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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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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Enhanced levels of greenhouse gasses of direct or indirect anthropogenic
origin might substantially change the climate of planet Earth. Changes in
global climate have the potential to severely affect the climate of different
regions of the world. Shifting climatic zones, higher sea levels and more
frequent storms, droughts, floods and heat waves could generate a range of
social, economical and political disruptions (Rowlands, 1998).
Understandably, there is an increasing demand by the scientific community,
policy makers, and the public for realistic future scenarios of the possible
impact of climate change. There is also a need to understand the complex
behaviour of the present climate and general circulation of the atmosphere.
Shorterterm climate variability, such as the occurrence of floods and
droughts, might severely affect the environment. These aspects have
rendered the issue of regional climate simulation critically important.

Atmospheric general circulation models (AGCMs) are the primary tools
available for climate simulation. Current AGCMs have reached a high level of
sophistication, and provide a full three-dimensional representation of the
atmosphere. Mathematical equations for the conservation of momentum,
mass and energy are numerically solved in these models. Also included are
parameterisation schemes for the main physical atmospheric processes such
as radiative transfer, cloud formation with precipitation, boundary layer and
surface physics. On different levels in the vertical AGCMs are integrated
forward in time over the entire globe and are often coupled with other models
resembling the earth-atmosphere system to form coupled atmosphere-ocean-
sea-ice-snow-cover models.

Coupled models are essential to generate relatively stable projections of
paleo, present or future global climate. Here, a model needs to run for long
simulation periods to allow for the various components in the atmospheric
system to reach equilibrium. Limitations of present day computer resources
are of such a nature that a relatively coarse horizontal resolution is used in
AGCM runs (nothing finer than 1° longitude and latitude). Another limitation in
high-resolution AGCM development is that the physical parameterisation
schemes used in the models have specifically been developed and tuned for
coarser horizontal resolutions. These schemes may not be suitable for higher
resolution models.

Despite the limitations on resolution, AGCM simulations adequately capture
the main features of the atmospheric general circulation since large scale
forcing such as the Earth’s orbital characteristics, radiation budget and global
greenhouse gas abundance are included in the code formulation. Large scale
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forcing modulates the succession of weather events that characterise the
climate regime of a given area. Capturing of the large-scale forcing by an
AGCM will therefore ensure that the climate is adequately simulated.

However, important smaller-scale (also known as regional or mesoscale)
meteorological forcing and circulation systems are not resolved (or adequately
parameterised) at typical AGCM resolutions. Mesoscale forcing, such as
those induced by complex topographical features and surface characteristics,
may modify the structure of weather events. This often initiates additional
mesoscale circulation systems that are not detected in larger-scale AGCM
results. Embedded in the large-scale atmospheric systems, these smaller
circulation systems contribute to regulate the regional (local) distribution of
atmospheric variables within a given region.

The main challenge in regional climate modelling is to include forcing on the
mesoscale and to capture the associated mesoscale circulation systems and
their modifying effect on the regional atmospheric circulation. There are three
main approaches to the simulation of regional climate change (Giorgi and
Mearns, 1991).

1) Purely empirical approaches in which forcing is not explicitly accounted for,
but regional climate scenarios are constructed from instrumental data
records or paleoclimatic analogues.

2) Semi-empirical approaches in which AGCMs are used to describe the
atmospheric response to large-scale forcing of relevance to climate
change, but empirical techniques account for the impact of mesoscale
forcing.

3) Modelling approaches in which mesoscale forcing is described by
increasing model resolution only over areas of interest.

Their own empiricism and the availability of data sets of adequate quality, limit
the empirical and semi-empirical approaches. During the last decade a nested
limited-area model (LAM)-AGCM methodology for regional atmospheric
simulation has become popular. The technique is physically rather than
empirically based and has a wide range of applications.

More recently, a variable resolution (stretched grid) AGCM methodology for
regional climate simulation has been developed, with encouraging preliminary
results. In this study, however, the focus will be on the nested LAM-AGCM
methodology.

1.2 NESTED CLIMATE MODELLING

Detailed climate simulations for restricted areas of the globe by a high-
resolution LAM provide a computationally feasible alternative to relatively
course resolution AGCM simulations. Here the LAM (a primitive equation
model) is nested within a giobal AGCM, or within a global observational
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analysis. This implies that the AGCM (or observed analysis) provides the LAM
with information at the lateral boundaries of its domain during the integration.
Therefore, nested climate modelling is in essence a boundary value probiem.
LAMs operating in this framework are known as nested climate models
(NCMs) or regional climate models (RCMs).

AGCM simulations should produce realistic intensities and frequencies of the
major synoptic systems during a climate simulation. The LAM, with a
horizontal grid resolution finer than 100 km (100 km x 100 km), may capture
some of the mesoscale forcing and circulation features. Generally it is found
that the higher grid resolution of the nested simulations results in a more
accurate, detailed and realistic depiction of the climate over a selected region.
Nested climate modelling is becoming increasingly popular to produce more
detailed atmospheric circulation patterns for selected regions.

1.3 REGIONAL CLIMATE MODELLING AT THE CSIRO

For some years the CSIRO (Commonwealth Scientific and Industrial
Research Organisation) in Australia has been involved in an active
programme aiming to simulate regional climate using the Division of
Atmospheric Research Limited Area Model (DARLAM). DARLAM has been
nested within the coarser resolution CSIROS (9 levels in the vertical) R21
(rhomboidal truncation at wave number 21) spectral AGCM, or alternatively,
within observational analysis. DARLAM is a two-time-level, semi-Lagrangian
LAM with physics similar to that of the AGCM (McGregor et al., 1993a;
McGregor, 1997a). Generally the higher horizontal resolution of the DARLAM
simulations provides significantly improved climate simulations (compared to
the AGCM) near distinctive topographical features, in particular for
precipitation and near-surface atmospheric variables.

The earliest DARLAM simulations were performed with perpetual January
conditions. Subsequently, multiple January and July simulations have been
performed followed by full seasonal cycle simulations up to 20 years in
duration. During these simulations DARLAM was nested in the CSIRO slab-
ocean (fixed observed ocean climatology as lower boundary input) AGCM.
Most of the simulations over Australia with both 1 x CO, and 2 x CO;
conditions have been performed at a grid resolution of 125 km. In addition,
selected doubly-nested simulations have been performed at 50 km and 60 km
grid resolutions.

Previously DARLAM has successfully been applied over New Zealand and
South Africa. Output results compared well with the associated observed
patterns. However, an important aspect that still needs to be improved is the
fact that DARLAM tends to simulate excessive precipitation over regions with
steep terrain.

New developments at the CSIRO involve the use of variable resolution
AGCMs in order to simulate regional climate. For this purpose a new two-
time-level AGCM has been designed on a conformal-cubic grid (Rancic et al.,
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1996). The model utilises a semi-Lagrangian advection scheme. A major
advantage of this approach is that the model can be used in stand-alone
mode without the limitations imposed by a nesting procedure. Encouraging
preliminary results have been obtained.

1.4 ATMOSPHERIC MODELLING AT UP

Atmospheric modelling at the University of Pretoria (UP) was initiated in the
early 1990's when the CSIRO4 (4-levels in the vertical) AGCM was obtained
through a licence agreement between the University of Pretoria and the
CSIRO. The model was installed on a local super computer (CONVEX C-
120). A number of model simulations were performed, which included a 20-
year control run, as well as selected experiments outlining the interaction
between the ocean surface and atmosphere over the Indian and Pacific
Oceans (Van Heerden et al., 1995).

In 1995, with the assistance of CSIRO researchers, Dr. CJdeW Rautenbach
(staff member in Meteorology at UP) installed the CSIRO9 Mark I| AGCM with
R21 spectral resolution on a CRAY-EL94 super computer located at the South
African Weather Bureau (SAWB). A number of unpublished experiments were
performed in order to investigate global ocean-atmosphere interaction. The
model’'s ability to simulate present day climate over southern Africa was also
emphasised (Rautenbach and Engelbrecht, 2001). During the last three years
the AGCM became a useful tool to produce experimental seasonal forecasts
of rainfall over the southern African region. In his PhD-thesis Dr. Rautenbach,
with the assistance of Dr. HB Gordon from the CSIRQ, introduced a hybrid
(sigmalpressure) vertical co-ordinate to the dynamics of the CSIRO9 Mark li
AGCM (Rautenbach, 1999). In this study it was indicated that the hybrid
vertical co-ordinate system contributes to improved climate simulations in the
upper levels of the atmosphere.

During 1997 Dr. Rautenbach and CSIRO researchers installed the CSIRO9
(Mark Il) AGCM with a T63 (trianguilar truncation at wave number 63) spectral
resolution on the CRAY-EL94 super computer located at the SAWB. The
model has been used in a study to investigate the influence of extra-tropical
Sea Surface Temperature (SST) fluctuations on the rainfall over South Africa
(Rautenbach, 1998; Engelbrecht and Rautenbach, 2001). ‘

Regional climate modelling has numerous applications in the southern African
region (Engelbrecht and Rautenbach, 2000). Seen against this background an
agreement was reached in 1999 between UP and the CSIRO to install
DARLAM on a suitable computer at UP. With this prospect in mind the author
visited the CSIRO (Atmospheric Research) during January 2000. During the
visit the flow structure of DARLAM was studied in detail. With hard work and
additional assistance from CSIRQO scientists (Drs. JL McGregor and JJ
Katzfey) via the Internet, DARLAM was eventually installed on a powerful
workstation at UP. The first LAM simulations locally performed with DARLAM
are described in Chapter 5.
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1.5 OBJECTIVES OF THE RESEARCH

The research detailed in this thesis has three main objectives:

1.5.1 To investigate the potential applications and theoretical
limitations of the nested climate modelling methodology in the
southern African region.

This was attained through a thorough literature study of the nested climate
modelling approach as well as the theoretical aspects of the technique. The
investigation focused on how the unique land/sea/atmosphere features of
southern Africa might influence the applicability of various theoretical aspects
to the region.

1.5.2 To study the structure and formulation of DARLAM,'in particular
the semi-Lagrangian scheme utilised to simulate advection.

The properties of the semi-Lagrangian scheme used in DARLAM were
analysed according to the work of Dr. JL McGregor who first proposed the
scheme. Numerical approximations by the semi-Lagrangian scheme to the
solution of the linear advection equation are examined and compared to
approximations by well-known finite difference schemes. Numerical
experiments were performed to investigate the properties of the semi-
Lagrangian scheme in non-linear velocity fields.

1.5.3 To implement DARLAM over an extended southern African
domain, and to perform and verify preliminary atmospheric
simulations over the region.

In order to do this it was essential to become familiar with the flow structure
and code of DARLAM. The interpolation algorithms, required to provide the
nested model with initial and boundary conditions as supplied by the CSIRO9
(Mark Il) AGCM, were obtained and studied. The DARLAM code was
successfully installed on a powerful workstation with a Linux operating
system. Multiple January and July atmospheric simulations, nested within a
long seasonal cycle simulation with the AGCM, were performed over an
extended southern African domain. The entire Southern African Developing
Countries (SADC) region has been included in the domain. This achievement
opens doors for further collaboration with our neighbouring countries.

1.6 ORGANISATION OF THE REPORT

In Chapter 2 the modifying effect of mesoscale forcing on the climate of
southern Africa is discussed and the need for high-resolution climate
simulations over the region is highlighted. The concept of nested climate
modelling is defined and the philosophy behind the methodology is explained.
This is followed by a detailed discussion of the theoretical aspects of nested
climate modelling such as nesting strategies, domain size and lateral
boundaries, model resolution, spin-up time and initialisation. Emphasis is



o
W UNIVERSITEIT VAN PRETO

RIA 6
UNIVERSITY OF PRETORIA
TORIA

Qo YUNIBESITHI YA PRE

placed upon the applicability of each aspect in the southern African region.
The chapter concludes with a discussion of some of the unresolved theoretical
issues in the field of nested climate modelling. Perspective is provided
concerning the potential applications and theoretical limitations of the nested
climate modelling methodology over southern Africa.

The nested model DARLAM is the only state of the art LAM developed in the
Southern Hemisphere. Chapter 3 provides a general discussion of the most
important features of DARLAM. The chapter includes a discussion of the
strategy adopted to nest DARLAM within the CSIROS (Mark Il) AGCM. The
formulation of the AGCM itself is described briefly, followed by a description of
the surface characteristics, dynamical formulation and parameterisation
schemes of DARLAM. Previous experiments conducted with DARLAM over
Australia, New Zealand and Asia are examined. Two experiments performed
at a relatively coarse resolution over southern Africa with an earlier version of
DARLAM are put in the spotlight. Regional climate modelling groups world
wide are experiencing difficulties with the simulation of rainfall in regions of
steep topography. DARLAM is no exception and therefore Chapter 3
concludes with a discussion of the impact of topography on DARLAM
simulations.

DARLAM makes use of a unique semi-Lagrangian advection scheme. Various
forms of the advection equation, that describes transport by the wind of a
dependant variable, are considered in Chapter 4. In general, it is regarded as
impossible (or at least very cumbersome) to obtain the exact solution of the
non-linear advection equation. For this reason, numerous numerical methods
have been developed to approximate the true solution of the advection
equation. This chapter is primarily concerned with the multiply-upstream semi-
Lagrangian method of approximating the true solution of the advection
equation. The semi-Lagrangian scheme used in DARLAM in particular is put
under the magnifying glass. The scheme is compared to well-known finite
difference schemes, namely the Leapfrog scheme and Lax-Wendroff
schemes, in order to evaluate their relative merits with regard to stability and
accuracy. The investigation commences with a comparison between the
different numerical solutions of the linear advection equation to its exact
solution (which is known). Von Neuman's method is used to determine the
stability properties of the various schemes. This is followed by an examination
of the ability of the various schemes to represent the phase properties of the
exact solution. Two-dimensional numerical tests are performed to investigate
the behaviour of the schemes in events where the velocity field is non-linear.
These tests include Crowley’s test for uniform solid body rotation as well as
Smolarkiwiecz's test for strong deformational flow. It is shown that the semi-
Lagrangian scheme used in DARLAM is superior to the finite difference
schemes with respect to phase, stability and conservation properties.

January and July climate simulations over an extended southern African
domain (complete SADC region) have been performed using DARLAM. The
model was one-way nested within output fields for selected months from a
long seasonal cycle simulation with the CSIROS Mark Il AGCM. Nine separate
simulations (ensemble members) have been generated for both January
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(austral summer) and July (austral winter). Results from these simulations
constitute the model climatology for the two months. Chapter 5§ commences
with a discussion concerning the design of the nested climate modelling
experiment over southern Africa. The selection of observational data fields
used for qualitative model verification is motivated. The chapter conciudes
with a discussion of DARLAM output results (mean sea-level pressure, winds,
temperature and rainfall). The results are compared to the associated AGCM
simulations and to observations. It is indicated that the DARLAM results are
significantly better than those obtained from the AGCM. This is particularly
true for near-surface variables close to topographic features. It is also shown
that DARLAM severely overestimates rainfall over South Africa, particularly
over regions of steep topography.

Some conclusions are made in Chapter 6 with respect to the applicability of
the nested climate modelling methodology over southem Africa. The
advantages of using a semi-Lagrangian limited-area model are highlighted.
Potential applications of DARLAM over southern Africa are outlined and a
view of the future role of nested climate modelling over southern Africa is
presented.

Appendix A contains the VISUAL BASIC code developed to perform
Crowley’s Cone test with the semi-Lagrangian D3 scheme. Output is in
MATLAB format for displaying purposes.

Appendix B contains the FORTRAN code developed to perform
Smolarkiewicz's test of strong deformational flow with the semi-Lagrangian D3
scheme. Results can be displayed using PGPLOT software.
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CHAPTER 2

PERSPECTIVE FOR NESTED CLIMATE MODELLING
OVER SOUTHERN AFRICA

2.1 INTRODUCTION

The challenge of simulating regional climate is in essence one of representation
of climate forcing on two different spatial scales. These scales are the large-
scale (defined as the range of approximately 1000 km to global) and the
mesoscale (defined as the range of a few kilometres to several hundred
kilometres) (Giorgi and Mearns, 1991). For example, large-scale forcing induced
by the Earth’s orbital characteristics, radiation budget and the abundance of
greenhouse gasses, modulates the atmospheric general circulation. This in turn
determines the succession of weather events that characterise the climate regime
of a given area. Mesoscale forcing such as forcing induced by complex
topographical features and surface characteristics modifies the structure of
weather events and initiates mesoscale atmospheric circulation systems.
Embedded in the large-scale atmospheric systems, the mesoscale circulation
systems contribute to modulate the regional distribution of climate variables
(Giorgi and Mearns, 1991).

AGCMs are the primary tools available for atmospheric simulation (climate and
shorter-term variability). Current AGCMs have reached a high level of
sophistication and provide a full three-dimensional representation of the
atmosphere. These models intend to solve the equations for conservation of
momentum, mass and energy and include parameterisation schemes for the main
physical processes in the atmosphere such as radiative transfer, cloud formation
and precipitation and boundary layer and surface physics. The applications of
AGCMs over southern Africa include simulations of present day climate (Joubert,
1997; Rautenbach and Engelbrecht, 2001), simulations of climate variability
(Joubert, 1997; Engelbrecht and Rautenbach, 2001) and experiments describing
possible links between droughts/floods over the sub-continent and global sea
surface temperature (SST) variations (Mason et al., 1994; Jury and Pathack,
1996).

Although AGCMs adequately reflect the main characteristics of the general
circulation over southern Africa (Joubert, 1997; Rautenbach and Engelbrecht,
2001; Engelbrecht and Rautenbach, 2001), their performance in reproducing
regional climate detail is rather poor (Joubert et al., 1999; Engelbrecht and
Rautenbach, 2000). A major problem in AGCMs when trying to simulate the
regional climate has to do with horizontal resolution. AGCMs used for simulating
present climate conditions over southern Africa have been run at resolutions of
approximately 2.5° for both latitude and longitude (Joubert, 1997; Rautenbach
and Engelbrecht, 2000; Engelbrecht and Rautenbach, 2001). This relatively
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course resolution is a result of the computational requirements set by the global
climate modelling system which rapidly become prohibitive as the resolution
increases (MgGregor et al., 1993b; Giorgi and Mearns, 1991). At these
resolutions the effect of large-scale forcing on the general atmospheric circulation
can be successfully captured. The impact of local forcing, which acts on scales
as small as a few kilometres and strongly influence the detailed distribution of
atmospheric variables over many parts of southern Africa, is however lost. For
example, the small-scale atmospheric circulation induced by detailed topography
can not be presented at typical AGCM resolutions (McGregor, 1997a). In addition
there are important small-scale meteorological phenomena such as tropical
cyclones that are not adequately parameterised as sub-grid scale processes at
typical AGCM resolutions. These phenomena are vital in their own right and also
significantly affect the mean climatology of a specific region (McGregor et al,,
1993b).

As a computationally feasible alternative, it is possible to produce detailed
climate simulations for restricted areas on the globe by nesting a high-resolution
LAM within a global AGCM, or within an observational analysis. Such nested
models (which are primitive equation models) are aiso known as RCMs, although
the term could also encompass variable resolution global AGCMs (McGregor,
1997a). A selected domain is modelled in a stand-alone fashion with a high-
resolution LAM, noting that for climate modelling purposes it is necessary to
include a representative range of synoptic weather patterns in the simulations.
One means of providing an appropriate range of synoptic situations is to first run
a larger scale AGCM and to interpolate the output to LAM resolution at the
boundaries of the nested model. These interpolated fields are then used to force
the LAM at its lateral boundaries (McGregor et al., 1993b). The AGCM simulation
should produce realistic intensities and frequencies of the various types of major
synoptic systems. The LAM, with a horizontal grid resolution of approximately 100
km, may simulate some of the mesoscale features leading to a more accurate,
detailed and realistic depiction of a region's climate. This is at least possible in
mid-latitude domains where the boundary forcing usually determines the broader
behaviour of LAM systems (Vucicevic and Paegle, 1989). The climatology of a
LAM is determined by the succession of weather events simulated from the
contribution of lateral boundary conditions and the internal characteristics of the
model. This implies that nested climate modelling is in essence a boundary value
problem. '

Research groups are increasingly constructing LAMs for climate modelling
applications. The main advantage of these models is that they provide a high-
resolution climate simulation over a limited domain, whilst remaining much more
economical to run than a global model of similar grid resolution. Aithough LAMs
are restricted to a specific domain, they often employ more detailed physical
parameterisation schemes than their global counterparts. They also allow for a
more accurate representation of topography which is, for example, crucial for the
simulation of regional precipitation. If the LAM has a dynamical formulation and
physical parameterisation similar to that of the AGCM but a much higher
resolution, it adds significant smaller-scale detail to the coarser simulation of the
AGCM (Walsh and McGregor, 1995). In general the additional detail results in an
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improved simulation compared to that of the AGCM. Unlike interpolation methods
and statistical techniques (downscaling), the nested AGCM-LAM methodology is
a physically based procedure (McGregor et al., 1993b). Note again that the
successful application of the nested modelling approach requires that the AGCM
provides adequate broad-scale simulations.

While theoretical and scientific problems remain to be solved in the use of nested
LAMs, the potential applications are numerous. It is anticipated that LAMs will be
coupled on a more regular basis to other components of the earth-atmosphere
system such as ocean, sea-ice, biosphere and hydrology models. Lynch et al.
(1995) have performed Arctic experiments with an LAM coupled to a dynamic
sea-ice model, while Leung et al. (1996) have coupled a LAM to a surface
hydrology scheme. There is potential for greatly improved projections of the
possible impact of climate change. These projections could take the form of
improved estimates of rainfall changes in mountainous catchment areas and
better estimates of soil moisture changes in agricultural regions (McGregor et al.,
1993b). Further afield there is also a possibility that the impact of future climate
change on the accumulation of snow over the Antarctic continent could be better
predicted, which would lead to an improved estimate of possible changes in sea
level (McGregor et al., 1993b). Provided that suitable sea-surface temperature
forecasts are available, there is also a possibility that predictions of the regional
effects of El Nifio, namely droughts and floods, could be enhanced and made
considerably more detailed (McGregor et al., 1993b).

in the next section examples of important mesoscale forcing over southern Africa
are presented. Theoretical aspects concerning nested climate modelling are
discussed in the remainder of the chapter, with the emphasis on the application
of the nested AGCM-LAM methodology on the southern African sub-region.

2.2 MESOSCALE FORCING OVER SOUTHERN AFRICA

Mesoscale atmospheric forcing is primarily induced by complex distributions of
surface characteristics such as topography, coastlines, inland water masses and
vegetation characteristics. These vary on a scale of 10-100 km. Precipitation is
also strongly affected topographically by means of condensation due to
topographic upliftment and enhanced convection during summertime. An example
that clearly illustrates the impact of topographic forcing on regional scale
precipitation is the Klein area of South Africa. Figure 2.1 shows the observed
average annual precipitation over this region. Dry conditions normally prevail
over the Klein Karoo, which lies in the rain-shadow of the Lange and Outeniekwa
Mountains. As a result of the mountains wetter conditions are recorded over and
up-wind of the mountain ranges.

Mesoscale forcing can also be of thermal origin, as induced by diverse radiative
properties of land and ocean (water) masses. This results in the development
land-sea breeze circulation, which significantly influences the local climate of
southern African coastal regions. Along the north-west coast of Madagascar,
land-sea breeze circulation systems are responsible for the dominant winds
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solution to driving boundary values (Giorgi et al. 1993c). This resuits in noise
generation near the boundaries that can be substantially reduced by using
broader buffer zones and an exponentially varying function allowing for a
smoother transition from model solution to driving fields (Giorgi et al., 1993¢). For
typical continental scale domains most current regional models use buffer zones
of 10 grid point width or more. This is usually sufficient to provide a smooth
lateral forcing (Giorgi and Mearns, 1999).

Giorgi et al. (1893c¢) proposed a modification to the standard relaxation technigue
where a wider buffer zone is adopted in the upper troposphere compared to that
of the middle and lower troposphere. The rationale behind this approach is that
the large-scale wave patterns and circulation fields in a nested LAM are
essentially determined by the driving LBC. Therefore, a relatively wider zone aloft
increases the consistency between the nested model and the driving large-scale
circulation pattern, in both magnitude and phase. However, the high-resolution
forcing resolved by a nested LAM originates primarily at the surface due to
topography and coastlines. For this reason the LAM should develop its own
internal mesoscale circulation in the middle and lower troposphere, which is
achieved by reducing the size of the buffer zone and thus the direct boundary
forcing (Giorgi and Mearns, 1999).

Overall the simple standard relaxation technique, if carefully designed, has
proven to be adequate for most LAM applications and is therefore widely used.
The main problem encountered with this technique is the occurrence of spurious
precipitation near the downwind domain boundaries (Giorgi and Mearns, 1999).
In a three-dimensional atmospheric model, the disturbances have complicated
structures and travel from many directions. This implies that full attenuation of the
reflections is not achieved. The residual reflections are primarily manifested near
the horizontal boundaries in the divergence field, which may lead to some noise
in the vertical velocity and related precipitation patterns (McGregor et al., 1993b).
Although precipitation patterns may appear somewhat noisy near the boundaries,
it should be noted that this noise does not normaly lead to contamination of the
interior fields. This is because the AGCM moisture and temperature fields
strongly override the modifications made to the heating and drying of the LAM in
this boundary zone (McGregor et al.,, 1993b). At the surface however, the water
budget and surface energy may be negatively affected (Giorgi and Mearns,
1999). Problems related to sharp transitions at the lateral boundaries can be
improved by using multiple nesting or variable resolution configurations (Giorgi
and Mearns, 1999, also see section 2.11).

The possible interpolation errors and the generation of noise implies that the
abrupt change in model and driving data resolution at the lateral boundaries
should be minimised. One way to decrease the driving model's resolution
mismatch is to use a multiple nested mesh (Giorgi and Mearns, 1999). Multiple
nesting can be done using either one-way or two-way (see section 2.3.3)
nesting. An alternate technique is to use the variable resolution approach
proposed by Qian et al. (1999). In this approach the grid resolution of the LAM
should match that of the driving model in the lateral boundary zone but should
gradually increase towards the interior of the domain, where a uniform fine
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resolution grid is placed. In both the multiple nested and variable resolution
approaches the mismatch between the large-scale driving fields and LAM
simulated fields are minimised. The model's computational efficiency could
improve significantly since fewer grid points may be used in the buffer zone
(Giorgi and Mearns, 1999).

A LAM may be nested in either objective analysis provided by forecast centres or
in output provided by global AGCMs. Multiple nesting down to finer scales has
also been performed, within an AGCM by McGregor and Walsh (1994) and within
observed analysis by Leung et al. (1996).

An important issue concerning LBC provision is the interval of updates of the
large-scale fields. Nested model LBC are needed at each time step and are
usually linearly interpolated (in time) from two adjacent large-scale field updates
(Giorgi and Mearns, 1999). Typically the analysis or AGCM output is available
every 3 to 12 hours and these are interpolated in time and space to lateral
boundary points as required during the simulation. At each time step the
outermost boundary points of the nested LAM are relaxed toward the interpolated
values. In general it is preferable not to select update intervals greater than 12
hours as this might cause the model to misrepresent systems rapidly moving
across the lateral boundaries (Giorgi and Mearns, 1999).

For summertime simulations over southern Africa it would be preferable that the
LBC updates occur at least every 6 hours to represent the diurnal cycle. This is
necessary because differential heating associated with the diurnal cycle may
cause local overturning of mesoscale circulation overland (Giorgi and Mearns,
1999). Experiments by Dickenson et al. (1989) showed that during winter, when
the diurnal cycle is not pronounced, the model sensitivity to LBC update intervals
from 3 to 12 hours is small. Likely, the importance of the frequency of LBC
updates depends on domain and season, so it is always advisable to assess the
model sensitivity to the update frequency and to use the highest frequency
available (Giorgi and Mearns, 1999).

When applying one-way nested models to regional climate simulation, it is
assumed that the development of systems within the model domain is constrained
by the forcing from the AGCM provided boundary conditions. The boundary
conditions provide means of removing flow inconsistencies, at least in regions
where weather systems regularly sweep through the domain (Errico and
Baumhefner, 1987). It might be expected that the one-way nesting technique
would perform better in mid-latitude regions than in the tropics. In equatorial or
tropical latitudes, where weather patterns move more slowly than in mid-latitude
regions, it may happen that quasi-stationary systems develop within the nested
domain. These have a life somewhat independent of the AGCM forcing (Walsh
and McGregor, 1995). Thus, the one-way nesting approach has some theoretical
limitations especially in the tropics where the “stationary problem” restricts the
applicability of the technique. Nevertheless, Walsh and McGregor (1995)
performed successful climate simulations over the Australian region. Included in
their LAM domain were extended tropical regions both north and south of the
equator.
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2.3.2 SPECTRAL NESTING

A different one-way nesting technique has been proposed by Kida et al. (1991)
and Juang and Kanamitsu (1994). It was previously believed that difficulty in
prescribing the lateral boundaries would make spectral techniques inappropriate
for nested limited-area modelling. Despite this Tatsumi (1986) developed a
spectral LAM. His spectral model uses a Fourier expansion in the horizontal, with
the lowest order coefficients provided from the large-scale fields. This resuits in a
unique nesting technique.

The outer model (eg. AGCM) provides an average forcing over the whole domain,
rather than just over the boundaries (McGregor et al., 1993b). The regional model
solves the high wave-number component. This strategy ensures full consistency
between the nested model and large-scale driving fields and presents a different
philosophy concerning the role of the nested LAM (McGregor, 1997a). Spectral
nesting avoids any necessity to match the LAM and AGCM topography and
parameterisations (McGregor, 1997a; also see section 2.5). The technique has
the disadvantage of preventing the formation of surface-forced secondary
systems in the regional model that are not present in the driving fields (Giorgi and
Mearns, 1999). It has yet to be demonstrated whether the extra constraints of the
technique lead to a generally better or worse simulated climatology (McGregor,
1997a).

More recently Sasaki et al. (1995) modified the spectral nesting technique to
allow full spectral nesting above 500 hPa only, and conventional LBC nesting at
lower levels. This approach was followed in order to provide improved results
with respect to the full spectral nesting, primarily because of the difficulty to nest
the water vapour fields in the lower troposphere by means of spectral nesting
(Giorgi and Mearns, 1999). This modified spectral method is conceptuaily similar
to the modified conventional method of Giorgi et al. (1993c) and both methods
appear to converge toward a criterion of stronger forcing in the upper, and
weaker forcing in the middle and lower-tropospheric layers (Giorgi and Mearns,
1999).

2.3.3 TWO-WAY NESTING

In the one-way nesting approach the circulation produced by the nested LAM
does not feed back into the global model. ideally, there should be a two-way flow
of information, which implies that flow inside and outside the LAM domain shouid
interact in a single dynamic system. The latter approach is very attractive for
specific locations and some difficulties experienced in the tropics with the one-
way nesting approach are avoided (McGregor, 1997a). Improved simulations
should be expected from the two-way nested technique (McGregor, 1997a).

Two-way interacting nested climate modelling experiments between AGCMs and
LAMs have however not been attempted to date. One reason for this is the
technical difficulty involved in fully coupling two complex model systems when the
inner and outer models have different formulations, e.g. grid versus spectral. It is
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even more difficult when the outer model is a climate model as arbitrary
modification of the outer model solution can act as an artificial source or sink of
energy that can upset its conservation properties (McGregor et al., 1993b). Two-
way nesting also presents the need to perform separate climate runs for each
geographic configuration, which implies a lack of flexibility especially for long
simulations. The model may also need to be re-tuned before every new

configuration (McGregor, 1997a).

One way to facilitate coupling of global and LAM is to modify the spatial grid
resolution of the LAM from a fine resolution over the area of interest to a coarser
resolution over the rest of the globe. By matching grid resolutions from the two
models at the lateral boundary area where the exchange of information takes
place, inconsistencies associated with sharp contrasts in model resolution are
minimised (Qian et al., 1999).

2.4 DOMAIN SIZE, RESOLUTION AND LATERAL BOUNDARIES

Experiments have been performed over Europe to study the effect of domain size
on LAM simulations. Jones et al. (1995) concluded that the LAM domain should
be sufficiently small in order to prevent simulated atmospheric circulation of the
nested model departing from that of the driving AGCM on the synoptic scale. The
domain also needs to be large enough, however, to prevent the coarse scale
lateral boundary conditions from dominating the solution over the area of interest.
More detailed simulations of atmospheric features representing a finer scale than
those skilfully resolved by the AGCM should be achieved by the LAM (Giorgi and
Mearns, 1991; Jones et al., 1995; Podzun et al., 1995). The horizontal resolution
of the nested model therefore has to be fine enough to capture forcing and
atmospheric circulation on the mesoscale.

The selection of domain size and horizontal resolution is generally determined by
a compromise between meteorological and computational considerations. An
increase in model domain size and a refinement in resolution are achieved at the
cost of increased computation time. Stability considerations yield that the model
time step has to decrease with the grid point spacing. As stronger vertical
velocities are produced with a refinement in horizontal grid resolution, it is
recommended that the vertical resolution is increased to maintain stability (Giorgi
and Mearns, 1999). This implies that the relationship between computation time
and model resolution is stronger than linear.

The model domain should encompass, to the extent feasible, all regions of
forcing and atmospheric circulation that directly influence the climate and climate
variability over the area of interest. For example, a domain over southern Africa
should include the Agulhas retroflection region in the south-western Indian Ocean
(Engelbrecht and Rautenbach, 2001) and Madagascar to the east (Joubert,
1998). Such a domain also needs to extend far enough over the Atlantic Ocean to
adequately capture the development and propagation of mid-latitude cyclones
(frontal troughs) and far enough to the north to capture tropical features such as
the semi-stationary tropical surface trough.
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It is also recommended that the model resolution should be fine enough to
capture the forcing and atmospheric circulation of interest. For example, a study
focussing on the eastern part of South Africa needs to employ a resolution
capable of capturing the eastern escarpment at the atmospheric circulation scale
of interest. A study focussing on equatorial Africa needs to employ a resolution
capable of capturing mesoscale forcing and circulation induced by Lake Victoria.
Studies focussing on agriculture in the Vaal River catchment area in South Africa
may require information from the scale of a few tens of kilometres, while studies
concerning the advection of trace gasses over the SADC region may require
information at sub-continental scale. Thus, the model resolution must be of such
a nature that useful information for specific applications is produced.

Another factor that influences the selection of model resolution is the suitability of
physical parameterisation schemes and approximations of dynamical processes
in the atmosphere. The validity of the hydrostatic assumption decreases
significantly for horizontal scales smaller than approximately 10 kilometres. The
same principle applies for the assumption of scale separation inherent in most
cumulus parameterisation schemes (Giorgi and Mearns, 1999). In addition to this,
different cumulus parameterisation schemes are often developed for specific
spatial scales. Examples include the scheme of Anthes (1977), that has been
developed for scales between 60 and 120 km, as well as that of Fritsch and
Chappel (1980) who focus on scales of a few tens of kilometres.

Some care is also needed when locating the boundary zone. It is recommended
that the occurrence of land-sea interfaces in the boundary zone is minimised to
avoid problems of matching coastal outlines and attendant sensitivity of surface
physical routines (McGregor et al., 1993b). In general it is preferable to place the
lateral boundaries over the ocean rather than over land to avoid possible effects
of unrealistic surface energy budget calculations near the boundaries (Giorgi and
Mearns, 1999). Another reason for placing the boundaries over the ocean is the
increased possibility of the formation of spurious precipitation near the lateral
boundaries if placed over land and steep topography (Giorgi and Mearns, 1999).

It is also particularly advisable to avoid placing the domain boundaries over areas
of complex topography. The mismatch between the coarse resolution (AGCM)
driving data and fine resolution model topography may not only produce
significant noise but often requires an extrapolation of variables below the
surface level of the driving fields (Giorgi and Mearns, 1999). McGregor et al.
(1993b) suggested the use of the smoothed AGCM terrain in the boundary zone
of the LAM to avoid problems arising from vertical interpolation. In the nested
model DARLAM, boundary fields are altered to compensate for any differences in
altitude between the AGCM and LAM that may occur in the interpolated
topography (McGregor, 1997a).

Finally, it is useful to select a domain where the area under investigation is
located as far as possible from the lateral boundary zone. This prevents
boundary region noise generated from excessively contaminating the solution
over the area of interest. It also minimises the influence of the coarse resolution
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lateral forcing on the internal model physics of the LAM (Giorgi and Mearns,
1999).

2.5 PARAMETERISATION SCHEMES

Both AGCMs and LAMs require a comprehensive set of physical
parameterisation schemes for processes that occur on sub-grid scales. Examples
of physical processes include radiation, cloud formation, latent heating
(especially in cumulus convection), vertical transfer in the lower boundary layer
(the lowest 1 km of the atmosphere) and atmosphere-surface interactions
(including ocean-atmosphere and ocean-biosphere interaction). Some of these
processes are described in McGregor et al. (1993a). With finer resolutions, LAMs
require particularly careful treatment of surface, soil and vegetation interactions
(McGregor, 1997a). Wherever possible the parameterisation schemes are based
on observations.

Parameterisation of cumulus convection and cloud estimation proved to be the
most difficult since the parameterisation formulation strongly depends upon grid
spacing. Cumulus convection parameterisation also needs to handle a wide
range of conditions. For example, in the tropics there is abundant moisture and
weak winds, whereas convection associated with mid-latitude systems typically
occurs in a drier environment with stronger winds. The simulated precipitation
patterns and the corresponding heating rates in the tropics are extremely
sensitive according to the selection of a cumulus parameterisation scheme
(Krishnamurti et al., 1980; Horel et al., 1994). Other tests indicated that tropical
nested simulations are sensitive to the numerical formulation of vertical advection
(Walsh and McGregor, 1995) as well as to the radiation scheme decided upon. If
the LAM develops a cool bias in the tropics compared to the AGCM or observed
analysis, spurious boundary inflow or outflow may be generated resembling a
large-scale sea breeze (McGregor, 1997a). Therefore, the generality and
suitability of a specific parameterisation scheme has to be investigated before it
is used by means of sensitivity experiments in regional model simulations
(McGregor et al., 1993b). These issues are important for LAM experiments over
the SADC region, which includes extended areas located in both the tropics and
mid-latitudes. Although a parameterisation scheme formulation is supposed to
cope with a wide range of environmental conditions, it is advisable to apply
diverse parameterisation schemes over regions with diverse weather phenomena
(McGregor et al., 1993b).

McGregor (1997a) states that in general, physical parameterisation schemes in a
LAM should be compatible to those in the driving AGCM. In particular,
experiments with DARLAM indicated that the LAM and AGCM should use similar
cumulus parameterisation schemes over the tropics (McGregor, 1997a). This
ensures that maximum compatibility between the models is achieved (Giorgi and
Mearns, 1999). LAM simulations may be used to investigate and test the high-
resolution performance of parameterisation schemes of AGCMs (McGregor,
1997a). An important disadvantage when using the same parameterisation
schemes in LAMs and AGCMs, is that physical schemes developed for course
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resolution AGCMs may not always be adequate for application in the finer
resolution LAMs. Parameterisation schemes show significant sensitivity to
horizontal resolution and thus can result in different behaviours in the nested and
driving models (Giorgi and Mearns, 1999).

An alternative approach is to use different physical parameterisation schemes in
the nested and driving models, where the schemes for each model are
specifically developed and optimised for the respective model resolutions. A
disadvantage of this approach is that it is often difficult to interpret differences in
results since these are affected by not only diverse resolution forcing but also by
differences in the physics schemes used (Giorgi and Mearns, 1999). Another
potential disadvantage is that the parameterisation schemes may cause different
forcing leading to spurious circulation in the interior of the domain (Giorgi and
Mearns, 1999).

Giorgi and Mearns (1999) indicated that a LAM “sees” two important aspects
namely initial and lateral boundary fields. The use of similar or different physics
when driving LAMs can both lead to good quality simulations in the presence of
good quality driving fields. LAM simulations are continuously improving as better
parameterisation schemes are developed and as model resolution is further
refined (McGregor, 1997a).

26 ATMOSPHERIC MODEL FORMULATIONS

The following discussion is based on that of McGregor et al. (1993b). As far as
atmospheric science is concerned, there has been considerable development in
numerical techniques during the past few decades. This includes the
implementation of both spectral and grid-point representations, implicit and
explicit time differencing schemes as well as the more recent semi-Lagrangian
schemes. Atmospheric models may be integrated for several days to generate
medium-range weather predictions or for extended periods for climate
simulations. Models used for both applications are similar, although for climate
simulations there is a strong emphasis on the overall conservation of physical
quantities to reproduce the long-term behaviour of the atmospheric circulation.
Several aspects concerning the dynamical and numerical formulation in AGCMs
and LAMs are discussed in the following sections.

2.6.1 SPECTRAL MODELS

Most present day AGCMs are formulated in terms of an expansion in spherical
harmonics. Examples include the spectral models of the Australian Bureau of
Meteorology Research Centre (BMRC), the Canadian Climate Centre, the CSIRO
in Australia, the European Centre for Medium-range Weather Forecasting
(ECMWF), the Geophysical Fluid Dynamics Laboratory (GFDL) and NCAR. As an
alternative finite difference methods on a grid, as employed in the United
Kingdom Meteorological Office and Goddard Institute for Space Studies models,
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are also used in the so called “grid models”. Spectral models can be designed to
have highly self-consistent numerical formulation and accurate advection
properties. Disadvantages include a tendency to smear out sharp gradients that
may, in particular, affect moisture as well as the spectral smoothing of topography
near coastlines. This complicates the specification of appropriate sea-surface
temperatures.

It was previously considered that difficulties in prescribing the lateral boundaries
would make spectral techniques inappropriate for limited-area modelling.
However, a spectral LAM has been developed recently by Tatsumi (1986) (See
section 2.3.2 for more details).

2.6.2 THE HYDROSTATIC APPROXIMATION

All climate models and most weather prediction models employ the hydrostatic
approximation. The hydrostatic approximation embedded in the equations of
motion assumes that vertical acceleration in the atmosphere is negligible
compared to the other terms in the vertical momentum equation. The assumption
allows for sound waves to be filtered out from the solutions, implying that relative
large time steps may be achieved during model integrations. The vertical
equation of motion reduces to an expression giving the height of a column of air
as an integral of temperature with respect to the logarithm of pressure
(hypsometric equation). The hydrostatic approximation is found to be valid for
grid resolutions courser than 10 to 20 km (McGregor et al.,1993b; Giorgi and
Mearns, 1999). For smaller grid lengths, inaccuracies may arise over steep
terrain or during deep convection. The approximation's validity is consistent with
the intuitive expectation that sound waves are considered as unimportant for the
scale of atmospheric circulation considered in climate modelling.

2.6.3 CONSERVATION PROPERTIES

With the exception of the CSIRO model, all the spectral and grid point AGCMs
listed in section 2.6.1 are formulated using the advective formulation of the
equations of motion. The advective formulation attempts to achieve accurate
horizontal transport and is written in terms of the basic wind components,
temperature, surface-pressure and mixing ratio of water vapour. As an alternative
the equations of motion may aiso be written in flux form (CSIRO model) using the
original variables weighted by mass. In this form it is fairly straightforward for a
grid point AGCM to guarantee conservation of mass and energy. It is more
difficult to prove conservation of mass and energy in spectral models and many of
these models just rely on the inherent accuracy of the spectral technique. LAMs
may use either the advective or flux formulation. However, for a limited domain,
conservation behaviour is dominated by fluxes across the lateral boundaries,
which are supplied periodically by the outer AGCM (see section 2.3). Because of
the sampling and interpolation considerations at the lateral boundaries, the
conservation properties of the original equations provide little guidance for
selecting the appropriate formulation for a LAM. The continual boundary forcing
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is, however, designed to keep the large-scale circulation features in the LAM
similar to those of the driving AGCM. For this reason, conservation is not such an
important issue in LAMs (McGregor, 1997a).

2.6.4 STAGGERED GRIDS

The majority of modern grid-point models employ grids in which the wind
components are staggered horizontally with respect to the other variables. This
staggering improves the accuracy of the pressure gradient terms in the
momentum equations and leads to improved dispersion characteristics for gravity
wave response (Schoenstadt, 1980). It also avoids spurious noise caused by
solution decoupling over the grid (McGregor and Leslie, 1977). The Australian
Bureau of Meteorology (McGregor et al.,, 1978; Leslie et al., 1985) and the
CSIRO (McGregor, 1987) use LAMs with grids where the wind components are
staggered half a grid length in their respective direction of motion. Purser and
Leslie (1988) have found that non-staggered grids may be successfully used
provided that high-order horizontal differencing and judicious filtering are
employed.

2.6.5 HORIZONTAL ADVECTION

The selection of horizontal advection (i.e. transport) scheme can affect the
degree of noise of the solution and the model's ability to maintain sharp
gradients. Many grid-point models have used centred finite differencing of second
or fourth order, or Lax-Wendroff schemes (Gadd, 1978b; Haltiner and Williams,
1980). In the last 15 years semi-Lagrangian techniques have been adopted for
both LAMs and global weather prediction models, including the ECMWF model
(Ritchie, 1991). The technique is based on finding an upwind departure point for
each grid point (McDonald and Bates, 1987, McGregor, 1993), after which
higher-order interpolation is used to obtain appropriate model variables at the
departure point. The advection of water vapour improved significantly when using
the semi-Lagrangian technique. Another important feature of semi-Lagrangian
schemes is that significantly larger time steps can be achieved relative to other
schemes. These aspects are discussed in more detail in Chapter 4.

2.6.6 TIME DIFFERENCING

Although the hydrostatic approximation removes fast travelling sound waves, the
equations of motion still permit horizontally propagating gravity waves with phase
speeds up to 300 ms™. Explicit models such as the NCAR MM4 model (Anthes et
al., 1987) are constrained by these large phase speeds and require a very small
time step to meet numerical stability criteria. With the split-explicit method, the
gravity wave generating terms are split apart and solved with a small sub-time
step embedded in each main time step (Gadd, 1978a). However, the most
common treatment is to group the linear components of the terms contributing to
gravity waves, and solve those implicitly. Robert et al. (1972) describes this
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technique in more detail. The semi-implicit method leads to a Helmholtz equation.
This equation may be solved by using either iterative or direct methods, or
analytically in the case of a spectral model, where it enables the use of a larger
time step to be used.

2.7 SPIN-UP TIME AND INITIALISATION

Initial conditions for a LAM are supplied by observation analysis, or by forcing
from an AGCM. Variables such as temperature, sub-soil temperature and
moisture, and surface albedo may exhibit discontinuities at topographic
interfaces, for example land-sea boundaries, or boundaries of different vegetation
or soil types. Special interpolation methods need to be employed to initialise
these variables near these interfaces (McGregor, 1997a).

Another consideration during initialisation is the vertical interpolation of AGCM
atmospheric fields (especially temperature) to pressure levels as defined for the
LAM, and to adjust the surface pressure to the new altitudes resulting from the
more detailed finer resolution of the LAM’s topography. Vertical compensation is
also required near the boundary rows whilst nesting, if the topography of the
AGCM and LAM differ (McGregor, 1997a).

Atmospheric spin-up time can be defined as the time taken by the LBC to
pervade the nested model domain and generate a dynamical equilibrium between
the LBC information and the internal model physics and dynamics. The spin-up
time varies depending on the domain size, season and circulation intensity, but is
typically in the order of a few days (Errico and Baumhefner, 1987; Anthes et al.,
1989). In a LAM simulation the deviation of the model solution from the larger
scale driving fields will tend to increase for the first few days of spin-up, where
after it will oscillates around an asymptotic stage (Giorgi and Mearns, 1999).
When the asymptotic stage (which depends on domain, season and location) is
reached, the model simulates weather events that either enter the domain from
the lateral boundaries or are generated in the interior of the domain with a
relatively constant level of skill (Giorgi and Mearns, 1999).

A factor that contributes to complications of the spin-up procedure and model
climatology is soil moisture and soil temperature initialisation. Soil water content
and temperature affect weather and climate, especially during the summer, since
it modulates surface and latent heat fluxes (Giorgi and Mearns, 1999). The
temperature and water content of a surface soil layer of say, 10cm depth,
equilibrate with the overlying climate relatively quickly (in the order of a few
weeks). For a root zone of 1m depth, the equilibrium may be in the order of
several seasons, while for deeper soil, it may be in the order of several years
(Giorgi and Mearns, 1999). This problem is further complicated by the fact that
reliable information for soil moisture and temperature initialisation is not
available. Thus, if a nested model includes a soil module of several meters in
depth, strict equilibrium occurs only after years of simulation. However, since the
most hydrological active region is the rooting zone (order of 1m or less), for most
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practical purposes the soil spin-up can be considered as of the order of a few
seasons to a year. This estimate depends on the sensitivity of individual models
to soil moisture conditions (Giorgi and Mearns, 1999).

2.8 MODEL INTEGRATION PERIODS

As indicated, the atmospheric circulation properties of a LAM are dictated by the
succession of weather events as simulated from the contribution of LBC and
internal model physics after an atmospheric spin-up of several days. In LAM
simulations the first days of spin-up are usually negiected in the analysis of
results (Giorgi and Mearns, 1999).

A major aspect when performing climate simulation experiments has to do with
the length of integration period required for producing a stable climatology. For
example, observed average rainfall at a fixed location over a period of 10-years
will, in the absence of climate change, only differ slightly from the average rainfall
over a 20-year period. An average from a 1-year period will, however, differ
significantly from a 10-year average, especially if a flood or a drought occured in
the 1-year epoch. Climate models exhibit analogous patterns of internal variability
(McGregor et al., 1993b). They are also sensitive to the prescribed SSTs, and
would exhibit increased variability in the event where El Nifio events are captured
in model simulations. In order to obtain a stable average climate from a model, it
is recommended that a simulation of at least 10-years is performed (Miyakoda et
al., 1972). However, Walsh and McGregor (1995) point out that some differences
between long-term monthly averages could still be expected due to sampling
errors that is caused by the fact that climatological averages are produced by
averaging relative small groups (for example 10-years) of ensemble members.

A popular strategy to produce a model simulated climatology for a specific month
is to nest separate simulations for that month rather than to perform seasonal
cycle runs. Here, a model simulation is constructed by running multiple 30-day
simulations of a particular month for successive years and then averaging the
results to obtain a climatology for that month. Model simulations of at least 10 to
20 individual months in this mode is required in order to provide a stable
climatology (McGregor, 1997a). This methodology has been followed in several
studies using the NCAR MM4 mesoscale model and DARLAM. The LAMs may
also be nested within observed analysis, (Giorgi and Morinucci, 1991; Giorgi et
al., 1993a, b; Walsh and McGregor, 1996) or within AGCM simulations (Giorgi,
1990; McGregor and Walsh, 1994; Marinucci et al., 1995; Walsh and McGregor,
1995). See McGregor (1997a) and Chapter 3 for more examples.

A less versatile approach with respect to the duration of the simulations is to
perform a perpetual run for a particular month, say January, nested within a
perpetual January GCM (McGregor and Walsh, 1993). It is, however, necessary
to prescribe the deep soil moisture temperatures for perpetual runs, which
normally restricts their applicability to present day conditions (McGregor, 1997a).
However, Hostetler et al. (1994) were able to use 90-day perpetual January and
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July simulations to study the role of lake-atmosphere feedbacks in sustaining
paleolakes 18 000 years ago.

More recently, with the improvement in computer capacity, multi-year seasonal
cycle simulations have been performed (McGregor, 1997a; Chapter 3). These
seasonal-varying simulations are slightly more accurate than those run in
individual-month mode. The reason for this is that these runs allow for soil
moisture and temperature to evolve realistically over longer time scales
(McGregor, 1997a). In this manner most problems associated with atmospheric
spin-up time are avoided. The model is also allowed to develop its own internal
atmospheric circulation (Giorgi and Mearns, 1999). In addition, along term
simulation allows for an improved equilibrium between the model climate and
surface hydrological cycle as well as a improved detection of systematic
deficiencies in the internal model physics (Giorgi and Mearns, 1999).

Another possible way to produce simulated climatologies for the entire annual
cycle is to force both the AGCM and LAM with observed climatological SSTs
(model SST climatology). Multiple seasonal cycle simulations might be obtained
when starting each simulation with slightly different initial conditions. This
procedure is followed because of the non-linear nature of the atmospheric
equations and internal chaos. A multiple-member ensemble mean of output
variables constitutes the model climate. About five realisations of each model are
necessary in order to reduce the effect of internal variability. This approach was
used by Engelbrecht and Rautenbach (2001) to obtain a model climatology from
the T63 version of the CSIRO9 Mark Il AGCM. It may also be required that a
short spin-up period of approximately a month precedes the model simulation.
This will allow for physical processes, like the moisture cycle, to reach equilibrium
(McGregor, 1997a).

2.9 VERIFICATION OF NESTED MODELS

According to McGregor et al. (1993b), the ultimate verification of a nested climate
model is to compare a sufficiently long simulation with the current climate. This
should include climate verification of aspects such as storm statistics and frontal
intensities. Simulations of the order of a month or longer pose additional
requirements to the models if compared to the more conventional short-term
simulations. This is because most parameterisation schemes have a long time
scale (such as the effect of radiation on the flow). These simulations may be
verified against the observed mean climatology for the period under
consideration. It is vital to make sure that long-term biases are not accumulating
in the interior of the domain. This is more likely to happen in the tropics. For
control experiments, one has to keep in mind that the veracity of nested LAM
simulations greatly depends upon the veracity of the broad-scale aspects of the
AGCM simulation (McGregor, 1997a).

A measure of the minimum error one might expect from the LAM may be obtained
from nesting the model within observed analyses. This mode of verification may
also provide a way to verify LAM parameterisation schemes (McGregor et al,
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1993). Recently, many meteorological centres have routinely run their limited-
area weather prediction models for one-month simulations in order to determine
model biases and reveal deficiencies in model parameterisation schemes. This
contributes to model development (D. Majewski; personal communication to J.L.
McGregor) and led to improvements in the various regional data assimilation
systems (McGregor, 1997a).

Since a major objective of nested LAM runs is to simulate mesoscale features
that affect a specific region, it needs to be verified that the LAM realistically
simulates those features. (McGregor et al., 1993b). For example, the ability of a
LAM to reproduce weather systems can be verified by performing case studies of
significant meteorological events and to compare the results with observations.
Boundary conditions for the LAM may be specified from operational grid-point
analyses (also regarded as observations), and the LAM simulation compared to
the subsequent analyses and observations.

Verification of LAM simulations can be problematic since a LAM might generate
output on a higher spatial resolution than available from the upper atmosphere
observational network. At the same time the model may not have enough
resolution to simulate the surface observed fields (30 to 150 km nested model
grid box averages versus denser point observation fields). One approach is to
verify model simulations against the track and intensity of weather phenomena
and observed accumulated precipitation, at least over land (McGregor et al.,
1993b). Occasionally there are special observation programmes that provide
higher spatial and temporal data to initialise models and to verify the simulations.
McGregor et al. (1993b) provide some examples. In South Africa, a high-
resolution rain gauge and radar rainfall observation network over the Vaaldam
catchment area may prove to be ideal for LAM rainfall verification.

2.10 OTHER APPLICATIONS FOR NESTED MODELLING

LAMs have recently been employed for climate modelling. Here, simulations that
extend over long periods are required. During the last twenty-five years LAMs
have widely been used to make significant improvements in short-range weather
forecasting, while case and mechanistic studies utilising LAMs furthered the
understanding of mesoscale weather phenomena. Keyser and Uccellini (1987)
discuss the use of regional models as an aid to expiain and understand
mesoscale weather events. They note that these models have become
sufficiently accurate and have enough temporal and spatial resolution to provide
a better understanding of atmospheric dynamics than possible with observed
analyses.

In recent years LAMs have been used to investigate Australian weather systems
such as east coast lows, tropical southerly busters affecting Sydney, the
pollution-inducing Melbourne eddy and dispersion of pollutants (McGregor et al.,
1993b). In South Africa recent applications of LAMs include investigations of air
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mass transport and associated moisture sources during cyclone Demoina (Crimp
et al, 2000) as well as an investigations concerning the extreme precipitation
events during 11 to 16 February 1996 (Crimp and Mason, 2000). The latter
investigation utilised the Colorado State University Regional Atmospheric
Modelling System (RAMS). The sensitivity of a tropical-temperate troughs to sea-

surface temperature anomalies in the Agulhas retroflection region has also been
investigated, again using RAMS, by Crimp et al. (1998).

The generality and suitability of the parameterisation experiments for different
weather phenomena may be investigated by sensitivity experiments in LAM
simulations. Furthermore, since the same physical parameterisation schemes are
often used in both LAMs and AGCMs, LAMs may be used to provide a framework
for testing the high-resolution performance of these parameterisations
(McGregor, 1997a).

The relative importance of a given process in a weather event can also be
investigated using a LAM, where the process can be altered or even eliminated.
A comparison of the full model simulation with the altered simulation can give an
indication of the importance of such a process. It must be kept in mind however,
that non-linear interactions and feedbacks between various physical processes
may prevent a clear determination of the importance of a process. The
development of a weather system depends on the interaction of many of the
various processes and not on a simple addition of the effect of a specific process
(McGregor et al., 1993b).

Detailed simulations produced by LAMs make it possible to construct
geographically detailed scenarios of climate change (Walsh and McGregor,
1995). For most simulations performed to date (some of these are discussed in
Chapter 3) the overall climate change scenarios produced by the LAMs are
similar to those provided by the AGCMs. There are, however, significant
differences in finer detail, particularly for precipitation (McGregor, 1997a). The
impact of a changing climate on local weather systems can also be examined
through sensitivity experiments with a LAM. For example, it is likely that SSTs will
increase with an increase in atmospheric CO, concentrations (Houghton et al.,
1990). Typical weather systems may be simulated by LAMs with an enhanced
SST to determine the possible effect of ocean heating (McGregor et al., 1993b).

2.11 ALTERNATIVES TO NESTED CLIMATE MODELLING

A new approach that may prove to be a suitable alternative to two-way nesting is
that of running a global model with highly variable resolution (Courtier and
Geleyn, 1988). The model horizontal grid point spacing is gradually refined
toward the area of interest. This approach is very appropriate for specific
locations on the planet. Difficuities experienced in the tropics with the one-way
nesting approach can be avoided (McGregor, 1997a). Déqué and Piedelievre
(1995) have successfully developed a variable resolution spectral model and grid
point variable resolution global climate models are under development at the
CSIRO (McGregor, 1996, 1997b).
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Variable resolution global models may also have some disadvantages. The
relative course resolution far from the area of interest may negatively influence
the simulation and parameterisation schemes may not be adequate for use on a
wide range of spatial scales (Giorgi and Mearns, 1999). Another disadvantage is
that the time step needs to be shorter in a variable resolution domain than
required without the local mesh refinement (Giorgi and Mearns, 1999). As in the
two-way nesting technique, there is a lack of flexibility since the model has to be
modified and independently run for each new geographic configuration
(McGregor, 1997a).

2.12 UNCERTAINTIES AND A VIEW OF THE FUTURE

Despite the considerable potential of nested climate modelling there remain
several unresolved issues which indicate that we are dealing with a relative new
science. Presently all LAMs experience difficulties in regions of high and steep
topography where long-term average precipitation is often over-estimated. At
present the reasons for this overestimation are uncertain but possibilities inciude
precipitation errors associated with the calculation of pressure gradients in
terrain-following co-ordinates. This problem is discussed in more detail in
Chapter 3. As previously discussed, there are uncertainties regarding the
applicability of LAMs in tropical regions, where there is minimal synoptic forcing
supplied by the appropriate AGCM to the LAM.

Resuits from NCAR depict substantial sensitivity to the initial specification of soil
moisture (Giorgi and Marinucci, 1991), although this behaviour may be related to
the exclusion of an adequate parameterisation for non-precipitating cumulus
clouds. Data for initialisation of soil moisture remains sparse. It is known that
present AGCM simulations of soil moisture are inadequate (Vinnikov and
Yeserkepova, 1991), either as a result of deficiencies in the representation of
hydrological processes or errors in the atmospheric fields. Improvements are
anticipated when using LAMs because of their potential to achieve more accurate
and detailed precipitation simulations (McGregor et al., 1993b).

Successful LAM simulation experiments have been performed by various groups
for periods ranging from 1 month to several years (see Chapter 3). Consistent
success has been demonstrated for NCMs in mid-latitudes where improved
climatological patterns of precipitation and screen temperature (which is
particularly related to topographic and coastal effects) have been simulated.
Significant improvements are also detected in the details provided in nested LAM
climatologies when compared to those of the associated AGCMs, especially for
coastal and mountainous regions. Nested climate modelling has become popular,
not only for producing detailed simulations of climate and climate variability but
also as a tool for the improvement of LAMs and their internal parameterisation
schemes (McGregor, 1997a).

With the inclusion of trace gas transport schemes and middle atmospheric
chemistry in AGCMs (Rasch et al., 1985) the advection of trace gasses can also
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be incorporated in LAM experiments. Simple parameterisation of the surface
sources and sinks of CO,, SO, and radon have been incorporated in DARLAM
(McGregor, 1997a).

There are several ways for future development in this challenging research field.
According to McGregor (1993), improved physical parameterisation schemes for
physical processes, cloud simulation and radiation properties are required, both
for LAMs and AGCMs. Some of these improvements will follow from analysis of
the new global data sets being acquired from remote sensing. Simulation of
present-day climate will also be enhanced by the availability of improved SSTs,
surface albedo, surface roughness and vegetation characteristics. NCM
simulations will continue to improve with further refinement of model resolution.
As further improvements are made to the climatology of AGCMs, benefits will also
follow in the driven LAMs. Increased computer power and capacity, which may
probably include massive parallel computers, will make longer model simulations
with finer grid resolutions a reality. In the near future it may even be possible to
perform two-way nested or variable resolution climate simulations over the entire
globe.
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CHAPTER 3

SIMULATING CLIMATE WITH THE LIMITED AREA
MODEL DARLAM

3.1 INTRODUCTION

The nested model DARLAM has been developed to meet the requirements of
both climate simulation experiments and shorter-term mesoscale studies
(Walsh and McGregor, 1995). The LAM has evolved during the last decade
from the 2-time level semi-Lagrangian model proposed by McGregor (1987).
A full set of climate model parameterisations have since been added
(McGregor et al., 1993b). DARLAM has been used over many locations with a
variety of horizontal and vertical resolutions. The major applications focused
on regional climate simulations nested within output fields saved 8-hourly or
12-hourly from the CSIROS AGCM.

Many simulations have been performed by nesting DARLAM either within the
CSIRO9 AGCM or observational analyses. A one-way nesting technique was
employed in all simulations. The earliest simulations were for perpetual
January conditions. Subsequently, multiple January and July simulations have
been performed followed more recently by full seasonally varying simulations
of up to 20 years in duration. The latest regional climate simulations were
nested for 140 years within the CSIRO9 AGCM transient simulation. In these
simulations the atmospheric equations were integrated forward in time over
nine levels in the vertical at both 125 km and 60 km horizontal grid resolutions
(McGregor, 1999). The latest version of the model has 18 levels in the vertical
with the lowest level at 40 m (McGregor, 1999).

Model simulations for both 1xCO; and 2xCQ2 conditions over the Australian
and south-east Asian region have been performed at a grid resolution of 125
km. Selected doubly-nested simulations have then been performed at 50 km
and 60 km resolution. In most of the experiments the focus was to determine
the skill of the model with respect to the simulation of the seasonal cycle of
surface air temperature and precipitation. Daily maxima and minima of model
simulated surface air temperature have been studied and the simulated
representation of the daily range examined.

Prior to the present study, DARLAM has also been successfully applied over
New Zealand and South Africa. Good agreement was generally obtained
between DARLAM simulations and observed climatologies. These studies
revealed that an important aspect that still needs to be addressed is
excessive precipitation simulated by DARLAM over regions of steep
topography (McGregor, 1999; Joubert et al., 1999).
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Tropical domains pose additional difficulties for the one-way nested modelling
approach. These difficulties are related to the weaker boundary forcing in
such domains and the greater necessity for compatible physical
parameterisation schemes (see section 2.3.1). Most climate simulations
performed with DARLAM over tropical regions produced acceptable
climatologies with somewhat unrealistic annual variability in precipitation
patterns (McGregor, 1999).

This chapter commences with a description of both the CSIRO9 AGCM and
DARLAM. It is followed by a discussion of nested climate modelling
experiments performed with DARLAM over various regions in the world.
Emphasis is placed upon the two previous simulations performed over
southern Africa. Finally, the crucial role of topography in the DARLAM
simulations is discussed.

3.2 THE CSIRO9 AGCM (MARK Il VERSION)

The CSIRO9 Mark Il AGCM is a 9-level climate model with R21 spectral
resolution that utilises an equally spaced east-west grid of 64 and a pole to
equator grid of 28 unevenly spaced latitudes per hemisphere. A T63 version
of the model is also available. The model utilises a sigma co-ordinate system
(c-system) in the vertical. The model integrates the flux formulation of the
primitive equations (Gordon, 1981) forward in time. Unlike the advective
formulation (Bourke, 1974) the flux formulation ensures that both energy and
mass are conserved during the model integration. These conservation
properties are vital when an AGCM is used for the multi-annual integration
required for climate simulations. Gordon (1981, 1993) and Rautenbach (1999)
provide details concerning the derivation of the model’s dynamical equations.

The main prognostic variables are surface-pressure, surface-pressure
weighted divergence, surface-pressure weighted vorticity, temperature and
moisture. Apart from the moisture, which is a grid variable formulated in terms
of a semi-Lagrangian moisture transport scheme (McGregor, 1993), the
remaining variables are all spectrally analysed. The main prognostic variables
are calculated at full c-levels in the vertical, while the diagnostics of vertical
velocity and geopotential height are derived at half levels.

Time integration is performed by using a semi-implicit Leapfrog scheme
where linearised fast moving gravity wave generating terms are used to link
the divergence, thermodynamic and surface-pressure equations (Hoskins and
Simmons, 1975; Simmons and Hoskins, 1978; McGregor et al., 1993a). This
implies that the time step is no longer restricted by gravity wave generating
terms and that longer time steps can be used.

The CSIRO9 AGCM simulates a comprehensive range of physical processes
including radiation and precipitation, which act as forcing of the dynamical
equations. The model is intended for general climate simulation and thus
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represents full annual and diumal cycles. The physical parameterisation
schemes of the CSIRO9 AGCM include a modified version of the Arakawa
(1972) cumulus convection scheme, the Deardorff (1977) soil moisture
scheme and the GFDL diurnally-varying parameterisation for longwave and
shortwave radiation (Fels and Schwarzkopf, 1975; Schwarzkopf and Fels,
1991). The model also includes a stability-dependent boundary layer based
on Monin-Obukhov similarity theory (Louis, 1979). Soil temperatures are
calculated using a three-layer model with a zero-flux condition at the bottom.
A diagnostic cloud scheme is also included, as well as parameterisation of
gravity wave drag (Chouinard et al., 1986).

3.3 DARLAM

DARLAM is a full primitive equations model that uses a Lambert conformal
projection. In most experiments with DARLAM, simulations have been
performed using the same 9-level vertical structure used for the CSIRO9
AGCM. In the present experiments (discussed in Chapter 5) the nested model
uses 18 o-levels in the vertical. Horizontal grid resolutions in previous
experiments performed with DARLAM varied between 15 km and 125 km. In
the present experiments a horizontal grid resolution of 60 km is used. The
dynamical formulation and current parameterisation schemes of DARLAM are
outlined in the following section (obtained from McGregor, 1999).

3.3.1 Dynamical formulation

o DARLAM is a 2-time-level, semi-implicit, hydrostatic primitive equations
model.

e DARLAM uses semi-Lagrangian horizontal advection with bi-cubic spatial
interpolaton (see Chapter 4 for more details).

¢ Departure points are derived using the procedure proposed by McGregor
(1993). See Chapter 4 for more details.

e Vertical eigenvector decomposition is used, with an isothermal reference
profile.

e Helmholtz equations are solved by successive over-relaxation.

o Total variation diminishing (TVD) vertical advection is applied (Thuburn,
1993).

* Winds are staggered on an Arakawa C-grid.

¢ Treatment of the pressure gradient term is similar to that given in Corby et
al. (1972), in which avoids large truncation errors are avoided.
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o DARLAM uses a Lambert conformal projection.

» A one-way nesting technique with exponentially decreasing weights is
used (Davies (1976) style).

e Multiple nesting options are available.

e A shape-conserving interpolation option is available (Bermejo and
Staniforth, 1992). '

3.3.2 Physical parameterisation schemes

e DARLAM presently uses an Arakawa/Gordon mass-flux cumulus
convection scheme.

e Evaporation of rainfall is included in simulations.

o Tiedtke shallow convection is used.

¢ GFDL parameterisation for long-wave and short-wave radiation is applied.
¢ Interactive diagnosed cloud distributions are included.

o Gravity wave drag options are available.

e Stability-dependant boundary layer and vertical mixing (Louis (1979) style)
are included.

o The vegetation/canopy scheme includes:
- six layers for soil temperatures
- six layers for soil moisture (Richards’ equation)

¢ Diumally varying skin temperatures for SSTs are included.
¢ An option for cumulus mixing of trace gasses exists.

DARLAM incorporates a set of physical parameterisation schemes that are
similar to those used in the CSIROS AGCM (described in section 3.2). The
surface fluxes are calculated with a modified Louis (1979) parameterisation.
The roughness length over land is 0.16m, while Charnock’'s (1955)
formulation is used over the ocean with a parameter value of 0.018.

There are however some differences between the parameterisation schemes
used in the two models. In some experiments with DARLAM (Walsh and
McGregor, 1995, 1997a) a modified Kuo (1974) convection scheme was used
in the nested model and gravity wave drag was excluded. Sensitivity
experiments indicated that DARLAM results were not severely affected by
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differences in the convection parameterisation (note that the CSIRO9 AGCM
uses a version of the Arakawa (1972) convection scheme). In previous
simulations with DARLAM over South Africa, Joubert et al. (1998, 1999) used
a modified version of the Arakawa (1972) convection scheme. Here it was
mentioned that several other convection schemes have been tested in earlier
unpublished sensitivity tests but that the Arakawa (1972) scheme
outperformed the others in numerous single-month sensitivity tests. In these
experiments enhanced surface drag parameterisation has been included near
mountainous terrain to account for subrid-scale topographic drag. Further
details of the parameterisation and vertical mixing schemes are outlined in
McGregor et al. (1993a). Different methods for determining soil moisture
(Kondo et al.,, 1990) is used in monthly climate simulations with the two
models (see section 2.8). These methods are known as the a-method
(DARLAM) and 3 -method (CSIRO9 AGCM).

Vegetation data includes soil and vegetation types as well as the associated
physical characteristics. Albedo fields have been derived from data produced
by the Simple Biosphere model (SiB) (Dorman and Sellers, 1989). These
fields are used in the surface canopy scheme of Kowalczyk et al. (1994). The
US Navy 5’ topography fields were aggregated to model grid resolution to
produce surface elevation fields.

3.4 THE NESTING TECHNIQUE

In experiments performed with DARLAM (see section 3.5 for more details) a
one-way nesting technique was followed, with boundary conditions specified
from the CSIRO9 AGCM or observational analyses. At each time-step the
outermost boundary rows of DARLAM are relaxed towards the interpolated
values supplied every 8 or 12 hours by the CSIRO9 AGCM. A modified
Davies (1976) scheme with exponentially decreasing weights as proposed by
Giorgi et al. (1994) was used. At each time step, the contribution of the forcing
boundary conditions decreases exponentially to below five percent at five
grid-points inside the outer boundary. For MSLP and temperature the
boundary fields are altered to compensate for any differences that might arise
in elevation fields as a result of diverse model topographic features (DARLAM
vs CSIRO9 AGCM).

3.5 PREVIOUS EXPERIMENTS PERFORMED WITH DARLAM
3.5.1 INTERNATIONAL EXPERIMENTS

CSIRO scientists (McGregor, Katzfey and Walsh) have performed most
limited-area climate modelling experiments with DARLAM over the Australian

region. At higher latitudes the nested climatologies produced are generally
superior to those produced by the forcing AGCMs and compare reasonably
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well to regional observations over the Australian continent (Walsh and
McGregor, 1995).

The first experiment performed with DARLAM was for perpetual January
conditions (McGregor and Walsh, 1991, 1993). In an effort to simulate the
climate of a domain encompassing Australia for perpetual January conditions
DARLAM has been nested at grid resolutions of 250 and 125 km within a
version of the Australian Bureau of Meteorology Research Centre’'s AGCM.
The experiments indicated significant improvements in LAM precipitation
patterns over that of the AGCM. Another finding was that tropical region
topography near the boundary of the domain requires careful treatment
(McGregor and Walsh, 1991, 1993).

A 60 km resolution DARLAM simulation has been nested within another
DARLAM simulation at a resolution of 125 km to investigate the impacts of the
enhanced greenhouse effect on the climate of Tasmania (McGregor and
Walsh; 1994). This doubly-nested simulation within the CSIROS AGCM
generated significantly improved regional climate detail for Tasmania.

These experiments were followed by high-resolution climate simulations for
January and July over the Australian region (Walsh and McGregor,1985).
They one-way nested DARLAM at a resolution of 125 km within the CSIROS
AGCM. One new aspect of these simulations was that the model domain
extended to tropical regions both north and south of the equator. The size of
the domain was also considerably larger than those used in previous
experiments. Ten separate 30-day simulations have been performed for
January as well as July. Ensemble averages of the ten January and July
simulations have been used as the model climatology. The 30-day simulations
incorporated both diurnally and seasonally varying radiation but were
initialised separately from CSIROS AGCM output fields. No vertical mode
initialisation was performed. A short spin-up period of approximately two days
allowed for the DARLAM moisture cycle to reach equilibrium. DARLAM results
indicated improvements in simulations away from the model boundaries.
DARLAM simulations were also closer to reality over sub-tropical and mid-
latitude regions. The improvement appeared to be the greatest in mid-
latitudes over land.

The latter DARLAM simulations showed a general improvement in the
simulation of precipitation when compared to the AGCM. This result, along
with improved results obtained for screen temperatures, may be attributed to
more detail in the DARLAM topography (Walsh and McGregor, 1995). Biases
relative to observations in the DARLAM simulations pointed out that the
general overestimation of rainfall is a problem that occurs in regions of steep
topography. Over the ocean the simulation of precipitation by the CSIROS
AGCM and DARLAM was of comparable quality (Walsh and McGregor,
1995).

A follow up ensemble of 10-year runs was carried out in both seasonal and
multi-month mode (see section 2.8). These runs showed that the multi-month
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approach reproduces climatologies almost as well as the seasonally varying
runs, provided that care is taken with the initialisation of soil variables
(McGregor, 1997a).

DARLAM has been used by Renwick et al. (1997) for 50 km doubly-nested
simulations over New-Zealand. The study showed significant improvements in
precipitation patterns near topography or coastal features. There is, however,
a tendency for excessive precipitation on the highest peaks. Extreme
precipitation over New Zealand was modelled at 15 km resolution by Katzfey
(1995).

Finally, the nested model has been applied over Antartica (Walsh and
McGregor, 1996) and for studying inter-annual variability (Walsh and
McGregor, 1997a). It has also been used to simulate the transport of
greenhouse gasses and the characteristics of their sources and sinks
(McGregor, 1997a).

3.5.2 EXPERIMENTS PERFORMED OVER SOUTHERN AFRICA

To date, only two NCM experiments have been performed over southem
Africa. Joubert et al. (1998) used DARLAM to simulate January climate over
the region. January was used to represent mid-summer (austral summer)
conditions, given that most of the region experiences a pronounced summer
rainfall maximum (Tyson, 1986). Using a one-way nesting procedure, lateral
boundary and initial conditions were supplied by the CSIRO9 AGCM. The
experiment consisted of twenty January ensemble members nested
individually at 125 km resolution within the CSIROS AGCM.

The model simulation showed that DARLAM results are generally better than
those of the CSIROS AGCM. The MSLP distribution simulated by DARLAM is
more accurate over land masses than in the AGCM simulation. Throughout
the troposphere DARLAM winds prove to be better than CSIRO9 AGCM wind
simulations. Analysis of lower level wind patterns revealed that the CSIRO9
AGCM does not capture the observed low-level convergence in the vicinity of
Mozambique. DARLAM noticeably improves on the latter flow deficiency,
probably because of its more adequate representation of the topography of
Madagascar (Joubert et al., 1998). It therefore seems essential that when
designing LAM experiments over Southern Africa, Madagascar should be
included in the model domain. Furthermore, it may prove worthwhile to
choose the eastern boundary of the model domain as far away from
Madagascar as possible.

Joubert et al. (1998) found that DARLAM captures the spatial pattern of
observed rainfall and inter-annual rainfall variability over the region as a whole
more accurately than the AGCM. Over most parts of the subcontinent, inter-
annual variability in the DARLAM simulation is not significantly different from
observations. Over the steep escarpment along the south-eastern coastline of
South Africa, DARLAM simulates more rainfall than the AGCM and
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significantly more rainfall than observed. Inter-annual variability of rainfall over
this region however, was not significantly different from the associated
observed inter-annual variability. Over Madagascar, DARLAM simulates more
rainfall than the AGCM, but less than observed. Here the simulated inter-
annual variability is also significantly less than observed.

Joubert et al. (1998) concluded that DARLAM provides a more accurate and
detailed simulation of the January climate over Southern Africa than the
CSIRO AGCM. This is largely due to the fact that regional topographical
features which influence the southern African climate are more clearly
resolved by the 125 km LAM resolution (Joubert et al., 1998).

In the second nested climate modelling experiment over southern Africa
Joubert et al. (1999) used DARLAM to simulate the full seasonal cycle in a
10-year simulation using present-day atmospheric CO2 concentrations. The
model’'s ability to simulate daily rainfall statistics during January was
assessed. The NCM was one-way nested within the CSIRO9 AGCM. Again it
was found that DARLAM simulates too much rain and too many rain days
over the eastern parts of South Africa. The probability of occurrence of rainfall
events of a given magnitude (expressed as the frequency of occurrence / total
number of rain events*100) is largely similar to observations. However, the
fact that the model simulates up to three times the observed number of rain
days in January resulted in an overestimation of total rainfall. (Joubert et al.,
1999).

Above average model simulated rainfall over the escarpment is associated
with anticyclone ridging to the south of the subcontinent, which extends
through the troposphere to the 500hPa level (Joubert et al.,1999). It is worth
noting that observed extreme rainfall events are often associated with a
similar circulation pattern, suggesting that DARLAM reliably reproduces the
circulation responses associated with above-average rainfall (Joubert et al.,
1999). In the DARLAM simulations, stronger than normal (compared to the
nested model’s climate) anticyclonic circulation is associated with above
average moisture content, particularly in the zone of convergence on the
leading edge of the ridging anticyclone (Joubert et al., 1999). In the
immediate vicinity of the escarpment, simulations of anomalous onshore or
upslope flow results in simulated upward motion indicating that the correct set
of conditions for rainfall is produced (Joubert et al., 1999). While these results
indicate sound physical reasons for rainfall to occur they do not explain why
the daily rainfall statistics (both number of rain days and observed rainfall) are
so much higher than observed (Joubert et al., 1999). One possible cause for
this overestimation relates to a known problem concerning the representation
of flow around steep orographic barriers (discussed in section 3.6). Despite
problems experienced by Joubert et al. (1999) in the rainfall simulation, it was
concluded that DARLAM results show a marked improvement in the
simulation of southern African climate detail relative to the CSIRO9 AGCM.
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3.6 THE ROLE OF TOPOGRAPHY IN DARLAM
SIMULATIONS

Steep topography may lead to excessive accumulated topographic
precipitation (Giorgi et al., 1994; McGregor and Waish, 1994; Jones et al,,
1995). This problem is more evident at higher model resolution but is probably
not specific to LAMs (McGregor, 1997a). The reason for this is still not fully
understood but for DARLAM the excess precipitation occurs at resolved
scales and therefore is probably related to the model's mountain wave
response (McGregor, 1997a). Horel et al. (1994) however, attribute excessive
simulated 5-day rainfall over the Andes to dynamical effects of the Kuo
cumulus parameterisation scheme.

A second unsolved (but closely related) problem in nested climate modelling
is the fact that LAMs tend to simulate too many rain days (compared to
observations) as well as lower than observed rainfall intensities (rain per rain
day) in regions of steep topography. This result has been noticed using
different climate models (Jenkins and Barron, 1997, Walsh and McGregor,
1995; McGregor and Walsh, 1994; Giorgi et al., 1994).

The steep eastern escarpment of southern Africa contributes to the problem
of excessive simulations of rainfall over regions of steep topography by LAMs.
Evidence provided by Joubert et al. (1998) suggests that DARLAM simulates
too much moisture over the eastern escarpment of South Africa. Over steep
topography such as the eastern escarpment of South Africa and eastern
Madagascar DARLAM simulates in excess of twice as much daily rainfall as is
observed. The lower-tropospheric flow over the escarpment during rain events
is upslope (perpendicular to the obstacle) as surface moisture is advected
onshore around a ridging anticyclone (Joubert et al., 1998). It is speculated
that DARLAM's semi-implicit, semi-Lagrangian scheme over-estimates
vertical velocities over steep topographic gradients due to the semi-
Lagrangian mountain resonance effect (Joubert et al., 1999). In essence, the
very steep topography of south-eastern Southern Africa is difficult to
reproduce in semi-Lagrangian regional model formulations (Joubert et al.,
1998, 1999). This may be a reason for rainfall over-estimation along the
southern escarpment. These results also indicate that improvements in the
simulation of regional rainfall totals will only follow from further development of
the regional model itself (Joubert et al., 1999).

McGregor (1997a) points out that various models use one or more of the
following methods to ameliorate the problem. These methods include a filter
of the topography, time averaging of latent heat (Giorgi, 1991) and the use of
different precipitation triggers from the AGCM. Some models (Giorgi et al.,
1993a, Walsh and McGregor, 1995) also reduce the horizontal diffusion near
topography in order to reduce spurious vertical redistribution of moisture
related to the use of terrain-following co-ordinates. Leung et al. (1996) report
benefits from using a new subgrid parameterisation for topographic
parameterisation.
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The mountain wave response problem in DARLAM is probably related to the
semi-Lagrangian technique used in the model to discretirise the total
derivatives in the governing equations. Semi-Lagrangian treatment of
advection improves model efficiency by permitting larger time steps than
those allowed by Eulerian schemes (see Chapter 4). In order to remain stable,
Eulerian time schemes must satisfy the Courant-Friedrichs-Lewy (CFL)
criterion that restricts the size of the time step allowed to use for a given
spatial resolution and advecting wind. However, it has been known for some
time that there is a problem incorporating stationary orographic forcing into
models using semi-Lagrangian techniques.

Coiffier et al. (1987) showed that semi-Lagrangian methods lead to wrong
stationary solutions for Courant numbers greater than unity in the context of a
three-time level linear baroclinic model and therefore suggested that the time-
step advantage of semi-Lagrangian schemes vanishes in the presence of
topography. In their review paper, Staniforth and Coté (1991) identified the
need for further research on the incorporation of stationary forcing in semi-
Lagrangian models in a way that does not limit the Courant number. This
approach was reiterated by Tanguay et al. (1992). Kaas (1987) proposed
solving this problem by spatially averaging the forcing along a directory and
Tanguay et al (1992) have examined the effects of the solution proposed by
Kaas (1987) in controlled experiments. They demonstrated that spatial
averaging considerably reduces the level of spurious noise in the vicinity of
the North American Rockies for integrations of both global spectral and
regional finite difference models. The analysis however, indicates that
although spatial averaging alleviates the problem, it is not eliminated.

Rivest and Staniforth (1994) examined the problem in the context of the
shallow-water equations. Using a simple one-dimensional model, the source
of the problem has clearly been shown to be spurious numerical resonance
induced by the semi-Lagrangian semi-implicit discretization in the presence of
topographic forcing. They found that simply off centring the semi-implicit
scheme eliminates the spurious resonance. This can be achieved with a
second order accurate (in time) scheme without loss of accuracy. Only 48-
hour forecasts obtained from a global shallow-water model were evaluated
however, and issues pertinent to longer time integrations such as mass
conservation were not addressed in the study. The solution advocated by
Rivest and Staniforth (1994) was subsequently included in the thermodynamic
and momentum equations of some versions of the DARLAM code. The
effectiveness of the solution over the steep south-eastern escarpment of
South Africa remains to be illustrated.
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CHAPTER 4

THE MULTIPLY-UPSTREAM SEMI-LAGRANGIAN
METHOD OF SIMULATING ADVECTION

4.1 INTRODUCTION

Analytic and numerical solutions of the Eulerian equations of hydrodynamics
are limited in extent by the non-linear advection, or transport terms. Analytic
solutions are difficult to obtain because the advection terms render the
equations non-linear. Finite difference numerical solutions are readily derived
in principle but are inaccurate because finite difference approximations of the
advection terms can introduce errors in phase and amplitude (Crowley, 1968;
Mesinger and Arakawa, 1976). In order to remain stable, Eulerian time
schemes must satisfy the Courant-Friedrichs-Lewy (CFL) criterion that
restricts the size of the time step used for a given spatial resolution and
advecting wind.

A Lagrangian approach to solving the equations of fluid motion involves
following a fixed set of particles throughout the period of integration. However,
Welander (1955) indicated that, in general, a set of fluid particles which are
initially regularly distributed soon become significantly deformed and are
therefore rendered unsuitable for numerical integration. To avoid this difficulty,
while still concentrating on fluid particles, Wiin-Nielsen (1959) introduced a
semi-Lagrangian approach, whereby a set of particles which arrive at a
regular set of grid points are traced back over a single time interval to the
location of the initial departure points. The values of the dynamical quantities
at the departure points are obtained by interpolation from neighbouring grid
points with known values. The semi-Lagrangian approach differs from the
Lagrangian approach because in the former the set of particles in question
changes at each time step.

In multiply-upstream semi-Lagrangian schemes the grid points used for
interpolation to the departure point of a particle are selected in such a way
that they always surround the departure point. When the winds are strong the
set of grid points may be many grid intervals upstream from the arrival grid
point. The term “multiply-upstream” is used to describe a scheme using
interpolation points selected in this way (Bates and McDonald, 1982).

During the last fifteen years there has been an increased interest in semi-
Lagrangian techniques to manipulate horizontal or vertical advection in
numerical prediction models. The essential feature of such schemes is that
the total or material derivatives in the equations of motion are treated directly
by calculating the departure points of fluid parcels. The upstream value of the
required fields are then usually evaluated by spatial interpolation (McGregor,
1993). The main advantage of semi-Lagrangian techniques is that it allows for
the relaxation of the CFL criterion. The popularity of the semi-Lagrangian
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approach stems however not only from the large permissible time steps but
also from the high degree of advection accuracy. The schemes may be either
two-time level or three-time level.

This chapter deals with the semi-Lagrangian method of numerically modelling
the advective process. The goal is to clarify and elaborate upon some of the
theoretical issues of semi-Lagrangian advection and to compare the semi-
Lagranian scheme used in DARLAM to well-tested Eulerian schemes in order
to evaluate their relative merits with respect to stability and accuracy.

4.2 THE ADVECTION EQUATION

In order to examine the properties of numerical advection schemes, numerical
approximations to the two—dimensional advection equation in Cartesian co-
ordinates will be analysed. The horizontal (two-dimensional) non-linear
advection equation may be expressed as:

VL OV, OV (4.1)
ot ox oy
Here u=u(x,y,t) and v=v(x,y,t) are the advection velocity components in
the x and y directions respectively and t is time. The dependant variable

v = y(x,y,t) is some property (for example non-diffusive moisture) of the fluid

that is transported by the flow field, so that its total derivative along an
instantaneous streamline is zero. That is, equation (4.1) when written with
respect to an observer who moves with the fluid simplifies to

d

% = 03 \V = W(X(}>y0>t<))

so that an observer will measure no change in y as time passes. Equation
(4.1), also called the colour equation, is considered in practise to be the most
important part of the atmospheric governing equations (Mesinger and
Arakawa, 1976).

The linear two-dimensional advection equation is

N wM oM o 4 vconstant (4.2)
&  x oy

The non-linear advection equation in one space dimension is

o, (4.3)

—+u—=

ot ox

where v =vy(x,t) and u = u(x,t), while the linear advection equation in one
space dimension is
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oy, v

——+4u——=

constant 4.4
o o . (4.4)

Equation (4.4) describes the simplest advective processes and has proved to
be a useful framework for the evaluation and comparison of numerical
integration schemes.

Before investigating the properties of numerical solutions of the non-linear
advection equation (4.1) it is useful to first obtain an analytical solution of the
linear two-dimensional advection equation (4.2) in the form of a single
harmonic

w(x,y, 1) = Ref®(t)e'™> } (4.5)

Here ¥(t) is the wave amplitude, and k and 1 are wave numbers in the x and

y directions respectively. k = —Eﬁ and 1= -12{3 with Ly and L, the wavelengths in
X b

the x and y directions respectively. The imaginary number I is defined as

I*=-1.

Substituting equation (4.5) into the linear advection equation (4.2) gives

95'-+nm‘y+nv\y ~0 (4.8)

Thus, the problem of solving the partial differential equation (4.2) has been
reduced to that of solving an ordinary differential equation (4.6) with the
following solution:

¥(t)= P(0)e ' turr (4.7)

‘P(O) denotes the initial value of the amplitude. Hence, the desired harmonic
solution is

w(x,y,t) = Refp(0)e™ -}t (4.8)

Each wave component is advected at a constant velocity of ¢c=+vu’+v* in
the x-y plane, with no changes in amplitude. Important features in the
assessment of a numerical integration scheme are therefore the damping (if
any) and the phase speed of a single harmonic.

The one-dimensional linear advection equation (4.4) aiso has a solutions in
the form of a single harmonic component,

w(x,t)=RefP(t)e™ }
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provided that
¥ =0 (4.9)
dt
The solution of equation (4.9) is
P(t)="P(0) ™ (4.10)

or, for discrete values t=nAt (n is the number of time steps and At the time
interval),

¥ = W(nAt) = P(0)e (4.11)

where W(0) is the initial value of the amplitude. In equation (4.11) o = —kuAt
represents the change in argument (or phase change) of the (4.11) in a single
time step At. This will obviously also be the phase change in time of the true
solution of the linear one-dimensional advection equation.

4.3 EULERIAN SCHEMES TO SOLVE THE ADVECTION
EQUATION

In this section some well-tested Eulerian schemes to solve the advection
equation are formulated and their accuracy and stability properties are
discussed.

4.3.1 LEAPFROG SCHEME
4.3.1.1 Construction of the leapfrog scheme

One of the most widely used numerical schemes to solve the advection
equation is the leapfrog scheme. The scheme is obtained by replacing both
the time and space derivatives in the advection equation by centred (second
order accurate) finite difference approximations. The scheme is a three-level
scheme, meaning that it relates the values of the dependant variable at three
time levels.

Approximating the space derivatives in the two-dimensional linear advection
equation (4.2) with standard second order accurate difference quotients
(Mesinger and Arakawa, 1976) results in

a\ui,j =_u Wm,;‘ - wi»l,j v Wi,j+1 - wi,j~1
ot 2Ax 2Ay

(4.12)

The co-ordinates of grid point (i,j) are given by x =iAx and y=jAy with
Ax and Aythe spatial increments in the x and y directions respectively.
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Approximate values for (iAx,jAy) are denoted by y,,;- Centred differences
are used for the time derivative, resuiting in the following equation:

" Wm,j,k - \Vi-l,j,k v Wi,jﬂ,k - Wi,j~1,k } (4-1 3)

Wik = WVijea Atl: Ax Ay

The points in time where the numerical solution is computed for equation (4.2)
are given by t=kAt, with k>2. The solution for time step t=1At is
approximated by using backward time differencing:

Vistio ~ Wiaio Wio ~ Vi
1 =W — A u——2 R e 10 4.14
\Vl:.),l WI,J,O { ZAX sz ( )

4.3.1.2 Amplitude accuracy

It is instructive to investigate the amplitude and phase properties of numerical
solutions from the linear advection equation (4.2). Von Neumann’s, or the
Fourier series method (Mesinger and Arakawa, 1976), is employed for this
purpose. A solution of the linear advection equation can be expressed in the
form of a Fourier series, where each harmonic component is also a solution
(Mesinger and Arakawa, 1976). The stability of a single harmonic may be
tested and stability of all admissible harmonics then constitutes a necessary
condition for stability of the scheme (Mesinger and Arakawa, 1976).

It is worthwhile to note that when using a grid point method to numerically
solve partial differential equations with wave-type solutions, it is impossible to
resolve waves with wavelengths shorter than min {zAx,ZAy} (Mesinger and

Arakawa, 1976).

Returning to the von Neumann method, a solution of the finite difference
equation (4.13) can be derived by substituting a solution of the following form
of a single harmonic into equation (4.12):

y?, = Refye!tnim (4.15)

This is analogue to solution (4.8) of the linear advection equation at discrete
points iAx, jAy and nAt. Here W¥” represents the amplitude of the numerical

solution at time level n. After some rearrangement, it follows that the single
harmonic (4.15) is a solution of equation {4.12) provided that

Y — 8 ginkAx - Y-sinlAy | ¥ (4.16)
dt Ax Ay

Approximating the time derivative in (4.12) with centred differences yields
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b Al S —-u—A}-sinkAx——vé}-sinlAy e (4.17)
Ax Ay

Equation (4.17) enables analyses explaining the behaviour of the amplitude
¥”" with an increase in time step (n). The amplification factor [?\,{ is defined as

pr = A (4.18)
Taking the absolute value on both sides yields

){jnﬂ x_Pn

=

For the stability of each harmonic solution (4.15), it is required that

‘Ijn

=

‘I‘O’ <B
where B is a finite number. Taking the logarithm on both sides yields:

nin[A| <B’ where B’Ehl{*g—-}

¥

Thus, B’ is a new constant. Since t=nAt, the necessary condition for
stability becomes

mm<%£t (4.19)

Suppose that boundedness of the solution is required for a finite time t.

Condition (4.19) can then be written as
In|A| < O(At)
Defining [’,\{ =148 and in view of the power series expansion

o0

(“l)n n+l
In{1 =) L fi -
n(1+3) n2:0n+16 or -1<d8<1

(Elis and Gulick, 1994) it follows that the stability condition obtained is
equivalent to

8 < O(At)

or
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d‘lll=1+ p
dp p’ -1

which is unbounded if p —>1

From equation (4.21) follows that the stability criterion ip! < 1has to be written
as

u—A—tsin kAx +vé—t-sin 1Ay <1
Ax Ay

This must be true for all resolvable wavelengths, which are all admissible
values of the wave numbers k and 1. If only the cases where Ax =Ayis

considered, the condition simplifies to

cfxt-\/(sin kAx)” +(sinlAx)* <1

where c=+u’+v?. Mesinger and Arakawa (1976) showed that the case
where sin kAx = sinlAx = 1 does occur within the admissible range of wave
numbers. Thus, if the two-dimensional linear advection equation (4.2) is
approximated using the leapfrog finite difference scheme, the amplitude of a
solution in the form of a single harmonic component will remain bounded if

At
—aj2 <1 4,23
chaf (4.23)

This constitutes a necessary condition for the stability of the scheme and is
commonly known as the CFL criterion.

4.31.3 Phase accuracy
In this section the phase properties of the leapfrog scheme is investigated by
considering approximations to the solution of the less complex one-

dimensional linear advection equation (4.4). The von Neumann method
involves defining the ampilification factor A as

an-ﬂ = }\—\Pn
(equation (4.18)). A can be written as

A =[Ae® (4.24)

Equation (4.18) and (4.24) yields that the amplitude of the numerical solution
at any time step is given by (Mesinger and Arakawa, 1976)

Pr= (A" o™
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Comparing this with equation (4.11) reveals that 6 represents the change in

argument (phase change) the numerical solution at each time step (Mesinger
and Arakawa, 1976).

It is of interest to consider the phase change of the numerical solution per time
step (0) relative to that of the true solution (e = —kuAt ) namely

R=2
0]

if the phase change of the numerical solution (6) per time step is equal to that
of the true solution (o), the relative phase change (R) is unity. However, an
expression for the phase change (0) of the numerical solution first needs to be
derived. Using the notation (following Mesinger and Arakawa (1976))

A=h, +IA
it follows from equation (4.24) that

A

tanf = == 4.25
AW (4.29)
or
R = tan™ (ﬁﬂ) . (4.26)
0 A

It has been shown in section 4.3.1.2 that the leapfrog scheme is stable if p <1

for the linear two-dimensional advection equation (4.2). The same condition
applies when solving the linear one-dimensional equation (4.4) with the

leapfrog scheme, but now p = —u—g—sinkAx . Substituting the two solutions for

(A) from equation (4.22) into equation (4.26), indicates that the relative phase
change of the leapfrog scheme is

1 p
R, =—tan’!
o [\/1_132}

1o o[ -p
R, =—tan"| ———=
S {Jl—ng

with the condition that ]p} <1 with p =—u%sinkz§x for the one-dimensional

linear advection equation (compare this to equation (4.21)).
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4.3.2 LAX-WENDROFF SCHEMES

4.3.21 Construction of the Lax-Wendroff and modified
Lax-Wendroff schemes

Lax and Wendroff (1960) described an alternative finite difference method,
which has since attracted considerable attention. For the linear two-
dimensional advection equation (4.2) the Lax-Wendroff scheme is
implemented as follows:

j+l1

jth

i-14

j-1

=10t

-2 4

Figure 4.2 Grid configuration for the Lax-Wendrof scheme. The horizontal
increment is Ax and the vertical increment is Ay .

Suppose the value of the dependant variable v needs to be updated at all
grid points (iAx, jAy) (circle in figure 4.2). First, provisional values for y at time

step n+—;— are calculated for all the “half points” at positions (x,y) with

X = .t(i +%}Ax and y= i( j+ %)Ay (where the dotted lines cross in figure 4.2).

This is achieved by applying the following finite difference equation to each of

the “half points”:
1
V=) L) +au6,v°) ) 4.27)

Equation (4.27) employs centred space (equations (4.30a) and (4.30b) with
m=1) and forward time differencing. a, and «, are given by (4.31). It is
necessary to take arithmetic averages in space when calculating the centred
space differences (equations (4.30a) and (4.30b)) and when calculating y* at

a particular half point (equation (4.29)). Note that the “half points” used at time
step n+'% are spatially staggered.

Using these provisional values a second step is taken, centred in both space
and time, to update the values of the dependant variable (at time step n+1) at

all grid points x =iAx and y = jAy (circle in figure 4.2):
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ik !
W =yt _{a,(axw) 2 +0£2(5y\p")n+2} (4 .28)
Note that

W:l-l j-~1 * wi—}v}#l * W:Ll j—1 * W;l j+—1-
v 27 2 27 2 27 2 2 2’ 4.29
(=) y (4.29)

WZ:,E j+_‘, * W;E j_l W:l__"_l j+l W:ﬁ‘l j_l
5 3 - 272 272 27 2 2" 2 4.30a
( ¥ )“ 2m 2m ( )

TV e Vi etV
S ¥ 27 2 272 27 2 272 4.30b
( my ¥ )“ 2m 2m ( )
o« =u2t and o, =vAL (4.31)

Ax Ay

Equations (4.27) to (4.31) constitute the Lax-Wendroff scheme. Note again
that m=1 when using equations (4.30a) and (4.30b). Similar to the leapfrog
scheme, the Lax-Wendroff scheme is second-order-accurate in space and
time (Gadd, 1978a). The Lax-Wendroff scheme is, however, a two-level
scheme (involving only time steps n and n+1) whereas the leapfrog scheme is
a three-level scheme (time step n-1 is also involved). Two-level schemes are
more attractive, since no computational initial condition is required as for
three-level schemes. Certain types of non-linear computational instability can
be avoided for this reason (Morton, 1971). In practical situations two-level
schemes lead to smaller requirements for computer storage and allow exact
model restarts to be made from a single field (Gadd, 1978a).

The damping and phase errors of the Lax-Wendroff scheme have been
studied by Morton (1971), who indicated that the phase performance is rather
poor compared to the leapfrog scheme on a time-staggered grid. Without time
staggering the phase lag errors of the two schemes are similar (Gadd, 1978a).

Gadd (1978a) illustrated that a simple and inexpensive modification to the
Lax-Wendroff scheme may result in a scheme with substantially reduced
phase speed errors. In this modified Lax-Wendroff scheme the first step
(equation (4.27)) remains the same. In the second step four rather than two
grid points are used in the finite difference approximation to the spatial
derivatives. Thus, equation (4.28) is replaced by
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Yol =y -—(1+a){oc1(8x\;1y )m% +a2(8y\pr" )M%}
+a{ (83x\y )n 2+oc ( 8;,w )p }

(4.32)
where a > 0 on intuitive grounds (Gadd, 1978a)

Equation (4.32) remains a second order accurate approximation in space and
time (Gadd, 1978a). Equations (4.29), (4.30a) and (4.30b) and (4.31) are still
applied.

The linear one-dimensional advection equation (4.4) provides a useful
framework for a theoretical analysis of the stability and phase properties of the

Lax-Wendroff schemes. In the one-dimensional case the schemes are
constructed in exactly the same way as for the two-dimensional equation:

First, provisional values for the dependant variable v at time step n +712~ are

calculated at all “half points” x = (i i%\JAX . This is achieved by using

1
- 1 o
v = (v” )”1 —ga(ﬁx‘l’)i; (4.33)
2 2

2

Secondly, the values of the dependant variable (at time level n) is updated at
all points x =iAx

1
Y =yl -—a{(l +a)o,v), —a(ﬁaxw)m_} (4.34)
Note that
WitV
() =—27— (4.35)
and
Yim “Vim
b n._ 2 2 4.36
(6m ) — (4.36)
At

As previously mentioned ¢ =u—
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Note that a >0. Also keep in mind that a =0 reduces to the original Lax-
Wendroff scheme. Equations (4.33) and (4.34) may be combined (Gadd,
1978a) to give

+ n 2 I 2 n
\V? = W 'a{(1+§a)(6zx‘ll)i “;&(64x\11)i}
1 4 4
+5a2{(1+§aj( iw): ——ga(ﬁgx\ur}

4.3.2.2 Amplitude accuracy

(4.37)

The phase and amplitude properties of equation (4.37) may be investigated by
considering a single Fourier harmonic, with the discrete equivalent in the form

of y* =Re{\1’“el(’“‘ﬁ“‘)}. Keeping in mind relationship (4.18), substitution of the
Fourier harmonic into equation (4.37) yields Gadd (1978a):

] ‘ 2 2 ] \ K/ 2
Mo k)=1-2a’ [sin ———] [l + ia(sin EA&J :] - ZIa(sin w——](cos-——){l + 4 a[sin k&) }
2 3 2 2 2 3 2

(4.38)

Thus, the amplitude of the Fourier harmonic is damped by a factor m at each

time step. For computational stability it is required that |A|<1 for all wave

numbers k. Taking absolute values on both sides of equation (4.38) and
squaring gives

4 2 2
= 1—4az(sin£Ax~—J (l+ia(sin—@j j{(l—-az {lnhia[sin —}-{gj }—ia}
2 3 2 3 2 3

(4.39)
which yields the computational stability criterion
2
(l—ctz{IJria[sinw—J }—iazo (4.40)
3 2 3

When a = 0 (Lax-Wendroff scheme) condition (4.40) reduces to o <1 which is

the well-known CFL criterion. For a =% condition (4.40) reduces to the less

generous asél-. This is unacceptable in numerical models where the time

step is dictated by the wind speed (Gadd, 1978a) because the calculations
are too expensive due to the small time step required to meet the stability
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occurs when o’ = 1——1—, which gives a singularity in R. Since this wave is not

V2

properly resolved (Gadd, 1978a) the strong damping visible in figures 4.5 and
4.6 at kAx = &t is an advantage.

4.4 MCGREGOR’S SEMI-LAGRANGIAN ADVECTION
SCHEME

4.4.1 MULTIPLY-UPSTREAM SEMI-LAGRANGIAN ADVECTION

In the semi-Lagrangian approach of numerically simulating advection, a set of
particles which arrive at a regular set of grid points are traced back over a
single time interval to their departure points. The values of the dynamical
quantities at the departure points are obtained by interpolation from
neighbouring grid points with known values. The essential feature of semi-
Lagrangian numerical models is that the total, or material derivatives, in the
equations of motion are treated directly by calculating the departure points of
fluid parcels. The upstream value of the required fields are usually evaluated
by spatial interpolation (McGregor, 1993).

In multiply-upstream semi-Lagrangian schemes the grid points used for
interpolation to the departure point of a particle are chosen in such a way that
they always surround the departure point. When the winds are strong, this set
of grid points may be many grid intervals upstream from the arrival grid point
of the particle. The term “multiply-upstream” is used to describe a scheme
using interpolation points chosen in this way (Bates and McDonald, 1982).

4.4.2 MCGREGOR’S METHOD OF DETERMINING DEPARTURE POINTS

During an integration of the primitive equations using the multiply-upstream
semi-Lagrangian approach, the departure point (x.y.) of a particle in a

velocity field v = (u,v) over a time interval At may be estimated in a variety of
ways. A simple straight-line trajectory back in time using only the velocity at
the arrival point possesses inadequate accuracy (Robert, 1982). Most
schemes therefore involve a sequence of iterations. A first guess of the
departure position is determined by using a straight-line trajectory and an
estimation of the departure velocity is then found by horizontal interpolation at
the central point of the trajectory. This process is repeated several times using
an updated advection velocity (McDonald, 1987; McDonald and Bates, 1987,
1989). McGregor (1993) points out that a significant overhead of such
schemes can arise from the horizontal interpolation (traditionally bicubic) that
is carried out during the iterations. Several authors however, reported
acceptable accuracy using just linear interpolation (Temperton and Staniforth,
1987, Bates et al., 1990).

McGregor (1993) derived a more economical method to determine the
position of departure points that avoids horizontal interpolatior in the trajectory
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analysis. The method considers a set of vectors moving with the fluid where
each vector will be associated at time t with a different grid point. Note that the
grid points have fixed locations while the vectors move with the fluid. To

advance the model integration from time t to time t + At, a vector r(t+ At) is
constructed at the position of each arrival grid point. It is required to identify a
starting position for the vector at the preceding time step namely ;(t). Each
vector 1(t) therefore represents a departure point in the form (x,,y.). The

process may be expressed in terms of a truncated Taylor series (McGregor,
1993), namely

r(t)~ r(t+ At)+i%%§(t+m) (4.43)

where

) aa)
dt"  dt dt™!

N (4.44)

and the total derivative operator has the usual definition of a time derivative
that follows the motion of a parcel,

-2,V (4.45)

An array of the vectors r(t+At) is needed so that the v-V operator in
equation (4.45) may be conveniently evaluated. v :% is the velocity of the

fluid at position r(t) and V is the spatial gradient operator. In equation (4.45)
the time derivative on the left-hand side is naturally viewed from a Lagrangian
viewpoint. The right hand side allows for its instantaneous evaluation at the
same point in time and space via Eulerian derivatives (McGregor, 1993).
McGregor (1993) points out that in the above equations, each component of
= (x.’y.) may be obtained independently from the others.

If the Eulerian velocity changes with time it becomes difficult, or at least very
cumbersome, to evaluate the partial time derivatives for the higher order
terms at t+At. In the scheme proposed by McGregor (1993) the total time
derivative in (4.45), for use in (4.43) and (4.44), is replaced by the following
approximation:

d _
—=v-V. 4.46
=Y (4.46)

Here v represents the Eulerian velocity at the point in space which

corresponds to t(t+At), but is evaluated at the intermediate time t+ézE
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(McGregor, 1993). The velocity v may conveniently be determined from the
known velocities at previous time steps (McGregor, 1993). Temperton and
Staniforth (1987), suggested the following third-order accuracy formulation in
time:

¢ = —[159(t) - 10%(t - At)+ 39(t - 24)]+ O(At?)

00 | ==

From an Eulerian point of view, approximation (4.46) suggests that for
advection purposes, the velocities remain constant at their centred-in-time
values over the time interval [t,t + At] (McGregor, 1993).

The above scheme, using equations (4.43), (4.44) and (4.46) and retaining
terms up to the N™ total time derivative, is called a Dy scheme (McGregor,
1993). Equation (4.46) indicates that the lowest-order Dy scheme only
produces a straight-line trajectory, using a velocity v evaluated at the arrival
position. The D, scheme uses estimates for both the velocity and acceleration
along the trajectory. The Ds and higher-order versions of the scheme
effectively solve the trajectory by incorporating higher-order curvature terms
derived kinematically for the arrival point from the velocity field v at time

t+%—- (McGregor, 1993). The number of terms that should be retained in the

Tailor series (4.43) depends on the smoothness of the velocity field
(McGregor, 1993). McGregor (1993) mentions that only slight benefit has
been found in going beyond the D3 scheme. Above, the scheme description
focuses on two time-level applications. This might be modified if three time-
level applications are required (McGregor, 1993).

4.4.3 INTERPOLATION

Approximating the non-linear or linear two-dimensional advection equation
according to the semi-Lagrangian philosophy yields

yil.Ax, 1Ay, (n+1)At} = wix.,y., nAt}. (4.47)

Here (x.,y.) denote the position of the departure point for the arrival grid point
(L.Ax,J.Ay). Introducing the notation w2 | =w(L.Ax,J.Ay,nAt), the function

y(x.,y.,t) is approximated by a Lagrange interpolating polynomial (Camahan
et al., 1969) using values of y at the grid positions nearest to x,and vy, :

\V(X.., Ve, t) = ZZ va \Vn;w (4‘48)
TR

where
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McDonald (1984) investigated the relative merits of bilinear, biquadratic,
bicubic and biquartic interpolation schemes to approximate wi(x,,y.,t) for
constant in time velocity fields. The semi-Lagrangian scheme used by
McDonald closely relates to the D1 scheme (the schemes are identical for
constant in time velocity fields). McDonald (1984) found that bicubic
interpolation gives the best phase representation of the true solution and
bicuartic interpolation the most faithful amplitude representation. In DARLAM,
bicubic interpolation is employed.

The subscripts p and v range over the points being used in the bicubic
interpolation as:

pii-2,i-1Lii+l1 v:ij-2,j-Ljj+1 (4.50)
The points (i, j) are chosen for the bicubic interpolation such that

(i-1DAx <x, <iAx (-DAy <y. < jAy (4.51)

4.4.4 AMPLITUDE ACCURACY

An investigation of the stability properties of multiply-upstream semi-
Lagrangian schemes, when applied to the linear advection equation, reveals
interesting properties. For the linear two-dimensional advection equation (4.2)
or linear one-dimensional advection equation (4.4), the velocity field is

e 1§

constant, so that 3; vanishes when n>2. Thus, as indicated by equation

(4.43) all the Dy schemes reduce to the D1 scheme.

If o, &, B, and B are defined as

At At
o =y— - Y —
Ax Ay
(4.52)
a=a+i-I, B=B+j-J.
the selection of i and j in equation (4.51) guarantees that
0<é<l and 0<B<1 (4.53)

McDonald (1984) showed that these conditions are sufficient to ensure
unconditional stability of his multiply-upstream semi-Lagrangian scheme when
applied to the linear advection equation.
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In order to examine the stability of the Dy scheme with bicubic interpolation for

constant advection velocity, a solution in the form of a single harmonic
(equation (4.15)) is assumed and substituted into equation (4.47). Equations

(4.48) and (4.49) are used to evaluate y(x,,y,,t)

First note that equation (4.49) can be written as

(~ )H(y. ) .
p.m* V#S (YS Yv

where
wrzg%’%‘% and w, _Hg yg (4.54)

Using equations (4.50), (4.51) and (4.52) equation (4.54) can be written as

wm:llléiu and w, =f] (4.55)

where the subscripts 1 and v range over the points: pn:-2-1,01 v:-2-101.
Substituting the harmonic into equation (4.47) yields

11 | |
W;H; - Z wawm%yet[{w Jex(j+v)iny]

p=-2v=-2

This may be expressed as

11
n+l n I(ikAx+jlay)  TpkAx  Ividy
Vi 2 : 2 :Wimij‘l’o;\' ¢ ¢ e .

Pe—2V=-2

Rearranging the terms gives

1 1
nHl TukAx viAy n_ I{ikAx+jlay )
Vi = {Zwiﬂ;e Zwi-t-ve }Wox €

=2 V=2

Substitution of equation (4.55) into the last equation gives

a+r Ll B+s eAx-j
\Uln-r; - ZH kaAx H _+verIAy Woknei(mﬂmy)

p=-2r=—2 T~ H v=28=28 "V
£ 3%y


http:TI-�(4.55
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Thus, A splits into the product of a “x-amplification factor” and “y-amplification
factor” (McDonald, 1984) in the following way:

%= A K)AR.1),

where

AG,k)= iﬁ&”’“fem and A(ﬁ,l): iﬁﬁj}_ewm_
p=-2r=z T — H ye-gg=-g2 3V
rep sV

This makes the analysis particularly simple. A scheme is stable if both
lf\(&,k)’ <1 and l/\(ﬁ,ll <1 since it guarantees that |A <1|. A little bit of algebra
shows that (McDonald, 1984):

2~ A2

- A2
A(&,k):[l—c&z _ca 13 « }+1&sin(kAx){1+ a = } (4.56)
where ¢ =1-cos(kAx). This yields

AG. kf L &(2—&)(1-&2);2[3 + 2081 - &) (4.57)

As can be shown, !f\(&,kjsl as long as 0<&<1. Similarly, !f\(ﬁ,llsl for

0<B<1 as can be seen by replacing & and k with f and | in equation
(4.57). Hence the scheme is unconditionally stable since conditions applicable

to a and fi are guaranteed by the choice of interpolation grid points given in
(4.51).

Following McDonald (1984) the quantities & and ﬁ can also be expressed in
the bicubic interpolation schemes as

Here, [x] is the integer part of x, B is defined in exactly the same way as &
with B replacing a in all the above equations. Substituting these values of &

in equation (4.57) gives a function |A(o, k) = }f\(&, k)‘ with the property that

|A(c+n,k) = |Ale, k) (4.58)

where n represents any integer.
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complications may develop near the boundary of the integration area during
semi-Lagrangian calculations. In the first place the upstream point (x.,y.)

may be of such a nature that the values of ( i), which satisfy equation (4.51),

fall outside the defined domain. Secondly, even if these points fall inside the
domain, some of the points needed to perform the interpolation may fall
outside. Following McDonald (1984), a solution to the former complication is
to introduce a number of additional passive boundary lines when the field is
initially defined. Similar to the passive boundary zone, the height of the cone
is kept as zero at the additional boundary points and is never updated during
the integration. The number of passive lateral boundary rows is chosen as the

smallest integer greater than the maximum possible value of |x | or }Kyl,
where

N n n
(A dtx & (-AY) At) d
K, M“Zz;mn! _(“l-;n- and K -——Z

Here, N =1,2,3 for the D4, D2 and D3 schemes respectively.

The second complication is resolved by performing a bilinear interpolation
whenever the bicubic interpolation scheme requires points which fall outside
the area of integration plus additional boundary lines.

As long as |x,| and [x,| are < 1, only one passive boundary line is required. If

values of [x,| and [k,| are expected to be less or equal than m (where m is a

positive integer), m passive boundary lines must be included. If space is at its
premium, the inclusion of additional boundary rows represents a drawback of
the semi-Lagrangian schemes, since the size of the arrays has to be
increased to accommodate these additional values of the fields.

Figure 4.11a shows the scalar distribution of the cone after one revolution
using the Leapfrog scheme with 48 steps per revolution. The associated time

step yields that the maximum value of Eff (listed in Table 4.1) is almost four

times the maximum value atlowed for the CFL criterion (equation {4.23)) to be
satisfied. Thus, it is not surprising that the solution became unstable (note the
dramatic increase in cone height depicted in figure 4.11a).

Figure 4.11b (288 steps per revolution) vividly illustrates other typical
problems associated with finite difference approximations of the non-linear
advection equation. Although the integration remained stable (the CFL
criterion is satisfied in this case, see Table 4.1), large errors in phase and
amplitude are present (Table 4.2). Spurious trailing waves can also be
observed in the numerical solution (figure 4.11b).
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The position and symmetry of the scalar distribution after one revolution using
48 steps (figure 4.13a) or 288 steps (figure 4.13b) are excellent for the D4, D2
and D3 schemes. The figures are for the D; scheme. Some smoothing of the
profile is however evident for smaller time steps (Table 4.2). The height errors
for the higher-order semi-Lagrangian schemes (Table 4.2) are least when
larger time steps are used. This may be attributed to the smaller number of
interpolations performed at each revolution (McGregor, 1993). Note that the
semi-Lagrangian schemes remain stable (Table 4.2) when 48 steps per
revolution is used, despite the fact that the CFL criterion is violated by a factor
of almost three (Table 4.1).

- — — -
S AR R A TR X I

tions height | height degrees Z v (0) Z \V;jz (0) Z lWij (01

Leapfrog 288 56.8 | 223 | -0384 | 232 | 1.013 1,002 2.602

2*288 56.3 -22.2 -0.384 -23.2 1.014 1.001 2.613

4*288 56.3 -22.1 0.062 -29.7 1.014 1.000 2.616

10*288 56.3 -22.1 0.062 -29.7 1.015 1.000 2.616

Lax-Wendroff 288 48.9 -20.6 0.062 -29.7 1.005 0.867 2.429

2*288 49 1 -21.7 0.062 -29.7 1.006 0.919 2613

4*288 493 -22.2 -0.384 -23.2 1.007 0.955 2.743

10*288 496 -22.8 0.062 -29.7 1.008 0.983 2.862

Modified 288 67.5 -16.6 -0.250 -14.0 1.000 0.914 1.749

Lax-Wendroff 2*288 73.7 -14.7 0.062 -7.1 1.002 0.957 1.640

4*288 76.0 -14.8 0.062 -7.1 1.004 0.976 1.648

10*288 76.7 -16.4 0.062 -7.1 1.008 0.989 1.704

D, 48 58.5 -2.0 -3 0 0.442 0.317 0.517

288 54.2 -2.5 -1.0 0 0.868 0.577 1.052

2*288 53.9 -2.5 0 0 0.932 0.619 1.126

4*288 54.5 -26 0 0 0.965 0.641 1.163

10*288 547 -2.6 0 0 0.987 0.655 1.186

D, 48 74.6 -1.5 0 0 0.995 0.847 1.099

288 56.4 -2.3 0 0 1.000 0678 1.191

2*288 555 -2.4 0 0 1.000 0.671 1.196

4*288 551 -2.5 0 0 1.001 0.668 1.199

10*288 55.0 2.5 0 0 1.001 0.666 1.200

Ds 48 76.9 -1.8 0 0 1.000 0.852 1.102

288 56.4 -2.3 0 0 1.000 0.678 1.191

2*288 555 -2.4 0 0 1.000 0.671 1.196

4*288 55.2 -2.5 0 0 1.001 0.668 1.199

10*288 55.0 -26 0 0 1.001 0.666 1.200

Table 4.2. Maximum 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.
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The D, and D3 schemes are superior to the Dy scheme since they have
smaller height errors, better phase representation and better conservation
properties (Table 4.2). The D3 scheme produces superior results to the D,
scheme with respect to reduced height errors and improved conservation
properties, especially for larger time steps (Table 4.2).

2V nd Zf“’t“

———— are excellent (Table 4.2)

S0 M Ty, 0)

2
in the D, and D3 schemes. However, the conservation property —ZZ————\?—’E)—)-
Wi

(Table 4.2) is relatively low (compared to the values obtained for the two Lax-
Wendroff schemes) for the semi-Lagrangian schemes. This may be attributed
to the bicubic interpolation procedure used at each time step, which spuriously
spreads the scalar field over an artificially large region. When the small values
at each grid point are squared during the calculation of the conservation

2
property %—% relatively low values are obtained. When smaller time

Wi

steps are used the effect becomes even more apparent (Table 4.2) because
more bicubic interpolations are performed. This represents a further drawback
of the semi-Lagrangian schemes, despite the fact that the scalar field is
conserved finely.

The conservation properties

Figures 4.13a, 4.13b and Table 4.2 suggest that the Dy, D2 and D3 schemes
are superior to the modified Lax-Wendroff scheme with respect to the
occurrence of phase errors. The unpleasant trailing waves present in the Lax-
Wendroff simulations are absent in the semi-Lagrangian results. Analysis of
the height error in Table 4.2 suggests that the modified Lax-Wendroff scheme
preserves the cone height. However, it wrongly creates large negative values
for the scalar field (minimum height in Table 4.2). The conservation property

Z“Vijl
Z'Wu(ox
the scalar concentration. In this respect the modified Lax-Wendroff scheme is
undoubtedly inferior to the D, and D3 schemes.

indicate that the modified Lax-Wendroff scheme falsely increases

4.5.2 STRONG DEFORMATIONAL FLOW: SMOLARKIEWICZ'S TEST

As long as the modified Lax Wendroff scheme is applied to a constant velocity
field or to smooth non-deformational flow (such as the flow field defined in
Crowley’s cone test), it provides reasonable results. For deformational flow
however, significant differences exist between the behaviour of the modified
Lax-Wendroff and the semi-Lagrangian schemes. It is difficult to prove stability
of a scheme under conditions of non-uniform flow, since stability features may
depend on the structure of the velocity field. Therefore a fixed chosen
example, which involves strong deformational flow will be used in this study to
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evaluate the properties of the various schemes under conditions of non-
uniform flow.

Smolarkiewicz (1982) defined an interesting deformational flow pattern to
evaluate the performance of his multidimensional generalisation of the
Crowley (1968) advection scheme. The challenge is to capture the advection
properties of a scalar distribution (initially a cone of height 1 unit and base
radius 15 units centred on a square domain with a boundary dimension of
L =100 units) in a fiow field defined by the stream function:

¢(x, y)=Asin (kx)cos(ky)

where A=8, k:—.% and the position of the central point on the square is

x =y =350. This is also the position of the centre of the initial cone distribution.

The equation for the initial scalar distribution is

w(x,y)= —(-ilgj\/(x ~50)" +(y—50) +1; (x-50) +(y—50) <15°

and the velocity field is given by

v (* %gﬂ] = [Ak sin (kx )sin (ky), Ak cos(kx)cos(ky)]

Following Smolarkiewicz (1982), At = 0.7 s is chosen, implying that c% =0.7.

Deformation of the velocity field is defined as (Smolarkiewicz, 1982):

Defs—a—u——-gf-

x oy

As a result of the inequality Max(Def)At=14>1, deformation can be
considered as strong (Smolarkiewicz, 1982).

Isolines of the stream function (blue and green lines) and height level lines of
the initial scalar distribution (red contours) are illustrated in figure 4.14. The
initial scalar distribution is displayed in three-dimensions in figure 4.15. The
velocity field is constructed in terms of a set of square boxes with symmetrical
vortices. Rotation in the blue vortices in figure 4.14 is clockwise while the
green vortices represent counter-clockwise rotation. Each vortex occupies a
square of side length 25 units.

The radius of the base of the cone is slightly greater than the radius of the
vortices (figure 4.14), so that at the initial time the cone distribution covers
areas in six vortices. It is expected that the solution, after a long enough
integration period, will be of such a nature that two symmetrical pieces of the
cone will move into the area of the two central vortices (Smolarkiewicz, 1982).
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In figure 4.16a it can be seen that the scalar distribution inside each of the two
‘main vortexes” starts to rotate about the vortex centres. Maximum quantities
move away from the domain centre towards the stagnation points in the
positive y direction. The distribution has a left/right symmetry. The behaviour
of the numerical solution in figure 4.16a (after 19 iterations) is thus in
complete harmony with the expected qualitative behaviour of the true
solutions that was discussed earlier.

The fragments of the cone that were initially inside the four peripheral vortices
move along their trajectories near the perimeter (figure 4.16b, 38 iterations).
Simultaneously, a strong gradient in the scalar distribution is developing near
the saddle points of the two “main vortices”. Figure 4.16c (57 iterations)
reveals the first qualitative difference between the numerical solution and the
true solution: Negative scalar quantities exist in the numerical solution (black
contours in figure 4.16c). Negative weights used in the bicubic interpolation
procedure possibly contribute to this defect in the numerical solution.

After 75 iterations (figure 4.16d) the negative scalar distribution in the
numerical simulation has increased slightly. The fact however, that the true
solution remains confined to the six vortexes that contained the initial cone
distribution and the fact that the scalar distribution cannot cross the bounding
streamlines, are well represented in the simulation with the D; scheme. The
scalar quantity starts to spiral in towards the centres of the two main vortexes.

In figure 4.16e the scalar distribution is divided into two symmetrical pieces,
with maximum concentrations located within the two “main vortexes”, as can
be expected. Although this pattern is still preserved in figure 4.16f there is a
sudden outbreak of negative scalar quantities over some of the peripheral
vortexes. The negative quantities also succeeded in crossing the bounding
streamlines and intruding into the centres of some of the peripheral vortexes,
which is inconsistent with the expected qualitative behaviour of the true
solution.

The numerical solution depicted in figures 4.16a to 4.16f closely corresponds
to the analytical solution presented by Staniforth et al. (1986). The solution
remains stable although some of the scalar distribution eventually escapes
into the peripheral vortices (figure 4.16f). The D, and D, schemes qualitatively
illustrate the same behaviour as the Dz scheme (not shown). The
conservation properties of the D3 scheme are slightly superior to that of the
D, scheme (Table 4.3). The conservation properties of the Dy scheme are
inferior to those of the D, and D3 schemes for all cases expect for the final
case of 3768 iterations in Table 4.3. The two latter schemes spuriously create
more of the scalar quantity when t — T, especially in the form of negative
quantities intruding some of the peripheral vortices (figure 4.6bf). The reason
for this interesting behaviour (and why it is absent in the Dy solution) is not
presently known.
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Scheme Number of >y, Sl > t‘*’ﬁi
iterations ~ i~ - a7 =
Z Wy (0) Z Y (0) Z ’Wij (01
Leapfrog 19 1.000 1.014 1.034
38 1.000 1.097 1.164
57 1.000 1.466 1.671
75 1.000 2.576 2.719
377 6.107 1936.076 109.665
3768 Unstable Unstable Unstable
Lax-Wendroff 19 1.000 1.007 1.022
38 1.000 1.042 1.081
57 1.000 1.123 1.255
75 1.000 1.320 1.530
377 0.959 2.478 3.156
3768 0.861 26.58 12.401
Modified 19 1.000 1.007 1.022
Lax-Wendrof 38 1.000 1.041 1.081
57 1.000 1.123 1.255
75 1.000 1.321 1.530
377 0.959 2.476 3.154
3768 0.862 26.946 12.519
D4 19 1.001 1.008 1.010
38 1.004 1.025 1.041
57 1.012 1.076 1.122
75 1.017 1.081 1.199
377 1.016 0.468 1.526
3768 1.028 0.446 1.873
D, 19 1.000 0.998 1.009
38 1.002 1.009 1.043
57 1.009 1.060 1.125
75 1.013 1.058 1.200
377 1.015 0.493 1.407
3768 1.154 0.961 2.792
Ds 19 1.000 0.999 1.009
38 1.002 1.010 1.043
57 1.009 1.061 1.125
75 1.013 1.058 1.200
377 1.015 0.493 1.407
3768 1.151 0.954 2.780
Table 4.3  Conservation properties of various schemes for Smolarkiewic’s test,

expressed as a function of the number of iterations (At=0.7 s).
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The DARLAM domain covers the entire SADC region. Therefore, an important
feature of the simulations is the inclusion of extensive regions north and south
of the equator (see section 2.3.1). It might be expected that DARLAM would
perform better over mid-latitude than tropical regions. Weather systems
generally move slower in tropical regions and internal quasi-stationary
systems may evolve within the nested model domain independent of the
boundary forcing (Walsh and McGregor, 1995, also see section 2.3.1). lt is
also worthwhile to note that large regions of southern Africa are influenced by
both tropical and mid-latitude systems. The LAM’s domain size (figure 5.1) is
considerably larger and both the horizontal and vertical resolution much finer
than used in any previously performed climate simulations over the SADC
region. The results presented here also include the first July climate
simulations over the SADC region.

The DARLAM simulations of climate for January (the peak rainfall month over
southern Africa) and July are qualitatively compared with observations as well
as results from the AGCM. Of interest is the extent to which boundary forcing
supplied by the AGCM influences nested model simulations, as well as the
extent to which the higher resolution of the nested model results in improved
climate simulations of surface and lower-tropospheric conditions over the
region.

5.2 EXPERIMENTAL DESIGN AND VALIDATION DATA

A one-way nesting technique is used in these experiments. Every 12 hours
lateral boundary conditions are supplied by the CSIRO9 AGCM. At each time
step the outermost DARLAM boundary grid rows are relaxed toward
interpolated AGCM values. The nesting procedure of Davies (1976) is used,
but with exponentially decreasing weights. Initial atmospheric conditions for
DARLAM (including soil moistures) are supplied by the forcing AGCM and
SSTs are prescribed every 12 hours by the AGCM.

Nine separate 30-day simulations have been performed for both January
(mid-summer) and July (mid-winter). The averages of these simulations
constitute the model climatology for these months. The 30-day simulations
incorporated both diurnal and seasonally varying radiation but were initialised
separately with output fields taken from the CSIRO9 AGCM. No vertical-mode
initialisation has been performed. A short spin-up period of about two days
allowed for the moisture cycle to reach equilibrium. Similar experiments over
the Australian region indicated that the spin-up process has a negligible effect
on the DARLAM climate (Walsh and McGregor, 1995). For surface pressure
and temperature the boundary fields are altered to compensate for any
differences in height that may arise in the interpolated topography of the
AGCM relative to DARLAM.

In this study January resembles mid-summer (austral summer) conditions,
since it has been shown that most of southern Africa receives a pronounced
summer rainfall maximum during January (Tyson, 1986). July represents mid-
winter conditions. Mean circulation, temperature and rainfall fields as
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simulated by both the AGCM and LAM are compared to observed fields.
Observed mean sea-level pressure (MSLP), 10 m u and v wind components,
2m-temperature and rainfall were obtained from 4-hourly NCEP (National
Centre for Environmental Prediction) reanalysis data (Kalnay et al., 1996).
The fields constitute 40-year (1958-1998) mean monthly climatologies for
January and July on a 2.5% 2.5° grid resolution. The relatively low spatial
resolution of the observed data compared to the 60 km resolution of DARLAM
renders the data unsuitable for quantitative model verification.

DARLAM simulations has been performed on a Pentium Il computer with two
550 MHz processors. It took 11-minutes (CPU time) to simulate a model day
at 60 km resolution with 18 levels in the vertical. An advective time step of 15
minutes was used.

5.3 MODEL TOPOGRAPHY

The interior of South Africa is characterised by an elevated plateau with
altitudes in excess of 1000 m. Maximum altitudes in excess of 3500 m occur
along the South African eastern escarpment, as well as over Tropical East
Africa. The coastal margins along the east and south-east coast of southern
Africa are narrow and marked by steep topographic gradients. The R21
spectral resolution of the CSIRO9 AGCM uses a significantly smoothed
topography as lower altitude boundary (figure 5.2a). The plateau is narrow
and maximum altitudes are under-estimated by as much as 2500 m.
Topographic gradients along the escarpment are also very gentle (figure
5.2a). In the AGCM'’s representation the topography of Madagascar is poorly
resolved and extremely smooth over the entire island. Islands such as
Mauritius and La Reunion are not even captured by the AGCM topography.
The spectral method requires that the surface topography is spectrally fitted to
a wave resolution of R21. The initial observed topography consists of a 1°x1°
data set that is spatially averaged to the 64x56 global Gaussian grid of the
CSIROS AGCM, and then spectrally resynthesized to R21 resolution
(McGregor et al., 1993a). A consequence of this procedure is non-zero and
even negative sea elevation (blue regions in figure 5.2a) which is caused by
the Gibbs phenomenon (McGregor et al., 1993a).

With a horizontal resolution of 60 km, DARLAM provides a more detailed
representation of observed regional topographic features over southern Africa
(figure 5.2b). More realistic maximum elevations occur over the escarpment of
south-eastern South Africa (in excess of 2400 m above sea level) and
Tropical East Africa (in excess of 3000 m above sea level). In general,
DARLAM contains much more detail at 60 km resolution than found in the
associated AGCM topography field, for example features such as steep
topographic gradients along the southern African escarpment and the
Namibian highlands are well captured. The eastern mountain ranges of
Madagascar are more obvious and realistic. Even smaller islands such as
Mauritius, La Reunion and the Comoros are visible in the DARLAM
topography field (not shown). This is a significant improvement on the AGCM
topography.
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In contrast, DARLAM’s January climatology over the central parts of the
model domain differs from that of the AGCM and is a better representation of
observations. This is particularly true of the low-pressure cells located over
Namibia and Botswana. The DARLAM January rainfall distribution between
10°S and 20°S and over the south-eastern parts of South Africa provides a
better representation of the observed west-east gradient of maximum rainfall
than CSIROS AGCM. In the latter, the rainfall pattern is aligned north-east to
south-west.

DARLAM underestimates the intensity of the observed winter (July)
subtropical high-pressure region over the subcontinent. This contributes to a
severe overestimation of July rainfall totals over the south-eastern parts of
South-Africa. In this respect the DARLAM simulation is inferior to the CSIR0O9
AGCM simulation that successfully captures the intensification of the
subtropical high during winter.

DARLAM simulations produce more than twice the amount of rainfall
observed over regions with steep topographic gradients, such as the South
African eastern escarpment and Madagascar. This result has also been noted
in other atmospheric models (Giorgi et al., 1994, McGregor and Walsh, 1994,
Walsh and McGregor, 1995, Jenkins and Barron, 1997). The overestimation
may be attributed to the fact that too much moisture is available in the model
domain. Because DARLAM successfully captures events of low-level mass
convergence along the eastemn escarpments of South Africa and Madagascar,
the excess of moisture may result in simulations with excessive rainfall.
Another possible contributing factor to the overestimation of rainfall is the
mountain resonance effect (Rivest and Staniforth, 1994; McGregor, 1997a)
which may be present in DARLAM's semi-Lagrangian dynamical formulation.
It should be noted that the solution advocated by Rivest and Staniforth (1994)
to the mountain wave resonance problem is not incorporated in the DARLAM
code used in the present study. The effectiveness of the proposed solution
over the steep eastern escarpment of South Africa needs to be investigated in
future experiments.

Despite the problems that occur when simulating observed rainfall magnitudes
over regions of steep topography, DARLAM provides a more accurate
simulation of observed rainfall distribution, particularly in regions where the
AGCM's coarse resolution does not permit regional topographic features to be
resolved. These preliminary simulations indicate that DARLAM is capable of
simulating details on the regional scale with greater skill than the CSIRO9
AGCM.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The climate of the SADC region is fundamentally influenced by mesoscale
circulation patterns that are not adequately simulated by AGCMs. The main
reason for this is the coarse horizontal resolution of AGCMs. Computational
requirements prevent AGCMs running at mesoscale resolutions of a few
kilometres to about 100km. As a computationally feasible alternative, the
technique of nested climate modelling utilises high-resolution LAMs to obtain
climate simulations on the mesoscale. An appropriate range of synoptic
situations is obtained by integrating an AGCM forward in time for an extended
period. The lower resolution output of the AGCM is then used to force the lateral
boundaries of the LAM. The LAM, with a horizontal resolution in the order of
100km, can simulate some of the mesoscale features which leads to a more
accurate, detailed and realistic depiction of the region's climate.

A NCM domain over the SADC region should be sufficiently small to ensure that
simulated circulation of the NCM does not depart from that of the driving AGCM
on the synoptic scale. The domain however, has to be large enough to prevent
the coarse scale lateral boundary conditions from dominating the solution over
the area of interest. Full development by the NCM of features having a finer scale
than those skilfully resolved by the AGCM should be possible. The horizontal
resolution of the nested model should be fine enough to capture forcing and
circulation on the mesoscale.

The model domain should encompass, to the extent feasible, all regions that
include forcing and circulation that directly influence climate over the area of
interest. For example, a domain over southern Africa should include the Agulhas
retroflection region in the south and Madagascar in the east. Such a domain will
also need to extend far enough over the Atlantic ocean to adequately capture the
development and movement of mid-latitude cyclones and far enough northwards
to capture tropical features like the semi-stationary tropical surface trough.

The nested model DARLAM has been developed for both mesoscale studies and
for climate change experiments. The model is a two-time level, semi-implicit,
hydrostatic primitive equations model. It uses an Arakawa C-grid and semi-
Lagrangian horizontal advection with bicubic spatial interpolation. The model
includes a full range of physical parameterisations. Many simulations have been
performed (primarily over Australia) by one-way nesting DARLAM within the
CSIR0O9 AGCM or within observational analyses. Generally the finer resolution of
the nested simulations provides significantly improved simulations near
topographic features, in particular precipitation and near surface values.
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The characteristic feature of the dynamical formulation of DARLAM is the semi-
Lagrangian method used to solve the advective part of the primitive
meteorological equations. The essential feature of semi-Lagrangian schemes is
that the total or material derivatives in the equations of motion are treated directly
by calculating the departure points of fluid parcels. The upstream values of the
required fields are then usually evaluated by spatial interpolation. The main
advantage of the semi-Lagrangian technique is that it allows for the relaxation of
the CFL criterion. Theoretical analysis of the semi-Lagrangian scheme used in
DARLAM reveals that this method offers unconditionally stable integrations with
a high degree of advection accuracy. Numerical experiments involving a case of
non-linear but uniform flow and a case of non-linear but strong deformational flow
confirm that the semi-Lagrangian scheme used in DARLAM has excellent
amplitude, phase and conservation properties. The scheme is shown to be
superior to the well-known and widely used modified Lax-Wendrof finite
difference scheme.

The nested climate model DARLAM has been nested within the output from the
CSIR0O9 AGCM to provide high-resolution simulations of present January and
July climate over the SADC region. DARLAM provides a more accurate and
detailed simulation of particularly January climate over southern Africa than is
available from the AGCM. This is largely due to the fact that the regional
topographical features which influence the climate of the SADC region, such as
the steep escarpment of south-eastern South Africa and the Great East African
Valley, are more clearly resolved at 60 km resolution of the NCM than they are
by the CSIRO9 Mark Il AGCM. Over regions of steep topographic gradients such
as the South African escarpment and Madagascar, DARLAM simulates in excess
of twice as much daily rainfall as observed. The nested model's mountain wave
response possibly contributes to this over estimation.

Results from the first nested climate modelling simulations over the SADC region
indicate that DARLAM is capable of simulating the details of regional climate with
greater skill than the AGCM. The nested modelling approach to applications such
as projecting the regional response to global climate change therefore holds
significant promise.

There remain theoretical and scientific problems to be solved in the use of
limited-area climate models. Tropical domains pose additional difficulties for the
one-way nested modelling approach, relating to the weaker boundary forcing in
such domains and the greater necessity for the physical parameterisation
schemes of the LAM and AGCM to be compatible. This problem is of particular
importance for the SADC region, which includes extensive regions north and
south of the equator. Another aspect of nested climate modelling still needing
improvement is the tendency for the occurrence of excessive precipitation in
NCM simulations over regions of steep topography. The cause for these over
estimations is not fully understood. In some NCMs the over estimation may be
related to the model's mountain wave response, while in others the dynamical
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effects of the cumulus parameterisation scheme used may contribute to the over
estimation. This unresolved issue needs to be investigated in future nested
climate modelling experiments over the SADC region.
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APPENDIX A

Visual basic code for Crowley’s cone test: D3 scheme

Aede e de e g e de e de ek dede de e fek e e

CLS
CLEAR

117

DIM u({35, 35), v(35, 35), c(35, 35}, d(35, 35}, dx{(35, 35), dy{35, 35), =p(35,

&35}, yp(35, 3%

h=1

11 =1

HA = 35

VA = 35

ta = 1 * 288

ww = 7.2722

s = (2 * 3.141393) / {ta * ww)

T g e de e e kR de de hoke ke kK ke ok e e e ke e e e ke g e de de S o o ok e e e e e Rk ke e R ek ke e ke ke

OPEN "c:/matlab/vogx.m" FOR OUTBUT AS #2

Thddddddddhhdddhhhhbbddddhrdhhhdhhidhddidhbhbhkhdbdddtbdhdhht

" Velocity field
FOR i = 1 TO 35

x = (i~ 18) * h
FOR j = 1 TO 35
vi{i, j} = -ww * x
NEXT j

NEXT i

FOR j = 1 TO 35
y = (3 - 18) * 11
FOR i = 1 TO 35
u(i, §) = ww * y
NEXT i

NEXT j

PhkddhhkhkhhkhkhkhdddArrhkhbdddbhbhbhdbdbdhhAhhddhbbdrdrddddhbdiis

"*** Initial cone distribution

FOR i = 1 TO 35

x = (i - 18) * h

FOR j = 1 TO 35

y = (j - 18) * 11

IF (x + 8) ~ 2 + y ~ 2 <= 16 THEN

c(i, j) = -(25) * SQR((x + 8) ~ 2 +y ~ 2) + 100
ELSE ¢(i, j) = 0

END IF

NEXT

NEXT i

Ve e e g e o ek sk e ke ke g e e e e de e e Rk b e e e e b e e ke de ke e o e e e e b e ke ok ok ke e ke Ak ok

e Caleulation of departure points

FOR i = 3 TO 33
x= (i - 18) * h
FOR j = 3 TO 33



=

b
toi UNIVERSITY OF PRET
Qe

UNIVERSITEIT VAN PRETORIA
ORIA
YUNIBESITHI YA PRETORIA 118

v = (3 - 18) * 11

ux = {u{i + 1, 3) - u{i -1, 3)) / (2 * h)

uy = {(uf{i, 3 + 1) - u{i, 3 - 1)) / (2 * 11)

vk = (v(i + 1, J) - v(i -1, 3)) / (2 * h)

vy = {(v(i, 3 + 1) - w{i, 3 - 1))y / {2 * 11)

uxx = {(u{i + 2, ) - 2 * u(i, j) + u{i - 2, )y / (4 * h ~ 2)

uyy = (u(i, 3 +2) -2 *u(i, 3) +u(i, 3 -2)) / (4 * 11 ~ 2)
uxy = {(u{i +1, j + 1) -u(i -1, 3 + 1) ~u{i +1, 3 - 1)

& +u(i -1, 3 - 1)) /(4 * h * 11)

vk = (v{i + 2, §) -2 * v({d, j)y +vld -2, 4))y/ (4 *h "2

vyy = (v(i, 3 +2) -2 * v({i, j) +v(i, J-2))/ (4*11L ~ 2)
vy = (v{i + 1, 3+ 1) - v{ii+1, § -1} - v{i -1, 7 + 1}

&+ v(i -1, 3 -1}y / &{4 * h * 11)

dx({i, j} = x - s * u{i, 3} + {{s ~ 2} / 2} * (u{(di, J} * ux + v{(i, J} * uy)

- {{s ~ 3 / 6 * ({uli, jy ~ 2} * uxx + u(i, j) * (ux ~ 2) + 2 * u(i, i) *
v{i, j) * uxy + u(i, j) * vx * uy + v{i, j) *uy *ux + (v({i, 3) ~ 2) * (uyy)
+ vi{i, 3} * &vy * uy)

yii, 3) =y - s * vi{i, J) + ({(s ~ 2) / 2) * {uldi, ) * vx + v{i, j) * vy)
- ((s ~ 3y / 6) * {{u(d, 3) ~ 2) * vxx + u(i, ) *ux * vx + 2 * u(i, j) *
v{i, 3} * vy + u{i, ) * vx * vy + v{i, 3} *uy * vx + (v{i, J) * 2) * (vyy)
+ & v{i, j) * &((vy) ~ 2}}

LWL I o TR - L~ W -

FOR 1 =1 TO 35
xt = (1 - 18) * h

yt = (1 - 18) * 11

IF dx(i, j) > xt THEN xp({i, j) =1 + 1
IF dy(i, 3) > yt THEN yp(i, j) =1 + 1
NEXT 1

NEXT 3

NEXT i

¥ ode e e e R de d e e e e de e e ke ke e e de ok e e e e ke ke b ke e de ke R ok

*** Bicubic interpolation

FOR t = 1 TO ta
PRINT t

FOR 1 = 3 TO 33
FOR j = 3 TO 33
d{i, 3) =0

w =0

1p = 0

som = 0

soml = 0

= Bilinear interpolation may be required

i
[

IF xp(i, 3)
IF zxp(i, 1)

34 OR yp{i, j) = 34 THEN lp =
3 OR yp{i, j) = 3 THEN lp =

o

[

FOR k = 1p + xp(i, 3) - 2 TO xp(i, j) + 1 - 1p
xk = (k - 18) * h
FOR 1 = 1lp + ypi{i, 3} - 2 TO ypi(i, ) + 1 - 1p

yl = (1 - 18) * 11

somx = 1
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FORm = 1p + xp{i, j) - 2 TO xp{i

Xm = {m - 18) * h
IF m <> k THEN somx = ({dx{i, j)
NEXT m

somy = 1

FORm = 1lp + yp(i, j) - 2 TO ypi{i

ym = (m - 18) * 11
IF m <> 1 THEN somy = {{dy{i, i)
NEXT m

w = somx * somy
som = som + w * c{k, 1)
soml = soml + w

NEXT 1
NEXT k

d{i, j) = som

NEXT 7
NEXT i

TO 35
TO 35
d{i, j)

FOR i
FOR j
c{i, 3)
NEXT 3
NEXT i

[

[

NEXT t

YUNIBESITHI YA PRETORIA

, 3y +1 - 1p

- xm) / (xk -~ xm)) * somx

, Jy + 1 - 1p

- ym) / (yl - ym)) * somy

b de e A e o de e e e e o e ok e e gk e e ke A ok ok ke e ke e ok e ke e e o ke

e Writing to Matlab

PRINT #2, "x=[":
FOR i = 1 TO HA - 1
X = (i - 18) * h
PRINT #2, %x; ™,":
NEXT i

i = HA

X = {i -~ 18) * h
PRINT #2, x; "};"
PRINT #2, " *

PRINT #2, "y=[":

FOR § = 1 TO VA - 1

y = {j - 18) * 11

PRINT #2, y: ",";

NEXT j

j = VA

y=(j~-18) * 11

PRINT #2, y: "1:;"

PRINT #2, = "

PRINT #2, "[X,Y)=meshgrid(x,vy};"

PRINT #2, " "
PRINT #2, "z=[";

FOR j = 1 TO VA - 1
FOR i = 1 TO HA

119
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PRINT #2, c(i, 3):
PRINT #2, " ";
NEXT i

PRINT #2, " "
NEXT j

i = VA

FOR i = 1 TO HA - 1
PRINT #2, c(i, j):
PRINT #2, " *;

NEXT i

i = HA

PRINT #2, c{i, 3j):
PRINT #2, "1:;"

PRINT #2, " "

PRINT #2, "surf(X,Y,2)"
CLOSE 2

Tdhddhhhkdhkhkdhhhkdhdhdhbhhhhdhdbhdhhhhhbhhhdhhhhbhhddhkhhddihdhd
END
1 v e ok e e de de de e e ke d do g de de ke gk e ke R g ke ke R ke e ke kR Kk ek de ke g K e e de ke e e ke e e de e ek ke

T ode de e e de ok de e de g ke de e de e e ke de e g T d e de de Kk de e de ke e de e de de e ke e ke de Foode e e ke ke e ke ke ke
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APPENDIX B

Fortran code for Smolarkiewicz’s deformational flow: D; scheme

e de e e e g de e e e S e e s e o e de e

pregram smolar

integer A, L, CI, IER, t, lp, xp(101,101), yp(101,101),ta

real tt,aa

real pi, kk, tsi(101,101), ¢(101,101), ALEV(13),KEELY{10), TR(6)
real u{101,101), v{101,101), s, dx(101,101), dy(101,101)

real zt, d4(101,101), som, soml, xk, yl, xm, ym, somx, somy, w
real £(101,101),b(101,101)

character* (4) LABEL

A=8

L=100
pi=3.141582654
kk=4*pi/L
s=0.,7

Iterations correspond to the times in the paper of Staniforth et al. (1987)
ta=19

ta=38

ta=57

ta=75

ta=377

ta=3768

Calculate grid point values of ..............

do i =1, 101

x = {(i-1)

do j =1, 101

y = {j-1)

Streamlines

tsi(i,3) = A*(sin(kk*x))*(cos(kk*y))
Velocity field

u(i,j) = A*(kk)* (sin(kk*x))* (sin(kk*y))
v(i,3) = A*(kk)*(cos (kk*x))*(cos (kk*y))
enddo

enddo

Calculate the grid point values of initial cone distribution
do i =1, 101

x = (i-1)
do § = 1, 101
y = (j-1)

c{(i,j) = 0.0

if ((x-50)**2 + (y-50)**2 .le. 225.0) c{i,3) =

& (~1.0/15.0)*(({x=50)**2 4+ (y-50)**2}**(0.5}) +1
b(i,3)=c(i,])

enddo

enddo

c*********************

Cmt

Determination of departure points

do i=2,100
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x=i-1

do j=2,100

y=3-1

ux = (u{i+l,j)-u(i-1,3))/2.

uy = (u({i,3j+l)-u(i,j-1))/2.

vk = (v(i+l,3)-v{i-1,3))/2.

vy = (v(i,3+1)-v(i,3-1))/2.

uxx = {(u{i+2,3jy-2.%*u(i,j)+ul{i-2,3))/4.

uyy = {(u{i,j+2)~-2.*u(i,j)+u{i,j-2))74.

uxy = (u(i+l,j+1)-u(i-1,3+1)-u(i+l,j-1)+u(i-1,3-1))/4.
vxx = (v{i+2,9)-2.%v{i, ) +v(i-2,3)) /4.

vyy = (v(i,3+2)-2.*v(i,j)+v(i,§-2))/4.

vy = (v{i+l,3+1)-v(i+l,3~1)-v{i~1,3+1)+v{i-1,3-1))/4.

dx(i,j)=x—s*u(i,j}+((s**2){2.}*(u(i,j)*ux+
&v(i,§)*uy)~{(s**3)/6.)* ({u(i,j)**2) *uxx+u{i,j)
&*(ux**2. ) +2.%u (i, ) *v(i,J) *ury+u(i, j) *vx*ruy+
&v(i, ) *uy*ux+{v(i,j)**2}) *(uyy)+v(i, i) *vy*uy)

dy(l,j)*y— s*v(i,3)+((s**2) /2.y *(u{i,§) *vx+

v{i, ) *vy)-{{(s**3)/6.)* ({u(i,3)**2) *vax+uli, )
&*ux*vx+2 *uf{i,J)*v{i, ) *vey+u(i,j) *vxrvy+
&vi{i,j) *uy*v+(v(i,J)**2)* (vyy) +v(i,3)* ({vy)**2))

do 1=1,101

xt=(1-1)

yt=(1-1)

if (dx(i,j).gt.xt) xp(i,j)=1+1
if (dy(i,3j).gt.yt) yp(i,Jj)=1+1
enddo

enddo
enddo

c*******************************************************
(o e de e ode e ke o ode e de de e de K e de e e de ke e e e e de T ke de e de e e de de K e de e de e ke de K de de ke e de e de de de

c™** Bicubic interpolation
do t=1,ta

do i=2,100
do j=2,100

d(i,j)=0
w=0

1p=0
som=0
soml=0

if (xp{i,j).eq.10l) lp=1
if (yp(i,3).eq.101) lp=1
if (xpl(i,j).eq.2) 1lp=1
if (yp(i,j).eq.2) 1lp=1

do k=lp+xzp{i,j)-2,xp(i,j)+1-1p
xk=k~-1
do 1l=lp+ypi{i,j)-2,yp(i,3)+1-1p
yl=1l~1

somx=1
do m=lp+xp{i,j)~2,xp(i,j)+l-1p


http:dy(i,j).gt.yt
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xm=m-1
if(m.ne.k) somx={{dx(i,3)-xm)/ {xk~xm))*somx
enddo

somy=1

do m=lp+yp(i,j)-2,yp(i,j)+i-1p

ym=m-1

if {(m.ne.l) somy={(dy(i,3)-ym)/(yl-ym})*somy
enddo

w=somx* somy
som=som+w*c (k, 1)
soml=soml+w

enddo
enddo

d{i,j)=som

enddo
enddo

do i=1,101
de 3=1,101
c(i,j)=d(i,3)
enddo

enddo

enddo
c********************************************************

c™** Conservation properties
conl=0
con2=0
con3=0
cona=Q
conb=0
conc=0

do i=1,101

do j=1,101
conl=conl+c(i,])
con2=con2+({c{i,j)}**2
con3=con3+abs{c(i,J))
cona=cona+b (i, )
conb=conb+({b(i,j))**2
conc=conc+abs (b (i, j))
enddo

enddo

conl=conl/cona
con2=con2/conb
con3=con3/conc
print*, conl,con2,con3

c*********************************************************
C*********************************************************

c™** Writing out for MATLAB
open(l, file='/frae/WEERLIG/MAT/matd36.m', form="'formatted'
&, recl=100000)
write(1,20) ¢
20 format (101£20.10)
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c™**  Writing statistics
open{2,file="/frae/WEERLIG/STA/stad36")
write(2,30) conl
write(2,30) con2
write(2,30) con3
30 format (£20.10)

C*****************1\'**************’k****i—*******************

c™* Interactive display using PGPLOT

c*™** Open plot
IF (PGOPEN('?') .LT. 1) STOP

c™* Set contours of streamlines to be plotted
do i = 1,13
ALEV(I) = -6 + (i-1)
enddo

c™** Set contours of cone to be plotted

KEELY (1) = 0.02
KEELY (2) = 0.1
KEELY (3) = 0.2
KEELY (4} = 0.3
KEELY(5) = 0.4
KEELY(6) = 0.5
KEELY(7) = 0.6
KEELY (8) = 0.7
KEELY (9) = 0.8
KEELY(10) = 0.8

c™* Set axis
CALL PGENV(0.,100.,0.,100.,1,1)

TR(1} = -1.0
TR{2) = 1.0
TR{3) = 0.0
TR(4) = ~1.0
TR(S) = 0.0
TR(6) = 1.0

c™* Label axis, title
CALL PGLAB('x', 'y', 'Smolarkiewicz's Test D3 scheme

c™** Set colour and plot contours of streamlines
CALL PGSCI(3)
CALL PGCONT (tsi,101,101,1,101,1,101,ALEV,-7,TR)
CALL PGSCI (4)
CALL PGCONT (tsi,101,101,1,101,1,101,ALEV(8),-6,TR)

c*™** Set colour and plot contours of cone
CALL PGSCI(1)
CALL PGCONT (b,101,101,1,101,1,101,KEELY, 10, TR)

c™** Set colour and plot contours of solution
CALL PGSCI(2)
CALL PGCONT (c,101,101,1,101,1,101,KEELY, 10, TR)

c**** CLOSE PLOT
CALL PGCLOS

end

t=T")
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