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ABSTRACT

Six general circulstlon model simulations of present-day southern African

climate are assessed. Each ¢ these models are early-generation equilibrium |
climmate medels linked t. simple mixed-slab oceans. Simulations of surface

air temperature overs the subcontinent are sensitive to the grid-scale

parameterisation of convection in summer. At high latitudes, iarge simulation

errors are caused by errors in the speéiﬂ_catidn of sea-ice albedo feedbacks.
Incraased spatia'l resolution and the Inclusion of a gravity wave drag term in
the momentum equations results in a markedly-improved simulated mean sea

level pressure distribution. The models successfully simulate the pattern of
rainfall seasonality over the subcontinent, although grid-point simuiation of
precipitation is unreliable. Treatment of convection, cloud radiative feedbacks
and the otzans by this generation of models is simplistic,_and consequen’'y

there is a large degree of uncertainty associated with predictibns of future

climate under doubled-carbon dioxide conditions. For this reason, 'more
reliable estimates of future conditions will be achieved using only those
mf;ideis_wh'ich reproduce present climate most accurately. Early-generation
gaeral circulation models suggest a warming of 4°C to 5°C for the southern

African region as a whole throughout the year. Over the subcoritlnent,

warming is expected to be least in the tropics, and greatest in the dry
stibtropical regions in winter. Estimated changes in mean sea level pressure
indicate a southward shift of all pressure systems, with a weakening of the

subtropical high pressure belt and mid-iatitude westerlies. Litlle agreement
exists hetween the models concerning predictions of regional precipitation

change, However, broad scale changes in precipitation patierns are In

accordance with predicted clrculation shanges over the subcontinent.

Generally wetier conditions may be expecied in the fropics throughout the
year and over the summer rainfall region during summear. Decreased winter
rainfall may be expected over the winter rainfali region of the south-western

Cape. However, estimated precipitation changes are grid-point specific and

therefore must not be over-interpreted, The present climate validation has
resulted in more reliable estimates of future conditions for the southern
African region. This approach should be extended fo recent simulations which

include more comprehensive treatment of important physical processes,
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PREFACE

Naturally-oceurring greenhouse gnses serve to keep the Earth warm enough-
to be habitable. The atmospher!t suncemiration of these gases is increasing
as a result of human activities and will Ié_l'zg'e:ié to an enhanced greenhouse sffect.
The conééquence will be to alter the radiative forcing of the Earth’s climate,
possibly resulting in global climatic c.hange. General circulation models
represent the most sophisticated aftempt to understand and infer climatic
changes as a result of an enhanced greenhouse effect. '

General circulation models rescive the full threa-dimansional stnicture of
tha' overall climate system, based on the numerical solution of the baslc
physical laws govérning the dynamical and physical processes of the
atmasphefe._ However, due to their coarse spatial resolution, saveral physicai
processes which occur at sub-grid-scales are incorporated into the models In
simpliﬂed physical terms, or parameterisations. Considerabie uncertainty in
their predictions of climatic change are introduced as a result. One method
of providing confidence in models’ predictions of future climatic change is to
validate their simulaticns of present climate against the observed climate of

the real atmosphere and ocean.

Global-scale simulation of prasé\nt climate and its variabliity by several
.cur'rent madels has been shown te be broadiy realistic. For Jis reason,
predictions of giobal pafterns of ciimatic change by these madeis are therefore
cuné!dered reliable. Considerable uncertainty exists, howevei'. concarning
possible reglonal cliriatic change. To date, it has not been possible to
interpret predictions of climatic change for the southern African ragion with
confidence. To do this the present-day performance of models needs to be
assessed for the region. On the basis of their performance, informed
statements can be made regarding simulations of possible future conditions
that may occur as a consequence of global warming.



i

. The general aim of this dissertation is to assess the present-day simulation

of southerr African regional climate using genera} circuiation models and, as

_& result of this, to evaluate scenarios for future regional climate change. In
- particular, the objectives of this study are:

(i) to assess and compare the present-day simulations of southern African
reglonal climate given by severai different early-generation general
circulation modeis, :

(i) tc determlne which models best reprgsent the present-day chmate for
the region,

(i} to identify particular parameterisations of reglonally-important physicai
processas which aitow for accurate stmulations of present conditions,

{ivi o cdmpare simulations of future climates resuiting from doubling of
carbon dioxide in different ganeral circulation models.

The dissertation Is divided into five chapters. Chapter 1 provides ap
overview of previous relevant work. A brlef deséripﬁon of southern

- African climate is given. The concept of climate modelling and the major

- featuras of general circulation models are introduced. In Chapter 2 data
and statistical methods are described. Validation and comparison of
general circulation model simu!ations of present-day surface alr
temperature, mean sea level pressure and land surface precipitation in
the southern African region Is considered in Chapter 8, In Chapter 4
those models for which present-day climate simulations are shown to be
most accurate are used for doubled carbon dioxide predictions of future
conditions. Finally, the results of the study as a whole are summarised
in Chapter 5.

Purt of Chapter 2 has been submitted to the South African Socisty of
Atmospheric Sciences Tenth Annivérsary Issue of the South African
Journal of Scfence. Paris of Chapters 3 and 4 are being consideréd for
ptbiication in the South African Journal of Science and Water SA. Parts
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' of Chapter 3 were presented at thé Fourth Irnfernational Conference tn
- Southerr Hemisphere Meteorology and Oceanography, beld i Hobart,

Tasmanla during 1993, and appear in the Preprints volume of that

conference. Parts of Chapter 4 were presented at the 1993 Terth
Anniversary Annual Conference of the South African Society for
Atmospheric Sclences.

Chservational data were obtained from the World Monthly Surface
‘Station data set from the National Centre for Atmcspﬁeric Research
(NCAR). Marine air temperatures were taken from ths United Kingdom
Metecrological Office Sea Surface Temparature data set. Mean sea leve!
pressure data were obtained from the Southern Hemisphere Mean Seé‘
Level Pressun: data set kind[y supplied by Dr PD. »Jones of the Climatic
Reser.¢h Unit of the University of East Anglia. Land surface precup;tatuon
data were obtained from the Global Land Precipitation data set s,l'pplied
by Dr M. Hulme of the same Institution. Genaral circulation mode! data
were mainly obtained from NCAR. Dr P. Whetton and Dr. 1. Watterson of
the the Commonwealth Scientific and Industrial Research Organisation
{CSIROQ} suppliest data for both the 4-favel and S-level CSIRO general
circulation models. The cartographic work of Mrs W. Job is
acknowledged. Special thanks are extended to Slmon Mascn, Soe van
den Heever, Graham Cook, Jackie Galpin, Bruce Hewitson and Franz
Meixner. The co-supervision of Dr Janette Lindesay and Prof P.D. Tyson
is acknowledged with gratitude. The rosearch was funded by the .
Foundation for Research Develcpment and forms part of the special
-programme cn Southern African Climatic Change: Analysis,
interpretation and Modelling (SACCAIM).-
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CHAPTER 1

BACKGROUND

Introduction

The projected increases in the concentration of atmospheric carbon dioxide
{CO,) and other greenhouse gases are expected fo have significant mipacts
on global climate {Cess et al,, 1990; Watson &f al., 1990). General circulation
models (GCMs} provide a sophisticated treatment of the full three-dimensional
structure of the earth-atmosphere systam and have been widely used to infar
such ¢'tmatic change {Hansen et al,, 1983, 1984; Manabe and Wetherald, 1987;
Schlesinger and Zhao, 1989; Washingtor and Meeh!, 1984, 1888; Wilson and
Nitchell, 1887}, The degree of confidence that can be piaced in thess
simulated changes Is largely dependent on the accuracy with which the
models simulate present-day {control) climates (Mitcheil et al., 1987). Maost
GCMs simuiate the broad-scale features of present climate adequately {Boer
el al., 1991; Cess ef al., 1990; 'Gates et af., 1990, 1992), but thnir ability to
reproduce preseni-day regional climate is conslderably weaker (Groich and
MacCracken, 1991; Portman et af..' 1992). Accurate regional simulations of
present climates are essential prerequisites for predicting future climatic
change and for the implementation of planning and policy decisions based on
GCM predictions (Shine and Henderson-Sellers, 1983). Assessment of the
reglonal climate performance by GCMs is thus an essential part of model
validation (Giorgi et al.,, 1890; Grotch and MacCracken, 1981; Hawits<r and
Crane, 1992, Portman ef gf{, 1992). - While validation studies of the
present-climate performance of GCMs have been undertaken for other parts
of the southern hemisphere {(Whetton and Pittock, 1991), an assessment of the



climate simulation by GCMS over the southern Airican region has nof been
undertaken piévisusly,

The climate of South and southern Africa has been well documented by,
among cthers, Taljaard (1953, 1958, 1872, 1982} and Tyson (1986) The major
features of the reglon’s climate are described below.

Southern African Climate

The location of the southern African suicontinent between the South Atlantic
and Indian oceans and within the subtroplcal high pressure belt, together with
its pronounced topography, are important determinants of the climate of the
southern African region. A major part of the subcontinental interior lies above
1000 m while the south-eastern escarpment extends above 3000 m (Fig. 1.1).
Two semi-permanent oceanic anticyciones to the west and east of the
subgontinent and the circumpolar westerlies to the south dominatz the
atmospheric circulation. The warm Mozambique and Agulhas currents off the
east coast and the cold Benguela upwelling region along the southwesf coast,
as well as the interaction betwean the Agulhas and Benguela systems in the
Agulhzs - Retreflestion Zone  influence  the temperature, moisture
characteristics and behaviour of rainfall-producing systems advected over the
subcontinent.

Pressure Systems

The sotthern African subcontinent extends from the tropics to approximately
35°5 {Fig. 1.1) and is therefore influenced by ... -sure systems of tropical,
subtropical and mid-latitude origin. Within the tropics, airflow converges along
the Inter-Troplcal Convergence {{TC) over the eastern parts and along the
Zaire Air Boundary (ZAB) over the western parts of the subcontinent (Fig. 1.2).
Atmospheric circulation within the subtropical latitudes is dom'inated. by two
semi-pernvanent anticyclones situated east and west of the subcontinent over
the Indian and At!antic oceans respectively (Taljaard et al., 1969; Taliaard,
1972, van Loon, 1972), The southern Umit of the subtropical high pressure belt
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Figure 1.1: SﬁbWS location of southern Africa indicating the topography
(shaded over 1000 m), oceans and currents (after Lindesay, 1994).

marks the fransitfon to the mean circumpolar westerly circulation
characterised by transient low pressure systems.

Both the ITC and ZAB Jorm reglons for the preferential developmen: of low
pressure system_s, pronounced convective activity and major latent heat
| release over southern Africa in summer {D’Abreton, 1992; Hastenrath, 1985;
Jackson, 1989; Taljaard, 1972; Webster, 1983). The ITC migrates with the
seasons (Fig. 1.2), displaced as far as 20°S in the {austral) summer and north
of the equator in (austral) winter {Taljaard, 1972). The broad seasonality of
southern African rainfall is associated with this seasonal migration of the I{TC
and ZAB. Both the South Aflantic and South Indian anticyciones undergo
positional shifts during the year (Fig. 1.3) and are impor-’taht determinants of
rainfall variability over the subcontinent (Tyson, 1981; 1984). The South
Atlantic Antigyclona shifts latitudinalty from 25°S in May to 31°S in February
and longitudinaily from 16°W in August to 2°W in December (McGee and
Hastenrath, 1966} {Fig. 1.3 left, top and botfom}. The Indian Ocean Anticyclone '
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Figure 1.2: Schematic illustration of the mean wind convergence and
positions of the Inter-Troplcal Convergence (ITC) and Zaira Air Boundary
{ZAB) over Africa and adjacent oceans in January and July {after Taljaard,
1972). : o

shifts southvﬁard from 29°S in June and October to $3°5 in February. A larger
westward longitudinal shift of 24° occurs from 88°E in December to 84°E in
June {van Loon, 1972; Tyson, 1988) (Fig. 1.3 right, top and battom).
Anticyclonic conditlons aver the central subcontinent in winter {Fig. 1.2} have

been attributed to an independent cell of high pressure (Streten, 1980)
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Figure 1.3: Annual variation of latitude and longitude of the South Atlantic
an: Indlan anticyclonas (after Tyson, 1986, modified after Vowinckel, 1856,
McGee and Hastenrath, 1968).

resulting from subsiding air originating in the Aslan monsoon {Harrison, 1986a;

Harrison, 1993). Varlations' in the mean mid-fatitude storm track (Taliaafd.
1967: van Loon, 1972; Trenberth, 1981) are characterised by a 5° to 10°
northward shift in winter as the circumpolar circuiation expands northward.

This is in keeping with the northward movement of both the westerly jet
stream at 200hPa over Mariou Istand (van Loon ef al., 1971) and the !TC.
These seasonal changes In the focation and intensity of surface oceanic

anticyclones and coﬁcornjtant changes in the freque:. .y, intensity and tracks

of the westerly disturbances to the south, together with changes In tropical

easterly disturbances, are the main controls on both intra- and inter-annual
rainfall variability over the southern African region.



Surface Air Temperature

Surface alr temperatures throughout the region digpiay a weli-dafined
poleward température- gradient (Fig. 1.4). The tropics are characterised by a
high degree of thermal uniformity, both seasonally and spatially {(Riehl, 1979}.
in the subtropics and'mid-latitudes_,-te%nperatures are more variable in
response to a large annuat cycle of insolation and the effects of seasonally
varying air masses and winds {Lindesay, 1994).  Over much of the
subcontinent, therefore, temperature variatlons in both space and time are
largely dependent on topegraphy. and continentality.'. in the troples,
intra-annual temperature ranges are small {apgroximately 5°C), owing to the
ameliorating sffect of increased cloudiness. Outside of the tropics, farge

. diurnal temperatu're ranges exist (often exceeding the annual range), resulting

in monthly mean temperatures which are susceptibie to extrames, particularly
of minimum temperature {Fig, 1.5a). The effect of continentality is apparent in
the large summer to winter range (Fig. 1.5b} of 15°C over the arid regions of
Namibia and South Africa which are influenced by seasonal air mass changes
resulting from perturbations in tha westerlies (Lindesay, 1994}.

Rainfall

Mean annual rainfalt within the tropics exceeds 800 mm, with the east-west
arrangefnent of the isohyets reflecting the latitudinal movements of the ITC
(Fzg. 1.8a). The pattern is made more complex by the effects of high molsture
lnput and convergent airflow from the equatorial Aflantic ocean to the west, the
marked topography and large lakes of tropical East Africa, as well as the
effects of divergent airflow from the north-west monsoon and [ower annual
totals to the east. South of 20°3 there is a marked longltudinal gradient in
annual rainfall totals (Tyson, 1986), ranging from more than 800 mm along the
south-east coast to less than 100 mm along the west coast ('Fig. 1.6a). The
effects of orography, with higher rainfall totals to the windward side of
mountains, is evident in the higher rainfall totals to the east of the escarpment,
as well as In Madagascar. The influence of sea surface temperatures and their
control of moisture characteristics and convective potential in the moist
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Figure .1.4: a) Mean January and b} July surface land and marine air
temperaiures for the southern African region {sources: Monthly Climatic
Data for the World and Meteoroiogical Office Historical Sea Surface

Temperature data sef).

converg'ent air advected onto the sast coast is largely responsible for *he
marked east-west rainfall gradient across the subcontinent south of 20°S {Flg,

1.6a),
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Flgure 1.5: a) The diurnal range of temperature over sauthem Afrlca, and
b) the annual temperatura range, in °C {after Nisuwolt, 1977).

Rainfall over much of the subcontinent is strongly seaéonal (Hsu and
Wallace, 1976; Tyson, 1986; Lindesay, 1994) with a strong summer
(October-March) maxirnum {Nicholson et af,, 1988; L-indes'ay, 1994) (Fig. 1.6b).
Only the south-west Cape (with & winter rainfall maximum) and the southern
Cape coast {year-round rainfall) do not experience a su mmer rainfall maximum
(Keen and Tyson, 1973; McGee and Héstanrath, 1966). Rainfall variability has
been the focus of considerable research at both tefnporal (Harrison, 1984b,
1986b; Tyson, 1981, 1988; Tyson et al., 1975; Tyson and Dyer, 1978, 1980) and
spatiai scales (Lindesay, 1988a, 1988b; Miron and Tyson, 1984; Tyson, 1981;
1984). The effects of systematic circulatlon changes on rainfall have been
described {Harangozo and Harrison, 1983, Harrison, 1983, 1986a; Lindesay and
Jury, 1991; Tyson, 1984), of which the tropicai-temperate interaction identified
in tropicaltemperate-troughs (Harangozo, 1989; Harrison, 1984a, 1986a;
" Lindesay and Jury, 1981) has been shown to be an important control of
summer rainfall variability over the subcontinent.
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Figure 1.6: {(a) Mean annual rainfali over Africa south of the equatcy, in
mm {modified after Nicholson ef a/, 1988) and (bj confribution of the
summer season (QOctober-March) to annual rainfall totals expressed as a
percentage (source: Hulme, 1992).

Climafte Modelling

AII climate models attempt to simulate and understand the many processes
that produce clim'ate The aim is to predict the effects of changes and
interactions which may affect the climate system (Henderson-Sellers and
McGuffie, 1987). This is done by describlf]g the climate system in terms of its
baslc physical laws. The nature of c]ime,té models may be described in terms
of a hierarchy based on the sophisticatidn with which four key compone_nté are
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parameterised. These are -idiatlon, dyhamics, surface processes and {ime
and space resolution (Shine and Henderson-Sellers, 1983). Four types of
models have been developed. :

1.  Energy balance models (Budyko, 1969; Sellers, 1968, 1973, 1976; Warren
and Schneider, 1979). These are one-dimensional medels in which the
zonally-averaged variation of surface temperature is described.
Simplified relationships are used fo calculate each of the terms
contributing to the energy balance at a particular latitude.

2. One-dimensional radlatfive-convective modetls (Manabe and Mdiler, 1861;
Manabe and Strickier, 1984, Manabe and Wetheraid, 1967} compute the
vertical temperature _stri:cture of the atmosphere from the balance
between radiative heating or cooling and the veftica! heat-flux, generally
incorporating radiative transfer models.

3 Two-dimensional zonally-averaged dyna_mica! modefs reprasent ths
atmosphere on a latitude-altitude grid. The dynamical and physical
processes are calculated in terms of zonally-_a\ieraged variables.

4. General circulation models resolve the full three-dimensional struciture
of the atmosphere and otean s¢ that synoptic-scale processes are
explicitly modelled. ' All physical processes believed to be important are
represented (Fig. 1.7). These are the most sophisticated form of climate
modeis and provide a poWerfuI tool for inferring future climatic change
associated with perturbations to the earth’s radiative forcing
(Henderson-Sellers and McGuifle, 1987).

General Circulation Modsfs

General circulation models {GCMs) 'pr_ovide a sophisticated treatmeant of the
full three-dimensional structure of the éarth-atmospha_»re system based on the
physical conservation laws which describe the redistribution of momentum,
heat and water vapour by atmospheric motions {Cubasch and Cess, 1890),
The atmosphere Is divided into vertically discrete layers, and predicted
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- Figure 1.7: Schamatic illustration of the components of the climate
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‘parameterisations} in GCM structure {(after Hendersmr~$etiers and
McGuffie, 1987).

y

variables (wind, temperature, humidity, ‘surface pressure, rainfall}) are
determined either at individval grid pd!nts {finite difference modeis) or by a
finice number of prescribed mathematical fupctions {(spectral models). The
value of the predicted variables Is determined by -:dvancing the model in
discrete time steps from an initial condition, The spatial resolution of GCMs
iz constrained &y the need for computational efficiency: and is therefore usually
fairly coarse, "bein"g of the order of 300 to 1000 km (le_ basbﬁ and Cesé. 1990Q),
More recent simulations have demonstrated a genefal reduction in model
errors as a result of increased resolution, changes in the parameterisation of
convaction, cloudiness and surface processes énd the para.meterisa‘t]on of
gravity wave drag (Boer ot al., 1991; Gates ef al, 1890, 1992). The
computational cost of such high resolutlon models must, however, be welghed |
against the consistently low confidence in GCM reglonal-scale simulations
'(Grotch and MacCracken, 1991). Several strategles almed at improving
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regional simulations have been identified -(Gateg:??et al., 1992) and will be
discussed further below. '

-Procaéses which are not resolved at GCM grid scales are incorporated into
the models using parameterisations. A key atmospheric process.to be
parameterised Is that of radiation, because it is through this process' that
greenhouse gases affect the general circulation. Th_e radiative effects of
ciouds have been parameteris-d in several schetnes, sither by prescription
{Manabe and Stouffer, 1980; V.-ﬁ’thera!d. and Manabe, 1986; 1988), estimation
from the relafive humidity (Hénsen et al., 1984: Gordon and Hunt, 1987; Stouffer
et al., 1989; Washington and Meehl, 1984, 1989; Wether_ald and Manabe, 1988;
Wilson and Mitchell, 1987) or by calculation of the variation of cloud optical
properifes from the cloud water content {(Mitche!ll of a/,, 1988).

Cumuius convection is another important sub g.rid~—scale process which is
parametarised by different methods in GCMs. The moist convective
adjustment adjusts the vertical temperature and water vapour proflie of the
atmosphere to a conditionally stable state (Manabe et al,, 1965). Tha'
penetrativa convection scheme mixes moist conditionally unsﬁl}abfé éir from -
towér'lay‘éf"é:- with 'él'f;jf"ér alr aloft (Hansen ef al., 1984; Mitchéil et al,, 1989;
~ Schiesinger and Zhao, 1989; Wilson and Mitchell, 1987). Both schemes
- geeribe the molsture characteristics of an alr mass to an entire grid-call. In
terms of particular convective events, wh_ic’h occut at much finer spatial
fesolutions, it becomes Impossible to ca.pture the compléx_iiy of individual
events in terms of their sizé, frequency and intensity (Gdrdon of af., 1092). The
result is a mis-maiching of scale between observed and simulated convective
precipitation evenis (Whetton ef al,, 1993). The simplistic freatment of cloud
' feedback rrocesses Is known to be problamatic..in GCMs (Harrison of al.,
1990). Cloud optical properties are fixed in both present-day and future
climate simulations Iri_ many eérly-generéfion modeis (for example, Gordon et
al., 1992; Hansen ef al., 1984; Manabs and Wetherald, 1867; Wilson and
Mitchell, 1987). The effect of cloud radiative forcing of temperature and

- possibie changes to this forcing are thus pooriy represented in thése models.
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" Other physicaf processes relating to land surfacé processes, such'ij_a_s the
determination of heat and water transfer within the soil, are also
parameterised. Uppsr and lower boundary conditions are specified for each
model. These include the input of solar radiation at the top of the atmosphere, . |
E oro{fraphy and land-sea dtstributlon, albedo, surface roughness and vegetation

characteristice  which are needed to establish solutions ‘to the model
' equations. ' ' |

_ GCM treatment of oceans s generally simplistic. In each of the modeis
. considered hers, an atmospheric model is linked to a simple mixed-layer
slab-ocean In which a simple slab of fixed depth, with relatively uniform
temperature and a prescribed heat storage, is used (Hansen ef al., 1983;
Manabe and Wetherald, 1987; Schtesmger and Zhao, 198w Wilson and
Mitcheli, 1987). The mixed-layer slab-oceans do not include a deep ocean or
acean currents and sea surface temperatures are specified from ciimatology.
' The absence of currents may be accounted for using a Q-flux correction which
calculates the additional heat flux at the ocean surface required fo simulate
presant-day sea surface temperature patterns and their seasonal variation.

In esthmating future conditions, equilibrivm climate models simuiate a
perturbation of the radiative forcing of climate by establishing an equilibrium
at present climate CO, levels and then (uéually] doubiing that concentration
and allowing a new equilibrium to re-establish {Hansen et a/., 1883; Manabe
- and Weatherald, 1987; Mitcheli ot al, 1989; Schieslnger and Zhab, 1989;
Washington and Meehl, 1984, 1289; Wetherald and Manabe, 1988; Wilson and
Mitchell, 1987).

Equilibrium models are less computationally intensive than fully coupled
ocean-agtmosphere modeis or translent model simulations (which allow co,
fevels to increase slowly instead of mstantaneous!y doubling - their
concentrét_ion] Intercomparisons between equilibrium models are facilitated
by the similarity in experimental design. These models can also be brought
to statistical equilibrium relatively easlly and provide a benchmark for model
sensitivity experiments. Most recent equilibrivm climate runs tend to conform
to the intergovernmental Panei on Climate Change (IPCC) 1990 ‘Business as
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USuai_' scenario 4f a gldbally-amraggd mean temperaturs increase ranging-

from 1.5°C to 4.5°C {Gates et al,, 19;’92). More recent squilibrium &limate
modeis have included higher spatial resclution, more sophisticated treatments
of cloud radlative feedbacks In the tropics (see e.g. the Interactive cloudiness
_parameterisation of McFariane ef af, 1992), and have highlighted the
inadequacy of using carbon dioxide as a proxy for the radiative effects of ail
the greenhouse (trace} gases. The. inclusicn of several frace gases as.
demqnstratéd: By Wang ef al. {1991) shouid pmdube a warmer atmosphere,
- thereby reducing the systematic error of a cold bias noted by Boer atf al.
{1991, 1992) In most surface air temperature simulations. The simplistic
‘treatment of oceans and ocean circm;fion in mixed-layer slab-ocean models
- is reflected in an asymrﬁetry in warming at higher latitudes during winter
common to all such models. This is the resuit of several physlcal processes
and sea-ica albado feedbacks {(Hansen ef al., 1984; Manabe and Stouffer, 1980;
Mitchedl, 1989). .

The dominant importance of ocean-atmosphere interactions in influencing
and controlling global climate has lead to the coupling of oceanic and
atmospheric GCMs. A basic problem in the coﬁstruction of coupled models is
the wide rangs of time scales {ranging from about one day for the atmosphere
to 1000 years for the deep ocean) at which the system must cperate,
Synchronous coupling of ocean-atmosphere models is exiremely
time-consuming, and limited computer resources often prohibit equilibrium

being reached. A secondary problem to such coupling is thaf of model drift In

which coupled models tend o drift toward a state that reflects the systematic
errors of tha respective model components hacause each model is no longer
constrained by prescribed fluxes at the atmosphere-ocean intetface.

Transient studies using fully coupled ocean-atmosphare models represent

a significant recent advance in GCM modelling, offering & higt' > sophisticated

simulation of the real climate system, Encouraging similari, 8% &xist between
the few fransient experiments which have been published (Cubasch ef al,
1983; Hansen ef al., 1988; Manabe ef al., 1991, 1992; Meehl ef a/., 1993; Stouifer
ot al., 1989; Washington and Meehl, 1989), Most notable of these is that
warming at any given time is lass than the corresponding equilibrium value for
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an instantaneous foréing (coz doubling), with a globally-averaged mean
temperature rise at efiective CO, doubling in the range of 1.3° to 2.3°C. Whilst
this range confirms the results for the simpler models reported by Gates ef
al. (1890), the values are approximately 60% of the equilibrium warming under
doubled CO, conditions (Gaies ef al., 1992). This Is partly due to the fact that
these models account for the thermal inertia of the oceans and therefore are
not at equilibrium at the time of effective co, doubling. After an initial period
- of little warming {the so-called "cold start® atiributed to faults in experimental
design), all models show a near-constant temperature indrease of 0.3°C per
decade, which Is again comparable to the IPCC 1990 ‘Business as Usual’
scenario. There Is also broad agreement between the models as to the
large-scale patterns of change and these are again comparable to.those of the '
equilibrium climate"models. However, the {fransient GCMs sho@v none of the
asymmetrical warming at southern high lafitudes of the equilibrium models
- (Washington and Meehi, 1989), due to the formation of deep waier in ihe
gceans,

Moadel Valldation

The sensitivity of GCM climates to perturbations of their radiative forcing (by
doubling C(C}2 ) is known to be dependent on their simulation of unperturbed
climate (Mitchell et a/,, 1987). The inability of GCMs to represent regional
climate accurately (Gates af af., 1990; 1992; Grotch and MacCracken, 1991;
Schlesinger and Mitchell, 1887} is strongly related to uncertainties present in
the parameterisation of climate feedback mechanisms such as cloud feddback _
processes {Cess et al., 1990; Cubasch and Cess, 1990). As there can be ng
guaraniee that processes which produce presepnt climate do rot undergo .
change themsslves in a perturbed climate, accurate representation of present
climate Is nct sufficient to guarantee that a paﬂicul‘ér sensitivity o change is
correct (Mitchell of al., 1987). Neither can it be assumed that an accurate
representation of the present climate is confirmation that the processes
responsible for the accurate distribution are necessarily being simulated
correctly. Comparisen of the present climates of several models which
include similar prodesses can, howaver, Identify sensitivity errors between
models which do not produce similar errors in their control simulations. Such
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validations of present day climate GCM simulations agalnst observed data .

{Boer st al,, '1992, Grotch and MacCracken, 1991; Portman of al., 1282) are
thus used as a means of estabilshing confidence in the regional c:hmat:c
change scenarlos of individual models. ;

Validation at Regional Scales

In thé 1992 IPFCC Supplementary Reporf, G'ates el al. (1992) identify two
approachss to the problern of reglana! scale climate simulation. Flrstly, using
a one-way nested approach Glorg! et al. {19280) have shown that a mescscale
model embedded within a GCM and driven with bou ndary condlﬂons set by the
GCM can significantly improve the regional-scale climate distribution. A

second statistical approach involves the developriunt of empirically-derived -

relationships between the regional climata and the large-scale flow {Hewitson
and Crane, 1992; Xari et al,, 1980; Wigley and Santcr, 1990; Wigley of a/,;, 1990}
Both appruaches are however depef;"“'lt on the accuracy of the large-scale

flow genera gd by the GCM, and therefore do not avoid the naad far

improvement in GCM simulations {Gates ef al., 1992).

Cdnsiderable uncertainties remain in the simulation of regional cIimatés
and reglonal climatic change by GCMs (Grotch and MacCracken; 199%;
Portman et al., 1992). A valuable sirategy for developing reliable regional
climate simulations is the validation and intercomparison of GCM clifmates for
various regzons of the globe. Establishing the facllity with which regional
climate ig currently simulated by several GCMs will identify errors within such

simulations and hence allow improved parameterisation of the processes
| respansible for climate at this scale. In the southern hemisphere, such an
analysis has been undertaken for the Ausfralian region {Whetton and Pittock,
1991} but as vet not for the southern African reglon. The reviews by Tyson
{1934, "1991, 1993) identified only the broadest features of predicted climatic
changes over southern Africa. There is a need to validate present-day q}’;\matq
simulations before 'changes predicted by GCMs for this region become
reilable. The present-day climate simulations for the southerrn African region
by several GCMs are thus validated against observations and intercompared.

- Confidence In selected climatic change scenarios will be sstablished on the
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basis of the facility with which indw:dual models simulate the ﬂbserved'

gtterns of partlcu far climzte variables over the southern African reglon.
!f '

“ . o Hypotheseg

P

- In this dtssartatian, ths relative performance of six early—genera*}on general

circulation models *}nl] be assessed over tha smutharn Afiican regkm. As most .

mode! simulations produce long-term mean climates, the assessment will

focus on the ability of the GCMs to simulate the infra-annual variability of the -

region’s climate. Three 'key climatic 'p'arameters, namely surface air
temperature, mean sea Ieve! pressure and land surface preclpitation, will be
considered for this analysis,

ol
[

The hypotheses to be tested are:

e;)- ' that the sp#tial pétte'ns and l‘nagri'rtucl'es' of particular climatic variables

" for the southern African reglon are simutated acourately by the general
circulation modeIS' o

Ltha\t the intra-annual variabsﬂty of southern Afr!can cllmate ls accurately
: s!mulated by the general circuiaticri models,

c) that physical processes occurring at sub-grid-scales are adf }uately
' parametarised by the mcdels,

'd}  that the regional climate simulations described above are simulated
_equally waell by all general circulation modeis; and

n

€) {rha,’z the wvalidation of present climate_ stmulations wiil allow the
develiopment of more reliable predictions of future . climate under

dotbled co, conditions for the southern African regiori.

EEARNANARKRN A NN EERERE



The climate of the southern African region has been outlined, The
concept of climate modelling has been Introduced and the
important features of general circulation modeiling have been
described. The validation and intércomparison of the present-day
climate simulations of six early-generation generai circulation
modais for the southern African region will ailow the development
of reliable predictions of future climate under doubled CO,
conditions. The methodology to be used is discussed in

Chapter 2. " _
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CHAPTER 2

DATA AND STATISTICAL METHOUS

lntrddunﬁon
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The sou’fiaer_n Afrlcan re'glon considered hel.'e'extends from 10°N to 80°S and
from ZO“W to 100°E. As model resolufions_ differ and are not aligned with the
equator, tha northern boundary of the reg_lbn Is defined as one grid-point north
of the equator, '

Data

Observationai Data
Land surface air temperatures have been taken from the National Céntre for
Atmospheric Research (NCAR) World Monthly Surface Station data set. Due
to pooll'" data~availability for the thirty-year period betwsen 1951 and 1’98@,
means have been calculated for the forty-year period 1945-1985 In order to
improve- data-coverage. Marine air temperatures for 1951-1980 have been
determired from the Uniied Kingdom Meleorological Office Historical Sea
Surface Temperature (MOHSST) 5° x §° mean sea surface temperature and
air-sea temperature difference data sets. - Mean sea level pressures for
~ 41951-1985 have been extracted from the Soc':rd)em Hém!sphere Mean Sea Lovel
Prossure data set (Jones, 1891). The datg are available for latifudes 1555 to .
60°8 on 5° x 5° grid resolution. Land sutface pracipitation for 1951-80 has
been extracied from the Giobal Land Sb?'ffa‘tce Precipit_atfon data set (Hulme,
1992) on a 5° x 5¢ grid. :
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These data sets originate from independent sources. Asfarasis possible,
means have been calculated for the thirty-year period between 1951 and 1980,
As sach data set has a unique application, no spatial domains overtap. Each
variable is thus considered independently in the mode! validation procedure,
The use of observational data sets unique to.the southern African region-
further complicates the assessment of the overall performance of the models
for several different reglons of the giobé. N |

" Simulated Data from General Circulation Models

The “general circulation models used in this Study are early—géneraﬁﬁﬁ
Although the configuration and paramerisation of processes is unique to each
of thase models, they have l?gan chosen because they all include similar
physical processes. Cumpai:ison of their present-day climate 'sirnuiations
atiows for the Identification of sensitivity errors between models which do not
-pfoduce similar errors in their contro! simulations (Boer st a/f., 1991; Grotch
and MacCracken, 1991; Portman et al., 1992). '

S“imulated data for the 1 x Ceﬁxand 2 xCO 2 equlllbrlum runs frpm the
following GCMs were obtained from the Data Support Section of NCAR. The
models are the 1984 GISS model of the Goddard Institute for Space Studies
(Hansen ot al., 1983, 1984), the 1987 and 1988 GFDL models of the Geophysical
Fluid Dynamics Laboratory (Manabe and Wethe_ral‘d, 1987; Wetherald and
Manabe, 1988) and the 1987 UKMO model of the United Kingdom
Mateorologicall Office {(Wilson and Mitchell, 1987'). Two different versions of
the GFDL model, one excluding and cne including a Q-flux procedurs, were
available. For the purposes of this study, these have beeh named the GFDL
and GFDLQ simulations, respectively. No version of the NCAR Community
Climate Model was available. Two more recent simulations {(completed after .
1989) were obtained from the Commonweaith Scientific and Industrial -
Research Organisation (CSIRO). These are the 1990 4-level (CSIRO4)
simulation (Gordon and Hunt, 1991; Gordan e al., 1992) and the 1992 S-level
(CSIROY) simulation (McGregor ef al., 1993; Whetton ef /., 1993},
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Detalls of the various-GCM experiments 'are_lprovldad in Table 2.1. All
“axperiments Include the full annual cycle of tadiation. Only the GFDL
‘simulations do not include a diurnal cycle. Clouds are represented

diagnostically as a functien of relative humldity and cloud optical properties
are fixed. T'here Is _éonslderable range in the horizontal and vertical
resolutions of the rn'odé"ls. The UKMO has the highest vertical rasolution (11
fevels} and the. CSIRQ4 and CSIROY simulations have finest horizontal
resoiutlon (approximately 3.2° x 5.6°). Control climaie CO, levels vary from
300 to 330 PRM. “The monthiy mean 1 x (202 fieids are constructed fram data
for 10 model ybars, except for the UKMO model, where 15 years has been
used. One of two convection parameterisation schemes is used. The GISS
and UKMO simufations use the penetratiﬁe convection scheme, whereas the
GFDL and CSIRO simulations use a moist convective adjustment. In the case
- of the CSIRO siiﬁ'ulation, the malst convective adjustment also generates a
tnass flux-{Arakawa, 1872). .Only the CSIRO simulations make use of a gravity
T wave Hi’ag term In'th_alr momenium eqﬁat-ions although this has subsequently
- been included in several more racent versions of the models considerad here
{for exampie, the UKMO mode!, Mitchell of al., 1989).

" Each model Interacts with a simple mixed-layer slab ocean. Temperatures
are relatively uniform with depth and heat stbrage Is prescribed. No oteat:
currents exist and sea surface temperatures are specified from climatclogy.
All models (except for the GFDL simulation) include a Q-flux correction.
Models which include a Q-flux correction are favoured in an tntarcompéfigéh "
study as sea surface temperatures are constralned to reflect climato!agical
values. However, this correction also prevents ocean temperature and sea ice
from responding in cllrﬁatic change sensitivity {doubled CO2 ) éxperiments and
thus a crucial feedback mechanism is excluded (Washington and Meehi, 1991).

Observed and simulated topography for the southernﬂ African region are
compared in Figure 2.1, Poorly-resolved topography Is recognised as a
significant limitation on the veracity of the model output at reglonal and tocal
scales (Whetton and Pittock, 1991). This problem will be exacerbated in
regions of pronounced topographic gradients such as In southern Africa, The
effect of the representation of topography in spectral _mod_e_als: Is generally to
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Tabie 2.1
. intercomparisen.  Model resolution is given in degrees {finite difference
models) or wave number of truncation (spectral models). Convection

Speciii éations of the GCM experirn'ents. used In this

schemes adopted by these models include the penetrative convection

(PC} and moist convectlve adjustment (MCA). Clouds are diagnosed from
relative humidity (RH). All models have fixed cloud radiative propertles
(F}.  Equilibrium carbon dioxide concentrations are given In ppm.
Predicted giobally-averaged warming as a result of equilibrium surface
temperature change Is given in °C (after Cubasch and Cess, 1990 and
McGregor ef al., 1995]

¢iss | GFDL | GFDLQ | UKMO | csirRo4 | csiRO®
j.(1984) | (19e7) | (f988) | (1087) | (1990) | (1992)
Horizontal | 7.8x10.0 | R15 | R15 50x7.5 | R21 " R21
resoiution | '
modal. g 9 g 11 4 9
levels i
seasonal yés yes' yes yes . yes yes
eyele : _ _ _ es .
diyrnal yes no no yes yas yes
cycle o
cloud RH J RH | RH ‘RH RH | RH
scheme _ ' _
cioud F : F F F E F
properties :
convection PC MCA - MCA PC MCA MCA
schems : .
oceanic yes no ye_é yes yes yes
Q-flux _
number of | 10 10 10 15 10 10
~model years | - .
1xCO, 315 300 300 323 326 330
cencentration - .
warming 42 | 40 4.0 5.2 40 | 48
I‘IC . :
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Figure 2.1: Observed (a)and simulated topography for GISS (b), GFDL (c),
UKMO (d), CSIRO4 (e) and CSIROQ {f} models {in metres).

" smooth topographical features and under-estimate maximum heights. Both
the GFDL and CSIRO4 spectral models suffer from this problem (Fig. &1). The
improved vértica_l resolution of the CSIRO?® spectral model Has included a
more realistic geography and hence better representation of topographle
features over the subcontinent {McGregor ot al, 1993). Generally, coatge
horizontal resolution wili have the effect of misrépresenting all regions of



exaggerated topography, such as the eastern escarpment. Poor
reprasentation of southern African topography must be allowed for in the
assessment of the spatial patterns of model output, particutarty in the éase of
‘precipitation. o ' |

Statistical Methodology

The present-day climate analysis focuses on the simulation of the pattern and
magnitude of the observed distributions. January and July conditions are
compared in order to assess the simulation of seasonality over the southern
African region. The .comparis‘on of control and perturbed {2 x _'002 )

simulations aims to identify the nature and extent of simulated changes.

A wids range of réso.!utionéi,g;_:_axist amongst both GCM-simulated and
observed flelds. In order to assess the degree of simi larity betweeh simuiated
and observed'ﬂe!ds, observed data were interpolated onto eagh model grid.

For each _rﬁmdal, grid-point differences between simulated and observed
values were calculated (the simulation error). A root mean square (rmsj error

(the simulation error throughout the reglon] has been calculated from

(21)

where x; and y; are the ith observations of Independent varlables x and y
raspectively and r defines the total number of grid points across the fleld.

The similarity between simulated and observed patterns for a particular

variable were calculated using a pattern correlation coefficient from
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> =0~ 7)
ey = l.-‘i de'y” .

22)

 where X and ¥ are the area averages and o, and o, are the standard deviations

of x and y respectively.

The rms error provides an overall measure of the error in simulating the
absalute value of a variabie over the region as a whole. Secondly, the pattern
correlation coefflclent gives a measure of the similarity of the pattefn structure
of the observed and simulated flelds. For an Intercomparison of several
models, both quantities are needed because two models which have simflar
rms errors may differ greatly in their ability to represent the pattern structure
of the observad field, and vice versa. 'Furthermore,' it is also possible that the
absolute value of a given variable may be over- or under-estimated across a
field, while simultansously, the spatial variability and hence the pattern
structure of the given field rﬁay be well-captured.

Testing for the slgnif!canbe of differences between simulated and observed
fields Is problematic (Wigler,* and Santer, 1890). The degree of spatial
autocorrelation present In both simulated and observed fields for a particular
variable is often high, rendering irivalid the assumption made in standard
significance testing that individuai observations are independent of each pther.
if the degree of spatia.{ autocorrelation present in the field is high, t_he nurnber
of Independent observations wili be reduced and hence result in an

“over-estimate of tie slgnificance of the whole field. This problem is usually
overcome by using Monte Carla techniques to account for field significance
{Livezey and Chen, 1983). However, where only long-term means are
avallable, it is not possib.le to utilise such techniques because no information .
about the varlabllity in the simulated field is available. It is therefore
Impoésible fo calculate the fieid significance of differances between simulated
and observed long-term mesan fields. '
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The Wilcoxon matched pairs signed ranks test investigates the median
difference between pairs of scores from two matched samples of size n. Using

this test it is possible to ascertain whether the medians of the two matched

samples are significantly different from each other, thus providing an estimate
of the significance of difierences between the two flelds. This test treats a
- matched pair

Xy} fori=12..n @3

as 4 single sample by considering the signed difference

d = x—¥ | : (2-4)

of each pair (if d;=0, that particular pair is ignored). The matched pair may

then be thought of as & single observation on a bivariate random variable -

{Slegel, 1956; Conover, 1980).

The absolute differences { i | (without regard to sign) are ranked, tied ranks

being assigned the averaga'of fied ranks, and the sign of o, is reassigned to
~ each rank. The Wilcoxon matched pairs signed ranks test thus accounts for
both the magnitude and sign of the score differences. The null hypothesis
(M) that the medians are the same is tested against an appropriate alternative
hypothesis (H,}. The probability p for the _correspon‘ding tast statistic W can

be tested for the significance of the median differences against a suitable

significance level & (here « = 0.05) using the following #,
~ Hy ; medianof x>y. Hy is refected if 1—p < « (2.5)

H, : median of x<y. H, isrejected If p.< o | (2.6}

_ For"tha two CSIRO m'odeis, ten years of simulated data were avallable for
each of the conirol and perturbed runs. A more rigorous statistical
comparison of spatial means, patterns and variances, using a suite of nine

statistics developed by Wigley and Santer (1990) has thu< been implemented. -



" in all cases, aigniﬁcance levels are assessed .using .a pooled permutatlon
procedure (Preisendorfer and Barneit, 1983). The pooled permutation
procedure combin_es two ten-year samples (the confre and perturbed runs) .
and then divides this new subset of twenty years randomly into two new
ten-year samples. Test statistics are then re-calculated in a series of
randomisations and a null sampling distribution is calcufated against which the
criginal test statistic can be compared. This procedure overcomes problems
arislﬁg from spatial autocorrelation, unknown sampling distributions. and
multiplicity in the case of univariate statistics. A full summary of the statistfcs
used by Wigley and Santer (1990), as well as a complete description of the
pooled permutation procedu re is given in Appendix A..

WAk RkEEEEXEEXENERE

The observational and simulated data required fo undeniske an
assgessment of the present~-day climate performance of six
‘early-genearation general circulation models for the southern African
reglon have been described. The statistical procedures used toc assess
differences between simulated and observed flelds and to assign

_ significance to sich differences have been discussed. These techniques
will ba applied to a validation of the control climate simulation of observed
surface air temperature, mean seg level pressure and precipitation for the
southern African reglon In Chapler 3.



CHAPTER 3

SIMULATIONS OF PRESENT CLIMATE

B

0
" Introduction

Predictions of future climatic change by aeneral circulation models (for
doubled CO, conditions) are considerad reliable if the models perform well
under present-climate conditions (Mitcheli ef al., 1987). As general cirgulation
models demonstrate broad-scale agreement on the features of preseént-day
climate for the globe as a whole, predictions of global climatic change are
considered reliable (Gates__, ot al., 1990, 1992). Equal!y, understanding how
“well the models reproduce regional and local climatas will fead to an
improvement In the representation of physical mechanisms which dete}mine
regional climate, and hence In the predictive capabllities of the models (Grofch
and MacCracken, 1991 Pbr'tman-, et al,, 1992}, Simulated future condiﬁons
from a range of general circuiation models have been presénted pefore for the
sauthern African region (Tyson, 1990, 1991, 1993). The predictions were not,
however, based on an aisessment of the present-climate performance af the
models.

)

In this chapter, an assessment of the present-climate performance of six.

early-ganeration general circulation models for the southern African reglion

will be presented. The assessment focuses on the simulation of surface air.

temperature, mean sea level pressure and precipitation for the southern
African region. \

. 28



e

Resuits

Surfaca Air Temperature

- The mcde:s da not simulate the January surface air temperati’e distnbution
well over the land (Fig. 31) Their failure to capture the _-h < summer
convective processes ully is demonstrated by a patchmess E- ﬂ?* ,sattern of
si mu%a_fc‘ion errors within the trop les {Fig. 3.2) and a consistentiy poor simulated’
patterﬁ of surface air temperature over the subcontinent (Table 3,1). Both the
1887 GFDL and 1988 GFDLQ modals simulate the patiern of present-day .
surface: air temperature pecorly, producing' large averail_ {Tabie 3.1)' and

- grid-point simulation errors (Fig. 3.2b,c). The 1984 GISS and 1987 UKMO

modeis appear to capiurs the strong mld-summer convectlon more accurately

than the GFDL models, with an improved simnlatlon of the pattern of January
surface air temperature {Fig. 3.1a,d). The improved vertical resolution of the -

1982 CSI_ROQ_,?modeI (Fig. 3.1f) over its 1990 4-level predecessor (CSIRCM} .(Fig._
8.1e) also results in a more accurate simulation.

Table 3.1. Statisticai intercomparison for surface air temperafure over the
land. The pattern correlation coefficient ér) and roct mean squara (rms) -
error {in °C) are calculated for mode! land grid-points only. Significance
of median differences between observed and simuiated fields is
calculated uslng the Wilcoxon matfched pairs signed ranks test.

JANUARY JULY

i' rms 'signig_l—._. W ms | sighifl-

. errot canr.fe efror ca]'lce

GISS 052 | 277 | 95 | 085 2.70 95
GFDL 026 | 476 |8 | o061 | 508 | 99
‘eFOLQ |01 [ 38 {95 [ o065 | 45 | 98
UKMO 048 | 273 |21 | om0 |38t |67
csirp4 | o042 | 208 | s 074 | 372 | so
CSIROS | 035 | 267 |9 | o8 | 35 | 90
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Figure 3.1: Simulated 1 x CO, January surface air temperatures for the
GiSS (a), GFDL (b), GFDLQ (c), UKMO {d}, CSIRO4 (e) and CSIROS {f)
models. {in_°C). The present-day January surface land and marine air
tempera* i< distribution is $irown in Figure 1.4 {a).

The GISS, UKMO and CSIROS models all produce relatively fow root mean .

square error's ranging hetween 2°C and 3°C (Table 3.1).

The January marine zir temperature simulations are generally more.
acceptable than the simulations of surface air te . prature over the land (-F'igsf
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Figure 3.2: Calculated differences (simulation minus observed) for
January surface land and marine alr temperatures for the GISS (a}, GFDL
(b}, GFDLQ (c), UKMO {d}, CSIRO4 (s) and CSIROS {f} models {in °C).
3.1). The effect of the Q-flux procedure used in all but the GFDL simulation
results in an accurate simuiétion of the pattern and magnitude of present-day
marine air témperatu_res {Table 3.2). For the GFDLQ model, however, the
incorporation of a Q-flux procedure has cver-compensated .for higher than
~ observed GFDL temperatures, producing significantly cooler conditions {Fig.
3.2c) and a larger root mean square error (Table 3.2). Simulation errors are.



)
W o
SRR . S e e

- 80° -

4008
0° ]

. 10°1

.; 000 -

. 80° -

40°S 4=
0°-

10° 4

20° -

30° 1

e: CSIRO: 59— f: CSIRO9 -
| 4|' See e .RO S : ~
0® 10° 20 30° 40° 50°E - 10° 20° aoe 407 50°E

._ 40°8

Figure 3.3: Simulated 1 x CO, July surface al temperatures for the GISS
(a), GFDL {b}). GFDLQ (c), UKMO (d), CSIRO4 (@) and CSIRCS {f) models (in
°C). The present-day July surface land and marine air temperature
distribution is shown in Figure 1.4 {b).

large at higher latitudes (Fig. 3.2) and may exceed 6°C below 60°S (not

shown).

The July surface alr temperature distribution over the land improves
models (Fig 3.3). The improvement

1

markedly over January simulatlons in all
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_Flguré 3.4: Calculated differences {simulation minus obsarved) for July
surface land and marine air temperatures for the GISS (a), GFDL (b},
GFDLQ {c), UKMO (d), CSIRO4 (g} and CSIRO9 (f) models {In °C). :
In the simulated pat_tern of surface air temperatures over much of the
sutbcontinent In the middle of the dry season indicates that in th'e absence of
. clouds the models are more successful in simulating tha cbserved
temperature distribution (Table 3.1); -However this irnprove_ment Is not
reflected in ah improved simuiation of the magnitude of July temperatures
{Table 3.1). 'Grid-point simulation errors show that the models slmulate fower
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Table 8.2: Statistical intercomparigon for marine air temperature. The
pattern correlation coefficlent (r) and root mean square {rms} error {in
°C) are calculated for mode! sea grid-points only. Significance of median
differences between observed and simulated figlds is calculated using the
Wilcoxon matched pairs signed ranks test.

JANUARY —JuLY

T 1 rms signifi- | r rms siguifi-

arror. . . cance . error X cance_
GIss | oes | 183 | 53 084 | 261 | 15
GFDL 0.93 195 | 89 0.03 2.19 23
GFDLQ 0.95 318 | 99 | oss | 488 | 9
UKMO 097 | 114 | 9 | oss | 1852 | e
CSIRO4 0.98 150 ' %9 ol oe7 1,51 99
CSIRO9 0.96 132 | e9 | 096 108 | 99

than obzerved temperatures over the _':aouthefn subcontinent and higher than
obéerved temperatures in the western and central regions (Fig. 3.4}".:',?'!The' July
marine alr temperature simﬁl_atlon again closely resembles the pattern and
magnifude of the present-day dirs‘tri?ut!cﬁ (Table 3.2). At hlg_hér latitudes,
grid-point errors .s'outh of 40°S are Iali-iger than tn January {Fig. 3.4).

Mean Sea Lovel Pressure

The January mean sea ievel pi'essure simulations by the GISS, GFDL, GFDLQ
and UKMO modeis demonstrate a characteristic failure to simulate pressures
at high iatitudes accu.rately (Fig. 3.5a to d). Grid-point errors In excess of 14
hPa are apparent (Fig 3.6a-d). Such errors are most noticeabls In the coarse
horizontal rasolutlon simulations such as the GISS and UKMO models (where
simulatlon" errors south of 80°S exceed 20 hPa) and result in a poor
representation of both the paitern structure and magnitude of the present-day.
mean sea level prassure distribution (Table 3.3). Simulated pressures over
the subcontinental interior are generally lower than observed (Fig. 3.6). The
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Figure 3.5: Simulated 1 x CO, January mean sea level pressure for the
GISS (a), GFDL (b), GFDLQ (<), UKMO (d), CSIRO4 (e) and CSIROS (f)
models {in hPa). The present-day January mean sea level pressure
distribution is shown in Figure 1.2, '

subfropical high prassure cells are generally displaced southward in resronse
to {_he weaker meridlonal preésu re and temperature gradlents.

In contrast to each of these models, the two hlgher-resolution CSIRO
simulations (Fig. 3.5e,f) achieve a better simulation of the pattern and
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Figure 3.6 Calculated differences (simuiation minus observed) for

January mean sea level pressure for the GISS {a), GFDL (b), GFDLQ (c), -
UKMO (d}, CSIRO4 {e) and CSIRQY {f) modals (in hPa)

magnitude of the observed distributidn, simulating an improved poleward
pressure gradient with lower overall {rms) errors (Table 3.3). Only the CS,!RO
models include a gravity wave drag term in the momentum équaﬁ_ons. Of the
'two, the higher vertical resolution CSIRO9 model produces smaller high
latitude (Fig. 3.6f) and overall (rn_'ns) érrors (Table 3.3). Like the ofher models,
both CSIRO models simulate lower than observed pressures over the
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Figure 3.7: Simulated 1 x CO, July mean sea level pressure for the GISS
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hPa). The present-day January mean sea level pressure distribution is
shown in Figure 1.2, . .

80°S

suboc_:ntlnent, over-estimating the strength of the heat-low. Thé stronger heat
Tow rnay' be expected in ussociation with the warmer than observed
temperatures simufated by all models over the central and waestern
subcontinent (éiae Fig. 3.2). '
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In July, the GISS, GFDL and GFDLQ simulations rematn poor, although the

- UKMO simulation improves markedly (Fig. 38.7a-c). The éccurat.e_simul'ation _
of pressures during July as opposed to January suggests that the UKMO
model falls to simulate thé mean sea level pressure distribution accurately in
both hemispheres simuitaneously (Boer et al., 1991). Both CSIRO models
simulate the cbserved pattern and magnitude of mean sea levet pressures
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Table 3.3: Pattern correlation coefficlent {r) and root mean square (rms)
“err - (in hPa) statistical intercomparison of cbserved and simulated mean
sea level pressure. Significance of median differences between observed
and simulated flelds is calculated using the Wiicoxon matched pairs

signed ranks test.

JANUARY ~JULY

r rms | signiﬂ- r. res signifi-

' error | cance error |- cance
-Glss 020 | 98 | 30 032 | 1132 | 7
GFOL | 004 9.18 %9 = | 0.7 a72 | 99
GOl [ 095 |62 [e [ oo | a7s | o9
UKMO- | 042 | oss | 3t | o097 | 490 17
CSIRO4 | 0.0 5,33 92 0.96 | 6.64 99
CSIRD8 | 095 3.23 09 0.97 2,94 99

accurately (T ab_!‘e 3.3).. The higher resolution CSIROS madel simulates lower
overall errors (Table 3.3) with smaller errors at higher latitudes than the
CSIRC4 model (Fig. 3.8e,1). - '

Precipitation

The ability of the models to slmulate the broad-scale featurss of rainfall
seasonality over the subcontinem will be a:ﬁarn_ined. Given that grid-point
simuiation of precipltation generally is known to be poor (Gates ef a/,, 1990,
~ 1992), this approach represents a more rellable test of the models’ ability to
simulate regional precipitation patterns (Whetton and Pittock, 1991) than the
approach adopted for surface air temperature and mean sea levei pressiure
above.

| '.Rainfall seasonality has been calculated as the October-March (summer)
contribution to the annual rainfall total, expressed as a percentage (Fig. 3.9).
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Figure 3.9: 1 x €0, simulations of the percentage enntnbutlon of summer
season {October-March) to the annuat rainfall tota! for the GiSS {g), GFDL
(b), GFDLQ {c), UKMO (d}, CSIRO4 {(e) and <SIROS (f) slmulat;ons The
present-day distribution is shown in Figure 1.6'(b).
Much of thé ceniral southern African subcontinent recelves in excess of 70"/?
of fts rainfall in the summer half year (Fig. 1.6b). Only the south-western Cape
region displays a winter rainfall maximum, recelving léss than 40% of Its
rainfall durlng summer. Each of the GISS, GFDL, UKMO and CSIR09 models -

(Fig. 3.92,b,d,f) simulate the summer season rainfall maximum over the central
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subcontinent adequately. The GFDLQ and CSIRO4 simulations (Fig 3.9c,ej of

the summer maximum over the central subcontinent are less accurate than
those of the other four models. The summer rainfall maximum simulated by
the UKMO model over the western parts of subtropical Africa is smaller than
observed (Fig. 3.8d). Summer season ralnfali contributions within the tropics
approximate observations well. The models also appear to simulats the sharp )

 seasonal rainfall gradient between the summer and winter rainfall regions

despite their coarse honzontal resolution.

To examine tha simulation of pracipitation for specific regions of the
subcontinent, regional rainfall averages for three reg.ions have been
calcﬁlated. The regioks have been defined on the basis of their annual rainfall
regime, using .:!aﬁd-based grid points only (Fig. 3.10). The first region is
deflned here as the tropicé! rainfall region, but includes dnly grid points north
of 109S. Rdinfall in this region ext_i!blts a semi-annual cycle (TYsbn, 1986}. The
second region, referred to here as the summer rainfall region, includes most '
of tha rest of the subcontinent and is characterised by an annual ralnfali cycle.
with a well-defined summer rainfall maximum (Tyson, 1986, Fig. 1.6b). The
thir&"regio_n is the winter rainfall region of the south-western Cape. Averages

calculated for the winter rainfalt region Involve no more than two grid points

in all cases and must therefore be interpreted with caution.

Monthly precipl. lon averages for the fropical rainfall region indicate that
the models successiully simulate the semi-annual rainfali cycle (Fig. 3.11a).
However, boih daliy precipltation rates and the ampiitude of this semi-annual

- cycle are generally not well reproduced. The amplitude of the semi-annual
- cycle simulated by both the UKMOQ and CEIR04 models Is considerably larger

than observed. The GISS, GFDL and CSIRO4 models simuiata daily
precipitation rateé which exceed the observed rate thrdughouf the year. The
simulated precipitation rates for GFDLQ, UKMO and CSIRO9 models exceed
observations during the summer months but are lower than observed duflng
winter. in addition, the CSIRO9 semi-annual cycle is out of phase with

~ obst. ﬁic'-s, roaching iis maxima a month earlier in both March and October,
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Figure 3.10: Map showing the division of moeg! grid points into tropical
(1), summer rainfall (2} and winter rainfall {3} reglons for the GISS (a}, -
GFDL. (b), UKMQ (¢) and CSIRO9 {d) models. As model resolution does

_ not change in either of the two GFDL and CSIRO models, only one map for
each ts shown. ' ) " . L

b
Each of the models accurately simulates an annual rainfall cycls with 2

strong al_lmmer_rnaxin'xur!;_" v tha summer rainfall region (Fig. 3.11b). the GISS
and GFDL simulations under-estimate the amplitude of the annhual cycle but
simulate precipitation rates which exceed cbservations. Precipitation rates

simulated by the CSIRO4 model! exceed gbservations but tha a_rnpl'itu'de of ths

‘annual cycle Is also over-estimated. The' annual cycles siinulated by the

GFDOLQ, UKMO and CSIRO9 models closely resemble observations, with a.
well-defined summer maximum. Of the modsls, the CSIRGY simulation is
closest to observations throughout the year. '

The GISS, GFDL and GFDLQ models simulate higher than observed
precipitation rates for the winter rainfall region with winter maxima three to
six ﬁ mes that of the observations (Fig. 3.11c). By confrast, the UKMO, CSIRO4
and CSIROY models tend to under-astimate precipitation rates for this region.
The annual cycle for this' reglon Is generally poorly simulated. '
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Discusslon

Regional climate simulations by the six early-generation general circulation
models considered in this chapter are sensitive to the coarse spatial
resolution and parameterisations of physical processes used in the models. -
Calculated errors {n the simulation of southern African climate are generally
characteristic of those reported eisewhere for this generation of mixed-siab
ocean equilibrium climate models (Gates of af., 1990; 1992},

The simulation of southern African surface air temperatures is in good
agreement with simulations by the same models for the Australian 'region '
(Whetton and Pittock, 1991).. The Australian study '(cornpleted-prio'r to the 1992
release of the CSIROQ mode.l) alsc demonstrated large errors in both the 1987
GFDL and 1988 GFDLQ simulations and concluded that the 1984 GISS, 1987
UKMO and 1_990 CSIR04 simulations were more reliable for that region. Over
southern Africa the BISS, UKMO and CSIRO9 models simulae the surface air
teinperatura distribution over the subcontinent most accurately. The
increased 'vertical resolution of the S-level CSIRO model over lts 4-level
predecessor resuits in @ markedly improved simulation. All three models .

‘combine relatively fine vertical resolution with parameterisations of

convestion appropriate to the strong vertical upiit and latent heat release
assoclated with cumulus convection in the region. The penetrative convection
scheme used by the 3158 and UKMO simulations and the moist convective
adjustment modified to generate a mass flux (Arakawa, 1.972). ussd by the
CSIRO2 model result in more accurate surface alr temperature si:.i‘lulaﬁons

. than the simpler moist convective adjustment (Manabe et al., 1965) used in the

GFDL and GFDLQ modals.

During January, however, when summer conve?:tive activtty'.ts predorminant
over the subcontinent, the pattern and magnitude of surface alr temperatures

- are poorly simulated by all tie models. The eumulus parameterisation

schermes used by each of the GISS, UKMO and CSIROS models ars, however,
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apparerﬂly mora approprlate to the strong vertical upiift and latent heat
release associated with cumuius convection in the southern African region.
Atthoughnthe models do not represent the surface air temperature distribution |
.precisely,i they do capture the net effect of radiative forcing of tempetrature by
“cumulys d}ouds more accurately than the GFDL and GFDLQ moaodeis. The poor
slmulatio'n"ﬁbf surface air température- during summer is strongly contrasted
against thetl marked improvement during winter {in the absence of convectiva
cloud forn"f:at{on} observed for all models, There Is no corresponding
_ improvemei':zt in the magnitude of temperatures during winter, possibly related
to arrors iﬁ;"the speéiﬂcation of the annual cycle In solar radiatlon in the '
models. : | - |

The fallunn of the 19&? GFDL and 1988 GFDLQ models is more notable due
~ to the fact th;at 0 .89 sigma level temperatures, and not surface temperatures
were used hﬁ}'ra. The formulation of the GFDL models is such that model
surface tempierature poorly reflects surface air temperatures over 'land
(following Wha;ton and Plttock, 1991} The large simulation errors caiculated
for the 0.89 sugma Iavel may be expected to be even larger If vaiues for the
Diurnal tempera\;ure ranges over the subcontinent may exceed annual ranges
{Lindesay, 1994i and therefore the abse'nce of a diurnal cycle represents an
important -shurtc;";ming in the GFDL madel over the southefn African region.

Marine air teriperatures are generally well simulated In both January and
July by alt models. The Q-flux procedure incorporated in all except fhe GFDL
simulations succe_'i;sfully constralns sea surface temperatures, and hepce the
marine air temperéture disfribution, to observed vaiues, Characterfstic errors
at high latitudes are related to errors In the stmulation of sea—lce albedo
feadbacks (Mlt iali‘ 1989). More recent fully coupled ocean-atmosphere
models {Cubasch el al., 1993; Manabe ef al., 1991, 1992; Meeh! of al., 1893; -
Stouffer ef al., 1989; {Nashlngton a'\d Meahl, 1989} havé dembns’trated raduced
high latitude warmmg ¢ug to the formation of oceanic deep water ln these
‘simuiations.
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As a gensral criticism of surface air iemperéture simulations by this

‘generation of models, the treatment of cloud feedback processes in this

generation of models rapresents a major area of uncertalnty in regional
surface air temperature simulations (Cessf et al., 1990; Harrison et al., 1990},
By diagnosing the prasence of cloud directly from the telative humidity, and
fixing cloud optical propeﬁies, the radiative forcing of temperaturs by clouds
is simplistically treated (Harrison et al., 1990) More recent mixed-layer
slab-ocean models have incorporated cloud feedback processes based on
variable cloud water content (for example, Mitchell af af., 1989) and therefore
explicitly simulate cloud micfophysic'al processas more realistically (Mitchelt
ol ai., 1990),

' The sitnulated mehn sea level pressure distribution Is a powerful test of a
model's ability to simulatezhe atmogpheric clrculation near the earth’s su_rface

. (Cates. ef al, 1990). Characteristically, atmospheric GCMs linked to

mixed-fayer slab oceans fail to simulate the equator-to-pole pressure gradient

accurately, An error common to several models Is an inability to simulate the
. deep Antarctic trough (Boer et 1., 1991). This Is related to the coarse spatial

resoiution of most models and the inaccurate simulation of surface stress
needed to balance the large-scale momentum flux from the source regions
assoclated with tropical easterlies to the sink regions in the extratropical
westerlies (Boer of al., 1891). Surface stress Is parameterised by means of 4
drag cosfficient In the momentum equationé. The models considered here
generate additional drag !n order to balance momentum over the continentat
landmasses of the northern hemisphere. In the southern hemisphere, the
much reduced percentage of landmass in comparison to the northern
hamisphere has the effect of reducihg the meridional pressure'gradieni‘ and
hence near-surface wind and pressure fieids, resulting in the poor simulation
of the Antarctic trough. Inclusion of a gravity wave drag term in the
momentum equations improves the parameterlsatl'dn of surface stress and .
leads to a more accurate simulated pressure distribution (Boer et al., 1991}
More recent equilibrium climate simulations also using mixed-layer
siab-ocean models, which include both increased horizontal resolution and a
gravity wave drag parameterisation, estimate present conditions which are
similar to those simulated by the CSh09 model (see for example, Mitchell,
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et al., 1988). More realistic simulations of the Antarctic trough may, however,
ba accompanied by poor simulations of tropical and extratropical pressure
distributions. Models which slmulate the pressure distribution In pafticular -
hemispheres accurataly often fail to simulate an accurate mean sea level
preésure distri_bution in both hemispheres simultaneously (Boer et al,, 1991),
as Is apparently the case for the UKMO model. Simulated pressures over the
subcontinental interior are generally lower than observed, indicating a
stronger than observed simulated heat low. The error occurs as a result of the
higher than observed temperatures simulated in the same region. .

The coarse-resolution GISS, GFDL, GFDLQ and UKMO models all fail to
reproduce the poleward pressuré gradient and deep _Antafctic trough -
accurately. None of these models includes a gravity wéve drag term. Both the '
CSIRO4 and CSIRO9 miodels have the finest horizontal resolution of the
models considered here and include a gravity wave drag term. cf theSe, the
~ higher vertical re:solution CS?ROQ simulation is more accurate than the earlier
4-evsl model and produces the only simulation of mean sea level pressure
whii:h may be considered adequate for the southern African region.

The simulation of precipitation represents a link between the molsture,
thermodynamic and dynamic equations within a GCM {Boer saf a/., 1991), The
coarse horizontal and vertical resolution of these GCMs means that local
convective events, which are llmited in spatial extent and characterised by
strong - vertical uplift, must be parameierised at sub-grid-scales. The
mis-maiching of sc_ales hetween GCM grid cells and individual convective
events causes the finer details of observed precipitation means, frequencies
and lntensﬂies to be lost (Gordon et al., 1992; Whetton af al., 1993, ' '

The gi'ld-point simulation of precipltatiori amouﬁt is ganeraily known to be
poor (Géi‘es et al, 1982). However, the faliure of a model to.simulate
adequately the paitern of rainfail seasonality over the subcontinesit ‘fepresants
a more serious shortcoming than errors in simulated precipitation amount
{(Whetton and Piitock, 1991). Errors in the simuizlion of precipitation amount
may be related to the poor represeniation of topog;,a'.;hy'ﬁ} :'t'he\model and the
grid-point parametarisation of cumulus convection, However, the successiul
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simulation of the annual pattern of rainfall seasonailty for a region indicates
the ability of a model to reproduce accurately the respdnse of rainfall patterns
to Iarge-acalé circulation changes assoclated: with the anﬁual cycle of
radiation.  Accurate simuiation of rainfall seasonallty provides greater
confidence in- simulated rainfall changes caused by smaller i:hangea_ in
radiation associated with doub!ing of atmospheric C02 (Whettbn and Pittock,
1991). - :

Each of the models considered here simulates the broad-scals pattérn of
rainfall seasonality over thé subcontinent avceptably well, reproducing the
annual summer rainfall maximum over the central and western regions. Inthe
- case of the UKMO simulation, where the summer rainfall maximum does not
extend as far west as observed, the error s related to the weaker than
obsarved simulation of the west African monsoon (Wilson and Mitchell, 1987).
Average daily rainfajl -simu!ations for three: regions bver the subcontinent )
indicate that the models sudcessfully simulate the semi-annual cycle over the
~ troplcs and annual tycles in both the summer and winter rainfafl regions,

" However, all the models 'generally fail to simulate average monthly'
precipitafion rates accurately and perform Inconsistenily over all three
' -regicms.' - For example, while the CStRO9 madel prnvid.es fairly accurate
~ estimates of rainfal! amounts over the summer rainfall ré,s.n, this is.not true
over the winter rainfall region. In the tropics, the CSIRO9 model
under-estimates precipitation and simulates a semi-annual rainfall cycle that
is one month out of phase with observations.

.The parameterisation of precipitation processes, particularly that of
convection, is specific to each individua: madel. It is for this reason that the
simulatlon of regionat precipitatlon patterns differ significantly from model to
model.  As far as is possible therefore, the aim-: of developing. reliable
simulations of present-day - precipitation and predictioné of reglbnal
préclpitation change Is well sarved by considering a wide range of mudé!s
(Whetton ef al.,, 1993). For this reason, four simulations of prec':ip‘rtation,_ have
baen sslected as being acceptable for southern Africa. The- Gls__s', é\EQ.L,
UKMO and CSIROS simulations all reproduce the summer raintall maximum
-over the central sui_:lc:ontinen_t and a winter rainfall region to the south-west.
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Despite the failure of these models to simuifate regional precipitation amounts
reliably, they are considered ac_ceptable due to their accurate simulation of the
pattern of ralnfall seasonality over the subcontinent.

The assumption is made in this dissertation that models which simulate the
observed ragional climate accurately will be more reliable in their simulations

‘of future re_gional climate under doubled C:O2 conditions. It should be

amphasised, however, that the results of this validation apply specificaily fo
the particular early-generation GCM simulations available for this study. The
procedure developed here may be extended in future to inciude a validation '
of the simulation of present-day inter-annual variability for the southern African
regidn. In addition, this analysis should be extended in future to include
simulatlons of present-day conditions for the region by more recent
fullymﬁupled ocean-atmosphere and transtent (as opposed to equilibrium)
climate models,

Accurate simuiaﬂons of paiti.ular variablas by individual models have
been Identified. These s!mulatibns will be considered for future climatic
change under doubled co, conditions in Chapter 4. With respect to all three
variables assessed, the CSIRO9 mode! gives the best overall gimuiation of
present-day southern African climate of all the modeis. The model combines

‘both fine spatial resclution and adequate parametsarisation of key physical

processes and consistently provides the most, accurate simufation of
present-day conditlons over the southern African region. '

2ok W ke W AN Y

The simulailons of present-day suiface air temperature, mean sea
level pressure and precipltation using six early-generation general
circtulation models have been assessed for southern Africa.
~ Acturate simulations of particular variables by Individual modeis
have heen identified, The GI8S, UKMO and CSIRO9 simuiate
present-day surface alr temperatures accurately. Only the CSIRO9
simulation of mean sea lavel pressure Is considered adequate.
The simufated patterns of rainfall seasonality over the suhcontinent
by the GISS, GFDL, GFDLQ and CSIR09 models are acceptable.



. The CSIRQ B-lavel modal combines relatively fine spatial resolution
with adequate parameterisation of key physical processss and
consistently provides the most accurate simulation of prasent-day
. conditions over the southern African region. These simuiztions will
be considered for fisiure climatic change under ”muied CO,
conditipns in Chapter 4, :
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CHAPTER 4

FUTURE CLIMATIC CHANGE

. Introduction

All the modeis that ‘have been consldered in this dissertation are
" early-generation equilibrium climate models. The models are initially run to
a statistical equilibrium at current CO, levels. These levels are then
instantaneously doubled to simulate a climatic perfurbation due to increased
levels of greerih_ouse gases,"and the model is allowed to re-establish
_ eqﬁi]ibrium. Climatic change is estimated as the difference between the
equilibrium climates under present and doubled cc‘a concentrations. The
models display considerable agreement concerning the broad-scale features
- of Q1obai climatic change. However, less agreement exists between m_odels :
for predictions of future conditions for Individual reglons of the globe. '

In the previous chapter, adcurate ‘stmulations of present-day_s:outherr':' '
African climate by particuiar models were Identified. Only those models
shown In Chapter 8 fo be reliable for southern Africa will be used in this
chapter to estimate possible future conditions consequent upon a doubling of
carbon dicxide. This procedure gnows predictions of future conditions for this
region to be interpreted with greater confidence. For surface air temperature
changes, the 1984 GISS, 1987 UKMO and 1992 CSIR09 models are appropriate.
For mean sea leve! pressure, only th'a CSIR0O2 model is adequate. For
possible changes in precipitation, the Glss, 1987 GFDL, UKMO and €§1R09
- models will be used. N : s
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Surface Air Temperaiure

Widespread temperature increases in both January and July under doubled

' CO, conditicns are predicted for the southern African reglon (Fig. 4.1) by the
GISS, UKMO and CSIR09 models (temperafure increases predicted by the -
- GFDL, GFDLQ and CSIRO4 models are given in Appendix B). In both January
and July, the consensus between the models is for a wai’ming of between
4°C and 6°C for the region as a whole (Table 4.1}. Estimated femperature
increases for all models are highiy signiﬁéant (at the 99 percent confidence
level}. Far the CSIROQ model, grid point f4ests indicate that simulated
temperattre increases in both January (Fig. 4.1e) and July (Fig. 4.1f) are high[y .
significant throughoui the region, with field signlflcance exceedmg 299
percent (Table 4.‘1)

Table 4.1: Overail temperature change for the southern African region as
a whole {under doubled CO, conditions) expressed as a root mean square
error {in °C). Median differences betwesen 1 x CO, and 2 x CO ,
gimulafions for the GISS and UKMO simulations is calculated using the
WHcoxon matched pairs signed ranks {est. For the CSIRO9 simulation,
statisticat field significance is indicated.

JANUARY _ TIOLY

rms signifi- rms . . signifi-

error cance error cance
GISS 408 | o 4,27 99
LKMO 5.35 ' L1t 5.75 99
csiroe | 41t ] e | as4 98

- Within the fropics, w_armlng may generally be expected to be lower than elther
the global or regional average, varying fittle with the season {Fig. 4.1). The
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Figure 4,1: Calculated surface air temperature differences {2 x £O, minus
1.x CO, ) in January and July for the GISS {a,b}, UKMO (c,d) and CSIRO9
(e.fy models, respectively {in °C). Temperatures differences- for the
CSIRO9 model are highly significant (above the 99 percent confidence
level} throughout the region and are therefore not shaded.

GISS and CSIRO® models suggest warming of 2°C to 4°C in both January (Fig.
4.1a,8) and July (Fig. 4.1b,f). In contrast, the UKMO model (Fig. 4.1c,d) predicts

that warming may be as high as 4°C to 6°C. Over the drier areas__of the central
subcontinent predicted temperature increases are larger than within the

)
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N Figure 4.2: The ratlo of spatially-averaged time varlances for the CSIROG
present-day and dothled CO, surface alr temperature ficlds {SPRET1}
over the full southern African reglon and for the full annual cycle.

Figure 4.3: The ratio of time-averaged spatial variances for the CSIR09
present-day and doubled CO, surface air femperature sleids (SPREX1)
over the full southern African region and for the full annual cycle.

tropics or the adjacent qceans.' in January, the range of predicted temperature
increase Is 4°C t¢ 5°C for the GISS and CSIRCY models over the central
subcontinent.  Temperature increases in mid-winter are generally larger than

in mid—summgr over the ceniral subcontinent, with estimates In July by ali



three models exceeding 6°C. As in the tropics, femperature increases
pradicted by the UKMQ modei (in excess of 6°C i both January and July) are
larger than predictions by either the GISS or C8IROS modsls.

Qver th.e_eceenic areas to the south of the subcontinent, ali models
simulate large tempetature increases {in excess of 5°C) throughout the year
{Fig. 4.1). ‘As over the central subcontinent, predicted temperature increases
are also larger in mid-winter than in mid-summer (Fig. 4.1). In July, predicted
temperature increases seuth of 40°S by the UKMO and CSIRO9 models are
“greater than 7°C, exceedmg 19°C south of 60°S.

Possibis future changes in temporal- and spafial- variability of surface alr

temperature have. 'neen estimated using ten years of shnulated data for bath
present—day and owblgﬁ {.EQ, —CO['ldlthnS for the CSIRO8 model. Changes in
inter-annti v:-'nabillty o:r surfhue air temperature are estimated from the rotio
of the spatia!iy-averaged time variances of the present-day and doubfed £Q,

. fields (the SPRET1 statistic of Wigley and- Santer, 1890, giver In Appendix A).}__,
A ratio greafer than unity represents iower temporai variability in the. doublnd
CO, than In the presant-day slmulation (an wice versa). Changes estimated
by the CSIE09  model indizate that Inter-annual surface air temperature .
variabillty may be expected to decrease over the southern African region

. uncter doubied co, c_ond itions (Flg. 4.2). '

Changes in spat!at varlabtlity are estimated using the. ratic of the

tirne—averaged spatial variances of the present-day and double Co, flelds (the
SPREX1 statistic of Wigley and Santer, 1990, given in Appendix A}, A ratio
greater than unity again indicates a decreaqe in spatiai variability under
doubled CO, conditiens (and vice versa)., A.g'- ~’h changes in temporal
variabillty, spaﬁal variabllity of the surface air temperature field in the CSIR09
modsl may be expected to decrease under doubled Co, conditions (Fig. 4.3).
This is so throughout the year, with the decreases being strongest during the
~ winter months.
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Mean sea Jeve! pressure

)

Changes in mean sea Ié\}el pressure during both January and July predicted -
by the CSIRO% model (Fig. 4.4)' indicate a decrease In pressure over the
subcontinent and adfacent oceans, with a band of increased pressure over the

- southern oceans (estimated changes by the G188, GFDL, GFDLQ, UKMO and

 CSIRO4 madels are given in Appendix C}, Estimated pressure changes

“indicate a2 weakening of both the subtropical anticyclones adjacent {o the.
subcontinent and the mid-latitude westerly circulation to the outh. Grid-point
decreases in pressure in tropicél and subfropical fatitudes are génerally

. significant at t' 88 percent level ir both January and July {Fig. '4.43,5}.
However, pressure increases at higher latitudes are significant in ng_isary (Fig.
4.4aj but not in July (Fig, 4.4b). The patiern of mean sea level pressﬁi;a change
Is fieid slgnificant (aboVe 95%) in January, but not in July.
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Figure 44: Changes in mg:&..l sea level prassure {2 x CO, minus 1 X 002 _
) In January {a} and Juiy (b) simulated by {ne CSIRO9 model. Changes
- significant at the 95% level (using a t-test) are shaded.

The SS5IR08 model does not indicate any I*_‘?"r;e changes in teranoral and
spatial variability over southarn -Africa ender doubled CGz conditions,
Differences in temporal_ variability are expecied to be small, with few
~ locally-significant (grid-point} differences in temporal variance a’t"eit-her tha 1%
or 5% level (Fig. 45 calculated using tha NF1 and NF5 statistics of Wigley and
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Figure 4.5: Changes in temporal variability, estimated using the number
of locally significant two-talled 1% (NF1) and 5% (NF5) F-ests (after
Wigley and Santer, 1930), for future mean sea leve] pressure conditions
_ simulated by the CSIRO9 model, The results indlcate the number of
~ successful tests at a given slgnificance level out of a total of 1000 tests
performed. i
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Figuré 4.6: The ratio of spatially-averaged tima vafiances for the CSIRO9
present-day and doubled CO, mean sea level pressure fields (SPRET1)
aver tha full southern African reglon and for the full annual cycle.

Santer, 1890 and defined in Appendix A}. The ratio of both spatiaily-averaged
time varlances (Fig. 4.6) and time-averaged spatial variances (Fig. 4.7) remain

close to unity throughaout the year. Both small increases and decreases in

inter-annual and spatial mean sea level pressure variabllity may therefore be
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éxpacted_ throughout the year (Flgs. 4.6 and 4.7). Such changes are not
- expected to be seasonally-dependent. S

1.4, SPREX1
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Figure 4.7: The ratio of time-averaged spatial variancas for the CSiROQ
present-day and doubled CO, mean sea level pressure fields (SF’REX1)
over the full scuthern African region and for the fult annual cycle

Precipitation

Changes in seasonal precipitation during the January-March summer and
July-September winter seasons Indicate that none of the modeis predict
spatially homogeneous changes over the subconiinent as a whole (Fig. 4.8).
Furthermore, the GISS, GFDL, UKMO and CSIROS models display iittle
Inter-model agreement concerning predicted changes over all thi‘ee of the
tropical, summer and winter raintall regions defined in Chapter 3 {predictions
of regional precipitation change-.by the GFDLQ and CSIRO4 models are shown
in Appendix D).

The summer rainfall region comprises most the ‘southern African
subcontinent. During both the January-March.and July-3eptember seasons, |
the pattern of precipitation change over much & ih fegion is patchy. The
GiSS, GFDL, UKMO and CSIRO9 models all 'suggeéL _.;ééaiiy«s’peciﬁc increases
and decreases in precipitation across the reglon, but demonstrate little
agreement concerning possible changes for the region as a whole. During the
January to March season (Fig. 4.8a,c,e,9), precipitation may generally be
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expacted to increase by 10 to 20 percent, with increases predicted by the
UKMO and CSIR08 models {Fig. 4.8e,g) exceading 50 percent in certain areas.
For the CSIROS model, changes In January-March rainfall are not field
significant above the 95 percf}nt canfidence leval, with only individuai

grid-point increases significant at this level {Fig. 4.80). Precipitation averages

for the region (Fig. 4.9) indicate that daily precipitation rates will increase
throughout the summer months, with strongest mcreases in during the
Jaﬁuary-March period. '
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Figure 4.9: Simulated present—daw and doubled CO, precipitation rates (in
mm/day) for the GISS (a), GFDL {&), UKMO (c), and CSIRO9 (d) models
" over the summer rainfall region defibed in Figure 3.10.

Locall'y-specifid’. precigiitation increases of approximately 20 percent are aiso
predicted during the July-Sepfember season {Flg. 4.8bd,(f,h). As for
January-March, few grid-point increases predicted by CSIROS model ‘are
- elanificant {Fig, 4.8h), and precipitation changes are not fleld slgnificant. The
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Increase predicted by the UKMO mode! (Flg. 4.8f) is again larger than for the
other models. Regicnally-averaged precipitation for the JuIy—Septamber -
period {Fig. 4.8} reflect the patchiness in the overall pattern of change over the
summer rainfall reglon, indicating relatively small changes in average daily
precipitation.  Most models predict smail decreases in averase daiiy
precipitai 5 {les: than 0.5 mm/day) during Juiy-September but theﬁfe changes
are not expacte& io be significant as rainfall receipts_remain tow during winter
~ and predicted changes do not represent s change In the strong summer
rainfull maximum for the region. -

Th.e'\GIS'S, GFDL, UKMO and CSIRO9 models display greater consensus for
predictions of precipitation change within the fropical rainfall region {north of
10%S). Predicted increases in precipitation of between 10 and 20 'percent' from
all four models vary only stightly, both spatially and with the seasens (Fig. 4.8).
- Bach of the models predicts regionally-averaged increases in : "d.sily
precipitation In the order of 1 mm/day (Fig. 4.10). The GISS and GFDL models
(Flg. 4.10a,b) predict incréase.s throughout the year whilst the UKMO and
CSIROS models (Fig. 4.10c,d) predict small decreases during the “winter
months. No ¢hange is expected inthe semi-annual cycle of the tropical rainfall
regioni althoﬁqh the UKMQ and CSIROY models -predicf that the amplitude of
this cycle may fn'cn‘sas_g.

Little consensus is achieved for estimates of change'fpr the winter rainfall
region of the south-western Cape (Fig. 4.8). As this region Is represented by
no more than 2 model grid points in any simulation, prsdlcted changes are of
necess_lty'locally-specific and should be interpreted with circumspection. In
the January-March season the GFDL and UKMO modeis (Fig. 4.8c,e} estimate |
decreasss in precipitatior of appraximately 20 percent, while the GISS and
CSIROS models {Fig. 4.8a,g) suggest that rainfall may increase (by in excess
100 percent in the CSIROY model). During July-September the GFDL, UKMO
and CSIRO2 models (Fig. 4.8d,fh} sach predict decreases in- rainfall of
approximatelyéo percent, [n the case of the CSIRO9 model, this decrease is
tocally significant at the 95 % confldence level, In contrast, the GISS model
(Fig. 4.8b) predicts an increase in seasonal rainfall of 20 to 30 percent.
Reglonally-averaged changes In daily precipitation for the reglon (Fig. 4-_.-1‘-1)"
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are not well-defined, suggesting both small increases and decreases
throughout the year, Howaver, the UKMO and CSIRCY models {Fig. 4.11c,d)
both indicate dally preclpitation increases in summer and decreases in wirter,
The predictions of precipitation increases in summer and decreases in winter
by the UKMO and CSIROS models are in iheoretical agreement with the
southward shift in circulation systerns predicted by these models, and, if
coirect, hold important implicatlons for changes in rainfall seasonallty over the
south-western Cape.
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Figure 4.10: Simu lated presant~day and doubled CO pracipitation rates
{in min/day) for the GISS (a), GFDL (b}, UKMQ (c}, and CSIRO9 (d} models
over the tropical reglon defined in Figure 3.10.
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Figure 4.11: Slmulated present—day and doublad 002 precipitation rates
{in mm/day) for the GI88 (a), GFDL (b), UKMOQ {c), and CSIROS {d} models
over the winter rainfall region defined in Figure 3.10.

Discussion

The GISS, UKMO and CSIR09 models agree on the general patterns of surface
alr temperature change over ‘the southern African region, sﬁmulating
temperature increases which range from 4°C to 6°C under doubled Co,
condltmns. This range exceeds the |PCC "Business as Usual” scenaric for
globally—avaraged warming (Mitchell et ai.,, 1990), hbut is in good agreement
with predicted warming for the Australian region (Whaiton and Pittock, 1591).
Overall, simulated warming is greatest for the UKMO model. This model has
a higher sensitivity to CO, doubling and therefore simulates larger
temperature increases than the GISS and CS8IRO2 models (Mitchell et al,



. 84

1989). The G!SS and CSIROY predictions of surface air temperature change
ara therefore likely o be more: reliable estimates of future condi_gicns. #

R

in the tropics, predlcted Warming is lower than bath the glebal and regzonal ,:_;' -

average, and does not. vary greatly witk the season. The lower G.stlmafa of
temperature increase results from the fact that the saturation vapour pressure
‘of water indreases non-linearly with temperature, so that, at highsr
temperature, proporﬂbnaily_ more of the intrease in radiative heating of the
surface is used to increase evaporation than to raise the surface temperature
(Mitchell of al., 1880). Surface warming Is thus reduced relative to both
regional and global averages because of snhanced evaporative cooling: The
variation of simulated warming=ini the troplcs between the modeis may be
attributed to differences in the treatment of convection (Schliesinger and
Mitchell, 1987}, the choice of cloud radiative properties (Cess and Potter, 1988)
and also the vertical distribution of model layets b':j-'.‘_hgra'ld and Manabe,
1988). | ' |
Over the drier areas of the Western certral subcontinent, warming in
excess of 5°C occurs in all models. The increased warming over the desert
areas may be expecied as increased surface dryness restricts evaporatlon and

hence ovaporative cooling, leading to further increases in surface_warming .

(Mltcheli et al.,, 1990). In addition, the reduced svaporation may lead to
reduction in low cloud (Manabe and Wetherald, 1987§ which leads to further

enhanced surface warming. During the dry midﬂ-winter, ew';fapﬁi'é"ﬁvé‘ﬁbﬁiing is

reduced as cloud formation is uncommon, resuiting in larger temperature

increases during this season. o

The conslderabie warming at high Iaﬂtlun‘e.s ohserved in aI.I three
simuiations rec jts from errors in the spstitication of the effects of
sea-ice-albado feédback, and a strong temperature inversion which limits
warming to the near-surface layer in winter (Mitchell, 1989}. These errors are
cammeon o all equilibrium climate modsls linked to mixed-layei slab oceans
(Mitchell ot al., 1980). In more recent fransient simulations with coupled
| ocean-atmosphere modeis {for example Cubasch e al., 1993; Manabe ot a/.,
1991, 1982; Washington and Meshi, 1989), t_h-is problem has been overcome
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due to the formation of deep water in the ocean, tesulting in considerably
reduced warming at higher latitudes (Gates et al., 1992). An important
.consequence of the high-latitude warming SIYHulated by the mixed-layer
slab-ocean models is the significant decrease in the meridional température
- gradient under doubled €O, conditions. The weaker latitudinal temperature
gradient implies a weaker north-south presstre gradient and thus a weakening
. oi’the mid-latitude westerlies (Mitcheli of a/., 1990).
" Chénges in the frequency of exireme events determined by changes in
variability under doubled C:fC)2 conditions have potentially more serious
implications than changes I#'mean climate {Katz and Brown, 1992; Katz, 1688;
Mearns st af., 1930; Mearns_et':uf.. 1984). The CSIROH model simulates a
decrease in both spatlal and temporal surface air temperature variaBiiity at the
interannual time scale, for a doubling of CQ,. Temperature variabilitj)’ may be
expecied {o decrease as a result of the decreased latitudinal temperature
gradient and the increased greenhouse 'inhibiﬁon-Of radiative cooling {Rind ot
al, 1989). Comparison of predicted changes in surface air. cemperature
| varfability over southern Africa with similar predictions for other regiohs of the.

| .. globe is difficult as these are likely to be both reg:nnally-» and model—speclﬁc

(Mearns at al., 1990; Rind et al., 1988}, .
It iz necessary to interpret the results presented in this study"in terms of
the known current climate deficiencies of particular models. Ir'r;_porfa.nt among
such deficiencies is the fact that variabllity studies are generally performed
| using few {in this césg, ten) model years (Rind et al., 1988). More recent
transient simulétit)ns'_}.irith slowly-increasing co, concentrations and over
‘longer time-periads have facilitated a more accurate investigation of possible
changes in variability. Recent studies have shown that the effect of
low-frequency variability in fully coupled models may be to obscure the CO,
. transierit cilmatic change signal. Using a transient simulation of a fully
coupled ocean-atmosphere model, Meeh! of al. (1993) have shown that
patterns of tamperature anomalies are time- and space-dependent. These
anomalies becoma more evident with longer averaging intervals. Since the
coupled climate system has many non-linear interacting processes, # is
possible that a CO, -induced climatic change signal could itself be a siowly
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varyingg‘-[mnction of time and spdce, displaying diiferent characteristics in
different time-pericds (Meehl et al., 1993}).- This typa of !ow-ﬁ'é.'qilency

variability prasenis problerns to policy-makers who reqmre advice for
| .policy-formatlon on shorter (for example, decadal) time scales (Me=hl of al.,
1993). E

Another limitation of the simuiation of surface air temperature changes by
the early-generation models considered here is that annual and diurnal cycles
in solar radiation are specified as boundary conditions in the mbde__is, thareby -
 inhibiting the ability of the models to adjust temperature variability in response
” to'changes in radiative forcing due to increésing CQ " concentration. More
slgnifi cant[y. however, simulated surface air tempsrature vavigbility changes
by the CSIROS mcuhkmust be interpreted with caution as no estimate of the
ability of the mode! to suﬁmm rgsent-day surface air temperature va, ?iab!lity
correctly over the southern African region is avallable.

Ot-ha? importe;_nt uncertainties remain in the simulation of surface air
température chaﬁges under doubled CO, conditions. Stmuiations of future
regional chmate conditions are strongly dependent on the manner in which
physical processes are treated in the mbdels. The treatment of convection
has been shown to be inadequate in the present-climate valldatlon presented

in Chapter 3. The modals all hold cloud optical properties fixed in both their =

present-day and doubled '::D2 simulations. This effectively prevents cloud
radiative feedbacks from reacting to changes in cloud microphysics and
radiative forcing as a resulf of Increasing 002 concentrafions (Harrison ef a/,,
- 1990; Mitchel, ef al., 1990). The sensitivity of regional climatic change
simulations to the treatment of physical processes may be illustrated with
reference fo a recent UKMO run with an Improved cloud formulation {using a
variable cloud water scheme) and cloud radiative properties over those used
in the version of the modeti considerad in this chapter (Mitchell et al, 1989}
- Globally-averaged warming by the modified UKM?: mode!l was considerably
reduced. The use of differing parameterigation schemes to simulate
convection and c_ioud radiative forcing of terﬁperature thercsfore repr'eseﬁts a
major area of uncertainty in simulations of future condiiions.
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The CSIROS model predicts a weakening of the both subtroplcal
antlcyclonés'and the mid-atitude circulation under doubled €O, conditions.
The resulting southward migration of the subtropical high pressure belt and
‘associated trade winds and mid-latitude westerlies pred!ctéd by the model
occurs in response to the {arge high-latitude warming and conssquently
decreased metidional femperature gradient (Pittock and Salinger, 1982).
These results closely resemble doubled CO, changes predicted by the QSiROf-‘»
model for the Australian region (Whetton and Plttock, 1991) and are consistent
with expected changes for the entire southern. hemispheare {Mitchell ef al.,
1990} More recent equilibrium climate simuid lonr also using mixed-layer
slaboceiéii models, which similarly include Increased horizontal resolution
and a gravity wave drag téi‘m, esﬁmate doubled CO, conditions which are

similar te the CSIRO9 model (Mitchell, ef af., 1989). In addition, whilst

transient simul_atioria with fully coupled ocedn atmosphere models simulate
less high fatitude wdriming and therefore an improved meridional pressure
gradient, simulated changes in fime—averaged mean sea level pressure as well
. as -intérannua}-pr_essure varlability ara generally similar to the estimates
considered here (Gates et al., 1992).

| The approach adopted in this dissertation has been to examine grid-point
dhanges in pressure. An alternative approéch Is to use the present-day maan
sea level pressure field fo devalop empirically-derived relationships between
the synoptvic circulation and climate {Hewitson and ‘Crane, 1992). “Accurate
 ‘transfer functions which describe the circulation-temperature relationship cver
North Amerlca In the GISS 4° x 5° GCM have been developed {Hewitson and
Crane, 1992). Attempts to describe simitar circulation-temperature and |
-circulatlon-preci’g:.v.;'-_"'x_m relationships for the southetn African region have
proved more difflcult due to the poor simuiation of meah sea level pressure
by the GISS model in this region {Hewiison, personal communication).
However, the applicaﬁon of observed circulation-climate reiationships to the
doubled CO, circulation does not rely directly on accurate gtid-point
simulation of present mean sea leva! pressurs conditions and may prove more
successful in the development of reilable regional-scale climatic change
predicﬁons as a whole.
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Predicted chianges in seasonal rainfall patterhs_._are generally consistént""
with predicted circulation changes over scuthern Africa by all the models, The
southward shift of the tropical ralnbélt cbsegived In, for example, the GISS
model (Hansen et al., 1884), . sads to rainfall increzsas over troplcal southern
Africa.  Rainfall increases durlng the lata summer over the central
subcontinent due to increased moisture avaiiabllity from the tropics. In
addition, possible drier conditiens during wmtelf wwer the south-weatern Cape
.may be asso..iate,d with the southward shift of the mld-latltude storm track.
This pattern of. precspltation change is consistent Wﬂh pr&dlctmns by this
generat.on of models for the Australian region (Whetton and Pittock, 1991) and
for the southern hemisphere as whafe {Mitchell ef al., 1990)

On a theoretical basis, increased  precipitation in the fropics may be
expected as a consequence of the generally moister tropical atmosphere
predicted under doubled €O, conditions {Mitchell ef al., 1950}, Warming of the
lower atmosphere within the tropics results in an increased moisture-holding
capac'rtif’ of the atmosphere. The inc;eased' moisture leads to an increased
moisture flux itﬁto"'reglons' of low level convergence {like the ITC) and therefore
increased p('equ'gaitation. The markedly increased tropical rainfall in mid-winter
pradicted by t';:':e_ UKMO model is related to the increased strength of the Asian
monsoon urder doubled CO, conditions. Decreased c}oud'cover over Eurasia
leads to si\}:png positive cloud feadback, thereby enhancing surface heating
‘and increasing the land-sea temperature contrast \}hish drivies the monsoonal
circulation {Wilson and Mitchell, 1987). '

The use of four different precipitation simuiations has allowed
intercomparisen of a range of predictions. Conslderably less inter-model
agreement exists concerning changes in precipitation over the subcontinent
than for changes in surface air temperafure. Gates of al. (1990) suggest there
are two veasons for the iarge inter-model disagreement over reglonal
pracipitatidn changs predictions. Firstly, precipitation changes are the indirect
result of several different proce'sses in the models, many of which are not
resolved on the model’s grid, whereas temperature changes .are primarily a
direct. respense to increased radiative heating. Sebondly, changes ]
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precipitat!oh represent fairly. sagail deviations from the natural varlations and

are therefore more difficult to detect given the short sampling period available.
Predictions over much of southern Africa south of 10°S have been shown

‘1o be grid-point specific, suggestiﬁg that the accuracy of stch 'p_redictlons“ Is
adversely-.-éffected by the coarse horizontal resolution of the models. Given

the coarse 'ho'ri_ZQntal resolution - and simpllsiic - parameterisation of

: predip?tati'on mechanisms (particularly cumulus convection) used in this
;. .generation of models, changes in ‘precipitation of convective origin
- {predominant over: the centraﬂissubcon}inent during - summer) . cannot ba
' accurately simulated for specific regions (Gates ef al., 1990; 1992). In
- summary, therefore, little certainty can be expressed in predictions 6f '
precipitation change for southern Africa by the modeis considered in this

study. - o |
. _ L ‘I:}.
A more valuable approach to: predicting changes in rainfall may be to
examine changes in sulnfall intensity and not total rainfai (Gordon ef af., 1992).
Two studies using both ﬂ-_ne 4-fevel and 9-level CSIRO models indicate that
changes In rainfall intenslty provide more spatlally homogeneous signéls than
do changes in total rainfall {Gordon of al., 1992; Whetfon et al., 1993). Both of
these investigations indicate that an increase in the frequency of extreme
rainfail events combined with a shorter return perigd for extreme events, as
well as decrease in the frequency of low-rainfali gvanis may be expecte& with
T a‘-a‘bﬂbﬁng'df €O, . Similar studies remain to be done for southern Africa,

While the ear.ly-geﬁeratior': general circylation models consf?}ared in this
analysis exhibit considerable agréement concerning \bossibie changes in
surface air temperature and mean sea level pressure under .doub]ed Co,
conditions, predictions of regional precipitation change have besn shown to
be less z‘éliab[e. However, the analysiz has successfully identified
uncertainties associated with the parameterisation of physical processes
which are important for climatic change over southern Africa,

More recent gereral circulation model simulations with improved spatial
- resolution and parameterisations of physical processes have resulted In more
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accurate representation of global climate and global climatic change. Greater
reality has been achiaved in the simulation of the globar climate system and
of the ‘processes responsible for c]imatic_ change. ‘The most notable
development of this kind has been the use of fransient simulations with
gradually-increasing CO2 concenirations, :i linked to f&lly cot:p!ed
ocean-atmosphere general circulation models (Cubasch et al., 1893; Manabe.
et al., 1991, 1892; Meehl &t al,, 1993; Stouffer st al., 1989; Wa_shington and

Meehi, 1989). These more sophisticated simulations generaily confirm the

predictions of global change of the early-generation equilibrium climate
mndels {Gates ef al,, 1982). Predictlons of globaily-averaged warming fall
within the range of the IPCC “Business as Usual” scenario based on the esarfier
simulations. and the farge-scale patterns of chahge predictod by the fully
coupled madels are similar to those of the equilibrium experimants presented
here (Gates et al., 1992). As there Is a need to niake predictions_of gf'obal '
climatic change specific to the southern African region, further stti""c-l_i_gsf’such
that presented here, but based on the newer generation of models, need to
be performed in order o devalop more reliable predlctions of southern African .
- reglonal climatic. change. ' ' '

AR RN IR R R Tk

Predictions of future regional cilmate under doubled CO,
conditions have been interpreted for sevaral early-generation
general circulation models which accurately simulate present-day
climates. The models considered here predict femperature
increases of between 4°C and 8°C throughout the year. Over the -
subcantinent, temperature Increases may be expected to be feast
within the froplics and largest over the dry western subcontinent
during mid-winte:. Changes In mean sea level pressure indicate
a southward shift in the subtropical high pressure belt and
associated tropical easterlies and mid-latitude westariles in
response to a reduced meridional temp. ature gradient. Predicted
changes in seasonal rainfali totals are in accordance with predicted
circulation changes. Rainfall north of 10°S may be expected to
incrzase throughout the year. South of 10°C precipitation may
generally be expected to Increase in January-March., Precipitation
during July-September may be expected io decrease over the
winter rainfall region of the south-western Cape, reflecting the
southward migration of the mid-latitude storm track. However,
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conslderable.-disagresment exists between. reglonal pafterns of
pracipitation change over much of tha subcontinent, with changes

being strongly grid-polnt specific.  Predictions of regional -

precipitation change are therefore not considered reliabie for much
of the subcontinent south of 10°S. Further development of regionai
climatic change predmtIOns depends on the exiension of the
analysis performed in this chapter fo the newer generation of
genersl circulation modeis, Inciuding transient simulations using
fully coupled ocean«atmosphere madels.

7



CHAPTER 5

' SUMMARY AND CONCLUSIONS

General circulation model predictions of global climatic change as a
consequence of global warming are considered reliable. Much of the
 confidence in predictions of future conditions is based on the broad-scale
agreq:men_t between the models on the features of present-day climate for th":e
globe' a&__’@_% {v‘v;_j)_&ie. Similarly, the reliability of climatic change predictiohs' for
specific :;;gfons depends on the ability of the models to simulate present
conditions for those regions accurately. In contrast to predictions of
globally—averaged change, little mter-modei agreement exigts for predlctlons
of regional ciimatic change. '

For the southern African region, previous studies presenting general
circulation me.-el estimates of possible future conditions have not been baserd
on an assessmen’ of the presat-climate performance of the models, The

initial alm of this dissertaflon was to assess the presant-climdte performanca

of six early-generation general circulation models for the southern Africa_n "-'
- region. On the basis of this assessment, only thosa modeis which simulate
present conditions abcurateiy were used o develop more reilableg aStImatqs
of possible future conditions over southern Africa which may occur as a
consequence of CO doubling. Such analyses have been undertaken and a
number of |mporb.ﬂt findings have emexged from the study. These are
summar.sed balow:

A. Sirhufatfo;as of Prasent_crfmate

1. The 1984 GISS, 1987 UKMO and 1992 CSIRO 8-level models simulate the
paftern and magnitude of both surface jand and marine air temparatures

72
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most accurately. Al three models combine re!atlvély fine vertloal
resolution with adequate parameterlsations of convection appropriate to

the strong vertical upiift and iatent heat release associated wIth cu mulus--

convection In the region.

In January, however, tha paliern and magnftude of surface air
temperatures are poorly simulated by all the madels, reflecting a fallure
o capture the effects of strong summer-season ccmvecﬂm over the

“subcontinent, During July, the slmulated pattern of wiutar terﬁperatures

improves maikedly, when convective actlvity and cloud formatlon 1s
diminished. There is no corresponding Improvament in the magnitude
of simulated temperatures, posslbly related to errcrs in the speciﬁsation
of the annual cycle in sotar radiaffcm '

-

The generally accurate simulation of marin air femperatures in both

- January and July reflects the uaé of a Qflux procadure in all except tha

1987 GFDL model. The high latitude _simullatl__on ‘efrors demonstrated by
each of the models are characteristic of all GCMs linked to mixed-layer

slab oceand and are relatec fo errorsr,._;:iﬁ‘the specificaﬁion of sea-lce
- 4 . .

albedo feedbai:ks. : @

The major features of the mean sea level pressure distribution are
correctly simulated. Howaver, the jtrength of both the subtropical high : :
pressure belt and mid-fatitude westeriies is generaily under-estimated -
and the Antarctic trough is poorly represented. Overall, the poor
simulation of the enuator-to-pole pressure gradient by the GISS, GFDL,
GFDLQ and UKMO models s related to the inadequate parameterisation
of surface stress in the momentum equatidns' of the models.. The
parameterisation of surface stress by means of a gravity wave drag term
{included In the CSIRO4 and CSIROY models only) may be considared -
assential for an accurate mean sea level pressure simulation by |
rmxed-«slab oceanh models. |

The CSIRO9 mode} simulates a markedly better mean sea level pressura

_ distribution than any of the other models. owing to its relatively fine
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hotizontal and vertical resolution and incorporation of a gravily wave
drag term in s momentum equations. For this reason, only this
simulation of the ohserved mean sea ievel pressure distribution is
considered adequate. '

Grid-point simulation of precipitation aver the subcontinent is poor.

- Howaever, the pattern of rainfall seasonalify over the subcontinent is

accurataly simuiated and all models replicate & summer rainfall
maximum over the central subtroplca! subcontlnent as well as a
semi-annual rainfall cycle over the troplcal reglons and a winter rainfall
maximum over the south-western Cape.,

All models generally fali to simulate average monthly precipitation rates
agcurately and perform inconsistently over the tropical, summer and
winter rainfail reglons. Whlleﬁ'daily precipitation rates and the amplitudes
of the semi-annual raliifall cycie are generally not accurately simulated
for the tropical and winter rainfall regions, these are well simulated far -
the summer rainfall region of the central subcontinent. inter-model
disagreeme'nt concerning simulations of reglonal precipitation may be.
related to pararieterisations of precipitation prbcesses, particularly that
of convection, which are specific to individual models.

in view of this, reliable predictions of reglonal pracipitation are more
likely from a range of models than from one particular mopel. For this
reason, the accurate simulations of rainfall seasonality by the GISS,
GFDL, UKMO and CSIRO9 were considered adequata.

- With respect to all three variables assessed, the CSIROS model gives the
~ best overall simuiation of prasent-day southern African cllmate of all the

moaodeils considered in thi dissertation.

Model Uncertainties

The accurate parameterisation of sub-grid-scale processes "_!a an

_impartant component of accurate regional climate simulations by general
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circulation models. The inadequate parameterisation of such processes
at model grid scales results in inaccurate simuiations of reglonal climate

+ and causes- itm,ertalnty in the predictions of future reglonal climates.

,/,_‘

The limitaticns imposed by these parameterisations must be considered '

when assessing simulations of both presgnt and future climates hy‘--;:_{_':__:;"'j

early-generation of general sirculation models.

The parameterisation of curnuius convection ‘has been shnwn to be .
critical to Simulation of both surface air temperaturas and precipitation,
Unfortunately, due ta the coarse honzo_ntal and vertical resolution of the
‘models considered here, the finer detailed structure of individual
convactive events cannot be accurately represented at modsl grid
scales. The penetrative convection and modified moist convective.
adjustment (generating a mass flux) schemes used by the GISS, UKMO'
and CSIROQ modeis respectively achieve relative success in the
' parameterisatlon of convective evants because. they capture the effect
" of strong vertical uplit and latent heat release associated with
convection, ' I

A large area of uncertainty in the present-day and future clirrate
-simuiations from the ear_ly—geﬁeration ‘general circulation models _is.'the
treatment of clouds and cloud radiative feedback processes. The
early-generation models used here all dlagnase clouds directly from the
- relatlve hu'mid'rty of the atmosphere and hold cloud optical properties
fixed for both present-day and future climate stmulations. This imposes
limits oh cloud radiative foreing of temperature and hence directiy on the
ability of the models ta react to radiative changes assoclated with CO,
doubling. A more realistic freatment of clouds has been incorporafed In
more recent simulations which allows variable cloud optical propertles
based on cloud water content.

The mixed-layer slab-ocean general circulation models considered hers
provide a simplistic treatment of oceans an ocean circulation. The
oceans simulated here are no more than 100 m deep. Sea-surface
temperatures are prescribed and ocean currents are not simulated. The
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absance of currents is accounted for using a Q-flux correction which
calculates the additional heat flux at the ocean surface required to
simulate present-day sea surface ternperature patterns and their
seasonal variation, in ali except the GFDL model. However, this
correctlon prevents ocearn temperatura and sea ice from responding in
climatic change (doub!ed CO ) experimants and thus a crucial feedback

" machanism s axcluded from the simufations. sore recent fuliy coupled
ocaan-atmosphere models provide higher-resolution oceans which can

form deep water and are allowed to interact more freely with the
atmosphere.

Prsdhgt!ons of C;'fmatfc Change

Surface air temperatt{mﬁsﬁanges ‘predicted by the GiS8, UKMO and

'CSIROS models oVerf"'i:,he southern African region are considered. Each.

of the models predicts widespread temperature incr'sgaSnas over the
region, with a 4°C fo 6°C warming predicted for the rsgion as a whole in

W

Within the iropics, temperature increases of 2°C to 4°C are predicted.
Predicted temperature changes within the troplics are lower than for the
rest of the subcontinent and vary liftle with the season. Warming Is

expected to be larger {greater than 5°C) over the drier central and _

western regions of the subcontinent, with largest increases expected
during winter. Qver the oceanic reglons to the sauth of the subcontinent,
temperature increases in. excess of 10°C are predicted, although the
large warming Is related to errars In the specification of sea-ice albedo
feedbacks in the models. '

The CSIRO9 mode! predicts a decrease in both temporal and spatial

- surface air temperature vanabb'!iy for southern Africa under doubled

CO conditions.

i)

The prediction of mean sea"'!eve! pressure change by the CSIR0O9 modei
indicates 2 southward shit and weakening of the subfropical high
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pressure belt and mid-latitude westerlies in response to a weaker
merldlonal temperature gradient. Assoclated poleward shifts In tropical
easterlies and the mid-latitude storm-track have important implications
for precipitation patterns over the southern part of the subcontinent.

No de_ar!j(-t_leﬂned trend in_mean sea level pressure varfabilily charges
is evident for the southern African region. Small increases and
decrease in hoth temporal and Spatlal variabllity are predlcted by the
CSIRO9 mtndel. #

- The Gls_s, GFDL, UKMO and CSIROS modeis predict broad-scale
changes in precipitation patterns in accordance with expected circulation

changes over the subcontinent. The southward shift of the tropical
easterlies and {TC are expectad to result in increased tropical rainfall
ihroughbﬂt the region. Increased infiux of moist alr from the troplcs
during the January-March season may lead fo increaserd rainfalf over the

- summer rainfall region. During winter, the UKMO and CSIROS models
: suggést 4 decrease in rainfall over the winter rainfall regian of the

south-western Cape which may resuit from a southward migration of the
mid- Iatltude storm track. _ '.J,{;'
Over much of the subcontinent however, little inter-model agreement
exlsts concerning seasonal rainfall changes for speclific regions. The
pattern of change in seasonal rainfall Is patchy, suggesting that
simulated precipitation change is grid-point specific. Predictions from
the early-genaration Imode!s considered In this analysis can therefore
not be considered reliable and must be interpreted with caution.

In conciusion, a framework for Interpreting general circulation model
predictions of regionai “climatic change based on_their simulation of
present-day conditioris has been established. From the six equilibrium
models linked to mixed-layer slab oeceans, general agreement exists

concerning possible changes in surface air temperature and mean sea level

pressure for the southern African region." There is & generai consensus
among the models that the entire region wilt become warmer and that tropical,
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subtropical and mid-latitude circulation systems will shifi-’ southward..
Considarably less certainty exists concerning possible changes in
precipitation. It is encouraging that the broad-scale features of predlck_ad
changes are apparently in agreement with predicted circulation cﬁanges.
Accordingly, northern tropicail areas may be expected to become watter, with
wetter summers predicted for the summer rainfall region and possibly drier
~ conditions for the winter rainfali region of the south-western Cape. However,
several uncertainties in the predictions of precipitation changes may be .

talated to the coarse horizontal resclution and simplistic paraméferisation of
convective precipltation mecha_nis:‘_ns* over the subcontinent used by the
early-generation general circulation models considered here.

Mora recent general circulation. ﬁiodels incorpnratiﬁg Improved physical
parameterisations, increaged spatial resolution and more realistic simulations
of the process of climatic change may be expected to predlct future conditions

T with greater reliabmty than was hitherto the case. In particular, transient

simulations with gradually—mcraaqing C.CJ2 concentrations, linked to fully
coupled ocean-atmosphere models, represent a significant advance in the
modelling of climatic change. The development of reliable predictions of
climatic change for the southern African region will benefit by extending the
analytical framework presented in this dtssertat!on to the more receni
generation of generat circulation modei& '



APPENDIX A

UNI\iARIATE AND MULTIVARIATE SIGNIFICANCE TESTING

Spatial ilelds are ¢ ';_'_','bared here in terms of their means, variances and spatial
patterns, using the suite of statistics recommended by Wigley and Santer
(1990). Numerous other methods of statistical testing other than those utilised
by Wigley and Santer (1990) exist for this type of analysis. However, the
statistics used here are de_sighed specifically to account for problems inherent
in determining the statistical slgnificance of results.

'Diffarences between means and variances may be assessad using
convenﬂorgal tests and F-tests. Mowever these univariate tests assume an a
priori knowledge of the s_amp_ling distribution. In most cases involving GCM
oufput, thls'assumption is not valid, Furthermore, in multivariate analyses
 there is a need to account for multiplicity (the possibility that where many tests
are performed, a certain number may be passed, at a particular significance
level, purely by chance} in the test results {Livezey and Chen, 1983). Test
resulis may also be affected by temporal and spatial autocorrelation.
Significance may then be assessed by generating a sampling distribution from
the avallable data using a permutation or Monte Carjo method (Livezey and
C'hen, 1883; Preisendorfer and Barnett, 1983). The pooled permutation
procédure suggested by Preisendorfer and Barnett (1983) is used to assess
sig nificance in all the statistics sugygesta i by Wigley and Santer {1990},

The technique requires data of equ'vilent temporal extent (usually fen
years) in which the correspondence In spatiat ordering between the two flelds
compared is not disturbed, Data for the C3IRO4 snd CSIROY GCM:s Is suitable
for these purposes. in the case of the GISS, GFDL and UKMO models, only

- long-term means are avalilable and hence these tests cannot be applied. For

7
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this reason significance testing for dlfferencés between spatiai ﬂe'lris of these
models Is incomplete in comparison to the Wigley and Santer techniques
described below. Wigley and Santer (1990) defineg two space-time fields to be
compared as D and M, of the multivariate form [D1{x,8), D2(x,9), ...], comprising -
three-dimensional spatiai arrays of a set of variables D‘I. D2, elc., at vgrlous
times & Considering D amr-i2as corresponding twe-dimensional (x,t) éirrays,
thelr elemenis ¢an be written as d. and m,., where x and { are lndepandent
discrefe variables representmg space and time (x=1, n; =1, n). The main
quantities used In the analysis {means and variances over space and time,
various sums of squares) are defined in Table A.1,

]

Comparison of Means

-Grid—point by grid-point analysis. Time means are compared at each
grid-paint using a local ¢ test for the differance in means. The local test is
two-tailed. Assuming that the d and m variances do not differ significantly, the
test statistic is, '

t=@-ms. a1

where

S (Gt 1) @

Local significance is assessed using a Student’s dlstributlon ‘with 2n,—2
degrees of freedom. Assessment of field significance is accomplished by
- using the fractional number of successes, '

NT =ngln, _ (A3}

where n, refers fo the humber of locally significant results at a prescribed local
significance level and n, deflnes the total number of tests performed. The -



T'a.ble A.1: - Definitions of sta’tlstical guantities (after WEgley and

Santer, 1990)
Quantity ' - Description

e ' valua of d at point and time f{x=1,3¢ t=1,1)
d; spatial average of d at time t= ngj}fnz

 d,, | time average of d at point X = Y ,dufim:

[ . t e
8% _ _' spatial variance of d at time £ = 3 (dx — d)?in. ]
S8 | time variance of d at point X = ¥(d. — )2/t 0
' S e Y

I grand mean= 23 du/nn. | i
GSSD - totat (grand} sum of squaress== szdx: [di)® ]l
- = X - mnfdF {
| sstD - withinx sum of squares= n,Z(d.. folpr -
= "x(zdi) man[d] S
- | [8SXD - withinx sum of squares= mZ(d — [d])e
' | = "r(zﬂ") [ dF
vl K spatial variance of d, = 2(5';_ — [T/
| . | =SSXDfe x -
v(d,) time variance of d, = Z:(a',t [dT e

| = 55TD}na
s, time average of s3, ~ GSSD — SSTD/n
& spatial average of s, = GSSD — SSXD/n
b _ nantss,x = Eng(dxt - a-x.)z

= (G550 — SSXD)
(As defined by Preisendorfer and Barnett, 1983)

variables NT1 and NTS are used to define the fi-act[_giq of locally significant
results af the 1% and 5% significance levels resg'activai'y. Field significance
is assessed using the pooled permutation procedure. '



Camparison of Temporal Variances

The SPRET1 statistic. SPRET‘I is defined as the ratio of the '*na*lal means of
the time varlanhces, .

SPRET1 = 53; 1B =cbldy (Ad)

E'%

where of is déu"med by Freisendorffer and Barnett (1983) This cdn be written
in terms of sums of squares as

SPRET1 = (GSSD — SSXD)[(GSSM — SSXM) (A5

SPRET1 is tested for signiﬁca'nce usin® a one-tailed test in order to define a
~ diractional difference in variances.. . '

Gn‘d—pofr;} by grid-point analysis The time varfances s, and s}, are comparad
grid-peint by grid-point using the test statistic

F=sglshy - (A8)

and judging local significance using an F-distribution with m— 1, nc— 1
degrees of freedom. A two-talled test is ucs to assess signif’ ance and fiald
slgnificance is again- calculated using the fractional number of locally
significant tests, defined as NF1 and NF5 for the 1% and 5% é:'g.-;ificancs
levels respeactively. o

Comparison of Spatial Variances

| The SPREXT statistic. SPREX1 is defined as the ratio of the time-mean spatial
variancés such that

SPREX1= ;2:; ISE; = (655D — SSTD){CSSM — SSTM) (A7)
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Comparison of Spatial Patterns

Correlating the time-mean fields The correfation coefficient between the
time-mean fiekis is defined by .

| r =[Z(a;.‘“£d}}(ﬁx"“[m]):]l ”x. v V(gx.jv(me ! o (A.8)

As V(d,) and V() are spatial variances of the time mean fields, r can be
“dened as

e I:ZE&.W& - nx[d][m]]j JSSXDSSXM  (A9)

“ The conventional test for a correlation coefficient would be distorted by the
pi:ia‘sence of spatial autocorrelation. As not all tests are independent, the
effective number of {ndepenﬁent tests would be less than ny, thereby redudlng
the effective degrees of freedom. As such, standard tests which assume a
spacific sampling distribution are Invalid. Using a Monte Carlo simulatlon, this
test dl_ﬁ'ers from the standard test which determines whether the correlation
_.cosflicient differs significantly from zero or some apriori value, by testing
whether the observed correlation differs significantly from the unknown value
near 1 which would arlse if & and Af were drawn from the same population.

In the case of the grand-mean spatial fields available for the GISS,GFDL
UKMO models, no estimate of the spatial varlance Is available, Hence
sfatistical significance is tested withcat accounting for spatial autocorrelation
at the 5% level. These vests are therefore weaker than those where
- significance Is assessed using the poaled permutation proi;edure. However,
a technique to account for spatial autocorrelation struc{hnre of the fislds
explicitly has been developed (Galpin, personal .comlhunicaﬂon}. By
" correlating the grid-point simulation error {simulated - obé_erved) at several
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* spatial lags, the degrize of Spatl‘al autocorreiation between adjacent grid-points
can then be investigated. If these autocorreiations are low, then it can be
agsumed that the spatial autocorrelation found in the observed fleld is well
accounted for by the simulated field as Is also well described by the original
correlation ~osfficient, ' |

The Pooled Permutation Procedure

The pooled permutation procedure is designed specifically to acco'unt for
significance of differances between data sets of small temporal extent (often,
as here, only ten yeai's). The procedure also accounts for such problems as
multiplicity, unknown reference distributions of the test statistics, accounting
for field significance and spatiai autocorrelation.

Because the spatlal autocorrelation s present In mdst metéoroldg'ical data,

- e assumptions on which the theoretical sampling distributions are based are

violated. Spatial autocorrelation will reduce the number of. indepandent
obsarvations in a spatial fleld, thereby reducing the effective degrees of
freedom, Thera isa further need to account for mu!tipi'icity {the probabitity that
f a number of loc4l significance tests are performed, then a certain number
wolld be passed as signiflcant at a prescribad stgnificancé level by chance).
The sampling distribution of the test statistic is effectlvely unknown. By
generating the sampling distribution from __thé. avallable data using a
permutation method such as the pozled pérmutatlon procedure, these
problems can be overcome. .'rovided that the autocorrelation structuire of the
original data set is preserved in the permutation (by holding the spatiai
ordering of the gf‘id—poi_nts constant) the pooled perinutation procedure will
automatically ascount for spatia'l, but net temporal autocorrelation (Wigley and
Santer, 1990). The autocorrelation In the temporal structure of the data has
not been assessed but is assumed to be minimal. it is recognised that the
choice of ohserved reference decade is éséantiatly arbitraty and controtlled by

data guality and--avallah!llty. ASsessing temporal autocorielation over a single

ten year period is unlikely to deliver significant results,
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In'the pooled permutation procedure the iwo samples are first combined
fo gMy e years each containing the same number of spatial grid-—pomts (it is
ess{arqla[ that the spatial ordenng of these gnd-points remain tdentical). The
Iarge.m subset of years (20 years here) is then split randomly into two new
samplléﬁ of slzs o Thg test values are then re-calculated In a series of
- randainisét‘!ans By performing a sufficlently large number of randomlsations,
it Is possibﬂh to construct a @ ul! sampllng distribution aga!nst which the
original test siatistic can be uc}mparef] Although Prelsendorfer and Barnett
~ (1983) recommended "00 randoinlsations, this disseriation will follow Wigley
- and Santer (1980) In patforming 1000 permutations. '
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PREDICTED CHANGES IN SURFACE AIR TEMPERATURE
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~ Figure B.1: Calculated surface air temperature differences (2 x CO, minus -
1 x CO, } in January and July for the GFDL (a,b), GFDLQ {c,d) and CSIRO4
{e,) models, respectively (in °C). Temperatures differences for the
CS8iR0O4 medal are highly slgnificant (above the 99 percent confidence
level) throughout the region and are therefore not shaded.
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. APPENDIXC

- PREDICTED CHANGES IN ME;KH SEA LEVEL PRESSURE

i
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Figure ©.%; Changes in mean sea level pressure {2 x CO, minus 1 x CO

» ) In January for the GISS {a), GFDL. {b), GFDLQ (c), UKMO %d) and CSIR0O4
(e) models. _ ' -



"' : 10° -

88 .

20°+

30°-

40%4 \

euot:

. 20°-

30°

40°4

- 50

60°S-

20°-

30°
40% .

;f’;’::,_,;z;\QC

o° 10’ 20° 30° 40" BO°E

Figure C.2z Changes in mean sea level pressure (2 x CO, minus { x CO .

o ) in Jduly I’or the GISS (a), GFDL (b), GFDLQ {c), UKMO {d) 2and CSIR04 (e}
modals. .



89

: ¥ APPENDIX D

PREDICTED CHANGES IN PRECIPITATION
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 Figure D.1: January-March (JFM) and July-September (JAS) seaspnai
changes in rainfall (doubled CQ, minus present—day} for the GFDLQ (a,b},
and CSIRC4 (c,d) models, expressed as a percé] ag;_ea shaded.
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SUMMER RAINFALL REGION
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Figure D.2: S!mulatad present-day and doublad co, pracipltation rates (in"
mm/day) for the GFDLA (a), CSIR04 (b) models over the summer rainfall

region deﬂned in Figure 310,
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Figure D.3: Simulated present-day and doubled CQ, precipltation rates {in
mim/day) for the GFDLQ (a), CSIRO4 (b) rodels over the tropical rainfalt -

region defined In Figure 3.10.
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S WINTER RAINFALL REGION |
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Figure D.4: Simulated prﬂsent—day and doubled CQ, precipitatlon rates {in
mm/day} for the GFDLQ (a), CSIRO4 (b} models over the winter ramfali
region defi ned in Flgura 3.10.
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