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ABSTRACT

Various techniques and procedures suited 10 monthly
_ forecaétiﬁg are inveétigated and tested. These include Bsirlg the
. products genefated by atmospheric general circulation models during
a 17-year hindcast experiment, and downscaling the forecast
circulation to regional rainfall in South Africa using cifc_ulation_ :
 indices and canonical correlation analysié. The downscaling methods
are evaluated using the cross-validation technique. Various model
forecast 'bias-c.'.érrection' methods and skill-enhancing ensemble
techniques are employed to improve the 30-day prognosis of the
modet. Forecasts from the general circulation model and each
| technicjue are evaluated, Those demonstrating reasonabie skill over
the southern Africa region, and which ate feasible when considering
available resources, are adopted into a strategy which can be used
operationaﬂy to producs monthly outlocks. Various practical issues
regarding the operational aspects of long-term forecasfing are also

discussed,
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FREFACE

The prediction of atmosphieric processes may be attempted on the hasis of .
three types of forzcast: short-range forecasts that are neariy entirelj« dependent on
| initial conditions, long-range forecasts iargely independent of initial conditions and

intermediate forecasts that are dependent on initial conditions sand boundary forcing.
The decreasing dependence of forecasts on initial conditions with forecast length is
demonstrated by the observation that the predictability limit of the instantaneous
state of the atmosphere is two weeks. This is because random errors are una\_roidably
present in the initial conditions. Owing to the ronlineatity and instability of
atmospheric flow these errors grow with time. Gradually the larger scales of motion

are affected causing the forevast fields to diverg. from the actual fields,

 Whereas the predictability limit of wave numbers 5 - 12 is two weeﬁs. that
of wave numbers 0 - 4 is more than a month, This provides a basis for longer-range
forecasts. Moreover, ensemble techniques increase predictability and produce a
probability distribution of outcomes. These probabilistic forecasts which are distinet
from the traditional deterministic forecasis made from one model simulation form

the basis of the present study,

A set of monthly hindcasts over 17 years using the COLA T30 18-layer
atmaspheric general circulation model is used to establish model skill on the
monthly time scale over the southern African region. The lagged average forecasting
_ technique, the method of breeding initial perturbations and the cluster analysis of
ensemble suites are various aspects of ensemble forecasting that are studied. A
multivariate statistical technique is used to downscale synoptic écale circﬁlation_to

 rainfall and surface temperature over South Afriea,



Various feehniques and procedures that can be used to produce monthiy
outlooks of ramfall are examined in the dissertation. The chief objectives of the

research are to; -

) study prevxous work on predictability of the atmosphere over southern Africa

and adjacent areas,
(ii)  develop and test techniques that can be used to praduce monthly outlooks,

(i)  filter and process general circulattdn model output to include ensernble.

forecastmg techmques and bias cmrectmn,
(iv)  evaluate and verify techniques and forecasts using case studies, and

(v}  develop ways of constructing and presenting forecasts in a user-friendly

fashion.

The dissertation is divided into seven chapters. Chapter One introduces the
field of monthly fdrecasting within the scope of current shorter-range and longer-
range forecastihg capabilities. Monthly forecﬁstiﬁg activities at other centres are
summarized. Chapter Two discusses the global general circulétjnn with a focus on
southém Africa, Literature on the deviations of the circulation from éiimate means
and resulting changes in rainfall is reviewed. In Chapter Three the tools and
techmques used to generate information to make forecasts are discussed. ‘Resources
needed to operate these tools are also listed. Interpretatmn of the data generated by

. processes in Chapter 3 is described in Chapter Four. Evaluation results of forecasts
and techniques are presented in Chapter Five. Chapter Six presents a practical

view of monthly forecasting and a summary is given in Chapier Seven,
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An article on the verification of 17 years of hindcasts covered in Chapters
4 and 3 has been sﬁbmitted to the Interna:!bnql Journal of Climatology and was
presetited at the Dynarr_aiéal Extended Range Forecnst (DERF) workshop held in
Toulouse, France, in 1997, Two downscaling methods described in the same
| ~ chapters have been submitted to the fnfernational Journal of Climatology in an
article discussing operational extended-range forecasts for South Africa during the
1997/98 El Nifio/Southern Oseill. ion event. The circulation: index work was
presented earlier at the Twelfth Conference of the South African Society of |
Atmospheric Sciences in Cape Town, 1996. A summary of Chapters 3 {0 5 can be _
found in the p_repn_nts of the Fifth International Conference on Southern Hemisphere
Meteorology and O&:eanagraphy.. which was held in Pretoria in April 1997, |
Operatmnal sroducts generated by the methods described in this thes:s are included -
in an article that has been accepted for publication in the Water 54 journal.

: Model input Jata were derived from the NCEP reanalysis dataset. Rainfall
dbservat’mn data were extracted from the South African Weather Bureau (SAWE)
climate database. Sea surface température data were downloaded from the Climate
Prediction Center's Internet Website. Models used include the COLA T30 18-layer
general circulation model (GCM) purchased from the Center for Ocean-Land-
Atmosphere Studies (COLA), and the T126 and T62 versions of the 28-layer global
forecasting model devélopad at the National Centers for Environmental Prediction,
Washington, D.C.. Model simulations were done oni the SAWB Cray-J90 computer.
Special thanks go to Karin Marais and Elda Stewart of the SAWB library for '

 assistance in obtaining various literamure used in the thesis and to Mike Haslam who

 assisted in the running ot GCMs on the Cray-J90.coh1pute'r. Without the sterling
supermsmn and valuable proofing of articles for scientific journals by Professor
Peter Tyson this thesis would not have reached its current level, My ~ratitude is
extended to him and others in the Climatology Research Group at the University of

the Witwatersrand,
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| CHAPTR 1
BACKGROUND

‘Introduction

Weather impacts humans in many ways. The outcome includes affecting
'suciﬁl events, determining lifestyles and causing Success or failure of activities, such )
aé agriculture, that are vital to the ecoriomy.' For this reason man has heen trying to
forecast the weather for thousands of years. Successful forecasting is often a function
of the .scale of atmospheric motion. John von Neumernn .suggested three different
. categories. of atmospheric motion, depending on the time scale of the prediction
 (Pfeffer, 1960), The firs: included motions that are mainly determined by initial
conditions and forecasts are done by eit.rapolating tendencies over short times. The E
second category includes the opposite exireme of motions that are largely
indepeﬁdent of initial con&itions. Forecasts of such motions are done by using
observed characiéristics of low-frequency vaciability. Motions occurring between
these two extremes make up a lhird category, where initial cdnditions are becoming
| less important, but still relevant, and low-frequency modgs increasing in importance.
Logically, it is best to consider these prediction problems in the order in which they

~ are listed.

Forecasts dependent only on initial conditions

' For a long time short-range forecasts were restricted to only one day. As

communication and observation improved from late in the nineteenth century
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forecasts of two and three days ahead could be attempted (Pfeffer, 1960). However,
most eardy attempts were unsuccessful. This is mainly ¥ suse the two reqmrements
to make forecasts were not met_ adequately. These are, first, the statz of the
atmosphere at some given time needs to be known and, secondly, tﬁe physical laws |
goveming_any change to the initial state must be formulated (Wickham, 1970).
Problems that had to be overcome, and still need to .be today, albeit to a lesser
degree, were cbtaining a complete knowledge of thé state of the entire atmosphere
in real-time, and being able to simulate the atmbsphere using a model that cpntéins
the exact time-dependent equations governing changes in the atmosphere, The latter
problem_ has been 'lfesolved to a large extent since the advent of the modem
supercomputer. Model resolutions are continually being made finer and lérger

amounts of data can be processed in shorter periods of tirne,

~ The procedure of obtaining a gridded field of atmospheric data from
irregularly spaced observations is cafled analysis (Daley, 1991). Subjective analysis
bega.n in the ninetesnth century, Synoptic chans with lines of constant pressure
(_isc;bars). termnperature {isotherms} and other meteorological values were drawﬁ by
hand. The judgements of the analyser were heavily relied upon and hence the term
subjective analysis, Digitization of the synoptic chart was attempied, but the analysis
took longer than the forecast. An automatic procedure of arriving af an analysis was
needed, The process had to work without human interveation and at the same time
not use excessive computer iime. Panofsky (1949) made the first serious attempt at
this. He uéed a scheme of fitting a polynomial expansions to all the observation
points. The coefficients of the polynomial were determined by a least squares fit.
Suchap became knowa as an obfective analysis because the judgement of a |
hun  «had besn eliminated. Knowledge and expertise in this field increased
capidl, weer Panofsky. Gilchrist and Cressman (1954) fitted the polynomials to
observatidns close to the grid point instead of globally. They also suggested an
aﬁ_tomatic quality control of the observation data and that a background field or first
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guess field be used as a starting point to which'an analysis increment be added. The
baékground field is obtained from a previous forecast or taken from a cIimatologic'al
dhase, Initialization was later introduced to preveﬁt the excitation of inertia-
gravity waves m modals during' iritegrations. These steps have been grouped together
in the data assimilation eycle, The South African Weather Bu'reaﬁ (SAWB) global
data assimilation system uses global observations every six hours (Fig 1,1),

The exact state of the entire atmosphere cannot be known. There are several
reasons for this. First, there are vast data voids in areas of the mobe wi ere o in-situ
observations are done. Secondly instrument error may be piesant, The error of
representativeness arises from a local phenomenon at an observing statton, ed a
_ thunderstorm, being interpreted as a much larger-scale phenomenon (Daley, 1991),

The second requirement for making weather forecasts has been realized in
the form of Numerical Weather Prediction (NWP) models, These will be discussed
i detail in Chapter 3, Daily forecasts of weather conditions with a lead time of up

to seven days are now fairly good (Yable 1.1).

~ Table 1.1: Root mean square errar of the 500 hPa and 1000 hPa heights (m) and of
the 850 hPa temperature (K} averaged over the area between 20°S and 90°8
for forecasts up to seven days for January 1996 by the European Centre for

- Medium-Range Weather Forecasts (ECMWF) operational - forecasting
system. 7-day persisience forecast etrors are given in the last column.
(WMO/TD - No, 815, 1997) '

Dey2 | Day3 | Day4 .Days Day6 | Day?7 | Persist

| 500hPa height 2 | 42 | e | 5| 88 | 97 | 126

{ 1000kPaeight | 15 [ 26 | 37 | 46 | 55 | 63 | 6 | 8

Jasonpatemp | 12 | 19 | 25 | 30 | 34 | 38 | 41 | 30



Figure 1,1: Global coverage of six observation types, a) Surface, b) Radiosondes,
¢} Pilot Balloons, d) Aircraft reports, ) Vertical temperature soundings and
1) Cloud drift winds, for the six-hour period from 2100-0300 UTC on 21/22
Janvary 1997,

Despite ihése advances the predictability limit of the instantaneaus state 6_‘r‘
the atmosphere is not more than two weeks. This is because of the random errors
unavoidably present in the initial conditions. Ow'i'ng to the noun-linearity and
instability of atmospheric flow these errors grow with time (Holton, 1979),
Gradually the larger scales of motion are affected causing the forecast fields to
arverge from fhe actual fields, This is clear from the drop in skill of the ECMWE -
model as the forecast lead time increases.



Forecasts independent of initial conditions

The science of producing seasonal forecasts is very young relative to shori-
range forecasting. Howéver. global observing systems and cﬁmputing power are
already advanced so this aren of research has progressed rapidly. A comprehensive
summary of current long-lead seasonal forecasting capabilities is found in Barnston
‘et él} (1994), Purely statistical methods include Canonical Correlation -An'alysis
{CCA; Graham er al, 1987a,b; Barnston and Ropelewski, 1992) Principal
Oscillation Patter’ns (POPS) (Xu and von Storch, 1990; Penland and Magorian,
+ 1993) and Optimal Climate Normals (OCN) (Wilks, 1996). Dynamical methods
include the Cane-Zebiak sfmple coupled model of the Lamoni-Doherty Earth
Observatory and the complex fully coupled model of the National Centers for
Environmental Prediction (NC‘EP} A combination of statistical and dynamlcal
methods yield hybrid models. One such mode! is the Scrlpps Institution for
Oceanogmphy-Max Planck Institute for Meteorology full ocean general circulation
model coupled to a statistical atmosphere model. These methods have all achieved
a moderate Ievel of mean skill in predictions of the tropical Pacific Sea Surface

Temperature (SST) at a lead time of two seasons (Barnston et al., 1994).

Forecasts dependent on both initinl conditions amf boundary conditions.

The attempt to use general circulation models to simulate the atmosphere

beyond the classic two-week predictabiiity limit is based on the findings of Shukla

* (1981). The earth's surface serves as a lower boundary to the atmosphere. Sea

surface temperature, snow, soil moisture and vegetation act as slowly varying

extemnal forcing, They are considered slowly varying since the time scale of change
of these parameters is much Iarger than the time scale of synoptic ingtabilities, The

time evolution of the atmosphere is then 2 function of the initial conditions, which



dgtgrmine the nature of the instabilities und how they interact, and the boundary
forcing. The retativé contribution of each factor needs to be understood to determine
the predictability of time-averaged fields. Shukla (1981) ran a number of 60-day
integrations of a general cireulation model (GCM) with different initial conditions
but the same lower boundary fields. He showed that the predictability limit of wave
aumbers 5 - 12 {synoptic scale} is two weeks and wave numbers 0 - 4 (plaﬁet'ary_
 scale) more than a month, Therefore, time averages, which are governed by low-
frequency planetary waves, have a predictabitity limit beyond the classical two
weeks. These time-averaged fields are well-suited to mounthly forecasting.

Model integrations made from the initial conditions that differ very slightly
will produce different forecasts (Lorenz, 1982) (Fig 1.2). The rate of divergence of
these forecasts depends on vérious factors rooted in the initial conditions. Instead of
using one model integration o e e a forecast, an ensemble of fb_recasts should be
used. Leith (1974) showed that the average of an ensemble of forecasts will have |
better skiﬂ. than the control forecast provided perturbed initial @ndiﬁnm are -
representative of the initial probability distribution of the basic circulation in the
control analysis, Giiman (1985) suggested using a mixture of techniques when

- producing monthly forecasts because these forecasts are not deterministic, Thus,
monthly forecasts that suggest a s;:ope of possible outcomes with probabilities

attached to each outcomte aught to be strived for,

Long-term Forccasting Activities around the World

_ Monthly forecasting needs to be defined in the context of the full range of
forecasting. At.the shortest end of the spectrum there is rowcasting which
extrapolates current trends up to two or three hours ahead, Short-term forecasting

. continues on to 48 hours and medium-range forecasting up to five days
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Figure 1,2: 500 hPa heights at a) control analysis and b perturbed analysis and five
day forecast ¢} control, d) perturbed.

| {Meteorological Office, 1991), Long-term forecasts are for periods greater than five

days. Seasonal forecasts usually bagin at a lead time of one to two months and
extend up to several seasons. In this dissertation monthly forecasts bridge the gap

between medium-term forecasts and seasonal forecasts and are defined as infra-

- monthly forecasts extending from 5 to 30 days ahead.




Seasonal forecasting has achieved success in recent years and may have a
high level of skill in many areaé. The Climate Prediction Center (CPC) at NCEP
issues long-lead forecasts of 3-month mean temperature and preclprtatlon ECMWF,
Météo France and the United Kingdom Meteorologxcal Office (UXMOQ) are
producing coordinated experimental seasonal predictions from ensemble simulations

for each season, Many other weather services mcludmg, the Bur  -f Meteorology

 Research Centre Climate Group in Australia, the Canadian Weath... Jervice, and the
Natjonal Climmate Center of the China Metearological Admmlstratlon, ars active in
the field of seasonal forecasting (WMO, 1996), _

Monthly forecasting activities are also practised at many weather é_entmé.
~ The United Kingdom Meteorological Office produces deterministic and probabilistic

forecasts from 30-day ensembles every two weeks, Specification equations relate the

numerical output to surface climate anomalies (Richardson and Harrison, 1994). The

National Centers for Environmental Prediction (NCEP), formerly the Natlonal -

Meteorological Center (NMC), use the method of breeding groving modes (BGM)
to generate ensembles for two-week forecasts (Toth and Kalnay, 1993) (Fig. 1.3).
The Chinese National Meteoroiogical Centre used their T421.10 model for
operationai monthly forecasting and research into the monthly forecasting prabiem
(Zheng et al., 1993). The European Centre fdr Medium-range Weather Forecasts
-produced a set of 30-day integrations with the operational ECMWE model trom
1985 to 1988, They found modest skill which became matginal beyond day 20 and
that model resofution has a large effect on the model climate drift (Palmer et al.,
1990; Tibaldi et al,, 1990). At Météo-France a global' T42 version of the French
numerical prediction model has been used to produce monthly mean forecasts of the
northern hemisphere winter months from 1983 to 1990, They found the presence of
skill even beyond day 30 but concluded that statistical post-processing is necessary
to prdduce useful forecasts (Deque and Royer, 1992). Other centres that have
experimertted with dynamical extended range forecasting are the Canadian Weather
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Service (Ritchie e al., 1994) and the Japanese Meteorologxc:ﬂ Agency (Yamada,
1991; Takano etal., 1995}, ' ' :

A recent investigation into the utility of dynamical exteﬁded'-rauge prediction B

* formed part of the Atmospheric Model Intercomparicon Project (AMIP) (Gates,
1992). This international effort was to determine the systematic clirﬁate errors of
various atmospheric models .by simulating the climate of the decade 1979-1988
using the same set of sea surface temperature and sea ice boundary conditions.
Results were directed at obtaining' a comprehensive evaluation of atmospheric
models at the time and to provide useful information for further modéi development. -
Results from an analysis of the ability of 15 GCMs to simulate the tropical intra-
seasonal oscillation show that a wide range of model skills éxist, with no single
model being capable of capturing successfully the full exsent of the oscillatlon

. (WCRP 1995)

._ Extended-range prediction in South Africa is still in its infancy, Most
research groups are attempting categorical forecasts of monthly and seasonal
averages of rainfall and temperatﬁ:e. Statistical methods used inciude a CCA maodel,
run by the Research Group for Seasonal Climate Studies (RGSCS) at the SAWE
(Landman, 1997), and 2 non-linear di'sc'.rimin_&ni. analjrsis model developed at the
 Climatology Research Group (CRG) at the University of the Witwatersrand (Mason,
1995; Mason ef al., 1996}, GCMs, run at the SAWB, are beginning to prove useful
as monthly forecasting tools {Tennant, 1997). The Monthly Outlook Development
Group (MODG) at the SAWB, of which the author is _the leader, has been
experimenting with tech'niques .to produce monthly outlooks. MODG was
incorporated into the RGSCS in March 1997. All the groups mentioned are members’
of the South Aftican Long Lead Forecast Forum (SALFF), The forum operates
under the auspices of the SAWB and requires that each member uses a tested,

scientific methodology in arriving at an outlook,
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Figure 1.3: Schematic of the configuration of the operational ensembie forecasting
at NCEP (1994}, Each horizontal line represents a numnerical forecast. High
resolution, T126 forecasts are marked with heavy lines while other forecasts
are run at T62 resolution, Pairs of perturbed forecasts based on the breeding

. method are marked B1-B7. Control runs are marked CTL. High resolution
forecasis starting at 00Z aretruncated to T62 after 7 days and those starting
at 12Z are truncated after 3 days (after Toth and Kalnay,1993),
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. Hlypotheses '

Various techniques and procedures that can be used to produce monthly

outlooks of rainfall and temperature will be examined in the dissertation.

The hypotheses to be tested are:

a)  that atmospheric general circulation models are able to simulate the general
' 'c_irculation and various other variables around South Africa to'an acceptable '

' d'egree of accuracy;

)] that ensemble metl_*lods'.improve the skill of atmospheric general circvlation

- models
¢} - that methods exist to interpret data generated by atmospheric general
- circulation models in an objective way when constructing a monthly

forecast;

d) . that skilful categorical forecasts of rainfall ahead one month for South Africa

are possible.
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" CHAPTER 2

GENERAL CIRCULATION AND RAINFALL OF
SOUTH AFRICA

" Imtroduction

~ To be able o predict something one needs to understand its characteristics

as fully as possible, Rainfall is controlled by the general circulation, and seeing as
the genéréll ciccutation is simulated by atinospheric niodels, the skill of fofecas'ts
depends. on how well the GCM can simulate the geperal circolation and how well the
link betw zen rainfall and general circulation is understood. In this chapter the
approach that should be taken for monthly forecasting in South Afdﬁa is considered.
The literature of rainfall and generél circulation over South Africa xs reviewed,
These studies explain most of the controls of the weather in the region and contrast

circulation patterns when rainfall deviates from the normal.

Southern Hemisphere Geheral Circulation

Atmospheric circulation in the s¢ uv.ern hemisphere is quite distinet from that
in the northern hemisphere (Hoskins and Pearce, 1983). ‘The differences extend from
surface and upper troposphere circulations to the magnitude of seasonal variations,
In the northern hemisphere large amplitude lcmg-waveé accur and blocking is
‘common (Hoskins and Pearce, 1983). However, standing waves and blocking occur
less frequently in the southern hemisphere (Trenberth and Mo, 1985). Duration of

12



- blocking events is also shorter, This is because there are géneraily stronger
westerlies throughout the southern hemisphere woposphere at the middle and high
tatitudes. Another reason for differences between the circulation in the tﬁ'o '
hemispheres is that the proportion of water to land in the southern hemisphere (4:1)
is much greater than that in the northern hemisphere (1.5:1) (Pickard and Emery,
1990), '

A wealth of publications descn“bin.g the features of the atmosphere m thé

_ southern hemisphere are available. Foremost among these are atlases showing the
- climate of the upper air in the southemn hemisphere by Taljaard et al. {1969), Van
* Loon et al. (1971), Jenne et af; (1971) and Cmtcflef et al. (19';5"1) Iand books by

Sturman and Tapper (1996). Major hemispheric features are discussed below.

The upper troposphere circulation is mainly zonal with small amplitude long- '
waves (Fig. 2.1a). During winter the concentric contours of upper troposphere
pressure surfaces enlarge as the atmosphere cools (Fig. Z.lb). This strengthens the
upper westerlies to as far north as 15°S, The maximum subtropical jet stream is
found over Australia, At the surface thiree semi-f:ermanent anticyclones are situated |
in the South Atlantic, Indian and eastern Pacific Oceans (Fig. 2,1c). These constitute
the sub-tropical high pressure belt, During the austral sumrmer this belt is broken by
low pressure areas that develop on the \#éstem side of the continenis because of

' thermal heating, Mid-latitude cyclones occur poleward of this belt in the prevailing
westerly winds, Surface pressores 'ris.e substantially in the subtropics, especié,lly over
the continents with the approach of winter (Fig 2.1d). However, further south
pressure changés from summer to winter are small and irregular and a tight pressure
gradient between the tropics and the South Pole is maintained throughout the year.

13



Figure 2.1: Climatological maps of 500 hPa heights {a} and mean sea-level pressure
{¢) for summer {DJF) and wintec (JJA) (b) and (d) from the NCEP reanalysis
data from 1979 - 1995, Sea-level pressure over topography exceeding 2500

~ mis masked onf.

Synoptic Weather Patterns Affecting Southern Africa

Tﬁe general circulation over southern Africa is described comprehensively
by Schulze (1965), Taljaard et al. (1969), Tyson (1986}, van Heerden and Hurry
(1987), Preston-Whyte and Tyson (1988), and Taljaard (1994; 19954; 1995b and
1995¢), | |
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South Affica is situated at the southern tip of the African continent between
the South Atlantic and Indian Oceans in the latitudes of the sub-tropical high
pressure belt. The strength and movement of these anticyclones are a major control
of the weather in the area (Taljaard, 1994), During the eastward progression of the
South Atlantic anticyclone the system often becomes elongated as it passes south of
the continent. Thiy procéss is commonly referred to as ridging by forecasters (Tyson,
1986). The resulting onshore flow causes cooler weathar, usually with rain, to move
along the coast and inland as far as the escarpment (Taljaard, 1995b). Once the
 anticyclone becomes established in the Indian Ocean the air moving westward along

its northern flank over now warmer waters carries {arge arnounts of moisture inland,

‘The surface eyclonic circulation over the western paris of the counry is often
in the shape of a trough which extends southward from Namibia. This, in
conjuaction with the Indian Ocean anticyclone, helps draw moisture westward into
the interior. Widespread rain with many areas east of the surface trough receiving

in excess of 10 mm is common with this circulation type (Taljaard, 1995a),

Mid-latitude cyclones occur in principal storm tracks, of which one lies south
| of the Africen continent (Physick, 1981) (Fig, 2.2). During the austral winter these
cyelones shift equatorward and when they pass near the continent there is rainfell
over the south-western Cape (van Heerden and Hurry, 1987). Much of the rain is as

a result of topographic uplift of maritime air dver the mountains in the region,

During jate summer months some of the tropical eyclones in the southwest

Iﬁdian Ocuan move close to South Africa and occasionally make landfall on the

northern Kwazulu-Matal coast, Flooding usually occurs in the areas directly affected

" by the cyclone with dry conditions in adjacént areas (Poolman and Terblanche,

1984), Predicting the frequency and fracks of tropical cyclones has proved difficult
in South Africa (de Coning, 1992) and in Australia (Fraedrich and Leslie, 1989),
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~ Figure 2.2: Cyclone trajectories over the ocean and position of major fronts in
winter, 1 Polar front; 2 Antarctic front; 3 meridional cyclone trajectories.
{after Physick, 1981),

Characteristics of Rainfall in South Africa

Anriual rainfall amounts range from less than 200 mm in the far westem
areas to in excess of 1000 mm over the mountainous areas in the east (Fig. 2.3).
Ocean temperatures around South Africa play a big role in the observed east-west
gradierit of the rainfall (Fig. 2.4). The Benguela Ocean Current brings cold w;ater 1o
the west coast wiiile warm water moves southward along the east coast driven by the.
Agulhas Current. Another major controller of rainfall is the topography. The interior

- of South Africa lies on a high-altitude plateau surrounded by an escarpment that
slopes steeply to a narrow coastal belt {Fig. 2.5). The escarpment is highest in the
east and acts as the major'watershéd. with rivers on the plateay draining westwards

into the Atlantic Ocean.
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Figure 2,3: Annual rainfall for South Africa derived from 510 rainfall stations over
the period 1930 to 1995 (South African Weather Bureau climate database),

Lot

Figure 2.4: Annuai mean sea-surface temperatures over the period 1981 to 1996 £C)
{Reynolds and Marsico, 1993).
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The annual cycle of rainfall is demonstrated by studying the change of mean
~monthly rainfall at monthly intervals. Increases follow an anti-clockwise path,
beginning with max: ::.um increases in the Eastern Cape during August, riorthern
Botswana i December and the south-western Cape by April (Talj.aard, 1986) (Fig.
2.6).

A EERERENR

g B HE

' Figure 2.5: Topography of southern Africa (United States Navy dataset).

The quasi-stationary cloud bands, often present over the central parts of the
country, account for more than 50% of the rainfall over the Free State pmviﬁce
(Harrison, 1984a) (Fig. 2, ?a}. Conditi_ons favourable for the development of such
cloud bands are anticyclonie activity scuth of the continent and cyclonic activity
over Botswana (Barclay ef al., 1993) (Fig. 2.7b). Simultaneoﬁsly. a 500 hPa trough
over the west coast is usually present, forcing. upper winds with a northerly
component. This provides necessary dynamics to lift the Wéﬂﬂ, moist air and form

precipitating clouds (Taljaard, 19958}, Influx of moist air from the Indian Ocean
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often forms a sharp boundary with the dry continental air and aids in the
development of thunderstorms (Harrison, 1984b). Much of the canvective activity
over Southem Africa owes _its origin to the interaction between mid-latitude wave
disturbances in the westerlies and quasi-stationary tropical upper tropospheric
troughs in the south-west Indian Ocean (Lyons, 1991),

Figure 2.6: Change of p'e'rcentage' mean monthly rainfall at monthly intervals
" starting with August to September and ending with March to April (after

Taljaard; 1986).. '
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Figure 2.7: Infrared satellite image (a) and associated synoptic chart (b} at 12Z on

20 January 1997,



Changes in the Circulation during Wet and Dry Years

During dry years m South Africa, the cloud bands shift eastward over
Madagascar (Harrison, 1986). Taljaard (1989) and Taljaard and Steyn (1991) have
found that the circulation during dry years consists of less frequent and less intense
anticyclonic activity south of the country wifh upper winds being zonal or having 4
southerly component. This is suphorted by Miron and Tyson (1984). The surface
pressure anomaly fields during dry years are negative south, and positive east and
west of the t'_:a'ntit.]ent (Fig, 2.8). In the mic!'-'zroposphere geopotential heights are’

_anorymously low south of the continent, Jury er al. (1992) found that above riormal
convective agtivity across equatorial Africa, Nbrtll;East Madagaééar and the south-
‘west Indian Ocean coincides with below normal convective activity over southern
Africa. Dry spells in Zimbabwe have similar controls to tﬁose of South Africa. Here,
an increase in mid-latitude cyctones off the south-West coast of Africa and tropical
cyclones near Madagascar are associated with dry weather (Matarira and Jury,
1.990). Suxface air flow patterns over Soutﬁ Adrica have a more northerly or easterly
component during wet yéars and a more westerly component during dry years
(Miron and Lindesay, 1983), |

Figure 2.8: Average sea-level pressure anomaly for February 1983
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CHAPTER 3
TECHNIQUES USED IN MONTHLY FORECASTING

Introduction

Monthly forecasting lies somewhere between an initial value problem and

a boundary value problem {Shukla, 1981). Therefore the techniques used to generate
guidance for monthiy forecasts shouid inclﬁde both initial values and boundary
values. To this end generﬁl circulation models of the aﬁnosphere and ocean provide
an obvious choice. Thesé models consist of discrete, time-dependent equations of
motion, thérmodynamics and continuity which integrate the initial conditions
forward in time. In atrnospheric models the lower boundary is forced from SSTs and-
from snow and .ice caverage. In ocean models the upper Eoundary is forced by
surface winds _ahd temperature. Recent experiments have coupled ocean and
~ atmospheric models 5o that the boundary forcing ié updated at regular time-steps

* simultaneously in both models {fi ez al., 1994}, A number of GCM simulations are
usually performed fof each forecast case creating an epsemble of {orecasts, This
technique is use& to improve forecast skill and move awaj; from deterministic

forecasts towards probabilistic ones.
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General Circulation Models
Historical development of numerical models

. The first serious attempt at numerical weather forecasﬁng was By the British
scientist Richardson in 1922 (Holton, 1979). He showed how the governing
differential equations of the atmosphere could be approximated at discrete points and
written as tendencies which could be extrapolated ahead in time at small time
increments. The main constraint at the time was computing power. Richardson
estimated that he would need 64000 people to solve the simplest equétions overa
small domain to keep up with the atmosphere on & real;tiine bésis. Unfo‘rtunately
Richardson's experiment failed because tast-growing gravity waves contaminated
" his forecast, In 1948 Charney simplified the goveming equations by making
' geostrophic and hydrostatic assumptions which filtered gravity waves. out, As
computers becime h‘lore powerful and the observation network improved, more
complex models could be used. Today glbb'él modeis use the closed set of primitive .
- equations making only the hydrostatic @sumption. The primitive equations consist
of three prognostic equations (two horizontal components of the momentum
eé;uation and the thermodynamic energy equation) and three diagnostic equations
(the continuity equation, the hydrostati¢ approximation and the equation of state). |
Non-hydrostatic, limited-area, meso-scale models have been recently introduced
(Gallus and Rancic, 1996} to provide finer detail over smaller regions for short-term

fOI‘&CiiStS.

GCMs used at the SAWB

Two GCMs are used at the SAWB for monthly forecasting, The T30 version
of the Center for Ocean-Land-Atmosphere Studies (COLA) GCM (hereafter COLA -

23



T30} is used for 30-day forecasts and the T62 version of the National Centers for
Environmental Prediction (NCEP) GCM, implemented focally as the Globat Spectral
Model {hereafter GSM 'T62), is used for daily 14-day forecasts.

| The GSM T62 model (Sela, 1980) is used operationally et NCEF for global
medium-range forecasts. ngnosnc variables are represented by spherical harmonies '
of legendre polyuomlals with triangular truncation at wave number 62. 'This
corresponds to a horizontal grid of 192 by 94 poiuts, about 200 km. The vertical

coordinate is the sigma parameter which is the pressure at a level normalized by the

- _ Surface pressure below that point. There are 28 unevenly spaced sigma levels. (Fig.

© 3.1). Physical processes mcluded in the model are deep and shallow convection,

. large-scale precipitation, radiation, surface physics, vertical diffusion and gr_avxty

wave drag.

Height in hPa

‘§E§§§ £5 &

Figure 3.1: Vertical coordinate Ievels in the GSM T62 mode! at 30°S over South
Africa, .
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The COLA T30 mode! is a spectral model with triangular truncation at wave
number 30, This comSpohds to a horizos .l Gaussian grid of 96 by 48 points, .
roughly 400 km resolution. Physical processes included in this GCM are similar to
those of the GSM T62 GCM. A si:ﬁple biosphere model is also inctuded to enable
the model to be used for ctimatological studies. Data pmcéssed in this part of the
- model are deep soil temperature, groimd temperature, canopy temperature, soil
moisture, liquid water statage, latest computed precipitation, roughﬁess, maximum
mixing length and sea-ice temperature (COLA, 1995; Kirtman et ., 1997), This

_ model is used m’hinly to study ocean-atmosphete processes.

Input data

- Real-time initial conditions for GCM runs are available from the operationat
GDAS at the SAWB. High quality globat analysis fields are not readily available in
real-time from modelling centres, therefore the SAWB GDAS data s vital to the -
operational monthly forecasting programme, (Global observation data is collected -
' frcrh_ the. Global Telec.om'mun. ;ation Svstem via Washington, D.C, and passed
through quality control routines and prepared for the GDAS which runs every six
hours. Boundary condition data for the GCMs, including SSTs, snow and ice cover,
are collecte& in real-time from NCEP via the Internet and prepared for each model, '

Iniﬁial conditioris for hindcasts were derived from NCEP reanalysis data

(Kalnay et al., 1996). These global analyses were created using a fixed data
assimilation method for homogeneity and are available for every six hours .ftom 1
g a.nuar_y'.l979 to 31 Decémber 1995, They have a horizontal resolution of 2.5°
latitude by 2,5° longitude and 17 constant pressure levels in the vertical. Archived
boundary data include optimum' interpolation (OI) SST data (Reynolds, 1988;
Reynolds and Marsico, 1993). In forecast mode initial observed sea-surface
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temperature anomalies are persisted for the duration of the forecast. To date this is
the best method for forecasting sea-surface temperatures up to one month owing'to
ocean model initialization difficulties (Latif er ol 1993) Remaining boundary data

used by the GCMs are climatological fields created for the specific model resolut:on '

Resources

GCM& are compﬁtationally expensive, needing large amounts of computer
_Im_emory and CPU time. The COLA T30 GCM requires 32 MBytes of memary and
requires 5400 billion floating point operations to complete a 30-day forecast, The
GSM T62 model uses 88 MBytes of memory and undergoes 300 billion floating
point operations to produce a 24 hour forecast. Avuilable resources .used at the
SAWB include a Cray 7916-8/1024 model J90 c'assic supercomputer with'eight
CPUs (Cray-J90), each pecforming 200 miftion floating point operations per second
and é. memory capﬁciiy of 1024 MBytes, a Silicon Graphics IRIX-Indigo
workstation, laser printers with Post-script capabrhtles. and tha Gnd Analysis and _
stplay System (GrADS) to produce maps of forecast data,

Ensemble Methods

The basic requirement of guidance used to construct forecasts is that the
forecast has to have the best possible skill. Ensemble forecastmg methods have long
been one of the best ways of improving GCM skill (Lelth, 1974; Murphy, 1988b).
- 'The skill of single numerical forecasts is limited by uncertainties present in initial
conditions (Holton, 1979), the predictability of the atmosphere in & geogr. _ical
region during that season (Colucci and Baumhefner, 1992; Dalcher e al., 1988) anii
how well the GCM simulates the atmosphere (Shukla, 1981). Ensemble forecasting
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addresses the first problem of initial condition errors. Hoffman and Kainay (1983)
introduced the lagged average forecasting (LAF) technique which generates an
ensemble of forecasts by initinlizing a GCM successively six or twelve hours later.
This method does not tequire any additional compuiation of perturbations. A further
milestone in ensemble forecasting was reached when Toth and Kalnay (1993)
developed a method for breeding initial perturbations. The perturbaﬁons are intended
to optimally sample the initial error probability distribution and provide a realistic
scope of possible errors in the control analysis. The breeding method outperformed
the Monte Carlo method which used random perturbations (Toth and Kalnay, 1993),
Ensemble forecasting is extremely expensive computationslly. Thus there is a Himit
 to the number of perturbations that can be run for each analysis. Toth and Kalnay
{1995) studied the question of how many ensefnble members are néedecl_ to improve
vt the skill of the contral forecast. The largest improvements are found when
iniereasing the ensemble size to ten members. Only minimal increases in forecast
- skill are obtained beyond 20 members. However, Barker (1991} found that the
relatibﬂship between ensemble spread and forecast error improves with more
ensemble members, Toth and Kalnay (1995) showed that this relationship can still
be improved upon when using more than 40 members, The breeding method and
LAF method can be combined to produce such a large number of forecasts, The
SAWB 14-day forecast ensemble suite consists of 43 members (Fig. 3.2),

Apart from improving forecast skill by averaging ensemble forecasts,
additional information about forecast skill (Kalnay and Dalcher, 1987; Barker, 1991)
and the probability of outcomes is also generated, If the initial conditions are
representative of the real state of the atmosphere, then the array of forecasts should,
in most cases, span the correct forecast (Fig 3.3). Probabili'ties of outcomes may he
calculated as a function of the number of ensemble members supporting each

pufcome.
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Figute 3.3 a) Spaghetti diagram of 5760 gpm cestours of the 500 hPa field forecast
by the SAWB operational ensemble forecasts for 12Z 25 May 1997 with b}
the verifying analysis, ¢} best ensemble forecast (9-day) and d) worst
ensemnble forecast {8-day)
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Preparation of a Forecast Database

Evalvation of the techniques describéd in thig chapter requires a large set of |
GCM forecasts because the statistical measures used becomé more reliable as the
number of experiments increase. Data and resoutce constraints atlow a set of COLA
T30 GCM hindeasts and a selection of operational GSM T62 forecasts.

COLA T30 forecasts

Thitial conditions fac the COLA T30 GCM for the hindcast experirent were
prepared from the NCEP reanalysis dataset, Each forecast case consists of nine:
farecasts initialized at successive six hour intgrvals and combined using the LAF
technique, The first run in euch case is separated by 28 days. Using the full
reanalysis dataset 221 cases could be done comprising 1989 model simulations in
total. Forecast daily conditions of sea-level pressure, 500 hPa heights, surface
temperature, raiufall and outgoing long-wave radiation (OLR) for 30-day periods'_
were archived for evaluation. The LAF methad requires that a nine-member 30-day
forecast ensembie consists of a 32, 31.75-, 31.5-, 31.25-, 31-, 30.75-, 30.5-, 30.25-

and a 30-day model simulation.

GSM T62 forecasts

Owing to limited computer resources and the finer resolution of this modet, |
hindeasts have not yet heen done, Instead, output from the Operatiot_;al model runs |
{see Fig 3.2) from October 1997 to March 1998 have been used for verification

purposes, This is in excess of 1000 individual simulations for 26 cases.
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CHAPTER 4
INTERPRETATION OF FORECAST GUIDANCE

Introduction

~ GCMs produce vast amounts of information ranging from giobal, three-
dimensional prognostic fields (semperature, geonotential height, humidity, wind and
~ surface pressute) , fields derived from the prognostic variables {vertical velocity) to
diagnostic fields (ranfall, outgoihg lnng-wa\:e radiation, surface temperatu_re and
cloud cover). Some of the madel output fields can be used directly, e.g. rainfall,
Others, e.g. sea-level pressure, need to be interpreted bj! some method to produce
usable parameters, The interpretation is done fn two steps, Fitst, the various output
~ fields are filtered and combiﬁed to provide the best possible guidance. Secondly,
-tnodel parameters have to be converted and downscaled to forecast pammetérs over _
desired regions. Extended-range forecast pacameters are typically rainfall and surface

temperatures.

Diagnastic model variables have an additional uncertainty brought about by
parameterization schemes. Model simulateti rainfall over southern Africe is
frequeritly overestimated by low-resolution GCMs, An example is given by t_hé
COLA T30 GC.M'(Fig. 4,1). The overestimation occurs despite the fact that the
GCM-simulated mean sea-level pressure and 500 hPa height climate compare well
with the observed climatology (Fig. 4.2). Model simulated surface temperéture also

 suffers from biases, while smoothed model topography makes it difficult to obtain
site specific temperature forecasts from model putput owing to adiabatic effects.
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u
Figure 4.1: Annual rainfall over southern Africa a) observed at 510 statioris and b)
simulated by the COLA T30 GCM. :

Figure 4.2: Annual 500 hPa heights (gpm) over the southern hemisphere a) observed
and b) simulated by the COLA T30 GCM and mean sea-level pressure (hPa)
c} observed and d) simulated by the COLA T30 GCM.
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_Exlended-range forecasts provide information on expecied conditions over
week and month time-averaged periods. Such conditions are dependent on the farge-
scale corponents of the atmospherié genera) circulation (Palmer and Anderson,
1993), Since GCMs simulate the large-scale flow well, it is better to produce
regional sainfall and surface temperature forecasts by downscaling these fields than

using direct GCM diagnostic rainfall and temperature forecasts.

Apart from model inefficiéncies a more nebulous pmblerﬁ facing the
forecaster is the subjectivity put into every forecast. Ideally forecasts should be
totally objective, but the man-machine mix remains one of the best ways of
forecasting (McPherson, 1991). Ensembis techniques open a whole new avenue of
approach in objective forecasting where forecasts congist of probability distributions,
This chapter describes the objective methods used to construct forecasts from the
information supplied by GCMs. The evaluation of each method is described later.

Post-processing of Model Output
Bias correction

It was noted that the COLA T30 model climate precipitation fields had a fair
distribution, but that the actual amounts of precipitation were unrealistically high.
Nearly every field output by a GCM has some sort of inherent bias, This is because
the GCM does not simu'_late the real atmosphere perfectly, but rather drifts towards
its own model climate (Chen,'1989).. Furthermore, this drift is dependent on modet
resolution and {ncreases in low resolution madels (Palmer et ad., 1990). If the bias
is gimilar amohg a number of simulations, then it can be identified and removed
from a model forecasi. Two ways of doing this are examined here. The first is by _
finding a linear relationship between the forecést and observed anomalies through
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least squares regression grid-point by grid—poiﬁt (Livezey and Schemm, 1988) (Fig,
_ 4.3a). Model forecasts are bias-corrected at each grid-point so that the least squares
regression fit produces & line passing through the origin of the scatter plot with a
gradient of unity (Fig. 4.3b), The second bias correction method used finds a grid-
point bias for each month by comparing GCM monthly climate and observed ciimate
{Fig, 4.4). Here the bias of sea-leve! bressme forecasts for a grid-point in the interior
of South Africa has an annually repeating monthly pattern with maximums in June
and December and minimums during March and October. A cross-validation
‘technique (Michaelsén. 1987) is used when finding the GCM climate for a particular
yearto detenniﬁe_ the bias of the GCM. It consists of forecasts produéed in afl other
years of the hindcast experiment and thereby excludes forecasts .from that year. Bias-
correction of model forec;aéts for the tropics is best done without a monthly
dependency as the seasonal ecycle in that area is insubstantial. Certain model
'_di_agnostic products, such as rainfall, have a skew rather than a normal distribution
and biases are a function of the magnitude of the forecast. They may be removed by
multiplying the forecast parameter hy the ratio of model standard deviation and

observed standard deviation,

Probability forecasts

_ Ensemble forecasting supplies additional information regarding. the
probability distribution of forecast events. The GSM T62 madel generates a 43-
member ensemble suite of daily' conditions out to 14 days. These data can be used
to construct probability forecasts of rainfall amounts and cloud cover, The method
is simple, The probability (P) of event n is the nurmber of forecast runs predicting
the event (f,) divided by the total number of forgcasts (T), givenby

P=Yf/T : @.1)
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Figure 4.3: Scatter plot of forecast against observed anomalies of sea-level pressure
at the mode! grid box over the central interior of South Africa (centred at
30°S 25°E) for the period 1979 to 1995 for a) uncorrected GCM forecasts
and b) bias-corrected GCM forecasts. The dashed line is the best fit using

" linear regression, ) "

1980 1982 1984 1958 1988 1980 1982 1994
Figure 4.4: Time series of the monthly dependent bias of sea-level pressuré forecasts -

determined from cross-vatidation at the model grid box aver the central
‘interior of South Africa {centred at 30°S 25°E},
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Ensemble averaging

The average of an ensemble of forecasts has been proven fo have better skill
than a single control run (Brankovic er aL, 1990; Leith, 1974). If all the forecasts in
an ensemble are initialized at the same time (for example when the breeding method

is used to generate perturbations about the contrpl analysis) then a simple average
of all the members is sufficient. However, if the lagged average forecasting -
technique is used, then some of the ensemble memtbers are ofder than others. The
time difference between the first forecast a.nd' last forecast can be as"lung as five
.da'ys. Here each ensemble member has to be weighted aceording to its age (Murphy,
1990}, Weights were deter.ained from an exponéntial curve with a half-life of 10 |
_ dafs and a coefficient of unity. Asswﬁﬁtions made here are that an analysis is perfect
and a IDI-d_ay forecast is close to the threshold of significant skill. A similar damper
was used to simulate diminishing model skill in the prediction of monihly 700 hPa
‘heights over North America (Harnack ef al,, 1986).

Cluster analysis

Usually the spread of the ensemble members is not uniform, but rather
groups ot clusters become ¢ *dent. In most cases there are not more than two ar
three major groups in ensembles of the size'discussed in this dissertation. Cluster

| analyéis technic[ues {Bveritt, 1974; Krzanowski, 1990) can be used to find these
groups. Difficulties experienced with cluster analyses are how many groups should
‘be made and which gfoup to use for the forecast. One method is to decide, a priori,
on a maximum distance value {or difference) be.tween the ¢lusters, which determines

the number of groups and then to use the most populated group.
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Downscaling GCM Outrut

Circulation indices .

The first method of downscaling _GCM oﬁtput to regional rainfail in Soﬁt_h
Africa'ts the use of circulation indices calculated from GCM forecasts of fnean sea-
l_evel- pressure and 500 hPa heights. The use of circulation indices to. claSsify
synoptic situations and to relate one metearological paramater to another is not new
| _ and has been used in various regions. Streten and Pike (1980) used circulation
indices to study monthly pattems of southern hemisphere surface circulation during |
 the First Global Atmospheric Research Programme (GARP) Global Experiment
' (December 1978 to November 1979) and to compar~ *he actual circulation to that
derived for the hemisphere for the period. 1972-1977. Taljaard (1986) investigated
the roles of the subtropical high—bress:;re belt at sea level and the sirength of the
upper troposphere west winds in the formation of summer rainfall over southern
~ Africa. Allan and Haylock {1993) found high correlations between rainfall in Perth
and gridded mean sea-level pressure .‘ri the surrounding Indian Ocean region.
D'Abreton and Lindesay (1993) contrasted indices of moisture flux across southem
Africa durmg wet and dry early and late summer months. Hulme e¢ al, (1993, .sed
circulation indices to classify weather patterns over the British Isles for GCM

validation,

~ Training of the index downscaling method was done using regional rainfall
and circulation indices caleulated frdm the NCEP reandlysis data (Kalnay et al.,
1996) over the i?—year period from 1979 to 1995, Monthly rainfali series from 510
stations across South Africa were submitted to cluster analysis (Bveritt, 1974;
Krzanowski, 1990) and seven near-homogeneous rainfall regiohs determined (Fig,
4.5). Indices of 30-day averaged sea-level pressure and 500 hPa height fields for the
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southern Africa region and surrounding oceans (12.5°5 to 60°S and 30°W (o 60°E)
were calculated and seasonal terciles for each index and 30-day regional rainfall
~ were determined. Most weather systems that affect South Africa occur in this area.
' They include: mid-latitude cyclones, the South Atlantic and Indfan Ocean
anticyelones and the Kalahari heat low (Physick, 1981; Taljaard, 1994, 1995b). To
isolate the effect of various systéms the area was divided into three equal -
longitudinal sections, South Atléntic QOcean systems occur in the western section,
transient systems south of the continent and thosa over land in the central seﬁtion,
and Indian Ocean systems in the eastern section, Sea-leval pressure indices used in
this study are the latitude of maximum press_illfe. width, northern and southern limits
of the subtropical anticyclohes, Iati.tude of the 1000 hPa contour, longitude of
o hnticj(clone centres, zonally averaged pressure at 45°S, and finally meridional
pressure -grﬁdients from 30°S to 45°S, 30°S to 559S, 40°S to 55°S and 35°S to 45°S,
The mid-troposphere indices which isolate the phase and amplitude of waves and
relative phases of subtropical and high-latitude waves are 500 hPa height contour
differénces between 25°8 and 45"5. 20°S and 40“8; 405 and 60°S and 25°8 to 6PS,
the latitude of the 5760 gpm contour, maximvim, minimum and average meridi:onﬂ
differences between 25°S and 45°S over South Africa and the longitude of the
maximum 5760 grm contour trough. In total 36 sea-level pressure and 19 mid-

troposphere indices have been employed.
The forecast prob ibility of oceurrence (F) of each tercile () in a region is
- determined from a weigh .~ of all indices '

N
F=X21,D, | (42)
n=1

v#here I, is the probability of the index forecast beiny correct, based on a cross-
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validation of the index from all yearé of the 17-year period with the current year
removed, and D, is a measure of the dissimilarity in forecasts produéed by different
. indices ensuring that the {orecast is not biased owing to index selection. Resulting
forecast prubabitities {F) are normalized so that the sum of the three tercile

probabilities for each region is 100%.

1 ~ Westsrn Interior
| 2 ~ SW Cape
3 — South Coast

4 ~ Eaat const

5 = Lowveld

8§ = Central interlor

7 = NE iInterior

Bt Ellzabeth

Figure 4,5: Seven near-homogeneous rainfall regions in South Africa determined
from a cluster analysis of 510 rainfall data stations (dots).

Canonical correlation analysis

A more sophisticated multi-variate method of interrelatinﬁ large-scale
'aimdspheric flow to regional rainfall is canonical correlation analysis (CCA).
Numerous examples of work using this technique can be found in the literature, One
sﬁch cxperiment successfully related North Atlantic aimospheric cipnulation to
winter mean Iberian Pepinsula rainfall {von Storch et @l, 1993). Surface air
temperature categorical forecasts over the United States using CCA have been dons

using, among others, sea-level pressure (Barmett and Preisendorfer, 1987,
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The downscaling method using CCA. was applied directly to bias-corrected
model forecasts (Tennant, 1998), Sufficient time series of GCM forecasts thai have
been generated in this study allows us to take the moZel output statist_ics. {MOS)
approach {Klein, 1982) where the GCM circulation forecasts are related directly to
the bbserved rainfall. ~ 1e alternative is the perfect prognosis (more widely known
as perfect prog) approach (Vislocky and V:ung, 1989) which uses observed fields
. as predictors in developing relationships to observed data, The d:awback of this
method is that it ignores the effects of GCM biases and uncertainties. The MOS
' approach. accounts for the drawbacks of the perfect prog method.

The method used in this dissertation is :*»imilar to that proposed by Karl ez af,
{1990), Standardization of the oh_éerved regional rainfall data and GCM forecasts
af 500 hPa heights and éea—level pressure was done by subtracting the calendar
moﬁth mean and dividing by the standard deviation producing data with tio seasonal
dependency (Wilks, 1989}, The pridded predictor data fields contain redundant data
and principal component analysis is used to eliminate this data and produce & set of
orthogonal predictors (Barnston, 1994), A sufficient number of these principal
components are retaived so that most of the variance in the predictor data is
represeuted..'l‘he riext step involves determining links between the predictor and
predictand data sets through canonical correlation analysis. This muiti-variate -
statistical method is considered foremost in the regression modelling hierarchy and
is often used as a forecast téchnique (Barnett and Preisendorfer, 1987; Greham et @/,
198'?3,1_3;' Barnston and Ropelewski, 1992), A variance adjustment is then dbne
* through inflated regression analysis (Klein et al., 1959}, In the final step the CCA
rainfall tercile forecasts are combined with GCM diagnostic tercile forecasts of
outgaing long-wave radiaﬁon and rainfall anomalies. The diagnostic output are
interpolated from GCM grid boxes to the local forecast regions and teicile
* boundaries aré determined using GCM diagnostic forecasts from all other years of
the experiment. CCA. rainfall tercile forecasts for the southern Cape coast and GCM
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diagnostic forecasts for the Lowveld and ndrtheastem interior regions of. South
" Africa are poor and thus omitted from the combined forecast (Table 4.1). A linear
_ combination of fnrechsts, 15 done here, has proved to be the best method ina nu.mber
of studies (Fraedrich and Leslie, 1987 Vislocky and Fritsch, 1995), Clearly the

- combined forecast has a higher hit rate than individual forecasts.

Table 4.1: Nurnber of tercile hits of various predictors and combined forecast. Data
in shaded boxes are excluded from the combined forecast.

Western | SW South East L_owveld. Centrai NE -

Interior [ Cape coast | ct;ast _ ' Interfor | Imterfor
ccasooz | 76 | 86 5 I 80 N
CCAmslp 79 8l 8 | | 87
GCMrnin | ® 8 84 ] & ki
GCMOLR | 84 71 84 84 b 87
Combined 93 93 T CL 92 103
GCorveet | 426 | am | 3w dagp | dam | 42 amy

~ In summary, bias correction of GCM forecasts is done at each grid point by
a linear regression fit of forecast and obsarved anomalies and by refnoving the
monthly-dependent systematic error in A cross-validation fashion, Seven target
. forecast regions in South Africe have been determined by clustering the observed
monthly rainfall over sixty years. GCM forecast circulation is downsealed to rainfail
categorics by using circulation indices and by canonical correlation analysis which
is combined with spatially interpolated diagnostic GCM forecasts of rainfall and

outgolng long-wave radiation categories,
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CHAPTER 5

 EVALUATION OF TECHNIQUES AND FORECASTS

Introduction

“There are two parts to the evaluation of forecasts, The first is to evaluate the
 tools and techniques used as guidance for making forecasts, Changes to a numerical
~ model, for instance, must first be tested to ensure that they improve the model's
performance. However, the final forecast prdduct ‘must also be evaluated,
Techniques used for evaluations must be objectivé and one standard must be applied -
throughout, Subjective evaluations are useful when the forecast layout and products
are being improved, but should be interpreted with cantion .1en_app}iéd to model”
forecast verifications, However, when dbing case studies, a subjective eﬁaluation of

_the synoptic situation can be informative,

The chapter begins by iﬁtroducing evaluation methods and skili scores used.
This is followed by a comprehensive report on model performance, techniques used

to improve model performance and the skill of the final forecasts.

Overview of Evaluation Technigues

An important distinction must be made between forecast accuracy or
similarity and forecast skill. Accurscy is defined as the average degree of

correspondence between forecasts and observations (Murphy, 1988a). It is possible '
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to select a field frum historical observations that will closely match a verifying |
abserved field because the atmosphere does repeat previous circulation patterns
somewhat. Therefore, if one were to forecast by randomly selecting historical fields,
some accurate forecasts may be made occasionally, but obviously such. a méthod has
no scientific skill (Anderson and van den Doul, 1994), Skill is defined as the
| accuracy of farecasts relative to the accuracy of forecasts produced by some standard |
 procedure, such as persistence (Murphy, 1988). It is thus important to determine the
skill of a forecast and not merely its accurﬁcy. Here forecast evaluation results are
~compared against those obtalned by using persistence, climatology and random
- guessing to make forecasts, Persistence forecasts aré based solely on the value of the
 variable of interest at an initial time where the value at the forecast time is the same
as at the initial time (Mucphy, 1992). Climatology forecasts are determined from the |
mean value of a varidble computed over an appropriate date sample and is used

where statistical stationarity is a reasonable assumptioft,

Gridded forecast variables

Many evaluation methods are foun& in the literature, These aré designed to
evaluate varioug aspects of modelling and forecasting, They range from basic
measures of error to complex skill scores. Gridded forecast fields oﬁtput by models

- are comparad to verifying analysis fields. The most popular measures of skill that
are used are, the roat-mean-square error (RMSE), anomaly correlation coefficient
(ACC) and average error (Bricr and Allen, 1951; Murphy and Epstein, 1989).
Anomnlies are calculated with respect 10 monthly-dependent climatology. The
Wotld Meteorological Organization (WMO) requires all numerical weather
prediction centres to publish skill statistics of their models annually (WMO, 1992),
The Easic messures of model skill mentioned abu .. will be uéed to evaluate sea-
level pressure and 500 hPa height progrostic fields of the GCMs deseribed here.
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Root-mean-square ervors can be divided into two parts, the systematic and
non-systeniatic root-mean-square error, The systematicpart.represents' the error that
is similar at all points tn the gridded field, while the non-systematic part the

~ remaining random errors (Hoskins and Pearce, 1983}, Accurate modéls have low
systematic root-mean-square errors, Reduction in error variance (Balzer, 1994) is
useful to measure improvements in model skill when some change is made. For
example, the improvement of GCM skill above persistence forécasts will be
_ Quantiﬁed this way. Root-mean-gquare errors are not & perfect tool; 2 weakness
) includes favouring r_ﬁodel forecasts that underestimate variability (Brier and Ailen.
1951). However, an advantage of the mdt~m_eau—square error is that it retains the unit

of the forecast variabla,

Anomaly correlation coefficients measure the similarity of the spatial
patterns between the forecast and observed fields (Murphy, 1988a). Long-term
forecasting 1s mainly concerned with the departure of a particular variable from the
climatological mean. Anomaly correlation coefficients are ideal for evaluating the
ability of the model to forecasts thesé changes. On their own, anomaly correlation
coefficients fail to detect grosé mode] bisses and sometimes high values can be
misleading (Wattersan, 1996). A perfect correlation will be found between two
fields that differ by a constant factor throughotit,

Categorical and pmbabih'g# forecasts

Scoring methods used are dependent on the type of foreeast issued,
Extended-range forecasts are offen categorical because they suggest a probability
distribution of likely outcomes rather than a single event. The Linear Error in
Probability Space (LEPS) technique (Potts et al., 1996) was developed to evaluate
categorical forecasts, This sophisticated scoring system is ideal for evaluating a
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series of long-term forecasts giving the most probable category of occurrence,
Specifically. categorical forecasts discussed in this dissertation are placed into three
equiprobable terciles. Correct forecasts of the middle or normal category carry a
smalter weight than.correct forecasts of the outer catégories in the finﬁ_l score,
Incorrect forecasts receive a negative score depending on how many categories they
are out. The final score tanges from -100%, for forecasting the worst possible
-category given the observations every time, to +100% for a perfect record. Guessing .
forecasts randomty or choosing the middle c;tego_ry all the time for equiprobable

categories would result in a 0% LEPS score,

Other measures of categorical forecasts inclﬁde, the hit rate (Noone and

. Stem, 19_95}, threat score, probability of detection and false alarm rate (Schagfer,
1990). The hit rate is the number of correct forecasts divided by the total number of
forecasts and simply gives the proportion of time the forecasis were correct, Certain

- events, e.g. tornadoes, occur ifery' seldom and the threat score divides the number of
times the event was forecast by the number of times it was either observed or
forecast, Correct forecasts of the event not occurring are Gmitted from the calculation
thus ex_cluding the ecasy forecasts that have no real value, The probability of
detection gives'the ratio of warning of an event to the number of times it occurred
while the false alarm rate the number of waming forecasts that failed. These two
riieasures are an indication of the reliability of the forecasts and can be applied to
long-term forecasts of droughts and floods which are important warning signais.

COLA T30 GCM 30-Day Average Hindeasts for the Period 1979 to 1995

The most realistic way of evaluating GCM hindeasts is to treat them as if .
they were in forecast mode. Retroactive real-time forecasting (Bamnston et al., 1994)

uses only information that is available at the time of the forecast to determine and
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remove model biases, In this study, model simidations from the fiest ter. 2ars of the
hindcast period are used to calculate the mode! bias which is subtracted from
forecasts for year eleven. A new bias, calculated wsing forecasts from year one to
eleven, is removad from forecasts for year twelve anid so on. This process is

continued 1o year seventeen and the average rnodel skill is determined.

‘The effects of ensemble averaging and clustering are compared by using
cross-validation to evaluate all seventeen years of hindeasis. The hias removed from
forecasts in a particular year is calculated by using forecasts fror iininy years,
This technique is used here so that the largest possible set of fo - are used for

comparisons of the ensemble method.

Modet forecasts of sea-level ‘aressure and 500 hPa heights are evalﬁated_ in
a window centred over southern Africa from 30°W to 60°E and 20°S fo 60°S. In
addition, for comparison, the same prognostic fields are evaluated over the entire
 globe, the northern hemisphere north of 20°, the southern hemisphere south of 20°
and the tropics from 20°N to 20°S. Diagnostic variables of surface temperature and
~ rainfall are evaluated over So’ufh Africa against observed data from 77 temperature
stations and 510 rainfall stations that are interpolated to model qutput grid bnxes
(Fig. 5.1). Outgoing long-wave radiation fields are evaluated over the Indian and
South Atlantic Oceans for the pé:ribd June 19'?4 to July 1992, Root-thean-square
error and bias are determined for vach model grid box and anomalies are determined

with respect to the mode) climate.

GCM prognostic output

Bias-corrected model forecnsts of ses-level pressure and 500 bPa heights
have root-mean-squars errors substantisily lower than those of persistence forecasts
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(Fig. 52) The same is found with the anomaly correlation coefficient scores (Fig.
5.3). These scores clearly show that 30-d§y GCM forecasts have skill over southern
Africa. The bias correction method that praduces the best results in this study is the
removal of .the grid-point monfhly bias. The other method which strives to produce
an oPﬁmal linear regression fit through an anomaly scatter plot reduces root-mean-
square errors ivell_but lags somawhat in the improvement of anomaly correlatidﬁ

coefficients over those of persistence forecasts, Model ensemble average forecasts
have lacge errocs before bias correction showing the large effect of model drift on

verification scores.
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Figure 5.1; Map showing COLA T30 model grid boxes with the location of a)
rainfall and b) temperature stations used for model dirgnostic ousc ut
evaluation, '
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_ GCMs in general underestimate varfability but this is geographicaﬁy

dependent (Kaas, 1993). The COLA T30 model's inter-monthly variability is studied
by comparing plots of forecast and observed standard deviation (Fig. 5.4). The
model captures all of the 500 hPa height vasiability north of 35°S except in the
central Aflantic Ocean and most of the sea-level pressure variability in the same area

especially aver South Africa. Further south the model underestimates variability

samewhat.

Persistonce.. N .
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Manthly bias rnr'noved;.
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M Sea-loval pressure {(hPaj " 4 500hPa helghts {tgpdam})

F:gure 5.2: Average root-mean-square errors of 30-day sequential forecasts from
1989 1o 1995 for the area covering southern Airica and surrounding oceans
(30°W - 60°E and 20°S - 60°S). Biases are determined using retroactwe real-
nme forecasting beginning in 1979,
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Figure 5.3: Average anomaly cotrelation coefficients of 30-day sequentis! forecasts
from 1989 to 1995 for the area covering southern Africa and swrounding
oceans (30°W - 60°E and 20°S - 60°S). Biases are determined using

- retroactive real-time forecasting beginning in 1979,

Effect of ensemble avemging and clustering

The weighted ensemble average, where weights are dependent on forecast
fength, produce forecasts with anomaly correlation coefficients higher than each
ensemble member which range from 0.25 to 0.35, as well a5 the standard ensemble
average (Fig. 5.5), The increase of 0.02 in the anomaly correlation coéff'wient to .39
when weights are used to calculate the ensemble mean is also significant,
Correlations in figure 5.3 and figure 5.5 differ because the evaluation periods are not

the same.

Ensemble members were clustered into two and three groups using the group
average method. The caleulation of the distances beiween ensemble members wsed
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to form the proups was based on the 500 hPa fields because their skill scores are a
littte higher than those for sea-level pressure fields. None of these clusters oﬁ
average produced highér anomaly correlation coefficients. However, using hindsight
~ to select the cluster that had the highest anomaly correlation coefficient for each
forecast period produced a quantum leap in th;a anomaly correlation coefficients to
0.54 for soﬁthem Africa. If clusters are chosen optimally, it is possible to achieve a
high level of siill, Mean-square-spread 'émong enéemble :Iner'nbers' in the cluster
proved not fo be a good objective method in finding the best cluster,' For now, -
ensemble averaging remains the best way to enhance dynamical extended-range
trrecast skill, but cluster analysis has great potential for enhancing the skill further.

Temporal variation of skill

_ Seasdnal GCM forecnsts are strongly cependent on boundary forcing and
skill is greatest during B! Nifio and La Nifia events when there is a stmng boundarcy
.signal (Barnett e¢ af, 1994). However, mnthly forecasts are still very much
dependent on initial conditions. Two cas - studies of the J anuary observed and
forecast sea-level pressure illustrate the point (Fig. 5.6). During the 1983 El Nifio
event the model simulates the area of negative anomalies in the South Pacific
Comiergent:e Zone and in the .Southern Ocean very well but underet..nates the
intensity by about hhlf the magnitude. _Model responses-tb the additional boundary
forcing compare well to observations over the northern Hemisphere. For thé La Niiia

- case in 1989 the model again does well in the northern Hemisphere, The obscrved
atmospheric response to the La Nifia is weak and the model responds at the same
magnitude and gets the correct sign in the anomaly in the South Pacific Convergence
Zone and south of South Africa. Therefore, the model responded more realistically
during the La Nifia event and the evalﬁatio'n statistics during che La Nifiz event are

better than those during the EI Nifio event,
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Figure 5.4: Standard deviation patterns of nbserved and bias-corrected forecasts of
500 hPa heights and sea-level p-zssure fields for the period 1979 to 1995,
~ Biases are determined using cross-validation,

Case studies may be misleading as cbmpafing southern Africa and global
time series of GCM skill scores with the southern oscillation index (SOI) reveals
(Fig. 5.7). There is no significant correlation between the S«month runhing means
of global GCM skill or GCM skill over south;a-rn Africa and the 301 (Tablé 5.1)..
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- Figure 5.8: Comparison of the average anomaly correlation coefficients of 30-day,

bias-corrected, sequential 500 hPa height forecasts from 1979 to 1995 over
the area covering southem Africa and surrounding oceans (30°W - 60°E and
20°8 - 60°S) of the poorest and best ensemble membar, the straight ensemble
average, weighted ensemble average, the largest to smallest of 2 and 3 -
clusters, the best cluster and the cluster with the minimum mean-square-
spread at each case, Monthly biases removed are determined by cross
validation,
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Figure 5.6: Observed and forecast January sea-level pressure anomalies during the
1983 EI Nifio and 1989 La Nifia events, '

Table 5.1: Correlation between the 5-month running mean of the southern
oscillation index and GCM skill {anomaly correlation coefficient) for the
globe and southern Africa over the period 1979-1995.

Correlation with skill Correlation | No.of { No.of
over southern Africa ] with global skill | years | forecasts
E} Nifio years 0,02 0,03 3 _ 61 _
| La Nifia years 04 0.78 ' RE
Other years 0.08 013 11 143
Allyeas | 018 | 016 17 | ar
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Figﬁre 5.7: Time serjes of 5-month running means of the southern oscillation index,
GCM skill over southern Africa and global GCM skill,
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Diagnostic model output

. Model fﬁrecast surface temperature and rainfall are evaluated for the grid

boxes centred at 30°S 30°E (summer rainfall area) and 33.75°S 18.75°E (winter
rainfail area). Anomalies of forecast surface temperatures have no bias and lower -
root-mean-square errors than actual forecast valyes whick have a positive biaé {Fig.
5.8a). This bias is greater in the summer rainfall area, The model maonthly surface
temperature climate also 'has_ a positive bias. Model rainfatl anomaly forecasts
multiplied by the ratio of the standard deviation of the modelled and observed
rainfall have smallei_' biases than actual forecasts (Fig 5.8b). However, the bias is not
removed totally as with the surface temperatore forecasts. The model elimate rainfall
has & negative bias in the winter rainfall area and & positive bias in the summer
rainfall area, The monthly'bias of 147 mm at 30°S 30°E is more than the wettest
month's average in that area, Root-mean-square errots for rainfall anomaly fcrecasts
in the winter rainfall region are increased when bias correction is applied. This is not
necessarily a detetioration in the forecast becau,ée underestimating rainfall amdunts

will result in lower root-mean-square errors.

- Seasonal climatological maps of model outgoing long-wave radiation {{JLR)
biases aver the Indian and South Atlantic Oceans show negative values ove. most
of the Indian Ocean and positive values over Indonesia and equatorial west Africa,
peaking in spring (Fig, 5.9). This suggests that the model is overestimating
convection (negative OLR bias) over the Indian QOcean and not simulating enoﬁgh
- of it over much of the land in tropical Africa. Over South Africa negative biases are
found over the summer rainfall areas in the east and positive biases in the winter

rainfall areas in the west (Fig. 5.8c).
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Figure 5.8: Average root-mean-square errors and bizses of the COLA T30 GCM
climate, forecasts against observations and forecast anomalies against
observed anomalies of a) surface temperature, b) rainfall and c) outgoing
long-wave radiation for two model boxes in the summer and winter rainfall
areas of South Africa for the period 1979 to 1995, Biases are determined
using cross-validation,
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Figure 5.9: Seasonal fnaps of COLA T30 outgoing long-wave radiation model
climate biases.

Global skill

'T_‘hé reduction in error variance score is used to-t:o.mpare the local skilt of the
COLA T30 GCM over southern Africa to tha;: in other areas, This score guaritifies
the impfovement in model forecasts over persisterice forecasts, It {s clear that on
average the GCM performs substantially better than' persistence forecasts it all
regions (Fig. 5.10).' Sea-level pressure forecasts for southern Africa have a higher

evel of skill than their northern hemisphere and global counterparis. However, 500

hPa height forecasts are miost skilful in the northem hemisphere, In the tropics the

GCM is able to improve notably on the already low raot-mean-squate ercors of
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persistence forecasts. The reduction in error variance score is dependent on how poor
persistence forecasts may De. Note that the highest reduction in error variance

corresponds to the persistence forecasts with the highest -oot-mean-square errors,

500 hPa Heights _ Mean Sea-level Pressure

= S b

Global
N. hemfs.
Teopics
S. hemis,
8. Afriza

Figure 5.10: Reduction in error variance scores of 30-day GCM forecasts over
various regions with accompanying persistence forecast root-mean-square
. errors.



Discussion

Numerous studies have shown. the benéfits of ensemble methods in
increasing monthly forecast skill (Leith, 1974; Brankovic et al., 1990; Yamada et at.,
- 1991) Results pn_sented in this paper show how the ensemble mean outperforms
“each of the ensemble members, Falmer (1993) recogmzed 1he utility of ensemble
forecasting as a measure of the _unportance of initial conditions on the skilt of a
dynamical extended-range forecast, A case-uy-case plot of ensemble member skill
of the COLA T30 GCM 30-day forecasts shows & large spread in the anomaly
correlation coefficients (Fig. 5.11). Tn each case the same boundary forcing is used
proving that the variations in forecast skill are caused by. differences in initial
conditions alone. Ensemble averaging acts to reduce random furecast errors caused
by uncertainties in these initial conditions (Murphy, 1988h), Time~avemgmg also
~ has benefits to forecast skill by filtering higher-frequency scales of motion to leave
the more predictable, low-frequency waves (Shukla, 1981). However, high-
frequencjx waves have an effect on the low-frequency modes and if not
parameterized correctly model drift increases, degrading the forecast. Stewart (1994)
investimated methods of improving a low-resolution modet by analysing the
contribution of unresolved scales using a higher resolution model and simulating
these in a combined deterministic and stochastic parameterization scheme.
Notwithstanding, .forecast skill does improve with higher resolution GCMs that have
sophisticated subgrid-scale physics (Sirutis and Miyakuoda, 1992), although there is
evidence that it is beneficial 10 form a forecast ensemble from GCMs with different
_horizontal resolutions (Deque, pé_rsnnal comimunication). Higher one-month forecast
skill rhay consequently be achieved by bsing hfgh-resolution GCMs and employing

‘ensemble methods and output filtering.

_ Bias-correction of GCM output is considered a further vital step in enhancing
forecast skill (Miyakoda et al., 1986; Livezey and Schemm, 1988; Tracton et al.,
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1989; Murphy, 1990}, In this study, uncorrected model forecasts, which have larger _
errbrs than persistence forecasts, increase in skill'by a substantial margin once the
bias is removed. The COLA 1.  10del has a particular seasonality in its bias which
iS eastly ideatified and removed at each g -point. The adjustment of model
anomaly forecasts so that a linear regressidn fit passes through the origir of a scatter
“plot of observed and forecast anomalies with a gradient of unity caused an
unrealistic increase in the forecast anomaly variability (Fig. 4.3). It seems that, at
least for COLA T30 GCM 'flomhly forecasts, there is no linear relatlonshlp between

bias and anomaly magmmde

Figure 5.11: Case-by-case scatter plot of ensemble member forecast skill.

Another benefit of ensemble forecasting is 1 use the ensemble spread in
predicting, a priori, the confidence in a forecast (Murphy, 1990; Barker, 1991).
However, the ensemble spread of 30-day average forecasts verified in this study do

not correlate well witti forecast skill (Table 5.2). This may be a result of a relatively
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small ensemble size as the correlation of the ensemble mean-squé:e—spread with
forecast error has been found to increase with larger ensembles (Barker, 1991). It
may also be that the relationship between forecast error and ensemble spread is
dependent on case-to-case predictability. Model variability between cases is known
to exceed variability due to model uncertainties (Sirutis and .Miyakoda. 1992). To
test the impact of prediciability on the ensemble spread and forecast error
__ relationship the forecast cases were sorted into bins according to the skill of the
ensemble average (Table 5.2). Good foracast cases, wheré' the anomaly correlation
coefficient exceeds 0.6, account for more than a third of the cases but correlations
'_ ~show that ensemble spread in_éreases slightly with forecast skill, coﬁtrary to
expectations. As the skill of the forecasts “decrense the comelation improves,
especially for sea-level pressure forecasts, However, the highér correlations are
found only with a small portion of the cases when the model has no skill. Difficulties :
encountered with usirg cluster anatysis methods to improve forecast skill above that
~ of the ensemble mean in this study may also be a result of the lack of a clear link
- between forecast skill and ensemble spread, However, the potential remains for
clustering to exclude unskilful ensemble members from the average and enhance

forecast skill.

Table 5.2: Correlation of ensemble spread and ensemble average skill for GCM 30-
day forecasts divided into bins based on forecast anomaly correlation
coefficients {ACC). Numbers in brackets are actual number of cases.

sl Binaced | 101010 [ 101006 Joswos |021w02 | 021006 | 0600410
S00hPa | %of cases | 100% (221) | 35% (77) | 45% (100) | 18% 39) ¢ 4% ) | 0% (1)
heights | coretation {f -0.07 011 0.07 PYTR YT ok
Ses-fevel | % of cases || 1009 (221) | 39% (86) | 46t 98} | 14% QD) | 4% O} | 1% @
Pressure | correlation f| -0.02 0.03 001 . -0.28 0.4 ~1.00
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Boundary foreing does play a role in 30-day GCM forecast skill. Using
observed SSTs produces better forecasis than using climatological S8Ts (Mo and
Kalnay, 1991). However, the effect on the skl in the mid-latitudes is lower than in
the trapics. It was found, both locally and glpbally; that the skill of monthly forecasts
~ inthis study is not well correlated to the strength of the anomalies in the boundary
forcing, further supporting the notion that monthly forecast performance is more
sensitive to initial conditions (Sirutis and Miyakoda, 1992). Sometimes skill is found _
during predictable, stable climate regimes but the change between regimes, whicﬁ i
_does ot require any external forcing, is often unprédictablé and can result in poor
skill (Reinhold. 1987; Palmer and Anderson, 1993}, Blocking and stable climate -
regimes are very rare in the southern Africa region and cannot account for much of
the skill that is found in the area (Hoskins and Pearce, 1983). This suggests that the
COLA T30 GCM captures a number of the dynamical processes in the aﬁnosphere

that govern the time-evolution of the system very well.

'Bias_es of model diagnostic forecasts of anomaly cutgoing long-wave
* radiation and surface temperature are neghigible and provide more useful information
than direct forecasts of these parameters which may have a large systematic error.
Such parameters may be used in a downscaling method 10 produce regional forecasts
¢ ai.nfall and suiface temperature (Kim ez f., 1984). Tn South Africa, dutgoing
long-wave radiation anomalies have been shown to be useful in detecting dry and
wet spells {Jury and Levey, 1993). However, GCM rainfall forecasts for South
Africa remain unreliable. Other findings show that GCMs as a whole simulate iarge-.
scale features well but suffer in the area of parameterized varial_:les, such as rainfail.
Often giobal avérage precipitation values are realistic but locally may deviate from

observations by a factor of two (Gates, 1985).

Results presented here agree to a [arge extent with those achizved at other

national weather forecasting and research centres. In particular, monthly northern
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hemisphere 500 tPa height forecasts produced by the Japan Meteorological Agency
have an avérage anomaly correlation coefficient of 0.46 white running in forecast
mode since March 1996 (C. Kobayashi, perSona]- tommunication). Generally,
findings in this dissertation agree with the current understanding of the effects of
bbundary forcing, ensemble methods, bias-correction of model output and |
 predictability of different scales of motion. Discrepancies in findings include the use
of the ensemble spread for a priori skill prediction, Possible reasons for this have .

been discussed.

GSM T62 GCM 14-Day Daily Forecaéts for the Period 1997 to 1998

- The GSM T62 model is used operationally at the SAWB to run a 43-member
ensemible suite of 14-day forecasts once a week. 'The control forecasts run at the
'T126 resolution for the first 2 days and then are truncated to T62 resolution for the
remainder of the forecast. P_értufbations generated by the breeding of growing modes
method run at the T62 resolution, Forecasts between October 1997 and March 1998
have been collected and evaIuﬁtéd at each forecast day using anomaly correlation
coefficients over the area covering southemn Africa and éurrounding oceans (30°W
0 90°E and 0°S to"60°S). Anoraalies are calculated against the control analysis field

of each forecast.

Oa average, anomaly correlation coefficients of the GSM T62 modet 500 hPa
~teight forecasts gr Wity drop as forecast time increases and reach 0.50 at aboui 15
. days (Fig. 5.° ily forecasts are considered useful if anomaly correlation
coefficients ¢ . 0.60 (Hollingsworth et al., 1980). Using this rule-of-thurnb,
control 500 hPa height forecasts cun be used on average up to nine days ahead. The
" benefits of ensemble forecasting become clearly evident when comparing the

anomaly corretation coefficients of the control run and ensemble clusters, The
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control run is initialized with the best aﬁalysis, while the ather ensemble memberé
have pertucbations added to and subteacted from that analysis giving the control run
an initial advantage, During the first four days of the forecast the anamaly
corrrlation coefficients of the ensemble cluster are similar to the control run.
Thereafter the ensemble cluster has a higher anomaly correlation coefficient and
useful forecasts are now extended from nine to twelve days. This limit in skill is

consistent with findings of Lorenz (1969). The apparent return to skill of the
ensemble cluster after day !4 has been experienced by others and is concluded to be
statistically insignificant when cumpa_ring these forecasts to no-skill forecasts which
are taken from verification fields valid for other years {Anderson and van den Dool,
1994),
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Figure 5.12 Average anomaly correlation curves of control {solid line) and the
largest ensemble cluster (dnshed line) 500 hPa daily forecasts of the GSM
T62 GCM. Forncasts with correlations in the shaded area are not considered
to be useful. )
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Downsealing GCM CMIation- Forecasts to Rainfal)

Categorical forecasts of 30-day average rainfall in seven near-homogeneous

~ regions done uéing two methods of downscaling sea-level pressure and 500 hPé
height GCM forecasts are contraste_d and discussed. This is the final part of the -

" extended-range forecast and is often the only product accessed by the user, Thus,
' from a user point of view, the evaluation of the final forecasts are the mast important
and need to be presented in such a way that the benefits and limitations of these

forecasts are clearly shown,

Results

Previously it was shown that the GCM 30-day forecasts have definite skill
with root-mean-square errors and anomaly correlation coefficients surpassing 4
standard of persistence forecasts. The downscaling exercise must capture as much

of this skill as possible.

The circulation index forecasting method is first trained using observed sea-
level pressure and 500 hPa height flelds and then applied to GCM bias-cotrected
fields. This perfect prog appmach {Vislocky and Young, 1989) unfdrluhately
produces little skill in the rainfall tercile forecasts (Fig. 5.13), Summer forecasts over
the winter rainfall region of the southwestern Cape and autumn forecasts for the
southern Cape coast and northeastern interior achieve hit rates of 45% and LEPS
scores of 25%. Otherwise LEPS scores are close to zero and hit rates do not

significantly surpass the 33% expected by chance.
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Figure 5,13: Seasonal percentage hits and misses (bars) and LEPS skill scores of 30-
day rainfall tercile foracasts from circulation index downscaling over South
- Africa for the period 1979 to 1995, a) summer, b) autumn, ¢} winter and d)

- spring.

Downscaling GCM bias-corrected forecasts Lising canonical correlation
analysis (CCA) and combining this with GCM categorical diagnostic forecasts of
rainfall and outgoing 1ong-wave radiation improve forecasts. The CCA method is
-trained usmg the model output statistics a’p.proach (Klein, 1982; Vislocky and
Young, 1989) that works directly with the GCM forecasts. Here hit rates near or

-exceeding 50% are found for summer forecasts over the northeastern half of South
Africa (Fig. 5.14). LEPS scores between 209 and 30% are found for these areas
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including the western interior. Aviumon and winter forecasts for the winter rainfall

region of the southwestern Cape havé hit rates of 44% and 42% respe.ctiirely. Hit

rates for the western interior are good except in autumn, while lowveld region

forecasts are good, except in winter. Forecasts in the central interior are best in
~ spring and summer while for the -northeasterrl interior skill remains high all year.

Foretasts are poorest for the southern Cape coast where Hit rates are seldom much
~ higher than 33%. ) '
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0 - [ Y e et e e e e =

HR Hha One
E WMha Tws — !- + Lmpg

Figure 5,14: Seasonal percentage hits and misses (bars) and LEPS skill scores of 30-
day rainfall tercile forecasts from corbined CCA downscaling and GCM
diagnostic fields over the period 1979 to 1995 for a) summer, b} sutumn, ¢)

winter and d) spring.
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- Discussion

‘It iy necessary to begin with the varymg predictability of rainfall in the

d:fferent forecast regions for different seasons as this enhances understanding of

- fluctuations in forecast skill, The general nature of South African rainfail has been

described earlier. More specifically, the monthly progression of rain day:
varianice of rainfall on days when rain fell in the monthly forecdst regions is v
_ determine variations in predictability (Fig. 5.15), Daily conditions are imports..”
because the predictability of climatz on scales where initial conditions still play -
role are limited by the predmtabihty of instantaneous weather rather than climate
(Somerville, 1987), The average monthly variance frum 1979 to 1995 has been
norralized by the regional annual rainfall for comparison purposes, In the summer
rainfall regions, which include most of the country except the southwestern Cape
and south const, ﬁie.v'ariancze incresses during surﬁmer along with the number of rain
days. However, spring and autumn peaks are noted and are best seen in the data for
the c_entral interior. Reglonal studies of sumrrier rainfall in the Free State province
| (central in;~rior forecast region) have revealed that general rain days have the highest
incidence in mid-summer. Showers are maore common iﬁ early and late summer
(Hudak, 1988) and contribute to the observed peaks in variarice turing the spring
and autumn months. Further, the geﬁeral rain events contribute substantially to the
. rainfall totals in the region' {Harrison, 19842}, Consequently the wettest months are
in mid-summer. The northeastern interior and east coast have the lowest overall
variance, wihile the sbhth coast, an all-year round rainfall region, has a high variance,
The winter rainfall area in the southwestern Cape has a slight increase in the number
of rain days in winter but a marked peak in variance in July when much of the |
rainfall is in the form of showers. A general trend throughout the regions is that
- varianece increases with aridity. Previously shown forecast skill matches the observad
rainfall variance in many respects. The high skill in the northeaster interior summer

forecasts coincides with low variance and a high number of rain days, The increased
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rainfall variance in autumn in the central interior alss coincides with a drop in
forecast skill. Poor forecast skill for the south coast matclies a relatively high rainfall
variance in that area. This shows that the forecast skill is linked to predictability and

is not merely randormn.
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‘Figure 5.15: Monthly values of the number of vain days per month and variance of
rainfall (wet days only) for each forecast region for the period 1979 - 1995,

A more formal way of quantifying forecast skill is to determine which
forecast hit rates are statistically significahf at the 95% level by comparison with
Stochaster’s. binomial distribution {Livezey and Chen, 1983). This significance
testing has been applied to the downscaled rainfall tercile forecasts in the following
way, There are 51 forecasts for the summer season which must hit the correct
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category more than 33.3% of the time to beat guessing, However, about 11% of
those forecasts above 33.3% may have occurred by accident. Hit rates exceeding
44% are considered to be statistically significant (Lwezey and Chen, 1983). The
same is done for the other seasons {Table 5.3). The skill of the CCA downscaled
forecasts for summer is significant at the 95% level in all regmne. except the south
- coast. The western intetior, lowveld and northeastern interior have significant skill
for three of the four seasons, Rainfall .forecast_sklll for the south coast remains
insignificant throughout the year. Very few forecasts using the circulation index
| downscaling technique have significant skill. Ob\éfously this primitive method doés
not capture the coupling between the atmosphere and rainfall adecfuate_l_y. Regults
from the CCA downscaling compare well With- those obtained for temperature

forecasts in the United Statf_:s (Barnett and Pfeisendorfer. 1987),

-'TABLE 5.3: Skili scores as a percentage of correct tainfall tercile forecasts for the
seven homogeneous rainfall regions for each season from the circulation
index downscaling method and CCA downscaling combined with GCM
diagnostic output method, Values significant at the 95% level are shaded.

Circuldtion Index Downscaling CCA Downscallng cambined with GCM -
Diagnostie Forecasts

Summer :’.u:tumu Wimér Spring Summer | Autumn | Winter Spﬁné
A ERERER:: KB - ;.
sweepe o8| 37 | 33 | 3 [MARRUSHE o |
§ Coast . 28 | N
E Coast a7 33 33 30
Lowveld 3 3 | 39
Cen. Inteeipr |t 35 = 37 _ 36
NEfnterior || 33 | 40 |36 | a1
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| _ Meteorologists are responsible for sup'plying information regarding the types
of products and appropriate skills to those structuring a decision-'making proﬁleﬁt in
assessing the economic value of forecast information (Winkler et al., 1983}, False
alerm rates and probability of detection are some the measures that should be
included when evaluating the quality of forecast information (Schaefer, 1990). The
probability of detection of the below normal rainfall tercile in summer over the
northeastern interjor and east coast of South Africa exceeds 66% (Fig. 5.16). -
However, the probability of detection of wet events is low in the northeastern
interior and moderate for the east coast . In the wester interior wet events are more
likely to be forecas_t than dry ones. Experts on forecast evaluation agree that a
composite of skill measures should be used when attémpting to get a clear.
understanding of the uses and limits of a product (Schaefer, 1990; Murphy, 1991).
 Probability of detection must be complernented with a statement of false alavm rates,
Ideally a high probability of detection shiould be accompanied by a low false alarm
rate, In summer false alarms of dry conditions are low for the central interior and
' east coast, but tie between 509 and 66% over the northeastern interior (Fig. 5.17).
Dry conditions ére best forecast on the east coast, but such forecasts are still good
for the central and northeastern interior where the probability of detection exceeds
the false alarms, Forecasts of normal conditions for the northeastern interior are
almost certain to be correct, but almost certain 10 be wrong for the western interior
. and east coast, False alarms of wet conditions are low over most parts and forecasts
of these conditions should be valuable for the generally arid western interior, False
alarms generally exceed the probability of detection on the south coast where
forecasts have little skil. Dynamical extended-range forecasts done at the former
United States National Metsorological Center (now NCEP) show that skill in
.predictihg precipitation by the global model lies in the abave- and below-normal
areas (Kalnay et al., 1988). Locally, similar results are found as most regions have
the best pefformance in the outer terciles, particutarly the east coast. An exception

is perhaps the northeastern interior, but forecasts for this region are based solf_.-ly on
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downscaled general circulation where the other regions used diagnostic GCM output

in the final combined forecast (Table 4.1).

' Figure' 5.16: Probability of detection of each observed tercile
during surimer of CCA downscaled rainfall forecasts
from 1979 tn 1995,

. 66%
Figure 5.17: False alarm rates for each forecast tercile during 50%
summer of CCA downscaled rainfall forecasts from 33%

1979 to 1995.
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The agricultural sector is particularly vulnerable to rainfall during periods
when rainfall deviates signific.antly from the r;or:nal for an extended time. At such -
times rainfall forecasts are the most valuable and have the broadest use.
Climatologicallf speaking these. periods occur during stroﬁg boundary forcing,
which is often associated with higher predictability (Barnett er al., 1994). Therefore,
the forecast method must perform well during such cases. Series of individual
summer forecasts for the central interior (Fig. 5.18a) and northeastern interior {Fig. .
5.18b), which on average are good, show periods of excellent skill. The summer
droughts of 1982/83 and 1991/92 and the wet summer of 1988/89 were well forecast |
in the central and northeastern interior. Further, significant frends in rainfall such as
tHe dry mid- and late surnmef. early in 1992, ﬁvﬁs well captured in both regions. An
example where an-cbserved upwﬁrd trend in rainfall is captured, but with a month
lag is seen in the northeastern interior in 1985, The lag suggests that sometimes the
skill of the forecasts lies m the persistence of initial conditions, This is in agreement
with the iiterature. Predictability of the aimosphere, once seitled into a regime.is
high, but changes from one mgﬁne to another are far less predictable (Reinhold,
1987). Thus the forecast model can be expected to miss some abrupt changes in -
circulation, However, since GCM skill exceeds that of persistence, it should |

corectly forecast many"of these changes.

-
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Figure 5.18: Time-series of summer CCA downscaled forecasts {dotted), observed
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In summary, bias-corrected COLA T30 GCM forecasts of 300 hPa hieights
and sea-level pressure have skill sco. -3 superior tu those from 'persisténce forecasts,
satisfying the basic prerequisite of skilful forecasts. Local s.kill aver South Africa
compares well with global skill, Ensembles of forecasts which span a range of
possible outcomes have advantages over individual forecast simulaﬁons and inc_reasé_
forecast skill, Clustering énsemble mernbers has the pn_teutial to increase skill much

further if used optimally, The skill of GCM monthly forecasts does not appear to be
seusitive to the strength of anomalous boundery forcing but rather on the
characteristics of the climatic regime captured in the initial conditions. Diagnastic
.forécasts of rainfall and outgoing long-wave rﬁdiation suffer from biasés and on their
own cannot be used to produce skilful forecasts. This may be achieved by

downscaling the large-scale circulation using a multi-variate statistical technique.

Monthly rainfall tercile forecasts over South Africa downscaled from COLA
T30 GCM forecasts using canonical correlation analysis have significant skill over
many areas of South Africa, Seasonally, the best forecasts are found durihg summer
over the northeastern half of the country (Fig. 5.20). Forecasts for the arid western
interior, which receives most of its ram in late sum:her, have a moderate skill ail
~ year except autumn. Little forecas . skill is found in the southem Cape coast. This all-
year- round rainfall area receives rain during various synoptic situations with a
relatively high variance. In South Africa rainfall isa highlj variable parameter and
generally difficult to predict but the monthly forecasting strategy has successfully -
reali .ad some of the predictability potential.
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Figure 5.20: Se~ .nal maps depicting the expected skill of 30-day reinfall tercile
forecasts in South Africa,
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'CHAPTER 6

PRACTICAL ASPECTS OF MONTHLY FORECASTS

Introduction

This chapter has been included io add a practical dimension the
dissertation and to present an example of a forecast cumpi'lecl using tha methods
described in this dissertation. The process of how the theory and ideas reviewed in
previous chapters are applied to provide useful information to end and intermediate
users is discussed. Usars of forecast information are the most important segment of
the entire process. If a forecast is not issued or if the forecast s not used positively
in a decision-making process then the forecast has no value a all (Murphy, 1994).
Forecasts that have a negative impact, i.e. cause loss or damﬁge because they were

incorrect, need tg be avdided as much ag possible,

Nature of Forecasts

Successful forecaste ase those that supply useful informatlon, timeously, to
people who are able to make decisions based on the forecast inforration. Therefore,
a forecast must contain information required by the user in & format that he can use.
Users span a wide scope of disciplines and needs are many and varied, Four confines
of information are needed in determining the forecast value to individual users,
These are the course of action available to the user, the user's payoff or loss function,
the quality of information on which the user's decisions are based in the absence of

forecasts and the quality of the actual forecast (Murphy, 1994},
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Forecasts are constrained by what products are. actually available, For
example, daily weather conditions up to thirty days ahead are simply not possible
at this stage. A compromise between what is évailahle and what is needed must be
reached. The forecaster chooses the forecast regions to suit the methods and
capabilities of the forecast model. Interpolation to other regions, such as provinces,
will simply degrade the skill of the forecast, Another problém with interpolation to
other regions is that the original forecast regions have a spatial scale that suits the
temporal scale of the forecast product, Provinces, for instance, may not necessarily

conform to stch requ:rements.

‘Wording of forecasts becomes difficuli when the region§ eross political
boundaries. One way of addressing this problem is to present forecasts on maps,
However, creating satisfactory maps can be ime-consuming and there are
difficulties sending maps via electronic-mail (¢-mail), The mnest successful way of
presenting forecasts has been to put them in tabular form with a reference map
showing the regions that is available on request (Appendix B). The map can be sent
to regular users when they get their first forecast. Subsequently they only need to

receive the forecast in table form,

- The tayout of the forecast is very important, Information must be clear,
concise and unanibiguous, The user rust ynderstand exactly what is being forecast
so that the correct interpretation of the data may be made. Brevity is also important,
"The user does not want to be burdened with unnecessary information. Probabilities -
in terms of percentages are widely understoo:d and are accepted as a good way fo
present information. Monthly cutlooks are set on a table with a region on each row
and events, such as below normal, normal and above normal rainfall, in the columns
(Appendix B). The forecast probability of an event in a particulﬁr region can then be

read directly from the table,
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The final aspect of the forecast is what information is given, Again it rust
be stressed that products without skill should not be issﬁed, and if théy are, the user
must be informed that there is Ic w cenfidence in that product. Usually a climate

_ forecast is the best substitute for a low skill forecast. Often climate forecasts are also
helpful to users. For example_z, if a filming cdmpany wants to shoot a television
advertisement in the Northern Cape in M=y, often climatological information on the

average temperature and the number of rain days suffices.

The forecast techniques discussed in Chapter 3, enable forecasts of daily
' conditions up to 14 days ahead to be astempted, The most popular parameters
requested by users are the probability and intensity of raiﬁ,‘ maximum and minimum |
temperatures, wind speed and direction and cloud cover, These parameters are put ~ |
‘into table form and updated once a week (Appendix B). Forecasts of time-averaged
| rainfall and temperature terciles are done for a month ahead, Probabilities of each
tercile occurring are then tabulated. The concept of terciles is not well unde. stood.
.The tercilé categories must be defined and in;:luded in the forecast (Appendix B).
" Average annual rainfall varies within each region and so do the boundaries 6f each
tercile, .'.I'ha variation ctn be such that upper limit of a normal category (middle
tercile) at one location is close to the lower limit at aﬁother. Normal category limits
. for a specific location are calculated by multiplying the region's category limits by
the ratio of local annual rainfall to regional annual rainfall. This is done for
predetermined annual rainfal} amounts in muitiples of 200 mm. Smaller meyltiples

will give an artificial accuracy because monthly forecasts have a limited skill.

It is important to demonstrate a record of forecasts to give users an indication
of how good the forecasts may be. They can use this information to calculate
benefits for their own application and decide for themselves whether to use the
'. forecasts or not. The first part of t}ﬁs.demonstratiun is a database of previous

forecasts and hindcasts. These should steetch back as far as possible, however,
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availability of model input data is the main constraint. At this atage the NCEP
reanalysis dataset starts at January 1979 (analyses back to 1958 are expected to be
available in the near future), Another significant constraint is computer time and
resources, The 17-vear hindcasts done in this study took about six months to
complete on the SAWB's Cray-J90 cormputer. The second part of the demonstration
is an objective wvaluation of the-hindeasts for each year and rainfall seasbn.
Evaluation results must be reliable and u:'{dérstandable. Skill Scofes. as with
forecasts, must be explained clearly so that the user can interpret them correctly. It

is important to know why a forecast was verified as correct or incorrect,

Dissemination

A crucial step in any forecast is the transfer of the information from the
forecaster to the user. Short-term forecasts have been issued for decades now and
-daily weather forecasts are seen on most television stations and in newspapers.
Long-term forecasts are relatively new and are aimed at mdre specialized vsers, The
general media is not suitablé. at this stage, to carry long-term forecasts because the
public still needs to be trained on how to use these forecasts. A lot of research also
remains to be dode to improve long-term forecasting methods, Therefore, active -
dissemination on the part of the forecaster, is to peers and specific ﬁsers. This is
done with the aid of e-mail, regular maijl and facsimile transmissions, Passive
dissemination consists of maintaining an Internet Website and rumning an -
information centre by trained officers. The general public can get information from
these sources and place any queries they have. The SAWB muns a Long—ierm
Operational Group Information Centre {LOGIC) on - eekday mornings which can
be contacted by telephone, e-mail or facsimile. This effort has proved to be
worthwhile, Over 1000 queries werz handled by this .centre during the 1996/97

rainfall season,
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Automation

One of the most challenging areas of system development is automation.
Procedures must be written that gather all input data, run the models, do the post;-
‘processing, set the objective parts of the forecast and send the forecast to the
dissemination centre, All likely problems, usually computer bardware failunés, must
be anticipated and corrective measures implemented should they wceur. In other
words the forecast must depend us little as possible on human intervention. Data
becomes available 611 a continuous basis and model runs have to be submitted
' automatically once the data has arrived, Valuable time will be lost if the model runs

are only submitted when someone is on duty."

Machine schedulers are used to set the forecast process in motion, Each
segment submits the next once it is complete until the final forecast is finished,
‘Obviously the forecast pméess can never be entirely automatic and human
intervention is unavoidable and necessary at times. Computer operators are
responsible for the smooth functioning of operational machines. If data arrives late
or a machine was down when a model was supposed to start, the operators start the
model manuatly. The LOGIC official checks whether the final forecast is completed
and has limited control over the printing of the final products. Occasionsily, new or
difficult problems arise and the designer of the operational system has to resolve the

problems.

Some requests from users have to be dealt with individually. Such tailor-
made products become extra duties for the LOGIC officer and do not form part of

the autornated system.
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Interaction with Users

A user of forecast information can be described as an individual or group of
peaple who receive forecasts and use this information to make strategic and tactical
decisions regarding their activity. Users can be divided into two major groups. End-
users are those who apply forecast information directly to their activity and do not
.pass.o'n the information. A good example, is a crop farmer who needs to plan the
planting, irrigation and harvesting of his crop, The other type of user is the
intertnediate user, 'These are generally large companies or couperations who either
distribute forecast information to end users within their ju:isdiction ar use the
it_lfoﬁﬂation o ir’nprbve their own products to end users. An example of the former,
is an agricultural union, while the latter could be a research institute inv'e_stigatir_ng

runoff and river flow.

The importance of a two-way commurication between a forécaster and user
cannot be over-émph_asised. The forecaster has to keep in touch with the users and
remain up to date with ever-changing needs. Questionnaires, workshops and direct
communication ought to take place often, Questionnaires investigafe the reaction of
users to forecasts and provide a channel for requests :ibout new forezast products and
layout of forecasts: Workshops have similar functions but also have user training and
information sessions, The Workshop on the Use and Benefits of Seasonal Ootlooks
(WUBSO) in 1996 (WUBSO, 1996) was where the long-term forecasters learned
that users want information on hindcasts and evaluations, A lot of information is
exchanged by direct communication through places like the LOGIC, Comments and
suggestions from users are noted and passed on to others iavolved in long-term

forecasting,

Many potential users are sceptical of long-term forecasts because of the

apparent lack of skill in models and low confidence that forecasters have, Therefore,
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projécts which demonstrate the usefulness of long-term forecasts must be
undertaken. Tﬁe goal of these projects is to present a history of forecasts and show
how a particular resource of activity could have been better managed had the
forecast information been available, Water ré;sour-';:é 'managemenl can be easily
_ Simulatgd in such a project. Occasionally poor decisions, owing to incorrect _'

forecasts, will probably be made, but overall better managemerit should result,

The forecaster must continually strive to provide 8 worthwhile service to his
users. If he does not satisfj( his customners he might find himself with a product that
no-one wants. Apart from that, long-term forecasts 'certainly have the potential to
. makea huge contribution to mankmd and this oppdrtunity should not be wasted. '
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The COLA T30 GCM is able to simulate the global.general circulation weli.
- Simulation of southern Africa regional circulation, in particular, is good relative to -
the globe. GCM forecasts of 500 hPa heights and sea-level pressure have superior
anoméi)g correlation coefficient and root-mean-square error scores than those from
persistence fore;asts. satisfying the basic prerequisite for skilful forecans. Biases
inherent in model forecast variables can be effectively reduced resulting.in aceurate

forecasts.

Ensembles of forecasts which span a range of possible outcomes have
advanfages_ over individual forecast simulations. The _numeﬁcal average of ah _
ensernble has one of the lowest root—mean-squ'are errors more often than any
member case by case and over a long period has the lowest average root-mean-
square error. Clusgers of ensemble members has the potential to increaée anomaly

correlation coefficient scores substantially above those of individual members.

| Downscaling GCM forecast large-scéle circulation td monthlj: rainfall is
necessary because of coarse GCM resclution and poor performance of GCM
parameterized rainfall forecasts, A model output statistics method of using canonical |
correlation aﬁalysis to downscale rainfall from bias-corrected GCM forecast sea-
level pressure and 500hPa height fields proved successful. This forecast was.
combined with spatially interpolated GCM diagnostic forecasts of rainfall and

'outgoing long-wave radiation to produce tercile forecasts of monthly rainfall with
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s:gmfmant skill in many areas, pamcularly in the northeastern parts of South Africa
during summer. Sea-level pressure and 500 hPa he;ght cuculanon md:ces. selected
to capture aspects of the general c1rculat10n that are important in determining 1ocal
rainfall, were also used to calculdte prcbablhtles of rainfall terciles, The methocl was
trained using analysis fields and then used to downscale GCM forecasts to predict
rainfall operationally, This perfect prognosis approach hasg a riumber of caveats and
more skilful forecasts are obtained by using the canonical corelation analysis

~ downscaling method.

The outcome of apptying numerieal weatﬁer prediction models tb monthly. -
prediction of rainfall in South Africa has proved instructive. The GSM T62 global
model has been ﬁsed for 14-day forecasts of daily conditions and the COLA T30
global meodel for one-month forecasts. The results of the study are summarized

below.

The Basis of the Approach

L - Fdre‘casting the instantaneous state of the atmosphere is limited to two weeks
because errors, unavoidably present in the initial conditions of an integration,
grow with time and eventually contaminate all scales of motion.

2. Monthly forecasting is concerned with atmospheric motions that are

czpendent on both initial conditions and low-frequency boundary forcing.

3. Monthly forecasting has potential because slowly varying boundary
conditions that force the atmosphere alter the statistics of the atmpspheric
motion making the large-scale motions, which are relevant to mohthly

forecasting, predictable.
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6.

10.

Differunces in the extra-tropical general citculatinn of the northern and

southern herhispheres result in varying successes of forecasting methods in

each hemisphere.

Rainfall jn South Africa is highly variable and droughts and floods are

common, Drier than normal years are characterised by more zonal mid-

 tropospheric flow, with 8 westerly anomaly in the surface flow. Weiter than

_normal years are associated with 1arge-amplitude mid-tropospheric waves -

and an easterly auomaly' in the surface flow,

Ensemble forecasting helps ta overcome the difficulty of errors in initial
conditions by sampling a range of possible states of the atmosphere and
producing a probability distribution of forecasts that usually includes what

is Jater observed.

The average of an enéémble of forecasts usually has o higher skilt than the

. Individeal forecasts,

Cluster analysis is used to find groups of similar forecast scenarios from an |

ensemble and exclude outlier forecasts.

Probability forecasts can be determined directly from an ensemble of

forecasts,

Ensemble forecasting methods can be used to provide a pn‘oﬁ‘ information
about the skill of a forecast.
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General Findings

A forecast database consisting-of 221 cases of ensembles, each having 9

' lagged average forecasting 30-day forecasts from the COLA ‘1_‘30 GCM,

covering the period from January 1979 to December 1995 was produced to

test and evaluate monthiy forecasting methods,

Gridded model forecasts may be evaluated using root-mean-square errors
and anomaly correlation coeificients. Categorical forecasts may be verified
using the LEPS score. Each evaluation measure has limitations and these

must be understood when interpreting results.

Standard GCM output has a high bias and results iﬁ.high riot-mean-square

errors.

Model forecasts cah be improved considerably by applying various bias-

carrection methods.

Findi.ngs for South Africa

2‘

Reduction in error of sea-level pressure monthly GCM forecasts compared

to persistence is higher over southern Africa than in the northern hemisphere.

For 500 hPa heights, the northern hem_iSphefe reduction of ercor is best, but

in southern Africa it is better than the southern hemisphere 4s a whole.

Jeuthern Africa stands the much to gain if clustecing of ensemble forecasts
is used optitﬁally; Anomaly correlation cosfficients for 500 hPa height

forecasts can increase from 0.40 to 0,54 over southern Africa with clustering.
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3 Diagnostic model output fields of surface temperature, cainfall and outgoing
long-wave radiation (OLR) have steady biases. Rainfall and surface
temperature is overestimated over the eastern parts of South Africa and
OLRs are too low over most of the Indian Ocean, Best use is made of these

fields when the anomaly with respect to the model climate is calculatea

4. . Root-mean-square errors and anomaly correlation coefficients from bias-
corrected 30-day C'OLA T30 model forecasts are beiter than the same from

persistence as a reference forecasting method,

5. Ensemble clustets df GSM T62 daily 500hPa height forecasts extend skill

from nine to twelve days.

Downscaling |

1. . Forecasting rainfall from GCM oﬁtput is best done by downscaling the
cireulation to rainfall, rather than using model rainfall forecasts, Canonical
correlation anatysis is an muiti-varinte statistical method which works well

* in this apptication,

2. The downscaling method is trained with actual bias-corrected GCM
forecasts. ‘This model output statistics approach produces categorical
forecasts of monthly rainfall that is significant at the 95 % level in many

regions,

3 Combining cananical correlation analysis downscaling with spatially

interpolated diagnostic GCM output enhances the forecast skill.
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The Use of Monthly Forecasts

1. A forecast must be used positively in a decision-making process to be of any

value.

2. ILis imperative to interact fully with users of forecasts to create products that

are user—friendly.

3. Historical skill of u forecasting method must be demonstrated to end-users

- to prove reliability,

Onte of the most promising aspects of monthly forecast skill is optimizing the
use of cluster analysis to obtain a group of bias-comected GCM for . -asts from an
ensemble of forecasts for southern Africa that has an average anomaly correlation
coefficient as high as 0.54, which is presently a Qery good score. The various
advantages of using ensemble forecasting have been demonstrated in the evaluation
of the set of COLA T30 GCM hindcasts, Further impruvemenis in GCM forecasts
can be. expected, not only from advances In modelling physical and dynamical
processes, but also*from further improvements and adaptations of methads like thase

presented in this work,

The cananical correlation analysis downscaling method demonstrated in this
_dissertation shows potential for the suuthern African region. It can be applied to
other parts of the world for various predictand parameters that may be required in
those regions. The advantage of this method is that it uses GCM forecasts, which are
steadily improving, to produce probability tercile forecasts n a relatively simple

| way. Pure statistical forecasting methods have almost reached their full potential and

mmay orly show modest improvements in future,
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Monthly forecasting is on a time-scale that is dependent on both initial and
boundary conditions, It -is. a most compléx forecasting time-scale and such
forecasting has only begun showing progress during the last two decades, Advances
in computing capabilities and the ever-increasing demand for monthly forecasts has
~ prompted metecrological centres to begin focusing their efforts on improving the
skill of monthly forecasts. The resuits of this work show that the forecasting strategy
developed for Southem Alfrica is worthwhile and has potential applications for other.

regions of the world and even on a global seale,
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Acc
AGCM
AVE
BGM
CAC
CCA
COLA
‘CPC
CPU
CTL
ECMWF
GARP
GASP
GCM
GDAS
GrADS
GSM

LAF
LEPS
LOGIC
MODG
MOS

APPENDIX A

LIST OF ABBREVIATIONS

Anomaly Correlation Coefficient
Atmospheric General Circulation Model
Mode! ensemble average .
Breeding of Growing Mndeé ensemble generating method |
.Climate Analysis Center (now CPC)
_ Canonical Correlation Analysis
Center for Ocean-Land-Atmosphere Studies
Clirare Prediction Center (formerly CAQC)
Central Proceésing Unit of a computer |
Control run simulation
European Centre for Medium Range Weather Forecasts
Global Atmogspheric Research Project |
~ Global Assimilation dnd Prognosis system
General Circylation Model
Global Data Assimilation System
Graphies Analysis and Display Systeni
Global Spectral Model (medium-range global forecast model
at the SAWRB)
Lagged Avemge Forecasting
Linear Error in Probability Space
Long-term Outlook Group Information Centre
Monthly Qutlook Development Group
Model Qutput Statistics
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NCEP

NMC
OCN
o1
OLR
POPS
RGSCS
RMSE
SALFF
SAWB
SOI
SST
T30

T62
T126
UKMO

WMO
WUBSO

National Centers for Environmental Prediction
{formetly NMC)

National Meteorological Center (now NCEP)
Optimal Climate Normals -
Optimal Interpolation

0ulgbing Lohg#wave Radiation

‘Principal Oscillation Patterns

Research Group for Seasonal Climate Studies
Root Mean Square Error '
South African Long lead Forecast Forum
South African Weather Bureau |

" Southern Oscillation index

Sea Surface Temperature
Spectral GCM with triangular truncafion at wave number
30 (COLA GCM in this thesis)

 Spectral GCM with triangular truncation at wave number

62 (SAWRB GSM madel in this thesis)

Spectral GCM with triangular truncation at wave number
126 (SAWB GSM model in £ s thesis)

United Kingdom Meteornlogical Office

World Meteorological Organization

Warkshop on the Use and Benefits of Seasonal Outlooks
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APPENDIX B
EXAMPLE OF A MONTHLY FORECAST

An exarnple of anupérational forecast {ssued on Monday 27 October 1997 follows,
Products include a reference page with a mép of the forecast regions and an
~ explanation of the symbols used on the 14-day foreeast of daily conditions, a table
.of forecast daily’ coriditions for 14 days, a 30-day forecast of rainfall tercile
probabilities over seven regions in South Africa with confidence values and
reference map and tables of regional normal tercile rainfall amounts for 30-day

periods for each season,
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Daily Weather Forecast for 14 Days

Regions: . 1 - Western Interior
: 2 - Southwestern Cape
3 - - South Coust
4, - East Coast
5 - Lowveld
6 - Central Interior
7 - Northern Interior
Rainfall: NIL - No rain
: ' -RA- - Light rain
RA - Moderate rain
+RA - . Heavyrain _
6% - 76 percent chance of the given category occurring
Temperature: 20 - Maximum temperature
_ 10 - Minimum temperature -
Wind: ' NE - Direction
: 11 - Speed (km/h)
Cloud: CLR -  Clear

PCL - Partly cloudy
ove - Qvercast



1 2 3 4 5 B 7
W Inter SW Cape S Coast £ Coast Lowveld Cen Int N Inter
Nt 22 N T (i) wof vl INiufref N INIuf eof & [Nauf 27| wEl Wil 1o ml INTdl 4] Wl
a1% 10| 23 Floow| 12| 21/"Haan| 15| 26" Hlsax| 13| 22" Plasxl 11| 71®Flsox| 6| 137 lgexl o slCLR
nic| 2al N i) 2l N | o] 2af N | INo 2af n | [Niol el Nl [NIL 2o n | INTL! 21 N
laas! 10| 30{°Plasx| 13| 26" “la1x| 15| 29 C-leex| 18] 41" Flosx| 11| 13°-Plosw| &l 23®loow| & 14[C4F
vicl 2ol N [ Inic] o el NIc| 2of nw|  Inicl 22l mwt  INuf e8| N T Inrc| 20] mw| [Niu| 21l e
a1 10| 25/ C-izaw| 13] a1 " leox| 16| 45/ c-leiw| 14) 38 laow| 11| 17(%Plaas! 6l 24" Flsow| & 17{C-F
NIl 18] N | INTL| 18] nw| -Ra) 18| W] INIU| 2t| W[ [Nicl es| w | INTC] 18] mw|  [NTL| 20] nw
lzsw| o] 17]P%lsoxl 12] 17 leexl 15| 33l -lsex| 13| 28°-Pleex| 11| 130Tyl s 2o C-loax] 5| 12t
o 17wl Rl 18l W[ [-Ral 17l Nl INTc] 20] Nt INicl e[ N INIL] 18 N ] |NIL] 20] Nw
son| 7| 14} C-soul 11| 13/ O-|sex) 14] 13| -jsost 12 117 aaw) 11| 8C-"loax| 5| 16/ Tl 4 "
NIL) 17 W] NIL) 18 oW|  |-RAl 170 #f  |-RAl 18] nwl  INIC] 28| N | |NIL] 17) NW|  INIL| 20| W
75w 8 110 |son| 10! 23 Cl5os 14] 38! Colsakl 12| 18! C-izswl 11| sC-Yesxl 2l 147°%tloax] 4| 10/P-P
NIL) 17 El INIL| 15w  [-RAl 16{ . NIL{ 18] Wl INTL| 25] NEl  NILY 17 NWl INIL| 20| sw]
aax] 4] 10{°Plsox! 10 18]""-|sexl 13] 18 C-lsok| 11] 117 aanl 11] &C-Pizsul 3l FCMloaw| 4] 4[CLP

CY/S TR/ O/ BY/M B/ | LB/ 98/QG
10B0B6 01 92/086 woljl 18BI8J04 ATie(g



Pleterspurg

Pretoris

"~ JUplngton
Apington

“Port Elizabeth

RAINFALL PROBABILITY FORECASTS

Percentage chénce of each tercile geourring

during the 30-day period : 98071900 - 98081700

REGION| Below | Normal Above Maximum  jConfidence
| Normal Normal Prabability - |

1 N 40 Rl Above Normal Med
2 4 26 70 | Above Normal |  Low

3 17 | 38 | 45 |Above Normal Low |

4 28 31 - 44 Above Normal Med

5 51 35 14 |Below Nornal Med

6 11| a7 | 52 |Avove Normal |  Med

7 33 0 47 | Above Normal Med




Reglonal normal tercile range of 30-day rainfall for each season (mm)

Spring (SOM)

Sufnmgr (DIF) Autumn (MAM) | Wint~ 1 4
Region 1 23-54 18- 36 _ 13.24 2439
Region 2 - 11-23 32- 66 74- 108 20-42
~ Region 3 50 -72 - 37.7 © 4061 45-94
' Region 4 77-111 2754 1029 57-88
Region 5 116-180 - 24-84 5-19 46-92
Region6 . | 53-8 20-52 3-16 36-70
Region 7 89105 19-47 2-8 40-80
Station normal temperature for each season (°C)

_ Summer {DJF) . Aummn{MAM} Winter {1JA} .Spring {SON)}
Cape Town 20.7 176 12.8 w6z
George 19.7 17.7 13. © 157
Port Elizabeth - 213 18.9 14.7 72
East London 218 19.9 161 18.0
Umiata 21.3 185 133 17.7
De Aar 233 17.0 9.8 176
Aliwal Nosth 219 156 " B8 165
Bloemfontein 22.6 16.1 8.8 175
Kimberly 246 182 11.2 195
Upington 216 214 136 217
Bethlehem 19.5 14,3 7.8 15.3
Cape St Lucia 246 225 183 208
Kroonstad 222 167 99 182
Potchefstroom 224 17.4 111 192
Johannesburg 201 16.4 1.2 17.5
Rustenburg 224 17.7 17 19,3
Nelspruit 234 201 152 20,4
Skukuza 263 227 16.6 229

| Pietersburg 223 187 13.2 19.3
Messina 27.0 23.0 16.6 23.7




REFERENCES

Allan, R.J. and M.R. Haylock, 1993: Circulation featares associated with the winter rainfall
decrease in Southwestern Australia. J. Climate, 6, 1356 - 1367,

Anderson, J.L. and H, M. van dea Dool, 1994: Skill and Return of Sk1ll in Dynamic Extended-
Range Forecasts. Mon. Wea. Rev 122, 507 - 516.

Balzer, K., 1994: On the 'state of the art! in local weather forecasting. Meteorol. Apps., 1,121 -
128,

Barclay, J.J., M.R. Jury and W. Landman, 1993: Climatological and structural differences-
between wet and dry troughs over Southem Adfrica in the early summer. Meteorol. Atmos.

Phys., 51,41 - 54,

Barker, T.W., 1991: The relationship betweeu spread and forecast error in extended-range -
forecasts. J. Climate, 4, 733 - 742.

Barniett, T.P. and R. Preisendorfer, 1987: rigins and Levels of Monthly and Seasonal Forecast
Skill for United States Surface Air Temperatures Determined by Canonical Correlation
Analysis Mon, Wea. Rev., 115, 1825 - 1850. - '

Bam#tt T.P., L. Bengtsson, K. Arpe, M, Flugel, .1, M. Latif, J. Ritchie, E. Roeckner,

U. Schiese, U. Schulzweida and M. Tyree, 94 Forecastmg global ENSO-related
climate anomalies. Tellus, 404, 381 - 397,

97



Barnston, A.G. and C.F, R'opelewski, 1992: Prediction of ENSO episodes using canonical
correlation analysis. /. Climate, 5, 1316 - 1345,

Bamston, A.G., 1994: Linear statistical short-term climate precllctwe skill in'the Narthern
Hemlsphere..f Clmate, 7, 1513 - 1564.

Barmston, A.G., H.M. van den Dool, S.E. Zeblak T.P. Barnett, M, Ji, D R. Rodenhuls M. A
~ Cane, A. Leetmaa, N.E. Graham, CR. Ropelewskx. V.E. Kousky, E.A. O'Lenic and R.E.
Livezey, 1994: Long-Lead Seasonal Forecasts - Where Do We Stand?, Bull, Amer.
Meteoro(. Soc,, 75, 2097 - 2114, | '

' .Brankowc, C.. T.N. Palmer, F. Molteni, 8. Tibaldi and U. Cubasch, 1990; Extended range
' predlctlons with the ECMWEF models: Time lagged ensemble forecasting. Q. J R
Meteorol. Soc., 114, 867 - 912,

Brier, G.W. and R.A, Allen, 1951: Forecast verification. Compendium of Merebrolagy. T.F.
Malone, Ed., Amer, Meteorol. Soc., 843 - 85}.

Chen, W.Y., 1989: Estimate of dyramical predictability from NMC DERF experiments, Mon,
Wea. Rev., 117, 1227 - 1236. '

COL.A, 1995: Files used by GCM, Center for Ocean-Land-Atmosphere Studies, Calverton, MD,
8 pp. [Available from Center for Ocean—La_md—Atmusphere Studies, 4041 Powder Mill

Rd, Suite 302, Calverton, MD 20705]

Colucei, S.J. and D.P. Baumhefner, 1992: Initial weather regimeé as predictors of numerical 30-
day mean forecast accuracy, J. Atmos. Sci., 49, 1652 - 1671,

958



Crutcher, H.L., R.L. Janne, L.J, Taljaard and H. van Loon, 1971: Climate of the Upper 4ir:
Southern Hemisphere, Volume IV, Selecced meridional cross sections of temperature,

dew point and height. NAVAER 50-IC-58, 62 pp.

D'Abreton, P.C. and J.A. Lindesay, - 9_3: Water vapour trazsport over southern Aftica during

* . wet and dry early and late summer months, fatl. ¢ Climatol., 13, 151 - 170.

Dalcher, A., E. Kalnay and R.N. Hoffman, 1588: Medium range lagged average forecasts. Mon.
Wea. Rev,, 116, 402 - 416,

Daley, R, 1991: Atmospheric Data Analysis. Cambridge University Press, 457 pp.

De Coning, L., 1992: Tropiese siklore posisie en intensiteit, Unpublish- 1 B.Sc, (hons) thesis,
South African Weather Bureau, Private Bag X097, Pretoria 0001,

Deque, M. and L.F, Royer, 1992: The skill of extended-range extra«-txbpical winter dynamical
forecasts. /. Climate, 5, 1346 - 1356.

Everitt, B., 1974: Cluster Analysis. Heinemann, 170 pp.

Fraedrich, K, and L.M. Lrsiie. 1987: Combining predictive schemes in short-term forecasting.
Mon, Wea. Rev., 115, 1640 - 1644,

Fraedrich, K. and L.M. Leslie, 1989: Estimates of cyclone track predictability, Pr. 1, Tropical
‘eyelones in the Australian region, Q. J. R, Meteorol, Soc., 115,79 - 92.

Gallus Jr., W and M, Rancic, 1996: A Non-hydrostatic version of NMC's regional Eta model. Q.
J. R Meteorol, Soc.; 122, 495 - 513,

59



Gates, W.L., 1985: The use of general circulation models in the analysis of the Ecosystem
+ impacts of climatic change. Climatic Change, 7, 267 - 284. |

Gates, W.L., 1992: AMIP: the Aunespheric Model Intercomparison Project. Bull, Am. Meteorol.
Soc., 73, 1962 -~ 1970,

Gilchrist, B. and G. Cressman, 1954: An experiment in objective analysis. Telfus, 6, 309 - 318,

. Gilman, D.L., 1985: Long-range forecasting: The present and the future, Bull, Amer. Meteorol,
Soc., 66, 159 - 164, |

Graham, N.E., J. Michaelsen and T.P. Barnets, 1987a: An investigation of the El Nifio-Scuthern
Oscillation cycle with statistical models. 1. Predictor field characteristics. /. Geophys.
Res., 92, 14 251 - 14 270,

Graham, N.E., J. Michaelsen and T.P. Barnett, '198-71): An investigation of the El Nifio-Southern
Oscillation cycle with statistical models. 2. Model results. J. Geophys, Res., 92, 14 271 -
14 289, " '

Hamack, R., €. Kluepfel and R. Livezey, 1986: Prediction of menthly 700mb heights using
simulated medivm-range numerical forecasts. Mon, Wea, Rev., 114, 1466 - 1480,

Harrison, M.S.J., 1984a: The annual rainfali cycle over the central interfor of South Africa, 8.
Afr. Geogr. J., 66, 47 - 64.

Harrison, M.S.J., 1984b: A generalized classification of South African summer rain-bearing

synoptic systems, J. Climatol., 4, 547 - 560.

100



Harrison, M.S.1., 1986: The meridional momentum flux across the central interior of South
Africa. Climatology Research Group, University of the Witwatersrand, Johannesbhurg,
South Africa. | '

Hoffman, R.N. and E. Kalnay, 1983: Lagged Average Forecasting, an Alternative to Monte
Carlo Forecasting. Tellus, 35A, 100 - 118,

Hollingsworth, A., 1980: Performance of medium-range fofeéast madel in wintef: impaét of
physical parameterizations. Mon, Wea. Rev., 108, 1736 - 1773,

Holton, J.R., 1979: 4 Introduction to Dynamic Meteorology, 2nd ed. Academic Press, 391 pp.

Hoskins, B. and R. Pearce, 1983: Large-Scule Dynamica? Processes in the Atmosphere.
Academic Press. 397 pp.

Hudak, D, 1988: Summertiste weather and its predictability in the eastern Ciange Free State, .
S. Afr. J. Sci., 84, 39 - 44, '

Hulme, M., K.R. Briffa, P.D. Jones and C.A. Senior, 1993: Validation of GCM contro}
simulations using indices of daily airflow types over the British Isles, Climate Dynam:‘cé,
9,95 - 105,

Jenne, R.L., H.L. Crutcher, H. van Loon and J.J, Taljaard, 1971: Climate of the Uppe}' Air:
Southern Hemisphere, Volume III, Vector mean geostrophic winds, NCAR TN/STR-59
and NAVAER 50-1C-57, National Center for Atmospheric Research, Boulder, Colorado,
68 pp.

Ji, M., A Kumar and A, Leetmas, 1994: An experimentsd coupled forecast system at the
National Meteorological Center: Some early results. Tellus, 46A, 398 - 418,

101



'.Iury. M.R., B. Pathack and B.J. Sohn, 1992; Spatial structure and inter-annual variability of
summer convection over Southern Africa and the SW Indian Ocean. §, 4f J. Sci., 88,
275 - 280. |

Jury, M.R. and K.M. Levey, 1993. The climatology and characteristics of drought in the eastern
Cape of South Africa. Int, J. Climatol., 13, 629 - 641, ' '

* Kaas, E., 1993, Greenhouse induced élimate change in the Nordic countries as simulated with
the Hamburg climate model. Part I: Direct model output, Danish Meteorologicat Institute,
Seientific report no 93-2, Copenhagen, 20 pp.

Kalnay, E. and A, Dalcher, 1987 Forecasting forecast skill, Mon. Wea, Rev., 115, 349 - 356,
Kalnay, E., R. Gardner, H.-L. Pan, M. Kanamitsu and G. White, 1988: Precipitaﬁon and Surface
- Propertles in the M Global Model; Systematic Characteristics and Predictabitity,
Research Progran  , Rep. 12, WMO/TD - No. 273, pp 319 - 329, [Available from
World Meteorological Ocganization, Case "Postale 2300, CH-1211 Geneva 2,

-Switzerland]._

Kalnay, E., M, Kanamitsy, R. Kisiler, W. Coilins. D. Deaven, L. Gandin, M. Iredell, S. Saha, G.
White, J, Woollen, Y. Zhu, M. Chelliah, W, Ebisuzaki, W. Higgins, J. Janowiak, K.C,
Mo, C. Ropelewski, J. Wang, A. Leetrna, R. Reynolds, R. Jenne and J, Deanis, 1996: The
NCEP/NCAR 40-year reanalysis project, Bull, Amer. Meteorol, Soc., 77, 437 - 471,

Karl, T.R., W-C. .Wang. M.E, Schlesinger, R.W. Knight and D. Portman, 1990: A method of

relating general circulation model simulated climate to the observed local climate. Part

I: Seagonal statistics. J. Climate, 3, 1053 - 1079,

102



Kim, J.-W., J.-T. Chang, N.L. Baker, D.S. Wilks and W.L, Gates, 1984, The statistical problem
of climate inversion; Determination of the relationship between local and large-scale
climate. Mon. Wea. Rev., 112, 2069 - 2077.

Kirtmah. B.P., J. Shukla, B, Huang, Z. Zhu and EK, Schngider, 1997. Multiseasonal Predictions
with 8 Coupled Tropical Ocean-Global Atmosphere System. Mon. Wea. Rev., 125, 789 -

308,

Klem. W.H., BM, Lewis and I Enger, 1959: Objeclive predlction of five~da,' mgan
temperatures during winter. J. Mereoro! 16, 6?2 682,

Klein. W.H., 1982; Statistical weather forecasting on dnfferent iime scales.ﬂuﬁ Amer Mereorol,
Sac 63,170 - 177,

Krzanowski, W.J., 1990: Principles of Multivariate Analysis. Oxford University Press, 563 pp.

Landman, W.A., 1997: A study of Rainfall Variability of South Africa as Revealed by
Multivariate Analysis. {/npublished M.S¢, Thesis, University of Pretoria, 134 pp.

Latif, M., A, Sterl, E, Maielf—Reilﬁer and M.M, Juuge.. 1993: Structure and Predictability of the
- El Nifio / Southern Oscillation Phenomenon in a Coupled Ocean-Atmosphere General
Circulation Model. J. Climate, 6, 700 - 708,

Leith, C.E., 1974: Theoretical skill of Monte Carla forecasts.. Mon. Wea, Rev,, 102, 409 - 418,

- Livezey, R.E. and 1.K. Schemm, 1988: The relative utility of persistence and medium-range
| dynamical forecasts of monthly mean 700 wub heights. Mon. Wea. Rev., 116, 266 - 268,

103



Livezey, R.E. and W.Y. Chen, 1983: Statistical field significance and its detérmination by Monte
Carlo techniques, Mon. Wea. Rev., 111, 46 - 59 '

Lorenz, EN,, 196%: Atmnsphenc predictability as reveated by naturally occumng analogues, ./,
Azmos. Sci., 26, 636 - 646,

* Lorenz, E.N., 1982 Atmospheric predictability experiments with a lafge nurrerical model.
 Tellus, 34,505 - 513,

Lyons, S. W.. 1991 Orlgms of convective vanablhty over Equatorml Alfrica during the Austral
summer. .. Climate, 4, 23 - 39,

- Mason, §.1., 1995: Sea-surface lemiperature - South African Rainfall associations, 1910 - 1989,
Int. J Climatol., 15,119 - 135.

‘Mason, $.J., A.M. Joubert and S.J, Crimp, 1996: Review of seasonal forecasting technigues and
their applicability to Southern Africa. Water S4, 22, 203 - 209,

Matarira, C.H. and M.R. Jury, 1990; Contrasting atrnnspherlc strocture during wet and dry spells
in Zimbabwe Intl. J. Climatol,, 12, 165 - 176,

McPherson, R.D., 1991: 2001--AN NMC ODYSSEY. In: Ninth Conference on Numerical
Weathe- Prediction, October 14 - 18, 1991, Denver, Colorado, American Meteorological

Society,
Meteorological Office, 1991 Meteorological Glossary, Her Majesty's Staticnery Office, 335 pp.

| Michaelsen. J., 1987: Cross-validation in statistical climate forec_ast models. S Climate Appl,
~ Meteorol., 26, 1589 - 1600, |

104



Miron, O. and J.A. Lindesay, 1983: A note on changes in air flow patterns between wet; 1 dry
spells over South Africa, 1963 - 1979, 5. Afr. Geogr. /., 65, 141 - 147.

Miron, O. and P.D. Tyson, 1984: Wet and dry conditions and pressure anomaly fields over South
Africa and adjacent oceans 1963 - 1979, Mon. Wea. Rev, 112, 2127 -2132.

Miyakoda, K., J. Siruus.J Ploshay, 1985. One-month forecast experiments, w;thout anomaly
boundary forcings, Mon. Weg, Rev., 114, 2363 - 2401,

Mo, K.C. and E. Kalnay, 1991, Tmpact of sea surface ternperature anomalies ¢ & will of
montlﬂy forecasts, Mon. Wea. Rev,, 119, 2771 - 2793, '

Murphy, AH., 1988a: Skill Scores Based on the Mean Square Error and Their R_elationshipé to
the Correlation Coefficient. Mon. Wea. Rev., 116, 2417 - 2424,

Murphy, J.M., 1988b: The impact of ensemble forecasts on predictability. Q. /. B Meseorol,
Soc., 114, 463 - 493,

Murphy, A.H. and E.S. Epstein, 1989: Skill Scores and Correlation Coefficients in Model
Verification, Mon. Wea. Rev., 117,572 - 581,

Murphiy, J.ML., 1990: Assessment of the practical utility of extended range ensemble forecasts.
Q. J. R Meteorol. Soc., 116, 89 - 125.

Murphy, A.H., 1991: Forecast verification: lts complexity and dimensiunality. Mon, Wea, Rev,,
119, 1580 - 1601, '

Murphy, A.H., 1992 Climatology, Persistence, and Their Linear Combination as Standards of
Reference in Skill Scores. Wea. Forecasting, 7, 692 - 698, :

105



Murphy, A.H., 1994 Assessing the economic value of weather forecasts: an overview of

_ methods, results and issues, Meteorol. Appi,, 1, 69 - 73,
Noone, D, and H. Stern, 1995: Verification f rainfall forecasts from the Australian Bureau of
Metearalogy's Global Assimilation and Prognosis (GASP) system, Aust, Meteorol, Mag. ,
44, 275 - 286. - '
Palmer, T.N., C. B'ranko_vic, F. Molteni, S. Tibaldi, L. Ferranti, A Hollingsworth, U. Cubasch,
E. Klinker, 1990, The Evropean Centre for Medium-Range Weather Forecasts (ECMWF)

program on extended-range prediction, Bull. Am, Meteorol, Soc., 71, 1317 - 1330.

Palmer, T.N., 1993, Extendod-Range Atmospheric Prediction and the Lorenz Model. Bull, Am.
Meteorol, Sac., 74, 49 - 65, '

Palmer, T.N, and D.L.T. Anderson, 1993: Scientific assessment of the prospects for seasonal
forecasting: a BEurapean perspéctive. Res. Der.. Tech. Rep. No. 70, ECMWE, Reading,
UK, ' :

Pariofsk;” N., 1949: Qbjective weather-map analysis. J. Appl. Meteorol., 6, 386 - 392,

Penland, C. and T. Magorian, 1993: Prediction of Nifio 3 sea surface temperatures u_éing linear
inverse-modelling. J. Climate, 6, 1067 - 1076. -

Pfeffef, R.L., 1960: Dynamics bf Climate, Pergamon Press, 137 pp.

 Pickard, G.L. and W.J. Emery, 1990: Descriptive Physical Oceanography: An Introduction, 5th
(SD) Enlarged Edition, Pergamon Press, Oxford, 320 pp.

1086



Physick, W.L., 1981: Winter depression tracks and ciimatological jet streams in the southern
- hemisphere during the FGGE year, Q. J, R. Meteorol, Soc., 107, 883 - 898,

Poolman ER. and D.E, Terblanche, 1984: Tropiese siklone Domoina en Imboa, Newsletter rio,
420, South African Weather Bureay, Private Bag X097 Pretoria 0001,

Potts, T.M., C.K. Folland, LT. Jolliffe and D. Sexton, 1996: Revised "LEPS" Scores for-
Assessing Climate Model Simulations and Long-range Forecasts, J. Climate, 9, 34 - 53.

Preston-“ﬂlyte. R.A. and P.D. Tyson, 1988: The Aﬂnospkere and Weather of Southern Aﬁ7ca
Oxford Umversxty Press, 374 pp

- Reinhold, B., 1987, Weather regimés: the challenge in extended-range forecasting, Science, 235,
437 - 441, :

) Reynolds, R.W., 1988: A real-time glabal sea surface temperature analysis, J. Ch'm. 1, 75 - 86.

Reynolds, R.W. and D.C. Marsico, 1993: An improved real-time global sea surface temperature
analysis, J, Climate, 6, 114119, |

: R_ichardson. D.S, and M.S.J. Harrison, 1994: Ensemble forecasting at the UK Metecrological
Office. Forecasting Research Division, Tec}L Rep 82, United ngdom Meteorological
Office. Bracknell, UK, ' '

Ritchie, H., L. Lefaivre and B, Dugas, 1994: DERF experiments with the Canadian Global

Spectral Forecast Model, In: Preprints “10™ International Conference on Numerical

Weather Prediction, July 18-22, 1994, Portland, Oregon”, Am. Meteorol. Soc. Boston.

107



Schaefer, J.T., 1990: The Critical Success Index as an Indicator of Warning Skill. Wea, and
Forecasting., 5, 570 - 575.

- Schulze, B.R., 1965: Climate of South: Africa, Part 8, General Survey, WB 28. 5 A Weather
Bureay, Pretoria, 350 pp. | '

Sela, J., 1980: Spectral modelling at the National Meteorological Center, Mon, Wea. Rev,, 108,
1279 - 1292, o o

Shukla, J., 1981: Dynamical prediction of monthly means. J. Afmos. Sci., 38, 2547 - 2572,

Sirutis, J. and K. Miyakoda, 1992. The impact of subgrid-scale physics on one month forecasts.
In: Sikka, D.R. and Singh, 8.8, {eds.), Physr‘cal' processes in atmospheric models., New
York, NY, John Wiley & Sons, Inc., p. 398-404;

'Sdmerville. R.CJ., 1987: Predictabiiity of weather and climate. Climatic Change, 11, 239 - 246, -

Stewart, D.A., 1994. Predictability of low-frequency planetarj' waves in a simple low-resolution
model, Mon. Wea. Rev., 122, 405 - 423,

Streten, NLA. and D.J, Pike, 1980: Indices of the mean monthly circulation over the Southern
Hemisphere during FGGE. dust Meteorol. Mag., 28, 201 - 216,

Sturman, AP, and N.J. Tapper, 1996: The weather and climare of Australia and New Zealond,
Oxford University Press, Melboume, Australia, 476 pp. '

Takano, K., S, Maeda, 8. Yamada, T. Kudo and T. Tsuyuki, 1995; Dynamical ensemble one-
month forceast experiments with the JMA global prediction model, In: Preprints Sixth

Tnternationat Meeting on Statistical Climatology, Galway, Ireland, 57-60,

108



Tafjaard, J.J., H van Loos, H.L. Cruicher and R.L. Jenne, 1969: Climdte of the upper air:
Southern Hem:spkere, Volume 1. Temperatures, dew points and heights of selected
pressure levels. NAVAIR 50-1C-55, Washington, D C, 135 pp.

Taljaard, J.J,, 1986; Change of rainfall disiribution and cu‘culatlon pattems over South Afrlca in
' summer. J. Climatol., 6, 579 - 592.

Tuljaard, J.J., 1989: Climate and circulation anomalies in: the South African region during the dry
sumnmer of 1982/3. Tech. Paper No, 21, Weather Bureau, Pretoria, 45 pp. .'

Taljaard, 1.J. and *.C.L. Steyn, 1991; Relationships between atmospheric circulation and rainfall
o in the South African region. Tech. Paper No. 24, Weather Bureau, Pretoria, 62 pp.

Taljaard, FJ., 1994: Atmospheric circulation systems, synoptic climnatology and weather
phenomena of South Africa, Part 1: Controls of the Weather and Climate of South Africa.
Tech. Paper No. 27, Weather Bureau, Pretoria, 45 pp. '

Taljaard, J.J;, 1995a: Atmospheric circulation systerns,' synoptic climatology and weather
phenomel_la of South Africa. Part 2: Atmospheric circ lation systems in the South African '
region, T'ech. Paper No. 28, Weather Bureay, Pretoria, 65 pp.

Taljaard, J.J,, 1995b: Atmospheric circulation systems, synoptic climatology and wr ather
phenomena of South Africa, Part 3: The synoptic climatology of South Africa in January
and July. Tech. Paper No. 29, Weather Bureau, Pretoria, 64 pp.

Taljaard, J.J., 1995c: Atmospheric circulation systems, synoptic climatology and weather

phenomena of South Africa, Part 4; Surface pressure and wind phenomena in South
Africa, Tech. Paper Np, 30, Weather Bureat, Pretoria, 42 pp.

109



Tennant, W.J., 1997: Monthly Forecasting in South Africa, Fifth Conf. on Southern Hemisphere
.. Meteorology and Oceanography, Pretoria, South Africa, In: Preprints Amer. Meteorol.
Soc., 154 - 155,

Tennant, W.J., 1998: The potential for the numerical forecasting of monthly climate over South '
Africa. Submitted to Int. J. Climatol, |

. Tibaldi, S., T.N. Palmer, C. Brankovic and U, Cubasch, 1990: Extended range prediction with
" ECMWF models: Influence of .hori:z'ontal resolution on systematic error and forecast
skill. Q. J. R. Meteorol. Soc,, 116, 835 - 866, '

Toth, Z._ and E. Kalnay, 1993: Ensemble forecasting at NMC: The Generation of Perturbations.
- Bull. Amer. Meteorol. Soc., 116, 2522 -2526.

Toth, Z. and E. Kalnay, 1995; Ensembie forecasting a.t_: NMC and the breeding method. NMC
Office Note 407. [Availabie from National Metcorological Center, 5200 Auth Rd., thp
Springs, MD) :

Tracton, M S., K. Mo, W. Chen, E. Kalnay, R, Kistler and G. White, 1989, Dynamical Extended
Range Forecasting (DERF) at the National Meteorological Center. Mon, Wea. Rev., 117,

1604~ 1635.

Trenberth, K.E. and K.C. Mo, 1985: Blacking in the Southern Hemisphere, Mon. Wea, Rev,,
115.3-21

Tyson, P.D., 1986: Climatic Change and Variability in Southern Africa. Oxford .University
Press, 220 pp. . ' :

110



Van Heerden, J. and L. Hurry, 1987: Southern Afriva’s Weather Patterns: An Introductogr
Guide. 2nd ed. Acacia Books, Pretovia, 95 pp.

- Vislocky, R.L. and G.S. Young, 1989: The use of prefect prog forecasts to improve mode! output
statistics forecasts of precipitation probability. Wea. Forecasting, 4, 202 - 209, |

Vislocky, R.L. andJ .Y, Fritsch, 1995: Tmproved r‘nodel'output statistics forecasts through model
' ' consensus. Bull. Amer. Meseorol. Soc., 76, 1157 - 1164,

Vat_i Ldon, H., R.L. Jenne, J.J. Taljaard aﬂd H.L. Crutcher, 1971: Climate of the Upper Alr:
Southern Hemisphere, Volume II: Zonal Geosrmpk:c Winds. National Center for
Atmusphenc Research, Boulder, Colorado. '

Von Storeh, H., E. Zorita and U. Cubasck, 1993: Duwnscaling of Global Climate Change
Estimates to Regional Scales: An Application to Iberian Rainfall in Wintertime. J.
* Climate, 6, 1161 - 1171.

Watterson, LG., 1996: Non-dimensional ‘measures of climate model performance. Int, J
Climarol, 16, 379 - 301, -

WCRP, 1995: CLIVAR A :v.r.ud}lr of climate variability and predlctabxhty. WMO / TD - No. 690,
1::7 pp. [Ava;lable from World Meteorological Organization, Case Postale 2300, CH-
1211 Geneva 2, Switzerland]

‘Wickham, P.G., 1970: The Practice of weather forecasting, Her Majesty's Stationery Office, 187
pp: |

Wilks, D.S., 1989: Statistical specificatior: of local surface weather elements from large-scale
information. Theor. Appl. Climatol., 40, 119 - 134,

111



Witks, D.S., 1996: Statistical significance of long-range "Optimal Climate Normal® temperature
and precipitation forecasts. £ Climate, 9, 827 - 839, '

Winkler, R.L., A.H, Murphy and RW. Katz, 1983: The value of climate information: a decision-
analytic approach. J. Climarol., 3, 187 197. - '

WMO, 1992, Manual on the GLOBAL DATA-PROCESSING SYSTEM. WMO/TD - No. 485.
[Available from World Meteorological Orgamzanon, Case Postale 2300, CH-1211
Geneva 2, Smtzerland] ' '

- WMGO Weather Predictica Research Programmes LRFEP 2, 1996: Long-Range Forecasting
Progress Report for 199471995, WMO/TD - No. 738, [Aveilabte from World
- Meteorological Organization, Case Postale 2300, CH-1211 Geneva 2, Switzérland]

WMO Weather Prediction Research Programmes : NWPP 23, 1997: Numerical Weather
" Prediction Progress Reporl “or 1996, WMO/TD - No. 815, {Available from World
Meteorological Organization, Case Postale 2300, CH-1211 Geneva 2, Switzerland]

WUBSO, 1996: Workshop on the Use and Benefits of Seasonal Outlooks. Presented by the
Long-te.m Prediction Division of the Directorate Research and Training: South African

‘Weather Bureau, Private Bag X097 Pretoria 0001, 46 pp.

Xu, J.-S. and H. von Storch, 1990: Predicting the state of the Southern Oscillation using
principal oscillation pattern analysis. J. Climate, 3, 1316 - 1329.

Yamada, S.. 8. Maeda, T. Kudo, T. Iwasaki and T. Tsuyuki, 1991: Dynamical one-month
forecast experiments with the JIMA global prediction model. J. Meteorol. Soc, Jap., 69,_
153 - 159.



Zheng, Q.. Q. Song and P. Jiang, 1993: An improved T4ZL10 spectral model and its applicatios
to monthly operational forecast in 1992. Q. J. Appl. MeteoroL., 4, 50 - 56.



Author:Tennant, Warren James.
Name of thesis:A monthly forecast strategy for Southem Africa / Warren James Tennant.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material {(one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



