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. Application of a three-term symmetrical Strang splitting to pure, au-

tonomous, initial-value problems of the ADR-type leads to no splitting
error between advection, diffusion and chemistry, when, with exact in-
tegration of the intermediate steps in the Strang splitting, the chemistry
R(c) is linear in ¢, and the wind field u, the diffusion coefficient ma-
trix K and the chemistry R are independent of the spatial variable x.
(Chapter 2)

. The Shallow Water Equations (SWESs) can be written in conservation

form and can therefore be conveniently discretized in space with a finite
volume method exploiting the hyperbolic character of the equations.
(Chapter 3)

. The stepsize restriction for an explicit time integration method for solv-

ing a semi-discrete system of the global SWEs is significantly allevi-
ated when this system is derived on a combined reduced latitudinal-
longitudinal (lat-lon) and stereographic grid instead of on a common
uniform or reduced lat-lon grid of similar resolution. (Chapter 3}

. The third-order A-stable Rosenbrock method maintains its A-stability

when applied with approximate matrix factorization. (Chapter 4}

. As integration method for the semi-discrete SWEs on a global uniform

lat-lon grid, Ros3 with AMF is far more efficient than the explicit time
integration method RK3. Its supericrity is unaffected even when the
latter is applied to the semi-discrete SWEs on a reduced lat-lon and
stereographic grid of similar resolution. (Chapter 4}

. Een cabaretier met een gedegen wiskundeopleiding zou verder komen

dan grappen over Maxima en minima.

. Lopend onderzoek is net als een rijdende trein,

je weet nooit wanneer het stagneert.

. Indien de kwaliteit van de bolletjes net zo slecht zou zijn als het ar-

restatiebeleid voor hun slikkers, zou het cellentekort op Schiphol binnen
no-time zijn opgelost.

. Vrouwen kunnen maar één ding tegelijk, mannen doen alles half.

De meest persoonlijke stellingen zijn degenen die ontbreken.
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Chapter 1

Introduction

1.1 Circulation models

The weather affects everyone. It is among the most discussed topics around the
world. although its context might differ significantly. Consider. for instance. people
in Africa who struggle with drought. whereas we wonder whether it is necessary to
bring an uwmbrella to work; or thousands of people who are being evacuated because
their home town is hit by a tornado, whereas others try to decide whether Corsica
or Cyprus would be a better location to spend the holidays when it comes to hours
of sunshine: or an Egyptian farmer who happily overlooks the Nile flooding and
fertilizing its surrounding banks, whereas a Limburger hopes that the heavy rainfall
will stop, so the Maas will not burst its banks. For a multitude of reasons, the
ability to predict the weather and climate has fascinated people for centuries.

In 1922, Richardson was the first to use numerical modeling as a tool in weather
prediction. He acknowledged that to complete a numerical weather prediction an
enormous number of calculations had to be made very rapidly. He estimated that
a typical global prediction would require a factory of 64.000 people equipped with
calculators. see [60]. Consequently. the idea of numerical weather prediction (NWP)
was discarded and it was not until the late 1940s that NWP flourished when Von
Neumann used one of the first electronic computers (ENIAC) to perform these
calculations.

Today. weather and climate prediction rely on so-called global circulation mod-
els. i.e.. a numerical model for describing the evolution of the state of the atmosphere
on a global scale. A circulation model numerically solves a set of equations which
represent this evolution. It consists of three main interacting parts. These are data
assimilation. numerical dynamics. and physical parametrization:

e Data assimilation involves the incorporation of data from observations into
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the model. At the beginning of a forecast an initial guess of the current state
of the atmosphere is required. Observations obtained over a certain period
of time and at different locations, for instance, from ships, weather stations,
radiosondes etc., must be quality controlled and combined to produce this
initial condition. In addition. data assimilation is used to correct the global
circulation model during or after a forecast simulation.

The dynamical component is concerned with the numerical solution of the
so-called primitive equations of the hydrodynamics in the atmosphere. These
equations are the equations of momentum, the continuity equation, an energy
equation and an equation of state.

Physical parametrization is used to incorporate other important physical pro-
cesses occurring in the atmosphere, for instance, radiation, cumulus convec-
tion, large-scale precipitation, and turbulence. Most of these processes occur
on scales too small to be directly resolved by the numerical model and can
differ significantly in their representation. In addition, each circulation model
includes a different parametrization scheme depending on the accuracy re-
quired and the computational capacity available to solve the problem.

Figure 1.1 visualizes the components of a circulation model and their interaction
pattern.

Data Assimilation

{ Circulation Model

/

\ Parametrization Dynamics

L i i SRS —

Figure 1.1: Schematic representation of the components in a circulation model.

1.1.1 Horizontal dynamics

In this thesis, we focus on the dynamical part of a circulation model. In particular,
we investigate numerical methods to efficiently solve the shallow water equations
(SWEs) in spherical geometry. These equations serve as a first prototype of the
horizontal dynamics in a global circulation model.

The SWEs can easily be derived from the primitive equations of hydrodynamics.
These primitive equations are the classic Navier Stokes equations of fluid mechanics
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with the exception that atmospheric motion evolves in a rotating reference system,
which introduces an additional force, the Coriolis force. This force is particularly
important in large scale atmospheric motion. For a thorough derivation of the
primitive and shallow water equations, we refer to [32,55]. The numerical solution
of the SWEs is discussed in Chapter 3-5.

1.2 Numerical methods in circulation models

Weather prediction demands results which are as accurate as possible over a time pe-
riod of a couple of days calculated within given time, say, a couple of hours. Climate
simulation, on the other hand, demands that the results remain accurate over a time
period which is as long as possible, e.g., several years, decades or even centuries.
The accuracy of the prediction depends on the numerical method, the resolution of
the space-time grid, the incorporated data and the physical parametrization scheme.
Since the computations are known to be very time-consuming, much interest is di-
rected at the development of efficient numerical methods on high-resolution grids.
On these grids, the requirements of the numerical scheme for weather and climate
prediction practically coincide. In Section 1.3, we summarize our achievements in
that direction. First, we discuss typical considerations necessary to obtain an effi-
cient numerical method for solving the horizontal dynamics in spherical geometry.

1.2.1 Spatial discretization schemes

A wide variety of numerical methods underlie the currently operational global
circulation models. In particular, there is discussion about which spatial dis-
cretization scheme is best to discretize the horizontal dynamics. For instance,
the Integrated Forecast System (IFS)-model of ECMWF and the Community Cli-
mate Model (CCM)-model operational at NCAR incorporate a spectral transform
method, whereas the Global Environmental Multiscale (GEM)-model of the Cana-
dian Meteorological Centre applies a variable-resolution cell-integrated finite ele-
ment scheme. The GME model of the German Weather Service (DWD) and the
Hirlam model developed by a consortium of several European weather services in-
cluding the Royal Netherlands Meteorological Institute (KNMI) adopt a central
finite-difference scheme. For a description of the various operational circulation
models, we refer to [9-11,40,49, 50,89).

For several decades, the spectral transform method has been most popular.
However, over the years, its disadvantages have become more apparent. With in-
creasing grid resolution, its computational costs increase much faster than those
of a finite difference or finite element method. Second, the method suffers from
Gibbs’ phenomenon which occurs for strongly varying variables, such as the con-
centration of water vapor [59,91]. Third, the method is non-conservative. In view of
the aforementioned disadvantages and with the trend toward high-resolution grids,



















































































































































































































































































































































































































































