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Abstract

Most climate impacts studies, whether they deal with, for instance, terristric or
marine ecosystems, coastal morphodynamics, storm surges and damages, or socio-
economic aspects, utilize “scenarios” of possible future climate. Such scenarios are
always based on the output of complex mathematical climate models, whenever they
are in any sense detailed. Unfortunately, the user community of such scenarios usually
is not well informed about the limitations and potentials of such models. On the other
hand, the climate modeller community is not sufficiently aware of the demands on
the side of the “users”.

The state of the art of climate models is reviewed and the principal limitations
concerning the spatial/time resolution and the accuracy of simulated data are dis-
cussed. The need for a “downscaling strategy” on the climate modeller side and for
an “upscaling” strategy on the user side is demonstrated. Examples for successful
exercises in downscaling seasonal mean precipitation and daily rainfall sequences are
shown.

*Paper presented at the 13th International Congress of Biometeorology, Calgary, Canada, September 12-18,
1993
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1 Introduction

The notion that the ongoing increase of green-
house gas concentrations in the atmosphere
will ultimately change the climate On Earth
has become widely accepted in the public af-
ter having circulated in physics and meteorol—
ogy for seven decades since the first hypothe-
sis by Arrhenius in 1898. In consistence with
the enhanced public awareness many scientific
programs have been launched on the details of
the expected climate change. Because of the
separation of science in many almost indepen-
dent “science states” the interaction between
different disciplines, such as climatology and
coastal dynamics, hydrology and ecology, is of-
ten insufl‘icient. This insuflicient communica-
tion causes methodical errors in the evaluation
of possible impacts of climate change. One er-
ror refers to the spatial scales. On the side of
climate modelling large scales are of the order
of several thousand kilometers; on the “user”
side often spatial scales of hundred or less kilo-
meters are regarded as being “large scale”.
Climate people deliver (potentially reliable)
information on their large scale and “users”
request large-scale information on their large
scale. Unfortunately, the meaning of “large
scale” deviates significantly on the two sides,
with the effect that the output/ input scales do
not match. This contribution deals with the
clarification of this mismatch and with a pos-
sible cure, named “downscaling”, to deal with
it.

2 Data Requirements for
Climate Impact Studies

Climate Impact studies usually require de-
tailed information on present or future climate
with high resolution and accuracy (Robinson
and Finkelstein, 1991). For instance, hydrolo—
gists ask for daily data with a spatial resolu-

tion corresponding to a catchment. Coastal
engineers want information on the sea level
rise and the frequency and intensity of storms,
and the resulting extreme value statistics for
high- and low waters, for such “small” areas
like the Netherlands or the Southern Baltic
coast. Insurance companies need to assess the
frequency distributions of the strength of max-
imum gusts. The oil industry asks for changes
in the extreme wave heights in order to guar—
antuee the safety standards of their offshore
structures. Ecologists who are studying the
dynamics and responses of forests in moun—
taneous terrain need information of monthly
mean rainfall and temperature with a spatial
resolution of a few kilometers (Gyalistras and
Fischlin, 1993). The modelling of the pop-
ulation of red deer requires information on
monthly snow height; agroecosystem models
or insect population models need daily data
as input (after Gyalistras et al., 1993; see also
Parry, 1990). Sometimes quite detailed infor-
mation is required. An example is an agroe—
cosystem model simulating the potential yield
of a wheat field as a response to climate forcing
functions, which looses most of its skill when
forced with observed meteorological data from
the same time interval but from a weather sta-
tion about 100 km away (Nonhebel, 1993).

3 The Standard Approach
in Impact Studies

Many studies of systems, which are suspected
to be sensitive to climate change, such as the
physics or the biology of the North Sea, the
hydrology of a river or a lake, or ecosystems
in an Alpine valley, make use of statistical or
dynamical models. These models run with
internal parameters which have been tuned
to describe the influence of the present day
climatic environment. Sometimes the value



of these parameters is inferred from field ex-
periments under controlled external conditions
and from observed climate data of high accu-
racy and high spatial and temporal resolution.
For present day climate this approach is ade—
quate since the atmospheric (oceanic) forcing
functions are indeed known with high accuracy
and resolution.

Within this approach the response of the
system to climate change is derived by run—
ning the model with the new forcing functions
that are expected in the new climate. Fre—
quently these forcing functions are taken di-
rectly from the output of General Circulation
Model (GCM) experiments. To infer the re-
sponse of the considered system to future cli—
mate change, then, the maps of climate model
output are taken as forcing functions. Usually
these maps represent the difference A between
the simulated future climate and the simulated
present climate. Then the present days cli-
mate C plus the “signal” A together are used
as forcing function. The motivation for this
approach is the believe that climate models
would correctly simulate the deviations from
the normal in climate change experiments.

A is given on a grid because the numeri-
cal models integrate the discretized differential
equations of the thermo- and hydrodynamics
of the atmosphere and of the ocean on a grid
(examples of horizontal grids are given in Fig-
ure lA-C). In climate impact studies, however,
the output of climate models is often implic—
itly considered as a continous field. Then, the
gridding is just a convenient way to store the
output economically; the information resolved
by the grid is reliable and the sub-grid scale in-
formation may be recovered from the gridded
data simply by spatial interpolation.

With such a concept in mind it is fully con-
sistent to use the output of the G158 model,
which operates on a 7.5o X 100 latitude >< lon-
gitude grid (see Figure 1B), and to try to in-
fer the details of possible climate change on

the northern and southern slopes of the Alps
(Ozenda and Bore], 1990). Obviously such an
approach is simply wrong.

Some models of suitability to grow cer-
tain crops or to host tourists, require as
input the annual cycles of monthly mean
temperature and precipitation (for instance
CLIMAPS, CRU and ERL (1992) or Leemans
and Solomon (1993)). Nicely coloured dia-
grams are produced which show the response
of these models to a changed climate 0 + A
on a resolution of 50 x 50 km2. All informa-
tion on this scale comes of course from C since
the grid scale of A is typically of the order of
500 >< 500 km2.

Pulses [or year 1970

Pulses lov year 2050

Figure 2: Present day potential distribution
of pulses and scenario for the year 2050 cal-
culated from a climate model. From Leemans
and Solomon (1993).

As an example we show in Figure 2 the po-
tential distribution of (non-irrigated) pulses as



Figure 1: January mean precipitation in the Mackenzie Valley, Canada, as given by the often
used output of three climate models (A: GFDL, B: GISS and C: OSU) and as given from point
observations (D). Units: equivalent millimetres of water. From Stuart and Judge (1991).

derived by Leemans and Solomon (1993) from
present day conditions and from the climate
change associated with a doubling of 002 as
calculated by the GFDL model (the same from
which Figure 1A is derived).

4 The Skill of Climate
Models

4.1 The Failure of Climate Mod-
els o-n the Regional Scale

Present—day climate models are GCMs. As
such these models are designed to simulate the
large scale state of the climate. The larger
the scale the more reliable is the simulation
of a feature. At the lowest end of the spa-
tial resolution, with scales of one or a few



European part of the land-sea mask for different T—model resolutions
:1) T21

c) T63

b) r42

d) T106

Figure 3: Spatial discretization of Europe in a climate model with “T21”, “T42”, “T63” and
“T106” resolution.

grid distances, the climate models have little
or no skill (Grotch and MacCracken, 1991).
Mean annual cycles of precipitation or near-
surface temperature at grid points deviate in
part strongly from respective observed annual
cycles (von Storch et al., 1993). The ECHAM
T21 model was found to simulate the annual
cycle of Central Europan rainfall being 1800
out—of—phase with respect to observations (Ur-
banowicz et al., 1992). Figure 1 shows the
failure of three frequently used climate mod-
els to simulate the intensity and pattern of the
January mean precipitation in the Mackenzie
Valley (Stuart and Judge, 1991).

There are several reasons for the failure of
the models on the regional scale which we de-
fine here as several mesh sizes of the model’s
grid (with the implication that the 1000 km

scale must be attributed to regional scales in
a “T21” model but to the large scales in a
“T106” model):

0 The spatial resolution provides an inade-
quate description of the structure of the
earth’s surface. The land-sea distribu—
tion is heavily smeared out. Most cli-
mate models in the past have operated
with a “T21” resolution, many models
still do so in these days and the up-
coming generation of models is integrated
with a “T42” resolution. Figure 3 visu-
alizes the spatial resolution for Europe
for these two resolutions. (The “T63”
and “T106” resolutions are also shown -
models with such a resolution will not be
available for long-term experiments in the
near future; shorter experiments may be



done occasionally.) The mountains ap-
pear as broad flat hills. A clear exam-
ple for the limitations of climate models
is provided by the complex variations of
the annual cycle of precipitation in the
Alps: in the northern side a summer rain-
fall maximum is observed, somewhat fur—
ther south a semi—annual component be-
comes dominant, and even further south,
in the mediterranean climate, a Winter
maximum prevails (Fliri, 1974). Present—
day climate models are not able to re-
produce this fact, let alone to predict its
changes in a new climate.

0 The hydrodynamics of the atmosphere are
non-linear and the energy, which is fed
into the system on the cyclonic scale, is
cascaded to smallest scales through non-
linear interactions. Because of the numer-
ical truncation this cascade is interrupted
and the flow to smallest scales is parame-
terized. This parameterization affects the
smallest resolved scales most strongly (see
Roeckner and von Storch, 1980).

o Sub-grid scale processes in the models are
parameterized. These parameterizations
have been fitted globally and might not
be equally adequate for different parts of
the world.

4.2 The Success of Climate Mod-
els on the Large Scale

The comparison of simulated global mean
maps with observed ones yields that the mod—
els are quite powerful in the reprOduction
of large-scale features (e.g. Hadley cell, ex-
tratropical storm tracks) but that there are
considerable differences on the regional scale
(Houghton et al., 1990). As an example we
show in Figure 5 the latitude-height cross-
section of the zonally averaged zonal wind as

derived from observations and as simulated by
a GCM. Also, the models are capable to re-
produce the planetary scale EOFs (Empirical
Orthogonal Functions) as dominant modes of
large-scale variability (Zorita et al., 1992, von
Storch et al, 1993; Zorita et al., 1993). We
already mentioned above that a scale might
be “large” in a high resolution model but “re-
gional” in a low-resolution model.

Figure 5: Latitude-height (in deg and liPa)
cross-section of the zonally averaged zonal
component of the Wind in Winter (December-
January—February) calculated from analyses
(of operational observations) and from the
output ofa GCM. Units: m/sec. From Roeck-
ner et al. (1992).
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Figure 4: Concept of statistical downscaling.

The fact that the models do a credible job on
the global scale and fail on the regional scale
seems to be a contradiction. But this is not
the case. The global climate is the response to
the large-scale structure of the earth’s surface
(land—sea distribution, topography) and to the
differential heating. The regional climates, on
the other hand, represent the result of an in-
teraction of the global climate and regional de—
tails. Therefore, it is possible to simulate the
global climate adequately even though none of
the regional climates is simulated realistically
in its details.

5 Synthesis: Downscaling
Procedures

The spatial scale gap between climate research
and climate impact studies has to be bridged
by “downscaling” on the side of the climate
research and “upscaling”1 on the side of the
climate impact research. Here, downscaling
means to use information from the climate
model output which is considered to be mod-
elled reliably and to relate this information

1With the expression “upscaling” we refer to the
process of desensitise an impact model such that it can
produce useful responses even if forced with somewhat
uncertain climatological input. Possibly, the expres-
sion has been coined with another meaning earlier in
other disciplines.



by means of dynamical or statistical models
to regional or local parameters which are not
adequately modelled by the climate models.
In general, the larger the scale the larger the
chances to simulate the parameter reliably.
Upscaling means to modify the impact models
in such a manner that they can be run with
forcing functions with the considerable uncer-
tainty that is to be expected from general cir—
culation models.

Three strategies for downscaling have been
proposed:

0 Statistical Models relate large-scale infor—
mation to regional climates (von Storch
et al., 1993). The models are fitted to
observed data. A meaningful downscal-
ing strategy is obtained by the procedure
outlined in Figure 4. 1n the following sec-
tions we will deal exclusively with this
approach. The merits of the statistical
downscaling concept are demonstrated by
two hydrological examples.

0 In the Combined Analogue — Dynami-
cal Modelling Approach all possible large-
scale situations are categorized into a fi-
nite set of characteristic situations, for
instance Grosswetterlagen. For each
of these characteristic situations a de-
tailed integration with a mesoscale cli-
mate model is run. The climate change
scenario is then determined through the
changed frequency of the characteristic
situations. An examples of this approach
has been put forward by Frey-Buness et
a1. (1993).

o A powerful alternative approach is the
use of dynamical Limited Area Models
(LAMs) which are forced with large-scale
information from a climate model. The
feasibility of this approach has convinc-
ingly been demonstrated by Giorgi et a1.
(1991). However, one has to keep in mind

that the principal limitations of dynami—
cal models, which arise from the limited
spatial resolution, also hold for LAMS -
on a smaller scale.

6 Example: Sea-
sonal Mean Rainfall on
the Iberian Peninsula

In this example, winter (DJF) mean precipi—
tation from a number of rain gauges on the
Iberian Pensinsula are related to the air pres—
sure field over the North Atlantic (for details,
see von Storch et al., 1993). Through a Canon-
ical Correlation Analysis a couple of spatial
patterns f5 and Ö and of time coefficients a(t)
and ,6(t) are identified such that a(t)13 rep-
resents a significant part of the Iberian rain-
fall variance in winter and ‚ß(t)Q monitors the
large-scale state of the atmospheric circulation
over the North Atlantic. Moreover, the time
series a(t) and ,6(t) are optimally correlated
so that the information given by L(t) = ß(t)Ö
may be regressed on R(t) = a(t)13.

The parameters of this regression model are
fitted to data from 1950 to 1980. The scheme
is tested with independent data from 1901 to
1949. The resulting mean rainfall, averaged
over all stations, derived indirectly from the
air pressure distribution as well as given by 10-
cal measurements are shown in Figure 6. The
overall upward trend as well as low-frequency
variations are reproduced by the “downscaling
model” indicating the usefulness of the tech-
nique as well as the reality of both the trend
and the variations in the Iberian winter pre-
cipitation.



ARE
A

AVE
RAG

EO
RAI

NFA
LL

[m
m/

mo
nlh

] l l I5 ‘i’EMtY RUl'UNIhlG Mimi j

\l o f
IT

II
H

I'
IT

ESTIMATED

on O L

IN SITU
OBSERVAHCIHSlI

lI
I
lI
I
I
ll
I
I
I
I
I
lI
I
I
l

'

1900 19'20

Figure 6: Winter mean rainfall averaged
for Iberian rain gauges - calculated from lo-
cal measurements and derived indirectly from
variations of the North Atlantic air-pressure
field. From von Storch et al. (1993).

Figure 7: Downscaled and grid point response
of Iberian precipitation in a “2 XCOg experi-
ment”. Units: mm/month. From von Storch
et al. (1993).
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We have applied the downscaling model to a
“2X002 experiment” performed with a “T21”
climate model (Cubasch et al., 1992) and com-
pare in Figure 7 the “downscaled” response
with the gridpoint response of precipitation.
The grid point information indicates a marked
decrease over most of the Peninsula whereas

- the downscaled response is weakly positive.

7 Example: Daily Rainfall
Sequences

With an analog technique realistic sequences
of wet and dry days can be specified if the
large-scale air pressure distribution is known
(for details, see Zorita et al., 1993). The
large scale information L is located in the 25-
dimensional phase space spanned by the co-
efficients of the first 5 Empirical Orthogonal
Functions (EOFs) at day t, t — 1...t - 4 of
the large-scale sea-level air-pressure distribu-
tion surrounding the location of interest.

In the analog technique, the local rainfall
R(t) at some time t is specified as follows. The
coordinates 57(t) in the 25-dimensional phase
space are determined and then, in the set of all
historical cases that time t* is searched which
minimizes H 7(t) — 57(t“) M Then the rainfall
observed at time t" is used to estimate the
rainfall at time t: R(t) : R(t*).

This approach has been tested for several 10-
cations, among others Highstown in New Jer-
sey. Rainfall amount histograms calculated
from local observations as well as derived with
the analog technique from observed air pres—
sure distributions (labelled NMC) and from
control runs with climate models (labelled
MP1 and GFDL) as well as from one “2 x002
experiment” are shown in Figure 8. The local
information is well reproduced by the large-
scale information available in the analyses and
in the models; the impact of a changed atmo-



Figure 8: Histogram of rainfall amount in Highstown, New Jersey, in Winter — calculated from
local observations and derived from large-scale air-pressure information provided by operational
analyses (NMC), by control runs with two climate models (MP1 and GFDL) and by a “2x002”
experiment. From Zorita et al. (1993).
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spheric C02 concentration is small.
A more tricky parameter is the distribution

of the storm interarrival time which is the time
between two rainy days. The cumulative dis-
tribution functions, obtained from local obser—
vations as well as through analog downscaling,
are shown in Figure 9. The analog technique
works well and also the models do a credible
job; the climate change signal is negligible.

8 Concluding Remarks
Statistical Downscaling versus Limited
Area Models. From the presentation and
brief discussion of the examples it is clear that
there is no universal downscaling method valid
for all variables and all regions. Instead sta-
tistical downscaling requires the design of sta—
tistical models on a case—by—case basis. This
should not be too large a disadvantage for the

10

investigator interested in a single region but it
is certainly impracticable for an assesment of
climate change on a detailed regional basis. In
this respect Limited Area Models (LAMS) are
more suitable.

On the other hand, statistical models should
be in most cases easy to develop and test.
If they are able to reproduce the observed
low-frequency variability of the regional cli-
mate, they will likely correctly estimate re-
gional climate changes (provided that the
GCMs correctly simulate the large-scale cli—
mate changes). LAMS are much more difficult
to test. They arequire high quality large-scale
forcing fields which are normally available for
no more than a couple of decades. This means
that one cannot be sure if they can simu-
late regional climates other than the present
one. Statistical methods can be of some help
in this respect: LAMS must be able to rep-
resent the statistical relationship between the
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Figure 9: Survivor functions of the storm in-
terarrival times at Highstown, New Jersey,
in winter — calculated from local observations
(heavy line) and derived through the ana-
log technique from large-scale air—pressure in-
formation available form operational analyses
(dotted), from control runs with climate mod-
els (light line and dashed) and from a “2XC02
experiment” (dash-dotted). From Zorita et al.
(1993).

large-scale fields and the regional climate. A
study of these relationships as simulated by
the LAM can be helpful in improving the dy—
namical model itself.

Daily Weather Sequences. The daily
weather sequences discussed above can be used
sensibly only if the required forcing function,
the daily large—scale weather stream simulated
in the climate models, is realistically simulated
by these models. Whether this assumption is
really valid has hardly been checked so far so

11

that a certain reservation in this respect is rec-
ommended for the time being.
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