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Abstract

The temperatures in large parts of Europe have been record high during the meteoro-
logical autumn of 2006. Compared to the 1961–1990 normals it was more than three
degrees Celsius warmer from the North side of the Alps to southern Norway. This
made it by far the warmest autumn on record in the United Kingdom, Belgium, the5

Netherlands, Denmark, Germany and Switzerland, with the records in Central England
going back to 1659, in the Netherlands to 1706 and in Denmark to 1768. Also in most
of Austria, southern Sweden, southern Norway and parts of Ireland the autumn was
the warmest on record.

Under the obviously false assumption that the climate does not change, the observed10

temperatures for 2006 would occur with a probability of less than once every 10 000
years in a large part of Europe, given the distribution defined by the temperatures in
the autumn 1901–2005. However, even taking global warming linearly into account
the event was still very unusual, with return times of 200 years or more in most of this
region using the most conservative extrapolation.15

Global warming and a southerly circulation were found to give the largest contribu-
tions to the anomalous temperature, with minor contributions of more sunshine and
SST anomalies in the North Sea. Climate models that simulate the current circulation
well do not simulate an increasing probability of warm events in autumn under global
warming, implying that it either was a very rare coincidence or some non-linear physics20

is missing from these models.

1 Introduction

Meteorologically, the autumn of 2006 was an extraordinary season in Europe. In the
Netherlands, the temperature averaged over September–November was 1.6◦C higher
than the previous record, which was established in 2005 (Fig. 1). This is also 1.6◦C25

warmer than any time since the observations began in the Netherlands in 1706, much
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larger than the uncertainties in the earlier part of the record. The Central England
Temperature, 12.6◦C, also was the highest since the beginning of the measurements
in 1659, 0.8◦C higher than the previous record of 1730 and 1731. Pre-instrumental re-
construction indicate that September–November 2006 was the warmest autumn since
1500 in a large part of Europe (Luterbacher et al., 2007). Figure 2 shows that the5

observed temperatures from the 0.5◦ GHCN/CAMS dataset (Fan and van den Dool,
20071) exceeded the maximum over 1500–2002 (Xoplaki et al., 2005) by more than
a degree in southeastern England, France, Belgium, the Netherlands, Germany and
Switzerland.

The impacts of the high temperatures on society and nature have not been very10

strong, as in autumn a higher temperature corresponds to a phase lag of the seasonal
cycle. Flowering bulb farmers in the Netherlands were reported to have problems due
to premature flowering. However, a similar anomaly in summer would have given rise
to a heat wave analogous to the summer of 2003, which caused severe problems (e.g.,
Schär and Jendritzky, 2004).15

In this article the heat anomaly of the autumn of 2006 in Europe is analysed. First
the observations are shown and return times are computed under the obviously false
assumption of a stationary climate. Next the first order effects of global warming are
subtracted, and return time sof the remaining weather signal computed. The main
weather factors are identified, and possible changes in their distribution are investi-20

gated using climate model simulations.

2 Observations

In Fig. 1 the time series of autumn (September–November) averaged temperature in
De Bilt, the Netherlands is shown. This time series has been corrected for the ef-

1Fan, Y. and van den Dool, H.: A global monthly land surface air temperature analysis for
1948-present, J. Geophys. Res., submitted, 2007.
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fects of changes in thermometer hut, direct environment of the measurement location
(Brandsma and van der Meulen, 2007a,b), and the effects of the growth of the cities
in the area (Brandsma et al., 2003). The value for 2006 is seen to be well outside the
distribution defined by the other years.

Figure 3 shows two extrapolations of the distribution of the observed values 1901–5

2005. The extrapolation and the return values are based on the obviously false as-
sumption that all variability is interannual. The return times of 10000 years or more
show that the climate does change on longer time scales. Global warming has made
high temperatures much more likely during recent years, and this and other long-term
variations decrease the number of degrees of freedom and hence increase the proba-10

bility of clustered high extremes.
The same analysis has been applied to all grid points of the 0.5◦ GHCN/CAMS and

5◦ CRUTEM3 (Brohan et al., 2006) datasets. The GHCN and CAMS time series used
in the construction of the former have not been homogenised, in contrast to the De Bilt
series of Figs. 1,3 (which is not included in this dataset). Inhomogeneous series show15

up as isolated patches in the plots. The CRUTEM3 dataset uses more homogeneous
data, at the expense of a much lower resolution.

Figure 4 shows that the area with 3◦C anomalies stretches from the north side of
the Alps to Denmark and from Belgium to Poland, with a maximum at the north side
of the Alps visible in the high-resolution dataset. A conservative extrapolation using20

a Gaussian fit (Fig. 5) shows that in an unchanging climate the return times of this
autumn would be 10 000 years or more in an area shifted somewhat to the west of the
area with highest anomalies. The shift is due to the smaller variability near the Atlantic
Ocean.

3 Global warming25

The climate is not stationary: temperature have been rising over Europe as in most
of the rest of the world. The effect of this on the probability of the occurrance of an
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anomaly like in autumn 2006 can be studied by taking out the local temperature rise
proportional to global warming:

T ′(t) = AT ′
global(t) + ε(t) , (1)

where ε(t) denotes the part of the temperature not directly proportional to global warm-
ing. The coefficients A are determined by a fit of local to global temperature up to 20055

and are shown in Fig. 6.
Station inhomogeneities are clearly visible in the GHCN/CAMS dataset, these have

been accounted for better in the much coarser CRUTEM3 dataset. On average the
temperature in Europe has increased somewhat faster than the globally averaged tem-
perature in autumn, in accordance with the Cold Ocean/Warm Land pattern (Sutton10

et al., 2007).
Subtracting the local trend AT ′

global(t) from the observed temperatures, the weather
anomalies ε(t) remain. These are by definition not linearly related to global warming.
In Fig. 7 the return period of the autumn 2007 De Bilt value is extrapolated. The central
value of the more conservative Gaussian extrapolation is 650 years, with a lower bound15

of the 95% CI of 250 year.
The same extrapolation in the GHCN/CAMS and CRUTEM3 datasets (Fig. 8) show

the improbable weather to have extended over a large part of Europe, with return times
of ε(t) longer than 200 years over most of the area where the anomaly was largest,
reaching 1000 years in northern Germany.20

We conclude that global warming has made a temperature anomaly like the one
observed in autumn 2006 between 10 and 50 times more likely than under the false
assumption of stationary climate, with the larger factors near coasts where the trend
is larger compared to natural variability. Still, other factors than global warming con-
spired to give estimated return times well over 200 years in most of the area with large25

anomalies, reaching 1000 years in northern Germany. A rare event indeed, even in a
linearly warming climate.
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4 Circulation

Apart from global warming, temperature anomalies in Europe are determined to a large
extend by circulation anomalies and sunshine. In the very simple model (VSM) of van
Ulden and van Oldenborgh (2006) the anomaly in local monthly mean 2 m temperature
is therefore decomposed as5

T ′(t) = T ′
circ + T ′

noncirc(t) +MT ′(t − 1) (2)

T ′
circ = AWG′

west(t) + ASG
′
south(t) + BQ′

sw(t) (3)

T ′
noncirc(t) = AT ′

global(t) + η(t) . (4)

The circulation-dependent temperature anomalies T ′
circ are assumed to be linearly pro-

portional to the zonal and meridional geostrophic wind anomalies G′
west and G′

south10

and a measure for cloudiness, the net surface short-wave radiation Q′
sw. (All anoma-

lies are relative to the mean observed values for 1961–1990.) The non-circulation-
dependent temperature anomalies T ′

noncirc(t) consist of the part linearly proportional to
global warming and the remaining noise η(t). Finally, M is a memory term for past
circulations. This term is modelled as a regression on the previous months’ anomalous15

temperature. The geostrophic winds are computed from the NCEP/NCAR reanalysis
sea-level pressure (Kalnay et al., 1996).

There is some ambiguity in this model if the climate change involves changes in the
circulation patterns parametrized by the geostrophic wind. However, the interannual
variations in circulation are always much larger than the long-term shifts, so that in20

practice the terms AS , AW , B are fixed by the interannual variability and this part of
climate change is not contained in the circulation-independent temperature changes.

Averaged over the autumn, the coefficients AW and As reflect the gradients in the cli-
matological temperature over Europe (Fig. 9). In this season the southerly component
is most important in determining the temperature. More sunshine still has a positive25

influence on temperature in Central Europe, but in northern Europe a lack of clouds
increases night-time radiation more and hence cools the surface. The memory term
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is large near seas due to the thermal inertia of sea water on the monthly time scale.
The small negative values in Central Europe show that in this region, circulation be-
ing equal, a warm (and dry) August is slightly more likely to be followed by a cooler
September. Apparently smaller persistence because of the dry soils accelerates the
season cycle there.5

The VSM Eqs. (2–4) explains over half the variance of the temperature, i.e., the cor-
relation between the modelled temperature with η(t)=0 and the observed temperature
is about r=0.7 to 0.8 in autumn in Europe (Fig. 10).

In Fig. 11 the contribution of the various terms in the VSM are shown. The anoma-
lous circulation contributed about 1.5◦C to the observed anomaly within the linear10

framework of Eqs. (2–4). The large amount of sunshine in September increased the
temperature by less than 0.5◦C in the seasonal average.

A persistent low-pressure area over the Atlantic Ocean caused predominantly south-
easterly winds in September, southerly winds in October and south-westerly winds
in November to the area north of the Alps (Fig. 12). In each of these months this15

correponded to the direction with the highest temperatures.
On the shores of the North Sea persistence has also contributed. However, this was

not due to the below-normal temepratures in August. The North Sea was still warm
from the exceptionally high temperatures in July. This is not captured by the VSM,
hence we cannot give a quantitative estimate. Based on the observed SST anomalies20

of about 2◦C at the beginning of September it is estimated that this contributed roughly
half a degree to the autumn temperature anomaly in De Bilt.

5 Climate model simulations

Observed autumn temperatures are far out of the range observed so far, even after
linearly correcting for global warming. Do current climate models predict this type of25

events to happen more frequently as Europe heats up? There are two caveats when
using these models:
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1. the midlatitude circulation response of climate models varies greatly from model
to model and up to now lacks a sound theoretical footing (van Ulden and van
Oldenborgh, 2006; Miller et al., 2006);

2. the local temperature response to global warming is uncertain.

To investigate the changes in the distribution of autumn temperatures results from5

the 17 standard runs with the ECHAM5/MPI-OM1 model (Jungclaus et al., 2006) runs
of the ESSENCE project (Sterl et al., 20072) were used. These cover the period 1950–
2100 using observed concentrations of greenhouse gases and aerosols up to 2000
and the SRES A1B scenario afterwards. This model simulates the mean circulation
over Europe reasonable well on monthly time scales (van Ulden and van Oldenborgh,10

2006; van den Hurk et al., 2006).
An estimate of the systematic errors is provided by a comparison with results from

the World Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) multi-model dataset. Other models that simulate a reasonable
mean climate over Europe are GFDL CM2.1 (Delworth et al., 2006), MIROC 3.2 T10615

(K-1 model developers, 2004), HadGEM1 (Johns et al., 2004) and CCCMA CGCM 3.2
T63 (Kim et al., 2002). The MIROC high resolution model did not have enough data to
reconstruct changes in the full temperature distribution, only the mean.

The ECHAM5/MPI-OM model used in ESSENCE simulates the global mean tem-
perature very well, with a ratio between observed and modelled trends of 1.10±0.0720

(1σ errors). The GFDL CM2.1 model has similar agreement, but the other models
overestimate the trend in the global mean temperature over 1950–2006 by factors 1.5
(HadGEM1), 1.6 (MIROC) and 2.0 (CCCMA). To account for these biases, we defined
the local trend as a regression against modelled global mean temperature, as was
done in van den Hurk et al. (2006). The local temperature rise as a function of time25

2Sterl, A., Severijns, C., van Oldenborgh, G. J., et al.: The ESSENCE project, in preparation,
2007.
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rather than global mean temperature is higher by the same factors 1.5 to 2.0 in these
models.

Figure 13 shows the ratio of observed and modelled warming trends in Europe in
autumn. The ECHAM5/MPI-OM model is seen to underestimate the warming trend
in the area of the observed extreme by a factor 1.5 or more. In the other models the5

ratio between local observed and modelled temperature trends has larger errors as
there are fewer ensemble members available, but these models also show a higher
observed than modelled warming relative to the rest of the world in the areas of the
autumn 2006 anomaly.

Figure 14 shows the extreme value distribution of the ECHAM5/MPI-OM model sur-10

face air temperature at the position of De Bilt for different 30-year intervals. Above
the linear increase in temperature proportional to the global mean temperature rise,
there is no indication of any change in the distribution that would make extremely warm
autumn temperatures more likely. In summer this change is clearly seen by steeper
slopes in the cumulative ditributions (not shown); this can be understand from soil15

moisture effects (e.g., Schär and Jendritzky, 2004; Seneviratne et al., 2006).
This result was confirmed for the other climate models with a reasonable circulation

over Europe for which a comparison between the 22nd and 23rd century with the 20th
century could be made. None of these show an increase in the slope of the cumulative
distribution at the grid point corresponding to De Bilt, Fig. 15.20

6 Conclusions

Apart from global warming, the anomalously high temperatures in Euope in autumn
2006 were caused by a persistent southerly wind direction advecting warm air to the
north, more sunshine than normal, and persistence from the very hot July along the
shores of the North Sea. Global warming has made a warm autumn like the one25

observed in 2006 much more likely by shifting the temperature distribution to higher
values. Taking this mean warming into account, the return time of the observed tem-
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peratures in 2006 still is more than 200 years in large parts of Europe.
Current climate models underestimate the observed mean warming in Europe rel-

ative to global warming. They also do not show an extra increase of the warm tail of
the distribution as the climate warms. This means that we either observed a very rare
event in 2006, or the current climate models lack some non-linear physics that causes5

an underestimation of the impact of climate change on warm events in autumn.
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Fig. 1. Autumn temperatures at De Bilt, the Netherlands with a 10-yr running mean (green)
1706–2006 (a), 1901–2006 corrected for changes in the thermometer hut, location and city
effects (b).
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Fig. 2. The observed temperature in September–November 2007 minus the maximum temper-
ature 1500–2002.
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Fig. 3. Extrapolation of De Bilt autumn temperatures 1901–2005 (crosses) to the value ob-
served in 2006 (horizontal line). The return times have been computed under the obviously
false assumption of only interannual variability. The upper and lower lines indicate the 95% CI,
determined with a non-parametric bootstrap.
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Fig. 4. The temperature anomaly (relative to 1961–1990) of September–November 2006 in the
GHCN/CAMS (a) and CRUTEM3 (b) datasets.
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a b

Fig. 5. The return time of September–November 2006 in the GHCN/CAMS dataset 1948-
2005 (a) and the CRUTEM3 dataset 1901-2005 (b) under the false assumption of a stationary
climate.

In Fig. 7 the return period of the autumn 2007 De Bilt value is extrapolated. The central
value of the more conservative Gaussian extrapolation is 650 years, with a lower bound
of the 95% CI of 250 year.

The same extrapolation in the GHCN/CAMS and CRUTEM3 datasets (Fig. 8) show
the improbable weather to have extended over a large part of Europe, with return times
of ε(t) longer than 200 years over most of the area where the anomaly was largest,
reaching 1000 years in northern Germany.

We conclude that global warming has made a temperature anomaly like the one
observed in autumn 2006 between 10 and 50 times more likely than under the false
assumption of stationary climate, with the larger factors near coasts where the trend
is larger compared to natural variability. Still, other factors than global warming con-
spired to give estimated return times well over 200 years in most of the area with large

9

Fig. 5. The return time of September–November 2006 in the GHCN/CAMS dataset 1948–
2005 (a) and the CRUTEM3 dataset 1901–2005 (b) under the false assumption of a stationary
climate.
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a b

Fig. 6. The regression of local against globally averaged temperature over 1948–2006 in the
GHCN/CAMS (a) and CRUTEM3 (b) datasets. Only grid points where the correlation is 90%
signficant are shown.
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Fig. 7. As Fig. 3 but now with 1.68 times the global mean temperature anomalies (with a 3 yr
running mean) subtracted.
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a b

Fig. 8. As Fig. 3 but now with the local linear regression against the global mean temperature
anomalies (with a 3 yr running mean, Fig. 6) subtracted.
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Fig. 9. The coefficients of the VSM Eqs (2-4) averaged over September-November: zonal
geostrophic wind AW [Km−1s] (a), the meridional zonal wind AS [Km−1s] (b), the solar radiation
B[KW−1m2] (c); the memory term M in September (d).

14

Fig. 9. The coefficients of the VSM Eqs. (2–4) averaged over September–November: zonal
geostrophic wind AW [Km−1s] (a), the meridional zonal wind AS [Km−1s] (b), the solar radiation
B[KW−1m2] (c); the memory term M in September (d).
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Fig. 10. Correlation of the September–November temperature anomaly from the VSM
with η(t) = 0 and the observed temperature 1948–2006 for the GHCN/CAMS (a) and the
CRUTEM3v (b) datasets.
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Fig. 11. Contribution of the circulation term (a, b) and solar radiation term (c, d) to the temper-
ature anomaly in autumn 2006 in the GHCN/CAMS (a, c) and CRUTEM3v (b, d) datasets.
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a b c

Fig. 12. NCEP/NCAR sea-level pressure anomalies in September (a), October (b) and Novem-
ber 2006 (c).
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a b c

d e

Fig. 13. Ratio of observed and modelled trends 1950-2006. ESSENCE (ECHAM5/MPI-OM)
(a), GFDL CM2.1 (b), MIROC 3.2 T106 (c), UKMO HadGEM1 (d) and CCCMA CGCM3.1 T63
(e). Only grid points where the difference with one is at least one standard error are shown.
The model trends have been computed against the modelled global mean temperature.
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Fig. 14. Extreme autumn temperatures at 52◦ N, 5◦ E in 17 ECHAM5/MPI-OM1 20c3m/a1b
runs in 1951–1980, 1981–2010, 2011–2041, 2041–2070 and 2070–2100.
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Fig. 15. Extreme autumn temperatures at 52◦ N, 5◦ E in the 20c3m and a1b stabilization runs
in GFDL CM2.1 (a), UKMO HadGEM1 (b) and CCCMA CGCM 3.2 T63 (c).
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