorded numbers of adult swarms. Three digit number indicating the number of
adult swarms obsarved on that day. This data is not used by the simulation. Plotting
these data might provide useful comparisons. The format and structurs of this field
is entirely user-speclfied, HOWEVER, the field may notbe left blank. Ifnodata s
available for this field, the columns must be fillad with zeros, or any other numeric
values,

space charactet.

Recarded numbers of hoppar bands. Thres dipit number Indicating the number of
hopper bands observed on that day, Thils data is not used by tha simulation. Plotting
these data might provide usefu) comparisons. The format and structure of this fleld
iz entirely user-spedified, HOWEVER, the field may not be left blank. Ifno data is
availabie far this fisld, the columns must be filled with zeres, or any other numetle
values

space character,

Wind magnltude at 08h00, Three digit nuumber indicating the wind speed magnitide
measured in knots, at GBROO on that day. (one knot= one nautical mile per hour) A
decimal polntis assumed to lie betweean column 33 and column 34, hence an entry
75" is interpreted as 7.5knots. Negative speeds are meaningless buta *-* In
column 32 will be interpreted to mean that the wind direction is opposite to that
specifiedinthe “directlon” field.

Space character.

Wind heading {directiors) at 08h04. Three digit number indicating the wind heading
measurad in decimal degraes at 08H00, for that day. Nadecimal pointis assumed,
Angles are measured relative to true north, In a counter-clockwise direction. A *-" in
column 36 will be Interpreted as a negative angla, which correspends to a positive
angle of the same magnitde but measured In a clockwlse direction. Negative
angles should be avokied, since values larger than 99 cannot be accommodated.
Valid angles fall In the range 0--360° inclusive, Note that the wind heeding Is the
direction from vthich the wind blows, nok the direction to which [t blows. Hehce a
wind heading o: «~ Impliesthe wind Is northarly, or blowing towards the south.

Space character.
Optional semi-coten "™,

Ignared.

LOTUS™ 4.-2-3 FILEFORMAT SPECIFICATION
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NOTE:

z::-

The following rules apply to the structure of the weather data file.
Deviations from this format with result in failure of the simulation model
to read the data at all, or may result in data being misinterpreted by the
model, In this case there may be no warning that the data is being
processed incorrectly, and the simulation result may be meaningless.

Lotus 1-2-3 .wk1 fermat spreadshest file, or compatible

Data segmant width is 10 fields (cells). Although more fields {ceils) can
be added to a row, they will be ignored unless additional code is written
o take advantage of thesefields,

Number of rows |s unlimlted, dependant only on the amount of RAM
avallable during loading of the data into the Matlab workspace.
Automatic row counting is supported.

Each row reprasents data for one day. The data on the subsequent row
corresponds to data applicable to the following day.

The datafile MUST commenca with a 3-row user-specified preamble.
This may contain any information that you would like to incorporate to
help identify the data, or explain its use. Such a preamble might
typicaity specify the starting date of the data, the ending date, the site
for which it was recorded, and possibly a key explaining the content of
eachfield.

These three rows may be left blank, or contain any character strings
youlike.

Once the data s.:,gment has begun, no comnments may ¢ome within the
dataares.

The individual fields of the data segment are delimited by assigning
themto individual cetls of the spreadshest.

All rows must contain the same number of filled cells. No cells - except
the right-hand trailling cells - may be left empty. Any cell within the data
block must contain numeric values. If no data is avallable for any
particular cell, that cell must be filled with a dummy number, possibly
999, or 0, or -1, Selecta dummy number that is easily identified (such as
999) soitwlll not be confused with real data.

The left-most column (first colum) must contain a day reference, or be
filled with a series of dummy numerals. No actual weather data may
accupy column 1.
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LOTUS™ 1.2.3 DATAFILE EXAMPLE
An axtract of the first 10lines of a weather datafile is shown below.

% Douglasi Aug-2f,1985,.Dea=31,1987

&ID Amx Amn

240 275 Lb
241 270 5%
242 278 RO
243 M0 an
244 274 1on
245 290 118

246 270 9R

& Comment line.

Smx Smn Rmm a/3 /b |8a <fa |Ip ~2p ¢ Additional eermment ling, identifies ficlds,
¢ Blanktne-mandatory

ol v e T s N - ¢ First line of dala segment. Flelds are

JA% 125 0 w0 e ka3 tletimited by space characters. Each line

R L I S B VI LR TRV W O represents data for a aingle day

) 120 ) 7l L ] 1 I

J65 145 0 % G B} 8D n

SERCIRG 0 0 00 850 81 140 3-

£ 185 TR 0 g 0 140 1 % Lastline of data sagment..

LCTUS™ 1-2-3 DATAFILE FIELD SPECIFICATION

The data file is required to be not less than 10 (A---J) cells wide. Additional
columns may exist, but they wili not be processed by the interpreter,

Column({s)
A

Data tlescription

Day ldenflfier, Three digt number dencting tha day af the year. January 1" Is day
number 801, December 31" is day number 365 (non-leap years) and day number
366 (leapyearsanly).

Maximum alr temperature. Three digit number Indicating the maximum air
temperature measured In “C, for thatday, A decimal pointis assumed ta precede
the last digit hence an entry*275" is interpreted as 27.5°C. A “-" Indicates a negative
iemperature, below freezing,

Micimum alr temperatura. Thrae digit number indicating tha minimum alr
temperature measured [n °C, for that day. A decimal polntis assumed to preceda
the lest digit, hence an entry “95” is interpreted as 9.5°C. This value can also be
entered as 095", A "-"indicates a negative temperature, belowfreezing.

Maximum eoll temperature. Three digit number Indicating the madmum soil
temperature measured [n °C, for thatday. A decimal pointis assumed to precede
the lastdigit, hence an entry 275" isinterpreted as 27.5°C, A "-"indlcates a negative
temperature, below freezing.

Minimum soll temperature. Three digit number indicating the minimum soll
temperature measurad in °C, for thatday. A decimal polntis assumed to precede
the lastdiglt, hence an entry “75" is interpreted as 7.5°C. A °-" Indlcates a negative
temnperature, balow freezing.

Rainfall, Three digit number Indicating the ralnfall measured in milllmeteas, for that
day, No decimal paintls assumed. Negative numbers are meaningiess, and will ba
intarpreted as zero rainfall.

Recorded numbers of adult swarms, Three digit number Indicating the nurmber of
adult swarms observed on that day. This data is not used by the simulation. Plotting
these data might provide useful comparisons. The format and structure of this field
is entiraly usar-specified, HOWEVER, the field may nof be left blank. Ifnadata is
available for this fleld, the columns must ba filled with zetos, or any other numetic
values.
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H Recorded numbers of hopper bands. Three digit number indicating the number of
hopper bands observed on that day. This data is not used by the simulation. Plotting
these data might provide useful comparisans. The format and structure of this fiald
is entirely user-spacified, HOWEVER, the field may not be left blank, Ifnodata is
avaliable for this field, the columns must be fitled with zaros, or any other numerlc
values

| Wind magnitude at 08h30. Three digit number ndicating the wind speed magnitude
measured In knots, at 08h00 on thetday, (one knot = one nautical mile per hour) A
decimal pointls assumed to precesi.. the lastdigit, hence an entry "75° s interprated
as 7.5knots. Negafive speeds are 'neaningless buta "-" will ba interpreted to mean
thattha wind direction Is opposite to that spacified inthe “direction” field.

J Wind heading {(dlrection) at 08h00. Three digit numb =+ * #-uting the wind heading
measured In decimal degrees at 08h0D, for that day. No deainal polntls assumed.
Angles are measured relative to true narth, in a counter-clockwise directian. A "-°
will be interpreted as a negative angle, which corresponds to a posltive angle ofthe
same magnitude but measurad in a clockwise diraction. Negative angles should be
avolded, since values larger than 28 cannot be accommodated. Valld angles fallin
the range 0--380° inclusive. Note that the wind heading .5 tha direction from
which the wind blows, notthe direction towhich It blows, Hence awind heading of
0°implies thewindis northarly, or biowing towards the south.

Ko Ignared,

ADDING A NEW, PREVIOUSLY UNRECOGNISED STATION

You need to create a weather data file containing appropriate data for the new
waather station. This Is most easily achieved using a spreadshiaet application
such as Lotus 1-2-3, or QuattroPro, or a database applicatlon such as D-Base.

The simulation model can directly read the spreadsheet or Dbasa file. If you want
to use the ASCI| data file format, it is necessary to export the data from the
spreadsheet to an ASCII text file. Most spreadsheets allow this through the print-
to-file option. You may need to spacify that your printer Is a "generic’ or "text only*
printer {(even it your aciual printer is not either of thesel). Consult your
spreadsheet manuals if you need help on generating ASCI| text file output.

HINT: In order to get started, you might prefer to use an existing data file,
which you simply copy and rename. In this way you will have a useable
data file - with an appropriate name - although the data it contains will
be inappropriate for the new site. Afterwards, once you are sure you
have mastered the process of adding new sites to the simutation model,
you can dalete this file and replace it with appropriate data,

NOTE: Do nottry to edit the Matlab script files joaddata.m, got_a.m, etc. while
a simulation 1s running. To avold getting a "Sharing Violation On Drive
N:" srror, you should clase down Matlab entirely before trying to edit
any scriptfiles.

STEP-BY-STEP EXAMPLE
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lllustration of adding a new station is best done by way of example.
Suppose you wish to add a new weather station, situated at Richmond,

1)

2)

3)

4)

You need the latitude (south of the equator) and longitude (east of
Greenwich) co-ordinates of the location, These are given as 31°25'S
23°56'E. Be careful to note whether your co-ordinate data is given In
decimal-degrees, or degrees-minutes-seconds. The above data is
supplied in DMS format, and needs to be converted to decimal degrees,
which will be denoted with a subscript 10 {,q) to avoid confusion. Most
scientific calculators {look for a ">DEG" key) can do thls conversion
with a few simple keysirckes, Alternatively, Windows' GCalculator
application can do this using the INV DMS function. Calculator can be
found under the Accessories program group of any standard
Windows set-up.

31°25' > INVDMS » 31. 4166,,°

23°66' - INVDMS = 23. 9333¢°

Choose an unambiguous station code for the new town or station. You
cannot use a code that is already in use. The code is limited {o twe
lowercase characters, one of which may be a blank space, or a
numeral. Punctuation marks and extended ASCI| characters are not
valid. Let us use “rm® as the code for Richmond.

Create a weather data file for the town of Richmond: cali the {ile
rmasrw.m. or rmasrw.wi1, depending on the file type. If you have no
data as yet, and wish to use any data as part of an experimental trial,
you can copy one of the existing data files and use the copy. Remember
that the data will ba completely unrealistic, To create such a trial data
file, Issue the following command at the DOS command prompt. copy
dgasrw.* rmasrw,* .. Oruse Windows Filamanager to copy afile.
This creates a file rmasrw.m (or rmasrw.wk?) that is identical to
dgasrw.m (rmasrw.wk 1) except for the name. We can imagine that the
datainthe newfile applies to Rlchmond.

Use a text editor to open the Matlab script file named loaddlg.m.
Locate the line beginning with the instruction "textstring =" shown
below;

textstring =
'Douglas|G-Reinett|Middelburg|Pofadder’;

More names may exlst than are shown in the above example. Edit this
line ta Incorporate the name of the new station, thus:

textstiring =
'Oouglas|G-Reinet|Middelburg|Pofadder|Richmond’;

Make sure thatthe new name is added at the end of the list Do not alter
the order of existing names. Do not change the punctuation. Use a pipa
“|" symbol {the same keyboard key as the backwards slash "\" ) 1o
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5)

6)

separate the new station name from the others in the list. You can use
any name or nickname you want for the new station. "Rmond" or
"Rehmind” would have been equally acceptable.

Take note of the number of names preceding the new name. This
number is needed later on. In the above example, there are FOUR
names preceding Richmond, so Richmond is the FIFTH name in the
list.

Locate the section in got_a.m that contains the instructions:

elseif val == "number’
val = ’'code’

After the fast of these instruction blocks just prior to the “end” statement,
add these three lines:

glseif val == '5"
val = 'rm’;

Your got_a.m file will now lock something like this:

val = get(hpop, 'Value'):
if wval==1

val = "dg’
elseif val == 2

vat = "gr’;
glseif val == 3

val = "'mb";
elseif val ==4

val = 'pa’;
elseif val ==

vat="'rm';
end
close(fignum);
clear fignum;
clear hpop Digname;

Notice that the twa character code for Richmond "rm” that was chosen
sarlier has been used in the val = statement. Also, remember that
Richmond was fifth in the list of station names? Hence it has besn
comparedtoSintheelself val ==statement.

Locate the section on loadata.m that contains the instructions:

elseif aa == 'code’
filename;
DATA =wklread( Filenama’,-3,0);
town = "fownname’; 2%% any useful comments %%%
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Add a section to read;

7)
9)
10)

11)

12)

13)
14)

elseif aa=="m’
rmasrw;
DATA =wklread(’' rmasry’,-3,0);
town = 'Richmond’ ; 2%%% a new file $%%

Save the changesto loadata.m
Save the changestogot_a.m

Use your text editor to open the script file locate.m
Find the section containing the listings of latitude: and longitude;

douglas =[29.07 23.75];
graaffreinet = [32.25 24.53];
middelburg =[31.48 25,03)];
pofadder =[29.1319.38];

To this section, add the |atitude and longitude ce-ordinates, measured
indecimal degrees.

Latitude - south of the equator is specified first, followed by longitude -
east of Greenwich .

Add the line:

richmond = [31.42 23.937;

using one space between the co-ordinate pair, and a period *.” as a
decimat point,

Find the section in locate.m with the Instructions:

elseif aa == 'code’
aa = stationname;

To this ssotion, add the following two lines:

elseif aa == "rm’
a2a = richmond;

Repeat modifications outlined in (12) above, for the section containing the
instructions:

elseif bb == "code’
bb = statfonname;

adding the following two lInes;

elself bb == "rm’
bb = richmond;

Save thechangestolocate.m

Restart Matlab and checkif you can select the new station from the menus
without any errors accurring.
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NOTE: Be careful to follow the punctuation shown in the example.
Make sure the case of your variables and town names matched that of
the names in the example. Most errors - if they ocour - are likely to be
caused by punctuation errors and using the wrong case. An identifier
such as “Richmond" is not interchangeable with "richmond”!
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AppendixF Pecisionrules-quickreference
GENERAL FORMAT OF THIS SECTION

Each saction in this appendix Is assoclated with & Matlab function, Matlab functions are contained in
Mfiles {similarto script filas). Each .M file contalns program code for a single function , and the name
of the M flie is suggestive of the funclion name. For example, the function NONDIAPAUSE is
containedin afile name NONDJAP.M

A Matlab function Is called by each kfecycle stage In the block diagram. That function makes
decisions as to whether individuals or eggs may proceed to the next lifecycle stage or not, For
example, considerng the lifecycle stage Non Diapause, the function NONDIAPAUSE makes
declsions as to whether sggs at the non-diapause stage ofthe lifecycle may procesd to subsequent
stages, or remainin non-diapause, ordie,

NOTE: “iff"is anacronymfor'ifand onlyif'.

Each rute outline has the following format;

FUNCTION (JAME (I idenlifier used by the Simulink block diegram o cafl {his funclion}

fitenams : DOS nome of disk e contoining program cade lor Lhis lunclion,

ingut : local variokle indicaling how many individuals enler Ihis #{ecycle slage.
pargmeters o user-adjuslable parameters effecling (he condilions on which decisions are made.

s Deseriplions of M deision sk Tollow eack billed,

RULES FOR TRANSITIONS BETWEEN LIFECYCLE STAGES

NOMDIAPALISE
lil=name T onnndiap.m
gt ¢ pumberltid © sum af |34 non - digpause eggs
paramstees o MDbeeeahald : required ' days loinduce katching
cabilrepsisafer o raquired consecutive wel days
cimaedrydaes o odsalh aftar conseculive dry doys i passed catairepsis
waterlagge iafter © death afar conceculive raining days
quiescentdfty o orequired tenseoylive dry days
ferfiity o aealing *3ofor of outpa!
predation : proporlion surviving

W Eqqs hleh afler oz cumeiating I Rresholi degeee days, ff they have passed catatepsis.
% Lggs dis il they endote "aaterdpgedafior ¢ ongeculive rining days.

fr Egs progress b satatrepsis if they sxpenier 2 “valatrepsizafller cons=outhe wet Jays,

A Colalrspsis eqqs & if Vrey eaperience more ‘han catmmedrydaye” consecutize dry days.
st Eags progress te GUIESCENTY 7 they are st Tn NONDIAPAUSE ahter “quisscentafler days.
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DAPAUSE

fitanome : diapause.m
input : numberlrid : sum of laid diapause eqgs
parometers  : nuradaysdiap : max. alowad doys in DAPAUSE
¢ qltodtralio o propartion ¢f dey-Tnid egqs qoing to GUIESCENTI

¥ Eqqs feave DIRPAUSE ofler "numdaysdiop’,

¥ Lygs faid on a dry day proqress lo DIRPAUST | and QUIESCENTI.

% ¢ fraclion "g!ted1ratio’ of Ihose eqys qo lo QUIESCENTT, {1-"q1tod1:atio"} qo to DIAPAUSEL,
#r Eggs laid an o wel duy progress fo DIAPAUSEZ.

DiAPAYSET

filengme ; digpausim

inpu! : numifromd © eqgas from DIAPAYSE

parameters o moxdrydays : mavintum dry days belore dealh i caused
: maxwetdays . may, consecylive wel doys belore

progressing Te TURGID2 /DIAPRUSE 2

: maxdaysdi : max, diys in DIRPAUSEY before deth orcurs
1 Healpalratio o TURDA(IAPAUISEZ outprt split ratiz

# Eqgs die il ey remain in DIAPRUSEY longer than ‘maxdoysd!”,

vr Eqgs die i they experience more |hon "maxArydays’

# Eggs evperiencing mere than 'maxwetdays’ wet days progress to TURGIDZ and/or DIAPALISE 2.

*r Eggs leaving to TURGIDZ and for DIRPAUSEZ are split in he rolio TURGIDZ:DIAPAUSED = Ll oupulratio,

DIAPAUISE 2

llerame . diapaus2.m

nput topurberfromd!  : e s from DIAPAUSE
orumbetfromd  eqggs rom DIAPAUSE

parametars  ; numdoysd? ¢ maw dags dllowed in DIAPALSE?

e L4z progress to TURGIN? ar lo GUESCENTZ afler experiencing more than rumdaysdZ” in DIAPAUSE?.
# Egis progress ta TURGID? f i is wet on the 4y of maluring {loday).
# [gqs progress bo QUIESCENTZ if it bs dry on th.e day of maturing {today).

QUIESCENTI
{ilkname T guiesnllm
input . nymberfromnd  © eqga o NONDIAPAUSE
o numberlromd ¢ gqs [ror DIAPAUSE
parameters @ dehydrale : max, dry days belore death results
1 masdaysgl i max, days allowed in QUIESCENT!
 manetdaysll o consecutive wel days (or eqys to proceed lo TURGIDY

W Eqgs experiencing more than ‘mardaysg!’ i+ QUESCENTT die,
¥ Eqgs experiencing more lhan ‘mavdrydays’ <onsecutive dry days in QUIESCENTI due.
7 Eqgs experiencing ‘maxwsldayst]’ or mote consecutive wel days procesd to TURGID!.
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QUIESCENT2

lHename : quiesmlZ.m

input : numberirom!2
: numberiromi
. numberfromd?

paremeters  © dehydrale
: movweldaysl?
: tnaxdaysq?

. eqqgs from TURGID?

2 eqqs from TUREIDT

T eqys Tram DIAPAUSE?

. max, dry days before deathre o

: max, wet days for eqqs to procead Lo TURGIDZ
: max. days allowed in QUIESCENT?

# [qs experiencing more than ‘moxdaysa?” in QIMESCENT? die.
% Eqgs experiencing more than "maedrydays’ congecutive dry days in QUIESCENT? die,
# Egys experiencing 'maxweldayst?” or mere consesulive wet days pracesd to TURGID?,

TURGIDY
filangme s lurgidim
input : numberfromg!

: rumberfromd!
porgmelers  : DDthreshold

. cotatrepsisniier

o calmoxdrydays

2 waterloggedafler

¢ quicscentaller

: fertifily

o predolion

o egys from QUIESCENTY

o eqqs from DIAPAUSE

ttdays that eqqs must experience Lo halch

: eonsecutive wel days required Lo regeh calalrepsis

1 rensecutive dry dayr -equired Tor calafrepsis eqgs o die
. conseculive wet days required to cause death

: mes, dry days allowed in JURGDY, forced {o next stoge

o 1 cafing factor for cutpul

o sunvival tale

7 Catatrepsis eggs thal accumulote mers than "B0threskold” ~days praceed lo haich.
# Halehlings are modifisg by scating Jactors ‘pradation” ang “infertility’,

¥ £qgs experiencing more Ihan waferlsggadafter’ conzeculive rainy days die,

% g0s experiencing ‘catalrepsisaller’ fonsecutive wel days procesd lo calgtrepsis,
#r Catatrepsis egqs experiencing mare than ‘catmawdrydays’ consecilive dry davs die.
¥e Egq3 siill i TURGIDT fonger thar "quisscentatter’ days proceed fa QUIESCEN2.

THRGIDZ
filenams ¢ turgidZm
npyt . nuraberfromg?

U numbetfromd?
pargmelers . UMhreshold

: cotalrepsisofier

: calmixdrydeys

: wuterioggedafter

: quissrentafter

o Aertility

1 predalion

o e frem QUIESCENTD

¢ eqqs fram DIAPAUSE2

t oy kgl eggs must experience ts haleh

o conseeutive wet days required to reach cotatrepsis

; consecuitve dry days requited for catalrepsis 2qqs lo die
o conserutya wet days required to cause dealh

: max. dry days allowed in TURGIDZ, forced lo next stage

o sealing faelor for outpul

D osutvival rate

# Calalrepsis eggs that accumulate mora Ihar DDthreshold” *days preceed to hatck,
#r Halchiings are modified by sealing factars ‘veadation” ond Tinlertifly’,

# Fags experiencing more than ‘waterlogqedafter” consecutive rainy days die,

# Lggs experiencing ‘catatrepsisaiier’ consecutive wel days proceed to catalrepsis,
¥ Calolrepsis eqys experiencing more than "catmaxdrydays” conseculive dry doys die.
¥ Egga st in TURGID? longer than ‘quiescentafter’ days proceed to QUIESCENTZ,
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INSTARS

filename : ‘relgrs.m
inpul : numberhatching  : halchlings from TURGIDY & TURGIDZ & HONDIAPAUSE
parameters  : DDthreshoid : “doys Lhat hatchiings mus! experience 10 advance 1o maturing
adulls
T survivgl : survival rgte

¥ Halchlings that sccumutale more than ‘DDthresiiold” * days procesd ti reat slige,
% Holehlings are modifiad by scaling factor 'survivar’,

MATURIAGADULT

filename © malad.m .

inpul i numbermoulting vaung adults from INSTARS

porameters  ; DDthreshold : "days that moturing odulls must eperence to advance to adulls
: suryivel : survival rate
1 gexratia 1 praporfion of adulls that are femais

# Maturing adulls that accumuiats mare than ‘DDbrestiont” *days proces: b next slage,
# Maturing adulls leaving are modified by scafing factor ‘survival’.
# Surviving maturing adulls are spit inte lemale:male in the ralio "sexratin'{1-"sexratie’}.

ADULTMALES
(Hename : adilmale,m
input ; numiremmalodm ;o male o He lrom MATURINGADULT

parameters  © gdulimaielifespan © max, doys in ADHLTHALES belnre detr

¢ Adult males die aiter experiancing "adullmalelifespan’ days in ADGLTMALE',
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(AT

filename ¢ loylm

inpul ¢ onamirommatadt o Temale adults [rom MATURINGADULT
paramelers  : phaseratio : proportion of greqarious:selitory females
i luinterval : maximum days in LAY!
L oslrviyaf o praporlion of sivvivors

D ogregaendigpestio : proportian of non—ding wse egqs {cf ., diapause eqgs} from
graqarious

females
1 soldigprglio o praportion of dinpguse eqgs {ol. non-diapause equs] from
salilary
{emates
soegespergeagpecket s anmber o eggs in packets iaid by grogonions lemales
Doeguspersolpackel onumber of aqgs per prcket baid by colilary females
¢ fhyhilemplhreshold @ minimum lemperature o et lighl
. minflighlage o number of days in this laying staqe before which flighl cannpl
oceur

 Ench solilary f2mals 1ays one eqy packs! upon entering this stage,

¥ Lach greqarious female ays one eqy packe! upan cnlering 1+ siage,

# Digpause eqqs are lallied,

% Non-diapause sqqs are tallied,

# Females procesd to n2xt laying stuge after remaining in LAT [or “laginterval' doys.
v Proceeding female numbers modified by survival’ factar,

LAYZ
Tiename :aytm
inpui ©omgtegframingt o gregasions femabe gdidls from LAY
©onnmelitemlayt 0 qreqarions temale adulis fram {AYT
paramelers layinderal o msimung duys ie LAY
D OSHFuiT o oproportian of suriivers
Dogregne diapratia o propartion of non-dianause sy {of, diapause egge) drom
gregifions,
fenales;
¢ sekliapratie Copropettior of digpace eggs (ol nan-dinpauge egqs] from
solilary

ferles
©oegdapergragpackel s omimber of eggsn prckels laid by qregancu- {emales

eapsperslpitchel 1 rumber ol ey per o ket laid by solitary lemales
: llighttempinesshald  : reitimum demperatir= 2 endbl flight
o nunfhgnings o onumsher oy in Vi Laying stage before which (ight caniol
BreUr

vt Lanh sohigry famale 'ays one egy packet upen enterng his stage.

7r Euch gregarious femuale 11ys ans g packel upan enlering tnis sluge,

¥ Diapause eqqs are talled,

o Non-digpause eqqe e talied,

¥ Femules proceed Lo rat kiying stpge after rovining in LA72 for "y berval’ doys.
¥ Proceeding female pumbers madified Ly ‘mort. | foctor,
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LAY3

filzrome tigydm

input o numgreqfromiay? © greqarious female gdults from LAY2
. nurnsolfromlay?  : gregarious femgie adults from LAT2
paramelers layinterval T omanimum days in LAY3
L Suryivil 1 proporiian of survivors

o qreqnendiapratic : proportion s non-diapause eqqs {ef., diapause eqqs} from
Jrequrious
females

: soldigpratio : propertion of diapause eqqs [of. non-dispause eggs) from

solilary

females

o enqspergreapicket ; numbor ol mqqs in packets hiid by gregarions femules

T eggspersolpackel ¢ number of eggs per packet faid by solitary females

¢ lighttempthreshald | minimum femperature to enable fight

: millightage o rumbet of Jays in this laying stage before whick flight cannot
ureut

" Fach soltary lemale Inys one egiy packs! upon sntering bhis slage,

¥ Each greqarious termale lays one egq packel upan enlering this slage,

o Dligpduse eyggs are o,

% Non-dinpause eqgs ore laflied.

¥ Females procead b nexd laying stage alfer remetining in LAYS (or “lagisterval duys.
* Proceeding female sumbers modified by ‘survizal’ faclor,

LAY4
fename T hydm
inpul + oumagraghromlayl o gregaerious female adults from LAT3
conumseliromlay! o areqarious Temale adoits Trom LAY
paramelers lilespan oomgamun diys in (AYS
© gregrongiopratio © proporiivs of nan—digpouse egys {cf., dinpause eqgs) from
tegirions femples
: subdinpratio s opropartion of diapauss egys {c. non-diggsuse eggs) from
sofitary
fernaiag

o eqgapergregpacke! s ramber of sggs in pack sts laid by qregarions lemales

o oeqaspersalpivhet o number of cips per puckel laid by sofilary females

o fhghttemplhreshsld Cminimur lemparglurs b enahle Might

¢ minflighlage © mumber of days in This liying stage before which flight cannat
ureur

# Each solitary femate 1oys one 4 packel upon snlerinyg this stage,

2 Each gregarions temale fays ene e3q packel upon endering ths slage.
o Diopause egys are talfin,

#r Non~digpause eqgs are fallied,

¥ Femaley die afler remaining in LA for “lnvinterval days,
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RULES FOR MIGRATION BETWEEN NODES

ATOB

filename
input

pargmeters

: alob.m

: lay? o insecls gt LAY] developmental slage tesving stalion &
2 loyd o insects at LAY? developmental sloge lzaving stotion &
o lnyd o nsects at LAYS developmental stage leaving shalinn A
s layd : nsecls at LAY4 developmental slage lzoving stalion A

# Each gwarm (comprising individuals fram LAY T LAY individuals) is scated by 3 numerical factor
derived trom WINBINDEX column 7, cesresponding to CURRENTDAY's wind data.

BIOA

filename
input

pargmeters

: bloam

: lay! i inserls ¢! LAY! developmental slage leaving station B
:lay? : ingecls ot LAYD devefopmental stage Teaving slelion B
: loyd o ingects af LAYS developmertsl slage lzaving station B
o Iyl © insects at LAYY developmental slage leaving station B

Y Each swarm [comprising individuals from LAY1.. LAY4 individuals) is seoled by o numericat foctor
derived from WINDINDEX column &, corresronding to CURRENTDAY's wind date.
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AppendixG Population variables ~quick reference

GLOBAL AND LOCAL VARIABLES

A variable is a named entity that may take on a numeric value, For example, the
simulation model references a variabie called CURRENTDAY. CURRENTDAY
may take on an integer value anywhsare in the range “0" to positive infinity, the
value representing the number of days that have elapsed since the simutation
began. Not all varlables are confined to be positive, or Integers, Neither are they
confined to be scalar types; they may represent two-dimensional arrays of
numbers,

There exist global variables and local variables. Global variahles are available to
be read and modified by all the functions used in the simulation model. Local
variables are only visible to those functions in which they are defined. Functions
cannot read or madify the local variables of any other function. CURRENTDAY is
aglobal variable.

There is no need for the user to be familiar with the local variables.

All population variables are global variables. Thisis necessary in order that the se
variables be available to other functions such as the plotting routines,

GENERAL STRUCTUREOF POPULATION VARIABLES

In any variable, the width {numbaer of columns) of the array is representative of the
number of days that any group of individuals has been In that stage of
development. Groups of Individuals become progressively olderfrom lefi-to-right.

New Individuals entering any stage are always entered into column 1 {left most
column), the existing columns ali being shifted to the right by one. The existing
individuals in a stage are advanced one column to the right each day regardless
of whether any individuals are entering that stage ornot. Inthe iatter case, column
1 isfllled with zeros for that day.

individuals that have experienced sufficiently long durations of nuecessary
conditions to advance to the next stage of development are deleted from the right-
hand-side of the array. Trailing zeros on the right-hand-side of any array are
always truncated.

The precise number of individuals that have been in any stage for j days wili be
found in the /" column of that array. Numbers of individuals are stored as floating-
point reals; fractions of an individual or of an egg are thus allowed.
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POPULATION VARIABLES

NONDIAPAUSE

A 3xn matrix
11 1,2 1,3 1,4 1n
2.1 2,2 2,3 2.4 2,n
31 3,2 3,3 34 in

Entries In the j* column have been in NONDIAPAUSE forf days.

{1,j}= quantity ofeggs that have been in NONDIAPAUBE for] days.
{2,}])=accumulated degree~-daystoregys In NONDIAPAUSE forj days,
{3.)=10r0,}=0iff eggs have reached catatrepsis on dayj,

DIAPAUSE

A 2xn matrix
1,1 1,2 1,3 1,4 1,n
2.1 2,2 23 24 2n

Entries in the  column have been in DIAPAUSE forjdays.
{1,])= quantity of eggs laid {n wet conditions, in DIAPAUSE forj days.
{2,}) = quantity of eggs laid in dry conditions, in DIAPAUSE for] days.

DIAPAUSE1
A 1xnmatrix

1,1 1,2 1,3 1,4 1,n

Entries in the /" column have heen in DIAPAUSE1 forj days.
{1,j) = quantity of eggs that have been in DIAPAUSE forj days.

DIAPAUSE2
A 1xnmatrix

1,1 1,2 1,3 1,4 1,n

Entries in the ' column have been In DIAPAUSE2 forf days.
{1,})=quantity of eggs that have been in DIAPAUSE2forj days.

QUIESCENT1
A Txn matrix

1.1 1,2 1,3 14 1,h

Entries inthe f* column have baen in QUIESCENT1 for f days.
(1,])= quantity of eggs that have been in QUIESCENT forj days.
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QUIESCENT2
A 1xn matrix

1,1 1,2 1,3 1.4 1,n

Entrfes in the f* column have been in QUIESCENT 2 for/ days.
{1.J}=quantity of eggs thathave been in QUIESCENTZ for] days.

TURGID

A 3xn matrix
1,1 1,2 1,3 1.4 1,n
2,1 2,2 2,3 24 2n
341 3,2 33 3.4 3n

Entries in the j" column have baeh in TURGIDA forf days.

{10} = quantity of eggs that have been in TURGIDA forj days.
{2,j}= acceumulated degrea-days for eggs in TURGID1 for] days.
{3,J}=1o0r0, j=0iff eggs have reached catatrepsis on dayj.

TURGID2

A 3xn matrix
1,1 1,2 1,3 1.4 1,n
21 2,2 2,3 2.4 . 2.n
3,1 3,2 3,3 34 an

Entries in the * column have been in TURGIL2 forjdays.
{1.I}=quantity of eggs that have been In TURGID2 for] days,
{2,j)= accumulated degree-days foreggs in TURGID2 for] days.
{(3.])= 1 or D, j=0iff eggs have reached catatrepsis on day|.

INSTARS
A 2xn matrix

1,1 1,2 13 14 1,n
21 2,2 2,3 24 2n

Entries inthe ™ column have been In INSTARS forjdays.
{1,i) = quantity of hoppers that have been in INSTARS forj days.
{2,]) = accumulated degree-days forhoppersin INSTARS forj days.
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MATURINGADULT

A 2xnmatrix
1,1 1,2 1,3 1,4 1,n
21 2.2 2,3 24 2,n

Entries in the /" column have been in MATURINGADULT forj days,
{1,j) = quantity of insects that have been in MATURINGADULT forj days.
(2,]) = accumulated degree-days for insects in MATURINGADULT forj days.

ADULTMALES
B 1xnraatrix

1.1 1,2 13 1,4 . 1,n

Entries in the f* column have been in ADULTMALES for/days.
{1,])= quantity of adult males that have been in ADULTMALES forj days,

LAY

A 2xn matrix
11 1,2 1,3 14 1,0
21 2,2 23 2,4 2n

Entries in the ® column have beenin LAY forjdays.
(1,5} = quantity of gregarious famalas that have baen in LAY forj days.
{2,])= quantity of solitary females that have been in LAY1 for] days.

LAYZ2

A 2xn matrix
1.1 1,2 1,3 1,4 1,n
21 2,2 23 2,4 2n

Entrles inthe* column have been in LAY2forjdays.
{14} = quantity of gregarious females that have heenin LAY2 forj days.
{2.J)= quantity of solitary females that have been in LAY1 for] days.

LAY3

A Zxn matrix
1,1 1,2 1,3 1,4 1,n
21 2,2 23 24 Zn

Entries in the f* column have been in LAY 3 forfdays.
{1.,J}= quantity of gregarious females thathave been inLAY3 forj days.
{2,j)= quantity of solitary females that have been in LAY3 forj days.
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LAY4

A 2xnmatrix
11 1,2 1,3 1.4 in
2.1 2,2 2,3 24 2n

Entries in the j* column have been in LAY4 forf days.
{1,J) = quanfity of gregarious females that have been in LAY4 forj days.
{2,j) = quantity of solitary females that have been in LAY4 forj days.

Appendix G « Technlcal Reference - Summary of population varlables Page 211
d\macthand_invepp, g wad- 131108



AppendixH Lifecycle model and simulation parameters in use

NOTE:

NOTE:

&

during test simulations.

These parameters will be better understood if referred to in conjunction
with the decision rules.

Remember to save your changes if you want new values to be available
during subsequent sessions,

The parameter names lIsted befow, as used in the block diagram are similar to, but not
absolutely Identical to the coresponding seurce code varlabla names. The source code
variable names are those listed in the section desecribing the decision rules. The block
diagram variable names are completely arbitrary - the slmulation never actually reads
these names, they are there only for ease of understanding by the user, These block
diagram variable names may be aftered at will, but you should not rename them to
something totally unrelated {a the source code variafle singes {twlll then be difficult to keep
track of theirfunclion.

USER-ADJUSTABLE LIFECYCLE PARAMETERS THAT CAN BE ACCESSED

FROM THE BLOCK DIAGRAM

PARENT PARAMETER DESCRIPTION

BLOCK IDENTIFIER [recommended valua(s} shown in square
brackets]

adultmales adultmalelifespan number of days a mature male insect exlsts before
belng deleted from the population record. [40]

combine (nons)

demux {none)

diapause numdaysdiap number of days that eggs remain In diapause before
prograssing to dinpause1 or qulescentd. [12]

q1tod1 ratic praportian of Individuals Jeaving diapause thatwill go to

quiescentt Instead of diapauset. [0.95]

diapause 1 maxdrydays maxtmum number of consecutive dry days that eggs

ean experience before being delsted from population
record, [300]

maxdaysd] maximum number of days that eggs cen remaln in
dlapausa1. Eggs not prograssing fo subsequent stages
after "max days In diap1" days will be deleted from the
poputafion record. [1085)

maxwetday. maximum nutmber of consecuive wet days eggs may
experence baefore progressing to one of turgld! or
diapause2. {2}

ttoutputratio proportion of hydrated eggs that progress to turgid1,
The complement progresses ta diapause2. {0.5]

diapause2 numdaysd2 numnber of days that eggs remain in dlapause2 before

eggsum

progressing toturgld2 orquiescent2. [45]

{nona)
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nstars

lay1 {only}

lay1 ~ lay4

lay 4 (only)

maturing adult

memory
mux

nondiapalse
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DDthreshold

sunvival

phaseratio

layinterval

survivalrate

gregnondiapaussraflo

soldiapauseratlo

gregeggsnerpacket
soleggsperpacket
fllght tempthreshold

min flightage
[ifespan
BDThreshold

survival

saxratio

{none)

{nona)
DDThresheld
catatrepsis after

waterlogged after

quiescentafter
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requlred accumulated degree-days for hoppars to
progresstothe subsequentstage. [8]

proportion of hoppers that progress to subseguent
stage. The compirs - :antIs deleted from the population
recerd. 10.5]

pr; .rlion of laying females that are gregarlous. The
complementis solitary, [0.5]

number of days that individuals remain in any laying
stage before proceeding to the subsequentstage. [7]

proporiion of adult females that progress to subsequent
stage. The complement is deleted from the population
record. [0.5]

proporiion of non-diapause egps laid by gregarious
famales. The complementis diapause eggs. [0.5]

proporfion of diapause eggs lald by solltary famales.
The complementis non-tiapause eggs. [0.5]

numberof eggs pergraegarious egg packet. 145}
numbar of sggs per solitary egg packet. [80]

temperature betow which migratory flight is inhibited.
[20]

number of days that laying female has {o have been In
any layin,, stage bafore migratory flightis allowed. [3]

number of days a lay4 stage female remains In layd
bafore belng deleted from the population record. [7]

necessary accumulated degree-days far a maturing
adultto progresstosubsequentstage. [80]

proportlon of maturing adults that progress to
subsequent stage. The complementis deleted from the
population record. [0.5}

proparfon  of indlviduals that is female. Tt
complementismale. [0.5]

required accumulated degree-days for dlapause eggs
to proceed to subsequent stage, If and only it they have
passed catatrepsk', {30}

required consecutive wet days for eggs fo reach
catatrepsls stage of development. [3]

requlred consacutive wet daysto cause death. Eggs are
deleted from the population record. [16]

required consecutive dry days for eggs to progress to
quisscentstage.{12]
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qulescent 1

gulescent2

furgld 1

turgid 2
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catmaxdry days

fortility

predator survival

dehydrate

maxdaysqt

maxwetdayst1

dehydrate

maxdaysq2

maxwetdaysi2
PDOThresheld
catatrepsisafter

catmaxdiydays

walerloggedafier

quiescentafter

ferit

pradator survival

DDThresheld
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required cohsecutive dry days for catatrepsis eggsto be
deleted from population record. [21]

proportioh of eggs that are allowed to hatch. The
complement Is deleted from the populaticn recard.

.78

proportion of eggs that are allowed to progress to
subsequent stages. Tha complement is deleted from
the population record, (0,75}

number of conseculive diy days that eggs may
axperience bofore belng deleted from the populatlon
record, [300}

number of consecutive days that eggs may remain in
guiescent! before being deleted from population
tecord, [1095)

number of consegutive wet days that will eause eggs to
progress taturgid1, [2]

number of consecufive dry days that eggs may
experianca bofare being deleted from the papulation
record. [300j

number of consecutive days that eggs may remaln In
qulescent! before belng deleted from popuiation
record. [1095]

number of consecutive wet days that will cause eggs to
progresstoturgidt. [2]

number of accumnulated degrae days necesszty for
catatrepsis eggs to hatch. {45}

number of consecutiva wet days necessary for eggs to
pass catatrepsis stage of development. [3]

number of consecutive dry days catatrepsls eggs may
experience bafore being daleted frum the population
racord. [3]

number of consecutive wet days that eggs may
experiance before being delsted from the popuiation
record, [16]

maximum number of days that eggs may remain in
turgid1, Turgidi eggs will proceed to qulescent? after
qulescentaftar days. [40]

ptoportion of eggs that are allowed to hatch, The
complement Is deleted from the population record.
[0.75]

proportion of eggs that are allowed to progress to
subsequent stages. The compiement |s delsted from
the population record, [0.75)

number of accumulated degree days necessary for
catatrapsis aggs to hatch. [30]
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catatrepsisafier

catmaxdrydays

waterloggedafter

gulescentafter

fertllity

predator survval

number of cansecutive wet days necessary for eggs to
pass calatrepsis stage of development. [3]

number of consecutive dry days catatrepsis eggs may
experience before baing deleted from the population
record, [155]

nuimber of consecutive wet days that eggs may
experlence before being deleted from the population
record. 14]

maximum number of days that eggs may remaln in
turgld1. Turgld2 eggs will procead to quisscent2 after
quiescentafter days. {9001

proportion of eggs that are allowed to hatch. The
complement |s delsted from the population record.
[0.75]

proporitlon of eggs that are allowed to progress to
subsequent stages. The complement is dalated from
the popuiatien record. [0.75]

USER-ADJUSTABLE LIFECYCLE PARAMETERS ACCESSIBLE ONLY IN

THE SOURCE CODE FiL.ES

NOTE: The parameteridentifiers (the names of the variables) are case sensitive.
Be careful when you edit these variables that you do not inadvertently
change the spelling of the identifiers.

PARENT PARAMETER
M-FILE IDENTIFIER

les_.m ADULTMALES_
LAY _
LAYZ

LAY3
LAY4_
DIAPALSE_
DIAPAUSE]_

DIAPAUSEZ_

NONDIAPAUSE

TURGID1__

DESCRIPTION
[recommended value{s) shown in square
brackets]

Sets the initial paputation of individuals in this lifecycle
stage forthe site correspondingto® _"

Sets the inftial papulation of individuals in this Iifecycle
stage forthe site correspondingto”_"

Sets the Initial population of lidividuals In this lifecycla
stage forthe site correspondingto®_*

Sets the Initial population of indlviduals In this lifecycle
stage fortha site correspondingto”_"

Sets the inilal papulation of individuals in this lifecycle
stage forthe site corresponding to*_"

Sets the initlal population of Individuals .. this lIfecycle
staga forthe site correspondingto™ "

Sets the Inftial population of individuals In this lifecyde
stage forthe site corresponding to®_"

Sets the initlal poputation of individuals in this lifecycle
stage forthe site corresponding to®_"

Sets the initlal population of iwlividuals in this lifecycle
stage forthe slte corresponding o * _*

Sels the Initial population of Individuals in this lifecycle
stage forthe site correspondingfo*_"
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precalc_.m

windeaic.m

TURGID2_

QUIESCENT1_

QUIESCENTZ2_

INSTARS_

MATURINGADULT_

class2

clags3

classd

class5

lowerthreshold

Tthresh

maxhours

beta

Sels the Initial population of individusls in this lifecyela
stage forthe site carrasponding to*_"

Sets the initial population of individuals in this lifecycle
stageforthe gite correspondingto®_*

Setg the Initial population of individuals in this lifecycle
stage for the site correzgponding to* _*

Sets the inifial population of individuals In this lifecycle
stage forthe site corespondingto” _*

Sets the intlal population of individuals in this lifecycle
stage fortha site corresponding to”_*

defines the upper boundary of this category of rainfall.
Rainfaii betxeen 0" and class2 mmis consldered to be
a rain fall of class 2, Ralnfall = 0mm s assigned to class
1.16)

dafinea the upper boundary of this categary of rainfall.
Rainfali betwesn class? and class3 mm is considered
tobaaraln fall of class 3. [10]

defines the uppet boundary of this category of rainfall.
Rainfall between clasa3 and class4 mm is considered
tobe arainh fall of class 4. [15)

desines the uppet boundary of this category of rainfall,
hainfial between class4 and classS mm Is considered
to be a rain fall of class 5, Ralnfall above classs mm s
asslgnedto class 6, [25]

temperature threshold for development. Degree-day
contribution of any dayis calcwated forall temperature
above lowerthreshoid °C. If the day temperature
ramains helow lowerthreshald °C, that day will have a
degree-day contribufion of zera. [20]

temperatura ("C} below which any flynt is inhibited.
Used to determine the fraction of the day that is
conducive to fiight, [18]

Tha maximumn aliowable flight perlod. If the day
temperature remains above Tthresh °C for more than
maxhours, the flight ime wlll be truncated to ba equal to
maxhours, [20]

The coefficient of the exponential togarithm used ta
determine the spread {(width) of the Gausslan
prabability function asscciated with wind direction
matching relative bearings of stations. [100]

The coefficiant of the exponential logarithm usad to
determine the spread (widthy of the Gaussian
probability function associated with flight distance
matching inters tetion distance, [100}
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