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Abstract

An intercomparison of wind characteristics over the North Sea and the
Netherlands is made between the observations. the control runs of the Cana-
dian Climate Centre (CCC) second generation GCM and the ECHAM coupled
ocean-atmosphere GCM, and the enhanced COy runs of these models. Wind
direction, wind speed, the frequency of gales (clusters of high wind speeds), the
storm track (the time filtered variability of the 500 hPa height) and Empirical
Orthogonal Functions (EOFs) of the 500 hPa circulation are constdered. In
general the differences between the control run and the observations are large.
The ECHAM model very poorly reproduces the wind direction distribution and
the CCC model strongly underestimates the mean wind speed over sea during
sumnmer. The gale frequency is reasonable over land in the ECHAM model
but too small over sea in both models. The storm track is in both models less
pronounced than in the observations and in the ECITAM model shifted to the
sonth. The average annual amplitudes of the second and third EOFs in the
CCC model and those of the three principal EOFs in the ECITANM model differ
significantly from the observed ones.

The comparison of the control run and-increased COg runs of the models
shows only in a few cases a statistical significant chiange in the wind character-
istics. These differences are usually small compared to the differences between

the control run and the observations.
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Introduction

On 1 February 1953 an extreme storm coincided with a moderate astronomical spring
tide causing scvere flooding along the coasts of the Netherlands and eastern Fngland.
In responsc to the deaths of approximately 1800 people the Dutch government ap-
pointed the Delta Committee to re-evaluate the height of the sca walls and in the
following decades considerable upgrading of the flood defences took place.

There is a general concensus that the anthropogenic increase of greenhouse gases
will lead to a global temperature increase (Houghton et al. 1990, 1992). This increase
will be largest in the polar regions. Melting of land ice and thermal expansion of
the oceans will, with some delay, result in a sca level rise. Up till now it 1s not
clear how the storm activity will respond to this climate forcing. A decrease of the
average meridional temperature gradient suggests a decrease of the probability of
extreme winds. Warmer oceans, on the other hand, could lead to tropical and mid-
latitude cyclones with increased intensities and/or lifetimes. Recently Haarsma et al.
(1993) reported that the number of tropical disturbances would increase by 50% under
conditions of CO, doubling. Their results also indicate that the maximum wind speed
of the more intense tropical disturbances increases by about 20%. If this would also
be true for extratropical depressions, the flooding probability in the Netherlands with
the current sca wall heights will increase. With the 1953 incident in mind the Dutch
Ministry of Transport, Public Works and Water Management. is very concerned about
the future flooding risk.

In this paper the simulated surface wind over the North Sea and the Netherlands
in the Canadian Climate Centre (CCC) sccond generation General Circulation Model
(GCM) and the ECHAM coupled occan-atmosphere GCM in the present climate is
comparced with observations. For a much larger area, covering most of Western 1ou-
rope, the simulated 500 hPa circulation in both models is compared with the observed
circulation. The 500 hPa circulation determines in which direction weather systems
near the surface and thus also storms propagate. The maxima in the geographical
distribution of the temporal variability of the 500 hPa height are regarded as 'storm
tracks’. An answer is given to the burning question if according to these chimate mod-
els there are solid indications of a change in the storm activity as a result of increasing
greenhouse gas concentrations.

The paper is arranged as follows. Both models and the observations used for com-
parison are described in section 1. To give an impression of the general performance
of the models with respect to the surface wind the average wind direction and the
average wind speed are discussed in sections 2 and 3 respectively. The frequency of
high wind speeds is taken as an indicator of the storm activity and is discussed in
section 4. In section 5 the simulated temporal variability of the geopotential height
is compared with observations. In section 6 an objective classification system hased
on Empirical Orthogonal Eigenfunctions (EOFs) is introduced to study differences in
the 500 hPa circulation. In the final section a discussion and conclusions are given.
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1 Models and observations

1.1 The CCC second generation GCM

The Canadian Climate Centre second generation general circulation model is de-
seribed in detail by McFarlane et al. (1992) and Boer et al. (1992). The CCC model
consists of a three-dimensional atmospheric general circulation model coupled to a
highly simplified occan. The version considered here has 10 vertical levels and em-
ploys a triangular spectral truncation having 32 longitudinal waves (132/L10). The
three-dimensional grid has a horizontal resolution of 3.71° x 3.75°. The current cli-
mate with a CO, concentration of 330 ppm (1xC'0, run) is simulated for a period of
10 years. A second 10 year simulation (2xCO; run) is obtained with twice the amount
of atmospheric CO, (660 ppm). The behaviour of the system as it evolves from one
to the other of these equilibrium states is not considered. From the European window
of the model (224 grid points) four grid points arc discussed in detail: two sea points,
one north-west and one north-cast of the Netherlands hereafter referred to as WS
and ES respectively and two land points, one south-west and one south-east of the
Netherlands respectively WL and EL. In a map of the area, Figure 1, the locations of
the CCC grid points arc indicated with a plus (4). Tor the analysis of the 500 hPa
circulation 154 grid points are used. The model output data are archived twice daily
at 0000 and 1200 UTC. The 10m wind speed and the 10m u and v-components ob-
tained from the model are averaged over the preceding 12 hours. The 500 hPa heights,

however, arc 12-hour samples.

5.6W 1.9E 9.4E 16.9E

Figure 1: Locations of the grid points over the North Sca and the Netherlands for the
CCC model (left) and the ECHAM model (right) relative to the North Sca platforms
(%), Schiphol (1) and De Bilt (2). Land grid boxes are shaded.



1.2 The ECHAM coupled ocean-atmosphere model

The atmosphere component (ECHAM) consists of a low resolution version of the
spectral numerical weather forecasting model of the European Centre for Medinm
Range Weather Forecasts (ECMWIE) which has been modified extensively at the
Max-Planck-Institut fiir Meteorologic in Hamburg for climate applications. The hori-
zontal resolution of this version (ECHAMTU) is limited by 21 triangular spectral waves
at 19 vertical levels (‘121/119). The spectral representation is transformed to a
5.6° x 5.6° horizontal grid. The atmosphere model is coupled to the LSG (Large
Scale Geostrophic) ocean model. To avoid a climate drift of the coupled system a
flux correction is applied. An overview of the model including references to detailed
descriptions of various model components is given by Cubasch et al. (1992).

Besides the control run with constant 1985 cquivalent CQOj; concentration
(390 ppm) which was carried out as a reference the transient 2xCO, run and the
IPCC Scenario-A run are considered. The 2xC'0Q, run describes the time-dependent
response of the coupled system to a sudden doubling of the atmospheric CO, concen-
tration. In this run, the equivalent ('O, concentration is put at a value of 720 ppm
representing a doubling of the CO, concentration relative to the level of the carly
1970s, rather than 1985. The cquivalent CO, concentration in the Scenario-A run is
based on the "Business as Usual’ greenhouse gas emission scenario (Scenario-A) from
the IPCC-report (Houghton et al. 1990) which leads to an equivalent CO; doubling-
time of 60 years. All simulations were carried out over a 100 yvear period, from 1985
to 2084. In this paper only the last 10 years (2075-2084) of the three runs are consid-
ered. For the Scenario-A run the average CO, concentration in this decade is about
2.8 times higher than in 1985 and about 3 times higher than in the early 1970s.

Again four grid points are discussed in detail: one sca point north-west (hereafter
referred to as 0106) and onc sca point north (0206) of the Netherlands, and two land
points; one west of the Netherlands (0107) and one on the Duteh north coast (0207).
The locations of the ECHAM grid points are represented in Figure 1 with dots (e).
The area selected to study the 500 hPa circulation consists of 80 grid points. The
model output is archived twice daily. The modelled 10m u and v-velocity are averaged
over the 12 hour output interval and the 500 hPa heights are 12-hour samples. The
10m wind speed itsell was not available. Instead a 10m wind speed was caleulated as
the root of the sum of the squares of the 12-hour averaged 10m u and v-velocities.
The resulting average 10m wind speed is then somewhat smalier than the irue average
10m wind speed. In real time series the root of the sum of the squares of the 12-hour
averaged u and v components is on average about 0.1 m/s smaller than the 12-hour

averaged wind speed.

1.3 Observations

The land poiuts are compared with De Bilt (1961 1990; availability: wind speed 100%,
wind direction 96%) and Schiphol airport (1981-1991; availability: wind speed 100%,
wind direction 95%). The wind at De Bilt and Schiphol is measured at 10 m. For
De Bilt the wind measurements are corrected for imperfect station exposure, using
gustiness-derived roughness values for cach azimuth sector (Wiceringa, 1986). The sca
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points are compared with platform K13 (1982-1990; availability: wind speed 97%,
wind direction 96%) and Measuring Post Noordwijk (hereaflter referred to as MPXN;
1983 1991 availability: wind speed 93%, wind direction 91%). The locations of the
synoptic stations arc indicated in Figure 1 with asterisks. The height of the wind
measurements at W13 and MPN has changed during the available periods. At KI3
the measurement height was 86, 74.9 or 73.8 m above MSL (Mean Sea Level) and
at MPN the wind speed and wind direction were measured at 27 or 27.6 m above
MSL. The measured wind speeds at K13 and MPN are transformed to 10 m using the
logarithmic wind profile. Strictly this transformation holds only for ncutral stability.
From simultancous air and seawater temperature measurements at MPN (availability:
78Y%) stability conditions were caleulated (van Wijk et al., 1990) showing that the
crror in the average monthly wind speed is no more than 6% when stability effects are
ignored. The observed time series consist of hourly values which are averaged over
12 hours (0100 1200 and 1300 2400) to make them comparable with the model time
SeTICS.

ECMWI analyses of the 500 hPa height at 0000 and 1200 UTC for the period
1983-1992 are used to appraise the 500 hPa circulation simulated in the CCC and

ECHAM models.

2 The distribution of wind directions

For the frequency distribution of wind directions two periods are distinguished: the
period October-March and the period April-September, also referred to as the storm
season and the calm scason respectively. First the observed distributions of wind
direction are discussed and then the simulated wind direction distributions in both

models.

2.1 The observed wind direction distributions

The wind direction distributions of Schiphol and De Bilt are presented in Figure 2 for
both scasons. As expected these distributions are very similar for the two stations.
In both scasons the largest frequencies occur at the south-western directions. A
weak secondary maxiniumm is apparent for the north (calin season) and north-castern
(storm scason) directions. The frequency distributions of K13 and MPN are shown
in Figure 3. These distributions show a close resemblance with those of Schiphol and

De Bilt.

2.2 The wind direction distributions in the CCC model

Figure 4 presents the frequency distributions of the 1xC'Oy and 2xCO2 runs for land

point. WL. Compared with Schiphol and De Bilt the model underestimates the fre-

quency of the north-castern directions, particularly in the October -March period.

This indicates that the model generates too little blocking events. The underestima-
g g

tion of the north-castern directions is compensated for by an overestimation of the

south-western directions. The changes in the wind direction distributions due to the



CO, doubling are small compared with the differences between the observations and
the control simulation.

The wind direction distributions for sea point WS (Figure 5) are very similar
to those for land point WL. The differences of sea point WS with K13 and MPN
(Figure 3) are large compared with the differences between K13 and MPN. Again the
north-eastern directions are underestimated, and in the storm scason the frequencies
of the south-western directions are considerably overestimated. The CO, doubling
also has little effect on the wind direction distributions over the North Sea.

The frequency distributions of the grid points EL and ES are almost identical to
those of the grid points WL and WS respectively and arce therefore not shown in the

figures.

2.3 The wind direction distributions in the ECHAM model

The wind direction distributions of the 1xCO,, 2xCO, and Scenario-A runs for land
point 0207 are presented in Figure 6. Compared to the observations, the distributions
of the wind directions are very uniform. In the ECHAM control run the direction
with the highest frequency is in the storm season south and in the calm season north
whereas the observed frequency maximum (Figure 2) is centred around south-west.
The changes in the distributions due to a CQO4 increase are small; only the Scenario-A
distribution in the storm season shows a perceptible difference.

Figure 7 shows the wind direction distribution of the three runs for sea point
0206. Again the distributions are rather uniform. The most frequent directions in the
control run are cast and north for the storm season and the calm scason respectively.
The observed peak centered round south-west (Figure 3) is lacking again. As before
the changes in the distributions due to increased CO; concentrations are small, also
in the storm scason for the Scenario-A distribution.

The distibutions of the grid points 0107 and 0106 are very similar to those of 0207
and 0206 respectively and therefore not included as figures.
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3 Average wind speed

3.1 Observed average wind speeds

Figure 8 shows the annual cycle of the average wind speeds at Schiphol, De Bilt, K13
and MPN. The average wind speed at Schiphol, which is closer to the sea, is about
2 m/s higher in winter and about 1 m/s higher in summer than at De Bilt. As a
consequence, the amplitude of the annual cycle at Schiphol is somewhat larger than
at De Bilt.

The average wind speeds at K13 are about 1 m/s higher than at MPN except for
the period June-September where they are alimost equal. As expected, the average
wind speeds over sea are several metres per second higher than over land. The annual

cycle is also larger over sca.

3.2 Average wind speeds in the CCC model

The annual cycles of the average wind speeds in the control run and the perturbed
run for land point WL and sea point WS are shown in Figure 9. The average wind
speeds for land point WL in the control run well reproduce the observed averages at
De Bilt. Contrarily, the annual cycle of the average wind speed for sea point WS
differs markedly {rom the baseline stations K13 and MPN. In summer the speed is up
to 4 m/s too small compared to MPN as well as K13 while in the October-February
period it 1s not much different from the observations. Very remarkable is that for
sca point WS the average wind speed in summer is even smaller than that for the
adjacent land point WL. This paradoxical effect is also manifest at neighbouring sea
points and may be related to stability effects.

For both grid points the changes in average monthly wind speed due to the CO,
doubling are typically within 1 m/s. In the storm season the secasonally averaged
wind speed for both grid points increases by about 0.2 m/s. In the calm season the
seasonally averaged wind speed decreases for the grid points WL and WS with about
0.3 m/s.

The average wind speeds for land point EL and sca point ES, which are not
presented in the figures, are somewhat smaller than those for land point WI. and
sea point WS respectively. The amplitude of the annual cycle is virtually the same.
The difference in seasonally averaged wind speed between the 2xCO, and the 1xCO,
climate is for the grid points EL and ES about 0.1 m/s smaller than for the grid points

W1, and WS.

3.3 Average wind speeds in the ECHAM model

The average monthly wind speeds in the control run for land point 0207, shown in
Figure 10a, lie between those at Schiphol and those at De Bilt (Iigure Ra). For
sea point 0206, the average wind speeds presented in Figure 10b are for all months
about 2 m/s smaller than those at K13 and MPN. There is, however, a rather large
separation between this sea point and the platforms K13 and MPN (Figure 2). I'rom
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a study of observations from ships and lightvessels by Korevaar (1990) it is expected
that the sca points 0106 and 0206 should have a larger average wind speed than the
platforms K13 and MPN. (Sece section 4.2 for further details.) The differences between
the average wind speed over sea in the ECITAM model and the observed wind are thus
even larger than suggested by Figure 10b. The amplitude of the annual is realistic
however.

The changes duc to a CO, increase are for both grid points very small. Grid points
0107 and 0106, which are not presented in the figures, have somewhat higher average
wind speeds than grid points 0207 and 0206 respectively. Apart from a 0.6 m/s larger
decrease of grid point 0106 compared with grid point 0206 in the Scenario-A run for
the storm scason, the changes in the average wind speed due to CO; increases are for
the grid points 0106 and 0107 of the same size as those for the grid points 0206 and

0207.
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4 The frequency of high wind speeds

High wind speeds usually occur in clusters. A gale consists of a cluster of consecutive
high wind speeds. To test for differences in the frequency of high wind speeds it is
more convenient to look at the number of clusters of high wind speeds than at the
number of individual extremes. Several definitions of clusters are possible.  Gales
following from two different cluster definitions will be used. T'he first definition is the
run’ definition. A run is a group of consecutive exceedances of a specified threshold,
preceeded and followed by a value below that threshold. The second cluster definition,
the 'block’ definition, is obtained by dividing the n observations in smaller ’blocks’ of
specified size and regarding one or more exceedances of the threshold in any one block
as forming a cluster. A drawback of the run definition is that it may split two or more
nearby but separated groups that should in reality be regarded as just one cluster. On
the other hand, the block definition may split a single cluster and combine two or more
into one. For ’smoothly varying’ observations the run definition seems preferable in
avoiding the ambiguity of block size choices. However, in the case of missing data the
block definition is superior and in gencral theoretically more tractable. To determine
the frequency of high wind speeds we used 'runs’ and "blocks of size 5 (60 hours)’.

For a sufficiently high threshold the stochastic process generated by the cluster
positions is approximatly a Poisson process. Details about this Poisson limit are
given in Hsing et al. (1988) and Smith (1988). The test for equality of the rates of
two independent Poisson processes in Cox and Ilinkley (1971, pp 136-137) was used
to test for differences in high wind speed frequencies between the observations and
a control run and between two independent model runs. The hypothesis of equal
occurrence rates was tested at the 5%-level. The test still applies when there are
missing values in the observed record as long as the interruptions in the observed
winds are independent of the occurrences of high wind speeds.

What remains to be discussed is the choice of the threshold values. On the one
hand, the threshold should be large enough to obtain a Poisson process; on the other
hand it should be so low that a sufficient number of threshold exceedances remains.
These conflicting requirements prevent a fixed threshold choice. As a consequence,
the thresholds for the year and the storm scason (October--March) were chosen about
2 3 m/s higher than for the calm scason (April-September) and over sea the threshold

was taken about 5 m/s higher than over land.

4.1 Gales in the CCC model compared with observations

The number of gales (runs and blocks) per year and scason for the land points W1
and FL, Schiphol and De Bilt is presented in Table 1. For the land points WL and
EL the number of gales is smaller than observed. This holds even for De Bilt despite
of its agrecement with the average wind speed of WL (Figures Sa and 9a). Because
an approximately 2 m/s higher average wind speed was found at Schiphol than at De
Bilt it is not surprising that also the number of gales is higher at Schiphol. Apart
from the case WL, De Bilt in the calm scason. the differences are significant at the

5%-level.
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Table 2 shows the changed number of clusters for the land points WL and EL due
to the CO, doubling. In the storm season there is a small increase of the number of
gales for the grid point WL and a small decrease for the grid point KL, though not
significant at the 5%-level. In the calm scason the changes are very small.

For the sca points WS and ES, K13 and MPN the number of gales per year and
season is shown in Table 3. Again the number of gales in the model is significantly
smaller than in the observations. Only one case, the number of runs for the sea point
WS compared with MPN in the storm season, is not significant at the 5%-level.

Tabel 4 shows the change in the number of clusters for the sca points WS and ES
as a result of the doubling of the CO, concentration. In the storm season and over
the year there is for both sea points an increase of the number of clusters which is
statistically significant for sca point WS only. In the calm season there is a very small
decrecase for sea point WS and a small increase for sea point ES.

The Dutch coast is mainly endangered by the north-west component of a storm.
To evaluate this, the winds were projected onto the north-west direction (315°) and
the winds with large positive north-west component were considered. Table 5 gives
the number of gales with a large north-west component for the sea points WS and
ES, MPN and K13. In all cases the number of gales for the sea points is significantly
smaller than observed. In the storm scason these differences are even larger than
those in Table 3. This is, however, consistent with Figures 3 and 5 which show that
the model underestimates the [requency of northern wind directions.

The numbers of gales for K13 and MPN in Table 5 are almost equal while in
Table 3 the number of gales for K13 is larger in all cases. This shows that at K13
there are more gales with a small north-west component.

Table 6 shows that the changes in the number of clusters with a large north-west
component due to the CO; doubling are small.

To evaluate whether the results for individual grid points (not much change in
case of CO, doubling, Tables 2 and 4) also apply to a larger area, two areas of 8
adjacent grid points are selected; one over the North Sea extending to 63°N and one
over land centered at 48.2°N, 5.6°E. The average number of gales and the average of
the maximum number of gales in the sea and the land arca are calculated. The first
average is obtained by averaging the number of gales over the various grid points in
the arca and over the vears or seasons. For the average maximum the grid point with
the largest number of gales in each year or scason is considered. The results for the
control and perturbed simulation are given in Table 7. The average numbers of gales
for the sea arca and for the land arca are comparable with those for sea point WS
(Table 4) and those for land point EL (Table 2) respectively. The differences between
the average number of gales and the average of the maximum number of gales arc
larger for the land area than for the sea arca. This indicates that the number of
gales is less uniforinly distributed over the land area than over the sca arca. A more
detailed analysis reveals a considerable decrease in the number of gales castwards over
the land arca. 1'his is obviously related with the roughness transition at the west coast
of Europe and the decrease in the activity of depressions as soon as they reach the
continent.

The average number of gales and the average of the maximum number of gales
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are not Poisson distributed and therefore the statistical significance of the differences
between the 2xC'0Oy and the control run is not tested as before but using Student’s

t-statistic. In this set the significance level of 5% was never reached.

4.2 Gales in the ECHAM model compared with observa-
tions

Table 8 compares the number of gales for the land points 0107 and 0207 with those of
Schiphol and De Bilt. The number of gales of land point 0207 is in all cases between
those at Schiphol and those at De Bilt. The 0107 values are in all cases closer to
those of Schiphol than those of De Bilt. Although the average wind speed over land
in the ECHHAM model is only a little higher than that in the CCC model (Figures 9
and 10), the BCHAM model, with its lower resolution, generates much more clusters
with high wind speeds than the CCC model (Table 1).

Table 9 shows for the land points 0107 and 0207 the number of gales in the control,
2xCO, and Scenario-A simulations. In the storm season the perturbed simulations
have for both land points a larger number of gales than the control simulation, but
this difference is only in one case statistically significant. In the calm season there
are increases as well as decreases of the number of gales but none of the differences is
significant at the 5%-level.

Table 10 compares the numbers of gales of the sea points 0106 and 0206 with
those of MPN and K13. For both sca points the number of gales is smaller than in
the observations. In many cases, this difference is statistically significant. Tt should
be noted, however, that the locations of the sca points 0106 and 0206 are relatively far
from the locations of the platforms K13 and MPN. Korevaar (1990) gives wind speed
exceedance frequencies based on observations from ships and lightvessels. I'rom these
exceedance frequencies it follows that in the storm season the value 7 Bft (= 13.9
m/s) is aboul twice more often exceeded at the positions of the sca points 0106 and
0206 than at the positions of the platforms K13 and MPN. Therefore the differences
between the number of gales over sea in the ECHAM model and the observations are in
fact larger than suggested in Table 10. Hulme et al. (1993) found an underestimation
of about 50 % of the number of gales over the seas around the British Isles (50°-60°N;
[0°W-2°E) for the same ECHAM model as well as for a high-resolution version of the
1

UK Meteorological Office atmospheric model.

The change of the number of gales of the ECHAM sca points 0106 and 0206 due
to CO, increases is presented in Table 11. These changes are not significant at the
5% level. If any effect occurs, the number of gales decreases for sea point 0106 due
to a CO; doubling in the storm scason but increases in all other cases of that season,
while in the calm scason the number of clusters is decreasing in all cases.

Table 12 represents the ECHAM analogon of Table 7. The two arcas under con-
sideration are at about the same positions as before (section 41.1), but consist now of
6 adjacent grid points cach. The average number of gales for the sea area and for
the land arca are comparable with these for sea point 0106 (Table 11) and those for
land point 0207 (Table 9) respectively. The differences between the average number
of gales and the average of the maximum number of gales are somewhat larger for
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the land arca than for the sea arca. Both the land arca and the sea arca show an
castward decrease of the number of gales but not as rapid as in the CCC model over
the land arca. This could be related with the model-generated 500 hPa trough over
Central Europe {sce section 6.3 and Figure 17. upper left pannel).

The increase of the average number of runs for the land area in the storm scason
due to the COy doubling is significant at the 5%-level as for land point 0207 in Table 9.
under the same conditions. In the calin season the decrease of the number of gales for
the fand area due to the CO, doubling is just significant at the 5%-level. It should
be noted, however, that when 48 tests at the 5%-level are performed as in Table 12
one would expect 2 or 3 rejections of the null hypothesis if the null hypothesis were
true in all cases. So there is in fact no statistical evidence of a systematic change in
the average number of gales in the perturbed simulations.



Table 1: Average number of gales with a wind speed threshold of d m/s for observa-

tions and the CCC land points W, and EL.

d Schiphol De Bilt WL EL

year
runs 12 8.7 1.1 0.3 0
blocks 12 9.0 1.1 0.3 0=
Oct - Mar

runs 3.2 1.0 0.3 0 s
blocks 12 3.5 1.0 0.3 0t
Apr - Scep

runs 9 6.1 1.1 0.6° 0.3 %
blocks 9 6.6 1.2 0.6° 0.3

s(4) differences with respect to Schiphol (De Bilt) significant at the 5%-level

Table 2: Average number of gales with a wind speed threshold of d m/s for the CCC
land points WL and El in the control and the perturbed simnlations.

WL EL
d 1xCO, 2x('0), 1x('0O, 2xCO,

year

riuns 9 7.4 9.1 2.7 1.7
blocks Y 7.3 3.5 2.8 i.8
Oct —~ Mar

runs 9 6.8 8.7 2.1 1.7
blocks 9 6.7 S 2.5 1.8
Apr  Scp

runs T 5.7 5.8 2. 2.5
blocks T n.7 n.7 2.5 2.7

no significant differences between 2xC'05 and 1xCO5 at the 5% level
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Table 3: Average number of gales with a wind speed threshold of d m/s for observa-
tions and the CCC sea points WS and ES.

d MPN K13 WS 1S

year

runs 17 1.0 7.1 2.9 mk 1.6 m*
blocks 17 4.1 7.3 D)k 1.5 "
Oct - Mar

runs 17 3.7 6.1 2.1k 1.6 ™k
blocks 17 3.9 6.5 R 1.5mk
Apr — Sep

runs 14 3.4 1.6 1.2 mk 0.5m*
blocks 14 3.9 1.6 .2 mk 0.5k

m(k) differences with respect to MPN (K13) significant at the 5%-level

Table 4: Average number of gales with a wind speed threshold of d m/s for CCC sea
points WS and ES in the control and perturbed simulations.

WS IS
d 1xCO, 2xC'0O, IxC'O, 2xC'0O,

year

runs 17 2.2 3.9* 1.6 2.6
blocks L7 2.2 3.9* 1.5 2.4
Oct -~ Mar

runs 17 2.1 3.8% 1.6 2.6
blocks 17 2.1 3.8* 1.5 2.4
Apr - Scp

runs 12 3.6 3.5 2.5 2.8
blocks 12 3.7 3.0 2.9 3.0

“ differences between 2xC0, and 1xCO, significant at the 5% level



Table 5: Average number of gales with a north-west component larger than d m/s for
observations and the CCC sea points WS and IS.

d MPN K13 WS ES

year

runs 11 3.2 3.6 0.5 ™k 0.3 mk
blocks 14 3.1 3.7 0.6 ™k 0.3 ™k
Oct — Mar

runs 14 2.9 2.9 0.5k 0.2 ™k
blocks 14 3.0 2.8 0.6 ™ 0.2 mk
Apr - Sep

runs 11 3.6 3.7 0.5 Mk 0.5 ™k
blocks 11 4.7 4.8 0.5 ™k 0.5 ™k

m(¥) differences with respect to MPN (IK13) significant at the 5%-level

Table 6: Average number of gales with a north-west component larger than d m/s for
the CCC sea points WS and ES in the control and perturbed simulations.

WS XS
d 1xCO, 2xC 0O, 1xCO, 2xCO,

year

runs 11 5.5 .2 3.8 3.9
blocks 11 5.0 h.2 4.1 3.8
Oct — Mar

runs 11 5.0 1.5 3.3 3.0
blocks 11 5.1 1.4 3.5 2.9
Apr - Sep

runs 9 2.7 2.9 2.3 2.5
blocks 9 2.8 3.2 2.5 2.9

no significant differences between 2xCO; and 1xCO; at the 5% -level
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Table 7: Average number of gales in a sea arca and a land arca with a wind speed
threshold of d m/s in the CCC control and perturbed simulations. The average (av)
is obtained by averaging the number of gales over the various grid points and over
the years or scasons; for the average of the maximum (max) the grid point with the

largest number of gales in cach year or season is considered.

runs blocks
d 1xCO, 2xCO, [xC'O, 2xCO,

year

Sea arca(av) 17 2.1 2.5 2.2 2.6
Sea arca(max) 17 4.2 4.8 1.6 5.0
Land arca(av) 9 2.9 3.0 2.8 3.0
Land area(max) 9 10.7 12.1 10.4 12.0
Oct - Mar

Sea area(av) 17 1.9 2.5 2.0 2.5
Sea area(max) L7 3.9 4.5 1.0 4.0
Land arca(av) 9 2.6 2.9 2.7 2.9
Land area(max) 9 9.8 11.3 10.1 11.2
Apr - Sep

Sea area(av) 12 3.9 3.7 1.4 1.0
Sea arca(max) 12 6.4 5.8 6.8 6.4
Land area(av) 7 2.3 2.4 2.3 2.5
Land area(max) 7 7.1 8.1 7.7 8.8

no significant differences between 2xCO; and 1xCO; at the 5% level

Table 8: Avecrage number of gales with a wind speed threshold of d m/s for observa-
tions and the ECHAM land points 0107 and 0207.

d Schiphol De Bilt 0107 0207
year 7 -
runs 12 8.7 1.1 6.8 2.6 %
blocks 12 9.0 1.1 8.3° 3.0 %
Oct — Mar
runs 12 8.2 1.0 5.5 b 2.1°
blocks 12 8.5 1.0 6.9° 2.5 %
Apr - Sep
runs 9 6.1 1.1 6.2° 3.5 %0
blocks 9 6.6 1.2 740 4.0 %

s®) differences with respect to Schiphol (De Bilt) significant at the 5% level
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Table 9: Avcrage number of gales with a wind speed threshold of d m/s for the
ECHAM land points 0107 and 0207 in the control and the perturbed simulations.

0107 0207
d 1xCO, 2xCO, Scen.A 1xCOq 2xCO, Scen_A

year

runs 12 68 7.4 7.8 2.6 1.0 2.4
blocks 12 8.3 8.3 9.4 3.0 4.0 2.7
Oct, - Mar

runs 12 5.5 6.6 6.8 2.1 3.9* 2.3
blocks 12 6.9 7.5 8.2 2.5 3.9 2.6
Apr - Sep

runs 9 6.2 6.4 6.8 3.5 2.3 2.6
blocks 9 7.4 7.2 8.3 4.0 2.5 3.1

* difference with respect to 1xCO, significant at the 5%-level

Table 10: Average number of gales with a wind speed threshold of d m/s for observa-
tions and the ECHAM sca points 0106 and 0206.

d MPN K13 0106 0206

year

runs 17 4.0 7.1 2.5k 1.0 ™k
blocks 17 4.4 7.3 2.5 " 1.1mr
Oct — Mar

runs 17 3.7 6.4 2.4% 0.9 ™k
blocks 17 3.9 6.5 2k 1.0 ™+
Apr - Sep

runs 14 3.4 1.6 1.9*% 1.0 ™k
blocks 11 3.9 1.6 2.1 mk 1.0 ™k

m(5) differences with respect to MPN (K13) significant at the 5%-level
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Table 11: Average number of gales with a wind speed threshold of d m/s for the
ECHAM sca points 0106 and 0206 in the control and the perturbed simulations.

0106 0206
d 1xCO, 2xCO, Scen A 1xCO, 2xCO;, Scen A

year

runs 17 2.9 2. 3.2 1.0 1.5 1.9
blocks 17 2.5 2.5 3.5 1.1 1.7 2.1
Oct  Mar

runs 17 2.4 2.1 3. 0.9 1.2 1.9
blocks 17 2.4 2.1 3.2 1.0 1.4 2.1
Apr - Sep

runs 12 4.0 3.8 3.7 3.9 2.9 2.4
blocks 12 5.2 4.6 4.5 4.3 3.3 2.7

no significant differences with respect to 1xCO; at the 5%-level

Table 12: Average number of gales in a sea arca and a land arca with a wind speed
threshold of d m/s in the ECHAM control and perturbed simulations. The average
(av) is obtained by averaging the number of gales over the various grid points and
over the years or seasons; for the average of the maximum (max) the grid point with
the largest number of gales in each year or scason is considered.

runs blocks

d 1xCO; 2xCO, Scen_A 1xCOy 2xCO, Scen_A

year

Sea area(av) 17 25 2.5 2.8 29 2.7 3.1
Sea area(max) I7 56 5.4 1.7 6.2 5.9 5.5
Land arca(av) 12 23 2.7 2.0 2.7 3.0 2.4
Land arca(max) 12 6.7 7.2 7.8 8.4 8.3 9.4
Oct — Mar

Seca arca(av) 17 24 2.3 2.7 2.8 2.5 3.0
Sea arca(max) 17 5.1 4.9 4.7 5.6 5.2 5.4
Land area(av) 12 1.8 2.7 1.9 2.2 3.0 2.3
Land arca(max) 12 5.2 6.7 7.2 6.6 7. 8.8
Apr - Sep

Sca arca(av) 12 4.4 4.1 1.0 5.5 H.4 5.1
Sca arca(max) 12 74 7.0 6.5 9.0 9.5 8.9
Land arca(av) 9 2.3 1.8* 1.9 2.8 2.1 2.3
Land area(max) 9 6.1 6.2 6.6 7.5 7.2 8.3

* differences with respect to 1xCOy significant at the 5%-level
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5 Storm tracks

From the geographical distribution of the temporal variance of the 500 hPa geopoten-
tial height the location and intensity of the storm tracks can be determined. Sawyer
(1970) found that his low-frequency (20 60 days) field exhibited maxima in regions
characterized by frequent blocking activity while his higher frequency field (< 10 days)
was closely linked to the major cyclone tracks. Blackmon (1976) suggests that his
high-frequency (1-2 days) variability is partially due to the diurnal tide and partially
spurious and thercfore undesirable. Following Blackmon (1976) and Lau (1988) the
maxima in the root-mean-square (rms) of bandpass (2.25-6 days) filtered geopotential
height are considered as the storm tracks” with the understanding that these storm
tracks portray the preferred propagation paths of both cyclones and anti-cyclones as
Wallace et al. (1988) have pointed out.

5.1 The storm track over Western Europe

The storm track over Western Europe is the tail end of the North Atlantic storm
track which initiates over eastern North America and terminates over the west coast
of Europe. For convenience only the storm track for the storm season (Oct-Mar) is
considered.

The rms of bandpass filtered 500 hPa height from the 9 complete storm seasons
in the 1983-1992 ECMWF analyses 1s presented in Figure 11. Both the position and
the intensity of the storm track correspond very well with the rms of bandpass filtered
500 hPa height for the climatological winter given in Blackmon (1976).

5.2 The storm track in the CCC model

The storm tracks for the 10 complete storm seasons in the CCC control and 2xCO,
simulations are shown in Figure 12. In the control run of the CCC model the time
filtered variability is much smaller compared with the observations. It turns out to be
comparable with the observed time filtered variablity in the calm season (not shown).
The CCC model reproduces the position of the storm track quite well. Lambert
(1988) extracted cyclone climatology from a 5-year simulation of an earlier version
of the CCC model and found in the Northern Hemisphere winter (DJIY) a deficiency
of weak cyclones and an excess of intense cyclones while the number of cyclones of
medium intensity is well simulated. The changes in the time filtered variability pattern
due to CO, doubling are in general small. The most striking effects are an increase
in variability over the northern North Sea and beyond, together with a decrease of

variability over south Furope.

5.3 The storm track in the ECHAM model

Figure 13 shows the time filtered variability for the 9 complete storm seasons in the
ECHAM control and the perturbed experiments. The time filtered variability is much
smaller than in the observations. Roeckner et al. (1992) attribute this to a too weak
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circulation over the North Atlantic in the ECHAM model. The band of maximum
variability is less pronounced and shifted south compared to the observations.  As
before, this seems to be the result of the mid-European trough in the 500 hPa flow
in the KCHAM model (Figure 17, upper left pannel). The time filtered variability of
the 2xCO, and the Scenario-A simulations shows hardly any difference with that of
the control simulation.
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Figure 11: Root-mean-square (rms) of the 1983 1992 bandpass filtered 500 hPa height
in the 9 complete storm seasons (Oct-Mar). Contour interval is 5 m. The arcas with

rms values exceeding 40 m are shaded.
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Figure 12: Root-mean-square (rms) of bandpass filtered 500 hPa height in the 10
complete storm scasons (Oct Mar) for the CCC control simulation (left panel) and
the 2xCO, simulation (right panel). Contour interval is 5 m. The arcas with rms

values exceeding 10 m are shaded.
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Figure 13: Root-mean-square (rms) of bandpass filtered 500 hPa height in the 9
complete storm scasons (Oct-Mar) for the ECITAM control simulation (upper left
panel), the 2xCO; simulation (upper right panel) and the Scenario-A simulation (lower

panel). Contour interval is 5 m.
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6 EOF analysis of the 500 hPa circulation

The major virtue of Empirical Orthogonal Function (EOF) analysis is the reduc-
tion of the dimensionality of a large data set. The data is approximated by a small
set of variables that retains most of the variation present in all of the original vari-
ables. Computation of the EOFs reduces to the solution of an eigenvalue-cigenvector
problem. ‘T'he scalar variable ¢(x,t). at N positions x and T distinct times £, 1s
approximated in terms of KOs according to

m

o, t) ~ Z a, (v, (), m< N

n=1

with a,(t) the amplitude time series and v, (z) the eigenvectors of the product-moment

matrix

C(x,y) = (ola, )y, 1)),

Usually an EOF analysis is performed on the anomalies, ¢{x, 1) — o(x), of a partic-
ular variable. The EOFs are then the eigenvectors of the corresponding covariance
matrix and the amplitudes a, are uncorrelated and have zero mean. A more detailed
discussion of EQF analysis is found in Lorenz (1959).

The EOF analysis is performed on the daily reduced 500 hiPa heights rather than
on the monthly 500 hPa height anomalies. The reduced 500 hPa heights are obtained
by subtracting the daily arcal average, #(t), from the actual 500 hPa height in each
grid point and are therefore almost free of a systematical annual eycle. The amplitudes
are no longer uncorrelated and their means generally differ from zero. The first three
EOFs obtained in this way, however, have a very casy interpretation: the first mode
represents a zonal component, the b(,(()lld mode a meridional component and the
third mode an (anti-)cyclonic component, while the cumulative percentage of the
total variation explained by these EOFs is almost equal to that with the usual EOF
analysis. The total variation is defined here as trace C(z,y)/.N. It thus refers to the
total second moment about the daily averages ¢(t).

6.1 The CCC EOFs compared with observations

Figure 14 shows the average annual reduced 500 hPa pattern and the first three EOFs

of th( 1()b3 1992 ECMWF dualyscs of the 500 hPa height interpolated to the CCC
grid. The orthonormal EOIs are multiplied with the average amplitudes of the EOFs.
The first KO explains 73.4% of the total variation, the second EOF 8.9% and the
third mode 5.0%. The average annual reduced 500 hPa pattern and the first three
EOFs of the CCC control run (10 years) are presented in Fignre 15, The explained
variation is 82.6%, 5.7% and 3.5% for the first, second and third mode respectively.
The total variation explained in the CCC' control run is thus almost 10% higher for
the first mode and somewhat smaller for the second and third mode. The EOFs
from the CCC control run and the ECMWFE analyses have a very similar structure.
However the average second mode circulation in the ECMWI" analyses is opposite

(weakly north) to that in the CCC control run (south).
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To compare the average annual amplitudes of the first three EOFs of the ECMWE
analyses with those of the CCC control run and the 2xCO5 run with the control run,
the EOFs of the ECMWEF analyses were used as a basis. This involves computing the
amplitudes of the CCC patterns from the ECMWEF determined eigenstructure. The
average annual amplitudes and the interannual standard deviations of the first three
EOFs are presented in Table 13. The average second and third mode amplitudes of
the CCC control run differ significantly at the 5% level from those of the ECMWI
analyses according to Student’s t-test. Differences in standard deviation do not inval-
idate the use of this test because the sample sizes are equal (Welch, 1938). For the
first EOF only the average amplitude of the 2xCO; run differs significantly from the
control run. Table 11 shows the average amplitudes and the interseasonal standard
deviations for the October-March period. In this period the average first and second
EOF amplitudes of the CCC control run are significantly different from those of the
ECMWF analyses. Again only the first mode average amplitude of the perturbed run
differs significantly from the control run.

An objective circulation classification system can be created by dividing the daily
amplitudes of each EOF into three circulation categories. Using only the first three
EOFs, combination of these categorics results in a classification system with 27 classes
which is known at KNMI as the P27 classification (Kruizinga, 1979). The amplitudes
of the first EOF are divided into the circulation categories: strong west, ncutral west
and light west/east. The second mode amplitudes are divided into: north, neutral
and south. The circulation catagories for the amplitudes of the third mode are: anti-
cyclonic, neutral and cyclonic. The annual EOT's of the 1983 1992 ECMWEF analyses
are again used as a basis. The catagory boundaries are chosen in such a way that cach
catagory of a mode contains one third of the events (days) of the 1983-1992 ECMWE

analyses.

Table 15 shows the annual frequency distribution of the circulation catagories of
the first three EOFs. By definition the ECMWF analyses are uniformly distributed
over the catagorics. In the CCC control run the number of days with strong west
circulation is about 5% larger and the number of days with light west /east circulation
is about 5% smaller compared to the ECMWF analyses. Compared with the control
run the number of days with strong west flow in the 2xCO; run increases by about
10% mostly at the expense of the light west /cast flow frequency. With respect to the
second mode in the CCC control run the north circulation frequency is about 18%
too small. This shortage is equally compensated by the frequencies of the neutral and
sonth circulation. This indicates that there is too little blocking which is consistent
with the lack of blocking near the surface as mentioned in section 2.2. The f-value
for the difference in second mode average amplitude (Table 13) is even significant at
the 1%-level. The frequency distribution of the second mode circulation catagories
does hardly change as a result of a ("O, doubling. This is consistent with the almost
equal average sccond mode amplitudes for the 1xCOy and 2xC 0O, runs in Table 13.
The CCC control run generates in the third mode 13% too little anti-cyclonic events.
The frequencies of neutral and cyclonic circulation are respectively 8 and 5% too
high. The CO; doubling does also not affect the {requency distribution of the third
mode circulation categories. Student’s t-test for the difference in the corresponding
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average amplitudes results in a non-significant value of the test statistic ("Table 13). In
general, modes with large differences in the frequency distribution of the circulation
catagories also have large (significant) f-values for the difference in the average modal
amplitudes.

The frequency distribution of the first three EOIF catagories for the period
October-March is presented in Table 16. There is in the October-March period a
difference of about 15% between the frequencies of the IKCMWI analyses and the
CCC control run for both strong west and light west /east circulation. 'The t-value for
the corresponding difference in average amplitudes is also significant (Table 14). In
the same period the frequencies of the north and south circulation in the CCC control
run are respectively 23% smaller and 16% larger compared with the EOMWI anal-
yses. The corresponding difference in the average amplitudes yields again a f-value
significant at the 1%-level (Table 14). This under respectively overestimation of the
north and south circulation frequencies is in agreement with the wind direction dis-
tribution near the surface for the grid points WL and WS (section 2, Figures 4b and
5b). In the third mode circulation categories the differences in frequency distribution
are almost the same as for the whole year. The sign of the frequency change due to a
CO, doubling in the period October—March is for nearly all circulation categories the
same as for the whole yecar. The largest change in frequency is again for the catagory
strong west. The corresponding t-value for the difference in average amplitude of the
first EOF is the only significant one (Table 11).

Matyasovszky ct al. (1993) used 9 circulation pattern (CP) types based on principal
components of 500 hPa heights coupled with & means clustering. For the CCC model
they found over the U.S. (25°-60°N, 80°-125°W) in gencral relatively small differences
between the CP frequencies of the 1xCO4 and 2xCO4 simulations as compared to the
differences between the frequencies of the 1xCO, simulation and historical data.

6.2 The ECHAM EOFs compared with observations

Figures 16 and 17 show respectively the average anunual reduced 500 hPa pattern and
the first three EOFs of the 1983-1992 ECMWTI analyses interpolated to the ECHAM
grid and of the ECHAM control simulation. The first three FOFs of the ECMWE
analyses explain 75.7%, 7.6% and 1.7% of the total variation respectively. Tor the
ECHAM control run these numbers are 77.2%, 5.5% and 1.0%. The gradients of
the average 500 hPa circulation and of the first BOI are smaller in the FCHAM
model and there is a trough over central Turope. The weak circulation was also
reported by Roeckner et al. (1992) who studied different versions of the ECHAM
model with prescribed sea surface temperatures. In the newer versions (ECHAM 2
and 3) they found an improved circulation over the North Atlantic. The trough in the
circulation seems to originate from a westward displacement of the Russian trough
due to a shorter Rossby wavelength in the weaker flow. The cast side of the trough is
a preferential place for the formation of depressions. Indeed. at the same position, the
time filtered 500 hPa variability in the storm track (section 5, Iigure 13) increases.
The second mode contains an east component for the ECNWI® analyses but a west
component for the ECHAM control run. The average contribution of the third mode
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is in the ECMWE analyses cyclonic but in the ECHAM control run anti-cyclonic.
Note, however, that this is a minor effect compared with the strong cyclonality of the
first EOF.

The EOFs of the ECMWIE analyses interpolated to the FCHAM grid are used
as a basis to compare the average amplitudes of the ECMWIE analyses with those
of the ECHAM model aud both perturbed runs with the control run. The average
annual amplitudes arc presented in Table 17, All three average amplitudes of the
ECHAM control run differ significantly at the 5%-level from those of the KCMWE
analyses. There arc no significant differences between the perturbed runs and the
control run. Table 18 shows the average amplitudes for the October-March period.
In this period there is a significant difference between the ECHAM control run and
the ECMWFE analyses for the average amplitudes of the first and third mode. As
before no significant differences between the perturbed runs and the control run are
found.

Each amplitude is as before divided into three circulation categories. Table 19
shows the annual frequency distributions of the circulation categories in which the
ECMWF analyses are again by definition uniformly distributed. In the ECHAM
control run the frequency of strong west circulation is about 25% smaller and the
frequency of light west/cast is about 30% larger compared to the ECMWI analyses.
Like the smaller gradient compared with observations this indicates that the 500 hPa
circulation in the ECHAM model is on average too weak. The frequency of the south
circulation in the ECHAM control run is underestimated by about 15% which is
compensated by an equal overestimation of the frequency of the second mode neutral
circulation. The frequency of the anti-cyclonic circulation is in the ECHAM control
run about 20% too small and the frequencies of neutral and cyclonic circulation are
both aboul 10% too high. The overestimation of the cyclonic circulation can be
attributed to the trough in the average 500 hPa pattern which induces an average
cyclonic amplitude. The frequency distributions for the perturbed runs are almost
equal to those for the control run.

Hulme et al. (1993) obtained similar results over the British Isles (45°-65°N; 20°W-
10°E) based on an objective classification of Lamb weather types for the same ECHAM
control run. In particular they found an underestimation of the annual frequencies
of the (basic) weather types: west, south and anti-cyclonic; and an overestimation of
the types: cast, north and cyclonic.

The frequency distributions for the October March period are given in Table 20.
In this period the frequency of strong west circnlation is about 35% too small in the
ECIHAM control run. The frequency of the sonth circulation is again about 15% too
small. The anti-cyclonic circulation frequency is about 35% too small and the eyclonic
circulation frequency is about 30% too high. The frequeney distributions again do

not change due to increased ('O, concentrations.
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YEAR l1st EOF

30W  20W 10W O 10E 20F 30FE 40E 50K

2nd EOF 3rd EOF

Figure 14: Average annual reduced 500 hPa pattern (upper left panel) and the first
three EOFs (upper right, lower left and lower right panels respectively) of the 1983-
1992 ECMWE analyses of the 500 hPa height interpolated to the CCC grid. The
EOFs explain 73.1%, 8.9% and 5.0% of the total variation.
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YEAR lst EOF

30W  20W 10W 0 10E 20K 30E 40E  50E 30W  20W 10W 0 10F 20FE 30F 40F S0FR
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2nd EOF 3rd EOF

Figure 15: Average annual reduced 500 hPa pattern (upper left panel) and the first
three EOFs (upper right, lower left and lower right panels respectively) of the CCC
control simulation. The EOFs explain 82.6%. 5.7% and 3.5% of the total variation.
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YEAR lst EOF

30W  20W 10W 0 10F 20E 30k 40E S0E 30W  20W 10W O 10E 20E 30E 40FE S0E

2nd EOF 3rd EOF

Figure 16: Average annual reduced 500 hPa pattern (upper left panel) and the first
three EOFs (upper right, lower left and lower right panels respectively) of the 1983
1992 ECMWF analyses of the 500 hPa height interpolated to the FCHAM grid. The
FEOFs explain 75.7%, 7.6% and 1.7% of the total variation.
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YEAR 1st EOF

30W  20W 10W 0 10E 20E 30K 40E  50E 30W  20W 10W O 10E 20k 30E 40K 50E

NS TS

2nd EOF 3rd EOF

Figure 17: Average annual reduced 500 hPa pattern (upper left panel) and the first
three EOFs (upper right, lower left and lower right. pancls respectively) of the FCHAM
control simulation. The EOFs explain 77.2%., 5.5% and 4.0% of the total variation.

It
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Table 13: Average annual amplitudes A; and interannual standard deviation o(A;)
of the i-th EQF (i = 1,2,3) for the reduced 500 hPa patterns of the ECMWI anal-
yses and the CCC simulations, #: Student’s f-statistic. The FFOFs are based on the

FECMWE analyses interpolated to the CCC grid.

ECMWE cec
1983-1992 1xC0, 2xCO;
A 16421 17315 11880.2
o(Ay) 101.3 125.0 3.5
t 1.73 321
Ay 0.3 196.1 -203.0
o(As) 70.6 66.9 63.0
t 6.40" 0.23
As 226.1 1157 S139.3
o(As) 91.7 53.6 57.6
t 2.67* -0.95

* t-value significant at the

5%—level

Table 14: Average October-March amplitudes A; and interscasonal standard devi-
ation o(A;) of the i-th EOF (: = 1,2,3) for the reduced 500 hPa patterns of the
ECMWF analyses and the CCC simulations, {: Student’s f-statistic. The KOFs are
based on the ECMWTI analyses interpolated to the CCC grid.

ECMWI* ccC

1983-1992 1xCO, 2xCO,
A, -1835.8 -2032.9 -2252.9
o(Ay) 205.8 167.7 103.8
¢ -2.34% 3 03*
A, 120.7 -218.6 -287.7
a(Ay) 173.0 116.9 81.1
t SRR -1.53
/13 172 -Hf).T -]‘1]0
a(Ajz) 122.4 36.5 91.1
{ -2.04 -1.51

* {-value significant at the

5%—level
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Table 15: Annual frequencies (%) of the cireulation categories for the reduced 500
hPa pattern of the ECMWE analyses and the CCC simulations.

ECMWE cee

19831992 ~C0, 2xC0,
st EOF
strong west 33.3 33.2 48.8
ncutral west 33.3 33.8 29 .4
light west/cast 33.4 28.0 21.8
2nd EQF
north 33.3 15.1 14.2
neutral 33.3 13.4 16.1
south 33.1 11.5 39.7
3rd EOF
anti-cyclonic 33.3 20.41 19.3
neutral 33.4 10.9 40.6
cyclonic 33.4 33.7 10.1

Table 16: October-March frequencies (%) of the circulation categories for the reduced
500 hPa pattern of the ECMWF analyses and the CCC simulations.

ECMWEF cce

1983-1992 IxC'O, 2x(C04
I1st EOF
strong west 19.0 61.3 79.0
neutral west, 24.3 26.1 18.0
light west/east 26.7 9.6 3.0
2ud EOF
north 12.1 19.5 13.5
neutral 27.8 317 36.5
south 30.1 15.9 50.0
3rd EOF
anti-cyclonice 39.9 27.0 22.3
neutral 26.7 35.5 35.5
cyclonic 33.3 37.6 12.1




Table 17: Average annual amplitudes A; and interannual standard deviation a(A;) of
the i-th EOF (i = 1,2.3) for the reduced 500 hPa patterns of the ECMWI analyses
and the ECHAM simulations, t: Student’s f-statistic. The EOIs are based on the
ECMWF analyses interpolated to the ECHANM grid.

ECMWLE FSCHANM
1983-1992 1xCO, 2xCO, Scen_A
Ay -1304.7 -1009.7 -1014.0 -1040.6
o(Ay) 80.3 46.4 41.2 38.1
t 10.06* -0.20 -1.63
A,y 3.1 60.5 19.8 26.3
o(Ay) 53.1 17.5 60.3 51.9
t 3.61" -2.05 -1.97
Ay -16.4 -159.8 -133.6 -151.8
o(As) 70.0 31.3 39.8 16.9
t -5.82* 1.28 0.27
* t-value significant at the 5%—level
Table 18: Average October-March amplitudes A; and interseasonal standard devi-

ation o(A;) of the i-th EOF (: = 1,2,3) for the reduced 500 hPa patterns of the
ECMWF analyses and the ECHHAM simulations, #: Student’s f-statistic. The EOIs

are based on the ECMWE analyses interpolated to the ECITAM grid.

ECMWI FCHAM

1983-1992 IxCO, 2xCO, Scen.AA
Ay -1464.9 -1146.5 11119 -1155.9
o(Ay) 156.1 16.2 49.5 60.0
¢ 6.18* 0.07 -0.39
Ay 79.0 94.9 (9.1 16.3
a(Aq) 127.5 32.1 78.9 85.2
t 0.338 0.96 -1.67
As 11.3 -280.0 -256.5 -254.8
a(Ajz) 838.3 5T 15.1 60.6
¢ S3.757 1.02 0.95

* t-value significant at the 5% level
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Table 19: Annunal frequencies (%) of the circnlation categories for the reduced S04
hPa pattern of the ECMWFE analyses and the ECHAM simulations.

FOCMWE ECHAM

1983-1992 IxC'O, 2xC'0), Scen A
Ist EOF
strong west 33.4 8.7 .6 9.1
neutral west 33.2 29.9 29.6 33.0
light west /cast 33.4 61.1 61.8 57.9
2nd EQF
north 33.3 33.06 287 28.9
neutral 33.3 50.6 51.2 52.7
south 33.4 15.8 20.1 18.4
3rd EQF
anti-cyclonic 33.4 12.5 12.5 12.1
neutral 33.3 15.5 147.8 44.9
cyclonic 33.4 42.1 39.7 13.0

Table 20: October-March frequencies (%) of the circulation categories for the reduced
500 hPa pattern of the ECMWLE analyses and the ECHAM simulations.

ECMWF ECITAM

1933-1992 1xCO, 2xC0, ScenZA
1st EOF
strong west 50.8 15.7 16.2 15.7
neutral west 24.3 10.1 10.4 43.7
light west /cast 24.9 13.9 13.4 40.6
2nd EQF
north 121 10.2 3R.9 34.9
neutral 27.5 43.1 11.0 13.6
south 30.1 16.7 20.1 21.5
3rd EOF
anti-cyclonic 10.2 n.5 1.3 6.1
neutral 25.9 311 31.9 32.2
cyclonic 33.9 63.1 60.3 6.7
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7 Discussion and conclusions

Apart from its mathematical definition it is not clear if a value at a grid point repre-
sents the value at that location, the average of the grid box or something complex. It
is therefore sometimes argued that time series of individual grid points are not com-
parable with those of observational stations and that the skill of models just starts at
the scale of several grid points (von Storch et al., 1993). Many surface parameters are
very sensitive to local conditions. The maximum temperature, for example, depends
strongly on the soil type and the soil wetness. Due to the coarse resolution climate
models do not resolve small scale phenomena but they are taken into account indi-
rectly by way of parametrisation which causes some sort of average character of grid
point values. The surface wind typically depends on stability, pressure gradient (large
scale) and terrain roughness (small scale). In general the pressure gradient over a
grid box is small and the area being studied has a flat topography. As a consequence,
differences in wind from different locations within a grid box mainly result from in-
homogencous land sea transitions in a coastal arca (as illustrated in Figure 8). By
comparing a land grid point with at least two stations over land the effect of the land
sea inhomogeneities is attributed qualitatively and to some extent quantitatively. An
alternative would be to compare averages of stations with grid boxes. But then ques-
tions arise like how many stations should one use and what should one do if a large
part of a land grid box lies over sea? Although it is useful to compare the surface wind
at grid points with the observed wind at measurement site it is strongly recommended
to investigate how far possible differences can be explained by systematic deviations
in the upper air flow.

The CCC model reproduces the average wind speed fairly well over the Nether-
lands. Although the 500 hPa flow is weak the average wind speed and the frequency of
gales are realistic over land in the ECHAM model. In general the differences between
the surface wind in the control runs and the observed wind are large compared with
the simulated changes due to a CO, increase. In particular the almost uniform wind
direction distribution in the ECHAM model and the large annual cycle of the wind
speed over sca in the CCC model differ very much from those observed. In the latter
model the wind speed over sea is in summer even smaller than over adjacent land.
The average wind speed and the frequency of gales over the North Sea are reproduced
rather poorly in both models.

Study of the storm track reveals an underestimation of the variability of the
500 hPa height in both models. Tn the ECHAM model the storm track is shifted
to the south. Again the differences between the control runs and the observations are
larger than the effects of a CO4 increase.

The meridional component (second FOF) of the 500 hPa circulation in the CCC
model differs very significantly from that observed. The average meridional compo-
nent is south where it should be weakly north. For the surface wind the same situation
appears, the land and sca points considered have too little wind from northern di-
rections and too much wind from southern directions. In the CCC model the zonal
component (first KOI) of the 500 hPa circulation increases significantly as a result of
CO, doubling but, except for grid point WS, there are no significant increases in the
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gale frequencies.

The average zonal component of the 500 hPa circulation in the FCHANM model
is significantly too weak and the flow contains a trough over central Furope. As a
result, the average amplitude of the third EOF in the INCHAM model is significantly
too cyclonic. There are no significant changes in the amplitudes of the three principal
EOFs of the 500 hPa circulation in the ECIHTANM model as a result of enhanced CO,
concentrations.

In Summary. Irom the two models studied it is not clear if there will be any
change in the storm activity over the North Sea and the Netherlands due to enhanced
greenhouse gas concentrations. The effects of CO, doubling are in general very small.
The models have difficulties with basic features of the large scale circulation which
affect the surface wind. This is clearly demonstrated in the wind direction of the
CCC model. In the ECHAM model the weak circulation with the trough over central

Europe is probably responsible for much of the discrepancies.
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