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- ABSTRACT

" . The representation of contemporary southern African climate by a wide range of general

circulation models used ir climate studies is evaluated. In addition, projections of regional
climate change by the models are interpreted in terms of their present climate performance.
‘Projections of regional climate change by two different types of climate models are
considered. First, projections of the equilibrium response to an instantaneous doubling of
atmospheric carbon dioxide using atmospheric models linked to simple mixed-layer oceans
~ure assessed. Second, projections of the transient response to gradually-increasing
anthropogenic forcing by ﬁxlly-coupled ocean-atmosphere general circnlation models are
cons:dered _

All of the mixed-layer models considered have been developed since 1990 and are more
recent and generally higher-resolution versions of the models considered previously for
southern Aftica, The improved resolution and model physics result in a general
improvement in the representation of several features of circulation around southern
Africa. Specifically, these include the meridional pressurs gradient, the zonal wind profile,
the intensity and seasonal location of the circumpolar trough and the subtropical
anticyclones, as well as planetary wave structure at 500 hPa. Atmospheri. models forced
by observed sea-surface temperatures simulate the large-scale circulatica adjustments
around southern Aftica known to accompany periods of above- and below-average rainfall
over the subcontitient. Fully-coupled models simuiate the observed features of intra- and
inta-anmusat varizbitity in mean sea-level pressure, although the simulated variability is
wenkee than obsorved. Suramer rainfall totals throughout southern Afiica are over-
estimated by all of the wodels, although the pattsrn of rainfall seasonality over the
subcontinent as a whole is well-reproduced. The inclusion of suiphate aerosols in addition
-to greenhouse gases does not result in a statistically significant improvement in the
simulation of contemporary temperature variability over southern Aftica. '

Warming projected by fully-coupled models is sinaller than projections by mixed-layer
models dae to the fact that the transient response of the fully-coupled system and not an
equilibrium response of an atmospheric model linked to a mixed-layer ocean is simulated.
The inchasion of sulphate aerosols results in a reduction in the magnitude and rate of
warming over southern Africa. Projected changes in the diurnal temperature range are
~ seasonally-dependent, with increases in summer and autumn and decreases in winter.
Simulated charges in mean sea-level pressure are small but similar in magnitude to
observed anomalies associated with extended wet and dry spells over the subcontinent. No
change in rainfall seasonality over southern Africa is expected. Nonetheless, little
confidence exists in projected changes in total rainfall. While both types of model simulate
a 10-15% decrease in summer rainfall on average, projected changes are smaller thaa the
simulation errors and little inter-model consensus in terms of the sign of projecred changes
exists. No change in the location or intensity of anticyclonic circulation and divergence at
700 hPa in winter is expected. While fully-coupled models provide a more comprehenmve
treatment of the global climate system and the process of climate change, there is no
evidence to conclude that current fully-coupled models 'should be used to the exclusion of -
nnxed-layer models when developmg regional climate change scenarios for southern
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PREFACE'-_ |

Changes in mean climate and cixmate vanabnlxty since the industrial revolutxon suggest that
human activity is impacting-on global climate and resulting i in anthropogenically-induced
climate changes. The Second Scieatific Assessment Report of the Intergovernmental Panel )
of Climate Change (IPCC) concludes that “the balance of svidence suggests that thereisa
discernible hurian influence on global climate” (IPCC, 1995, pS). Climate models have
‘been develop *in response to a need to pro;ect the possible impacts of anthropogenically-,
induced climate change The first models used in climate change experinierits used an
atmospheric general circulation model linked to a simple, .non-dynamlo nnxed—layer poean
(mixed-'layér models) and simulated the equi_lihr’ium’ response of the climate system tean
instantaneous doubling of atmosphoric carbon- dioxide. More ret:eﬁﬂy, fizlly-coupled
- models of the ocean and atmOSphere (filly-coupled models) have been developod which
_simulate the transient Fesponse of the climate -system -to. gradually-moreawng

B 'corlcentrations of greenhot.se gases and (more recently) sulphate aerosols.

‘On global and hemispheric scales, climate models reproduce the features of
'contemporaxy_' climate realistically and projections of global climate change are considered _'
robust. However, climate models involve the representation of several important physical
processes and feedbacks which oceur at sub-gridéocales by means of parameterisations.
The uncertainties introduced by such paramieterisations are most keenly felt at regional and
local scales. Climate --mode_ls.. are co_osequeotly least reliable at these scales. Given the fact
* that the possible impacts of global climate change will be experience at these (and finer)
spatial scales, an important corponent of -éssesSing the impact of future climate chonge is

the need to provide realistic projections of regional climate change.

The ability of a. wide .range of both mixed-layer and ﬁllly-wupléa general circulation
models. (GCMs) to reproduce the features of mean climate and variability over the
southern Afncan region will be assessed, The abdlty of the models to reproduce the
features. of contempoz_'ary regional climate is used as the basis for developmg scenarios of |
future regional climate change. The mixed-‘layef_modeis that will be used in the thosis have

all been d_eveioped_since 1990 and are of higher-spatial resolution in comparison to earlier



versions considered by previous evaluations. Mixed-layer model projections of the
equilibrium response over southern A_frida toa doubling of Co, represent & comprehensive
update of previous simuiations. No previous analyses of the ability of fully-coupled models -
to simulate features of regional climate, or of the transient response to increasing

anthropogenic forcing of climate over southern Africa have been performed,

The aim of the thesis is to prowde a critical assessment of projecuons of regxonal
climate change over southern Afica bya range of different climate modeis Specnﬁca!ly,
* the objectives of ﬂle study are to;

@ evaluate the present climate performance of a range of both nuxed-‘layer and fully-
~coupled climate models over the southern Aﬁ'lcan region; o

(i)  determine the best co_nternporary moxdels for use in southern Africa;

(i) prov1dc updated simulations of possible firture regional chmate change based on

both equilibrium and transient climate change scenarios; and

(i)  define the levels of confidence associated with the simulations of future cor_ldit_ions

over southern Africa.

The thesis is divided into 4 sections with 9 chapters. Sectnon 1 is an mtroductory
section contammg the first three chapters In Chapter 1a background to the phenomenon
of anthropOgemcally-mduced clxmate change is provided. Th¢ development and use of
general circulation models is discussed, with emphasis on developments in the ability to
model the gloﬁal climate system Which have occurred since .approxifrlateiy 1990.: Chief
among these is the repfeSeritation of transient climate .change by fully-coupled atmosphere-
ocean general circulation models. The review of climate modelling concentrates first on the

representation of features of southern hemisphere circulation and Subseq_uentl-y on existing
analyses of model performance oirér southern Africa and existing scenarios of regional

- climate change derived from climate models. Chapter 2 contains a description of the |
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sources of both climate model and -bhservatiqnai data‘ used in the thesis. The statistical '.
methods and techniques used in the thesis are defined in Chapter 3.

_ In Section IJ, the present climate performi ; of a raﬁge of climate models is
assessed. In Chapter 4, simulated features of observed climate and circulation over

' southern Afiica during the 1979-1988 period by atmospheric general circulation models

- forced by observed sea-surface_'texnperauues is assessed. All of the models considered are
 participants in the Atmospheric Model Intercomparison Project. The represehtation_ of

contemporary regional climate by & selection of mixed-layer and fully-coupled models
(used later to denvecl regmnal cllmate change scenarios) is assessed in Chapter 5,
Included in the chapter is an evaluatwn of the effect of including suiphate aerosal in

- addition to greenhouse gas formng on the ability of a fully-coupled model to simulate

observed temperature variability observed over recent decades. The ability of two fidly-
coupled models to represent the observed features of i intra- and mter-annual vanabﬁlty in
mean sea-level pressure arouud southem Aﬁ'ma is discussed in Chapter 6.

Projections of regional climate change are provided in Section IIL, Projéctions froma
range of mixed-layer and fully-coupled models (evaluated in Chapter 5) are described in
Chapter 7. Recent projections of transient climate change by two ﬁ)lljr-cou.p_led models
are presented in Chaﬁter 8. Estimated changes in regional températufes due to the
inclusion of both greenhouse gases and sulphate aerosols aredlscussed Also included is an
' asSeSsment of possible fisture changes in circulation variability around southern Afiica and

anticyclonic circulation over the subcontinent. The final section (Sechon IV) includes
Chapter 9 and presents a summary of the results. '

Sections of the thesis have been published or accepted for publication in the
International Journal of Climatology, Progress in Physical Geography and the South
African Journal of Science, Other sections are being considered for pliblicatibn by the
Journal of Cl:mate Parts of the research have also been presented at the Regional
| .Co'rference of the Intematroml Geo.@here—Blaiphere ngramme Global Environmental
Change: Implications far Southern Africa (Pretoria, South Aftica, 24-26 April 1995), the
GAIM First Science Conference (Garmische-Partenkirchen, Germany, 25-29 September



-_ 1995) as well as the South Aﬁ‘man Socaety for the AmOsphenc Scientces annual
conferences in 1995 and 1996, - - |

. Observed southern Aftican temperature and rainfall records were obtained throug™ *he

- Climate - Impacts- LINK Project (UK. Department of the Environment Contract

- PECD7/12/96) on behalf of the Climatic Research Unit (CRU) of the University of Bast
Anglia, with the assistance Dr M. Hulme. Surface and tropospheric circulation data were
obtained from the Anstrahan operational analyses of the Australian Burean nfMeteoroIogy |
Research Centre with the assistance of Dr. W. Drosdowski. Atmospheric Model

| Intercomparison Project (AMIP) output were obtained thfough Diagnostic Subproject No.
20 with acknowledgement to Dr L. Gates and Dr. M. Fiorino. A selection of mixed-layer
and ﬁ:lly—coupled model output was obtained with permission from several modelling
groups from the Commonwealth Smea.tnﬁc and Industrial Research Orgamsanon (CSIRO) _
Division of Atmospheric Research and. with the lnnd assistance of Dr. P. Whetton and Dr
X. Wu. Two transient integrmions using the Second Hadley Centna ﬁllly-coupled ocean- -
atmosphere mode! were obtained from Dr D. Viner through the Cliimate Impacts LINK
Project (UK Depariment of the Eavironment Contract PECD7/12/96) on behalf of the
Clirratic Research Unit (CRU) of the University of East Anglia. A transient climate change
integration using the CSIRO fully-coupled model was obtained through the CSIRO
Division of Atmos;:henc Research and with the assistance of Dr. H. Gordon and Dr. §.
O’Farrell. '

. Research that lead to .the'completion. of this thesis was ﬁmded by the Technology
Research and Investigations Division of the Technology Group of Eskom, My thanks and
acknowledgement to Mr C, Turner and Mr G. Tosen. The support and paﬁénce of Fiona,

my w1fe, as well as all of the members of‘iny family, friends and colleagues is acknowledge
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. INTRODUCTION



CHAPTER ONE -
BACKGROUND

Introduction

- The global climate system .wthibits natural varizbility on all tinie-scalés. From hours to -
approximately ten days, the deveiopment, maturation and dzcay of weather systems in the _
atmosg.ere can be accurately forecested using sophisticated numerical forecasting models
| Beyond this theoretical limit, however, the non-linear chaotic dynamics wmch govern
_ mdmdual weather systems ensure that detenmmstxc forecasts of their behavmur are
impossible (Lorenz, 1963, 1984, 1990). Recent statistical developments in the field of -
ensemble forecastmg ensure that probabilistic forecasts of the most lzis:ely state of the -
atmosphere can be provided on monthly and seasonal time-scales (Bran_kowc et al., 1990,

Palmer et al, 1990; Palmer and Anderson, 1994). Forecasting the time-averaged
behaviour of the climate system as a whole however, rep-vsents a different challenge,

The fundamentel distinction between weather and climate 1s one of time-scale. Climate
‘can be bro.ﬁdly defined as the average of weather considered over much Tonger time-scales
from mbnths to years, decades and centuries. The techniques required to model climate
procssses numertcally must take into account all components of the global climate system
_ (atmosphere, ocean, land, biosphere) and are therefore ﬁmdamenta]ly different to those
. required for weather forecastmg Since the 1970s, general circulation models (GCMs) of
the atmosphere and ocean have been <ontinually developed to model the globai climate
system For this reason, they are oﬂen referred to as oinnate models. '

~ Thete is mcreasmg evidence of a lmman-mdugad or amhropagemc mﬂuence on
climate, resulting in climate changes which cafiot be explained in terms of the observed
‘natural variability of the climate system alone. To a large extent, GCMs have been
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developed in response to & need to project the possibie imi:acts-df anthropogenically-
induced climate change. Considerable progress has been made over the last decade in the
understanding and predxcﬁon of climate change on a g!obai scale using. climate models,
- Buch progress is best summarised by the Intergovermnental Panel on Climate Change
- (IPCC), established in 1988 to prowde scientific assessments of chmate change (IPCC,

1990 1992, 1995) However, the impacts of climate change are hke!y to be encountered
most keenly at regional and local scales. To date, climate models have dxsplayed
considerably less skill in simulating regional climate processes. An overall objective of this
thesis is to investigate the ability of GCMs developed since 1990 to provide reliable
‘simmilations of present climats, and reasonable estimates of future conditions over the -
. southern Aftican region. - ' '

' The Giobal Climate System and Climate Change
 The Global Climate System

The atmosphere, hydrbsphere; biosphere and geosphere are all components of the climate
‘system, which is deﬁﬁed'largely by the interacﬁons'ﬁriﬁch oceur between these vatious -
components (Flg 1.1). The system is driven by both external and internal factors. External -
factors include variatious in the mput of solar energy to the system (for instance m ‘the
form of the 11-vear sunspot cycle), long—tenn variations associated with changes in the
Earth's orbit (the Mitankovich cycles), and other physical facto:s such as topography and
the distribution of land and sea, However, natural climate variations elso occur due to
 alterations in the interaction between the internal components of the system. By far the
best known of Subh interactions involves the coupling of the atmosphere and ocean in the
tropical'Paciﬁc Ocean .aown as Ei Nifio-Southern Oscillation (ENSO) events. '

The sole source of energy for the climate system is the Sun. Of the total amount of
~ incident solar radiation at the top of the atmosphere, only approximately 31 %
| (approximately 1370 Wm?) reaches the Earth’s surface, the vest being scattered or
reflected back to space by molecules, microscopic airborne particles (aerosols) and clouds,



Radiation is absorbed at the Earﬂt’s surface and ré-emitted as longwave radiaﬁon While a
- the attriosphere is esscntxally transparent fo mcoﬂnng shortwave solar radlatmn, itis heated -'
 from below by longwave radmtton in the infrared spectrum. Due o the spherical shape of
the globe, an excess of mcoming solar - radxatwn is recewed in the tropics and must be_
redlstnbnted poleward. This meridional energy imbalance and the need to transpo:t heat
poleward give rise to the general ctrcui&tmn of the  globe, wnth a broad hand of westerhes |
in the extra-tmpms of both hemispheres and an embedded jet stream. The wave-ivke
“structure of these systems mds in the prnceas of poleward heat transport '
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 Figure i.1.  Schematic view of the components of the global climate system (bold),
: their processes and interactions (thin arrows) and some aspects that may
chauge (bold arrows) (after IPCC, 1995). '



 The bulk of outgoing longwave terrestrial radiation is absorbed and re-emitted
upwards and downwards in the ahnosphere_hy & group of radiatively active gases known
as the greenhouse gases (while oxygen and nitrogen make up 99% of the volume of the
atmosphere these gases are iransparent to infrared rad’laﬁdﬁ).__ By definition, any process |
which acis to modify thie amount the energy available to the climate system is termed a
- radiative faréi‘ng (@PCC, 1990). Mosfimporta'i_it of the greenhOusé gases are water vapour
" (H,0) which makes up as much as 2% of the volume of the atmosphere, and carbon )
dioxide (CO;) but other greenhouse gases include methane (CHy), nitrous oxide (N:0),
halocerbons and halogenated compounds (C_FCs and HCFCs) and ozone (Os). By
absorbing and 're-emi'tt_fng infrared radiation, these gases exert a radiative forcing which
serves to warm thie atmosga.ore and are the Teason that the global.average temperature is
* approximately 288 K-(IS_"_’C). The pmcess is known as the natural greenhouse effect.

Other nnportant atmosph dc constltuents whlch exert g rad!atwe forcmg are
stratospheric and tropospheric aerosols. The presence of very small partlcles and dmpiets -
 of both natural and human origin in the atmosphere exerts both a direct (by scattering and
absorbing radiation) and indirect (by modifying the optical properties, amount and lifetime
of clouds) isfluence on the global radiation balance. Aerosols tend to be washed out of the
atmosphere due to precipitation and are therefore relatively short-lived in the atmosphere.
| In comparison to the greenhouse gases which exert 2 radiative forcing globally and ﬁ:ay be

resident in the atmosphere for years, aerosols tend to be concentrated ‘near their source

_ | -region. However, radiative forcing by 'tropdspheﬁc aerosols tends to cool climate locally
- . whereas the effect of greenhouse gases is to wann climate globally (Taylor and Penner :
1994). | | | |

Anthropogenic lhﬂuenées on Ciimate Change

Any change in the distribution or concentratlon of greenhouse gases and troposphenc'

aerosols must by definition, exert an additional radiative forcing on the climate system,

Recen_t emdence suggests that the concentration of greenhouse gases and aerosols is

: i‘ncreésing as a result of human activity (IPCC, 1995). In the case of CO,, concentrations
have increased from Ipre'-ihdusﬁial levels of about 280 ppmv to 358 ppmv in 1994 (Fig.



'1.2), This phenomenon gives rise to the so-called enhm:ced g:eenhouse effect. The
existence of an anthropogenic influence on. chmate change reqmres a careful deﬁmhon of
‘the term climate ckang.e. Tn accordance with the United Nations Convention on Climate
Change, climate change is defined as “a change of climate which is attributed directiy or
* indirectly to human activity that alters the composition of the global atmosphere and which
is in adsition to natural climate variability observed uver comparable time periods”.
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Figure 1.2.  CO; concentrations over the past 1000 years from ice core records (D47,

D57, Siple and South Pole) and (since 1958) from Mauna Loa, Hawail

 (dashed line). The smooth curve is based on a hundred year running mean.
From 1850 onwards (mseﬂ CO; concentration has increased rapidly and
has closely followed the increase in fossil fuel emissions (dotted lme)

(modified after IPCC, 1995).

‘ Importantly, the 'impact on the climate 'system as a whole of any anthropogenicalijr-
induced change in radiative forcing depends largely on the present understanding, and
representation in climate models of the processes, interactions and feedbacks between it’s



| _.components. Feedbacks can both amphfy (a positive feeéﬁack) and dampen ‘(a negatwe
feedback) the response to & change in radiative forcing, Possibly the greatest area of
 uncertainty in terms of the projection of future climate change relates to the
pmﬂieterisaﬁon of physical processeé and feedbacks in climate mOde_.l's.-' | | o

__ An anthropogemcaliy-mduced chmate change wall be supenmpased on the naturally-
occurrmg climate varlablhty The task of detecting an anthropogemc climate change signal
- involves demonstratmg that an observed change in climate is highly unusual in a statistical
sense (IPCC, 1995). This task is complicated by both the relatively short period of
instrumental records (not much'grEatér than the last l'OOIy&ars) and the relative paucity of
. reliable palaeochmatxc records, For this1. .on, unprovmg the understandmg of, and ability
to made! the known chmate syﬂem and 1t’s natural vanabﬂuy has beena 1ong-standmg aim
of the ]PCC However, the secondary aim of attribution, whxch mvolves attnbutmg an .
observed change to a partlcular cause arid eﬁ’ect link (IPCC, 1.‘;?95) is forther comphcated
by the large number of interactions and feedbacks which can be mvaked to explain any
observed glgbaﬂy—avemgad .ohange. Nonetheless, the ia_test report of. Working Group I of
the IPCC :(IPCC, .1995) m:ggests that oons..ideré,bie advances have beea made since the first -
- IPCC Report (IPCC, 1990) in the searcﬁ- for an identifiable human-induced effect on
- climate. One of it's primary findings therefore, is that “the balance of evidence suggests
that there is a discernible human influence on global climate™ (IPCC, 1995, pS).

Climate Modelling
Introduction

GCMs'-are based on numerical solutions of-the mathematical equations representing the
physical taws which d&scﬁbe the global climate system Intégratioﬁs ate provided in three
| dimensions and often over long time-scales to acccjunf for the time e\fblution of the climate
system. Developments in the present understanding of the global climate system, and in the
ability to project fisture climates are largely the result of the development of global climate
models, While GCMs demonstrate mgmﬁcam skill ‘at the coﬁtine_ntal and hemispheric



- .spatlal scales and moorporate a large proporhon of the complexxty of the global system,
they are inherently unable to represent local sub-grid-scale features and dynamxcs Typical
spatial resolution of cuxrer_lt climate models is ~250 km honzontally and ~1 km vertically
(IPCC, 1995). Due to this coarse resolution, many physical processes are not explicitly
treated in the models but their effects are incorporated by mezns of parameterisations that
are nhysmaliy-based Parameterisation of for example, convective cloud processes (which
‘are sub-grid scale and yet a primary producer of prempitahon) are a significant source of
uncertainty in climate models (Wilson and Mitchell, 1987; Cess et al., 1989, Cess et al.,
1990; I-Iamson etal, 1990 Semor and Mitche!l 1993).

Available computing resaurces and .the_ costs associated Wlth integmﬁons hsing
'supercdmﬁuting facilities impose a physical constraint on the sophistication with which the:
- global climate system is represented in climate models. Until the late 1980s, the use of

'GCMs in climate change studies was limited to determirning the time-in_c_lq;endent or
 equilibrium response of the blimﬁte system to increased forcing (by instantaneously
doubling atmoé.phe'_n'c CO; concentrations and allowing an equlllbnum to be re-established
in the model). The magnitude _of the equilibrium response __was_' determined by -fhe nature
and sign of a variety of climate feedback mechanisms. Tn genctal, equilibrium climate
change experiments are perfom:ed using ﬁirly coarse-resdlution mOspheﬁc GCM:s linked
to simple nnxed-layer slab oceans (referred to below as mlxed-layer models) (cf. IPCC '
1990, 1992). |

~ Fully-coupled models

. The most sophisticated climate models include_bofh atmospheric and oceanic GCMs, and
represent all the physical processes shown in Flgure 1.1, including those involving
interactions between the atmosphere and ocean, as well as _land-smfacé 'process'es. Such
models are known as filly-coupled global ocean-atmosphere GCMs .(referred 1o below as
fully-coupled models). Reviews of the development of ﬁxlly-coupled models are provxded
by IPCC (1092 1995) and Meeht (1990 1995). : '
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* Pully-coupled models provide a more comprehensive treatment of the" pmdess'_ of

climate change by incorporating the effects of the thermal inertia of the oceans, allowing
- mixing to greater depths in the oceaﬁs and by représenﬁﬁg ocean dynamics explicitly. In
particutar, fully-coupled models hnkmg the atmosphere and ocean are reqmred in order to
simulate the tlme-dependent or transient response of the climate s_vstem to mcreasmg

- anthropogeric forcing of climate (Meehl ef al., 1994; Murphy, 1995) Several current - -
_ ﬁ.tily-coupled model simulations now also include the direct effects of sulphate serosols op - -
the radiative forcing of global climate (e g Hasselmann et al, 1995; Mitchell ef al., 1995a, I

Mitchell and Johns, 1996). Fully-coupled models also demonstrate significantly different

predicﬁdns of transient climate change when compared to equilibrium climate changs
‘estimates. Most notable of these is & much-reduced wanmng in high latitudes of the

southern hemisphere (Bryan and Spelman, 1985; Bryan et al., 1988; Stouffer e ul., 1989;

 Washington and Meeld, 1989, 1991; Manabe e al,, 1991, 1992; Cubasch ef al., 1992;
Gregory, 1993; Meehl ef al., 1993a, Manabe and Stouffer, 1994; Murphy, 1995; Murphy

and Mitchell, 1995; Tett, 1995; Gordon and O’Fatrell, 1996; Mitchell and Johsis, 1996),

. On inter-annual and longer time-scales, vai'iability in climate model dynamics is largely

‘a function of the manner in which the coupling of the climate system components is_
represented (Campbell er of., 1995). Given the nnportanoe of ocean dynamxcs in -

| determining mter—annual and longer—term va.nab:]xty (c£ Wigley and Raper, 1990), their
representation {or not) in a climate model is an important constraint on the simuiated
| atmospheric variability. He.nce, aunosphenc general girculation models linked to non-
dynamic mixed-layer oceans (mixed-layer models) are mcapable of reproducmg vanabxllty
associated with El Nifio / Southern Oscillation (ENSO) forcing in the tropical Pacific
(Campbell ot al., 1995) unless forced by observed sea-surface temperatures.

' The large-scale dynamics of current ocean GCMs appear realistic but have not been
fully validated as yet. For example, the response of the thermohaline circulation to
increased inputs of fresh water at high latitudes is unknown (Manabe and Stouffer, 1988).
The atmosphere and ocean interact via fuxes of heat, momentum and fresh water.

However, whilst the atmosphere operates on time-scales of weeks, certain ocean processes

operate on tima-scales of thousands of years. In order to provide boupled integrations, the

- I,
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separate oceanic and étmosphen_'c -cbmponents of a fully-coupled model are allowed to
| -“Spin-up” before coﬁpling (cf. Méehl, 1995). During spin-up, the ocean models are
generaﬂy 'forced_iviih speciﬁéd fluxes and thérefore arrive af an unrealistic state in the
~ absence of atmosphere-ocean feedbacks, The indbnsistencies between the surface fluxes in
fhe a’tmospheric and oceanic componéﬁts of the coupled model result' in a drift away ﬁoin :
a realistic climate when they are coupled (a phenomenon kncwn as clinmate dnﬁ) To
prevent this from occurring, flux ad_rustments can be apphed at the atmosphere-ocean
interface (Manabe and Stouffer, 1988; Sausen ef al., 1988). Whﬂe ﬂux adjustments can
prevent climate dnﬂ they also mask the coupled model’s response in terms ot feedbacks '
between the atmosphere and ocean tc tranSLent climate change.

In general, coupléd models are capable of repmduciﬁg vanabﬂxty on intef~monthly and
inter-annual time-scales which is similar (although of lower amplitude) to the observed -
system, and there is eviderice to suggest that the mechanisms responsible for the variability
are ppéraﬁng in 6Qﬂl the natural system and the'.coupled' model (Meehl ef al., 1994). This
observation is applicable to most fully-coupled modelé,' and is most appareﬂt for the case
of ENSO variability in the troplcs, where simulated vanablhty is generally - half the
amphtude of that observed (Meehl ez al., 19933, 1993b; Meehl ef al., 1994; Meehl, 1995
| Campbell ez al.; 1995; Tett, 1995; Gordon and O’Farrell, 1996). Some reservatxgns- must
‘be expressed, howéver,_ in terms of coUplgd model simulations of ENSO-related variability,
duein paﬂ: to the coarse resohition of most current fully-coupled modeis (IPCC, 1995). .

Uncertainties .

Most of the uncertainties associated with, climate models refate fo the fepre'séntaﬁon of
. physical processes in the models, Uncertainties relating to the adequate inclusion of
 physical processes, interactions and foebacks directly affect the ability of climate models to
simulate present climate and influence the simulated response to an increase in radiative
forcing of climate (IPCC, 1995). For a given change in radiative forcing, current clirnate
 models prcgect global temperature increases which vary by a factor of two (IPCC 1995).
The ma:or cause of this uncertamty is the representation of cloud processes and their
interactions with the hydrological cycle and radiation in the models. Other important
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sources of _.unce;tainty in climate model projections are related to the -representation of
ooeanic and land-surface processes. While each of theése areas have seen substantial
development since the first IPCC Report (IPCC, 1990), they are still largely parameterised
processes as opposed to being explicitly solved in terms of the model physics. For
_reglonal-scale climate predictions they are thus still substantal sources of error,
partlcularly at sub-gnd scales.

Cloud processes _
Feodbacks associated Wlth the d:stnbution, height, type and optical prop erties of cIouds, as
well as their interaction with the Earth’s radiation budget and cloud aerosols are all
sources of uncertmnty in climate models (Wilson and Mitchell, 1987; Cess et al., 1989;

Cess etal., 1990; Harrison ot aI 1990; Senior and Mitchell, 1993). Results from the Earth

‘Radiation Budget Expenment (ERBE) indicated that on a global and annual mean, the net

effect of clouds is a negative feedback which tends 10 cool present climate (Ramanathan ef
._ .al 1989) However, low clouds susch as marine stratocnnwlus may act. to warm climate

(Siingo, 1990). In climate change experiments, the amount of high clouds in the tropics
mcreases,enhancmg the grée._nhouse effect resulting in 2 positive feedback(Wetherald and
Manabe, 1988; Mitchell and Ingram, 1992). Ealier dloud parameterisation schemes based
~ on assumed relationships between cloud amount and relative humidity (e.g. Wﬂsoo and
‘Mitchell, 1987) have been replaced by a newer scheme based on prognostic cloud water
variables that expiicitiy detorﬂﬁne the amount of cloud liquid water in each grid cell (e.g.
- Roeckner et al., 1990; Smith, 1990; Del Genio ef al., 1995). The prognostic cloud water -
content parameterisation allows for different feedbacks associated with ohanges in cloud-
 water content and phase and has lead to improved simulations of the Earth’s radiation
budget (Senior and M_i_fche]l, 1993; Del Genio ef aI;, 1995; Fovvlor and Randall, 1996), In
a recent update, Cess ef al. {1996) show that the substantial changes that have occurred in
cloud parameterisation since 1990 have resulted in smaller differences in met cloud
feedback between models (Fig. 1.3). However, this result may indicate that current models
may snnply be producmg similar errors, and does not necessanly mdlcate an nnproved

'accuracy in the parametensatlon of cloud feedback processes |
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1.+ ACRF/G

Figure 1.3. (2} The cloud feedback parameter, A CRF/G, as produced by the 19
- atmospheric GCMs used in the Cess ef al. (1990) study, where ACRF is -
the cloud radiative forcing in Wm? due to cloud changes and G is the
overall Wm' change, both as a result of prescribed sea-surface temperature
change. (b) The same as (a) but for the Cess et al. (1996) study (after
IPCC, 1995). |

Oéeanic processes _

Several uncertainties are associated with the ocean component of fully-coupled models.
These include uncertainties in the representation of the thermohaline circulation, fluxes of
energy, momentum and water between the ocean and atmosphere, paraméteris‘ation of sub-
grid-scale processes such as near-surface m:xmg and deep ocean convectmn, sea-ice
albedo feedback and ENSO-related variability (IPCC 1995). '

The respoﬁse of the thermohaline circulation to changes in the inputs of fresh water at |
high'la.titﬁdes induced by increased radiative forcing'.ié currently unknown. Under doubled-
CO; cdnditic‘ms, a recent coupled transient experiment indicated that the thermohaline -
circulation in the North Atlantic Ocean weakencd and then returned, but under 4 x CO, it
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collapsed completely (Manabe and Stouffer, 1994). The fluxes of heat, momentum and
fresh water between the atmosphere and ocean are dependent for example on the
parameteﬁsation of clouds, and hence may be a significant source of error. Most ocean
GCMs use fairly crude parameterisations of sub-grid-scale processes such as mixing and
ocean convection. In particular, mixing processes associated with meso-scale eddies are
- poorly resolved. Recent analyses suggest that south of 50°S _ﬂ_ie ocean models in many
contemporary ﬁ:IlY-_coupled models sequester heat from the atmosphere fc_ao- rapidly sod
significantly over-estimate verfical mixing and convective overturning (England, 1995;
England et al., 1994). The role of sea-ice albedo feedback is an important element in the
response of a climate model .o a transient increase in radiative fofcing_'because it
modulates the exchange of energy betweer: the ocean and__atmo'sp.here.. For ekampie. as
climate warms and sea-ice _decrsases at high latitudes, low clouds and hence cloud albedo
increase. However, this thay be mare than compensated for by a'decréase in su':faée albedo
due to the meltmg of sea-lce resulting in a net decreaSe of planetary albedo at hlgh
latitudes and relatwely high climate sensitivity in the model (cf. Washington and Meehl, -
1 1996). In general, sea-ice-albedo feedback remains poorly understood and treated in

curreﬁt ocean models.

Iand-surface processe.s _

Land surface processes are unportant determmants of pear-surface climate, surface
temperature and soil moisture and are an important mﬂuence on the hydrological cycle
Current-uncertainties in the surface energy balance and radlatmn and water budgets are &

significant source of error in reglonal climate simulations. Earlier climate models treated N

land surface processes using bucket models (IPCC, 1995). Newer treatments include '
several sub—gnd—scale processes, but the relative importance of these processes is yet to be
determined. The various processes operating on a wide range of scales which govern
runoff are not yet comprehensively treated. More recent models now simulate a more
'heterogeneuus land surface, allowing for a wider range of responses from land surface
. processes. For example, more sophisticated soil-vegetation-atmosphere transfer schemes
are now included in several models which allow for a more realistic transfer of moisture
from the surfiace to the atmosphére, by means of transpiration through the canopy
-(Hendefson—SelIsrs etal., 1995; Poliard and Thompson, 1995), '



15

Evaluating Mode! Performance and Projecting Future Climate

A primary use of climate modet s bgen to predxct the future state of the ~limate system
* resulting from incressed anthropogenic forcing of climate change. Given the uncertainties
associated with th;parameteﬁéaﬁon of physical processes and feedbacks in the model, an
importa.ﬂf a'specf of both model development and scenario development is the assessment
of model performance. Both of these issues sre central to the development of regmnai
i climate change scenanos and are centra to the anaIySes presented in this thesis

. According to the deﬁmtlon prowded by IPCC (1995), the goal in assessing climate
model performance is fo define the extent to which they simulate the real world they seek
o represent (of. Oreskes et al., 1994) 'I'he Report uses the tesm evaluation to ‘desoribe
this process as opposed to validation used i m earlier PCC Reports (IPCC, 1990 1992)
| and in the modelling literature. The aim here is to describe the ability of a range of different
types of chmaie models to simufate southern AL can climate and not specifica'ly model

Ievelopment This process is best described accordmg to IPCC (1995) as model |

' evaluatmn.

The IPCC (1995) Repoxt also distinguishes between prq;‘ecﬁans and predictions of
future climate. All climate model simulations of future climate are based on a given forcing |
scenario (for example the IS92 scenarios defined in TPCC, 1992 ard IPCC, 1994).
'Conseqﬁenﬂy simulated changes in climate are dependent on the forcing scenario used in_
the model. The resulting climate change scenarios are an attempt 1o estimate and
understand the responses of the climate system to that forcmg scenano, and not an attempt
to predict the most likely state of future climate. As such, the term prq;eanons of fisture
climate will be used throughout this thesis.
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' Modelling Reglonal Climate

~ Introduction

While GCMs demonstrate signiﬁcaht skill at the global and hemiSpheﬂc spatial scales and
incorporate a large proportion of the _.(_:omplexity of the global system, simulations of
~ regional climate and d]imate change are considerable_less reliable (IPCC, 1995). Given the -
disparity in performance on '_glbbal- and regional scales, GCM projections of tegional
climate change are strongly dependent on their ability to simulate present regional climate
(Mitchell, ef al., 1987). However, when considering the impacts of global climate change
the focus is primarily on societal responses to the local and regional consequences of large-
scale changes. The conflict between GCM performarce at regiénal spatial scales and the
needs. of regional-scale impact assessment is largely related to model resohxtxon Model
grid resolutlon (usua]}y o better than 2° of {atitude by 4° of longltude) is substantially
removed from model skill resolution, Skill resolution may be defined as the spatial scale of
aggregatlon at which the temporal and spatla] information f-om the model approaches that
of observatlonal data (Hewitson, personal comnuynication). In GCMs this may well only -
be achieved at aggregated scales of 7 or more grid cells (Grotch and MacCracken, 1991;
~ von Storch et al., 1993). Furthermore, these issues pertain only to the model’s ability_to
represent regional élimates, and s1e separate from the issue of the mod’ei’s ability to
project correctly the system r&nmhse to the chaﬁging atmospheric composition. For these
reasons, evaluation of GCM reg.onal-scale pezfonnance is an 1mportant pre-reqmsﬁe for
developmg climate change scenano.,.

The detenoratlon in model performance on regtonal spatial scales requires that
particular attention be placed on assessments of regional climate simulations, parncularly
when the goal is to provide reasonable pmjectlons of regzona] climate change. The region
of interest in the prcéent analysis includes the southern Affizan subcontinent and adjacent
oceans and will be referred tn below as the southern African region. However, features of -

" the general climate and circulation of the southern _liemisphere as a whole influence climate
over the southern African ifegion,. As a consequence, a discussion of approaches to.
regional climate studies and a review of climate model studies performed to date over the
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southern Afiican reglon is prweded bya d:scusslon of model performance for the southem

hemlsphere as a whole,
Model Performance 'ih the Sduthern Hemiéphera .

Tropospheric circulation exerts a dominant control on surface weather and regional
climate. As a consequence, the accuracy with which circulation features throughout the
" southern ht: nisphere are simulated directly influences the ability of the GCM:s to simulate
southern African climate. There have been notably feﬁrer attempts, however, to evaluate -
the present climate performance of GCMs in the southern than in the northern hemisphere

~ (Meehl, 1996; Whetion et al., 1996a). In addition, there are considerable differences

between the dominant climatic influences in the two hemispheres. Thus it is ot suﬁ_c]ent
| io relsr on evaluatians of GCM perfonnance for the northern hemisphére when considering
the policy implications of climate change and variability for countries and reglons in. the "
sauthem hemlsphere (Giambeliuca and Henderson-Sellers, 1996) '

The dﬂfenng .'c'listributions of land, sea and ice be‘tween-the northem and southern
hemispheres ‘have important implications for the dominant climatic forcmg in each
‘hemisphere. There is almost uninterrupted ocean between 35°S and 7°S in the southern:
hemisphere, whereas in the northern hemisphere these latitudes are slmost completely
* covered by land. In addition, the Antarctic continent has 4 permanent elevated ice sheet
~and is surrounded by extensive sea-ice which ensures that equator-pole temperature
gradients are much stronger in the southern than in the northern hemispheres. As a
consequence, mid-latitude westerlies in the southern hemisphere are approximately 40%
strongei‘ than in the northern hemisphere, a phenomenon which contributes to the greater .
relative i xmportance of the zonal motion (Adler, 1975) and the dominance of zonal standmg
waves | and 2 (van Loon and Ienne, 1972) at mgher latitudes. The stronger westerlies

cause the subtropical high pressure belt to be located ﬁ;rther equatorward than in the .

northern hemisphere, and may account for the observed asymmetry in the Inter- ~Tropical
Convetgenoe Zone (Flohn, 1969). ' '
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Recent higher-reselution GCM sirnuiations provide a generally-improved simrﬁafion '
of the large-sca]e circulation in the southern hennsphere over earlier lower- resolutlon -
- models. The unprovement is illustrated with reference to srmulatlons of zonally-averaged

mean sea-level pressures in Flgure 1.4. Perfonnance is notably better with regard to the
sumllated position and intensity of the 611'013111])0181' trough (Boville, 1991; Boer et al,
1992a; ‘Parrish el al, 1994). Impmvement is also noted m the intensity of troprcal
convection which dlrectly influences simulated meridional temperature gradients and henee '
: the strength of the mid-latitude westerlies (Hack ez al., 1994; Meehl and Albrecht, 1988, |
1991). Models with higher spatial resolution also sifulate stronger subtropreal and hrgh- |

latitude jets as well as the double jet-structure in the region of Australia and New Zea.lan& -

(Kmter et al., 1988; Kitoh e? al., 1990; Kitch, 1994; Mu!lan and McAvaney, 1995)

In contrast, ourrent models dlsplay several perertent difficnities in srmuletl.lg other
key features of southern hemisphere circulation. For example, GCMs under-estrmate the
- intensity of the stationary eddies and hetice the standing wave structure at middle and hlgh
latitudes (Malone ef of., 1984; Xu ef al., 1990; Yang and Gutowski, 1994; Mullan and
McAvaney, 1995). GCMs also show a si_gniﬁcant over-eredicﬁon of mid-latitude cyclone
frequency, although the general hexﬁispheﬁc-—'scale positioning of the cyclones is not
. unrealistic (Murray and Smmonds, 1991; KOnlg et al, 1993). However, there is _.

- consrderably greater vanabﬂrty of cyclone posztrons than is found in observed data, The |
models further drspiay a persistenit mabrhty to simulate both ENSO-related vanabrhty and
the semi-annual oscillation (SAO) at middle and hlgh latitudes (Xu et al, 1990; Mullan
and McAvaney, 1995)

Approachés to 'Reional Climate Studies |

| Approacliém and techniques for regional climate. studies and their application to the
southern African region have been discussed by Joubert and Hewitson (1996).

Uncertainties associated wrth climate model simulations are accentuated at regional spatial
scales, due largely to the disparity between model resolution and skill resolution. Hence,
while GCM accuracy decreases at mcreasmgly ﬁner spatml seales, the needs of lmpaets -

researchers conversely increase wrth hlgher resolutlon
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- Evaluation of GCM output against -db_Sezved re'gio'm_ﬂ climéte isa necessary first step
towards déveloping'll'e'gional' climate chang‘é scenarios. Simulation of circuiation dynamics
~ (at least) must be reasonable at the synoptic and regional SGa‘les_ before any given modsl
 can be used to develop scenarios. Model evaluation serves two purposes. Firstly, it is of
~ diagnostic value to climate modellers in the process of model deirelopment Secondly, by
using only those models which agree best with observations on both the temporal and
spatial scales under investigation provides some (but not complete) confidence in the
_rehablhxy of the projected changes (Mitchell, et al., 1987). Se'veral approaches can be
adopted to address the need for regionally-specific information an‘i can be classified into
two categories; process b_aséd teﬁhrﬁqu_es, involving the explicit '.solving of the phyéical |
dynamics 'of the system, and empirical techniquéé- th.at.tlse 'identi_ﬁed system relationships' _
derived from observational data. Either approach may b’e'adopt'ed for deﬁeldping regional
- climate change information, and both have advantages and shortcomings (Hemtson and
Crang, 1996).

Histdricaily, many evaluations of regional climate performance have used direct grid-
cell output from GCMs at the grid-scale resolution and have been interpreted in terms of
the ability of the models to simulate the large-scale ICi;cu!ation' features throughout the
- hemisphere. These have typically involved compuring multiple simulations of regional

climate (e.g. Grotch and MacCracken, 1991; Portman ef al., 1992) in order to identify
those models which agree best with observations, and also to identify consensus betwean
those models which simulate regional climate reliably. The approach is essuntially process-
based in that the models’ ability to simulate the regionally-important physical climate is
assessed and the technigue has been widely applied in southern Africa (Joubert, 1994,
1995, 1996; Joubert and Tyson, 1996). As present generatlon GCMs demonstrate an
ability to represent synoptic scale clrculatmn realistically, this would seem a reasonable
| appraach, and further evaluation of the performance of GCMs over southern Africa
through this approach i is dlscussed below,

~ An alternative approach to using GCM grid cell data in regional scale climate
prediction is downsca]mg, which relates local and regional scale climate variables to the
- larger scale atmospheric forcmg (Wigley et al, 1990 Hemtson and Crane 1992, 1996)
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. Two broad classes of downscaling apprcaches exist. The first is a nested. modellmg
“approach which typically involves dnvmg a nested regional dynamic model at mesoscaale or
fisier resolutions with bounda.ty conditions drawn from a GCM simulation (Giorgi and
_ Meams, 1991). This hes been applied with rel_atlve success to numerous regions of the
northern hemisphere including North America and western Burope (Giorgi et af,, 1990,
- Giorgi ef al.,_ 1994; If_bnes et al., 1995; Jenkins and Baron, 1996), However, a number of
techrical difficulties are still being addressed. For example, the implications of different
physicé bet_w'een. the nested and global models, and the formulation of boundary conditions
for the ﬁné resoiutib‘n model which have consequent edge effects transmitted to the nested
_ domain, Whlle nested mode]!mg is likely to be the most informative approach to denvmg |
| -reglonal information in the long term, constraints such as the limited southem Afiican
_ cemputmg infrastructure suitable for such studxes make such an approach dlﬁicult to
:mplement locally at present (Joubert and Hemtson, 1996). '

A second, less computationally-demanding _apprdach is empirical downscaling. In this
apprnach, the atmb'spheric circulatiﬁn is related to the local climate tfwbugh means of a
statistical ‘or direct quantitative transfer function (Hevmson and Crane, 1996). For
example, over southern Aftica, Hewitson and Crane (1996) derive a direct mathemaﬁcal

_ relatlonshxp between the observed circulation and observed 10¢:a1 precipitation using

Artificial Neura! Networks (ANNs) (Hewitson and Crane, 1994). The transfer function
determined in this manner is then aﬁpﬁéd to the GCM present circulation (or circulation
under enhanced greenhouse conditions) to derive Jocal-scale information (or predictions) -
‘consistent with'the_synopﬁc-scalé forcing of the GCM.

Simulations of Southern African Climate

‘Existing assessmerits of GCM perfoﬂnance in the southern hemisphere have generally been
‘of a regional nature, focusing on model perfdrmance over the major land inasées._ Regional
analyses have been perfonned over Australia (Whetton and Pittock, 1991; Whetton ef al,
11994), New Zezland (Mullan and Renwick, 1990), South Amierica (Burgos, et al., 1991)
and southern Aftica (Ioubert, 1995, 1996; Hewitson and Crane, 1996). A review of GCM
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perfonnance throughout the hemisphere is provided by Whetton et al. (1996a) and
specifically for the southern African reglon by Ioubert and Hewitson (}996) '

Present climate simulations |
Some early attempts to provide regional climate change scenarios for southemn Africa
 derived from GCMs did not include any assessment of the present climate performance of

 the models considered (Tyson, 1990, 1991, 1993). Subsequéntly, considerable 'iamphasis_

has been placed on the need to perform evaluation studies before GCMs can be used mth
conﬁdenoe to derive climate changs predictions. Southesn Aﬁ-:sa ie influcnoed by systems

" of both tropical and mid-atitude origin and the interaction between them is an imporiant

_ contrbl_én the region’s cliiﬁate-(Harﬁsqn, 198¢; --'I'yson, 1986). Furthermore, the fegibn’s
orography is characterised by coastal plains and high altitde plateau; areas of strong

- topographical forcmg, and regions with vexy sharp topographic and climatic boundanes
These produce considerable local vanab:hty in precipitation and present a partlcular}y
challenging environment for GCMs (Joubert ef al., 1996; Mason and Joubert, 1996). .

~ Assessments of the present climate performance of 4 range of GCMs have generally
been made using equilibrium climate change experiments with mixed-layer models, and
have been performed at fa’iﬂy"marse spatial resol_ﬂtioﬁ. An initial validation study which
examined the performance of six pre-1990 mixed-layer models for simulations of surface
variables including observed surface air temperature, mean sea-level pressure and
precipitation, found that errbrs_ in the simulation of a particular variable could be related to
-uncertainties in fhe_representéxion of physical processes by means of parameterisations in
the models (Joubert, 1995). For example, large errors were identified in simulations of
convective precipitation, a process strongly dependent on model resolution and cumblus
parameterisation (IPCC, 1990, 1992). While the models were shown to reproduce the
annual cycle of rainfall over several regions of the subcontinent, substantial errors existed
in the simulation of actuai rainfall amounts (Fig. 1.5). However, the models were able to
reproduce the pattern of rainfill seasonality refiably. The sucoessﬁzl simulation of the
- pattern of rainfall seasonality is related fo substantial changes in radiation associated with
the annual cycle and suggests that some confidence can be placed in simulated: rainfall
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changes assomated with the relatwely smaller changes in radlatlon resu[tmg from a
doubhng of atmosphenc CO; (Whetton and Pittock, 1991) '

oA Troplcal Ramfall Reglon |

month

B . b Summer Ra;nfall Regton

1 2 8 4 & 6 7 8 @ 10 11 12

as OB ——n GISS  esineeme GFDL  —-— GFDLQ
—— UKMO ~—- CSIRO4 === OSIROZ |

. Figure 1.5. Companson of observed and simulited monthly average prempltatmn raies
for the tropical (2), summer (b) and winter (¢) rainfall regions (mm.day 1
(after Joubert, 1995). All of the models are atmospheric GCMs linked -to
mixed-layer oceans. Thé three regions are defined in Joubert (1995).
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There is a need to investigute more recent, higher resolution models. which
incorporate more sophlsticated representatlons of phymcal processes such as cloud
feedback and cumulus convection than those prewously considered for southem Afica.
One such opportumty arises with the Atmospheric Model Intercompanson Project (AMIP)
(Gates, 1992) The AMIP pro_]ect mvolves an extensive range of current (generally l:ugh
resolution) simulations and aims spec:ﬁcally to identify systematic regional errors in the
" models. The project is unique in that all part_iﬁipating modélling groups provide simulations
~ of global climate betweeﬁ 1979. and 1988 using boul__:ldaf'y conditions and observed sea-
 surface températureé which are common to the whole project’. As 4 result, complications in
comparing the regional perfonné.nce of different m’ddelﬁ aCross ﬂifferent regions caused by
- differences in experimental des'ign. are removed. AnAMIP diagnostic ‘subproject was -
formed in 1994 (Diagndstic Subproject No. 20) to investigate:AMIP simulations of
circulation variabilfty tor the southern African region. In addition, assessments of AMIP
‘model performance considers the ability of atmospheric GCMs linked to mixed-layer
oceans to simulate climate variébility in addition to mean climate in the s_but’hern Afiican

region, -

N Lastly, the dé#elopnient' .of fully-coupled model represents probably the most
important advance in climate modelling technology since 1990. There is an important need
to assess the abﬂlty of such models to simulate present and future climate for the southern

Afncan region.

Projections of, ﬁ:ture regional climate

Given the uncertainties associated with model!mg regional cllmate change using GCM, it
is important to define the level of confidence with which & given projecticn of firture
climate can be interpreted. Accurate simulation of prgsent climate is one important means
of est_a.bliShirlg confidence in a projecﬁon. Another is_ to detehnine the level of consensus _
between a range of models in terms of the nature of projected regional climate change |
: (assuming the models’ ability to ._represent observed circulation dynamics adequately has
been demonstrated). Due to the variety of paraméteﬁsation' sbhemes uséd .in.i'ndfvidtial
models, it is often the case that particular models perform better in regions where the

dominant physical processes are best captured by the particular parameterisation scheme
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used in that model; Hence, the aim of developing reliable projections of regional climate
may be best served by considering predictions from 2 range models (Whetton et al., 1993).

Early estimates of regional climate change over southern Aftica were based on coarse-
resolutlon eqmﬁ'bnum climate change expenments with GCMs linked to muced-layer
oceans (Tysor, 1990, 1991; Ioubert, 1994) Warming projected by these models over the
southern Aftican region is within the range of globally-averaged estimates, and a general
southward shift of troptca!, subtropical and nnd-}atﬁude circulation systems is indicated.
(Jouibert, 1994) Murch less confidence exists in pro_;ected changes in preclpltatmn,
‘however, due largely to the significant control simulation errors in these models {e.g.
Joubert, 1995). While acknowledgmg these problems, the mixed-layer models project
broad-scale increases in. ramfali both within the tropics and - over the summer rainfall
region of the central interior in summer, In addition, the models project a decrease in
| winter rainfall over the south-westem parts of the subcontinent (a wmter rainfall regxon)

Such changes are consistent with the pmjected changes in circulation.

It is important to note, that relatively small’ changeé in mean rainfall may be
accompanied by much larger changes in the frequency and intensity of both wet and dry
years (Meamns e? al., 1984; Katz and Brown, 1992;.'Kat'z and Acero, 1994), and :haye -
magnified effects in surface hydrology. Given both the agricultural and socio-econbmic.
vulnerability of fhe '.southerh Africah region to droughts and floods (Vogel, 1994), possible
changes in the frequency and intensity of such_ extremes under enhémced-_ greenhouise
conditions are of concern, GCMs have been used to assess the possible iinpactS’ of changes
in extreme rainfail'ev;cnts for several other regions {e.g. Mearns ef al, 1996; Gordon ef al,,

' '199'2;, Whetton ef al., 1993; Hennessey ef al., 1995) and similar studies have been
performed for southern Aftica. The Commonwealth Scientific and Industrial Research
Organisation (CStRO) .9'-Ievel ‘model, most reliable of a range of | mixed-fayer models
- considered by Joubert (1995), has been used to investigate possible changes in extreme
rainfali over southemn Af’ﬂn {(Mason and Joubert, 1996). As with the Australian reglon )
(Gordon et al, 1992; Whetton et al 1993), simulated increases in' rainfall intensity
3 provxde a spatially coherent and an apparently less reglonally—dependent signal of climate
change than changes in mean rainfall or the number of rain days. Simulated increases inthe
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frequency and intensity of extreme daily rainfall events are Wtdespread over much of the .
~ subcontinent, particulady over the winter rainfall region of the Western Cape province

.(Flg 1.6). Increases are most severe-in the lowest frequency floods, and are also evident
when changes in prolonged heavy rainfall events are conmdered

A similar aneilysis;has exanﬁned.possjble changes in drought frequency and intensity
over southern Aﬁ'ibal(if_oubeit et al., 1996). The CSIRO 9-level model simulates an
increas. :n the proﬁabi;iity of dry years in the t_rgpics;- to the south-west of the subcontinent
as well as over. the.wéstem and eastem parts of South Africa and southem Mozambique, -
where largest percentage increases in the most lntense dry spells are expected The |

frequency of dry spells is expected to decrease over much of the remainder of the
| subcontinent south of IO“S and in these regxons the most severe droughts occur less
often. The predicted changes in both droughts and floods suggest a shift in the frequency
 distribution of daily rainfall events in the miods] {cf. Fig.. 1.6). Such a change may have
firrther implications for the frequency of mid-summer droughts during the sumimer rainfall -

o reglon. Over eastern Mpumalanga (formerly the Transvaal Lowveld reglon) where mld—

‘summer droughts occur frequently, the model s:muiates an increase in ﬁ‘equency The
| model displays considerable skill in simulating the frequency of oceurrence of mid-summer
droughts over the eastern Free Staté, where few mid-summer droughts occur. The model
projects litile ch;inge in this regioh‘ Over the Kﬁlahari region,*wheré drought frequencies
are expected to decrease, the frequency  of ocgurrence of mid-summer drbughts is also

- projected to decrease.

In general, the projections of future climate change for the southern African regionto

date have been provided almost exclusively using mixed-layer models. Given the advances
in climate modelling, scenarios based on these -eéx‘if—'»generation GCMs reqﬁire updating to
consider, for example, the -changeé in model senSiﬁﬁty resulting from increased spatial
resolution of models and the impact of improved parameterisation of, for example, cloud

feedback processes. Most important is the need 1o develop regional climate change

-~ scenarios based on fully-coupled models and to assess their refiability in comparison to

_scenarios provided by mixed-layer models. In addition, the impact of incorporafing the



27

direct: forcing effects of sulphate aerosols in addmon fo gw eenhouse gases rémains to be
assessed for the southern Afncan reglon ' '

.1m
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Figure 1.6.  Percentage changes in the frequency of simulated daily rainfall {for raindays
' > 0.2 mm) totals for various rainfall classes, Results are illustrated for four
regions over the southern African subcontinent (defined in Joubert, 1995),
as well as for all land grid points (after Joubert ef al., 1996).

' Hypotheses |

The.overzzll aim of this thesis is to provide a critical assessment of the representatidn of
present climate and projectlons of future climate over the southern Afiican region usmg
general circulation models. The research expands on previous stuales by considering a
wider range of more recent models. The models vonsidered have all been -developed

subsequent to 1950, Both atmospheric GCMs linked to simple, non-dynamic mixed-fayer
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~5 {mixed-layer models) and fully-coupled .ocean-atmo_sphem GCMs .(ﬁllly'-_coupled
ﬁ‘io'dels) are considerad. While the mixed-layer models simulated an equilibrium response
to an instantaneous doubling of atmospheric CO;, the fully-coupled models simulate the
transient response of the g‘lobﬁl climate system to gradua!ly—i_n.creé:_siang concentrations of
greenhouse gases. Untike previous studies, the representation of both mean climate and

- regional climate iraﬁabiiity will be assessed, Projected changes in regional climate

" variability will also be examitied, Finally, an updated set of regional climate change
scenanos based oi. mcreamng concentrahons of both greenhouse gases and sulphate >

aerosols wﬂl be assess:ad

In terms of the representatlon of preaent chmate over the southern Afrlcan region, the

“hypotheses to be tested are:

| (D that both ﬁlliy-coupléd and mixed-layer models are capable of reproducing
| the 1mportant features of present mean climate for the southern Afncan :
region; |

(i)  that rmproved spatial resolution (both honzontal and vemca!) of & climate
mode} results in an lmpreved re_prgsentanon of regwnal climate over

| southern Africa; ' |

(iii)  that the inclusion of sulphate aerosol in addition to greenhouse gas formng

o of climate results in an improved simulation of the observed record of
tamperatures over southem Aftica;

(iv) that atmospherlc GCMs forced by observed sez-surface temperatures are
capatie of reproducmg the observed features of southern African chmate '_
and inter-annual variability over the 1979-1988 decade; - '

(v)  that ﬁ:lly—coupled ocean-atmosphere models are capable of representmg the
pnnclpal modes of circulation variability over scuthern Aﬁma and the
surmumlmg oceans; and lastly _

(vi)  that ii is' possible on the basis of evaluations of prasent climate performance
to 1dent1fy those models which best reproduce contemporary southern
Affica climate and hence are most reliable for use in deﬂVmg scenanos of -

reglonal cllmate: change
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In terms of projeetxons of the future chmate of southem Afnea, the hypotheses t0 be

tested are:

(i)

@
| ) |

* that reliable estimates of regmnal climate ¢hange can be derived ﬁ'om both

lmxed—layer and ﬁxlly—cwplcd models; however,

that important reglonai differences exist between estimates of the
ethbnum ‘and transient response to iricreased antbmpogemc for.,mg and :
must be considered when developing scenarios; '
that measures of inter-model consensus in terms of the pature of projected |

_ changes can be used in conjunction with similar measures of present climate

perfonnanoe to prowde greater conﬂdence in projeciions of regwna!

 climate change
'that ﬁllly-coupied models do. not zmulate any significant cha.nge in the
: pnncnpal modes of inter-annual circulation vanablhty over southem Africa

‘and the surrounding oceans;

that the inclusion of sulphate aerosols in addition to greenhouse gas foreing

' of climate change results in a decrease in both tke magnitude and rate of

projected Wanmng over southern Aﬁ'lca, and

that changeam vmntextnne anticyzlonic circulation responmble for extended
periods of ﬁne weather are indicated which could have significant impacts
on the transport of ‘aerosols and trace gases from the southern Afncan
region in fiture.

ek kR AR

“The use of general circulation models to sizmiate present and foture

climate both globally and reglonally has been discussed. Several recent
advances in terns of the resoluion of climate model simulations, as
well as in the representation of climate pi;zesses and climate change.
by climate models have been discussed. Tiv: hypotheses oubsad above

 will be tested using both Iruxed—layer and fully-coupded models,

wilt consider both regicnal climate means and variabifity. The sources
of both observational and climate mode] data, and the methodologies to
be used in this thesis ave described in the following two chapters.



CHAPTER TWO
DATA

i - - Introduction

| Climate n_iodei output from a wide range of nﬁ_xed-layer models and fully-coupled models -
will be usilised. The availability and reliability of suiable observational datasets is an
| important hmltatlon imposed on all model evaluation #n ¢ vahdatmn studles In some cases,
the data required to assess the representanon of partm.,ar phvsmaI processes or feedbacks
are snmply _unavmlable. Asa result, this _problgm__ is ;_ecognised as a priority lssue_by the
IPCC (IPCC, 1995). The' observational data used here to evaluate the current climate
performance of the models originate fmm a nuntber of sources. The reliability of all data |
has been carefully assessed and they have been widely used in the chmatologlcal field. The
" majority of variables considered describe atmosphenc circulation. These _mciude mean sea-
level | pressure, geopotential heights and u-. and v-_Wind comporienfs at several levels
throughout the troposphere. Other variables considered include surface air temperature -
- and rainfall, | | o

Climate Model Data

~ Climate model output from both mixed-layer models linked fo simple, non-dyzianiic ocehnS- _
and fully-coupled ocean-atmosphere GCMs have been obtained from Several_intemaﬁoﬁa!
modelling groups. Resu_lts from mixed-layer models include mean fields from individual
modelling groups as well 10-year simulations from .' the Atmospheric Model

Intercomparison Project (AMIP) Climate means from --ﬁvé fully-coupled model

expeﬁments are utilised. The speciﬁcations of the CSIRO and Hadley Centre ﬂjlly-co.'upled
~ models are desmbed in greater detail as longer-term (century-scale) smulat:ons are

. available for these models

31
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Mixed-Layer Models

The Atmospheric Model Intercomparison Project
Evaluations of general circulation models used in 'climate'modellin'g have historically been
hamipered by dlﬁ'erences in experimental and model deSIgn, as well as by the availability of
rehabie observationat data agamst which to assess model pert‘ormance 'I'he Atmospheric '
Model Intercomparison Project (AM]P) was established to address the need for a
comprehenswe assessment of model performance ((aates, 1992). Thmugh diagnostic and
~validation studies AMIP airns to document and compare the performance of a wide range
of atmospheric general circulation models (GCMs) and to identify systematic model errors
(Gates, 1992,' 1995). As a consec{uenc«..-, the AMIP resul_ts can be used as a behchmai‘k
against which ﬁmlre ﬁiodel versi&ns can be eval'uated'_(Gates, 1995). ' o

Mocielling grbups pa_rticipaﬁﬁg in .-AMIE'p_r‘ovide a simulation of global ¢limate
between 1979 and 1988 during which observed sea-SUrfa;ie temperatures and sea-ice
distributions are used as surfade boundary conditions. A s’tafldai'd output of monthly means
for a range of output variables have been made available for diagnostic studies. Such
studies have been'cc-mdina.tcd as a range of AMIP diagnostic subprograms. In addition, a
| standérd_set of validation date were to be made available to all &iaghnstic subprojects. A
selection of AMIP runs from seven climate modelling groups are assessed here, Monthly |
meatis of precipitation, mean sea level pressure, geopotential height and u- and v-wind
components are compared with observations. the the total number of modelling groups
exceeds 30, niahy simulatioris are based on models used most often for pumerical weather
prediction (e g. the European Certire for Med:um—Range Weather Forecasts, ECMWF).
‘Many of these models are successﬁd in sxmulaxmg the gichal clitate between 1979 and
1988 (Gates,_ 1995), Gnofen the f_ocus. hére on climate models, .cmly those mode!_s used -

' i'outinjely in climate change experiments are considered.

The models considered include those of the Australisn Bureau of Meteorology
‘Research Centre (BMRC), the Canadian Climate Centre (CCC), the Commonwealth
-~ Scientific and Industrial Research Organisation (CSIRO), the Geophysica! Fluid Dynamics
L.aboratory (GFDL), the Max Planck Institiit Fﬂr.Meteoroiogie (MPT), the Naﬁaﬂai_(:entre
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for - Atmospheric Research (NCAR) and the United Kingdom Meteorological Offce
(UKMO). Comprehenswe documentanon on the AMIP runs for each group is available
(Plulllps, 1994) and is descmbed briefly i in Table 2.1. '

Table 2.1. Details of ‘AMIP model simulations (after Philips, 1994). Horizontal
L resolution is indicated by either the spectral wave number of truncation (‘R -

for rhomboidal and “T” for triangular truﬂcatlon) or latitude by longitude

grid-cell resolution, Vertical resolution is indivated by the symbol ‘L and

defines the npmber of levels in the model atmosphere, N

Model _ | Pr,imary Reference | " Resolution
BMRC T McAvaney and Colman (1993) o Rsi L9
ccc :__Boeretal (sszy TR L0
"CSIRO | McGregor ef al. (1993) T - R21 _L9
GFDL | Wetheraldesal. (1991) I~ -~ R30L14 __ T
MPI D‘I{Rz_(lg_gz) — T LIS
"NCAR | Huketal, (1959) 1 Tain
UKMO | Cullan (1993) T 25x37LI

A wide range of horizontal resolu_tioﬁs rahgi_ng from R21 (~3.2° latitude by ~5.6°
longitude) to T42 (~2.8° latitude by ~2.8° longitude) exists among the models (Table 2.1). -
For the purposes of validation and comparison all models must be interpolated to a
- cormon horizahta] resolution before analysis. So as not to fabricate information Where_ no
_infofihation exists, all models have been interpolated to approximately the lowest model
resolution. In this case, that is the spectral R21 rés_olu%ibn of the CSIRO model.
Interpolation is based on an inverse sqliares method (following Willmott e/ az.,' 1985) ahd
allows interpolation: of points ‘onto a spherical sui‘fac‘e So as not to favour the CSIRO
- model, all models have been interpolated to a regular 3. 2“ latltude by 5.6° lcngltude grid.-

The mterpolatmn method is described in Chapter 3.
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Equilibrium climate change experiments

Results of ethbnum climate change expenments from the modellmg centres of the
CSIRO, BMRC, U_KMO, GFDL, CCC and MPI are calculated as changes in summer,_
-Septémber—Nbvsmbet (SON) and December-February (DJF), as well as winter, March-
May (MAM) and']ﬁne—Au_gust (JJA) seasonal means are calculated, Five mixed-layer
models (BMRC, CCC, CSIRO, GFDLH and UKHI) are considered. Details of the
enhanced greenhouse experim&?:nts are provided in Table 2.2. The selection of experiments

has been made in order to allow comparison of results for the southern African region with * -
sirilar results for the rest of the globe and specifically for the Australian region (Whetton
et al., 1996b). As far as possible, output from modéiling groups considered in Joubert - -
(1995) are used agam, although for more recent versions of the models. All of the mixed-
layer models use a simple slab ocean with no 0cean curreats, in which the prescribed heat -
flux (‘Q-flux’) within the ocean compensates for the absence of currents under present
chrnate conditions. All seasonal means are based on at least ten years of data post- '

' equlllbrmm under both 1 x CO. and 2 X COz conditions. -
Fully-Coupled Models

Transient climaie change experiments

' Seasonal mearn (DIF MAM, JJA and SON) changes centred around the time of COz-
doubling from a total of six fully-coupled models (CSIROC, GFDLC, MPIOC, MPILC,

UK'IR) are compared Wlth the set of five mixed-layer models described above. Details of ._

~ the transient chmate change experiments cre prowded in Table 2.3.

All of the fully-coupled nodels use an atmospheric model ﬁllly-cohpled to a full ocean
model, incorporating a flux correction to reduce climate drift A fhlly-co'upled' modet -
simulation from NCAR (Washingte:; and Meehl, 1991) has been jexcludéd- because it does
: ~not incorporate ._a flux correction. Coupled models which do not. incorporaté such a
correction exhibit a marked drift away from realistic simulations of present'climate' (Meshl,
1995). Inclusion of such models is likely to introduce unrealistic bias into the inferpretation
of results (cf, Whetton ef .al_.', 1996b). Where possible, 30 years of data centred around the



time of CO;, doubling are used and compared mth 3 correspoudmg 30 year ped!od ﬁ*om_'_

the control Iun,”

Table2.2.  Details of the mixed-layer model experiments used.

Experiment | - Reference | Horizontal | Nuniber'bf 1 Global .
B S - | Resolution | yearsused for average
~ (Number of | GCOz and warmmg

 waves | 2%COpmeans | (°C)
B AR SR Co Jerltxlny | |
T BMRC | Comaneral (1959 | Rl | @ | 217 |
TCCC  [Bowerdl (9920 | 2 | 20 | 35
TCSIRC | Watterson e/ . %8 | ®i | 30 | 43
- [eowm wecry | me | 10| 40
UKHI ; .Ti?rregoryand Mztchel’ T 2-_5“_"5:'_3.7_56'. :_ 10 | 35 |
(1993) N : Sl

T m -Colman-._'(pérso)_ml communication)

The CSU?Oﬁ:I{y—co:.;vIed madel |

The CSIRO ﬁJIly-coupIed model contams atmosphenc, oceanic, sea-ice and blosphenc
sudmodels. T'ie atmospheric model has'© vertical levels w1th R21 spectral resolutzon and is
based on the version desonbed m McGregor et al. (1993). The ocean model i is the GFDL '
grid peint ocean model wnth 12 vertical levels (Bryan, 1969, Cox, 1984) The model uses
flux corrections to couple the atmosphere and ocean components followlng the method
described by Sausen ef al. (1988), The coupled model and it's components as well as the
spin-up at_ld flux correc_tlon procedures are described in detail in Gordon and 0’_Fa.rr¢ll
(1996), _ _ _ o

Inthe coupled model control integration, CO, amount is set at 330ppm. In total, 300
~ years of the control integration are considered, The control run showed only a small global
mean surface temperature drift over the 105 year period (Gordon and O’Farrell, 1996),
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and this remains small thraughout. the -control -inte'gtation (O’Farrell“ personal
communication), The transient experiment is started a&er 30 years of the control -
integration and allows €O, concentratlon 10 increase at a rate of 1% per anoum
(compounded). Using this sc_enano-, CO,-doubling occurs after 70 years, This is probably
unrealistically high, and may be co:ﬁpared to the IPCC 1892a emission sc_enaﬁd whxch
gives a doubﬁng of equivalent CO; after 95 years (TPCC, 1995). Mean sea-leirei pressure:
and surface air temperature data for the 300-year control mtegratlon and. 270 years of the

trangient expenment are considered.

Table 2.3, Detaxls'of the ﬁllly—coupied. model expenménts used. 'AII models simuIate a
o linear 1 % per annum (compounded) mcrease in CO; concentration in their

enhanced greenhouse runs.
_ _ - | Horizontal | Number | Number { Global -
- Experiment Refererice | Resolution | of | of | average
' - _ (Number - years years | warming at
 of | used {usedfori| thetimeof
- wavesor | for2x | xCO2 | CO;doubling
|lat.xlony | €Oz | means |  (°C}
o _ o - means | ' i
CSIROC | Gordonand | R21 | 30 | 309 2.1
| OFaren1oss) | - B
GFDLC | Manabe ef al. RIS 209 1001 23
. (1991) ' I _
MPILC | Cubaschefal T21 10 1% 1 149
D (1993} - ' o »
MPIOC |Lunkeitetal, T21 | 109 | 109 14®
sy . e : .
UKTR | Murphy, (1995), 25°x | 10% 109 1 17
- Murphyand | 3.75° o
Mitchell (1995)
W centred 10 years before CO; doubling
@ centred at doubling -
® - corresponding years of control run
@ full controlrun | |
® - Lunkeit (personal communication)

- The Second Hadley Centre fully-coupled model _
Output from the control integration and two transient climate change expenments from the -
Hadley Centre for Cllmate Prediction and Research model hms been used (M]tchell el al.,
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19954, Mitchell and johns, 1996). The hotizontal tesolution of both the atmospheric and
 oceanic components is 2.5° of latitude by 3.75° of longitude. The atmospheric model is a
version of the unified rumerical weather prediction/climate model of the UKMO (Cullen,
1993) with 19 vertical levels, The ocean odel is derived from Cox (1984) with a vertical
resolution of 20 levels. The model is also flux-corrected to reduce errors in the present
 climate simulation, following Murphy (1995). These include fiuxes of heat and water but
exclude the explicit sea-ice adjustments --useé by Murphy (1995).' Asa resuit, there is no
p_erceptibl'e drift in global mean surface air temjseratur'é in the control simulation (Mitchell
and Johns, 1996). ' |

CO, concentration is held constant in the control integration. In both transient climate
change experiments, the standard CO; concentration for '.the perigd 1960-1990 i the
‘model is mcreased to represent the change in fomng due to all grec-’ - Je gases (eﬁ'ectrve
CO; concentration). The first transient chmate change expenment (GHG) is forced by -
increasing concentrations of greenhouse gases only. After 1990, the CO, concentration is
~ increased by 1% per annum (compounded) up to 2160. The second expemnent (SUL)
includes increases in both CO# and direct sulphate aerosol foféinfg (by scattering)_.. As the
model’s radiation scheme does | not allow explicitly for scattering of radiation by
atmospheric aerosbls, their effect has been represented by an increase in surface albedo
ovér certain regidns of the globe, including southem Africa (l\ditcheﬂ et al., 1995a). The
pattern of aérosol loading to 1990 is based on the calculated annual mean distribution
(seasonal variation is ignored) for the 19805 (Langner and Rodhe, 1991) and scaled by the
estimated anmual mean sulphate emissions (Digoon and Hameed, 1989; ‘Hammed and
Dignon, 1992), A suiphate distribution for 2050 (cf, Mitchell ez af., 1995a) was obtaitied
using a sulphur-cycle modet (Langner and Rodhe, 1991). Between 1990 and 2050, the
'loadirig. pattern was ihtérpoiated, with the field scafed to give the global loading for IPCC‘
 scenario 1S92a (Fig. 2.1). Output considered below include mean, maximum and minimum
surface air temperature, mean sea-level pressure, as well as geopotential helght and u- and
v-wind components at 500 aud 700 hPa, '
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Figufe 2.1. - Mass loading of Sulphatc aerosol due to human activity derived ﬁbm tﬁe |
sulphur cycle model of Langer and Rodhe (1991) (after Mitchell and Johns,
'1996). Contoursat2 4, Sand 12 mgm? and shaded abovesmgm :

Observational Data
Atmospheric Circulation Data

Austrm’:an Metearological Bureau operanoml mb:ses
Observed atmospheric vatiables extracted from the Australian Bureau of Meteoroiogy |
operational analyses include mean sea-level [ =ssures, geopotential heights and u- and v-
wind components. These data have been widely used for studies of sout]iem hemisphere
meteorology (Trenberth, 1979, 1980, 1981; Le Marshall ef al., 1985; Karoly and Oort,
1987, van Loon ef a,, 1993; Hurrel and van Loon, 1994). Once daily (0000 GMT} data
are available from May 1972 and twice daily (0000 and 1200 GMT) from April 1973. The
data-set was discontinued in December 1992, The quality of the data has been assessed in
several studies (Trenberth, 1979; 'Swahson and Tresberth, 1981; Lo Marshall et . '1'935') |
In general, there is some question over the reliability of data over the high southern .
latitudes south of 50°S due largely to the sparse network of observing points used as the_ '
basis for the operational analyses. The 0000 GMT maps have been more carefully
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analysed, and the monthly mean fields have few fiaws (van Loon, 198{}) and are used in the
cusrent study

' Lang‘-te}m mean sea-level pressure data
In order to analyse ﬁll!y—coupled model simulations of inter-annual circulation vanablhty, it
is necessary to consider a longer dataset then the approximately- twenty years available
- from the Australlan Meteoroioglcal Bureau operationat analys&s For this reason, observed
mean sea-level pressure data for the period 1911-1985 were obtained from the
~ reconstructed dataset of Jones (1991), The data are available on a staggered (diamond-
- shaped) grid extending from 20°W _to' 100°E and ﬁ'om 13°S to £0°S. The data were’
interpoléted 6ﬁtb a vegular 5°x5° grid exteﬂding.ﬁ-om 10°W to 90°E and from 15°S to'
60°S prior to-anaiy'sis. The recontructions 'are.best near continental areas aml data are
uarefiable over oceanic areas between 1911 and 1951 (Jones, 1991) but are considered
reliable for the period 1951-1985. -

Surface Air Temperature and Rainfall

-CRU baseline climatology for southern Afvica | |
A new baseline climatology for southern Afiica for the period 1961-1990 is available at a

. resolution of 0. 5° latitude by 0.5° 1ongltude (Hulme et al., 1996). The climatology has

~ been developed at the Climate Research Unit (CRU) of the University of Bast Anglia.
Variables utilised from the climatology include long-term mean monthly values for mean,
maximum and minimum surface air temperature and rainfall as well as monthly
temperature and rainfall anomaties for the 1961- 1990 period. Uhe climatology is based on
observations supplied by the meteorological agencies of the region (Hulme er al., 1996).
The hlierpolation of the 1961-1990 averages adcounts‘ for elevation as well as longitude
and latitude as predictor variables. On this b.asis; three climate surfaces represeirting
‘minimum’, mean and ‘maximum’ elevation within each 0.5° cell are constructed.
Interpblation of the 1961-1990 anomaly fields does not consider elevation (Hulme ez al.,
1996), Gridded anomalies of monthly mean temperature (Jones, 1994) and rainfall (Hulme,
1994) were interpolated using a distance weighting scheme from coarser resolutions of 5°

.-latitude ! longitude and 2,5° taiitu_de by 3.75° longitude, respectively.
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' Winle more cbserving sites are available fdr'.ra.mfal!' f '(over 9{}0) than ‘any other |

varigble, reliability of the mterpulated talues is stﬂ! problematxe Mean absolute ermrs S

(relative to selected vahdatmn sites) in the wet season are apprommately 15 % (~20 mm) |
but rise to 40 % (~8 mm) in the dry season (Hulme et al., 1996) and are hlgher for :
| example than sumlar regions in Europe (I-Iulme et al, 1995) Mean absolute errors for
mean temperature are below 1°C fer minimnm and mammum temperatures although
seasonal differences oceur in the accuracy of the temperature surface. The CRU rainfall

| ~ climatology compares well with other gridded cllmaiologles (e £ Legates and Wﬁlmott, : _
1990), except in reglens of sharp topograplnc gradlents in the southem Cape region o '

: -(Hnlme et af 1996). leen theuse of three elevation surfaces, the CRU elhmatology may E
be eons1dered more accm'ate under such condltlens
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CHAPTER THREE
STATISTICAL METHODS

Interpolaﬁoh :

Observatmnal duta are Oﬂ:en recordui for mdmdual stations. For companson with output
'ﬁom climate models, these data requlre interpolation to a regulur lat:tude by longltude
- grid. In addition, interpolation procedures are required when -observations on a regular

 grid are to be compared to model output, or where output from several models at dlﬁ‘ermg-_
resolutions are to be compared however comparison between models is comphcated by
" the fact that GCM output is provided on an areal grid cell basis, not gnd points, and the

comparison of several GCMs requires the interpolation of the models grid cell fields toa
common grid. The ch_dic‘e of .interpol_ation écheme may affect results, a5 ¢ . from dlﬁ'erent

GCMs may straddle cﬁ@te and coastal boundaries in different ways. More importantly,
: the use of different interpolation schemes in separate studies further complicates finding a
basis for mmpm%on between studies (Joubert and I-Iethson, 1996). '

The interpolaticr scheme used below to-interpolate both observations and climate
model output t6 2 common resolution is based on an inverse squares method foliowing
~ Shepard’s (1968) local search method, and allows interpolation of peints onto a spkerical

surface (Willmott e al., 1985). Shepard’s (1968) interpolation finction estimates 2 value
at each node of a predetermined lattice from a small number of nearby original data-points. -
'The contribution of the nearby points to the estimated value of the boint at each node is -
determined by weighting the data points according to their distance from the node. To
allow for the curvature of the earth, the distance between all original data-points and nodes -
" is calculated in spherical co-ordinates .(Willmott et dl;, 1985). The algorithm therefore
explicitly accounts for the reduction in surface ;vea enclosed by a given grid box that
o'cc_urs closer to the poles. The policy adopted below is to interpolate b_otﬁ observations
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and simulations io a common resolu_tid ch approximates the - lowest common

- reschution among the data. -

Measures of Consensus

‘The uncertainties associated with the representation of physical processes in climate
models often severely limit the extent to which ptojci':tions of future climate from such
‘models can be interpreted with confidence. One valuable means of increasing the level of
confidence with which a projection of fisture climate can be interpreted is to define the
level of .agreéx_nent,' or can_sem.s', which exists amongst a range of climate models. An
important reason for the growing confidence ‘with which climate models ‘are used to
project climate change on globai and hemispheric scaleé' is thie level of consensus whic:h
exists amongst the models (iPCC, 1995). Hence, considerable confidence extsts m
projections that global mean surface air tpera:ture will increase by about 2°C by 2100
- relative to 1990 (IPCC, 1995; given IPCC emission scenario 1S92a, assuming the “best
estimate” value of climate sensitivity, and including the effocts of fiture increases in
~aerosols). Measures of inter-model consensus are being increasingly utilised (cf
| Henderson-Sellers end Hanson, 1995, Whetton &t al., 19965).

A measure of consensus for projected bhanges in climate over southern Afiics is
' calculat_ed based on the number of models which_prdject a positive it_;’creaSe in the variable
in question at eaéh grid point This method readily allows spatial pattems' of agreement :
within a group of models to be 1dent1ﬁed Greater conﬁdence in the sign of pro_]ected.
- changes may be expressed in regions where consensus between models is greatest.
Greatest confidence exis* in regions where models of a dlﬁ'erent type (for example,
mlxed-layer and ﬁ:lly—coupled model.‘ also dlsplay agreemsnt '

) Consensﬁs betWeen modelv in termS of projected changes in climate does not, of itself,

indicate sufficient confidence in the pro]ectlon for it to be mterpreted w1thout reservatlon.
An important additional component is to consider the level of consensus which exists
between simulated and observed climat: Confidence in projected changes in climate from
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any model is greater when the model is capable of simulating present chmate realistlcally

a Once again, this is a necessary but not. suﬁment pre-requmte for interpreting prOJectlons |
of regional climate change (Wilson and Mitchell, 1987). As stated above, the uncertainties
implicit in all climate models must be stated and understood clearly when interpreting
projected climate change, pérﬁclﬂerly on regional spatial scales. To improve (although_ not
guexantee)' the level of cﬁnﬁdence in projected changes over southem Africs, a second
measure of consensus befween models for simulations of preserrt climate is defined. Those |
models wlnc.h display both good agreement with observed clnnate and congensus in

: pro;ectmns of ﬁ;ture climate are most rehable ' ' B

A measure of cpnser_ls'u's for pres_ent climate éimula_tions which defines bo't_h model- -
observed and model-model agr_eernent us_es'a counter, Xy, defined by

| "‘f-={o S T < ¥

where x; = 1 if the simulated mean valus at the i* grid point for the /* model falls within
one standard deviation of the observed mean, and xy = 0 otherwise, It is then posslble to

calculate

iz_lxﬁ, __ - - 6y
where 7 represents the total number of models (2=7) and N; the number of models at the
- #* grid point which simulate a value of . given variable within one standard deviation of
the observed mean, Values of N; range from zero, indicating no agreement between
 models and-very poor 'agreement v\'rith observations (nc model within one observed
standard deviation) to N; = 7, mdlcatmg perfect inter-model end good agreement between'
the model and observations. A secondary is - .¢s relates to the reliability of the observations
used to evaluate model performance, A weakness of the present measure of consensus is
that it does not incorporate an indication of the uncertainty which surrounds the observed
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~ value, For the present analysis, the assumptlon is made that all observed quantltles are
relxable and therefore can be used for the purposes of model evaluation. '

Harmonic Anﬁiyms

Harmonic analysis allows the description of the spatial and temporal variation of
climatological series by defining periodic.beh_aviour in the form of osei_llations. about a
mean value (Jenkins and Watts, 1968; Rayner, 1971). Harmoni¢ aﬁaly’sis-.has'been used to
‘describe variations in time series of most atmospheric variables including rainfall, sea-level
pressures, 'geopo_te_hﬁa}-heights, winds and temperatures (McGee and Hastenrath, '1956;
van Loon, 1967, van Loon etal, 1963; van Loon, 1972 'i’t‘enﬁerth, 1983; Ropelewski and |

Halpert, 1986; Lindesay, 1988; Hurrell and van Loon, ."1994)..The importance of zonal

 standing waves in the southern hemisphere has been extensively studied using zonal
harmonic analysis (Taljaard et al., 1969; van Loon and Jenne, 1972; Trenberth, 1979,
 1980; Wallace, 1983; Mo and van Loos, 1984; van Loon ef ol., 1993), Zonal harmoric
analysis has also ‘been used to assess the simulation of standing waves in the southerr _ |
| henusphere by climate models (Xu etal, 1990; Mu!lan and McAvaney, 1995)

Gwen an oscillation around a mean of Ay, over a finite distance, X, with an a:nplltude A
and f equency (wave number) /, the observed value at any pomt x, will be

wedraed 2 ey

~ where ¢ represents the phase angle, from an arbitrary starting poit x.

Equation 3.3 can be expanded to allow for more than one oscillation to be present in the
series. Hence the series can be seen as the sum of all ﬁ'equencxes J; with correspondmg '

' amphtudes A; and phase angles @ gwmg a “ouner series:
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" ‘The amplitude and phase angle of each harmonic can be obtained from - -
B o < 2 N

~and

- where

| 2 27ki o o ' | : '
B e . R 6N
and
2a {2k} . SR
b=23y, sm[-%iz-i) | - - )

The maximum number of harmonics that can be defined for a series of Iengih NisN2 In
the casé of monthly mean ﬁ'm&serie.é_, this would be six. The phase angle in thi_é case would
indicate the tirne of year that the maximum (s) occurs on that harmonic. In terms of zonal
harmonics _analysis, the phase angle reprasezits the longitudinal position (in degrees) of the -
first ridge of the wave associated with harmonic /. |



Specﬁal.’An'élyels

- Harmonic analysls assurites that time series are deiemnmstw and hence that amPhtudes |

ﬁ'equencies and phnses of hannomes are fixed (Jenkms and Watts, 1968), In cases where it
is of interest to investigate inter-annuat vanab:hty in a clnnato!og[cal time . senes, _thls. )
assumption is violated and hence the appmach is mappropnate Usmg spectral analysis, the -
problem is avmded by deﬁmng quam-eonhnuous oscilfations of arbitrary length which are
‘unrelated to the total length of the series and. calculahng the speetral power across those

deﬁned wave bands. Jenkmson s (1977) method of spectral analysns is used here The time

 series is defined in terms of oscillations with arbltrmy penod. A y and frequency fJ =27

- For discrete data; equatibn. 3‘,_4 becomes |

where fJr = 059""’ thus giving a set of geomemcally mcreasmg ane!engtbs 'I'he tumng-.' |

- parameter & can be defined to determme the resolu&on at which the spectral ordinates are _
_calculaxed. As with harmonic analysis, equation 3.9 can be .broken into separate sine and
cosine components, and the parameters 4, and ¢, calculated as in equations 3.5 and 3.6.

Sampling errors can result in the identification of spurious quasi-periodicities and so it is
necessary to test the significance of the spectral peaks. The X° contribution to the total
vatiance of each wave lengthis ' o _ .

Xy, - oo

where represents the degrees of ﬁeedom assocxated with wave j ard H A, represents

Cits standardlsed variance.



- Principal .Com'ponenis.&na_lysi.s

| Temporal vmabmty across a spaﬁal field of i=1 ., n observatmns is usually represented'
at a parttcular point by j =1, ..m time series, %, Meteorologlcal vanables oﬁen covary B
across 8 spatlai ﬁeld and therefore it is useful to desonbe k= 1 ..m new varizbles &, or _
principal components, which describe vanablhty over the ﬁeld as a whole (0verall and |
Klett, 1972; Richman, 1986). Often, vatiability within the feld can be explained by oy a
 few pnnclpal compononts Tha pnnolpal components can’ he defined by a linear
' combmatlon of the original. vanables and a dlﬁ'emnt welghnng dy, _assoclated with each_
pnnmpal GOmponent such that ' '

'fa=-dh.5cn"‘:¢;z'x1}+;--d}ﬁxnf:" o ’ _: S S | .(3"11) '
* or, expressed in vector notation,

~ where Z is the ongnal data matnx, F the matnx of pnnorpal components or pnnmpal :
component scores, and A the matnx of component loadings, '
By oonvention," the loadings A are transformed under two cons_trai'nts‘ Firstly, they are
transfonied to -maximise thé proportion of vanance explained by each sucoessine |
- component g, 50 that the variance in the data field is explained by as few components as
- possiblo This is achieved by normahsmg the coeﬁ"lclents by requ!:mg that the squares
elements of the vector of coefﬁclents a4y sum to umtyi e : '

amf=éa’o=l.0 - | - S (3.13)

A second constraint is that the pnncipal components are orthogonal and therefore that tho-
correlations between the principal compononts are by deﬁmtlon, zeroie.
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The varianice of e__ﬁch prioeipal component, _ ,h. ;or'eigeovehie, 'is glven by -

/‘I.g=va.r(§k)m§k§f .' ' ' o ':' . L (315) . |

__ The sum of eigenvalaes represents the total vauanee in the do.ta ﬁeld I-Ienoe the |
_proportlon of vanance explamed by each pﬁuc:pal component var(cf) 1is: estlmated usmg

.

var(Z) =2 L @16
. () z |

-The matnx of eompooent loadmgs can be rotated usmg, _for examplﬁ the VARIMAX o
entena (R:chman, 13"56) in order to reduce the munber of ongmai vanables with non-zero | |
Ioadmgs on the pnnclpal components and to merease the weights of the ongmal vanablee |
with large loadmgs ‘The rotatlon is ar'hxeved vnthout ehangmg the vananees of the_ o
unrotated pnne:pal components and retmmng their ov'thogonahty The rotat:on of pnnmpal g
component ioadmgs is aﬁ'ected by the number of pnnc:pat’ eomponents Whlch are retamed_ s
o (Rlohman, 1986) While no theoretical guldelmes ex:tst for decldmg how ‘many principal
components to retain, an arbitraty out—off point of 5 % of the total variance has been
adopted (followmg Mason, 1995) In the case of the anaiysm preseﬁ‘ed in Chapter 6 ooly
~observed principal component loadings are rotated in this manner, however. A speoxﬁo'
~ rotation i3 apphed {0 the matrices of slmulated loadings in order to transfoun them into a
matrix as much as possible like the matrix of ohserved ioadmgs "

‘Procrustes Target Rotation
Unrotated principal component loadings of simulated mean sea-level pressurés are rotated

to fit, as closely as possible, the matrix of observed pﬁncipa]_'eomponerit foadings using
Procrustes target rotation (Green, 1952; Horley and Cattel, 1962; Schonemann, 1966;
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Rlchman, 1956 Rmhman and Easterhng, 1988) ‘The 'method ié'de.écribed dzagramatmally

41 Figure 3.L The purpose of Procrustes Target Rotation i is to maXu'mse the &greement

- between the two matnces by ﬁndlng a transformatlon matrix which: provxdes the optimal -
least-squares fit between the target (observed) ‘and simulated matrix, using.a linear "
” . combination of pnnclpal components (Rmhman 1986) Procrustes target rotatlon is used .

| to test explicitly the ablllty of the chmate models to simulate the pnncz,.al modes of_
- observed vaﬂablhtymmean sea-level pressures o o : N

. i

FITTEDMATR]X . TARGETMATRX

- Simutated mean ssa-levet .} Observed :meéhzsea-l'evéi o
pressuredata -1 -}  pressuredata
R | _ -UNRQTATE_-D-_PC- | 1~ ROTATEDPC
2} LOADINGS 1 | = LOADINGS

o v———
R .

tuncated | | truncated, varimax rotation

B

| PROCRUSTES TARGET ROTATION |

PRINCIPAL COMPONENTS]
" SCORES |

SPAT!AL “A'ITERN OF
'- LOAD]NGS

Figure 3,1  Flow d:agram dmn'bﬁig the calculation of observed pri~ il ct. mpdnenté
' and the use of Procrustes Turget Rotatmn on the ummatad sxmuiated
pnnclpal component scotes. : .
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 The Procrustes equation (Richman, 1986)is = =

B-'~._—_'AT+_E" L | (3.17) -

“where B is the 7 x r target matrix, A is the nxr pnnc;pal component unrotated loadmg
matrix, T is therxrtransfonnanonmatm and E isthenxr mamx ofd:screpancxes or o
reszduals 'I'he objecnve isto ﬂnd a transformat:on matnx T such that

uace(ETi:);-.trace(B'-'AT)T(B-AT)'_.isa'ﬁ':iniaimm'?_ . ew)
- TW°'W3Y_Anal¥st bf.Va.lﬂa__nc%e SRS

Two-way analyéis of &ariénce (ANO\*A) is used to test 'the staﬁsﬁéal 'signiﬁbancé' of

differences between several trials. Tt is apphed to time seties of sunulated and observed-

sutface a:r temparatures mth the objectwe of detenmmng whether or not the models

' smmlate temperature vanabllrty which is statistically mgmﬁcanﬂy dlﬁ'erent from that which -

is observed. ANOVA is based on distmgmshng between two systematic. sources of
variation; vanatlon between the samples and random vanatmn ‘within each sample (eg '

. Clarke and Cooke, 1983)

Given obstuvationé Yy (1 =12, ..k J =  s o) ﬁ'om k samples or treatments and n;_

observatlonr w1thm gach treatment The medn of observat:ons within each samplv yis

glven by the sample mean _

¥, ==X Yy ' - o - (3.19)
i : o _ :

and the mean of all values is given by the grand mean

. Zﬂyﬁ Z,myl | y N o o _3_.20 _
y= 2in E_;m ' - o . (320)
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The total square dewatlon of each data valua from the correspondmg mean is gwen by the . .. |
sample sum of squares '

- s:z.(y.-,-—-y;);. LR T @2y
The statistical model assumes that the overall variation in the data is dEﬁned by two

compouents representing the devmtton between the treatments and random devlatmn _
between the observatlons within each treatment (k:navm as the resxdual) The dewauon due '

to tteatment iis deﬁned as the difference between the mean of treatment {the grand mean,

__ 3:5 . _"(;3’.22)

The res:ldua} is gwen by dlﬁ'erence between each observauon in treatment i a,nd tl1e mean. -
of each treamlentr - | o

Y

'Iherefore, any observatxons ytf can be wntten as the Sum ofthe gmud mean, the dev:atton

due to treatment and the ressduai, e

yﬁ?@:‘ﬂ*()’ki) . . - (324

The overa!l difference due to differences in treatment are measured by calculatmg the
treatment sum of squares CI‘SS) so that '

. Simxlarly, the variation due to random errors within each treatment is glven by the sim of
_ 5quares of the resnduals or error sum of squares (ESS)
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'-Esé =>:(yy—3?,)2 . B .- | (326)
_ and thetotal sum of .sguares is gmenby T_SS‘.‘.-.&- ESS, _
| Under:the nult hypothesis that the d:ﬂ'erenoes betwéen treatments '(saniﬁres) sre due .to' . -

' ranﬂom sampling errors and that all samples consndered arise ﬁ'om the same. statlstlcal o
populataon, an F—statlsnc can be ca!cula:ed o that '

F"_Essr(n-k) o - e

' Where k repr&eerﬂs the number of treatments and n= Z 7, OF the sum of a]l observatlons :
=i

onall_trgannents._ i |

kR R R Ak

' "Theslaummlmﬂwdsusedmthepmoesmandanalwsofdatam
 this thesis have been described, Therepmentﬂhonofpresentmean
chmtemdcﬁmatevaﬁabﬂnybyamngeofmodelsisassessedm
Sectlon]l o
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CHAPTER FOUR
AMIP SIMULATIONS OF PRESENT CLIMATE

- . Introduction

Several features of thie circulation of the southern Lemisphere 4.4 uni,, ¢. The differing
distributions of land, sea and ice between the northern and southern hemispheres have
important implicaticns for the dominant _dimatic forcing in each bemisphere. The aimost
. ﬁninte:rupted ocean between 35° and 70°S and the permanent Antarctic ice shegt reﬁﬂt m .
- steep meridional tempera_turé and pms_su_re.g_radienta,_ As a consequence, mid-latitude |
westerlies in the southern hemisphere are stronger than in the northern hemisphere, flow
throughout the troposphere is more zonal (Adler, 1975) and zonal standing waves 1 and 2
domiﬁété at higher latitudes (van Loon and Jenne, 1972). Given the dlfferenw in mean
' circulaﬁoﬁ patterns between the two hemispheres, evaluations of climate model
performance must consider simulations of the southern hémi’sphere separately from the
northern hemlsphere Adequate representatmn of circulation in the northem hennsphere o
cannot be used as a proxy for climate studies i the southern hemlsphere '

Relatively few attempts have been made to assess GCM performance_ throughout the
southern hemisphere (6.8, Xu ef al,, 1990) and all have been hampered by the avalability
. and rehablllty of observational data. Several well-documented errors {chief among them an
inability to simulate the strength of the mid-latitude westerlieé) can be related to the coarse
spatial resolutior of most early atmospheric models (Meeh! and Albrecht, 1991; Boer et
al., 1992a). Higher-resolution models {of the order ¢f T4Z2, or ~2.8° latitude by ~2.8°
 longitude and 18 or more vertical levels) generslly provide improved simulations of the |

meridional pressure gradient and hence strength of the mid-latitude westerlies (Bour ot al.,
1992z Hack ef al, 1994). Earlier systematic errors in the representation of the intensity of
southern hemisphere circulation have been related to both the spatial res:iation of the
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models as well as the répreéentation of tropical convection.- -Irﬁprovements in the
- repi‘esenta_tion of trbpical convection result in proporﬁonally greater transports of heat and
| moisture higher into the troposphere, which have the effect of i:ﬁproving th.e simuiation of
extratropical climate and the responSe. in the extratropics to imposed sea-surface
temperature anomalies (Meehl and Albrecht, 1988, 1991). Another consequence of
improved spatial resd!utiun is 8 beiter feprésentation of Antarctic topography. As the zonal
asymzhéﬁy of standing wave 1 at 500 hPa as well as tht.'._.;Ircumpolar trovagh is essentially 2
- _responsé to ._the shape of the Antarctic continent (van Loon, 1967; van Loon and Jenne,
1972), improvéd representation of the coutinent results in an improved repre'éentatidn'of
ke intensity and seasonal lo_cation' of the circumpolar trough (Boviile, 1991, Pamish ef af.,
1994), Similarly, stronger and better-defined subtropical and polar jet streams also result
from increased spatial resolution (Kmter et al 1988; Kitch et al, :.'990 K:toh, 1994;

Mllan and McAvaney, 1995). | - -

"I‘Ibpospheric citculation in the vicinity of séuthm Aftica is known to undergo
Sigﬁiﬁ.cant 'ad_.iustlnent' in association with inter-annnal - rainfall varisbility over the -
subcontinent (Harrison, 1986; Tyson, 1986). These have been related t2 -hemisphere-widé
circulation adjustments in the Walker circulation in regponse to ENSO events in the
tropical Pacific Ocean (Lindesay, 1988), Evaluations of GCM simulations of circulation in
the southern African region have largely considered.-early (pre-1990) coarse-resolution’
mixed-layer models. (e.g. Joubert, 1995), Almc:t none of the exist’~g studies provide a
comprehensive assessment of model performance throughout the depth of the troposphere
" nor the representation of inter-annual variability over southern Africa .by_ atmospheric
GCMs.

The Atmosphenc Model Intercompanson Project (Al\rﬂP) involves an extensive range
of current (generaliy hxgh resolution) atmospheric GCM smulatmns anud aims ¢ 1denniy
‘systematic regional errors in the models (Gates, 1992). Assessments of the simulation of
‘mean climate by & selection of AMIP simulations will serve to update the evaluation of
pre-1990 (coarse resolutlon) models provxded by Joubert (1995). In addition, the
atnmsphenc GCMs are forced by observed sea-surface temperatures wr the 1979-1988 |
decade. This enables the simulation of known atmospheric variations during that pesiod to.
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be assessed as & model sensitivity study. The 19809 were a period of marked inter-annual
vanabikty in the climate of southern Africa, Much of southem Africa experienced
prolonged drought condltmns in the early 1980s as a consequence of the 1982/83 ENSO
~event (Schulze 1984) In contrast, the summer of 1987/88 was constderably wetter than
average, and severe flooding occun'ed (Tnegaardt et al., 1988; Lindesay and Jury, 1991).
- The ability of the AMIP models to simulate such events and the large-scale adjustments in.
circulation known to have accompanied marked mter-annuai rainfail vanabﬂzty during the
AMIP decade will be examined. ' ' '

" Mean Climate
Surface Circulation

Mean sea-levef premre . _
Charactenstm features of the mean sea-level pressure dlstnbutlon in the vicinity of
southem Afiica ave illustrated in F:gure 4.1. These include lower pressures over the
: trop:c”al subcontinent (mdlcating the southerly extension of the ITC) in summer (January),
two well-defined oceanic anticyclones adjagéﬁt to the subcontinent, and & strong
meridional pressure gradient (Fig. 4, 1). During"fuly, the oceanic anticycldnas intensify and
shzﬁ noﬁhward, with a concomitaat deepening of the ciicunipblar trough (Fig. 4.1b). -

A selecuon of four AMIP simulations of mean sea-level pressure is shown in Figures
42 and 43 for January and July respectlvely All of the AMIP models provide an

xmproved simulation of the mean sea-level pressure dlstributlon when compared to earlier

simulations (e.g. Joubert, 1995), reproducing the broad zonal patterns and the seasonal
migration of circulation systems accurately. In January (Fig. 4.2), ihe relative position of
the oceanic anf-icyclones and fhe strength of the westerlies are well captured, although the
pressure gradlent simulé;ed 'by the iower-resolution C_S]RO- model is weaker than |
~ observed. While the simulated distribution is accurate (see the pattern correlation Statistics' '
in Table 4,1), the models both over- and under-estimate the amplitude of this pattem,
pressed as the ratio of the simulated and observed spanal variances, For example the
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CCC, GEDL, NCAR and UKMO models all over-estimate the observed spatial variability, -
simulating larger pressure gradients betweén' regions of high and low pressure than

observed (Table 4.1). In the tropics and subtropics, there is a general tendency to over-

estimate. pressurés over the tropical oceans and undérnesﬁmate pressures over the land -

(aithough this resnit is hkely to be a result of the elé#ation of the central plateau region). -
Qver the region as 4 vihole, all models simulate a positive anomaly in mean sea-level
pressure (Table 4.1). The anomaly is smallest in the UKMO simulation, and notably largest
in the GFDL simulation, which exhibits  large positive anomaly globally throughout the
‘Table 4.1,  Comparative statistics for simulated and observed mean sea-level pressuve,
: " for Jamuary and July. Statistics include a pattern correlation coefficient (r),

' ratio of simulated and observed spatial variances, and the difference -
between simulated and observed spatial means, All pattem correlations are

 significant at the 5 % ﬂgnlﬁcance Ievel.
JANUARY [ TULY
_ ™ Fatvm | Rafioof | Dificronce | oo | Ratioof | Difieronco
1 Mocel Corséltion | spatial | between | Comelation] spatial | between
T | vatiance | spatial | variance .spatial
| means [ means
[BMRC | o8¢ | o072 | 129 | 034 | 065 092
©CC | o8& | Lo | 103 | 055 | 09 | 052
CSIRG | 082 | 07 | 155 | 046 | 085 | 072
GFDL | 079 | 110 | s | 067 | 085 7.06
MBI | 083 | 087 191 | 045 102 | 140
NCAR | 09 | 138 | 126 | 057 | 144 | 080
UKMO | 090 | 135 16 | 058 | 142 150

In July, all models simulate a nortirward shift and irtensification of the anticyclones, as

well as stronger westerlies associated with the deeper circumpolar trough (Fig. 4.3). Most |

models do not simulate a sufficiently large meridional shift in the position of the
anticyclones and pattern correlations are lower than in January zs a result (Table 4.1).
| Both the amplitude of the simulatéd pattern of mean sea-level pressure, as well as the.
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- simylated magnitude of observed July pressures are improved with respect to Ianu#ry'
(Table 4.%). The UKMO simulation does not perform consistently well throughout the

year, performing worse during winter than during suramer. In July, the CSIRO and MPT
models provide better overall simulations of mean sea-level pressure. In their analysis of

zonally-averaged mean sea-level pressure simulations, Mullan and McAvaney (1 995) have
also shown that modet performance is seasonally-dependent. ' .

Figure 4.1.  Observed mean sea-level pressure in a) January and b) July (in hPa).

 The two semi-stationéry oceanic anticyclones intensify during ‘winter and undergo
pronounced longitudinal shifts in position. (Tyson, 1986). Accurate simulation of the
seasonal .changes in these systems represents an iznpm'tani test of the ability of the AMIP
models to simulate the annual cycle of southern African circulation. Changes in the
position and intensity of the high pressur_e' systems between January and July are illustrated
in Figum 4.4 by plotting the maximum pressure at any grid point for each line .of longitudé
between 20°W and 65%E. In January, the models tend to over-estimate maximum pressures
in both the South Atlantic and South Indian high pressure systems, with the pressure bias
* in the GFDL model again clearly visible (Fig. 4.4a). The centre of the simulated high
- pres.ure cr,lis {2ads to be west of observations in the South Atlantic high pressure cell,
During July (Fig, 4.4b), the CSIRO, CCC, BMRC and MPI models simulate maxinmm
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pressures (partiéularly in the South Atlantic Ccean) which are clése to observations,
although the GFDL, UKMO and NCAR models simulate maximum pressures which are
too Iugh While the common (approximately R21) resolution is too coarse to allow &
detailed analysis, it appears that most modsls simulate maximum mean séa—level pressures
further north than observed in Januay (not shown). The latitudinal position of maximum
sea-level pressure is better simulated in July, with the exception of the BMRC and CCC
models, .which simulate the centre of the high pressure systems ﬁn‘ther north than

observed-.

Figure42.  January mean sea-level pressure simulated by the a) CCC, b) CSIRO, )
MPI and d) UKMO models (in hPa). | -
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Figure 4.3,  AsTigure 2, but for July.

'The range of model-observation agreemeht for s:mulated mean sea-ievel pressure is
shown in Figure 4.5. Over the subcontinent, the AMIP models .aré not successfil in
mmulatmg observed mean sea level pressures in 'eithef Janu'azyfi*‘ig. 4.5a) or July (Fig.
4.5b). The poor simulation of mean sea-level ﬁmssures over southem Affica during
summer has been observed previously and attributed to a systematic etror associated with -
the parameterisation of convection in the models (Joubert, 1995). The error may also
reflect the fact that muich of the _mbconﬁnent is more than 1000m above sea-level, and as a
Qonsequence; estimates of meén_—sea level pi'es'sure over the interior plateau may not be 4
~ snitable measure of model pérfbrma‘nce. Agreement with observed values is better over the
oceanic areas, and improves notably over the mid-latitude Indian Ocean in ._Tuiy (Fig. 4.5hb).
The higher levels of model-observed agreement in t_he mid-latitudes may be misleading.
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annual vanabﬂlty in mean sea-level pressures in the subtrop:cs and nnd—lat:mdes is
higher over the Indlan Oce:mthan at similar latitudes in the’ Atlantw Ocean (Dyer 1981; _
Physick, 1981) ard the standard devmtlon uf v&lues around the observed mean may be g
expected to be large. The relatwely good agreemeut statistics may be indicative of a larger
range of acceptabie values (a larger observed standard dev:anon), rather than taftter model
pe;formance _ _

- —_OBS - - GFDL
.1."3““1 A Y Ty
tasd - e CORD  —mue UKMO
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AW W W ¢ 0°E 20°E AYE HE SE 6)'E TUE

 Figure 4.4. Maxnnum 1nten81ty of sea level pressure at each longltude between 20°W _
R and 65°E during ) January, audb) July (in hPa)
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Number of madals.

Figwre 4.5.  The number of models at each grid point which simulate mean sea-level
pressure within one observed standard deviation a) in January and b) in
July. The total number of models is 7.
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Zonal winds - _ _
The increased spatial resolution and representation of trapical convection in many post-
1990 atliiosphsric GCMs has resulted in an improved simulation of equator-pole
temperature and pressure gradients at the surface and in the troposphere, thereby
producing more reafistic mid-latitude westerhes than smulated by the coarse rebustion
: 'pre-1990 models (Boer etal., 1992a; Hack et al., 1994). All of the AM]P modals vsed in
the present study have spatial resolutions of R21 or higher (Table 4.1). By comparison, _
R21 is the hlghest resolution of the models consxdered in a previons analysis fo- southern
Africa (Jouburt, 1995), The surfice (850 hPg) zonal wind ‘profile, averaged over
longitudes 25°W to 65°E, is illustrated in Figure 4.6. All models simulate the zonal wind
profile well, with mean easterly flow north of 25°S, and strong westerly flow in. the rid-
Tatitudes. Tn January (Fig. 4.6a), the models tend to .exag.gei'ate the strength of the westerly
wind maximum in the mid-latitudes slightly, locating the maximum further south than
 observed. This is most notable in the CCC and MPI models, which po. tion the maxitum.
 at approximately 55, as opposed o the observed 45°S. Similar results have also been
observed in the zonally-avemged anpalyses of Mullant and McAvaney (1995) Duting July -
(Fig. 46b) the observed strengthenmg andnorthward shift in the mean wind fieid is well
captured, except by the lower resolution _CSIRO mod_eL In addition, the UKMO and
- GFDL models simulate the westerly wind maﬁmu_m too far north, at approximately 40°8S.

" The increased esolutic.: of most of these models results in an improved simulation of

mean zonal flow near the surface in the southern hemisphere mid-latitudes.
Tropospheric Circulation

Tropospheric circulation in the southern. hemisphere is marked by 2 weli-defined standing
wave structure (van Loon and I emie, 1972; Wallace, 1983). Semi-stationary forced waves
prédominate in the southern hemisphere, exhibiting an equivalent bérotropib structure and
maintaining a similar amplitude and location throughout the year (Trenberth, 1980). Zonal
hanﬁnnic analysis of 500 hPa geopotential heights has shown that standing waves 1 and 3

together account for most of the variability m the annual mean pattern (Taljaard, et al,,
1969; van Loon and Jenne, 1972, Trenberth, 1979), with some studies indicating that the
percentage of variance explained by the semi-stationary waves may exceed 99 per cent



(van Lonn and Jenne, 1972). A &haractenstlc :mIing of pre-1990 GCMs has been an
inability to reproduce the well-defired planetary wave structure and inteasity of stationary
eddies X ef al,, 1990; Yang and Gutows_]n, 1994). A censequence of tlns is that the
zonal asymmetries (which deﬁne the standing wave. sl:ructuré) are generally not well
~ reproduced (Xu ef al, 1990) The ability of the AMIP simulations to reprcduce these
_ tmposphem circulation featureszsassmsed below. ' : '
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Figure 4.6, Observed and snnulaxed zonal averages (for 20°W to 65°E) of 850 hPa
zonal wind speed (m. s") (2) January and (b) July. | -
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Zonally asymmetric flow at 500 hPa

Zonal-asymmetries in 500 hPa geopotential heights are shown in Figures 4.7 and 4.8, for
- Jamtary and July, respectively. As shown in Figures 4.7a and 4.8a, highest values occur
south of New Zealand and lowest values in the South Indian Ocean, at 50°S. The pattem
is reversed at-30°S with the result of that a broad band of westerlies is located in the
southern Indian Ocean, and 2 split jet stream structure (strongest in winter) occurs ir the
region of New Zealand (see Trenberth, 1980), | |

The three simulations shown in Figures 4.7 and 4.8 are more successful in capﬁning '
the intensified winter (Iuly) pattern than the January pattem (cf Mullan and McAvaney,

_ 1995)._Thé" juxtapositidn of positive and négative zonal anomalies at'30‘.°S\a11d 50°S in
Janua.ry is best captured by the UKMO model.- At 50°S, all models simulate ‘negative
anomalies in the S_out.h' Indian Ocean as'.w'_eII as positiVe anomalies in the region of New
Zealand. The BMRC and CCC models simulate weaker zonal asymmetries than observed,

~ indicating a weaker wave structure in the mid-latitudes. While the magritude of zonal

- asymmetries in the UKMK) simulation is close to obseﬁfed, {te positive zomal aﬁomaly in
the region of New Zealand is displaced approximately 30°E of it’s observed position,
indicating that the split jet structure and associated blocking in that region may not be well
reproduced. Yo July, all the models simulate the intensification in the pattern of zonal
asymmetries, although again the pattern and magnimde of the anomalies is best captured
by the UKMO simulation (Figure 4.8d). Over southern Affica, the location of a ridge at

30°S and a trough at 50°8 is. responsible for the strong Wﬁﬁt&ﬁi&ﬁ to the south of the
subcontinent. The pattern is present in all of the models, although best reproduced by the

UKMO model in Ianuary and the UKMO and BMRC models in Iuly

Standing wave Structure

The most stationary component of southern hemisphere wave structure, assocxated with

| ~ standing wave 1 is analysed using Fourier anslysis. The observed and simulated position of

the ridge, amplitude, and percentage of variance explained by wave 1 'at 500 hPa are
shown in Figlxres 4.9 and 4.10, for Ianuéry and July respectively. From 40°S to 70°S, the -
ridge of wave one is located in the southern Pacific Ocean (150°W.-to 120°W), with a

~ sharp dist:ontiﬁuify at about 40°S. Fuatciward of this region, the ridge occurs between
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10°W and 50°E (van Loon and Jenne, 1972). The pi zcentage of variance explained by
wave 1 displays maxima in phase with the maxima in the amplitude of the wave at
subtropical, mid-latitude and subpolar fatitudes | -

Figure a1, Zonally asymﬁletzic component of the flow at 500 hPa during January, &)
' observed, and simulated by b) BMRC, ¢) CCC and d) UKMO models.
Contour units are 15 gpm. Negative anomalies are shaded.

All of the models simulate the phase of zonal wave 1 at_'subpol'ar latitudes rea[iétically,
locating the ridge in the southem Pagific Ocean. These results represent an improvement
over those demonstrated for a range of four spéctral-GCMs by Xu et al. (1990). The
.improvement may be due, in part,. to the mcreased spaﬁai resolution of most of these
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models over earlier versions, as zonal standmg wave 1 in the southern hemisphere reflects
the topography of Antarctica (van Loon and Jenne, 1972). The increased resolution of
these models implies an improved representation of the Antarct:c contmeut, and hence an
improved simulation of the position of the tidge of standing wave 1. By comparison, the
lower-resolution CSIRO model is least successful ir: simulating the phase of standing wave
1 in the mid-latitudes during Janué.t-y (Fig 4.9). Al simidations display a marked
improvement during July (Fig. 4.10). The sez onal variation in performance hw. been
observed before (Mullan and McAvaney, 1995), as the simulated phase of standing wave 1
improves during the Wmter months, whe & statioxiaqr waves are stronger (Fig. 4. 10).
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Figure 4.8.  As Figure 7, but for July.
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The MPI and UKMO models best simmlate _t-he-amplifude of standing wave 1 (Figs.
4.9b and 4.10b). These two models perform better than any of the other models, including
the CCC and CSIRO models shown in the figures. The increased a.mphtude of zonal wave
! during July is well captured by both these models. Erfors are smaller dunng July
‘although both the CCC and CSIRO models consistently under-estimate the obser\_red _

| amplitude. This is most serious in the CCC iﬁodel in January when the maxiniun’i at
- subpolar latitudes 1s abseut, while the CSIRO model consistently locates the maximum
some 10 degrees north of its observed locat:on Similar conclusmns may be drawn for
| sxm_ulatlon of the percentage of variance explained by .zona_l wave 1. Both the UI(MD and
MPI Silntiiations are closest to observed values, with the UKMO model providi'ng the best
simulation of both the sﬁbtropical and subpolaf maxi’ma'; although perf:bmﬁ_ﬁg' worse at
polar latitudes (Figs. 4.9¢ and 4,10¢ . There is a niarked seasonality in the performance of
CCC model, which fails completely to -_s'imulate :tﬁé' January maximum, but accounts for
_ a!mo's:.t 80 per cent of the observed variance in July. CSIRO consistently under-estimates
the percentage variance accounted for by standing wave 1, locating the maxima m January
~ agdin some 10 degrees north of their observed location. A distinction on the basis of o
horizontal resolution is apparent ih these results. The higher resolution M_PI (T42) and
UKMO (2.75°x 3.75%), and to a 1&ssef extent, the CCC (T32) model are more successful -
in capturing the amplitude and percentage of variance explained by 'staﬁding wave 1 than
the cosser-resolution CSIRO (R21) model. While simulations of standing waves 2 and 3
are not shown here, similar broad conclusions, with model perfoma@ce dependent on

horizontal resolation may be drawn.
Sum'm_er Rainfali over the Central Subcontinent

Due to the coarse resolution and simplistic parameterisation of con\(edtive processes in
many GCMs, ra‘ﬂfalul totals in regions where rainfall is of convective origih, such as central

southern :Africa, are characteristically poorly_simulated (Joubei't, 1995). Wonetheless, it is |
important to assess whether the g_enefany higher resolutions and improved physical
parameteﬁsa_tidns inherent in the AMIP simulations result in an improvement in the
sirn'uiatio.n of summer rainfall over southern Affica. Arca—averaged'tainiﬁll totals for a .
window over the summer rainfall region extending from 22.5°E to 33.75°E and from
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©20.71°S to 27.08°S are presented in Figure 4.11. All seven models simulate a clearly- |
defined annual rainfall cycle, with a _strohg_ summer maximum. Equally, however, all
models over-estim_até ramfall totals during the summer season (October-Mérch). The MPI
model over-estimates total rainfall most setiohsly, simulating rainfall totals during the
summer which are almost three times those observed. No clear i_mprove’t_nent__ in the
 simulation of rainfall totals by the AMIP models over the earlier atmospheric GCMs
| éonsidered-ﬁy Joubert (1995) is evident. The systematic error fnhe_rcnt in_t-he'gri;d-point_
simulation of convective rainfall totals does not indicate that the n_iodels a!re generally .
unreliable. The AMIP mogels have all demonstrated considerable accuracy in s_im_uIeiting
the broad-scale features of mean dirculation over southern Africa. In terms of circulation,
erformance is Iargely better than the earher coarse—resolutlon atmosphenc GCMs
 considered by Joubert (1995) '
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Figure4.11. The annual cyole in simulated and observed area-averaged rainfall totals (in
- mm) over the central subcontinent. Rainfall totals are averaged .over a
window extending from 22.5°E to 33.75°E and from 20.71°§ to 27.08°8,
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Inter-Annual Variability

A climate.model’s' abilif;y to reproduce _féatures of inter-annual variability is of equal
importance to it’s _tepresentaﬁon of mean i:limate; Each c_if the AMIP simlilati_ons is forced
by known sea-surface temperature and sea-ice distributions for the 1979-1988 decade. The
 simulated featurcs of intor-annual variability in, for example, procipitation and fropospheric
cn:cmlatmn can therefore be assessed against - the known (observed) variability. Like
extended range weather forecasts, climate forecasts on inter-annual fime scales have an
inherent uncertmnty associated with the internal vanabsllty of the model {¢e.g. Bamnett ef
 al., 1994; Brankawc et al, 1994 Bamett, 1995). This problem dlrectly affects the AMIP
integrations and strongly suggests that single model forecasts forced by observed sea-
- surface tempera*wres are inadequate for forecastmg and sensitivity studies (Bamett, 1995).
- One means of overcoming the problem is to prfmde forecasts within a probab:hstlc
framework using ensemble techmques and prov:dmg the actual forecast in terms of the
moments of the ensemble (e g. Palmer, 1993). This approach has been increasingly applied
in the analysis of the AMIP results (Barnett, 1995; Ferr-a_nt: et al., 1995; Zwiers, 1995).
While an assessment of simﬂated_inter—:énnual variability using an ensemble approach is
beyond the scope of the present study, it must be recognised that the single AMIP
integrations considered below may not be representative of the models’ true response to
the imposed forcing. - o I

Inter-Annual Rainfali Variability

The analysis of simulated inter-annual rainfull variability during the 1979-1988 decade is
focused on the Januaty-Mach (TFM) second half of the summer rainfall season. Area-
averaged rainfall totals for the JFM season dunng the AMIP decade indicate two
anomalously dry 'pé_riods associated with the two ENSO events .(JFM 1983 and 1987), and
iwo wetter periods (JFM 1981 and 1988), although neither wetter period is classified as a
La Nifia event. As is demonstrated with reference o the UKMO, CSIRO and BMRC
models, all of the AMIP results indicate generally weaker inter-anmual variability in rainfail
than observed (Fig. 4.12). The UKMO, CSIRO and BMRC models display a tendency to
simulate wetter than normal JEM seasonal rainfull totals during 1981, 1984 and 1988 (Fig.
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4.12), although the response is not clearly defined. The dry conditions of JFM 1982, 1983
- and also 1986 «nd 1987 are aiso not clearly repi'oduéed by the models. For example, the
models ap;iear to capture the reduction in ramtall over southern Aﬁwa during the 1987
ENSO event better than the much more severe 1982/1983 event. -
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Figure 4.12. Januaty-March (JFM) departures from area-averaged rainfall over the
window defined in Figure 14, for the period 1979-1988. Observed and

~ simulated (BMRC, CSIRO and UKMO) rainfall departures are expressed

as percentage departures from the mdmduai observed or simulated 1979-

1988 means.

_ The simulated response in ﬁrea-averaged rainfall over subtropical southern Africa is
- generally weak. However, the result may not indicate a serious failure in the models, Tt is
widely recognié.ed that the atmospheric GeM response (in terms of both precipitation and
circulation) tb- iniposed ENSO-related sea-surface temperature forcing is strongest and
 most realistic within the tropics (e.g. WMO, 1988). In addition, while ENSO-related
variability is recognised as the single most important influence on inter-annual variability in
.summer rainfall. over much of southem African (Tyson, 1986), the reiationship accounts
for only approximately 30% of the total mter—annual variability in South Afncan rainfall
(Lmdesay, 1988). Given the additional problems in the representation of regional rainfail
totals identified above, the poor representation of observed rainfall variations during the
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AMIP decade is not unexpected. The representation of large~scale circulation adjustments
associated with inter-annual ramfall variability mey provide a more realistic test of the .
ability of the AMIP simulations to simulate inter-annual variability over southern Africa.

Inter-Annual Circulation Variability .

' The potential for predictability of the atmnsphenc responsé to ENSO of seasonal and
mter—annual time scale is greatest within the tropics, where the coupling between the _
atmospheric and ocean is direct (e.g. Lwaz.ey, 19_90). The sxmuiated adjustments in tropical
circulation during the 1982/83 ENSO are likely to be attributable to ENSO, although no

attempt is made here to define thﬁ_nroporﬁoﬁ of variability over southern Africa which is
associated with sea-surface t seramre forcing from the tropical Pacific Ocean.
Adjustments in mid-latitvde circulation in the vicinity southern Aftica are ot directly

__ attributable to, although have been associated with (e.g. Harrison, 1986) ENSO variability

in the tropical Pacific Ocean, given the inherent cheotic instability of the extratropical
atmosphere (Palmer and Anderson, 19943, The large-scale systematac adjustments in
extratropical clrculatmn associated with periods of above~ and below-normal rainfall over -
the subcontinent are generally consistent and have been observed over several decad&s_
(Tyson, 1986). It is the ablhty of the AMIP atmospheric GCMs to reproduce these
_features which is tested below. No attempt is made to atmbute the extratroplcal :
: atmospheric response in the vxcmlty of southern Afnca to ENSO.

Adjustments in the westerlies in the mid-latitudes _
Extended periods of above average rains over southern Aftica are associated with 2
southward shift of the mid-latitude westerly storm tracks, and stronger storms, implying a
more intense westerly circulation Harrison (1986). Dry periods, by contrast, are associated
with a northward shift in the position of the storm track and an effectively less-intense
westerly circulation. The extent to which the AMIP simult;tions_ reproduce the observed -
Intitudinal shift in the region of maximum westerlies is ilustrated in Figure 4.13. With the
. exception of the NCAR simulation, all of the models simulate a northward shift in the
latitadinal position of the westerly wind maximum under dry conditions, regardless of the
ability of each individual model to locate the maximum at the latitude of the observed
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maxunum The shift is best illusirated wtth reference to the strong ENSO event of JFM
1983, although it is also evident during JFM 1987. During wetter penods such as ]FM
1981, there is less consensus amongst the models for a southward shift in the mmnmum
westerhes Simulated adjustments in the westerlles are in agreﬂment ‘with observed changes
~ during both wet and dry penods over the subconhnent

4 OBS = — GDFL .. MPl — — NCAR
4=+ CSIRO ——— UKMO ——— CCC —-- - BMRC
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Figure 4.13, January-March observed and simulated latitudinal shifts in the region of
maximum 850 hPa westerly wind speeds, for the petiod 1979-1988. Results
are based on zonally-averaged windspeeds over four longitudes between
22.5%E and 39.4°F. Latitudinal shifis are expressed in degrees relative io
the latitude of the zonally-averaged maximum of each model, and hence do
not account for the ability of the models to locate the maximtm correctly '

Mean sea-level pressure anomalies

Mean sea-level pressure anomahes for the JFM 1981 and JFM 1983 seasons (expressed
~ relative to the 1979-1988 mean) are given for three AMIP simulations in Figure 4.14.
Observations show that when rainfall is above average .over the subcohtinent (JFM 1981),
pressures are anomalously positive over Gough Island and negative over the subcontinent
(Fig. 4.14a). The AMIP simulations display various degtees of accuracy ix: reproducing the
observed anomalies. The UKMO model (Fig. 4.14d) simulates a ridge of higher pressure
throughout the mid-latitudes which is of similar magnitude to that observed, although the
- centre of the anomaly is located further east than observed. The MPI model (Fig. 4.14¢),
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as well as the BMRC and CCC integrations (not shown) simulate weaker ridges in the

. mid-latitudes and negatlve pressure anomalies over paris of the subcontinent. In contrast,

_ the CSIRO model (Fig. 4. 14b) simulates an inverted pattern of anomalles, wnth negative
pressure anomalies throughout the mid-latitudes and positive anomalies over much of the

subontinent. The NCAR and GFDL anomalies (oot shown) are also unfike 6Bsen?ﬁtidns,'
with a strong trough in the NCAR integration near Marion Island, and weak positive

' anomalies throughout the regxon in the GFDL urtegmtlon. '

‘Under drier than normal .cOndition's (TFM 1983), pressur’es_. are anoinalouﬂy low over
‘the mid-latitudes south of southern Aﬁ'ma, and anonia_lously positi\?e over the sﬁhcontineut | _
- (Fig. 4.14e). All three of the integrations shown in Figure 4.14 are more successfiul in
 reproducing the pattern of pressure anomalles during the dry 1982/83 ENSO event. The
' pattém of negative pressuke anomalies south of the subcontinent and positive anomalies
throughout the subtroplcs is possible best captured by the UKMO mtegratmu Fig. 4. 1411) '
The observed pattern of czrculauon anomalies is also found in the BMRC gnd CCC -
sunulauons although the magmtude of the anomalies is weaker than observed (not
shown). The GFDL and NCAR anomaiy patterns (also not shown) are less accurate,
| indicating ridging throughout the regzan '

5 00 hPa geopotential hezght ammalres

Systemaiic adjustments in iarge-scale clrculatwn are also observed at 500 hPa (Tyson,
1981; Miron and Tyson, 1984; Tyson, 1986). Dunng above-average rainfall seasons {e.g.
JFM 1981), ridging again occurs in vicinity of Gough Island (indicating the presén‘ce of a.
larger-amplitude westerly wa§e off the west coast), with negative height departures over
the subcontinent (Fig. 4.15a). Most inodels successiully reproduce the negative height
anomalies throughout the subtropics, but display 2 wider range of acmlfacy reproducing
the exﬁ*atroisical anomalies. The UKMO integration again accurately reproduces the
pattern of 500 hPa geopotential height anomalies durmg JEM 1981 (Fig. 4.15d). The
pattern is less-well feproduced by the MPI model (Fig. 4.15¢), but the model does simulate -
ridging in the vicinity Marion Tsland (e.g. Tyson, 1984). The pattern of geo;')otentifall height
- anomalies is less well reproduced in the CSIRO (Fig. 4. 15b) mode), as well as in the
BMRC, CCC, GFDL and NCAR snmulatmns (not shown).
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Figure 4.14. Janua:ty—March (JFM) 1981 (a-d) and JFM 1983 (e—h) mean sea-level
pressure anomalies (expressed relative to the 1979-1988 mean), in hPa.
Anomalies are shown for observations (a,e) as well as the CSIRO (b,D),
MPI (c,g) and UKMO (d,h) models. Contours are © every 1 hPaand shadmg
indicates negative anomahes.
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JFM 1983

January-March (JFM) 1981 (a-d) and JFM 1983 (e-h) 500 hPa geopotentiat
height anomalies {expressed relative to the 1979-1988 mean), in gpm. The
same models as shown in Fig. 15 are used, Contours are every 15 gpm and

shading indicates negative anomalies,
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The pattern of helght departures reverses durmg above-avemge rainfall years; with
negative height departures in the mid-fatitudes and positive anomalies throughout the
subtropics (Fig. 4.15b, Tyson, 1986). Both the MPI and URMO models (Fig. 4.15g,h)
successfully reproduce the pﬁttem of 500 hPa geopotential height anomalies. A similar-
(weaker) pattern of ridging is indicated by the CSIRO model (Fig. 4.15b), as well as the
BMRC, CCC, CSIRO and GFDL simulations. The NCAR. integration is least accurate,

simulating weak positive height anomalies throughout the region (also not shown).

Ad;ustments in planetary wave siructare _

: Planetary waves in the vicinity of southem Afnca play an important role in modulating
‘inter-annual rainfall variability over the subcontment (Hamson, 19857 The Ieadmg edge of
the upper level trough of the semi-stationary planetary wave (planetary wave 3 or 4) marks
the posmon of the cloud band, which acts as a 1mportant channe} for the poleward transfer

of energy and momentum. Cloud bands are recognised as the single most unportant o

rmnfall-producmg system over southern Africa in summer (Hamson, 1986) According to-
the observational model developed by Harrison (1986), the upper level trough of the
Atlantic wave is located preferentially over southern Aftican during normal and above |
average rainfall yedrs, and displaced further east during low rainfall yesrs associated with
ENSO events. Simulated adjustments in the pdsitibn of standing wave 3 during
| anomalously wet and dry years should, therefore, provide further indicaiion of the ability
of the AMIP raodels to simulate ENSO-related circulation vanablhty '

Adjustments in the phase of standing wave 3 in January-March average 500 hPa
geopotential heights, relative to its mean position, for both the wet (JFM 1981) and dry
(JFM 1983) case studies, afe_; shown in Figure 4.16. As suggested by Harrison (1986), the
ridge of standing wave 3 during the dry case study is located east of its mean iaosition in
‘the _region of southern Affica (20°S to 35°S). As 2 result, another ridge of standing wave 3
- is located over southern Afnca, subsidence occurring over the subcontinent (Fig. 4.16a).
During the JFM 1981 season, when conditions were wetter, standmg wave 3 is located
west of it’s mean position throughout the subtropics and mid-latitudes, with the trough
located over the central interior (Fig. 4.16b). The UKMO model is most successful in
6aptuﬁng the phase shiﬁs_ in standing wave 3 .under wetter and dner conditions. While the
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. MPI model successfully reproduces the westward shift during the JFM 1981 wet tase
 study, it fails to reproduce the eastward shift in the region of southern Aftica, simulatinga
- Iﬁrge westward shift south of the subcontinent. The inability of the lower;resgluﬁou 'CC_C
. and CSIRQ models to simulate adjustments in tﬁe position of standing wave 3 accurately is

related to the:r poorer mmulat:ons of southem henusphexe planetary wave structure in

.genera!.
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Figure 4.16, Observed and simulated adjustments in the phase of standing wave 3 in
January-March average 500 hPa geopotential heights, relauve to lts mean
posmen, for a) JFM 1981 and b) ]FM 1983
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The representatton of southern Aftican climate by seven AMIP models L:25 been assessed
* The models. are all atmogpheric GCMs used ifi climate studies am! are forced with

observed sea«_surface_.temp,_ ares and sea-ice distributions over the 1979-1988 period.

The _reptesentéﬁ.on of both the mean regional and hemispheric sircuiation features, as well
as the simulation of inter-annual circulation variations during the AMIP decade has been

assessed. -

. Most features of the surface girculation around southern Africa are simulated well by
‘the AMIP models and the sm’ulattons represent 8 general mprovement over earher-

- generation atmospherxc GCMS (Soubert, 1995). Improvements have been noted in the '

- simulated intensity and posmon of the subtroplcal anticyclones and the clrcumpolar ttough
as well as t_he niefidional presmre gradient and zonal wind profile. These ;mprov.eme_nts are
‘the result of increased spatial resolution in most of the AMIP models over the earlier
GCMs considered by. Joubert (1995), as well as iniproved pammetensauon of tropical
convection implicit in the models (e.g. M and Albrecht, 1988, 1991: Boer et al.;

19922, Hack et al., 1994).

Within the troposphere, representation of the zonally-asymmetric component of the

flow, as well as standing wave 1 are also dependent on model resolution, Svanding wave.1
~ reflects the topography and shape of Antarctic (van Loon and Jenne, 1972) and

cohstaquenﬂy the improved representation of the contipent that is possible with increased

horizontal and vertical resolution may be expected to result in an iniproved simulation of
' the feature (e.g. Parrish et al., 1994). For this reason, the higher resolution UKMO, MPT,

and to a lesser extent CCC models perform better than the CSIRO model in simulating the |

phése,_ amplitude and infensity of zonal standing wave 1 at 500 hPa.

Overall, no single model simulates all features of southern Aﬁ‘ican. circulation

accurately. Similar conclusions were drawn in the hemispheric analyses of Mullan and
McAvaI_Jey' (1995). Model performance is shown to be strongly seasonally-dependent, For

o example, while the UKMO best reprofuces the mean sea-level distribution in summer, it

. o..E
S,
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performs poorly in wmter in companson to the BMRC and CCC sirnulations. A measure

of model-observation consensus for mean sea-level pressure has been defined. A model is

“ said to agree with observatmns at a gnd point if the simulated value falls within one -

observed standard deviation of the observed mean. Model agreement with observations s

poor over much of ‘th'e; subcontinent. Improved agreement observed over tl'ie mid-latitude
 oceans may reflect the larger inter-annual vanablllty in mean sea-level pressure and may

not be mdlcatlve of an improvement in model performance

S{mthern Aﬁ'(ca e;'_:;periénoed"anomalouﬂy drjconditious_ du_ring_19_82, 1983 and 1987, |
and anomalously wet ¢onditions durihg 1981 and late 1988, Each of the three dry periods
are associated with ENSO events (Lindesay, 1988). While the simulated sensitivity to
ENSO-related vanabi’hty in the tropical Pacific Ocean is an important component of
AMIP, 1o attempt has been made here to assign the proportion of mter-annual vanab:hty
observed in the modeis over southern Affica to EN S0. The ENSO sugnal miay, however,

be expected to be strongest within the tropics, and weakest Gf present at all) in the
| extratroplus. ‘Systemalic circulation adjust_ments in the subtroplcs and mid-letitudes are

associated with extended wet and dry spells ovél_' the subcontinent, inciuding those wl_iich-
occurred wuring the AMIP decade (Tyson, 1986). The present analysis has evaluated the

ability of the AMIP models to simulate the inter-annual circulation adjustments over the

southern African region which are known to have accomparied inter-annual variability in
rainfull over the subcontinsnt between 1987 and 1988, -

* The AMIP models ll simulate weaker inter-annual variability in summer rainfall and
circulation over souther: Affica than observed, Given the problems associated with the
represeﬁiaﬁon' of precipitation in atmospheric GCMs, it is more instructive to consider
simulated inter-annual variability in circulation, The present analysis does not consider
ensembles of AMIP predictiohs. Ensemble forecasts are required to account for the
uncertainty associated with the. predicted response to sea-surface temperatures by single

 integrations from an atmospheric GCM (eg. Batnett, 1995). Conclusions drawn here

concerning the representation of large-scale circulation adjustments around  southern
Aﬁ'it:a_ between 1979 and 1988 should be considered indicative of model performance,

although not conclusive. The simulated circulation departures at the surface and 500 hPa
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are well reproduced by the UKMO), and to & lesser extent, the MPL, BMRC and CCC
integration, While the CSIRO model has lower horizontal as well s vertical resolution
than the other models, the generally poor representation of circulation by the NCAR and
GFDL mtegrauons suggests that no clea.r distinction on the basis of spatlal resolution.

anne can be drawn.

The assessment of the smlulatton of mta‘-annual vanabﬂlty over southem Afnea "

between 1970 and 1988 is somewhat hampered by the avaxlabmty of smgle integrations
from each of the atmosphenc GCMs, Consxderable uncertamty exists concerning the
simulated response to imposed sea-surface temperature forelng from single integrations of
an atmospheric GCM (e.g. WMO 1988). A similar problem has been demonstrated to
 affect the simulated response to imposed sea-surfirce temperatures in the AMIP'
. integrations (Barnett, 1995). As a consequence, greater emphasis is now placed on theuse 3
of ensemble approaches to define a stable prediction from the models (Banett, 1995;
Fanantl ef al., 1995, Zwlers, 1995). For this reason, 1o - definitive conelusmns can be
drawn from the present study about the AMIP models to simulate inter-annuat variability
over southern Afma assaciated with forcmg imposed by global sea-surface temperature
anomahes For tlns, ensemble appraaches will have to be adopted.

The analyses presented .in this Chapter have demonstrated that current atmospheric
GCMs forced by observed sea-surface temperatures provide an aeeui'ate represenfation of |
present mean clreulatlon over southem Affica. In addition sxmulated inter-annual
variability appears to be robust in several of the higher-resolution models, if weaker than
observed. Sensitivity to sea-surface temperature variability is a necessary requirement for

: using atmospheric GCMs in ehate_eﬁange experiments (Dmyan et al., 1995). A realistic
~ representation of the response to sea-surface temperature forcing does not necessarily
guatantee a realistic response to changes in greenhouse gas forcing, unless it is assumed
that the feedbacks between atmosphere and ocean in the model are accurate. The ..
evaiuations _ofpi*esent'ciimate pe:fenﬁan(:e presented in this chapter are vaiuable indicatefs
only of a reliable response to increasing anthropogenic forcing of climate. -



- SevenAMPsxmulauons ofmean chma.eand mter-annual variab:hly'
over southern Africa during the 19791988 decade have been .
- gvaluated. Tn general, the AMIP integrations provids an improved
-simulation of mean cifcudation arcund souther: Aftica when compared -
' to earlier atmospheric general circulation models, The AMIP models -
 generally simulate weaker than observed inter-annual variability in - -
‘both sommer rainfall and circolation. Nopetheless the simulated

TR PR

patterns of inter-annual varisbility in cizculation appear to be robust,

Ensemble approaches are requised to provide a more comprehiensive - . -
assessment of the simulated response to imposed forcing. The present:
-, climate performance of mixed-layer and fully~covpled models used in
Semionmtodenveesnmat&ofﬁmm:egmnalchmatem southem :
'Aﬁumisevaluatedmﬂhapters _

8



CHAPTERFIVE

COMPARATIVE PERFORMANCE OF MIXED-LAYER AND FULLY-
| COUPLED MODELS

 Introduction

o Global and heixﬁspheric performance of ﬁost " cuftent climate models may now be
_ "conmdered reliable. and ‘physically consistent estlmmes of future climate -change ate
; avaﬂable At regmnal scales, deficiencies in model resolutlon and uncertamtles assomated
w:th the pammetensauon of physxcal processes result in an increased dtscrepancy between
the need for r( “iable estimates of change and the abihty of the models to provxde them. - -
Evaluations of the regional pelfomlance of chmate models for preeent-day clandltlom |
“ establishes conﬁdence i the ability of the models tor s:mulate features of regional chmate_
and regional chmate pmcesses Greater conﬁdence can be placed in estunates of possible -
future regional climate. if the model is known to snmnlate present climate reahstxcally ‘The
 ability of & range of both :mxed-layer and ﬁﬂly-coupled models to simulate monthly mean
sea-level pressures, surface air temperatures and rainfall over the southem_ Afsican reglg_m
will be assessed in this chapter. - |

Mean Sen-Level Pressure
December-February (DJF) B
Mean sea-level presSufes for- the Dece&:ber—FeBruaiy (DJF) ‘season are ::ﬂh'lstrated' in

Figures 5.1 and 5.2 for mmed—layer and ﬁllly-coupled models respect:vely The observed
distribution is repeated for 1'eference as the first frame of each figure, Durmg DJF, the

7 .
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central pressure in the Sbuth Atlantic Anticyclone is above 1020 hPa (Flg 5.1a). The
~ centre of the South Indian Anticyclone is locatéd east of 60°E, and préséures between

longitudes 40°E and 60°E within the anticyclone are 4-6 hPa lower than in the South
Atlantic ocean (e.g. Taljaard, 1972) The South Indian Antwyclone is located slightly
 further south than the South Atlantic Antmyclone (Flg 5.1a). Other features of the mean.
sea-level pressure distribution shown in Figure 5.1a include pressures below 1010 hPa
over the tropical subcontment, md:catlng the southerrimost location of the Inter—Troplcal
Convergence (ITC) and a well-defined mendxonal pressure gradient.

'I‘he mxed-layer models (Fig. 5. 1) capture the features of’the observed mean sea-ievel '
pressure distribution over the tropics and subtroplcs well (Table 5.1), All models under-
- estimate p.essures.in the ITC and both over- and under-estlmate the mtenmty of the high
pressure cells, The relative position of the hlgh pressure celis as well as the mendmnal
- pressure gradient are well-reproduced by the BMRC, CSIR(} and UKHI models The
BMRC and UKHI simulations best capture the pattern of mean'sea-level pressures and
simulate spatial variability (expressed as the ratio of simulated to.observed  variability)
which most closely match the observed variability (‘I‘éble 5.1), The spatial variability
simmlated by the CSIRO model is weaker than observed. The CCC model simulates a
deeper than observed circumpolar trough and the GFDLH over-éétirhates the intensity of
the high pressure cells. The - Jult for both models is that the mendsonal pressure gﬂ‘adlent
is exaggerated and simulated spatial vanablhty approaches twice that observed (Table 5.1).
The tendency of the GFDLH model to over-estimate pressures over the entire field is
reflected in a root mean square error (& measure of the simulation error at individual gnd

pomts) in excess of 5 hPa (Table 5.1).

'rhe- flly-coupled models (Fig. 5.2) are all of lower resolution than the mixed-layer
models and simulate a weaker than observed meridional pressure gradient and a
circumpolar trough that is not sufficiently intense. The UKTR firlly-coupled - model
simulates more intense high pressures that the mixed-layer version of tﬁe l_liodel (UKHI),
but both models -diSplaj( a heg’a’tive_-pressure' bias over the field as a whole (Table 5.1).
Similarly, both MPI fully-coupled models simulate weaker than observed pressures. Like
it’s mixed-layer version, a 'positive pressure bias of almost 5 hiPa is present in the GFDLC
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simulation. There is almost ho dsﬂ'erence between the performance of the CSIRO mixed-

la.yer and fully-coupled rnodels
'Table 5.1 December-Febmaxy (DJF) statistical comparison of simulated and observed |
mean sea-level pressure for five mixed-layer and five fully-coupled models. -
All statistics are calculated for the region 15°8 to 35°S and 10°W to 60°E.
All pattern correlation coefficients (r) are sngmﬁcant at the 99 per cent
significance level. _ ;
“Model | Pattern | Root Mean | Overall - “Ratio of
Correlation ) | SquareError | SpatialBias |  Spatia
- | ®P2) | (@Pa) | Variances
[ Mived-Layer Models ' | —
TBMRC 094 [ 14 o3| 14
ccc 088 742 0.10 Tz
CSIRO 051 27 233 | 08
" GFDLH 089 | 531 | 48 | 189
UKHL 093 | 28 221 1.66
Fally-Coupled Models | | T
CSROC = | 0% | 219 247 | 083
GFDLC 0.87 524 491 119
"MPILC | T 093 314 | 280 136
MPIOC 0.90 2.36 175 114
"UKTR 0.95 188 ~086 175
June-August {(JJA)

During the June—August (JIA) season, pressures mtensdi' over much of the subtropncs as .

~ both the South Atlantic and South Indian Anticyclones expand Iong1tudmally and the 1TC

shifts northwards (Tal]aard, 1972). Pressures in the circumpolar trough also deepen and
consequently the meridional pressure gradleut mtens:ﬁes (Fig. 5 3a).




90

4G5

i | s o S [

BOS *

Figure 5.1. - Observed (a) and simulated (b-f) mean sea—level pressures (in hPa) over
' southern Africa for the December-February (DJF) season. Contours are .
every 2 hPa and pressures above 1018 hPa are shaded. Mixed-layer models
represented are the BMRC (b), CCC (c), CSIRO (d), GFDLH (e) and_

UKHI (f) models. _

The mixed-layer models (Fig. 5.3) all su:nulate the mtenszﬁcanon of pressures in the

 subtropics and the northward shift of the ITC in wmter Only the CSIRQO model under-

K estimates pressures in the subtropl_cs,- while the other models (notably GFDLH) over-



91

estimate pfess.‘uras in the South Aflantic Anticyclone by appro:d:ﬁately 2 hPa. The root

~ mean sﬁua‘re error and ovesall pre’smfe bias in the UKHI and CSIRO models are the
Towest of the five fully-coupled models and are better than the results for summer (Table.
5.3). In_contrast, the BMRC model (which péfﬁ:rms well i_n_sumr_nér) simulates are larger
100t mean square and over-estimates the observed spatlal vanabxhty in winter. | o

sea-level pressure is repeated as (a)
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Figure 5.2.  As for Figure 5.1, except for the fully-coupled models; CSIROC (b),

GFDLC (c), MPILC (d), MPIOC (e) and UKTR (f). The observed mean
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Table 5.2

As for Table 5.1, except for June-August (JJA) seasonal means.
Model Pattern | RootMean |  Overall |  Rafioof
Cortelation (r) | Square Error | Spatial Bias Spatial |
| o - (Pa) (Pa) | - Variances
[ Miced-Layer Models ' ' |
BMRC | 080 | 230 -0.80 223
6cc 0% | 166 085 | 18
TSRO | 080 | 171 | 08 | 050
GFDLE | 090 | 747 728 T | 208
TUKEL 08 | 150 | 012 T1.43
Fully-Coupled Models | N |
CSIRGC | o719 | 184 | 105 | 094
GFDLC 075 | 514 | 482 | 090
MPILC | 065 | 39 261 | 087
— MPIOC | o077 | 171 070 | 079
TOKTR | 085 | 166 036 | 167

The pattem of mean sea-level pressure within the tropics in winter is less well
captured by the ﬁllly-coupled models (Table 5.2) than for any other group of models or
~ season. With the exception of UKTR, all models simulate wezker than observed spatial

variability, with smaller high pressure cells than observed (Flg 5.4). Whﬂe UKTR. beiter

represents the observed pressure distribution than the other models, the model still exhibits

the negative pressure bias (Table 5.2) observed during summer and over-estimates the

observed sﬁatial- variability in mean sea-level pressure. Both MPI fully-conpled models

simulate smatler and weaker anticyclones than observed, alt:hbugh. the feature is much

better captured by the MPIOC than the MPILC simulation. Along with UKTR, the CSIRO

.and MPIOC ﬁ:ﬂy-coupled models best represent the pattern of observed mean sea-level

_pressure in winter, with low root mean square errors (below 2 hPa) and simulated spatial
variability which is close to observed (Table 5.2). "
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Figure 5.3.  As for Figure 5.1, except for the June-August (JJA) season.

Model Agreement with Observations

Model agreement with ubservations is defined by calculating the number of models which

simulate. observed mean sea-level pressures w1thm one standard devia_tipﬁ of the ob_served :
mean value at each grid point, In effect, simulations are seid to agree with observations if

they fall within 68 % of the distribution of observed values around the observed mean.
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Figure 5.4.  As for Figure 5.2, except for the iﬁue—August {JJA) season.

Throughout the tropics and subtropics and throughout the year, very few models
simulate mean sea-level pressure within one standard deviation of the observed mean
values. Around the subcontinent no more :than two models display agreement Wflth
observations (Fig. 5.5). Where agreement is observed, it is limited spatially, While the
models display some ability to reproduce the pattern and spatial variability of observed
pressures, model errors at individual grid points are larger than the observed inter-annual
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* vasiability. Model agrecment with observations is greatel over the southern oceans, around
4598 where slightly more than half of the total number 3¢ models simulate pressures within
one observed standard deviation of the observed mean. The mixed-layer modsls which
display agreement are the BMRC, CCC, CSIRO and UKHI models. The CSIRO, MPILC
and UKTR models are the fully-coupled models which display agreement with

- observations at high latitudes. The higher levels of m{)dé}-obserired agreement id the mid- |
 latitudes and high southern ocesns may be misleading, These regions also extibit the
largest inter-annual and intra-annual variability in mean sea-l'evél- pressufeis (e.8. Dyer,
1981) and the standard deviation of values around the observed mean may be expected to
be large. The relatively good agl'eeihéht statistics may be indicative of a larger range of
 acceptable values, rather than better model performasnce. o
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Figure 5.5.  The number of models which simulate (s,b) December-February (DIF) and

o {c,d) June-August (JJA) mean sea-level pressures within one standard

deviation above or below the gbserved mean at each grid point. (a,c)

Mixed-fayer models and (b,d) fully-coupled models. Shading is indicated in
thelegend. . - .. - '
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Surface Air Tomperature
Seasonal Mean Temparétures '

The seasonal range in snrface air temperatures between Deee::iber—February (summer) aﬁd

- June-August (winter) 1s illustrated in Flgure 5. 6 for four climatically distinct locations over

the tropics, the Kalahan Desert, the summer raingall regiou (southern Znnbabwe) and the o
- winter rmnfﬂl regton (Western Cape provmce of South Afiica). :

- Over the trepics (Fig. 5.6a,b) the observed annual temperaiure_ range is just over 3°G.
(indicated by dctted lines). Among the mixed lager rodels (Fig. 5.6a), both the CCC and
CSIRO simulations simulate {ower than .observed tempei'anlres dunng summer and winter.
The GFDLH model sxmulates a smaller than observed unnual temperature range, but with

B sunulated winter temperatures similar to the observed summer temperatures The anmal

temperature range simulated by UKHI is also smalfer than observed, but falls mthm the

observed range. There is almost no distinction in the BMRC mode} between summer and
winter temperatures. Most of the fully-coupied models simulate & smaller than observed
annual range ir temperamres over the tropics (th 5.6b). For both of the MPI mnodels and_ |
the UKTR t:m:mlatu'm, winfer temperatuses are higher than in summer mdrcauug that the
simulated seasonal cvcle is the inverse of that observed. The annnal temperature range
 simiated by the CSH_?LOC model is of a similar ina_gﬁﬁtude to abservations, although both

summer and winter temperatures are lower than observed. Both the UKTR and GFDLC
models simmiate a small anoual temperature range wﬁh temperatures that are lugher than
observed.

The observed annual temperature range over the sﬁmmer_ rainfall region (Fig. 5.6c,d)
is approximatt:ljr 8°C. All mixed-layer models simulate an annual temperature range is
 lightly smaller than the observed range. Only the BMRC simulation is warmer than
observed in symmer, while the CCC and CSIRO models simulate lower than observed
terperatures in winter (Fig. 5.6¢). The ﬁllly-coupied models simujate a larger annual range
in temperatures than the mixed-layer models over the sammer rainfall reglcm. The CSIRO
and both MPI fully-coupled models simulate lower than obséxved winter temperatures,
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' while both tha GFDLC and UKTR models sunulate warer than . observed summer
| tempera:tures (Fig. 5.6d).
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(gnr'en in Figute 5.11f). The observed annual temperature range (DIF-JJA)
is indicated by :dashed lines on each graph. Graphs are presenred for the
nuxead-layer and. fully—coupled models separately. '
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The observed- annual temperature range of more than 13°C over the dry Kalahari -
region is the largest for any region of the subcontinent. The large range in temperatures is
well captured by the GFDLH and UKHI models, although the UKHI model simulates
higher than observed témperamres in both summer and winter (Fig. 5.6¢,5). 'I'he BMBJC,
CCC and CSIRO models simulate summer temperatures which are between 3° and 7°C

lower than observed and. hence the large observed range is not reproduced (Fxg 5 6»)
- Only the CSIRO fully-coupled model under-estimates the antual cycle over the Kalahari,
The GFDLC, MEPIOC, MPILC and UKTR models simulate an annua! ternperature range
which is at least equivalent to tﬁe observations. Both the UKTR and GFDLC models
simulate hlgher than observed summer temperatures, while the GFDLC and MPIL mouels
simulate lower wmter temperatures than observed '

' The anmual temperature fang‘e over the unnter rainfall region is approximately 7°C
(Fig. 5 ﬁg,h) The CCC and GFDLH models (Fig. 5.68) undermesnmate this range, wmle

- the other three mixed-layer models all over-estlmate the range. The UKHI and BMRC R

simulate annual _tgmperature_ ranges which are more than twice thai- observed. Among the

fully-coupled models (Fig. 5.61), the MPI fully-coupled models and UKTR simulate a
smailer than observed anﬁual temperature range, altho‘ugh these fall within the observed
range, The CSIRO and GFDLC ﬁxlly-coupled models exaggerate the annual temperature-

range by up to 4"C
'Greenhouse Gas and Sulphate Aerosol Forcing of Present Climate

The reliability of most climate model estimates of anthropogen_ic;aﬂy-induced global
warming is limited by the inability of the models to reproduce the observed variability in
global climate realistically, Models forced by greenhouse gases only tend to produce a
larger Warming than has been observed over recent decades (IPCC, 1990, 1992), After
greenhouse gas:s, sulphate aerosols exert the next most mponant anthrnpogemc forcing
on global climate. The direct eﬁ‘ect of sulphate aemsols mtroduces locahsed cooling in the
regions where they are present (Taylor and Penner, 1994) and has recently been
incorporated in climate model simulations (Hasselmann ez al, 1995; Mitchell ez, al.,
 19952; Mitchell and Jobns, 1996). The inclusion of sulphate aerosols results in an
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improved simulation of observed global mean temperatures over the period of
ineteorological- record (Mitchell"et al., 1995a; Mitchell and_lohns, 1996; Santer et al.,
. 1’-995‘). The Hadley Centre fully-coupled model incorporates the direct effects of sulphate
aerosol forcing over several regions of the globe, including much of tropic.al. central
southern Aftica (cf. Fig 2, 1). The impact of ineiuding sulphafe a.em‘sol forcing on the
 ability of the Hadley Centre model to reproduce reg:anal climate vanab:hty over southem
Afnea has not prewousiy beeu assessed ' ' '

Anniial mean temperature _ _
Observed annual mean temperatures (Flg 5.7) exhibit x statlstleally mgmﬁcant increasing
trend between 1961 and 1990 of approximately 0.4°C (at the 1% confidence interval). .
“Two Hadley Centre model experiments forced by greenhouse gases only and by combined
breenhouse gas and sulphate aerosol forcing display conmderable vanablllty over the 1961-
1990 perlod although dlﬂ‘erences between the simulated and observed anomalies are not
: sxgmﬁeant. _Slgmﬂcance is assessed at the 5_- per cent sxgmﬁeance level, using a two-tasled |
~ paired sample t-test and assuming that diffecences between simulated and observed
* temperatures are random samples from _..a normal distribution. The assumption of normality
and independence may be violated if terhp'oral. or spatial autocorrelation is present in the
data. Given the fact that the statistics are calculated on spatial averages, spatial
__ autocorrelation is accounted for, A Durbin-Watson test for normality fell within the
Indecision zone, suggesting that statlstlcal significances may be slightly, although not

seriously over-gstimated,

- Using two-way enalysis of variance techniques, simulated temperature variability from -
- both Hadley Centre _experiments have been comparad with observed variability between

1961 and 1990, Differences between observed and simulated variability for both
experiments are not statistically significant at the 5 per cent level. In addition, multivariate
regressio_n analysis shows that neither the slope nor the intercepf of the greenhouse gas
only and sulphate aerosol curves are significantly different from the observed curve. The -
inclusion of sulphate aerosols has not resulted in an 'impl_'ever.l simulation of obserired'
temperature variability over the southern African region when compared to the gre_enheuse

gas only experiment,
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Figure 5.7, Changes in area-averaged annual mean surface air temperature, relanve to

~ the respective 1961-1990 means for observations (solid curve), GHG -

~ (dotted curve) and SUL ({dashed curve) Area-averages are calculated for
18.75°E to 30°E and from 10°S to 30°S,  Observed temperatures are
extracted from the southern African clxmatology ofHuime et aI (1996)

Diurnal Iemperamre range

The diurnal range of observed temperatures exceeds I4°(, over much of the westem half
of the subcontirent, and is greater than 18°C over the cen_tral Kalahari Desert (¥ig. 5.8).
 The range is ameliorated by the proximity of the oceans, 'urith much smaller diurnal rangés
~along- the coasts, falling below 5°C along the west coast Over the tropics, diurnal

temperature range is 10°~12°C

Both the 'g'réenhouse gas only and combined greenhouse gas and sulphate aerosol
experiments simulate the larger diurnal température range pver the western half of the
subconﬁnent,: althdﬁ‘gh both experiments '$ih1ulate & range in temperatures which is
approximately 2°C lower tha_ﬁ observed (Fig, '3-.8b,c).-.No discernitile difference exists
between the greenhouse gas only and sﬁlphate aerosol ﬁlaps, 'indicating that the i_nclusidn
Cof sulphéte aemsbl foreing does not influence the simulation of dmrnal temperature rangeé -
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~over the 196'1f19.90'158ﬁ0d. Over the tropics, _-bofh the -e:;peﬁxﬁents repro'duc’a_ﬂ!:fae observed
* diurnal temperature range of approximately 10°C, with a slightly Targer raiige i mammum N
and minimum temperatures over Tanzania and Kenya. The land-sea boundary and
dummshed diurnal range along the coaé_t is pronounced m bo'th'éxpeﬁm'enfs’,' wuh diurnal -
' temperature ranige along the coast of below 2°C. R :
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Figure 5.8. = Diurnal range in ahnual mean temperatures (expressed as difference
: - between maximum and minimum temperature) for observations (a), GHG
(b) and SUL (¢,, in°C. Contours are every 2°C and shading indicates
* regions where the diurnal range exceeds 14°C. Observed temperatures are
extracted from the southern Afiican climatology of Hulme et al. {1996). .
B . . : & .
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Rainfall
 Average Daily Rainfall

GCMs do nbt simulate regional-scale rainfall totals accurately due to thcir limited épatial :
resolution and simpliétic 'parametédsatioﬁ of rainfall-producing proccsseé, especially
convection (IPCC 1999, 1'992 1995). This systematic error affects the central southern -
| African region as well, where the dominant mode of rainfill production is convective and
simulated regional rainfalf totals are known to be unreliable. The range of rainfall
smulanon errors at mdlwdual locations is ﬂlustrated for both xmxed-layer and folly
coupled models in Fxgure 5.9. Wlthm the tropics, both mixed-layer and ﬁzlly-coupled
models tend to under—estlmate average daily rainfall by as much as 30 per cent during the
_ December-Februmy season (Fig. 5.94,b). During the rest of the year, observed average_
 daily rainfall rat-yare both over- and under—esnmated ' R

- The range of errors in simulated daily rainfall is. approximately 50 per ceﬁt over the
summer rainfall region (Fig. 5.9¢,d). Both the mixed-layer and fully-coupled models
simulats the summer season rainfell maximum over this region, with insignificant rainfall
occumng during the winter, During the summer (December-February) season, both the
- CSIRO and GFDL nnxed—layer and mny—coupled models simulate higher than observed
rainfall rates. The BMRC, CCC and UKH{ nuxad-layer models are more accurate, as is the
UKTR fully-coupled model, Over the dry Kalahari Desert, average daily rainfall rates are
mest seriously over-estimated. During summer and autumn (Mardh—Majr), rainfall rates
simulated by the CSIRO, BMRC and GFDLH mixed-layer' models are as much as five
times larger than observed (Fig. 5.9¢). A similar range of errors exists among the fully-
coupied models with GFDL and CSIRO models'eihibitiﬁg simulation errors of similar
magnitude to their mixed-layer versions. Both the UKHI and UKTR models over-estimate
rainfall rates although the error is smaller than ah_mng the other models. All of the models
- simulate higher average daily rainfall rates during the winter months over the winter
rainfall region (Fig. 5.9g,h). Simulated average daily rainfall rates range between half and
double the t_ﬁbserved rate. Both tﬁe CSIRO and GFDLH mixed-layer models simulate
méudmum daily ramfall in March—May and not Iune-Ahgust as observed. The winter (June-
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Rainfall Seasonality

Given the inability of GCMs to simulate fegibna{ ramf‘all totals accurately, assessment of
the ability of models to simulate rainfall seasonality is a fairer means of judging regionai—

| scale pefformance (Whetton ard Pittock, 1991). Accuracy in the simulated tesponse' in

regional ramfall patterns. to small ch'anges in insolation associated with the annuat cycle
* indicates that the model’s zesponse to larger changes in radiative forcing assoclated with )
an enhanced greenhouse effect mag be reliab]e Adequate simulation of the pattern of
rainfail seasonallty, though does not 1mp1y that reliable estimates of model grid-scale
changes in rainfall can be obtained and caution must be exercised when mterpretmg

projected changes in tota[ rainfall.

Rainfail over the central interior of sputhern Africa is . = Jly seasonal with more
than 70 per cent (shaded) of the annual rainfall total occumng durmg the summer months
of September—Novemhet and December-February (Fig. S. 10), A winter ramfall maxlmum _
occurs over the Western Cape provmce of South Aﬁlca, with summer season rainfall totals
accounting for only approxxmately 30 per cent of the annual rainfall total. The mixed-layer
models (Fig. 5.10) all reproduce the strong summer rainfall maximum over the
subcontinent, with a winter rainfall maximum towards the éouth~west of the subcontinent.
Both the CSIRO and UKHI models simulate a summer rainfall maximum WHiCh_ does not
extend sufficiently far west across the subcbntinent. In contrast, the BMRC, CCC and
GFDLH models simulate a stronger summer rainfall maximum over a larger area than
observed. In all three models, the region for which summer rainfall accounts for more than
70 per cent of the annual total extends across to the west coast of the subcontinent near

20°8. Like it’s mnced-layer version, the CSIRO fully-coupled rnodel simulates a region of '
summer rainfall which does not extend as far west as observed (Fig. 5.11). The GFDL
- filly-coupled model most seriously misreprésents the pattem of rainfall seasonality, with a
weaker-than observed summer rainfall maximum, The pattern of rainfall seasonality is
better reproduced by the MPIO than by the MPIL fully-coupled model and closely
. resembies the observed distribution. Due to missing data, the UKTR ﬁJlly—coupled model

is not mcluded
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Flgure 5.10.  The percentage contribution - of - September—November (SON) and
- December-February (DJF) seasonal rainfall totals to the annual rainfall
total. Observed rainfall totals (a) are taken from Hulme ef al. (1996). The
mixed-layer models are BMRC (b), CCC (c), CSIRO {d) GFDLH (¢), and
UKHI (f). Shading indicates regions where summer ramfall exceeds 70 per
cent of the annual total,
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- Figure 5.11.

As for Figure 5.9 except for the fully-coupled models CSIROC -(b)';

GFDLC (¢), MPILC (d) and MPIOC (). The UKTR simulation is not
including due to nussmg data for the June-August (JJA) season (hence no

- annual rainfall total is calculated). The location of four sites over the

tropics, the Kalzhari Desert, summer rainfall region (southern mebabwe)-
and the winter rainfall reglon (Western Cape province of South Afnca) is
shown in (f).
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Synthesis

Evaluation of the ability of a climate model to simulate the impoftént features of observed |
regional climate is a necessary pre-requisite for developing regional climate change
scenarios (e.g. Mitchell e al., 198.'7). Cver southern Aftica, evaluations of present climate
: pei‘fbrmance of climate models have been fimited to annospheric_GCMs linked to mixed-
iayer modél_s (e.g. Joubert, 1995; : Hewitson and Crans, 1‘996). The mean cli:ﬁate
performancé ofa mnge of more recent (higher resolutidn) 'mixéd-layer models as well as 2

- range of fully-coupled models has been assessed in this shapter. The pe:fonnance of both
groups of models over southern Africa has not previously been assessed..

The mixed-layer and fally:coupled models all simulated the observed mean sea-level
pressure distribution adequately. Features of the observed distribution which are well»
reproduced include the Inter-Tropical Convergence over Angdla in summer, ti_le relative
positions of the subtropical high pressure cells and their intensification in winter as well as
the meridional pressure gradient south of the subeontinent. The mixed-layer models (with
the exception of CSTRO) are all of higher spatial resolution than the fully-coupled models.
 The increased resolution is associated with better simulations of the intensity of the
subtrdpit:al Thigh ptésmlres; the depth of the circumpolar trough and consequently in the
. strength of the meridional pressure gradieat in the mid-latitudes. The BMRC, UKHI and

" CSIRO mixed-layer models best reproduce the observed mean sea-level pressure
distribution. The UKTR fulty- coupled model provides the best overall simulation of the
ﬁxlly—coupled models, although the MPIOC model performs well in winter. For both types
of model, simulation errors at individual grid points throughout the tropics and subtroplcs |

are greater that the observed inter-annual variability and agreement with obsérvations in
“terms of the magnitude of observed mean pressures is poor. In the nﬁd-lat&tﬁdes, inter-
" model agreement with observations is better, although this result is likely to reflect the

larger observed inter-ansual variability (and hence a larger range of acceptable values)

rather than a real improvement in model performb.. “ |

The variation in annual temperature range over four climatically-distinct regions of the-
subcontinent is well captured by both the mixed-layer and fully-coupled models. In all four
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locatious, however, individual models both over- and under-estimate observed summer and
winter temperatures and no distinction on the basis of mpdei type can be drawa. .
Compéﬁsons of surface air temperature simulations are complicated by the fact that no "
standard field representing near-surface temperature is availa. - from all of the model

models. In the case of the GFDL models, which drsplay a tendency to over-estimate the
observed ammal temperature range over most regions, temperature at the lowest model
level (0.99 sigma) have been used. By contrast, susface temperatures have been used for
the CSIRO and UKMO models (for éxampie). In each case, the fields which most closely
represent screen height ten. eraturss have been used, but dlfference bétween models in
terms of the simulation of observed annual temperature range do not necessarily represent
differences in model performunce ' ' '

In the Hadley Centre ﬁrﬂyucoupled model the inclusion of su!phate aerosoi forcmg in
addmon to forcmg by greenhouse gases has not resulted in & statistically significant
| 1mprovement in simulation of observed reg:onal temparatures and temperature vanabihty
over recent decades. The absence of a clear distinction in perfnrmance due to the inclusion
of sulphate acrosols over a region as small as southern Afiicais 7.+ unexpected given the
'hrgh level of vanab:hty of temperature on small spattal scales (Mitchell et al.,; 1995a).
Differences between observed temperatures over the 1961 to 1990 penod and both
experiments are also not. statlstlcally sngmﬁcant While no distinction can be drawn
between the greenhouse gas and sulphate aerosol experiments, both represent observed N
temperatures over southern Africa acmately Simulated diurnal temperature ranges also
closely match observanons, with largest dlumal ranges over the dry Kalahari Desert.

Simulation errors for average daily rainfall over ‘the subcontinent are often
considersbly larger than the magnitude of the observed daily rainfall The reslt is
' indicative of ﬂie unreliability of GCM estimates of 'reg_ional rainfall totals observed in other
regions (IPCC, 1990, 1992, 1995). No mprovement in tire present groip of mixed-layer
or fully-coupled models is observed over earlier mixed-layer model performance (Joubert,
1995) While the models display skill in terms of the representaﬁon of observed rainfall
seasonahty over the central interior, lif. conﬂdence can be placed in their abrlltv 10
provide refiable estrmates of grid-point changes in total rainfall in a future chmate
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Thepmsentchmteperfomanceefbmhmmmaayermdﬁﬂly-mnpled
niodels over sonthern Africa has been assessed. Regional climate

pertprmance from both types of models is largely resolation-dependent.

" For simniated mean sea-level pressure distributions, the mixed-fayer = ./ -

models perform: better than the coarser-resofution fully-coupied

models. The inclusion of sulphate asrosol in addition 1o greenhouse-

gas forcing of regional climate in the Hadley Centrs filly-coupled

mode} integration does not result in a statistically significant .

improvement in the simmlation of mean temperaMs ot temperature
variability over recent decades, although botb experiments accurately

__,slm’alateobsemdtempmmwerthe:egmmaommxediayerand _
fully-conpled models simulate the observed pattem of rainfail

seasonality over soothern Africa well, but provide unrelizble estimates

. of average daily rainfall at individusl locations. The ability of two

fully-coupled models to represent the. features of intra- and inter-

. aamgal variability in mean sea-level pressure is considered in the next
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. “The preseat climate performance of both mixed-laver and fully-coupled

models over southern Africa has been assessed. Regional climate
performance from both types of models is larpely resolution-dependent.
'For simuiated mean sea-level pressure distributions, the wmixed-layer
models perform better than the coarserresolution fully-coupled

© models, The inclusion of sulphate acroso! in addition to greenhouse
 gas forcing of regional climate in the Hadley Cenire fully-coupled -
- shodel- aiegration does not result in a statistically significant

jmproverent in the simufation of mean temperatures o temperature
variability over recent decades, although both experiments accurately
simulate observed temperatures over the region. Both mixed-fayer and

_ fully<oupled models simulite the observed pattern of rainfall -
seasonality over southern Africa well, but provide imreliable estimates

of average daily rainfall at individual locations, The ability of two
fully-coupted models to represent the features of intra- znd inter-
annuai variabﬂityin mean sea—level pressure is consldered in the next

- :chapﬁer
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CHAPTER SIX

oss*savgr_m AND FUL'L-._Y'-:-_'G'OUPLED MODEL CIRGULATION
| VARIABILITY

Intrbduction

Fully-coupled ocean-atmoaphére' general _cirt:ﬁiatidn. models are widely used to simulai:e‘ :
the transient response of the climate system to increasing anthropogenic forcing of climate
(IPCC, 1995). The extent to which a climate model reproduces observed features of
 variability largely determines the degree of realism with which changes in climate aud
climate véni_abi]ity due to increasing anthropogenic forcing can be predicted (Murphy,
1995). The representation of ocean dyﬂ#mics in ﬁllly-_ooupled models means that important
 features of inter-annual variability associated with Bl Nitio / Southern Oscillation (ENSO)
forcing in the tropical Pacific Ocean can be directly simulsted. By definition, atmospheric
general circulation models finked to simple mixed-lsyer nch-dynamic oceans are unable to
" represent ENSO-related variability unless forced by observed sea-surfice temperatures
(Campbell ef dl., 1995). A comprehensiﬁe assessment of the response of the climate
: systeni as a whole to anthmpngénic clinate change, including possible changes in ENSO
 variability, requires the use of fully-coupled models (Murphy, 595; Murphy and Mitchell,

1995), _ ' -

Full_y-coupled models are capable of reprbducing vaﬁabi_lity on inte_r—monthly and
inter-annval time-scales which is similar, although of lower amplitude, to the observed
_ variability (Meeht, 19.95). There is evidence to suggest that the mechanisms resgmnsible for
the variability are operating in both the natural system and the boupled models (Meehl ef -
al., 1994). This cbservation is applicable to most fully-coupled models, and is most

apparent for the case of ENSO-related injter-annual variability in the tropics, where
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simulated variability is generally half the amplitude of that observed (Meehl et al,, 19933;
Meehl et al., 1993b; Meehl ef al., 1994; Tett, 1995; Campbell ef al., 1995), ’

- Around southern Africa, atmospheric circulation varies on both intra- and inter-anmual
time-scales (McGee and Hastenrath, 1966; Harrison, 1986; Tyson, 1986). On i_t'xtra-.almual'

time-seales, the strong summer season {October-March) rainfall maximum over the interior

~ region south of 20°S, is associated with the seasonal migration of the Toter-Tropical
Convergence Zone iongitudin’al shifts in the position of the Jubtropical high -pressure

'systems adjacent to the subcontinent (Vowmckel 1955; McGee and Hastenrath, 1966,
- Tyson, 1981, Tyson, 1986) and associated vanatxons in the mid-latitude storm track (van
Loon, 1972). Systematlc large-scale adjustment in carculatlon around southern Africa are
related to inter-annual vanabmty in summer rainfali over the subcontinent (Hat;-'ison,_ 1986;

© Tyson, 1986) and have been discussed in Chapter 4. - o

During dry conditions the centre of tropical convection over the ‘subcontinent is
displaced eastward, resulting in _anomaloﬁsly high préssur_es over the subcontinent (Miron |
‘and Tyson, 1984, Harrison, 1986). Changes in Hadley cell mass overturning and the zonal
Walker circulation respond to changes in the tongitudinal p.osition. of convection and have
‘been related to ENSO variébilit-y in the tropical Pacific Ocean (Harrison, 1986; Lindesay,
1988). These changes are also associated with higher pressures in the region of Gough
Island (Miron and Tyson, 1984), mdxcatmg a northward displaced of the tembé.rate
circulation and reflecting an eastward shift in the posxtnon of the trough of standing wave 3
and cloud bands linking tropical and temperate circulation systems (Hamson, 1986). '

Mdst existing analyses of simu!a:ted circulation variability by fully-coupled models
have focused on features of inter-aanual variability such s ENSO and possible changes in
ENSO variability in the tropical Pacific resulting from climate change (cf. Meehi ef al,,
19938; Meehl ef al., 1993b; Meehl et al., 1994; Campbell et al., 1995). The objective in
this Chapter is to assess the ability of two fully-coupled models to simulate present-day
mean sea—level pressure variability around scuthern Aftica on both intra- and inter-annual
" time-scates, The approach adopted here differs from that of Campbell et 4. (1995), for
mstance, in that the seasonal cycle in sea-level pressure is nof removed prior to analys:s
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~ Control climate integrations from the Commonwealth Scientific and Industrial Research
Organisation (CSIROC CMSB, Gordon and O'Farrell, 1996) and the Second Hadley Centre
for Climate Prediction and Research (IADCM2 CON, Johns et al., 1996; Tett ef ol
1996) fully-coupled models are utilised. Observed mean sea-ievel'pressure variability is
" described using principal components analysis. Simulated principal coi:ﬂ[aoﬁen’ts are rotated
_ onto the observed matrix of loadings using Procrustes Target Rotation Richman, 1986).
The target 'r.otation attempts to provide the closest possible fit (in 2 least squares sense)
betweeh a given matrix (simulated loadings) and the target matrix (observed loadings) _
 This procedure ensures that the ability of the coupled models tor reproduce ‘the observed
pattern of vanablhty is tested formally. ' - - '

- Observed Circulation Variability

| Examinations of observed circulation variability around southern Africa using pﬁﬂéipal
cbmponeats‘_ analysis have beén performed prcviously.. The analyses of Dyer (1981)
describe features of i_ntér-annual 'Variabilit}* in mean sea-level pressh_rg in che South Indian
“and South Atlantic Oceans. In addition, Tyson (1984) used ?ﬁncipél .components énaiysis
to describe the relationship between geopotential height indices at 850 and 500 hiPa and
inter-amﬁal'rainfall over the_’subcontinent. In order to assess the ﬁii!jr—cou’pled model
simulations of contémporary variability in mean sea-level pressure it is necessary to re-.
asée'ss the features of observed variability. Featua"es of both intra- and inter-anmal
variability are considered using 1951-1985 data. ‘I‘he region consxdered extends from 10°E
to 90°E and from 15°5 10 60°S. | |

Spatial Characteristics

Six principal comporients of cbserved tean sea-level pressure have been rotated. Each
principal component accounts for more than $ per cent of the total variance in the data.
The loa_diﬁg patterns on each principal component indicate regioné of cohesive spatial
variance representing the principal modes of variability in the data. It is possible to ascribe
some physical interpfetation to these modes. Component 1oéding patterns for the first six
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observed priﬂcipal components-'are shown in’Fig‘ur'e 6.1. The sign of aﬂ'ldédings i8
'_axbltrary Collectively, the first six PCs account for more than 94 per cent of the total "
| varfance in the observed data (Table 6, 1) : '

The region of highest loadings for PC 1 (Fig. 6.1a) is Jocated in the mid-latitudes over

2 wide region extending from 10°E to 80°E and accounts for 35.3 per cent of the total
variance (Table 6.1). The loading patter represents variability associated with nieridional

* shifts in the location of the mid-latitude storm-track on an annual cyc-lg. Itis likely that the
loading pattérn is the sutface manifestation of variability associated with plunetary wave

_ .acuv:ty Planetary waves 1-3 in the southern hem:sphere exhiblt an eqtuvalent barotropxc '
‘structure, accountmg for between 70 and 90 per cent ot the variance in 500 iPa ..

~ geopotential he:ght_s (van Loon and Jenge, 1972, Trenberth, 1979, 1980). The Iong:tud:_nal |
position of PC 1 marks the Iazﬂéﬁ.on:of-the trough of standing wave 1 ai subpolar latitudes,
as well as the ridge of standing wave 3 (van Loon and Jenne, 1972; Trenberth, 1980i |

Table 6.1. Rotated el,genvalues' variances and cumulative variances associated with
' the first six principal components of observed mean sea-level pressure for
the southern African region. Mean sea-leve!l pressure date include the

annual cycle. Prmczpal components are calculated usmg 2 correlauon matnx :
and rotated usmg the vanmax criteria, :

Y

Principal Coﬁmonent Eigenvaiues' Percentage of Total Cumulative
' ] ] Variancs |  Percentageof -
_ | Total Variance -
- PC1 SN X ' 39.3 1 . 383
PC2 | 393 187 |~ 580 .
PC3 - 231 11.0 : 69.0
PC4 - 202 _ 9.6 ' 78.6
-~ PC5 | 186 88 874
PC6 | 141 6.7 | 04,3

“The Ioadmg pattarns on PCs 2 and 3 represent variability in ‘the South Indian and' .
South Atlantic Anticyclones respectwely (Figs. 6.1b and 6.1c). Long:tudmal shifts in the
 position of the anticyclones during the year are larger than latitudinal shifts (McGee and
 Hastenrath, 1966; Tyson, 1986). The South Indian Anticyclone shifis 24° eastwards from
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88°E in December to 64°E in Iuly This is ia.l‘ger than the shlﬁ in the South Aﬂanuc'
: Antloyclone which shifts 14° of longitude ﬁ'om 16°W in August to 2°W in Deoamber _
(Vomnckel 1955 McGee and Hastenrath, 1966) Aimospheno varlablhty over the
_ subtropxcal Indlan Ocean is consequently greater than over the South Atlantxc Ocean on
. both mtm-seasonal and mter-annual time-Scales (Dyer 1981) This feature is reﬂected .
- the prmc;pai components, PC2 accounts for 18,7 per cent Whereas PC 3 accounts for 11 ¢
-. per cent of total vatiance in mean sea—levul pressuras (Table 6 1) ' '

a OBSCMBPO1 o b'oBSGMsPoa__
" onrg |- : 0‘&'“‘?%":’”1/ ﬁf_ N :
T SAVANY ¢

40

..eo_-s ".'.'_ iz _ '.so's
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Figure 6,1. Observed mean sea—level pressure rotated prmcnpal component loadmg_ |
' patterns for the first six pnnclpal components (a-f). Observed pnncipal
componr-ms are rotated using the vanmax cnte.na.
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The loading p_atterh onPC 4is chamcte:i_se& by localised maxima throughout e
tfopics north of 20°8, and secondary maxtma. of the opposits sigﬁllocati:d in the subtropics o
near 30°S (Fig. 6.1d). PC 4 accounts for 9.6 per cent of the total variance in mean sea-
level pressures (Table 6.1). The pattern suggests et ~ut of phase relationship between
pressures over the tropics and subtroplcs which is appromateiy zona]iy umform The |
. pattem suggesis a coherent variation in cxrcula‘*a e *tween the equator and apprommately
- 30°8 whlch may be related to inter-annual vanabllity in Hadley cell mass overturning
(Hamson, 1986; Lmdesay, 1988)

‘PC5 aécbunts for 8.8 pér cent of the total variance in mean sea-level pressures (Table
6.1). The associated loading pattern has 2 mf'r‘mmﬁ located “over southern Affica,
extending eastwards into the subtropical Tndix~  an (Fig 6.1¢). The loading pattern
- represents i%ariﬁbili’ty associated with the annual cycle in mean sea-level pressures, ﬁvhich
displays a maximum amplltude of greater than 4 hPa and accounts for 95 per cent of the -
total variance in that region ('I' aljaard et al., 1969; van Loon, 19‘?2)

- The maximum loadings on PC 6 are located on the eastern boundary of the data

window, and _indicaté a region of coberent spatial variance in the mi_ﬂ—laﬁtﬁdes of the
Indian Ocean near Australia (ig 6.15). PC 6 accounts for 6.7 per cent of the total variance
in mean sea-level pressure. The loading pattem is likely to be assoc;ated w:th blockmg.
actmty in the Austrahan reg:on (Trenberth and Mo, 1985). '

Temporal Characteristics

Observed mean sea-level pressures for the 1951-1985 period were not de-seasonalised
before performihg principal compone~'s 'analyms This appfoach was adopted because
circulation around southem Africa exhibits .slig.niﬁcant intra- and inter-annal variability
(Tyson, 1986). Variétiom in synoptic-scale cirer”. lion can be associated with both the
_seasonal cycle of rainfall over southem Africa and with inter-annual rainfall varisbility
(Farrison, .1986; Tyson, 1986) Itis argued that any assessment of ﬁllly-coupled model
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vanabﬂ:ty over southern Aftica must consider the models’ ablhty to sunulate the relative
importance of both intra- and inter-annual circulatmn variability.

Intra-annual variability

The mean annual cycle of the first six p«nnmpal component scores is described in terms of

'ham:omc analyms The percentage of vanance in the mean annual eycle explamed by each
' __h_armomc is illustrated for each of the first six principal components in Table 6.2. PC 1

exh‘ibits a very strong annual cycle, with the first harmonic explaining 94 pe'r' cent of the

- total variance in PC scores. The first ha:momc also accounts for more than 50 per cent of
the total variance in PC 2, and more than 40 per cent of the total variance in PCs 5 and 6

(Table 6.2). The semi-annual cycle ®C 2) aocounts tmore than 20 per cent of the total
variance in PCs 2, 3 and 6. The annuial and semi-annual cycles therefore explain in excess
of 60 per cent of the total variance in PCs 1, 2, 3_ and 6. Contributions from other

: harmbnics only exceed the contribution'of the first two harmonics on PC 4, where for

example, the fifth harmonic accounts for 21 2 per cent of the total variance (Table 6.2)‘._

Inter-annual vaﬁabifig!

- Conceptuél models of at:hospheric adjustments in the vicinity of southern Africa duﬁng

wet and dry years have been established (Harrison, 1986; Tyson, 1086). The extent to
which the pﬁnﬁpa} compmieﬁt ldadi’ng patterss and scores calculated hese can be
associated with inter-annual rainfall variabilty over the subcontineat is discussed below.
The spectral charactensncs of de-seasonalised PC scores on the six pnnclpal components
of Dbserved mean sea-level pressure are illustrated in Figure 6. 2. :

PC I exlub:ts small spectml peaks (—-10 % of the normalised vanance) ai: 7.6, 10,06
and 14.13 years (Fig. 6. Za) All of these peaks are significant at the 99 per cent
significance level. The overwhelmmg importance of the am_mal cycle in PC 1 (Table 6.2) is
evident from the absence of any peak at this wavelength in the de-seasonalised scores.
There is no evidence fo suggest a fink between PC 1 and inter-annual rainfall variability
over the subcontinent. - | |
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' Table 6.2 | Percentage of total variance explained by the first six harmomcs on each

observed principal component.
~ Principal’ - o I-Ianiloﬁc_ -
- . Component | | | |
) | T 2z | 3 | 4 | 5 | s
PC1 | %1 | 20 | i1 | 16 | 18 | o7
pcz | s18 | 207 | w7 | 17 | 66 | 26
C3 347 | 266 | 173 | o7 | 87 | 30
PC4 248 | 146 | 178 | 140 | 212 7.7
PC5 w5 | 14 | 126 | B5 | 99 | s0 |
 PC6 428 | 252 | 74 | 131 | 75 | 41

PC 2 exhibits spectral peaks sigﬁiﬁcant at the 95 per cent level at 3.7, 5.6, 7.0 and
12.8 years (Fig. 6.25). The spectral peaks between 3 and 7 years display some similarity to
the Southern Oscillation, and smnlar -spéctral jaeal_cs"havé ‘been observed in sea-surface .
temperatures in .the trqpica]_' western Indian Ocean (Mason, 1995). The scores are
| strongést dining the summer rainfall months of December, January and February (not

‘shown) and therefore 2 possible link to inter-annual rainfall variabifity exists. De-
seasonalised scores for PC 2 for the 1951-1985 peribd are shown in Figure 6.3a. There is
some evidence fo_ suggest that minima in PC 2 scores occur during dry years. Considered
in conjunction with the loading pattem.(Fig. 6.1b), this would suggest that a weaker South
 Indian Anticyclone occurs during dry years. In fact, during dry years the South Indian
Anticyclone is typically weaker than normal, resultingin a diminished north-easterly inflow
of moisture (an important source of moisture during 'summer)_ov'er the east coast (Jury and
Pathack, 1953; D’ Abreton and Lindesay, 1993, I Abreton and Tyson, 1995), '

Significant Spectral peaks in PC 3 ocour at 3.6, 4.2, 7.6 and 10.5 years (Fig. 6.2