NOJARA

QUARTERLY JOURNAL
OF THE HUNGARIAN METEOROLOGICAL SERVICE

CONTENTS

G. Gotz: Application of nonlinear dynamics in atmospheric

sciences. Part II. Some examples . ........... 65
D. S. Lee and J. W. S. Longhurst: The urban modification of

acid depoSIion: . . w56 e 5msie o s 50m s o G 87
1. Csiszdr: The effect of the droplet size distribution on the

reflectivity of boundary layer clouds . ......... 107

Zs. Bacsi and M. Hunkdr: Assessment of the impacts of
climate change on the yields of winter wheat and

maize, using cropmodels . . ............... 119
A. T. Meszlényi: Cloud motion winds derived from METEO-

SAT infrared images . . . ................. 135
BOOKTEVIEW: 51 & 5. 555 5 5115 50 655050 0 5 160 o 03 0 b8 T it o 0 143
INEWS. ' Giie s & 5 & 5 o 65 0 5 3008 (5o 6550 ol e e 4 5 1 5 90 s 145
Contents of journal Atmospheric Environment Vol. 28

NOS: 3560 5 0w 5505 @ & 50d G S 5 S o8 o 3o o s 147

VOL. 98 * NO. 2 x APRIL-JUNE 1994



IDOJARAS
Quarterly Journal of the Hungarian Meteorological Service
Editor-in-Chief

E. MESZAROS

E_.ditor
T. TANCZER

Technical Editor
Mrs. M. ANTAL

EDITORIAL BOARD
ANTAL, E. (Budapest) MAJOR, G. (Budapest)
BOTTENHEIM, J. (Downsview, Ont.) MILOSHEV, G. (Sofia)
CZELNAI R. (Budapest) MOLLER, D. (Berlin)
DEVENYI, D. (Budapest) PANCHEV, S. (Sofia)
DRAGHICI, 1. (Bucharest) PRAGER, T. (Budapest)
FARAGO, T. (Budapest) PRETEL, J. (Prague)
FISHER, B. (London) PRUPPACHER, H.R. (Mainz)
GEORGlI, H.-W. (Frankfurt a. M.) RAKOCZI, F. (Budapest)
COTZ, G. (Budapest) RENOUX, A. (Paris-Créteil)
HAMAN, K. (Warsaw) SAMAJ, F. (Bratislava)
HASZPRA, L. (Budapest) SPANKUCH, D. (Potsdam)
IVANYI, Z. (Budapest) STAROSOLSZKY, O. (Budapest)
KALNAY, E. (Washington, D.C.) VARGA-HASZONITS, Z. (Budapest)
KOLB, H. (Vienna) WILHITE, D.A. (Lincoln, NE)
KONDRATYEV, K.Ya. (St. Petersburg) WIRTH, E. (Budapest)

Editorial Office: P.O. Box 39, H-1675 Budapest

Subscription from customers in Hungary should be sent to the
Financial Department of the Hungarian Meteorological Service
Kitaibel Pdl u. 1, 1024 Budapest.

The subscription rate is HUF 2000.

Abroad the journal can be purchased from the distributor:
KULTURA, P.O. Box 149, H-1389 Budapest.
The annual subscription rate is USD 56.




IDOJARAS
Quarterly Journal of the Hungarian Meteorological Service
Vol. 98, No. 2, April-June 1994

Application of nonlinear dynamics in atmospheric sciences
Part II. Some examples

G. Gotz
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(Manuscript received 1 March 1994, in final form 20 April 1994)

Abstract—The purpose of this review article is to demonstrate the applicability of chaos
theory in the study of the nature of atmospheric behavior. Selected examples are chosen to
illustrate how the theory of nonlinear dynamics has improved our understanding of the
behavior of the atmosphere, and how new ideas and insights are shaping our way of
investigating the prediction problem. The examples presented cover a wide range of the
frequency domain of atmospheric variability, extending from the phenomenon of cellular
convection up to the glacial-interglacial fluctuations of the Quaternary ice age. Special
attention is devoted to the nonlinear dynamical aspects of a global climate change. Finally,
the existence of low-dimensional atmospheric attractors, a highly debated subject in these
days, is discussed.

Key-words: strange attractor, chaos, fractals, predictability.

1. Introduction

The basic goal of dynamical systems theory is to understand the asymptotic
consolidated behavior of a given bounded deterministic system as r—> oo. It is
now an accepted notion that many nonlinear dissipative dynamical systems do
not approach stationary, periodic or quasi-periodic final states as transients
monotonically die out. Instead, with appropriate values of their control para-
meters, they tend towards strange attractors in the phase space, on which the
spectra of the trajectories are not composed solely of discrete frequencies, but
have a continuous, broad-band nature. This noise-like consolidated behavior of
a deterministic system has been termed chaotic or strange behavior.

Strange attractors are not smooth topological manifolds, and do not have
integer dimension. Typically, a strange attractor arises when the flow of the
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dissipative system does not contract a volume element in all directions of the
phase space, but stretches it in some. In order to remain confined to a bounded
domain, the volume element gets folded at the same time, so that it has after
some time a multisheeted structure. A closer study shows that a choatic attractor
finally becomes locally Cantor-set like in some directions, and is accordingly
a fractal construction in the sense of Mandelbrot (1977).

Another property of choatic systems is sensitive dependence on initial con-
ditions: initially nearby trajectories diverge at a rate characteristic of the system
until, for all practical purposes, they are uncorrelated. In practice, the initial
state of a system can never be specified exactly, but only to within some toler-
ance € > 0. Therefore, no matter how precisely the initial condition is known,
the long-term behavior of the system can never be predicted. It is the discovery
of this property of chaotic systems, also known as dynamical instability with
respect to small perturbations, that has eliminated one of the basic tenets of
science, the Laplacian idea of long-term deterministic predictability.

In order to make quantitative the notion of ‘sensitive dependence on initial
conditions’, Lyapunov exponents are most frequently used. The Lyapunov
exponents A; (i = 1, 2, ..., n) of an n-dimensional dynamical system are deter-
mined by €,(f) = €(0) eN' and describe the distortion of a sufficiently small
hypersphere in the phase space of radius €(0) at time # = 0 into at ellipsoid of
principal semi-axes () at r = . Thus, Lyapunov exponents quantify the
long-term average dynamical stability properties of the system’s behavior on an
attractor by measuring the exponential rates of convergence (\; < 0) or
divergence (\; > 0) of initially nearby trajectories. A positive exponent
indicates chaotic behavior and a loss of predictability.

One limitation of the Lyapunov exponents is that while they describe the
stretching needed to generate a strange attractor, they do not say much about
the folding. To eliminate this drawback, the dimension of the attractor is used.
There are several ways to generalize the concept of dimension to the fractional
case (Farmer et al., 1983; Grassberger and Procaccia, 1983a,b). The relevant
definitions are of two general types, those that depend only on metric properties
(e.g. the fractal dimension), and those that depend on the frequency with which
a typical trajectory visits different regions of the attractor (e.g. the information
dimension and the correlation dimension). Another type of dimension is the
Lyapunov dimension, which is defined in terms of Lyapunov exponents, and is
usually far easier to calculate than any other definition.

The concept of deterministic randomness has initiated a rapidly developing
interdisciplinary field of research called nonlinear dynamics. As it was dis-
cussed in some details in Part I of this paper (Gorz, 1992), the atmosphere
should be considered as a nonlinear system forced by differential heating of the
solar radiation, and kept bounded by dissipation of its total energy due to out-
going thermal radiation and the diffusive effects of friction. Therefore, it seems
evident that chaos theory has its natural applications in atmospheric sciences,
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leading to new ideas and insights, and offering inspiration for further research.
The purpose of this part of the article is to give some examples of these
applications aiming at a better understanding of weather and climate processes.

2. The chaotic behavior of atmospheric processes

In this section, the asymptotic final-state characteristics of some selected
macro-scale motion systems of the atmosphere are discussed, and the problem
of predictability in nonlinear dynamics is briefly reviewed.

2.1 The Rayleigh-Bénard convection

Historically the irregular and apparently random behavior of a simple
deterministic dynamical system was first demonstrated by Lorenz (1963) in his
work on Rayleigh-Bénard convection, i.e. the flow occurring in a layer of fluid
of uniform depth, when the temperature difference between the upper and lower
surfaces is maintained at a constant value. The simplified equations governing
this forced dissipative hydrodynamic flow are

dx/dt = oy - ox,

dyldt = rx -y - xz, ¢y
dz/dt = xy - bz.

In this third-order autonomous dynamical system, the state variable x is
proportional to the intensity of the convective motion, y is proportional to the
temperature difference between the ascending and descending currents, while
z is proportional to the distortion of the vertical temperature profile from
linearity. Among the control parameters of the system, r is the Rayleigh
number, i.e. the forcing parameter, which is proportional to the imposed
vertical temperature gradient, o is the Prandtl number of the fluid, and b is
related to the aspect ratio of the domain. The variation of the volume V of a
small region in the phase space of the system, as each point in the region is
displaced in accordance with (1), is

dvidt = -V(o + b + 1). @

Hence each small volume shrinks to zero as t = o, at a rate independent of the
state variables. This does not imply that each small volume shrinks to a point;
it may simply become flattened into a surface. Consequently, all sufficiently
close trajectories become ‘attracted’ asymptotically to a specific subset of the
phase space having zero volume.
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Egs. (1) possess the steady-state solution x = y = z = 0, representing the state
of no convection. The criterion for the onset of convectionis r = 1. Whenr > 1,
Eqgs. (1) have two additional steady-state solutions x=y=4+yb(r-1) ,z=r-1.
If o > b + 1, the states of steady convection are linearly unstable for
sufficiently high Rayleigh numbers.

The surprising, previously unknown behavioral form of the deterministic
system (1) appears at the slightly supercritical control parameter value of the
thermal forcing r = 28. For b = 8/3 and 0 = 10, and using a standard fourth-
order Runge-Kutta scheme with time increment Az = 0.01 to integrate the
equations, the graph of x as a function of 7 obtained for the first 4500 iterations
is shown in Fig. I. The initial instability of the state of rest is evident; the
strength of the convection grows rapidly. After reaching its early peak, it
undergoes systematic amplified oscillation. Then a critical state is reached, and
thereafter x changes sign at seemingly irregular intervals, reaching sometimes
one, sometimes two, and sometimes three or more extremes of one sign before
changing sign again. Projections of the transient-free solution trajectory onto the
xy-, xz- and yz-planes of the phase space corresponding to iterations 4001 to
9000 are shown in Fig. 2. Characteristically, the trajectory travels around one
of the two unstable fixed points of the system (which represent the states of
steady convection), and crosses from one spiral to the other at irregular
intervals. One of the main conclusions is that there are certain thermally (or
mechanically) forced nonconservative hydrodynamical systems exhibiting
irregular behavior when there is no obviously related irregularity in the forcing
process (Lorenz, 1963). The peculiar geometrical object in Fig. 2, resembling
an owl’s mask or butterfly’s wing, is now known as the Lorenz attractor of the
Lorenz equations (1).

10.0 - I

%

oo AT

0 5000

Fig. 1. Numerical solution of the Rayleigh-Bénard convection equations. Graph of x as a
function of time for the first 4500 iterations.
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Fig. 2. Numerical solution of the Rayleigh-Bénard convection equations. Projections
(@) on the xy-, (b) on the xz-, and (c) on the yz-planes in the phase space of the segment of
the trajectory from iteration 4001 to iteration 9000.
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To quantify the phase space topology of the Lorenz attractor, first we note
from Eq. (2) that the net divergence of the flow is 1/V (@V/dt) = —(c + b + 1) =
— 41/3. When using the method described by Nese et al. (1987), we find the
Lyapunov exponents A; = 0.93, A, =0, \; = - 14.60. The Lyapunov dimen-
sion of the attractor embedded in the three-dimensional phase space is given by

A,
d, =2+ ol 2.063.
The existence of one positive Lyapunov exponent indicates the presence of
chaos. The relative magnitudes of A, and A; indicate that the contraction of a
phase space volume in one principal direction is occurring much faster than the
rate of expansion of the volume along another principal axis. This is quantified
by the small fractional component of the Lyapunov dimension which, on the
other hand, measures the ‘strangeness’ of the Lorenz attractor.

In his famous paper, Lorenz (1963) had not used the terms ‘chaos’ and
‘strange attractor’; they emerged some ten years later. The phrase strange
artractor first appeared in the article by Ruelle and Takens (1971), and the word
chaos, that came to stand for deterministic disorder, was coined and introduced
to the mathematical literature by James A. Yorke in a paper written with his
student Tien-Yien Li (Li and Yorke, 1975). Lorenz’s work became widely
known only about a decade later than it had been published in a meteorological
journal but thereafter, in the thousands of articles that made up the technical -
literature of chaos, few were cited more often than his one.

2.2 The general circulation of the atmosphere

In recent years, it has become increasingly recognized that a deeper
understanding of the general circulation of the atmosphere is an essential
condition to further major progress in the science of meteorology (Lorenz,
1991a). The construction of low-order models of the large-scale atmospheric
flow for qualitative analysis of its inherent behavioral characteristics constitutes
one possible avenue towards achieving this aim.

Lorenz (1984, 1987) has developed such a model of the general circulation
which may well be the simplest possible model capable of representing its most
prominent feature, i.e. the nonlinear interaction between the zonal flow (Hadley
circulation) and the superposed stationary or migratory disturbances. The model
is defined by three ordinary differential equations

dx/dt = -y*> - 22 - ax + aF,
dyldt = xy -cxz -y + G, 3
dz/dt = exy + xz - Z.

Here x denotes the intensity of the globally averaged westerly current, which

70



is identified through the geostrophic relation with the large-scale poleward
temperature gradient, while y and z denote the strengths of the cosine and sine
phases of a chain of superposed waves, which can be identified with the Rossby
waves that transport heat poleward, thus reducing the temperature contrast. The
control parameter ¢ > 1 allows the displacement of the waves by the westerly
current to occur more rapidly than their amplification, while the parameter
a < 1 allows the westerly current to damp less rapidly than the waves; a
suitable choice includes ¢ = 4 and a = 0.25. F represents the cross-latitude
external heating symmetric with respect to the earth’s axis, while G represents
the asymmetric external thermal forcing due to the heating contrast between the
oceans and continents. The time unit equals the damping time for the waves,
which is assumed to be five days.

The Egs. (3) constitute a bounded dynamical system, since it is easily
shown that the total energy (x> + y> + z%)/2 will decrease if it exceeds a certain
value. From (3), we also find that the variation of the volume V of an
infinitesimal region of the phase space is given by

dvidt = ~ ¥ia + 2 - 2x}), @

The right side of (4) is negative only when x < (1 + a/2). Thus, in contrast
to the fully dissipative systems, where dV/dr is always negative, there is no
assurance that small volumes will shrink to zero, and in particular, that
attractors will have zero volume.

For suitable choices of the parameters a, ¢, F, and G, Egs. (3) produce
chaos, which was studied in details by Masoller et al. (1992). Such choices of
parameters include a = 1/4, ¢ = 4, F = 8, and G = 5/4. Variations of the
state variable x in this case will be qualitatively the same as those shown in Fig.
1, i.e. again we will see aperiodic behavior of the system. Therefore, the chief
lesson about the atmosphere to be learned from the model is that such fluc-
tuations of the weather need not require external irregularity or even external
variability (Lorenz, 1984).

Projections of the solution trajectory of Egs. (3) onto the selected planes of
the phase space exhibit the same characteristic configuration of the strange
attractor as those displayed in Fig. 2. The solution trajectory moves around the
two lobes in an entirely random fashion, but with certain preferred metastable
types of behavior: the trajectory spends an extended time (several weeks) in one
of the regimes before crossing to the other regime at irregular intervals. We can
think about one regime as representing zonal flow, and the other regime as
being blocked flow. Therefore, the succession of these episodes may be
regarded as modeling the atmospheric index cycle.

As it is known, a linear or quasi-linear description of the large-scale flow
of the atmosphere has permitted a qualitative explanation of many of the
observed features of the global circulation, but has left others entirely unex-
plained. In particular, it has not accounted for the persistence of large amplitude
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flow anomalies such as blocking. Nor has it explained the existence of the
persistent or recurrent weather patterns or types exemplified by the Grosswetter-
lage of Baur (1951). Such multiple metastable equilibria (or weather regimes)
were first found numerically by Charney and DeVore (1979) who used another
simple nonlinear model in which the external asymmetries were orographic
rather than thermal.

The Lyapunov exponents of the dynamical system (3) prove to be A\, =
0.18, A, = 0, A; = - 0.52. The Lyapunov dimension of the attractor is d; =
2.346. The fractional component of d; is larger than in the case of the
Rayleigh-Bénard convection, indicating that the strange attractor of the general
circulation is a more complex construction. The first Lyapunov exponent
indicates that, on the average, the e-folding time of a small error € in the initial
condition is £ = 1/A\; = 5.55 time units, or about 28 days. We might add that
by real atmospheric standards this growth is unreasonably small. For example,
by analyzing the time series of daily surface pressure over the North Atlantic
Ocean, Zeng et al. (1992) found A; = 0.098, A, = 0.044, \; = 0.004 day!,
i.e. an e-folding time of initial error r = (\; + N\, + A\y)”! = 6.8 days. (The
divergence of initially nearby trajectories in more than one direction in the
phase space has been termed hyper-chaos.)

2.3 The El Nifio-Southern Oscillation phenomenon

An El Nino-Southern Oscillation (ENSO) event may be defined as the
appearance of anomalously warm water in the eastern equatorial Pacific.
Associated with this is a weakening, and sometimes a reversal, of the trade
wind field. An ENSO event has major economic consequences, and much
observational and modeling efforts has therefore been devoted to it. The theory
elaborated by Vallis (1986) differs from others in that the aperiodic occurrence
and the variations in intensity of the ENSO are generated internally and
deterministically within a simple chaotic dynamical system.

The equatorial ocean is imagined to be a box of fluid characterized by tem-
peratures in the east and west (7 and Ty,), and a current u. The current in the
basin of size AX is driven by a surface wind, which is in part generated by the
temperature gradient (7z — 7T\)/AX, so describing a parameterized Walker
circulation (i.e. Tz < Ty produces a westward surface wind, because of the
tendency of air to rise over warm water), and the temperature field is advected by
the current. Thus the nonlinear governing equations of the dynamical system are

duldt = B(Tg - Ty)/2AX - C(u - u*), &)
dTy /dt = u(T - Tg)/2AX - A(Ty, - T*), ©)
dTg/dt = u(Ty, - T)I2AX - A(Tg - T"). @
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Here, the temperature decay time scale 4, the influence of ocean temperatures
on the wind field B, and the frictional decay time scale C are constants; — u =
const is the speed of the mean tropical easterlies, 7 = const 1s the temperature
below the thermocline, while T~ = const is the temperature to which the ocean
would relax in the absence of motion. In Eq. (5), the terms B (Tg - Tw)/AX +
Cu” represent wind-produced stress, and — Cu represents mechanical damping.
In Eqgs. (6) and (7), the first term on each right-hand side represents horizontal
advection, while the second term represents forcing and thermal damping.

With = # 0, Egs. (5) to (7) have the same structure as the Lorenz
equations (1). The physical system resembles that of ordinary convection in that
the velocity of circulation is maintained by a horizontal temperature gradient:
this sets up a direct circulation in the atmosphere, which forces the ocean. The
unusual aspect here is that the oceanic part of the system is able to overturn
with warmer water above the cool deep ocean, i.e. a stable configuration
because work must be done on the system. Overturning and instability can
occur here because the dominant driving of the ocean is mechanical, namely
wind stress.

For constant 7~, C and A, all stationary solutions become unstable when B,
the thermal forcing of the wind field, is sufficiently large. The system can no
longer stably reside anywhere and oscillates apparently randomly between the
two least unstable stationary states. Numerical integration of the Egs. (5) to (7)
yields aperiodic behavior plausibly reproducing the basic ENSO event cycle
(Fig. 3). The system stays in the neighborhood of one unstable stationary
solution for many model years before flipping to an ENSO event. These ENSO
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Fig. 3. Numerical solution of the ENSO equations with parameter values C = 1/4 month™, A =

1year!, u" =-0.45ms™, AX = 7500 km, and T* = 12°C. (@) Graph of u as a function of time.

(b) Trajectory of the system projected onto the u,(Tg-Ty)-plane, over a period of 12 model years.
Arrows indicate the direction of the flow. (After Vallis, 1986)
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states are trajectories around another stationary, but highly unstable, solution
and the system quickly returns to its normal, less unstable state.

In summary, this theoretical model clearly demonstrates the underlying
dynamics and thereby the possibility of a purely internal mechanism for the
ENSO. It shows that external triggering or stochastic forcing is not necessarily
essential, although such effects may have a role in the real system. Recently,
Elsner and Tsonis (1993) have analyzed a time series describing the ENSO,
using the latest techniques of chaos theory. They carried out a strictly empirical
investigation of the intrinsic nonlinearity within the atmosphere-ocean system.
From the results, nonlinear dynamics in the ENSO have been established at a
high confidence level.

2.4 The phase-spatial variation of predictability

The rate at which adjacent trajectories diverge on a chaotic attractor is, in
general, not constant, but rather this local divergence rate depends on time and
therefore, on location in phase space. Thus, for applications requiring short-
term prediction, using only the Lyapunov exponents to measure predictability
is inadequate, because any phase-spatially dependent predictability information
is essentially eliminated by long-term averaging over the attractor. The local
predictability of the Lorenz system (1) from both temporal and phase-spatial
viewpoints was studied by Nese (1989) to demonstrate how local divergence
rates might be used to identify regions of high or low predictability in phase
space.

The distribution of local predictability on the Lorenz attractor is summarized
qualitatively in Fig. 4. We find that initially nearby trajectories converge most
rapidly on average as they approach the vicinity of the z-axis on the tops of the
wings. Adjacent trajectories diverge most rapidly on average on the bottoms of
the wings of the attractor as trajectories swing away from the vicinity of the
unstable origin (0,0,0) representing the state of no convection. However, even
on a portion of the attractor where predictability is low, there still may be a
sense of predictability, because the divergence of nearby trajectories may be a
uniform characteristic of that region of the phase space. In these cases, the
short-term error growth can be estimated.

Predictability near the z-axis and origin is influenced by two opposing
effects. For relatively large values of z, almost all pairs of adjacent trajectories
converge temporarily owing to the stabilizing influence of the z-axis, which is
part of the two-dimensional stable manifold of the unstable steady state (0,0,0).
On the other hand, closer to the origin, the potential for extremely rapid
divergence of neighboring trajectories exists, with one trajectory circling each
wing. However, this potential is only occasionally realized. Thus the region
near the origin, which is the principal source of long-term forecast errors, is
only moderately unpredictable in terms of average local divergence rates.
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Nonetheless, when catastrophic separation of initially nearby trajectories occurs,
the consequences in terms of forecast errors are extremely severe.

The stable manifold of a steady state is the set of points x in the phase space
such that the forward trajectory starting from x approaches the steady state.
Similarly, the unstable manifold of a steady state is the set of points x such that
the trajectory going backward in time starting from x approaches the steady
state. Within this context, Legras and Ghil (1985) suggested a relationship be-

Fig. 4. Distribution of local predictability on
the Lorenz attractor in a three-dimensional
perspective. The abbreviations VP, P, UP, and
VUP denote very predictable, predictable,
unpredictable, and very unpredictable regions,
respectively. Arrows indicate the direction of
the flow. (After Nese, 1989)

tween the temporal variation of predictability and the dynamics of weather
regimes (quasi-stationary states of the general circulation). They found that at
the onset of weather regimes, the rate of divergence of nearby trajectories has
a small value, and it has a large value at the transitions between two types of
the flow. They explained this variation of the predictability by the local
dynamics of the unstable steady state generating quasi-stationary states:
persistencies are associated with gradual capture of the trajectory into a
contracting phase flow region near the stable manifold of the unstable steady
state, and rapid transients with strong instabilities along the unstable manifold.

In order to investigate further the dynamical aspects of the temporal
variation of predictability, Mukougawa et al. (1991) introduced the Lorenz
index, which is a measure of the ensemble average of the linear growth rate of
infinitesimally small initial errors. This index does not depend on the amplitude
nor the configuration of initial errors, but directly represents the instability
characteristics of the flow. The authors computed the Lorenz index along the
stable and unstable manifold of the three unstable stationary points in the
Lorenz system, and found that none of these steady states has the property
suggested by Legras and Ghil (1985). This is also implied by the phase-spatial
organization of the Lorenz index in Fig. 5; we see that the Lorenz index is a
smooth function of the state variables, and does not show any distinctive
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organization (e.g., a local maximum or minimum value) around the unstable
stationary points of the Lorenz system. Therefore, the unstable steady states do
not have the same local dynamics.

The nonlinear prediction problem is currently one of the most exciting
topics and a very active research area (c.f., Elsner and Tsonis, 1992).

Z 60

Fig. 5. Distribution of the Lorenz index
on the Lorenz attractor in a three-di-
mensional perspective. A part of the
trajectory is indicated by the solid line.
The locations of the three unstable
stationary points are denoted by dots.
(After Mukougawa et al., 1991)

3. Chaotic behavior on climatic time scales

When a dynamical system is an atmospheric model, the points on the
attractor represent those states which are compatible with the climate.
Physically unrealistic states correspond to points in the phase space which are
not on the attractor, while extreme states correspond to points which are in
domains of the attractor rarely visited by a trajectory. Within this context, the
question of climate becomes a problem of quantifying the attractor, and climate
change a matter of how modifications of the boundary conditions lead to altered
attractors.

In this section, climate variations on time scales ranging from years to
ice-age cycles are interpreted from the viewpoint of nonlinear dynamics, and
a modified perspective on global climatic change of anthropogenic origin is
outlined.

3.1 Interannual variability
As possible causes for variations in climate, climatologists have often

invoked the presumed variations of certain external influences. However, recent
numerical studies have uncovered a multitude of autonomous dynamical systems

76



that undergo variations on a wide range of time scales, without the aid of any
varying external influences (see, e.g., James and James, 1989; Geller, 1989).
Therefore, some climatic variations may be internally, rather than externally
produced, i.e., they are simply the natural internal oscillations in the intricate
climate system. Of course the activity of this system requires external thermal
forcing, but this is not to say that variations in the system require variations in
the external heating.

In a recent study, Lorenz (1990) examined a mechanism that in theory can
produce changes on time scales of years, with no variations in external
conditions other than the normal seasonal cycle. He presumed that F,
representing the cross-latitude external-heating contrast in the geostrophic
baroclinic model (3), is greater in winter than in summer. Therefore he
identified F = 6 with a summer condition, and ¥ = 8 with a winter condition.
Depending upon the initial conditions, two types of the perpetual summer
circulation can develop with the thermal forcing F = 6: strong periodic
oscillations of the westerly flow x (called active summer), and oscillations of x
with a much smaller amplitude and a much shorter period than in the former
(this type of activity is referred to as inactive summer). Extension of the
solutions indicated that each type of oscillation, once established, is stable and
persists for ever, so that the system can be looked upon as an intransitive
system. On the other hand, in the winter case with F = 8, different initial
conditions lead to strong fluctuations that exhibit chaotic behavior. However,
without a continuous seasonal change of F, there is no sign of pronounced
variations with periods of years or longer.

When a continuous seasonal heating cycle is included by letting F vary
sinusoidally between the extreme values 5 and 9, strong interannual variation
can appear, with irregular alternations between active and inactive summers.
The mechanism that produces the year-to-year variations involves chaotic
behavior during the colder months, which assures that a randomly chosen
circulation pattern will be present when the warmer months begin. This allows
one possible circulation pattern to develop during one summer, while an
alternative pattern may develop during another.

Since both summer cases with F = 6 are periodic solutions of the Egs. (3),
the two attractors, which Lorenz (1990) has called the strong attractor and the
weak attractor, are closed loops (limit cycles) that a trajectory traverses during
a single period. A detailed analysis has revealed that the boundary separating
the basins of attractions of the two attractors has an extremely complex,
fine-scale distribution in the phase space: the two basins are intricately
intertwined, and magnification of successively smaller and smaller regions has
unveiled a Cantor-set-like, fractal nature of the basin boundary. The existence
of such a fractal basin boundary can present a serious problem when one
attempts to predict the future state of a dynamical system (Grebogi et al., 1987,
Ort, 1993).
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As an extension of Lorenz’s work, Pielke and Zeng (1993) integrated the
Egs. (3) for about 1100 years. Their calculations have revealed that the seasonal
cycle itself is sufficient to generate decadal and century time scale variations in
climate that are of the same order as interannual variations. No long-term
external mechanisms are required to account for substantial long-term deviations
in the climatic state. These long-term natural variabilities cannot be predicted
deterministically because of the chaotic property of the system (see also Palmer,
1993a).

3.2 Long-term variability

The Quaternary ice age has been characterized by repeated alternations
between relatively warm interglacial periods and much colder glacial periods.
The marked cyclic character of the glaciations has promted many investigators
to view long-term climatic variations as a sustained self-oscillation of the limit
cycle type. Such self-oscillations were shown to arise quite naturally from the
coupling between mean ocean temperature and sea ice, or mean surface temper-
ature and continental ice sheet. Under the presence of a weak external periodic
forcing due to Earth-Sun orbital geometry changes, a phase locking can take
place, enabling the limit cycle oscillator to adopt the frequency of the forcing
or a multiple thereof (see, e.g., Nicolis, 1987; Saltzman and Verbitsky, 1992).
Thus, according to this hypothesis, the main climatic variations during the
Quaternary are caused by an internal property of the climate system, with exter-
nal forcing playing a relevant role only in determining the phases of the cycles.

As an illustrative example, we recall the work of Tsonis and Elsner (1990).
They considered a simple model of the climate system in which long-term
forced damped, nonlinear oscillations are described by the following equation:

d’x/dt* + kdx/dt + B(x® - x) = Acoswt. 8)

Here, x is a variable of the climatic state (e.g., global temperature, or ice-sheet
extent), k indicates the damping, A is the amplitude of the external forcing, w
is the angular frequency, and (3 (x* - x) is the nonlinear restoring force.
Physically, the damping is related to the tendency of the system to react to
changes dictated by some external force (which may be thought of as some
astronomical forcing) and the restoring force.

Fork = 0.15, 8 = 0.5, w = 0.833 and A = 0.1 the system exhibits two
periodic attractors / and G, which in the one-sided Poincaré map are fixed
points x = +1, dx/dt = 0. In this simplified situation, attractor / may be
thought of as describing the dynamics of weather in the interglacial climate, and
attractor G in the glacial climate. Depending upon the initial conditions, the
system settles down in one of the two attractors.

Numerical experiments on the forced damped pendulum equation show that
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fractal basin boundaries are extremely common for this system, causing high
sensitivity to initial conditions even if all solutions are found periodic (Ott,
1993). Thus, in the presence of noise it is quite possible that a trajectory
converging to one attractor will be forced to a point in the fractal boundary
which will bring the trajectory to the other attractor. This will indicate a jump
from one attractor to the other. Such jumps happen in the system (8) when a
random-noise term is added to the right-hand side of the equation. The noise
may be thought of as related to short-term internal or external fluctuations. An
example of the chaotic evolution of the system is presented in Fig. 6a, while
Figs. 6b and 6¢ show the corresponding time variation of x. Fig. 6c indicates,
in agreement with several deep-sea core records which represent average
climatic conditions over thousands of years, that the climate system has two
modes of oscillation. Each oscillation involves a jump from one mode of
operation to the other.

The jumps may provide an explanation for the rapid deglaciations and why
glacial periods do not last as long as interglacial epochs. In order for that to
happen, the coexisting basins of attractions have to be asymmetric. In such a
case one attractor will be more attracting than the other, and the residence time
on each of the attractors will not be the same. In the case of system (8), the
mean residence time of the trajectory for attractor / has indeed proven to be
greater than for attractor G.
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Fig. 6. Numerical solution of the forced damped, nonlinear oscillation equation. (a) Trajectory of the
system in the phase space whose coordinates are x and dx/dt. (b) Graph of x as a function of time.
(¢) A smoothed version of the graph in (b). (After Tsonis and Elsner, 1990)

79



3.3 A nonlinear dynamical look at climate change

Many of the existing conceptual paradigms about anthropogenic climate
change involve linear dynamical thinking. This is embodied in a general
perception of the phrases greenhouse effect and global warming as effectively
synonymous. Linear thinking is also implicit in the belief that the effect of
increasing atmospheric carbon dioxide concentration will be manifested through
a pattern of atmospheric variability that is quite unlike any naturally occurring
pattern of variability, e.g. that the greenhouse signal is orthogonal to and
independent of the background noise.

In order to put forward a nonlinear dynamical perspective on climate
change, Palmer (1993b) used the Lorenz model (1) to study predictions of the
second kind (i.e., how the statistical properties of the atmosphere change as
some control parameter, carbon dioxide content for example, is altered). To do
this, he added to the right-hand side of the Eqs. (1) the components of some
fixed additional forcing vector F, whose strength was governed by a parameter
o, and tried to understand conceptually the change in the climate of the Lorenz
model as o was increased from zero.

Now, an erroneous linear-thinking analysis of this problem might go as
follows. Whilst it is difficult to predict without detailed calculation how an
individual trajectory portion might be influenced by the imposed additional
forcing, the time-mean state of the system might respond in rough proportion
to the forcing F itself. The variability in the model might then be approximated
by assuming that, relative to the new time-mean state, it is largely unchanged.
It might therefore be concluded that the original attractor (« = 0) is approxi-
mately translated in the direction of the forcing vector F to some new position,
when a > 0.

The actual result of such an additional forcing is shown in Fig. 7 in terms
of the probability distribution function (PDF). This quantity gives the
probability of finding the state vector of the system at a given point in the
xy-plane of the phase space. Fig. 7a gives the values of the PDF with o = 0,
showing clearly the two weather regimes: the state vector is most likely to be
found in two preferred regions of the phase space. We can see that the PDF is
symmetric, so that the probability of the trajectory being found in one regime
is equal to the probability of its being found in the other regime. Fig. 7b shows
a PDF when a > 0, and the forcing vector F is oriented from one regime to
the other in the xy-plane. In this case, the PDF is no longer symmetric, the state
of the system is more likely to be found in the regime towards which the
forcing vector F points. However, the phase-space coordinates of the PDF
maxima are virtually identical to those in the model with « = 0, i.e., the
structure of the regime centroids in both the model with « = 0 and in the
model with forcing oF is unchanged.

Nonlinear dynamics might also raise questions about the validity of the Gaia
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hypothesis introduced by Lovelock and Margulis (1974). It postulated the Earth
to be a self-regulating system comprising the biota and their environment with
the capacity to maintain the climate and the chemical composition at a steady
state favorable for life. A simple model, referred to as Daisyworld, was later
developed to illustrate the Gaia concept (Watson and Lovelock, 1983).
Daisyworld is defined as a cloudless planet with negligible atmospheric
greenhouse gases, on which the only plants are two species of daisy of different
colors. The growth rate of the daisies depends on only one environmental
variable, temperature, which the daisies in turn modify because they absorb
different amount of solar radiation. The authors concluded that, regardless of
the details of the interaction, the effect of daisies is to maintain stable climatic
conditions.
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Fig. 7. Probability distribution function of the Lorenz model in the xy-plane (@) from the
model without additional forcing, and (b) with a constant additional forcing F, = ok
1A/2, F, = 0. (After Palmer, 1993b)

In Daisyworld, the comparative growth of the daisies is governed by the
logistic map
%

n+l

= (L -2, ®)

where x (0 < x < 1) represents the population density of a given species of
daisy, while the growth-rate parameter r depends on the area covered by the
given species and on the local temperature. The surprising fact that the iterative
mapping of a nonlinear discrete-time equation as simple as Eq. (9) can exhibit
apparently aperiodic fluctuations was first described by May (1974); population
values that look like samples from some random process appear for the control
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parameter r > 3.57. The presence of chaos in Daisyworld was revealed by
Zeng et al. (1990). Their results show that this imaginary planet is not always
in a steady state as predicted by the Gaia hypothesis; instead, the state of Daisy-
world is extremely sensitive to minor fluctuations in the temperature or the
areas covered by daisies when in its chaotic regime. Therefore, the biota do not
always stabilize the climate, and the remarks made by Lovelock (1986), that the
inclusion of a negative feedback from the environment appears to lead to
steady-state behavior, are also not true in general.

4. Reconstruction of weather and climate attractors

In this section, we present the remarkable fact that allows a strange attractor
to be reconstructed from a sampled time series of just one component of the
state. The physics behind such a reconstruction is that a nonlinear system is
characterized by self-interaction, so that a time series of a single variable can
carry the information about the dynamics of the entire multivariable system.

Among the different procedures that have been developed for obtaining a
strange attractor, the method of delay coordinates (Takens, 1981) is most widely
used. Let us suppose that we can only measure one scalar component y(¢) of the
d-dimensional state vector x(#). It can be shown that, if n is sufficiently large,
then the n-dimensional delay coordinate vector time series

y&) = )2 G = D30 ~ (8 = 1)}

will be a faithful representation of x(7;) where 7 is some fixed time interval, and
n is the number of delays. In other words, the time trajectory traveling along
the sequence of points y(¢,), y(%,) ,..., y(z,) will typically produce a qualitatively
similar structure on the Poincaré surface of section in the y-space as would be
seen had we made our Poincaré section in the original phase space x. In this
case we say that we have embedded the d-dimensional x-space into the
n-dimensional delay coordinate y-space.

Different methods have been suggested to estimate the dimension of the
reconstructed attractor, including the correlation-integral method (Grass-
berger and Procaccia, 1983a,b) which is most frequently used in at-
mospheric studies. If the method is correctly applied, the correlation
dimension then provides a measure of the number of independent modes
excited by the system, that is, it gives the minimum number of coupled
nonlinear ordinary differential equations necessary to describe the system
(Procaccia, 1988a; Sundermeyer and Vallis, 1993).

Although the method gives no hint as to where these equations might
come from and what they might look like, many studies in the field of
atmospheric science have concentrated on computing the dimensions of
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weather and climate attractors from observational data. To mention just a few,
Nicolis and Nicolis (1984) analyzed the time series of the isotope record of
deep-sea cores, and obtained a dimensionality between 3 an 4 for the climate
system. Subsequently, Fraedrich (1986, 1987), Essex et al. (1987), and
Keppenne and Nicolis (1989) analyzed weather data, and have likewise
concluded the existence of low-dimensional attractors. From the results obtained
for the precipitation and sea-surface temperature, Hense (1987) hypothesized the
existence of a strange attractor with a fractal dimension between 2.5 and 6.0 for
the Southern Oscillation. According to Tsonis and Elsner (1988), even from the
10-second averages of the vertical wind velocity over a time interval of 11
hours, recorded at Boulder, Colorado, a 7.3-dimensional attractor can ve
derived.

These unexpected results, suggesting that both long-term climatic processes
and phenomena occurring on very short time scales have only a few important
modes that govern their dynamics, can stem from one of two reasons. Either
there is something fundamental in atmospheric dynamics that we do not under-
stand, which leads to an unexpected simplification of its behavior, or the
method of analysis does not apply or is outside its range of validity. Therefore,
the existence of low-dimensional atmospheric attractors is currently a highly
debated subject. Doubts as to their appropriateness have been expressed even
by the originators of the method (Grassberger, 1986; Procaccia, 1988b), as
well as by Ruelle (1990). These comments have inspired Lorenz (1991b) to
apply the procedure to ‘data’ generated by a mathematical system whose
dimension can be evaluated by other means. In this way, he could identify
conditions, apparently satisfied by the studies that use real data, in which the
method would yield systematic underestimates. Lorenz therefore could see no
reason to believe that the global weather and climate systems possess low-di-
mensional attractors.

In an overview of most recent developments concerning data requirements
in estimating the dimension of weather and climate attractors, Tsonis et al.
(1993) have concluded that due to existing algorithm weaknesses all results
present just evidence rather than proof of existence. On the other hand, it
should be kept in mind that in weather and climate studies we deal with coarse
data in which small-scale processes are absent. These large-scale coarse data are
likely to obey to a closed dynamics, which need not appeal to the small-scale
processes. Consequently, real-data studies reporting on low-dimensional
attractors may not be altogether meaningless; they just need to be reinterpreted.

5. Conclusions
Chaos is a ubiquitous nonlinear phenomenon which permeates all fields of

science. Though identified as an important research area only recently, chaos
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has been with us from time immemorial. It almost certainly has graced the eyes
of many scientists long ago, only to be dismissed as physical noise (Chua,
1987). We now know that chaos can readily occur in all natural and living
systems where nonlinearity is present. Indeed, chaos has been reported from
virtually every scientific discipline: astronomy, biology, biophysics, chemistry,
engineering, geology, mathematics, medicine, plasmas, and even social
sciences.

In this part of our paper, some examples of the applications of chaos theory
to the atmosphere have been presented. In the overview, we have focused our
attention mainly on large-scale processes, although areas of application include
smaller scale phenomena as well. We now know that the Landau-Hopf route to
turbulence is unlikely to occur in nature. Instead, routes through consecutive
bifurcations, period doubling cascade, and intermittency have been proposed.
Multifractal models of the energy-cascade process have been developed for the
understanding of fully developed turbulence. Theories of deterministic chaos
have been applied to data in the atmospheric boundary layer, the pulse of
thunderstorm rainfall, and some special microphysical systems. More
applications can be found in the review article by Zeng er al. (1993).

In summary, the grammar of chaos seems to provide a useful way of
describing the nature of dynamically complex phenomena. Simple models may
capture qualitative aspects of a variety of complex atmospheric processes.
Whether, and in what sense, the new ideas and physical insights inspired by
chaos theory can be used to improve the finite-time prediction of weather and
climate is currently one of the most exciting research topics comprising a
number of still open questions for the near future.
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Abstract—This paper describes the urban modification of precipitation composition in a
densely populated region of the United Kingdom. Bulk deposition was compared to wet
deposition at a city centre site. Significant differences were found between the collectors,
dry deposition contributing less than 20% of the deposition of sulphur and nitrogen species
to the bulk collector. However, this sampling artifact was not found to be greatly different
to that observed at rural sites in the U.K., confirming the use of carefully sited bulk
collectors for these species as valid. Acidity, however, is better assessed with wet-only
collectors. Significant spatial variability of concentrations of non-marine sulphate, nitrate,
ammonium, calcium and hydrogen ions were found, using a network of 18 bulk collectors.
Non-marine sulphate and nitrate were primarily the result of long-range transport with dry
deposition of aerosols postulated as being the most likely cause of small, but significant,
local variability. Ammonium and calcium in precipitation had local urban sources of
precursor species which contributed to their spatial variability which was much stronger
than that of non-marine sulphate and nitrate. The spatial variation of acidity was the result
of neutralisation by calcium species rather than acidic emissions from local sources. All ions
in precipitation showed seasonal variability which was not different to that observed at two
nearby rural sites, with the exception of calcium at one of the rural sites, confirming the
predominance of meteorology as the controlling factor on seasonal variations. The
deposition of ammonium was found to be more episodic than non-marine sulphate or nitrate
and back trajectories of two episodes showed that both low pressure and high pressure
systems could lead to large deposition.

Key-words: acid deposition, urban rainfall composition, urban bulk/wet deposition.
1. Introduction

The chemical composition of precipitation has been the subject of much
discussion over the past two decades because of the impact of wet deposited
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sulphur and nitrogen compounds on terrestrial and aquatic ecosystems
(Longhurst et al., 1993a; 1993b). However, the effects of emissions from fossil
fuel combustion and industrial activity on precipitation composition were
recognised as long ago as the late 19th century by Robert Angus Smith (Smith,
1852; 1872). Smith described the composition of precipitation at Manchester,
Liverpool, Glasgow, London and various rural locations in his book ’Air and
Rain-the Beginnings of a Chemical Climatology’ (Smith, 1872). Whilst acid
deposition was first specifically mentioned in the context of the urban
environment by Smith (1872), little attention has been paid to acidic deposition
in the urban environment other than the work of Gorham and Cauer in the
1940s and 50s (Gorham, 1955, 1958; Cauer, 1949, 1956).

This paper describes some of the findings of a study of precipitation
composition in Greater Manchester, a large urban area of the United Kingdom
(Fig. I) with a population of approximately 2.58 million. The aim of the study
was to investigate the spatial and temporal variability of precipitation com-
position and to assess the urban modification of regional precipitation
composition and deposition (Longhurst et al., 1987).

Fig. 1. The north-west of England in relation to the rest of Great Britain.

2. Methods

Samples were collected between January 1987 and December 1988 on a
weekly basis from 18 bulk precipitation collectors and despatched to the labo-
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ratory for analysis within 24 hours of collection. The network in relation to the
geographical extents of Greater Manchester is shown by the crosses in Fig. 3
(see page 94).

An IL 457 spectrophotometer was used for the determination of Co'?,
Mg?* and Zn?". Sodium and K* were determined using a Corning 410 flame
photometer. Chloride, SO} ~and NO; were analysed using a Perkin Elmer ion
chromatograph with an LC21 conductivity detector and a Waters IC Pak anion
column linked to a LC1-100 Laboratory computing integrator. Hydrogen
carbonate and pH were determined within 24 hours of receipt at the laboratory
using an Orion EA940 Autochemistry Module fitted with a Ross 8162
electrode. Ammonium was analysed within 24 hours of receipt at the laboratory
spectrophotometrically using a Chem Labs Instruments Ltd. autoanalyser.

3. Results and discussion
3.1 Regional emissions estimates

Estimates of emissions of SO,, NO,, HCIl and NH; for Greater Manchester
and the north-west of England are given in Table I (see Fig. 1 for geographical
extent). These estimates were derived from data on power generation,
incinerator plant capacity, fuel usage, animal and human population statistics
(Lee and Longhurst, 1993). The emissions from motor vehicles make up 52%
of the NO, emissions from the north-west of England, whilst those from fossil
fuel fired power stations are 20%. The emissions of fossil fuel fired power
stations make up 58 % of SO, emissions from the north-west. A large fossil fuel
fired power station is the largest known point source for emissions of SO,, NO,
and HCI. The largest contribution to NH; emissions in the region is from cattle.
Humans may contribute some NH; to atmospheric emissions (Atkins and Lee,
1993), as may some other non-agricultural sources (Lee and Dollard, 1994) but
the magnitude of these emissions is highly uncertain.

3.2 Wer and dry deposition

Bulk collectors are continuously open to the atmosphere and collect both
wet and dry deposition in the form of gases and aerosols. Bulk deposition
collectors provide acceptable estimates of wet deposition at rural background
sites but it has been suggested that they are unsuitable for sampling in urban
environments (Gatz, 1991). Wet-only collectors are expensive and require
power, and the operation of a large urban network would be prohibitively
expensive. In order to estimate the dry deposition component to the bulk
collectors, i.e. the sampling artifact, a wet-only collector was collocated with
a bulk collector at one of the sites in the city centre. A comparison of data al-
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Table 1. Estimates of emissions of SO,, NO,, NH; and HCI from Greater Manchester,
the north-west of England and the United Kingdom

Source Greater North-west United
Manchester* of England* Kingdom+ +
(Gg) (Gg) (Gg)

S0,
Power stations 17 164 2644
Domestic & other 48 119 1055
NO,
Power stations 6 41 785
Vehicles & other 70 171 1905
NH;
Agriculture 1.2 18.5 300-400#
Industry & other 0.6 1.6 70-100+
HClI
Power stations 2.0 18.6 2449
Incinerators & domestic 3.8 8.7 169
coal burning

* Lee and Longhurst (1993)

+ + DoE (1990)

# various estimates, see Lee and Dollard (1994) for review
+ Lee and Dollard (1994)

{ Lightowlers and Cape (1988)

lowed estimates of the contribution of dry deposition to the bulk collector to be
made which are given in Table 2. Dry deposition contributed between 15 and
17% to total (wet plus dry) deposition and concentrations of non-marine SO4 ,NO;
and NH, in the bulk collector and 47% to that of Ca®*. Statistical analyses
revealed significant differences between concentrations of ions found in the bulk
and wet-only collectors (Lee and Longhurst, 1992a), but the calculated dry dep-
osition component from gases and aerosols for non-marine SOZ , NO; and
NH, found at this urban site was not greatly different to that found at rural
sites in the U.K. by Stedman et al. (1990). In this particular urban area, the use
of bulk collectors did not introduce an unacceptable sampling artifact for S and
N species. For acidity, however, it is apparent that the use of a bulk collector
introduces a sampling artifact. At the city-centre site, the wet-only collector

indicates precipitation weighted mean concentrations of H* ion twice those
indicated by the use of a bulk collector. It is suggested that such a comparison
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Table 2. Measurements of precipitation composition from the collocated bulk and wet-only
collectors at the city centre site

Bulk Wet % wet %dry
Concentration
non-marine SO} 124.9 106.0 84.9 15.1
NO; 43.9 37.4 85.2 14.8
NH, 58.2 48.2 82.8 172
H* 18.4 37.1 - -
Ca** 114.3 61.1 53.4 46.6
Deposition
non-marine SO4-S 2.218 1.894 85.4 14.6
NO;-N 0.683 0.585 85.6 14.4
NH4-N 0.904 0.754 83.4 16.6
Ca 2.537 1.365 53.8 46.2
mm 1109.7 1116.6 ~ -

concentration units = peq /!
deposition units = g m™

would be a requirement for sampling, particularly in more heavily polluted
environments where dry deposition may be important. It should, of course, be
pointed out that the sampling artifact does not represent dry deposition to
natural and urban surfaces.

3.3 Spatial variabiliry

The values of the mean concentrations of non-marine SO, , NO;, NH, and
H* across the network are shown in relation to the regional fields of precipita-
tion composition across the U.K. in Fig. 2 (RGAR, 1990). The mean urban
network values were not greatly different to those predicted by the U.K.
national acid deposition network, which uses bulk collectors sited at rural
locations. However, this comparison of data obscures much of the detail from
the urban network as the ions in precipitation showed significant spatial
variability. Concentrations of non-marine SOf', NO;,NH,, H* and Ca®*
showed significant spatial variability (Table 3) and are shown in Fig. 3. This
spatial variability demonstrates the potential for local effects of the urban
environment and its atmospheric emissions on precipitation composition.
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Fig. 2. Mean network values of non-marine sulphate, nitrate, hydrogen and ammonium ions
in relation to regional fields of precipitation composition (in ueq / ™).

The spatial variability of non-marine SOf ~ is thought to mainly be the result
of the dry deposition of sulphate particles rather than SO, gas as the correlation
between the dry deposition component of non-marine SO , evaluated by the
difference between the bulk and the wet-only collector, was not significant (Lee
and Longhurst, 1992a). Local variation in the formation of sulphate, and its
subsequent removal from the atmosphere, is not feasible on the spatial scale of
the network as the oxidation rate is too slow.

Nitrate concentration showed significant spatial variability across the
conurbation but this was relatively weak compared to that of other ions in
precipitation. Coincident measurements of NO, gas concentrations using passive
diffusion tube samplers were made at 17 of the 18 sites but the spatial
variability of NO, was found to be significantly different to that of NO; in
precipitation (r = 0.323, P < 0.005 ). It is concluded that NO, gas is not
scavenged by precipitation which is in agreement with our current understand-
ing of the atmospheric chemistry of NO, and its removal. The spatial variability
of NO; in precipitation may be the result of the dry deposition and scavenging
of NH4;NO; and HNOj in the north-east of the study area.

Ammonium concentration was highly variable across the network, which
was not random. It is thought that the spatial variability of concentration and
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Table 3. Oneway analysis of variance results for periods 1987-1988, 1987, 1988

1987-1988 1987 1988
non-marine 3.50 2.35 1.66
2- < 0.01 < 0.01 0.04
SO
= 4.03 2.82 1.95
g < 0.01 < 0.01 0.01
H* 12.50 6.14 7.52
< 0.01 < 0.01 < 0.01
. 14.70 8.07 9.66
INHy < 0.01 < 0.01 < 0.01
Catt 17.15 8.57 9.51
< 0.01 < 0.01 < 0.01
mm 1.39 0.80 1.06
0.13 0.70 0.38

The upper figure is the F ratio, the lower the significance

deposition was not the result of very local sources adjacent to the collectors
such as slurry spreading or animal husbandry, as care was taken to locate the
collectors away from such sources. Large agricultural sources of NH; lie to the
south and west of the conurbation in central western England and Wales (Kruse
et al., 1989) and the conurbation itself may also be a significant source, as
sewage treatment plants and humans, and other urban activities result in
emissions of NH; (Lee et al., 1992, Atkins and Lee, 1993, Lee and Dollard,
1994). The predominant wind direction is from the south-west and the enhanced
concentrations and deposition of NH, in the north-east of the study area may
be the result of dry deposition and/or below-cloud scavenging of NH; from
sources both within and outside the study area.

Calcium concentration showed significant spatial variability with the highest
concentrations in the centre of the conurbation. This pattern of variability is
thought to be the result of local sources which are intrinsic features of the urban
environment. Calcium particles in the atmosphere are generally > 2 um in
diameter so that these large particles are likely to be removed by dry deposition
and below-cloud scavenging.

Acidity also showed strong spatial variability which was inversely correlated
with Ca?* concentration (Table 4). 1t is likely that calcium compounds in the
atmosphere reduce the acidity of precipitation and that the significant spatial
variability of H* ion concentration is a function of neutralisation by calcium
compounds rather than elevated acidity in the fringes of the conurbation.
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Non-marine sulphate concentrations

Nitrate concentrations

Calcium concentrations

Fig. 3. Concentration fields of non-marine sulphate, nitrate, ammonium, hydrogen and
calcium ions across Greater Manchester (in peq [ 7).
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Table 4. Correlations between spatial fields of ions in precipitation

non-marine SO;” NO, Ht NH;
NO; 0.296 = = =
H* - 0.537 - 0.346 = =
NH; 0.339 0.744* -0.329 -
cat* 0.836* 0.330 - 0.772* 0.163

* significance less than or equal to 0.005

3.4 Relationships between ions in precipitation

Correlation coefficients calculated between the variables have shown that the
data are highly intercorrelated, which hampers interpretation (Lee, 1993).
Principal Components Analysis (PCA) provides a means of reducing such a
large multivariate data set into a series of uncorrelated components which are
made up of the original variables. Concentrations of ions in precipitation show
a significant inverse correlation with precipitation amount, so that a first-order
partial correlation matrix, controlling for precipitation, was used as the basis for
the PCA. The PCA was performed on the data from the whole network, rather
than by site, and the results are given in Table 5. Composite variables of the
eigenvectors were selected on the basis of the variable loadings being greater
than, or equal to 0.5, (Gorsuch, 1983; Harman, 1976). The first eigenvector
consisted of a marine component (Na‘*, CI', Mg?* and K*) which accounted
for 40% of the varlatlon in the data, the second eigenvector of an anthropogenic
Ca’*/non-marine SO4 component which accounted for 22%, and the third
eigenvector of an anthropogenic NH,/NO; , which accounted for 13% of the
variation in the data.

Calcium and non-marine sulphate

An analysis of spatial variability clearly shows that Ca** concentrations are
lower at the edge of the urban area (Fig. 3). This phenomenon is not unique to
Greater Manchester. Elevated concentrations of Ca’* in urban precipitation
have been noted for other cities (e.g. Clarke and Lambert, 1987; Lipfert and
Dupuis, 1984; Vermette et al., 1988). Calcium is a major component of the
fabric of the urban environment, particularly with respect to buildings, and the
prevalence of exposed mineral surfaces in towns and cities may have an influ-
ence on urban precipitation composition (Argese and Bianchini, 1989). The
wind mediated suspension of coarse particles derived from urban sources such
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as erosion of exposed surfaces, extraction industries, construction activities,
transportation and combustion may be the source of Ca*>* particles in the urban
atmosphere. Resuspension of particles occurs as the result of wind (Nicholson,
1988) and traffic, both in wet and dry conditions (Nicholson and Branson,
1990).

Table 5. Results from principal components analysis

Eigenvector Eigenvalue % var. Cum. %

1 3.60853 40.1 40.1

2 2.01505 22.4 62.5

3 1.16865 13.0 75.5

4 0.79473 8.8 84.3

Eigenvector 1 Eigenvector 2 Eigenvector 3 Eigenvector 4
€l 0.96123
Na*t 0.92269
Mg+ 0.87398
K 0.52185
nm SO;” 0.87560
(4 g 0.83507
NH, 0.92410
NO; 0.74480
H* 0.97199

Table 4 shows that the spatial pattern of Ca?" is significantly correlated with
that of non-marine SOf ~. The spatial variability of non-marine SOZ ~ (which is
significant, but relatively weak) may be the result of an urban squrce for a
fraction of the sulphate. It is suggested that the dry deposition of SO4 particles
to the bulk collectors results in the spatial variability of non-marine SO} .

Many buildings and other surfaces in towns have been exposed to SO,, both
in the present and the past, which may result in strong sulphation (Butlin,
1991). As weathering and other erosive processes occur, particles of both
CaCO; and CaSO, may be available for suspension.

Other workers have suggested that a relationship between Ca?>* and non-
marine SO4 may be possible in terms of SO, reacting with Ca®* bearing
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particles in the atmosphere (Gentilizza and Vadjic, 1986; Argese and Bianchini,
1989; Alrwicker and Mahar, 1984; Hooper and Peters, 1989; Van Borm et al.,
1989; Clarke et al., 1984). Buttler (1988) found conversion rates of samples of
CaCO; to CaSO, of up to 20% per day from ambient SO, at a rural site in the
U.S.A. This rate is much slower than the oxidation rate of SO, in the atmos-
phere by either dry or wet oxidation processes which are of the order of per
cent per hour (RGAR, 1990). Furthermore, any reaction between CaCO; and
SO, on particles in the atmosphere will also be limited by the diffusion of the
gas into the particle matrix. Thus, the available evidence would suggest that
suspension of eroded CaSO, particles from urban surfaces is more likely to
contribute to the spatial variability of SOZ ~ particles than atmospheric reaction
between SO, and CaCOj particles and subsequent removal of the reaction
products.

The origin and form of these SO} - particles, however, remains uncon-
firmed. Other work on particle composition has identified the presence of
CaCOs; in the urban atmosphere (Clarke and Karani, 1992) but Van Borm et al.
(1989) found that most of the calcium particles are in the sulphate form, rather
than the carbonate. Clarke and Karani (1992) did not, however, quantify the
sulphate fraction of the particle phase.

Nitrate and ammonium

The results from the principal components analysis has shown that there is
a statistical association between NH, and NO;. Ammonia may be removed
from the atmosphere by wet and dry deposition and atmospheric reactions
(ApSimon et al., 1987). It is possible that the elevated concentrations ofNH;
in the north-west of the conurbation may be the result of scavenging of NH,4
emissions from animal sources within the conurbation, combined with other
sources such as a large sewage treatment plant in the west of the conurbation,
humans and other urban sources.

The concentration fields of NO; and NH, are significantly correlated but
the spatial variability of NO; is much weaker than that of NH, (Tables 3 and
4). The spatial variability of NO; may be the result of the dry deposition of
HNO;. Both NH; and HNOj are reactive gases with large deposition velocities
but HNO; is a secondary pollutant formed from the day-time reaction of OH
radicals with NO, and the night-time reaction with O3, so that dry deposition
is thus unlikely to contribute to spatial variability of concentration and
deposition on a local scale, whereas NH; is a primary pollutant and is more
likely to be spatially variable. The reversible reaction between these two gases
to form NH,NO; is also likely to be a sink. The strong correlation between
NH, and NO; concentrations may be the result of this chemical interaction
and subsequent precipitation scavenging of NH,NO;. This explanation is,
however, somewhat speculative.
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Neutralisation of acidity by calcium compounds

The acidity of precipitation is a balancing term which responds to
concentrations of other ions so that any local source effect increasing H* ion
concentration would be the result of associated acid nitrate, sulphate or
chloride. Furthermore, the acidity will also be altered by the neutralising effect
of NHj;, the buffering of NH, salts or alkaline particles in the atmosphere. This
neutralisation effect may mask any acidity enhancement. The spatial pattern of
Ca’* concentration appears to ‘mirror’ that of H* ion and they are inversely
correlated (Table 4). Thus, it would seem that Ca compounds in the urban
atmosphere reduce the acidity of precipitation, so that the spatial variability of
the deposition and concentration of H ion is the result of the spatial variability
of calcium. The effect of the reduction of acidity from alkaline calcium
compounds in the urban atmosphere was also noted by Casado et al. (1992) in
the urban atmosphere of Vitoria, Spain. However, this apparent neutralisation
by Ca compounds is dlfﬁcult to explain as it has prev10usly been argued that the
relationship between Ca’* and non-marine SO4 may be the result of SO,
oxidation on urban surfaces with subsequent suspension and deposition of these
particles. Calcium sulphate would not effectively neutralise acidity, whereas
CaCO; would. The only explanation that can be offered is the presence of both
these chemical forms which may vary in their spatial distributions. It is
suggested that the site of the neutralisation is more likely to be the collector
itself, rather than the atmosphere, as the precipitation weighted mean con-
centration of H* ion from the wet-only collector is twice that found in the bulk
collector. A likely explanation for this is that Ca** particles are dry deposited
onto the funnel of the bulk collector and are washed in after precipitation events
with subsequent neutralisation.

3.5 Temporal variability

Monthly network mean concentrations of non-marine SOZ_, NO,, NH,,
H* and Ca7'+ ions are shown in Fig. 4. Mean network concentrations of non-
marine SO4 , NO;, NH,,and Ca** ions show more variability in 1988 than in
1987. The exception to this is H* ion concentration, for which the converse
situation is apparent. It is also apparent that concentrations of NH4+ and Ca’"
ions are more variable than those of non-marine SO} ", NO; and H*.

Seasonal variability has been shown to exist for concentrations of the major
anthropogenic ions in precipitation (i.e. non-marine SOf ",NO,,NH,, and H")
at rural sites across the U.K. where a maximum in concentration is observed
in late spring, and a minimum in early winter (RGAR, 1983; 1987; 1990;
Skeffington, 1984) so that the seasonal pattern found at the urban sites is
consistent with that found at other rural sites in the U.K.
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The temporal variability of concentrations of various ions in precipitation
from the urban network was also compared to data collected from two nearby
rural sites, Wardlow Hay Cop in Derbyshire and Hebden Bridge in West
Yorkshire, some 30 and 15 km distant from the conurbation, and are shown in
Fig. 5. For concentrations of all species, similarities can be seen between the
mean urban network data and data from the two rural sites, with the exception
of Ca?* concentration at Wardlow Hay Cop. It is thought that much of the
Ca’* ion in precipitation at this site originates from large dust particles from
local limestone quarrying, which is extensive in this part of the country, and
account for the observed differences (Lee and Longhurst, 1992b). This
comparison of time series plots supports the suggestion of the larger scale
influence of meteorology on the temporal variability of species concentration in
precipitation (Davies et al., 1990), a factor which also prevails over Greater
Manchester.

Whilst the urban area of Greater Manchester is thought to influence spatial
patterns of deposition by local emissions adding to meso-scale emissions,
temporal variability is considered to be the result of the larger scale influence
of meteorology. Identification of the origin of air masses, particularly those
which lead to the largest deposition of species, aids the identification of source
regions.

One way in which deposition can be considered, is by the identification of
episodes. The temporal nature of deposition has so far only been considered in
terms of annual cycles. However, wet deposition is made up of discrete events.

In this investigation, bulk deposition was collected on a weekly basis and
hence it was only possible to define ‘episode weeks’ (i.e. those weeks for
which 30% of the annual deposition fell) for the whole network rather than
individual events. The deposition of non-marine SO,-S, NO;-N and NH,-N
were calculated in terms of percentage deposition per week for 1988 and shown
in Fig. 6. Deposition which lies on or above the horizontal lines shown in these
figures indicates the individual weeks which contributed 30% of the annual dep-
osition. The episodicity of a species is defined as the ratio of the number of epi-
sode weeks to the number of individual rain days. Across the network, NH,-N
deposition was the most episodic at 13%, the episodicity of NO;-N was 15%
and non-marine SO4-S was the least episodic at 19%. From Fig. 6 it appears
that episode weeks of NH,-N and NO;-N tend to occur together, mostly
independent of non-marine SO,-S deposition, particularly in the summer.
However, this can only remain speculative as episode weeks are made up of
several rain events and it was not possible to attribute deposition quantitatively
to any particular trajectory. Two weeks which illustrate the ability of quite
different synoptic weather condition to lead to large deposition were weeks 28
and 43. Composite back trajectories constructed for these weeks in which
particular conditions prevailed are shown in Figs. 7 and 8. In Fig. 7, con-
ditions were dominated by a strong frontal Atlantic low pressure system. As the
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trajectories indicate, this system drew in air from Europe, which resulted in
large concurrent deposition of non-marine SO4-S, NH,-N and NO5-N. In week
43, however, the trajectories which lead to rain events and a large deposition
episode of non-marine SO4-S, NH,-N and NO;-N were the result of a high
pressure system which drew in air masses directly from central Europe in an
easterly flow (Fig. 8).

Fig. 7. Composite trajectories for episode Fig. 8. Composite trajectories for episode
week, Atlantic frontal system, showing pre- week, high pressure system, showing precipi-
cipitation amounts for each trajectory (mm). tation amounts for each trajectory (mm).

4. Conclusions

Concentrations of non-marine SOZ ",NO;,NH,, and H" in precipitation
over Greater Manchester are not greatly different to those predicted by
interpolation of data from a national rural network. However, all these ions
exhibit significant spatial variability, particularly NH, , Ca?* and H*. The use
of bulk precipitation collectors in the urban environment did not introduce a
sampling artifact which was greater than that found at more rural sites in the
U.K. for S and N species.
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Local sources of SO, and NO, did not result in enhanced concentrations of SOf g
and NO; in precipitation over the study area, these ions were the result of
more regional scale atmospheric chemistry. It is postulated that local sources
of Ca’?* and NH; had an impact on urban precipitation composition. Calcium
is thought to have its origin in the suspension of calcium-bearing particles from
the erosion of urban surfaces and emissions from construction and industrial
activities. Ammonia has urban sources but the magnitude of these are, as yet,
uncertain. It is likely, however, that the steep gradient of NH, ions in
precipitation are the result of local sources. Urban precipitation is not generally
more acidic than rural precipitation but was found to.be rather less so in the
centre of the conurbation, as measured by the bulk collector. However, a
comparison of data from the wet-only and bulk collectors at the city centre site
would indicate that the site of neutralisation is the bulk collector rather than the
atmosphere. Calcium carbonate aerosol is probably the main neutralising
compound.

The temporal variation of concentrations of the major ions in rainfall was
very similar to that observed at two rural monitoring sites, demonstrating that
synoptic scale meteorology controls the seasonal variations of all the major ions
in urban precipitation. Episodes of deposition were observed, of which NH,-N,
was the most episodic. By constructing back trajectories for selected weeks, it
was shown that both high and low pressure systems could result in deposition
episodes of S and N species, but that the origin of the emissions was European
in both instances.
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Abstract—The principal aim of this study was the assessment of the applicability of the 3.7
pm satellite reflectivity measurements for the retrieval of cloud microphysical properties,
with special respect to the High Resolution Infrared Radiation Sounder (HIRS) on board the
polar orbiter NOAA series. Reflectivities of opaque plane-parallel water clouds have been
simulated using a discrete-ordinate radiative transfer model by assuming various droplet size
distributions. A small sensitivity to the width of the droplet size spectrum was observed.
The effects of the within-cloud horizontal variability were also investigated. The calculations
have shown that the fractal re-distribution of the droplet population causes changes in the
cloud reflectivity. These phenomena affect not only the effective radius retrieval accuracy,
but also have to be taken into account in the parametrization of the near-infrared cloud
albedo in general circulation models.

Key-words: radiation balance, cloud microphysics, satellite measurements.

1. Introduction

During the recent years there has been a major concern about the radiative
effects of cloudiness on the Earth’s energy budget. The net cloud forcing (the
change of total radiant energy due to the presence of clouds) shows significant
variation with cloud type. For example, cirrus clouds exhibit a warming effect
because of their high shortwave transmissivity and low longwave emission. Low
stratocumulus clouds, on the other hand, reflect large proportion of the
shortwave energy with little compensation in the longwave region. Inves-
tigations have revealed that 15-20% increase in their amount, 20-35% increase
in their liquid water path or 15-20% decrease in their droplet size can balance
the radiative perturbation from doubling of the CO, content (Slingo, 1990).
Therefore, the accurate knowledge about these parameters is essential and
requires sophisticated retrieval methods.
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Meteorological satellites provide a unique opportunity to obtain global
information on the state and amount of the cloudiness. The International
Satellite Cloud Climatology Program (ISCCP, Rossow and Schiffer, 1991) is
aimed at the collection and processing of such data.

In this study we were focusing on the effect of the cloud droplet size
distribution on the accuracy of the retrieval of the cloud droplet effective radius
(r,). This parameter is the ratio of the total volume to the total surface of the
cloud droplets. A commonly used bispectral retrieval approach is based on
constructing reflectivity look-up tables by radiative transfer calculations in a
visible window and a near-infrared liquid water absorption band for various
sun-satellite geometries, cloud optical depth (7) and effective radius values.
Then, the satellite reflectivity measurements at a given viewing geometry
provide simultaneously the optical depth and the effective radius of the cloud
droplets. However, for relatively thick clouds (z = 10) the reflection in the
near-infrared (e.g around 1.65, 2.16 or 3.7 um) is closely independent of the
optical depth (Nakajima and King, 1990). Hence, in such cases, the effective
radius can be directly derived from the near-infrared satellite reflectivity
measurements.

Two radiometers on board the polar orbiting operational NOAA satellites
carry out measurements in the 3.7 um band. They are channel 3 of the
Advanced Very High Resolution Radiometer (AVHRR) and channel 19 of the
High Resolution Infrared Radiation Sounder (HIRS), having sub-satellite pixel
sizes of 1.1 and 17 km, respectively. Both instruments have been used for the
retrieval of cloud droplet effective radius (see, for example, Arking and Childs,
1985; Gu et al., 1992; Warts, 1993).

However, the simulated reflectivity values are calculated using several
simplifying assumptions. First, the clouds are taken geometrically plane-
parallel. Second, within-cloud homogeneity in liquid water content is assumed
on a scale comparable to the pixel size of the satellite radiometer. In addition,
the effective radius is also taken to be constant on the same scale, and the
statistical characteristics of the droplet size spectra in all pixels are fixed.
Obviously, in some cases these simplifications are not entirely applicable. Here
we will examine the potential error caused by the last assumptions, using in-situ
and remote sensing observational data of marine stratocumulus clouds during
the First ISCCP Regional Experiment (FIRE) off the California Coast in 1987
(Nakajima et al., 1991). We will concentrate on the larger field of view (FOV)
of HIRS where the bias is expected to be larger.

In the paper we first introduce the physical basis of the simulation of cloud
reflectivities by radiative transfer calculations. After that we investigate the
potential retrieval error connected to the assumption of constant droplet
spectrum width. In the following section we study the effect of the horizontal
cloud inhomogeneity on the reflectivity. That will be followed by some
discussion and concluding remarks.
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2. Calculation of simulated reflectivities of opaque
plane-parallel water clouds

In the investigated spectral region the shortwave solar radiation and the
longwave terrestrial thermal emission are of comparable magnitude. However,
the thermal emission can be easily removed from the measured radiance.
Hence, it is sufficient to use the radiative transfer equation for a multiple
scattering atmosphere, which describes the change of the radiant intensity / in
direction Q at a given optical depth (Liou, 1980)

dl(r,Q) w ; ” ;

Baln M) - (1¢r,0)P@,Q)dQ -

sl 1(r,0) 47r4j (r,2) P(Q,Q")
w T 1
= TR P(@,-0)e ", S

where u = cos O and py = cos O, denote the cosines of the observational and
solar zenith angles respectively, @ is the single scattering albedo (the ratio of
the scattering and extinction efficiencies), F), is the solar flux and P is the phase
function that describes the angular distribution of the scattering. It is usual to
express P in the form of Legendre polynomial expansion:

N
P(cosx) = Y a;P,(cosx), 2
0

where y is the angle between the incident and scattered beams (scattering angle)
and P, is the /th Legendre polynomial. The first moment of the expansion, «;
is the asymmetry factor (generally denoted as g) that gives at what rate the
scattering differs from the isotropic distribution.

In this work the scattering parameters at A = 3.7 um were calculated by the
Mie scattering program MIEVO developed by Wiscombe (1979). This software
provides, among other quantities, the single scattering albedo, the asymmetry
factor and the coefficients for the Legendre polynomial expansion for a single
droplet size and wavelength. To obtain these parameters for a given size
distribution an integration over the droplet size spectrum is required. The
complex refractive index of water for 3.7 ym was taken from the work by
Paltridge and Plart (1976).

The angular distribution of the radiant intensity on the top of the atmosphere
was determined by the discrete-ordinate radiative transfer program DISORT
(Stamnes et al., 1988), using 24 computational polar angles (streams). A three-
layer atmospheric model was applied in which the cloud was located in the
middle layer with Rayleigh scattering and weak water vapour absorbtion in the
top and bottom layers. The reflectivity was determined from the following
formula
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in which & represents the azimuthal separation of the sun and the satellite. The
physical meaning of the reflectivity is what the cloud albedo would be if the
reflection were isotropic.

3. Sensitivity of the cloud reflectivity to the width
of the droplet size spectrum

Throughout this work it was assumed that the droplet size spectrum of a
stratocumulus cloud follows the lognormal distribution. This distribution is
understood locally, i.e. the whole spectrum is present in a vertical cloud column
having a horizontal dimension that is comparable to or smaller than the pixel
(or FOV) size of the satellite sensor. The optical depth of all cloud columns was
32. Since in the case of opaque clouds the remotely sensed cloud microphysical
parameter represents the upper third of the cloud (Nakajima and King, 1990),
for simplicity, no vertical inhomogeneity was taken into account. The effects
of two parameters were investigated: those of the standard deviation of the
lognormal distribution, ¢ (the width of the spectrum) and the effective radius,
r, that is connected to the mode radius of the lognormal distribution 7, by the
following expression

r, = ryexp (502%). (C))

e

Fig. 1 shows the reflectivity pattern between & = 0° and 180° for four
effective radii at 60° and 30° solar and satellite zenith angles respectively for
standard deviations ranging between 0.20 and 0.50. The strengthening of the
forward scattering with the increase of r, is obvious. It is also clear that the
reflectivity is sensitive to the width of the droplet spectrum, which can lead to
retrieval errors in extreme situations. For example, at these solar and satellite
zenith angles and & = 0 the same reflectivity value (R = 21%) corresponds to
bothr, =5 pm, 0 = 0.20 and r, = 10 um, ¢ = 0.50. However, using look-up
tables calculated assuming a realistic mean value of ¢ = 0.35, this potential
absolute error at such droplet sizes is generally not larger than 2-3 um.

In Fig. 2 the reflectivity pattern is shown as a function of the effective
radius at the above viewing geometry and standard deviation (it is hereafter
referred to as reflection function). With the increase of its slope one may
suspect a decrease of the potential retrieval error towards the smaller droplets.
This can be easily justified by scrutinizing Fig. 1, where a correspondence sim-
ilar to the above example is depicted between r, = 3 um, ¢ = 0.20 and r, =
5 pum, 0 = 0.50 (R = 31%).

In addition, by investigating Fig. 1 it can also be observed that the sensi-
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Fig. 1. 3.7 pm reflectivity patterns for lognormal droplet size distributions with o = 0.35
and four effective radius values at 6, = 60° and © = 30°.

tivity of the reflectivity to the width of the droplet size spectrum depends on the
effective radius itself. From the four cases shown it is highest for r, = 7 pm.
The reason of this phenomenon lies in the asymptotic theory developed by King
(1987). According to this, at the water absorption bands in the near-infrared the
reflectivity strongly depends on the single scattering albedo with a weaker
dependence on the asymmetry factor. Fig. 3 illustrates these parameters for
three distributions and effective radii from 0.2 um to 25 um. There is a high
variation of @ around 7 um. This effect seems to be able to counteract the fact
that the variability of g has a minimum at approximately the same wavelength.
The dependence of the reflectivity on the spectrum width significantly weakens
below r, = 4 pm due to the decrease of the variability of @. This results in a

further decrease in the potential absolute retrieval error towards the smaller
droplets.
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Fig. 2. Reflection function at 3.7 um for ¢ =

1 0.35, 6, = 60° and © = 30°, in dependence
of the effective radius.
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Fig. 3. Single scattering albedo (@) and asymmetry factor (b) at 3.7 um as functions of the
effective radius for three standard deviations of the lognormal droplet size spectra.

4. The effect of the horizontal cloud inhomogeneity
on the remotely sensed reflectivity

Cahalan and Snider (1989) revealed that the liquid water path (or optical
thickness) of marine stratocumulus clouds has a mesoscale fractal structure that
can be characterized either by a lognormal probability density function or by a
cascade model. They also showed that this inhomogeneity causes a decrease in
the cloud albedo. Nakajima et al. (1991) observed a similar within-cloud
inhomogeneity in microphysical properties over an area of several hundred
square kilometres with no strong correlation between the effective radius and
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the optical depth. Since this area is comparable to the HIRS FOV size, it is
essential to investigate the effect of such spatial structure on the cloud
reflectivity. In the present work the following assumptions were made about the
cloud fractal structure and the radiative transfer processes:

— The probability density function of the effective radius is lognormal
for an area comparable to the HIRS FOV size.

— The cloud optical thickness is high enough to assume opacity for all
vertical cloud columns in the above area.

— There is no net photon transport between the adjacent cloud
columns.

Thus, the reflectivity of the HIRS FOV can be obtained by the simple
integration of the reflectivities of the separate cloud columns over the effective
radius spectrum.

Fig. 4a shows the reflectivity pattern for 6, = 60° for a FOV in which the
horizontal distribution of the effective radius follows a lognormal spectrum with
mode radius (r,,) and standard deviation (0,y) of 10 um and 0.10, respectively
(these values are characteristic to the FIRE clouds). The standard deviation of
the droplet spectra in the individual cloud columns was kept at 0.35.

The effective radius of this droplet population is 7.54 um. If we now
compute the reflectivity pattern for a horizontally homogeneous size distribution
having r, = 7.54 um and ¢ = 0.35, we can estimate the retrieval error due to
the neglect of the fractal structure of the cloud. These reflectivity values shown
in Fig. 4b are systematically 6-12% higher than in the previous case. Thus, a
cloud having the same effective radius but the above fractal structure produces
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Fig. 4. (a) 3.7 pm reflectivity pattern at ©, = 60° for a horizontally inhomogeneous cloud
with 7, = 10 um and 0, = 0.10. (b) 3.7 um reflectivity pattern for a homogeneous cloud
with 7,=7.54 pm and ¢ = 0.35.
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a reflectivity value that is lower than the one assigned to that particular effective
radius and viewing geometry in the retrieval look-up table. This effect leads to
the overestimation of the effective radius. The phenomenon is the consequence
of the non-linearity of the reflection function and the asymmetry of the
probability density function of the effective radius. Since the slope of the
reflection function AR(%)/Ar,(um) =~ -2 in this region, the absolute error in
the effective radius retrieval may reach 3-6 um.

It is also important to see what the cloud reflectivity is if the same
population of droplets, instead of having the fractal structure described above,
is evenly distributed in the FOV. This may give us an idea of the behaviour of
the reflectivity (and albedo) bias caused by the assumption of mesoscale
horizontal homogeneity in, for example, general circulation models.

Now we had no assumption about the analytical form of the droplet
spectrum; the mean Mie scattering parameters were determined from the
normalized relative frequency corresponding to 0.1 um wide bins of droplet
radius. The calculations revealed again a systematic darkening in the case of the
fractal cloud. Fig. 5 shows the relative bias 100*(R;,,,, - Rs,)/R,. As it can be
seen, the bias increases towards the higher satellite zenith angles.
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Fig. 5. Relative bias (%) between the 3.7 um reflectivities of the horizontally in-
homogeneous cloud (Fig. 4a) and a cloud containing the same droplet population evenly
distributed.

To further clarify this point, we carried out a similar series of calculations
for r, = 10 pm and o = 0.20. Such a widening of the spectrum may be a result
of more intensive within-cloud dynamic processes or of the increase of the FOV
size. The comparison of the reflectivity patterns (not shown) for the fractal
cloud and the one corresponding to the effective radius of this droplet
population (8.13 um) at ¢ = 0.35 indicates a slightly bigger absolute bias
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(7-15%) in this case, which results in the further increase of the potential
absolute retrieval error.

More striking is, however, the increase in the relative bias between the
reflectivities of the fractal and the corresponding homogeneous clouds; its
characteristic value is about 25% (Fig. 6).

—Azimuth angle .1 Zenith angle
120 150

Fig. 6. Relative bias (%) between the 3.7 um reflectivities of the horizontally in-
homogeneous cloud with 7,, = 10 pm and o, , = 0.20 and a cloud containing the same
droplet population evenly distributed.

It is also obvious that the magnitude of the reflectivity bias varies with the
viewing geometry and r,. For clouds having larger droplets and hence
characterized by a lower variability of the reflectivity the darkening is expected
to be smaller. However, in this study these effects have not been investigated
in details.

5. Conclusion and plans for the future

The effect of the droplet size distribution was investigated on the reflectivity
of geometrically plane-parallel, low-level stratiform clouds. The principal aim
of this study was to determine whether the near-infrared reflectivity measure-
ments of the HIRS radiometer can be used for the accurate determination of the
microphysical properties of such clouds. The main results can be summarized
as follows:

— The cloud reflectivity is sensitive to the width of the droplet size
spectrum. This sensitivity depends upon the effective radius, and is
determined by the variability of the mean Mie scattering parameters
of the droplet population. However, the potential absolute retrieval
error caused by this effect is relatively small. This indicates an
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acceptable retrieval accuracy whenever the horizontal variability of
the effective radius is low on a scale comparable to the radiometer
pixel size.

— The within-cloud horizontal inhomogeneity of the microphysical
properties causes a darkening in the cloud reflectivity, and probably
in the albedo too. This effect has two consequences. First, the use
of look-up tables built up by assuming horizontal homogeneity
causes a systematic overestimation of the effective radius of the
droplet population by the low-resolution HIRS reflectivity measure-
ments. Second, the parametrizations of the mesoscale near-infrared
cloud albedo in climate models must also account for the within-
cloud fractal structure even if the given gridbox is entirely overcast.

Of course, these results are based only on several simple examples. To
achieve a better understanding of the phenomena it may be necessary to revise
some of the simplifying assumptions made. For example, the choice of other
statistical distributions or the consideration of the geometric inhomogeneity and
non-zero cloud transmissivity may lead to a slight modification of the results,
probably without changing, however, their main characteristics. Also, more
detailed calculations would be needed for the whole range of sun-satellite
geometry. The extension of our computational capabilities will hopefully enable
us to perform this work.
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Abstract—The climate change induced by the increase in atmospheric CO, due to human
activities may lead to significant consequences for the human society and economy.
Nowadays neither the extent of this climate change nor its effects on agriculture can be
predicted with certainty. Many research papers have dealt with the analysis of these impacts
on different crops in different regions of the Earth. The present paper aims at assessing the
impacts of three well known climate change scenarios—the carbon-dioxide doubling
scenarios from the GISS, GFDL and UKMO general circulation models—on wheat and
maize yields in Hungary. For this purpose the outputs of the above three GCMs are used
to create weather time series for Hungary. These are used together with the CERES-Wheat
and the CERES-Maize crop growth simulation models, which simulate the growth and
development processes of these crops using daily values of temperature, radiation and
precipitation. These crop models facilitate the testing of the results of adaptation strategies
such as adjusted sowing date, changed irrigation or fertilization patterns, or choice of a
variety capable of better utilizing the environmental conditions of a new climate situation.
The present paper uses field observations and weather data from Keszthely (Western
Hungary). Simulation results indicate decreases both in winter wheat and maize yields with
maturity occurring significantly earlier during the year.

Key-words: climate change impacts, simulation, crop models, wheat, maize, Hungary.

1. Introduction

Many climate scientists agree that the increase in atmospheric car-
bon-dioxide resulting from human activities will probably lead to changes in the
Earth’s climate. However, it is not possible at present to accurately forecast
either the size or the temporal dynamics of this change. There are several
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methods available which help us to estimate, under certain assumptions, the
main features of this carbon-dioxide induced change. One of these methods is
modelling the Earth’s climate using General Circulation Models (GCMs) at
various levels of atmospheric carbon-dioxide concentrations. Several such
GCMs are known among the climate scientists, and these differ both in the
climatic input variables considered and in the output variables produced. Until
recently only results from so called ‘equilibrium models’ were published, that
is, model outputs describing the Earth’s climate after it has reached an
equilibrium state at a given, higher level of atmospheric carbon-dioxide. (GCM
results on the dynamics of the increase in the concentration of atmospheric
carbon-dioxide—as well as other so-called ‘greenhouse gases’—and on the
temporal dynamics of the resulting climate change were not published until
1993. The climate research laboratory of the U.K. Meteorological Office at
Bracknell has recently completed such a ‘transient’ model run, but the results
of this were not available to the authors at the time of writing this paper.)

For the purposes of this study outputs from three general circulation models
were used. Then the climate change scenarios predicted for Western Hungary
were linked to wheat and maize simulation models, and the impacts on the
development and yield of the two crops were estimated. The results describing
the growth and development of the two crops were then compared to the
corresponding values from the past 16 years at Keszthely, the location of the
study, to analyse the size and direction of the changes.

2. Material and method

For the purposes of the present study daily maximum and minimum
temperature values, daily global radiation and daily precipitation amounts were
used for the years 1975 to 1990 measured at the Agrometeorology Station at
Keszthely (county Zala, Western Hungary). Outputs from three General
Circulation Models were used to create climate change weather scenarios. These
are:
— GISS (Goddard Institute for Space Studies, New York, U.S.A.;
Hansen er al., 1988),

— GFDL (Geophysical and Fluid Dynamics Laboratory, Princeton,
U.S.A.; Wetherald and Manabe, 1986),

— UKMO (United Kingdom Meteorological Office, Bracknell, U.K.;
Wilson and Mitchell, 1987).

The crop growth and development rates were simulated using the CERES-
Wheat (Godwin et al., 1989) and the CERES-Maize (Jones and Kiniry, 1986)
crop models.
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3. The CERES simulation models

The growth and development of the winter wheat and maize crop were
assessed using the Wheat and the Maize models of the CERES model group,
developed in the United States. The two crop models are very similar regarding
their structure, operation, input data requirements and modelled processes. They
are capable of simulating the impacts of the following environmental factors:

— weather variables: daily maximum and minimum temperature values,
global radiation and precipitation amount for each day from sowing till
harvest;

— soil variables: parameters describing the physical and chemical com-
position and water holding capacity of each soil layer, and the initial
soil water and nutrient content just before sowing;

— plant parameters: 5 parameters are used for maize and 6 parameters for
wheat to describe the genetic characteristics of the actual crop variety
used, some of these referring to the speed of phenological development,
others to the speed of dry matter accumulation;

— agrotechnology data: sowing date, sowing depth, sowing density, date
and amount of irrigation and fertilization, if any.

Based on the above input information the CERES crop models simulate the
time of the crop’s reaching each development stage, the amount of above
ground biomass and its distribution among the various crop parts, the growth
of the leaf area, the crop grain yield, the water and nitrogen balance of the soil,
and the nitrogen content of the various crop parts.

Before starting the climate change experiments it was necessary to assess
the performance of the Ceres-Wheat and Ceres-Maize models under the
environmental conditions typical to the vicinity of Keszthely, and with crop
varieties used in Hungary. For these so-called validation runs, relying on the
experiments by Hunkdr (1994) 3 years were chosen for maize from which field
observations were available for a variety popular in Hungary. For winter wheat
the field observations from 4 years by the Crop Production Institute of the
Pannon University of Agricultural Sciences Keszthely were used. The field
observations for both crops were compared to model outputs for Ram-
mann-brown forest soil, the typical soil type around Keszthely, for the maize
variety Pioneer 3901 and for the winter wheat variety Martonvdsdr-4. The
results of the validation experiments are shown in Table 1.

As the above results show the model works with adequate accuracy, so it
is suitable to be used in climate impact assessment studies. It has to be
mentioned, that due to the inherent limitations of the simulation models
available, the assessment of the climate change impacts has to be limited to the
impacts caused by the changed weather characteristics resulting from the
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increased carbon-dioxide concentrations, and the direct impacts of this increased
carbon-dioxide level on the crop physiological processes (changed photosyn-
thesis, transpiration and respiration) were not considered.

Table 1. Validation results for CERES-Maize and CERES-Wheat with field observations
from Keszthely

CERES-Maize: Variety: Pioneer 3901

Difference between simulated and observed values

Year Silking Maturity Grain yield Biomass
(day) (day) (t/ha) (t/ha)
1989 -4 -4 4.3 0.6
1990 -3 -5 0.006 -3.8
1991 -4 -4 -1.5 -1.8
CERES-Wheat: Variety: Martonvdsar-4

Difference between simulated and observed values

Year Anthesis Maturity Grain yield Biomass
(day) (day) (t/ha) (t/ha)
1984/85 +11 -3 0.4 -0.5
1985/86 +7 -11 0.6 1.1
1988/89 +1 -8 0.8 -0.4
1989/90 -2 -8 0.2 0.4

4. The creation of the climate change scenarios

All the three applied GCMs have their limitations regarding spatial
resolution. The GISS handles the Earth’s surface as gridboxes of the size 10°
latitude X 7.9°longitude. The climate of each gridbox is considered to be
homogeneous, and the climate characteristic are allocated to the gridbox centre.
The GFDL works similarly with gridboxes of 4.5°latitude X 7.5°longitude, and
the UKMO with gridboxes of 5°latitude X 7.5°longitude. In the present study
the gridbox covering the location of Keszthely was used with each GCM, thus
for GISS the gridbox with the centre 50°N;20°E, for GFDL the gridbox with
the centre 46.7°N;15°E, for UKMO the gridbox with the centre 47.5°N;18.8°E
(see Fig. I).
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processes, and influencing factors in-

cluded in the climate models are lim-
ited—the predictions coming from climate models are considerably inaccurate,
e.g. the results from model experiments aiming at simulating the present climate
of the Earth differ considerably from reality. So the climate characteristics
simulated under changed greenhouse gas concentrations are also rather un-
reliable. Nevertheless, the predicted rate of char}gcs can be accepted. For this
reason in creating the climate change scenarios for the location of Keszthely a
change factor between the modelled present and ‘future’ climates was generated
for the various weather parameters, and then these change factors were used to
modify the ‘baseline’ weather of the period 1975-1990. Figs. 2 and 3 show the
monthly average temperature values and precipitation amounts for the baseline
weather in comparison with the same average values for the climatic standard
period of 1951-1980. In the computation process of the change factors the
‘present’ climate means the modelled climate under the CO, concentration of
the first half of the 1980s (300 ppm for GFDL and UKMO, 315 ppm for
GISS), and the ‘future’ climate the modelled climate under doubled CO, con-
centration. The change factor was calculated as the difference between the
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‘future’ and ‘present’ values for temperature, and as the ratio of these for
radiation and precipitation, in agreement with the recommended methodology
of many similar impact assessment studies (Smith and Tirpak, 1989; Parry et
al., 1988; Adams et al., 1990).
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Fig. 2. Average monthly precipitation.

As the crop growth simulation models require daily weather data from
sowing till harvest and the climate model outputs present the results only in
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Fig. 3. Average monthly temperature.
monthly resolutions, the baseline daily weather data were modified by the

change factor of the corresponding month, to create climate change scenarios
with daily resolutions.
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The change factors were calculated for each month of the year and for each
GCM as follows:

AI}. 2 X COy - 7; (1 x COy for temperature,
AP; (2 X COy/ P (1 X COy for precipitation,
ARj = K 2 X COy / Rj (1 x CO,) for radiation,

]}.
P

~

where T; (2 X CO,), P; (2 X COy, R; (2 X CO,) are the average temperature,
precipitation and radiation values respectively, calculated by the actual GCM
for the month j in question for the modelled climate under doubled car-
bon-dioxide concentrations, and T} (1 X CO,), P, (1 X CO,), R; (I X CO,) are
the same for the modelled climate under normal carbon-dioxide concentrations,
giving 12 sets (j = 1...12, from January to December) of A]}, APj and ARJ-
values for each GCM used.

The next step was to generate daily time series using the above change
factors and the data of the baseline weather years of 1975-1990. So for all the
three GCMs altogether 16 changed weather years were generated with daily
maximum and minimum temperature, radiation and precipitation data as
follows:

maxT; 2 X CO,) = maxT; (1 X COy + A’I},
minT; (2 X CO,) minT; (1 X CO, + AT,
P; 2 X COy) P; (1 X COy X AP,

R, 2 X COy) R; (1 X CO, X AR,

i

where maxT;, minT;, P; and R; are the maximum and minimum temperature
values, precipitation and radiation amounts respectively, for the actual day of
the year in question, under the present and the doubled CO, concentrations.
Figs. 4, 5, 6 and 7 show the monthly average values of the weather variables
for the baseline climate and for the doubled CO, scenarios from each GCM.

As described above, climate change scenarios were created using the three
GCM outputs and the 16 baseline weather years from Keszthely. For the wheat
simulation model altogether 15 baseline weather scenarios (from the 1975/76
growing period to the 1989/90 growing period), 15 GISS scenarios, 15 GFDL
scenarios and 15 UKMO scenarios, and for the maize simulation model 16
baseline, 16 GISS, 16 GFDL and 16 UKMO scenarios were generated for the
purpose of the climate impact assessments.

In order to compare the impact of the changed weather on the crops the
agrotechnology was assumed constant for all simulation experiments. In the
simulation runs the following agrotechnology parameters were used: sowing on
10 October with Martonvdsdr-4 winter wheat variety for the wheat model, and
sowing on 10 April with Pioneer 3901 variety for the maize model. For both
crops optimal nitrogen supply was assumed, and no irrigation was applied.
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5. Results

The outputs from the CERES crop models were used for the impact
assessments, that is, for both wheat and maize the simulated values of resultant
variables under the baseline weather were compared to the simulated values of

the same variables under the climate change weather scenarios generated from
the three GCMs.

5.1 Maize

In the maize experiments altogether 16 baseline weather years were avail-
able together with 16 GISS-years, 16 GFDL-years and 16 UKMO-years. So
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Fig. 7. Average monthly precipitation values for 16 years.

altogether 64 simulation experiments were carried out besides the validation
runs described earlier.
The following resultant variables were considered in the assessment:

— the grain yield (t/ha),

— the amount of above ground biomass (t/ha),
— maximum leaf area index (LAI max),

— silking date,

— maturity date.

The climate change scenarios resulted in silking and maturity occurring
much earlier, and thus the growing season became significantly shorter for all
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the three different GCMs. The maize crop showed the fastest development
under the 16 UKMO weather years, with maturity occurring 41 days earlier on
average than under the baseline weather ycars. The GFDL scenario resulted in
the crop’s maturity occurring 35 days earlier on the average, while under GISS
maturity occurred 20 days earlier.

Biomass and grain yield show somewhat less unanimous results. The GISS
scenario resulted in a small, 8% yield increase on the average, while the GFDL
resulted in a 7%, and the UKMO in a 14% average yield decrease. For all the
three GCM scenarios the standard deviations of the yield are somewhat smaller
than in the case of the baseline weather, so the yields though smaller, seem to
become more stable under the changed weather, especially in the case of the
GISS and the GFDL scenario. Biomass results showed similar characteristics
to the yield. The average values of the maximum leaf area index increased a
little for all the three GCM scenarios, while the standard deviations decreased.
These results are shown in Figs. § and 9.
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Fig. 8. Averages (a) and standard deviations (b) for the modelled development variables of
maize for the various climate scenarios.
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The above results may seem surprising, as maize, being a crop of tropical
origin, was expected to utilize the increased temperature better, and produce
higher yields under the changed weather, but the shortened growing season and
the changed distribution of precipitation under this shorter growing season
counteracted the results of the advantageous temperature patterns.
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Fig. 9. Averages (a) and standard deviations (b) for the modelled production variables of
maize for the various climate scenarios.

5.2 Wheat

In the wheat experiments altogether 15 baseline weather years were avail-
able together with 15 GISS-years, 15 GFDL-years and 15 UKMO-years. So
altogether 60 simulation experiments were carried out above the validation runs

described earlier.
The following result variables were considered in the assessment:

— the grain yield (t/ha),

— the amount of above ground biomass (t/ha),
— maximum leaf area index (LAI max),

— anthesis date,

— maturity date.
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Results showed that similar to maize, the anthesis and maturity dates
occurred earlier and the growing season became significantly shorter for all of
the climate change scenarios. The fastest crop development occurred in the case
of the UKMO scenario, with an average of 42 days shorter period from sowing
to maturity in comparison to the baseline, while under the GFDL scenario
maturity occurred 25 days earlier on the average, and under the GISS scenario
22 days earlier in average than under the baseline weather.

The average biomass production slightly increased for all the three climate
change scenarios, and the standard deviation decreased. In the case of grain
yield the GISS scenario resulted in a yield only 87%, the GFDL in a yield
72%, and the UKMO scenario in a yield 75% of the baseline average. It is true
again that standard deviations of grain yield decreased for all the climate change
scenarios, but it can be explained by the decrease in yield, and does not
necessarily suggest more stable yields. It is also true for winter wheat that the
15 year average value for maximum leaf area index slightly increased while the
standard deviation was somewhat reduced (see Figs. 10 and 11).
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Fig. 10. Averages (a) and standard deviations (b) for the modelled development variables
of wheat for the various climate scenarios.
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5.3 Adjustment in agrotechnology to diminish unfavourable consequences

The present study also tried to assess whether modifications in agrotech-
nology could diminish the disadvantageous consequences of the climate change,
or even turn them to advantageous results. These investigations were limited to
the maize crop and for adjustments in sowing date and choice of variety.

In the original experiments the sowing date of 20 April and the variety
Pioneer 3901 were used. In the sowing date adjustment experiments the impacts
of 10 days earlier and 10 days later sowing were assessed.

Surprisingly, the three climate change scenarios produced different results.
In the case of the GISS scenario neither the earlier nor the later sowing
increased either grain yield or biomass production of the maize crop. For the
GFDL scenario the later sowing at 30 April resulted in a slight increase in grain
yield, which, however, was still lower than the baseline yield under the original
sowing date. For the UKMO scenario the earliest sowing, that is, 10 April
resulted in the best yield, but it is also lower, than the original baseline yield
of 20 April (see Table 2).

In the variety choice experiments Pioneer 3382, a variety of longer growing
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Table 2. The effect of sowing date on maize production under various weather scenarios

Variety: Pioneer 3901 ) Weather scenario
Sowing date: 10 April Baseline GISS GFDL UKMO
Maturity date 2 Sep 6 Aug 28 Jul 20 Jul
Grain yield (kg/ha) 8261 8199 7749 7890
cv% 40.6 40.9 43.2 42.5
Biomass (kg/ha) 15726 15895 15655 16307
cv% 5.2 5.1 52 5.0
Sowing date: 20 April Baseline GISS GFDL UKMO
Maturity date 5 Sep 13 Aug 31 Jul 25 Jul
Grain yield (kg/ha) 8567 9285 7961 7354
cv% 39.1 36.1 42.1 45.6
Biomass (kg/ha) 15947 17285 16099 15251
cv% 5.1 4.7 5.1 5.4
Sowing date: 30 April Baseline GISS GFDL UKMO
Maturity date 13 Sep 18 Aug 5 Aug 2 Aug
Grain yield (kg/ha) 9096 8716 8254 7484
cv% 36.9 38.4 40.6 44.8
Biomass (kg/ha) 16349 16562 16694 16188
cv% 5.0 4.9 4.9 5.0

season was compared to Pioneer 3901 at the sowing date 20 April. Pioneer
3382 produced much higher grain yields and biomass results for all the three
climate change scenarios than the bascline yield of Pioneer 3901, but in
comparison with the yield of Pioneer 3382 under the baseline climate, only the
GISS scenario led to a yield increase (see Table 3).

It has to be remarked, that the results of the variety choice experiments have
to be handled with caution, because before having compared the performance
of the two varieties the genetic parameters defining the variety characteristics
should have been carefully tested, validated. The present study could not carry
out this task due to lack of field observations for Pioneer 3382. Summarising
the results of the present impact assessment it can be stated that adjustments in
agrotechnology, such as careful choice of the sowing date and the variety sown,
offer a possibility to compensate for, or at least diminish the unfavourable
consequences of climate change.
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Table 3. The impact of various climate scenarios on various maize varieties

Variety: Pioneer 3901 Weather scenario
Sowing date: 20 April Baseline GISS GFDL UKMO
Maturity date 5 Sep 13 Aug 31 Jul 25 Jul
Grain yield (kg/ha) 8567 9285 7961 7354
cv% 39.1 36.1 42.1 45.6
Biomass (kg/ha) 15947 17285 16099 15251
cv% 5.1 4.7 5.1 5.4
Variety: Pioneer 3382 Weather scenario
Sowing date: 10 April Baseline GISS GFDL UKMO
Maturity date 4 Oct 5 Sep 18 Aug 9 Aug
Grain yield (kg/ha) 14335 15703 13705 11964
cv% 23.4 21.3 24.4 28.0
Biomass (kg/ha) 21618 23873 22273 20728
cv% 3.8 3.4 3.7 3.9
6. Summary

The above assessment was aimed at assessing the impacts of a possible
greenhouse gas-induced climate change on the winter wheat and maize yields
in Western Hungary. As the forecasts regarding this future climate change are
rather uncertain at present, three different climate change scenarios were used
for the present study. There are serious inherent limitations in these climate
scenarios, e.g. severe methodological problems arise in creating regional
climate change scenarios from the outputs of global climate models. Another
problematic issue is to construct daily weather time series from the outputs of
climate models which produce results as seasonal, or at most detail, monthly
averages for the changed climatic parameters. Another important research area
would be to work with so-called ‘transient’ scenarios instead of the ‘equilibri-
um’ scenarios used here, which could describe the expected climate change as
a gradual, dynamic process in time.

The application of crop growth simulation models as tools for climate
change impact studies also present some difficulties. In the present assessment
the location of the study was the Keszthely area, because field observations and
historical weather data were available from this region. In order to use crop
models for climate impact assessment studies it is necessary to test and validate
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the genetic parameters describing the variety dependent characteristics of the
crop varieties, and for this purpose many field observations from several
locations would be necessary. A further research task could be to evaluate the
impacts of nitrogen fertilization and the nitrogen balance of the crop, which
may again lead to interesting conclusions under the changed water balance
patterns of the changed climate.

A further issue is the choice of statistical methods to compare the present
and ‘future’ performance of the crops in question. The present study used only
a simple comparison of averages and standard deviations, though it might be
more important to compare the distributions of the crop yield, and to analyse
the probabilities of the occurrence of low and high yields. The techniques of
risk assessment and stochastic dominance could be suitable tools for these
analyses in the future.
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Abstract—A few attempts were made in Hungary about ten years ago for the estimation of
wind fields from the displacement of clouds in successive METEOSAT infrared images.
These techniques were not fully automatic and at that time the image information was
converted into digital data. Now sequences of METEOSAT infrared data are available in
digital form every half an hour. It enables the automatic derivation of cloud motion winds
from carefully aligned successive satellite images. In this paper the first stage of this
automatic method elaborated by us is described. The vectors derived from a twenty-day
period are compared with radiosonde measurements and results are presented in this study.

Key-words: cloud motion winds, METEOSAT infrared images, automatic derivation.

1. Introduction

The basic principle of wind determination using geostationary satellite image
data is quite simple. The starting point is always a sequence of satellite images,
all covering the same area of the Earth’s surface. These images are then
standardized with each other very carefully, so that the coastlines and the earth
horizons coincide from image to image. Then following the movement of clouds
across the sequence with different techniques, the wind vectors can be derived.

These techniques include direct measurements of cloud motion from
projected time lapse film loops, man machine interactive methods and automatic
methods. The cloud motion winds were first determined from carefully aligned
successive ATS visible pictures with a cross correlation technique by Leese and
Novak (1971). The various stages of the automatic method were described in
detail by Bowen (1979), Rékéczi and Kovdcs (1981), Schmetz and Nuret (1987),
Schmetz (1991).
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2. Image data

The geostationary METEOSAT satellites observe the Earth with an imaging

radiometer in three channels:
VIS: solar spectrum between 0.4 and 1.1 pm,
IR: infrared window region between 10.5 and 12.5 um,
WV: water vapour absorption band between 5.7 and 7.1 pm.

Images are taken at half hourly intervals and the spatial resolution is 2.5 X
2.5 km? in the VIS and 5 X 5 km? in the IR and WV channels.

METEOSAT IR images form the database for the automatic tracking of
clouds with a cross-correlation. Three successive IR images are used to
determine a wind vector. We used an image at the time 12 UTC and images at
times h +30 min, that is an image at the time 11.30 UTC and an image at the
time 12.30 UTC, in order to eschew inaccuracy proceeding from time dif-
ference, when the results are compared with radiosonde measurements. The
basic square unit of processing is the segment. This is an array of 32 X 32 IR
pixels called target area, which is cut out from the central image. The centre
of each segment is always at a fixed geographical location.

Since the wind vectors are derived from the displacement of clouds, it is
necessary that lands and seas, where pixels do not contain clouds, are left out
of consideration. Empirically estimated threshold values are used for this
purpose.

The wind vectors are computed for such locations, where radiosonde
measurements are carried out regularly. Thus the inaccuracy proceeding from
different locations of the calculated and measured vectors can be avoided, when
the cloud motion winds are compared with radiosonde values.

If the wind vector is computed for a given station, the centre of segment is
determined by its position. Then the ¢, A coordinates of the station are con-
verted into x, y coordinates of satellite image, which are the coordinates of cent-
re of segment.

3. Wind vector determination

The target area is cut out from the central image at time 12 UTC. The
search area is an array of 3 X 3 segments cut out from the subsequent image at
time 12.30 UTC. The search area is centered on the same pixel as the target
area. The target area is moved stepwise over the search area. Correlation
coefficients are computed for two pairs of the successive images.

If the best match is found between the target area and the central segment
of the search area then there is a calm. If the match is good enough displaced
from the centre, then the clouds have moved during the intervening period, and
the displacement from the centre presents the wind velocity.
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There are 65 X 65 possible displacements of the target area within the large
search area. For each location the correlation coefficient between the target area
and search area is computed. These correlation coefficients can be thought of
as a correlation surface and its peak gives the best match between the two
images. So the highest value of the correlation coefficients is searched. The
distance and direction of the peak from the centre indicate the cloud motion
wind vector.

Consequently, starting and extreme points of wind vector are known in the
satellite image (x;,y; ; X,,y,). Converting this coordinates into geographical
coordinates x;,y; = ¢;,A; and x,,y, = ¢,,\,, the speed (v) and direction (8) of
the cloud motion wind are given by the following formulas (Tdnczer, 1988):

cos ¢, = singp, singp, + cos¢, cos g, cos (N, - A)), M
Ry
|VI = g ) (2)
5 =¥

sin (A, - A, cos ¢,
sin ¢ i

B = arcsin 3)

where ¢, is the spherical distance between the two points, R is the Earth’s
radius, 7, and 7, are the image taking times.

4. Symmetry check

However, the cloud patterns can repeat themselves in the successive images,
so there is a chance to find wrong local maximum. Therefore use of a quality
check based on symmetry criteria is needed. The same process as outlined in the
previous chapter is repeated, comparing the image at time h (12 UTC) with the
image at time h -30 min (11.30 UTC). This symmetry check rejects all vectors
for which the vector pair speeds or directions are not symmetrical within certain
thresholds (Schmetz and Nuret, 1989).

5. Height assignment
The following step is to perform the height assignment of wind vector. The
IR radiance is used for cloud height attribution. The brightness value of starting

point of the wind vector is converted into a temperature by means of the
Planck’s relationship. The temperature of the cloud top can be converted into
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a pressure or height if the atmospheric profile is known. The height of starting
point of wind vector is computed using the TEMP data of the given station.

6. Results and conclusion

A twenty-day overcast period was selected. Each day the TEMP data and
IR images at time 11.30 UTC, 12 UTC and 12.30 UTC were used for the
study. Fourteen stations were selected in the vicinity of Hungary, where radio-
sonde measurements are performed regularly at these times. So 280 wind
vectors have been produced. From these

— in 42 case there were no TEMP data at the given station;
— in 13 case there was no cloudy pixel in the segment;
— 96 vectors are removed by the symmetry check.

So in all 129 wind vectors have remained for comparing with radiosonde
measurements.

It is remarkable that the use of a symmetry check has decreased the number
of wind vectors from 225 to 129. Our examinations, however, prove that values
removed by symmetry check are really very different from radiosonde values.
If the calculations are performed to all segments of a greater area, then after the
symmetry check enough wind vectors will remain to characterize the wind field.

The results obtained by comparing of the cloud motion winds and radio-
sonde measurements are presented in figures.

In Fig. 1 the frequency distribution of differences between the wind speeds
derived from images and measured by radiosonde can be seen. Small differences
are observable in most cases, although large differences also occur (24 m/s

< Av < 26 m/s) in some cases. The

Is largest frequency of the distribution
L3 falls in to the interval of 2-4 m/s. So
g 1 the peak is shifted to positive direc-
e g tion.

87 Fig. 2 shows frequency distribu-
E g ] tion of differences in case of differ-
3 ent level winds derived from low
(%) .“hlﬂ., 1 Iuﬂl[”]ﬂ'ﬂ (<2000 m), medium (2000-7000 m)

and high-level (>7000 m) clouds.
The peak is shifted to positive direc-
tion in case of low-level clouds,
however, the result cannot be con-
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Fig. 1. Frequency distribution of differences

(Av (m/s)) between wind speeds from cloud
motion and radiosonde in all cases of our
examination.
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Fig. 2. Frequency distribution of differences (Av (m/s)) between wind speeds from cloud
motion and radiosonde in cases computed from low-level (< 2000 m), medium-level (2000-
7000 m), high-level (> 7000 m) clouds.

of medium-level clouds comparing with Fig. 1. The smaller windspeed
differences occur more frequently, but the great differences only in a few cases.
It means that our calculation gives more accurate results in case of medium-level
winds. There is a less significant peak of the windspeed differences in case of
high-level clouds, which tends to negative direction, so the high-level winds are
slightly underestimated.

The frequency distribution was examined in different windspeed categories
(0-10 m/s, 10-20 m/s, 20-30 m/s) as well, which can be seen in Fig. 3.
General shift to positive direction can be observed in case of windspeed under
10 m/s. The peak is between -4 m/s and -2 m/s in case of medium wind speed,
but two secondary maximum occur at 4 m/s and 8 m/s. The shift to negative
direction in case of strong winds follows from the underestimation of the high-
level winds.

Frequency distribution of differences of the wind direction is represented in
Fig. 4. Nevertheless, in Fig. 5 the same is shown in cases of low, medium and
high-level winds. The differences of wind directions are close to a normal
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Fig. 3. Frequency distribution of differences (Av (m/s)) between wind speeds from cloud
motion and radiosonde in cases of measured wind speeds ranging 0-10 m/s, 10-20 m/s,
20-30 m/s.

distribution with a peak at 0. The separation of the three levels did not give

more characteristic results.

Considering the simplicity of this method, rather good results have been
achieved. Further improvement of the results can be expected by means of de-
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velopment of the method, for
instance: application of multi-
spectral image analysis and radi-
ance slicing technique, refining
the location of the peak on the
correlation surface.

Fig. 4. Frequency distribution of differen-
ces (Af (degree)) between wind directions
from cloud motion and radiosonde in all
cases of our examination.



Number of cases

O = N W & L O\ N ® O

-60 -50 -40-30-20-10 0 10 20 30 40 50 60

AB (degree)

9
8 .
low-level % medium-level
o 7
&
o 6
5
= 5
O
g 4
=z 3
2
[ 1

-60 -50 -40-30-20-10 0 10 20 30 40 50 60
AB (degree)

Number of cases

S = N W H U N N ® O

high-level

-60 -50 -40-30-20-10 0 10 20 30 40 50 60

AB (degree)

Fig. 5. Frequency distribution of differences (AB (degree)) between wind directions from
cloud motion and radiosonde in cases computed from low-level (< 2000 m), medium-level
(2000-7000 m), high-level (> 7000 m) clouds.
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_——— BOOK REVIEW —_

Meadows, D. H., Meadows, D. L. and Randers, J.: Beyond the Limits.
Chelsea Green Publishing Company, Vermont (USA), 1992. pp. XIX and 300.
ISBN 0-930031-55-5 (hard cover): 19.95 §.

More than twenty years ago the same authors published an international
best-seller entitled ‘The Limits to Growths’. This book was sold 9 million
copies in 29 languages. In this famous volume it was argued that the world
economy goes towards its limits. In other words: if everything remains
unchanged, the limits to physical growth on the planet-Earth would be reached
during the next century. In the present book the authors express their view that
in many respects the limit has already overshot: we are ‘Beyond the Limits’.
They conclude, however, that the decline is not inevitable: a sustainable society
is still technically and economically possible.

In the first chapter of the book the definition of the overshoot is given: it
means that one goes beyond limits inadvertently, without meaning to do so. In
the second chapter it is explained that the overshoot is due to exponential
growth in world population and world industry. In many parts of the planet the
population growth has resulted in poverty. There is a positive feedback between
population growth and poverty. The situation is the worst in Africa, where the
food production per capita has decreased since 1960.

The limits are overshot when the balance between sources and sinks is
deteriorated. The problem is caused by the fact (Chapter 3) that both population
and industrial capital (hardware, machines, factories etc.) have a potential for
self-reproduction. For this, people need food, water, air and nutrients to grow,
while machines need energy, water and air, minerals, chemicals and biological
materials to produce goods and to make more machines. The quantity of these
is limited in the Earth, more exactly it is in equilibrium because of the
interaction of sources and sinks.

The sustainability is destroyed if the renewable resources are not regener-
ated, or the nonrenewable resources are not substituted by renewable resources
at the rate of their use (e.g. when we use oil and the profit is not invested in
solar collectors or in tree planting). Further, for a pollutant a sustainable rate
of emission must be below the rate at which the pollutant is recycled. This
indicates that we have to learn the dynamics of growth in a finite world as it
is discussed in Chapter 4.

Chapter 5 of the book is devoted to the ozone story since the use of freons
has already destroyed the balance of the formation and natural removal of strat-
ospheric ozone. This example is applied by the authors to explain what does
it mean that we are beyond the limit and how we can restore the natural state.
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Chapter 6 is entitled: ‘Technology, markets, and overshoot’. The main
message of this chapter is that technology and free market can not solve alone
the problem we face in spite of the spectacular development of technology and
successes of the free market. This is illustrated by using a computer model
called World3 elaborated by the authors. Thus, it is concluded that we have
only two possibilities: the overshoot and collapse or ‘controlled reduction of
throughput by deliberate social choice’.

Chapter 7 of the book is interesting in particular. The meaning of a
sustainable system is presented in detail. The authors cite the memorable words
of the World Commission on Environment and Development according to
which a sustainable society is one that ‘meets the needs of the present without
compromising the ability of future generations to meet their own needs’. In
such a society the properties of the human heart and soul are different to the
present ones. Thus, we have to change not the technologies, markets or
governments but our own mentality. Finally, in the last chapter the authors
express the hope of all of us that mankind is not before a collapse, but before
the realization of a sustainable economic and social system.

It goes without saying that the present book can be proposed to everybody
who cares about our present and future. Although the authors are economists,
the text is readable by any educated person. The volume is recommended
particularly to those meteorologists who are interested in climate variations and
their relationships with world population and economic development.

E. Mészaros
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NEWS

Scientific aspects of sustainable development

On the occasion of the General Assembly of the Hungarian Academy of
Sciences a joint conference was organized on May 11, 1994 by the Department
of Earth Sciences and the Commission of the Environmental Science of the
Academy for discussing the scientific aspects of the concept of sustainable
development. At the meeting Hungarian scientists of different disciplines
outlined their view on the subject.

As it is known a sustainable society satisfies its needs in harmony with the
environment. It can persist and makes the life for future generations possible.
This simple definition becomes rather complicated if we want to define the
word ‘need’. The question is even more complex if one intends to say exactly
what does ‘development’ mean. It is certain that a sustainable society cannot
be poor. However, to cease the poverty on the Earth it would be necessary to
increase considerably the standard of life of less developed part of the world.
People in these country need a lot of energy, food and goods. How it is
possible to meet this requirement without destroying further the environment,
the biosphere and natural resources? On the other hand, how it is possible that
people in more developed countries moderate their consumption without
decreasing significantly the quality of their life? In other words: is the
sustainable development a real concept?

During the conference it was more or less agreed that the evolution of our
planet has been controlled by the presence of the biosphere. On the basis of
physical and chemical principles we cannot simply explain why the planet-Earth
is habitable (this point was stressed by G. Marx). It follows from this argument
that the protection of the biosphere is of crucial interest for mankind. Thus, the
conservation of the biodiversity is one of our most important tasks (G. Vida)
for future. An other essential problem is to mitigate the global air pollution
which can cause inadvertent climate modification. In this respect the scientific
problems of climate forecasting was discussed. G. Major concluded that, beside
the influence of greenhouse gases, anthropogenic changes in planetary albedo
should also be considered to foresee more precisely climate of the next century.

Several speakers expressed the view that the continuation of the present
growth in population and economy and —consequently —the present modification
of the environment will lead to serious world-wide problems. Possible solutions
were proposed to solve the economy-environment dilemma. G. Vajda spoke
about the improvement of the energy production and air-cleaning technolo-
gies as well as about the necessity of a more efficient energy and material use.
G. Enyedy stressed the need for a new taxation system which takes into account
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the environmental effects of the production. The view generally accepted by the
participants was formulated by R. Czelnai who argued that the concept of
sustainable development is realizable only if the mentality of people can be
modified. Such an ‘impractical’ philosophy is necessary which gives sense to
human life without the continuous accumulation of material goods.

The conference was closed by 1. Ldng, session chairman, who mentioned,
among other things, the difficulties of the present Hungarian economy which
make the environmental management in the country even more complicated.
However, he expressed his hope that the coming new Hungarian administration
will do everything possible to take part in international efforts aiming to move
human societies towards the realization of sustainable development.

E. Mészdros
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