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Summary

The state of the atmosphere has affected human activities since time immemorial. Since
the 1950swhen the first successful attempt to foresee future development of weather
using the solution to the equations describing the atmosphere behavior the numerical
weather prediction has become broadly used almost in all weather services around the
world. Now current weather forecast is based on the solution to the system of the
equations describing the behavior of the atmosphere. Our knowledge about the
atmosphere is ever evolving process and possible way that helps to maintain to keep this
active is the mathematical modeling of the atmospheric processes. A brief and concise
overview of the basic atmospheric processes and the way how to model them is the
subject of this contribution. This text could help interested readers to better understand
the method of weather forecasting and interpretation of their results that are acceptable
not only in the TV but also on internet. The next aim is to show the relative complexity
of all atmospheric phenomena that coexist together on the wide range of all spatial
scales and interact one to each other.

The purpose of this chapteris to give the reader a brief overview of the methods used in
the mathematical modeling of atmospheric processes. The field of atmospheric
processes comprises a relatively broad spectrum of physical problems from classical
hydrodynamics or, better, aerodynamics, to quantum physics when one is speaking
about Solar radiation problems, mathematics and, first of all, numerical mathematics,
chemistry (mainly in connection with air-pollution problems), computer sciences and
also, at least partly, such branches as hydrology, geology, geography or biology.It is
necessary to emphasize that many processes in the atmosphere are of a nonlinear nature
and they show, in many cases, a chaotic behavior (for example turbulence) that makes
their description and modeling quite complicated. As a mathematical approach to the
problem of modeling these processeswill be described, the reader is supposed to have
some level of mathematical knowledge as well as knowledge of basic physics.The
author of this text did notgo too far and if a reader is interested in some part of this
contribution in greater details then there is a list of references containing textbooks or
monographs dealing with the individual problems that are briefly mentioned here.

1. Introduction

For many centuries in the past there was a very intensive attempt to understand the
weather and, of course, people tried to forecast the future state of the atmosphere. But
the understanding of the atmosphere was very vague andinexact and the main ancient
knowledge about the atmosphere was gathered in Aristotle’s ‘Meteorologica’ (Aristotle
350 B.C.E.). On the other hand, many ancient civilizations were often strongly
dependent on the weather or climatic conditions and if something occurred such as, for
example,to cause irregularitiesinthe usual annual events (e.g. Egyptian civilization
depended on the annual Nilotic floods, for example), there could result a disaster such
as a famine. Many nations living on the sea shore depended on fishery and later also on
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sea trade and all these activities were strongly influenced by weather conditions. Up to
approximately the beginning of the 17" century the whole period was based on
speculations and personal experience. This situation changed with two important
inventions that also changed the approach to the information about atmosphere — the
Galileo’s invention of thermometer (between 1590 and 1600) and construction of
barometer by Toricelli (1643 — 44). These two instruments enabled the carrying out of
real measurement of quantities such as temperature and pressure that characterize the
physical state of the atmosphere. At first these meteorological observations were usually
carried out at astronomical observatories. The measurements of temperature and
pressure were combined with the observation of the horizontal wind velocity (speed and
direction). This could give a picture of atmospheric motion close to Earth’s surface.
Later on (in the 20™ century) this surface observation wascomplemented with upper air
soundings and the information about the current state of the atmosphere was complete.

This short historical overview can be completed with several names of outstanding
people who played an important part in the development of modern meteorology. We
can start in the mid 19™ century. At this time the main power of ships was wind and
knowledge of the wind system pattern became more and more important. It became
more apparent in the era of fast sail ships, clippers,which transported mainly tea from
the Far East (China) to Europe and the U.S.A.This era (the second half of the 19"
century)was connected with the name of the admiral Fitz-Roy who became the head of
the British Meteorological Department in 1854. In this position he was a pioneer of
weather forecasting and he also pioneered the printing of a daily weather forecast in
newspapers but his activities were broader and they covered not only maritime
meteorology but meteorology as a whole.

Shortly before Fitz-Roy became head of the British Meteorological Department there
took place the First International Meteorological Conference in Brussels in August
1853. The primary effort of this conference came from the recognition of the necessity
of international co-operation to assure reliable and regular information about the
weather over the sea areas of the world. Following this Conference, efforts were made
to develop international co-operation in many other fields of meteorology. In this
regard, a non-governmental International Meteorological Organization (IMO) was
created in September 1873 during the First International Meteorological Congress held
in Vienna. On the basis of this organization the present World Meteorological
Organization(WMQO) has developed. The Convention, by which the World
Meteorological Organization was created, was adopted at the Twelfth Conference of
Directors of the International Meteorological Organization (IMO) that met in
Washington on 11 October 1947.

There were many milestones in the development of meteorology itself and
meteorological forecasts, but we will mention here only a few of them.The important
one is tied up with the Bergen school of meteorology and with such names as Vilhelm
and Jacob Bjerknes,Halvor Solberg, Tor Bergeron, Carl-Gustaf Rossby, Sverre
Petterssen, Erik Palmén and others. Many still valid ideas used in everyday
meteorological practice come from this famous Bergen school. Vilhelm Bjerknes in
1904 argued that future state of the atmosphere can be obtained from a knowledge of
the current state of the atmosphere and understanding the physical laws that describe its
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behavior. In fact he foresaw the future development of the method of meteorological
forecasting.

The first scientist who tried to realize practically what V. Bjerknes published in 1904
was Lewis Fry Richardson. In 1922 he attempted to forecast the weather using the
numerical approach (Richardson 1922). But his forecast was unsuccessful and there
were several reasons for this result. It was only a pity that the majority of the
meteorological community was not able to recognize his pioneering idea and rejected
his way to forecast the weather. There were only individual persons that despite
Richardson’s results tried to continue in the way he suggested. One of them was aSoviet
meteorologist,l. A. Kibel. His approach was independent ofRichardson’s approach and
was based on equations written and solved in so called primitive variables (components
of velocity, pressure, temperature). In the system of equations he solved in the eve of
the 2" WW there was no equation for moisture.For the western world his work was a
long time unknown as he published his work and results in the Russian language. He
becomes more widely known when his book called “An introduction tothe
hydrodynamic methods of short period weather forecasting” was published in Russian
(1957) and translated into English in 1963.

An important date for numerical weather prediction is in November 1950,number 4 of
volume 2 of the Swedish journal Tellus appeared with the pioneering and famous article
of the authors J. G. Charney, R. Fjgrtoft and J. von Neumann, called “Numerical
Integration of the Barotropic Vorticity Equation.” This article is regarded as the birth of
the era of numerical weather prediction. For a period lasting sixty years from this
date,mathematical meteorological models made great progress and they are now much
more complicated than the model mentioned in the title and this results described in this
number of Tellus. Of course, the outputs of contemporary forecast meteorological
models are wider and cover a broad spectrum of meteorological information.

The first successfully integrated prognostic meteorological model was mentioned
above:the barotropic one with the atmospheric pressure level 500 hPa as that for which
the prognosis was made. In Europe the situation was a little bit more complicated as
there was no electronic computer available at this time. The first attempts in European
“numerical”  weather prediction were based on Fjgrtoft’s graphical integration
technique. This method was used in Scandinavian countries, Germany and also in
Czechoslovakia (in this state it is connected with the name of Professor S. Brandejs of
CharlesUniversity). A qualitative change happened when the first Swedish computer
BESK was available. More complicated barotropic models were developed and later on
the first baroclinic models were integrated. These baroclinic models resolved one
important issue. They were able to describe the creation and further development of the
pressure lows and highs whereas the barotropic ones weren’t able to catch this
evolution. But this is beyond the scope of this article.

The reason why this article starts with this concise history of weather prediction and a
very brief history of numerical weather prediction is obvious. If we talk about modeling
of atmospheric processes we would have to have in mind that the final goal of any
atmospheric model is to increase our knowledge about atmosphere and atmospheric
processes and, finally, to improve weather predictions as much as possible. One can
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object to this statement: And what about climate modeling? Such a question is
reasonable and climate modeling,too, will be discussed later. But first it will be
necessary to distinguish what the weather is and what is the climate and what do the
weather forecast models accomplish and what do the climate models accomplish.

The reason why we started with a concise history of meteorological services with
emphasis given to the subject of meteorological prognoses and with a brief history of
numerical weather prediction is that almost all branchesof modeling of the atmospheric
processes aim to improve knowledge about atmosphere and, finally, to improve
methods of forecasting the future state of the atmosphere. The topic of mathematical
modeling of atmospheric processes can be divided according to what process we want
to describe or to learn more about. One group of phenomena that are modeled deal with
the meteorological processes of various spatial and temporal scales. The next ones are
those concerned with air-pollution, its transport, dispersion and also the physical and
chemical processes air-pollution is subject to. An important process that affects a lot of
meteorological phenomena together withair-pollution problems deals with turbulence.
There exist special models aimed at the problems of cloud microphysics, precipitation
and circulation especially connected with dangerous types of clouds such as
Cumulonimbus (Cb). It is known that Cb can be also attached to very dangerous
atmospheric phenomenon, such as tornado. In the U.S., tornadoes kill hundreds of
people every year and material damages can be enormous. But tornadoes can be met
with also in the European mid-latitudes and damages can be also quite high. Other
dangerous phenomena are hurricanes or typhoons (how these phenomena are called
differs according to the area where they appear). For many of these phenomena there is
a common problem. They can hardly be simulated in laboratories and mathematical
models are the suitable tools to simulate their behavior and learn more about them.

If we have to speak about modeling of the atmospheric processes it would be good to
distinguish between weather and climate at first. These two subjects have one important
thing incommon — the atmosphere — but each of them deals with different points of
views. Weather is the current state of the atmosphere that is defined by the values of
some elements such as pressure, temperature, wind speed and directions, content of air
moisture and others. These quantities can be either measured or derived from the
measured primary data or they can be forecast using meteorological models. Climate
describes the long term regime of weather conditions in a given place or area. In fact
climate encompasses long term statistics of weather elementssuch as temperature,
pressure, humidity and so on. Climate can be affected with such parameters such as
latitude, altitude, nearby water bodies or terrain properties. For both branches of
atmospheric processes modeling—the short term “weather” processes or the long term
regime ones—one has to properly describe their mechanisms as such because on this
basis it is then possible to create the proper statistics for climate modeling. Here we can
point out the difference between the short time or “weather” forecast or modeling and
climate modeling. In the former case we want to know the future distribution of the
atmospheric quantities: how they are changing and what are the most important
parameters causing this change and what are the secondary ones and what are the main
physical mechanisms resulting in the process of these parameters’ changing. Especially
in the weather forecast we are interested in the state of the atmosphere in the future in
some short time interval(up to a few tens of hours) in the area of interest.We predicta

©Encyclopedia of Life Support Systems (EOLSS)



TROPICAL METEOROLOGY - Mathematical Modeling of Atmospheric Processes — Josef Brechler

new future “current” state of the atmosphere. Climate modeling is a little bit different.
The climate modeling is not a long term analogy of the above mentioned meteorological
forecast. If we are interested in climate modeling then, roughly speaking, there are two
possible branches. In the first onethere is the attempt to describe the future development
of some atmospheric phenomenon (NAO — North Atlantic Oscillations or ENSO — El
Nino Southern Oscillations) under some accepted scenario. These scenarios define the
conditions which are imposed on the atmospheric system. One can, for example study
the future behavior of the ENSO under the condition that all parameters (composition of
the atmosphere, Solar activity and others parameters) are unchanged. The results will be
the statistics of quantities such as temperature, moisture, amount of precipitation and
others for some long time period and their distribution in the investigated area (one or
several decades in the beginning of the next century, for example). In the second branch
one is interested in the future state of the atmosphere as a whole in the investigated area
provided that there will be also some well specified scenarios. An example of such
activity is modeling the impact of the increasing concentration of CO, in the Earth’s
atmosphere. There are scenarios asserting that in the future, let us say in the next twenty
years, for example,the concentration of CO, in the atmosphere due to industrial activity
increases two, three or more times in comparison with the current state. Then one is
interested inwhat the statistics of quantities such as temperature, precipitation moisture
and others and their spatial distribution would look like in the area of interest for one,
two or more decades, for example, in the future (in the next century, for example).

Originally the climatic modelswere the global or the hemispheric ones. This means that
they covered the whole globe or one hemisphere. Their resolution was too low and atthe
very beginning there was a great problem to couple the atmosphere with the ocean due
to the very different time scales characterizing atmospheric and oceanic processes.
Now, the climate models are very complicated and complex but their resolution is still
to low, especially for some special purposes. There were developed from some so called
downscaling techniques that would have to improve this shortcoming.Promising way of
dynamic downscalingis based on the development of regional climatic models. Thanks
to the fact that the area of interest in this type of model is not the whole globe or
hemisphere but only a part of one continent or even some smaller area,the resolution of
the regional climatic modelcan be sufficiently high. The topic of climate modeling now
is very broad and complex, and scientists are more and more interested in this topic and
in the connection with the so called global changes of the Earth climate. But in the rest
of this presentation we will focus on the “standard” atmospheric modeling, which
means the modeling that covers short time intervals (up to several tens of hours) and
that is aimed at explaining the mechanisms of atmospheric processes or their principles.

At the end of this chapter we would like to briefly mention the various possible
approaches to the task of giving a short overview of the methods of the mathematical
modeling of atmospheric processes. One approach can come from the scales and discuss
the processes from this point of view wherein the most important processes
characterizing the existing scale and relationships between them are described. Another
approach consists in the dividing of the atmospheric processes into individual groups
according to their physical mechanisms and describes these processes from this point of
view. But here, the approach which will be adopted is based on the fulfillment of
individual conservation and the structure of this text is derived from this principle.
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