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Summary

Atmospheric general circulation model (AGCM) simulations of southern
African climate on a regional scale are unsatisfactory. The main reason for
this result is that computational requirements determine that AGCMs are run
at coarse horizontal resolutions. The impact of local forcing such as complex
topography, and important small-scale circulation systems cannot be resolved
properly at typical AGCM resolutions. However, mesoscale forcing and
circulation systems have an important modifying influence on the southern
African climate. The technique of nested climate modelling can be used to
obtain detailed climate simulations over limited areas of the earth. Nested
climate modelling involves the nesting of a high grid-resolution limited-area
model (LAM) within an AGCM (or observational analyses) over an area of
interest. The AGCM provides the LAM with boundary conditions during an
extended integration period. With a grid resolution of 10-100 km, the LAM
model is able to simulate some of the mesoscale features of the circulation.

The limited-area model DARLAM has been developed to meet the
requirements of both climate simulation experiments and shorter-term
mesoscale studies. The dynamical formulation of DARLAM is characterised
by the semi-Lagrangian method used to simulate advection. The essential
feature of the scheme is that the total or material derivatives in the equations
of motion are treated directly by calculating the departure points of fluid
parcels. The semi-Lagrangian approach allows the use of large time steps
during the model integration. Numerical experiments performed in the study
indicate that the particular semi-Lagrangian method used in DARLAM is highly
accurate and has excellent conservation and stability properties.

The results of climate simulations over the SADC region with DARLAM are
described. The model is one-way nested within simulations of selected
months from a long seasonal varying simulation of the CSIROS AGCM. The
relatively coarse resolution AGCM is used to provide boundary conditions to
DARLAM, which is run at a horizontal grid resolution of 60 km with 18 levels in
the vertical. The higher resolution adds significant smaller-scale detail to the
coarser simulation of the AGCM. The additional detail provides improved
simulation results, when compared to AGCM results over most regions of the
LAM domain.
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Samevatting

Atmosferiese aigemene sirkulasie model (AASM) simulasies van suider
Afrikaanse klimaat op streekskaal is onbevredigend. Die hoofrede hiervoor is
dat berekeningsvereistes bepaal dat AASMe geloop word met ruwe
horisontale resolusie. Die impak van lokale forsering soos komplekse
topografie en kleinskaalse sirkulasiesisteme kan nie vasgevang word met
tipiese AASM-resolusie nie. Mesoskaalforsering- en sirkulasiesisteme het
egter "n belangrike modifiserende invioed op suider Afrikaanse klimaat. Die
tegniek van genestelde klimaatmodellering kan gebruik word om
gedetaileerde klimaatsimulasies oor beperkte dele van die aarde te verkry.
Die tegniek behels die nes van 'n hoé roosterresolusie beperkte- area-model
(BAM) binne 'n AASM (of waargenome data) oor die area wat van belang is.
Die AASM verskaf die BAM met randwaardes gedurende 'n verlengde
integrasie periode. Met 'n roosterresolusie van 10-100 km is kan die BAM
sommige mesoskaaleienskappe van die sirkulasie simuleer.

Die beperkie-area-model DARLAM is ontwikkel om te voldoen aan die
vereistes van sowel klimaatsimulasie-eksperimente en korter tydskaal
mesoskaalstudies. Kenmerkend van die modelformulasie is die semi-
Lagrange metode wat gebruik word vir adveksie-simulasie. Die essensiéle
kenmerk van die skema is dat die totale afgeleides in die bewegings-
vergelykings direk hanteer word deurdat verirekpunte van vloeistofdeeltjies
bereken word. Die semi-Lagrange benadering bied die gebruik van groot
tydstappe gedurende die modelintegrasie. Numeriese eksperimente uitgevoer
dui aan dat die semi-Lagrange metode wat in DARLAM gebruik word hoogs
akkuraat is en uitstekende behouds- en stabiliteitseienskappe besit.

Die resultate van klimaatsimulasies oor die SADC gebied met DARLAM word
beskryf. Die model is een-rigting genestel binne simulasies van uitgesoektee
maande van n lang, seisonaal variérende simulasie van die CSIRO9 AASM.
Die relatief lae resolusie AASM is gebruik om randwaardes aan DARLAM te
verskaf, wat geloop is met “n horisontale roosterresolusie van 60 km met 18
viakke in die vertikaal. Die hoér resolusie voeg betekenisvolle kleiner skaal
detail by die ruwer simulasie van die AASM. Die bykomende besonderhede
verskaf verbeterde simulasie resultate in vergelyking met die AASM oor die
meeste areas binne die BAM gebied.
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Time derivative that follows the motion of a parcel
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Non dimensional advection velocity

Non dimensional advection velocity component in the x direction
Non dimensional advection velocity component in the y direction
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Amplification factor

Real component of the amplification factor

Imaginary component of the amplification factor

Phase change in time of the numerical solution

Phase change in time of the true solution
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Topography (shaded with 500 meter intervals) over the Klein Karoo,
Groot Karoo and south coast (20° to 25° east and 32° to 35° south)
with isohyets indicating the average annual rainfall measured in
millimetres. Note the increase in local rainfall totals against steep
slopes of and over higher surface altitudes.

Gradient winds induced by a coastal low over the Indian Ocean may
deepen the penetration of the sea breeze over the interior of KwaZulu-
Natal. Geopotential heights (gpm) of the 850 hPa pressure level over
the country (solid lines) and isobars of mean sea level pressure over
the ocean (dotted lines) are shown for 14 January 1968 at 14.00
SAST.

Circulation characteristics favourable for the development of heavy
convective storms over the eastemn escarpment of South Africa (After
Garstang et al., 1987).

One-way nesting over a southem African domain. Information is
allowed to flow from the relatively coarse resolution AGCM to the
higher resolution nested model. Flow in the opposite direction is not
allowed.

Relative phase speed isolines plotted as a function of kAx and o for
the physical mode of the leapfrog scheme.

Grid configuration for the Lax-Wendrof scheme. The horizontal
increment is Ax and the vertical increment is Ay .

Isolines of the amplification factor plotted as a function of kAx and o
for the Lax-Wendroff scheme.

Isolines of the amplification factor plotted as a function of kAx and o
for the modified Lax-Wendroff scheme.

Relative phase speed isolines plotted as a function of kAx and o for
the Lax-Wendroff scheme.

Relative phase speed isolines plotted as a function of kAx and a for
the modified Lax-Wendroff scheme.

Isolines of the amplification factor plotted as a function of kAx and o
for the D1 scheme.

Relative phase speed isolines plotted as a function of kAx and o for
the Dy scheme.
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Isotachs of the velocity field (black contours) for Crowiey’s cone test
with the initial cone location in colour. The cone has a height of 100
units, a base diameter of 8 units and is centred at position (-8,0).

Initial cone configuration in 3-dimentions for Crowley’s test. The cone
has a height of 100 units, base diameter of 8 units and is centred at
position (-8,0).

Figure 4.11a The advected scalar field in Crowley’s cone test after one revoiution

Figure 4.11b

(48 steps) with the Leapfrog scheme.

The advected scalar field in Crowley’s cone test after one revolution
(288 steps) with the Leapfrog scheme.

Figure 4.12a The advected scalar field after one revolution (288 steps) with the

L ax-Wendroff scheme.

Figure 4.12b The advected scalar field after one revoiution (288 steps) with the

Figure 4.13a
Figure 4.13b

Figure 4.14

Figure 4.15

Figure 4.16a
Figure 4.16b

Figure 4.16¢

modified Lax-Wendroff scheme.

The advected scalar field after one revolution (48 steps) with the D;
scheme.

The advected scalar field after one revolution (288 steps) with the D;
scheme.

Isolines of the streamfunction for Smolarkiewicz’s test with the initial
scalar distribution (red contours) in the form of a cone of height 1 unit
and base diameter 30 units superimposed. Rotation of the biue
vortices is clockwise while the green vortices represent counter-
clockwise rotation.

Initial cone configuration in 3-dimensions for Smolarkiewic’s test. The
cone has a height of 1 unit, base diameter of 30 units and is centred
at position (50,50).

The scalar distribution in Smolarkiewicz's deformational flow after 19
iterations (At=0.7 s) with D3 scheme.

The scalar distribution in Smolarkiewicz’s deformational flow after 38
iterations (At=0.7 s) with the D; scheme.

The scalar distribution in Smolarkiewicz’s deformational flow after 57
iterations (At=0.7 s) with the D3 scheme.

Figure 4.16d The scalar distribution in Smolarkiewicz's deformational flow after 75

iterations (At=0.7 s) with the D; scheme.

Figure 4.16e The scalar distribution in Smolarkiewicz’'s deformational flow after

377 iterations (At=0.7 s) with the D; scheme.
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Figure 4.16f The scalar distribution in Smolarkiewicz's deformational flow after
3768 iterations (At=0.7 s) with the D; scheme

Figure 4.17 The scalar distribution in Smolarkiewicz's deformational flow after 377
iterations (At=0.7 s) with the leapfrog scheme.

Figure 4.18 The scalar field in Smolarkiewicz’s deformational flow after 377
iterations (At=0.7 s) with modified Lax-Wendroff scheme.

Figure 51 DARLAM domain used for the simulations over the SADC region. The
60 km x 60 km spaced nested model grid points (on a Lambert
conformal projection) are indicated by dots. Gaussian grid points of the
R21 CSIRO9 AGCM are indicated by crosses.

Figure 5.2a CSIRO AGCM representation of topography at R21 spectral resolution
over the SADC region. The contour interval is 300m. Note the
smoothed elevation over land and negative elevation over the oceans.

Figure 5.2b DARLAM representation of topography at a 60km grid point resolution
over the SADC region. The contour interval is 300m. The additional
detall is a significant improvement over the AGCM topography.

Figure 5.3a Observed mean sea-level pressure (MSLP) measured in hPa and
wind vectors (at 10m altitude) meassured in ms™ for January as
obtained from a 40-year (1958 to 1998) NCEP reanalysis climatology.
The pressure contour interval is 1 hPa.

Figure 5.3b Observed mean sea-level pressure (MSLP) measured in hPa and
wind vectors (at 10m altitude) measured in ms™ for July as obtained
from a forty year (1958 to 1998) NCEP reanalysis climatology. The
pressure contour interval is 2 hPa.

Figure 5.3c Mean sea-level pressure (MSLP) measured in hPa for January as
simulated by the CSIRO9 AGCM. The pressure contour interval is 1
hPa.

Figure 5.3d Mean sea-level pressure (MSLP) measured in hPa for July as
simulated by the CSIRO9 AGCM. The pressure contour interval is 1
hPa.

Figure 5.3e Mean sea-level pressure (MSLP) measured in hPa for January as
simulated by DARLAM. The pressure contour interval is 1 hPa.

Figure 5.3f Mean sea-level pressure (MSLP) measured in hPa for January as
simulated by DARLAM. The pressure contour interval is 1 hPa.

Figure 5.4a Mean streamlines at the lowest model level (¢ = 0.98) measured in
m.s™ for January as simulated by the CSIRO9 AGCM.

Figure 5.4b Mean streamlines at the lowest model level (¢ = 0.98) measured in
m.s™ for July as simulated by the CSIRO9 AGCM.
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Mean streamlines at the lowest model level (o =0.98) measured in
m.s™ for January as simulated by DARLAM.

Mean streamlines at the lowest model level (¢ = 0.98) measured in
m.s™ for July as simulated by DARLAM

Observed 2m-temperature climate measured in °C for January as
obtained from a 40-year (1958 to 1998) NCEP reanalysis climatology.
The temperature contour interval is 2 °C.

Observed 2m-temperature climate measured in °C for July as
obtained from a 40-year (1958 to 1998) NCEP reanalysis climatology.
The temperature contour interval is 2 °C.

Surface temperature climate measured in °C for January as simulated
by the CSIRO9 AGCM. The temperature contour interval is 2 °C.

Surface temperature climate measured in °C for July as simulated by
the CSIRO9 AGCM. The temperature contour interval is 2 °C.

2m-temperature climate measured in °C for January as simulated by
DARLAM. The temperature contour interval is 2 °C.

2m-temperature climate measured in °C for July as simulated by
DARLAM. The temperature contour interval is 2 °C.

Observed rainfall total climate measured in mm for January as
obtained from a 40-year (1958 to 1998) NCEP reanalysis climatology.
The rainfall contour interval is 20mm.

Observed rainfall total climate measured in mm for July as obtained
from a 40-year (1958 to 1998) NCEP reanalysis climatology. The
rainfall contour interval is 20mm.

Rainfall total climate measured in mm for January as simulated by the
CSIR0O9 AGCM.

Rainfall total climate measured in mm for July as simulated by the
CSIROS AGCM.

Rainfall total climate measured in mm for January as simulated by
DARLAM.

Rainfall total climate measured in mm for July as simulated by
DARLAM.

DARLAM minus CSIRO2 AGCM rainfall totals measured in mm for
January.

DARLAM minus CSIRO9 AGCM rainfall totals measured in mm for
July.



Figure 5.8

LIST OF

Table 4.1

Table 4.2

Table 4.3

LIST OF

AGCM
BMRC
CFL
CSIRO
DARLAM
ECMWF
GFDL
LAM
LBC
NCAR
NCEP
NCM
RCM
R21
SADC
SAWB
SST
T63

up

(=]

w UNIVERSITEIT VAN PRETOR
0 UNIVERSITY OF PRETOR
Q¥ YU OR

A

NIBESITHI YA PRET : X
A vertical cross section of the DARLAM surface topography measured in
meters (brown dotted line) with the January (summer) rainfall climate
measured in mm along the 30°S latitude as simulated by DARLAM (red
line) and the CSIRO9 AGCM (green line). The associated observed
rainfall graph is depicted in blue. Note the high rainfall totals along the
eastermn escarpment.

TABLES

Maximum values of Cfxi and the number of passive boundary lines

required for the various schemes expressed as a function of the amount
of time steps used per revolution in Crowley’s cone test.

Maximumn height, minimum height, radial error in units of grid lengths,
angular error in degrees, and conservation properties after one
revolution of Crowley's cone test are shown for various schemes.
Initially the maximum height is 100 and the minimum is zero.

Conservation properties of various schemes for Smolarkiewic’s test,
expressed as a function of the number of iterations (At=0.7).

ABBREVIATIONS

Atmospheric general circulation model

Bureau of Meteorology Research Centre
Courant-Friedrichs-Lewy

Commonwealth Scientific and Industrial Research Organisation
Division of Atmospheric Research Limited Area Model
European Centre for Medium-range Weather Forecasting
Geophysical Fluid Dynamics Laboratory

Limited-area model

Lateral boundary conditions

National Centre for Atmospheric Research

National Centre for Environmental Prediction

Nested climate model

Regional climate model

Rhomboidali truncation at wave number 21

Southern African Developing Countries

South African Weather Bureau

Sea surface temperature

Triangular truncation at wave number 63

University of Pretoria
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