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Abstract
NOAA 20th century and ERA-20C reanalysis datasets are evaluated regarding the represen-
tation of extra-tropical cyclones and windstorms over the Northern and Southern Hemisphere
during the respective 6-month winter seasons. The results indicate substantial differences in
low-frequency variability between the two datasets – especially in the first half of the 20th
century – expressed in different signs and/or magnitudes of long-term trends. This is hamper-
ing a reliable analysis of real long-term trends of cyclone and windstorm activity. However,
higher-frequency variability is in good agreement between both datasets especially for the
Northern Hemisphere.
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1. Introduction

Windstorms caused by extra-tropical cyclones are one
of the major natural hazards in the mid-latitudes of
both hemispheres. They can kill people, disrupt critical
infrastructure, damage buildings and industry installa-
tions and generate large economic losses. One example
of a particularly stormy winter was 2013/2014 over
the UK (cf. Kendon and McCarthy, 2015), which was
classed as the most active season regarding windstorm
frequency for at least the last 35 years (Wild et al.,
2015) and the most active season regarding cyclone fre-
quency for over a century in the UK (Matthews et al.,
2014). For the Southern Hemisphere land extent is less
in the latitudes of interest, meaning less direct impacts
on losses, though severe windstorms are generally an
even more pronounced feature over the ocean here than
in the Northern Hemisphere (hence the terms ‘roaring
forties’ and ‘furious fifties’). These can have severe con-
sequences for shipping in the southern ocean (e.g. Lim
and Simmonds, 2002; Revell, 2015).

While our understanding of synoptic scale processes
involved in the generation of (severe) extra-tropical
cyclones is generally well developed, scientific research
has not fully understood the governing physical pro-
cesses steering the variability of storm frequencies
on time scales from inter-annual to multi-decadal
(see for inter-annual variability, e.g. Wild et al. 2015;
Huntingford et al., 2014). For Europe, the influence of
ocean heat content anomalies over the North Atlantic
has recently been highlighted by Nissen et al. (2014a),
using coupled climate model simulations. As climate
model responses to such anomalies are often model spe-
cific (e.g. Yu and Weller, 2007), it is important to assess

observed variability. Physically consistent, global
gridded three-dimensional datasets for the past have
been produced by different re-analysis projects. The
NOAA-20CR dataset (Compo et al., 2011) was used
by Donat et al. (2011), suggesting long-term trends in
extreme storms in the NOAA-20CR ensemble for the
European region. This finding triggered a scientific dis-
cussion about the reliability of historic trends derived
from reanalyses and estimates from station obser-
vations in specific regions (e.g. Brönnimann et al.,
2012; Krueger et al., 2013, 2014; Wang et al., 2013,
2014). With the release of the ECMWF 20th century
reanalysis (ERA-20C; Poli et al., 2013) a new data set
is now available to investigate the multi-decadal vari-
ability of extreme mid-latitude cyclone and windstorm
events. In addition to mean-sea level pressure (MSLP)
observations (as used by NOAA-20CR), surface wind
observations over the oceans are also assimilated. Our
present study compares trends in these two reanalysis
datasets, considering both extra-tropical cyclones and
strong, potentially damaging wind events over both
hemispheres. We address the question of different
trends in the two datasets, their time dependency and
separate between multi-decadal and high-frequency
spectral components.

2. Data and methods

In this study the ECMWF 20th century reanalysis
(ERA-20C) dataset with a horizontal resolution of T159
(1.125∘) and 91 vertical levels for the period 1901
until 2008 is used. Atmospheric pressure observations
as well as near-surface wind observations over the
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oceans are assimilated employing a 4D-Var-scheme
(Poli et al., 2013). Sea-surface temperature and sea ice
conditions are provided by the HadISST2.1.0.0 (Titch-
ner and Rayner, 2014) dataset. Additionally, the NOAA
20th century reanalysis datasets (NOAA-20CR (v2),
Compo et al., 2011) with a horizontal resolution of 2∘
for the period from 1871 until 2009 is analysed. In this
case, sea-surface temperature and sea ice conditions
are taken from the HadISST1.1 dataset (Rayner et al.,
2003), whereas only atmospheric pressure observations
are assimilated, employing an Ensemble Kalman Filter,
producing a reanalysis ensemble with 56 members.

Cyclones are identified in the Northern and South-
ern Hemisphere extra-tropics (excluding the tropical
belt within 20∘N–20∘S). Cyclones are identified and
tracked using the algorithm developed by Murray and
Simmonds (1991). This algorithm has been used by sev-
eral studies investigating extra-tropical cyclones under
recent and future climate conditions (Leckebusch and
Ulbrich, 2004; Pinto et al., 2005; Leckebusch et al.,
2006; Kruschke et al., 2014) and is included in the inter-
comparison of mid-latitude storm diagnostics initia-
tive (Ulbrich et al., 2013; Neu et al., 2013). Six hourly
MSLP fields are used as input, which are available for
both datasets: ERA-20C and NOAA-20CR. Analyses
are carried out for all cyclones and for the most extreme
events. Extreme cyclones are defined as those events
with a minimum core pressure below 970 hPa over the
Northern and below 960 hPa over the Southern Hemi-
sphere, in accordance with Lambert and Fyfe (2006).

The representation of extreme windstorms in reanal-
ysis products is not perfect. Like model simulations of
comparable resolution they underestimate maximum
gusts in terms of absolute measures (e.g. Hewson and
Neu, 2015). For this reason an algorithm introduced by
Leckebusch et al. (2008) which identifies windstorms
based on instantaneous near-surface wind speeds rel-
ative to the climatology of the respective dataset is
applied. The method identifies areas in which wind
speeds exceed the local 98th percentile. A minimum
affected area of 150 000 km2 is required for assign-
ing the ‘windstorm’ attribute to a weather situation.
Tracking of windstorm fields is primarily based on a
nearest-neighbour approach. Windstorm tracks lasting
less than 18 hours are excluded from the statistics.
A comprehensive description of the scheme is given
by Kruschke (2015). This algorithm has been proven
useful in several studies to identify extra-tropical
windstorm events in gridded climate data (e.g. Renggli
et al., 2011, Nissen et al., 2014a, 2014b, Befort et al.,
2015, Kruschke et al., 2015, Wild et al., 2015). In
general, these studies used 10-m level wind speeds
for their analyses. This parameter is only available for
ERA-20C, but not for NOAA-20CR. Therefore the
0.995 sigma level (∼1008 hPa/44 m using a surface
pressure of 1013 hPa) for NOAA-20CR is used instead.
Sensitivity tests using ERA-20C confirmed that this
difference in base height yields no large impact on the
temporal variability of windstorms nor the absolute
number of events identified. The 98th percentile of

each dataset (NOAA-20CR, ERA-20C) is calculated
for the years from 1961 until 2000.

Windstorm as well as cyclone events are identified
over both hemispheres for the extended winter season
(NH: October to March; SH: April to September). In
case of NOAA-20CR, events are identified for all 56
ensemble member separately. Spatial track densities
are calculated similar to Kruschke et al. (2014), but
using a ‘search’ radius of 700 km. To analyse in how
far differences between both datasets change in time,
analyses are carried out for the periods 1901–1930,
1931–1960 and 1961–1990. Additionally, the number
of cyclones/windstorms within three northern hemi-
spheric regions (Northern Europe, North Atlantic,
Polar Region, see Figure 1(a)) and three southern
hemispheric regions (Atlantic Ocean, Indian Ocean,
Pacific Ocean, see Figure 4(a)) is analysed. A Lanczos
low-pass filter (Duchon, 1979) with a cut-off frequency
of 1/31 years−1 using 31 weights is applied to inves-
tigate the lower-frequency variability. The high-pass
filtered time series are obtained by calculating the
residuum between the original and the low-pass filtered
time series. Eventually, a linear regression model is
fitted to the original time series (the ensemble mean
for NOAA-20CR) for each period. The similarity of
low-frequency variability (LFV) between both datasets
is assessed by calculating the difference of the relative
linear regression slope for each period using a common
reference period (1961–1990). A Mann–Kendall test is
applied to test the significance of the long-term trends.
The similarity of the high-frequency variability (HFV)
is assessed by correlation coefficients between both
high-pass filtered time series, which is only possible
for the second and third period as no low-pass filtered
information is available for the complete first period.

3. Results

3.1. Northern Hemisphere (NH)
3.1.1. All cyclone events

The cyclone track density pattern (Figure 1(a), for
the 1961–1990 period) is characterized by the two
well-known centres of activity over the North Atlantic
and North Pacific. It is assumed that the quality of
both reanalyses is best for this most recent period.
Consequently, the highest agreement between both
datasets is expected for the last period. However, more
cyclone tracks for ERA-20C than in NOAA-20CR
are found (about 29% between 1961 and 1990 over
the Northern Hemisphere using ERA-20C as refer-
ence), which is partly related to the finer resolution of
ERA-20C (see Pinto et al., 2005). Consistently, about
11% fewer cyclones over the Northern Hemisphere
are identified when interpolating the ERA-20C data
to the coarser NOAA-20CR grid compared to the
original ERA-20C data. Note that interpolating to a
coarser resolution will not lead to the same results as
running the model on a coarser resolution, because

© 2016 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 17: 586–595 (2016)
on behalf of the Royal Meteorological Society.



588 D. J. Befort et al.

1961–1990

1931–1960

10884603612 25.513.51.5–10.5–22.5

25.513.51.5–10.5–22.5 19.510.5–7.5 1.5–16.5–25.5 19.510.5–7.5 1.5–16.5–25.525.513.51.5–10.5–22.5

2 4 6 8 10 12 14 16 18 20 –25.5 –16.5 –7.5 1.5 10.5 19.5

1901–1930 1931–1960 1901–1930

1961–1990 1961–1990 1961–1990

(b)(a) (e)

(d)(c) (g)

(f)

(h)

Figure 1. Track densities for cyclones (a–d) and windstorms (e–h) over the Northern Hemisphere in number of events per
season. Cyclones: (a) ERA-20C (1961–1990), (b) NOAA-20CR minus ERA-20C (1961–1990), (c) NOAA-20CR minus ERA-20C
(1931–1960) and (d) NOAA-20CR minus ERA-20C (1901–1930). Windstorms: (e) ERA-20C (1961–1990), (f) NOAA-20CR
minus ERA-20C (1961–1990), (g) NOAA-20CR minus ERA-20C (1931–1960) and (h) NOAA-20CR minus ERA-20C (1901–1930).
Northern Hemispheric regions used for time series analyses (North Atlantic, Northern Europe, Polar Region) are shown (a).

more processes are resolved in simulations with higher
resolution.

Trends of cyclone track numbers over the NH
differ drastically between the two datasets for the
first (1901–1930) and second (1931–1960) period
(Figure 2(a)). For the first period an increasing trend of
cyclones is found for both datasets, which is smaller
in ERA-20C compared to those in NOAA-20CR.
For the second period the long-term trend reverses in
NOAA-20CR, yet the increasing trend is still found for
ERA-20C. The disagreement in the first and second
period is due to a distinct increase of events over the
Polar Region and (to a lower degree) over the North
Atlantic with its maximum around the year 1920 in
the NOAA-20CR dataset, which is not present in the
ERA-20C (Figure 2(a), (c) and (d)). The NOAA-20CR
maximum is followed by a decreasing trend until the
end of the century, again mainly influenced by the Polar
Region, while ERA-20C shows a positive trend from
1900 until 1960 both over the entire hemisphere and
over the pole. A good agreement between ERA-20C
and NOAA-20CR is found for the last period.

Long-term trends between ERA-20C and NOAA-
20CR differ in their sign and magnitude for most
selected northern hemispheric regions for the first
and second period, while a better agreement is found
during the third period. It should be noted that even

though the sign of the linear trends differ partly,
the individual trends in each dataset are often not
significant.

Assessing similarity of the HFV, generally positive
correlations are found for all periods and regions, with
highest coefficients (above 0.7) for the third period.

3.1.2. Extreme cyclone events

The analysis of the extreme cyclones (core pressure
below 970 hPa) shows a reduced maximum of cyclone
events around 1920 in NOAA-20CR (Figure 3(a)) com-
pared to all cyclones (Figure 2(a)). This suggests that
the increased number of all cyclone events around 1920
is mainly due to weaker events. An increased number of
events around 1990 is found in both datasets and in all
regions. In general, LFV of extreme cyclones is in better
agreement between ERA-20C and NOAA-20CR com-
pared to all cyclones. Long-term trends show the same
sign in all regions and all periods except for the second
period over the Northern Hemisphere (Figure 3(a)–(d)).
However, only ERA-20C shows a trend significantly
different from zero for the second period over the North-
ern Hemisphere (Figure 3(a)). Despite the same sign of
trends for most periods and regions, large differences
in their magnitudes are found, e.g. of about 4% per
decade during the third period over Northern Europe
(Figure 3(b)).

© 2016 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 17: 586–595 (2016)
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Figure 2. Time series of cyclone events for three selected regions over the Northern Hemisphere (a–d) and Southern Hemisphere
(e–h). Northern Hemisphere: (a) extra-tropical NH, (b) Northern Europe, (c) North Atlantic and (d) Polar Region (see Figure 1(a)
for NH regions). Southern Hemisphere: (e) extra-tropical SH, (f) Atlantic Ocean, (g) Indian Ocean and (h) Pacific Ocean. (see
Figure 4(a) for SH regions). The bold lines indicate the low-pass filtered time series (with a cut-off frequency of 1 per 31years).
NOAA-20CR ensemble mean is shown as the red thin line, whereas the ensemble spread is indicated as shaded area. The
similarity of the high frequency (HF) is given as correlation coefficients (green values, top of each Figure). Relative differences
(ERA-20C–NOAA-20CR) of linear regression coefficients are given in % events per decade using a common reference period from
1961 to 1990. The coefficients are bold if trends differ in sign. Superscripts* and ^ indicate trends significantly different from zero
(ERA-20C (*) and/or NOAA- 20CR(^)).
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Figure 3. Time series of extreme cyclone events (minimum core pressure below 970 hPa) (a–d) and windstorm events (e–h) for
three selected regions over the Northern Hemisphere. Cyclones: (a) extra-tropical NH, (b) Northern Europe, (c) North Atlantic
and d) Polar Region (see Figure 1 for NH regions). Windstorms: (e) extra-tropical NH, (f) Northern Europe, (g) North Atlantic
and (h) Polar Region (see Figure 1 for NH regions). Time series, correlations and trend characteristics analogue to Figure 2.
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Figure 4. Track densities for cyclones (a–d) and windstorms (e–h) over the Southern Hemisphere in number of events per
season. Cyclones: (a) ERA-20C (1961–1990), (b) NOAA-20CR minus ERA-20C (1961–1990), (c) NOAA-20CR minus ERA-20C
(1931–1960) and (d) NOAA-20CR minus ERA-20C (1901–1930). Windstorms: (e) ERA-20C (1961–1990), (f) NOAA-20CR
minus ERA-20C (1961–1990), (g) NOAA-20CR minus ERA-20C (1931–1960) and (h) NOAA-20CR minus ERA-20C (1901–1930).
Southern Hemispheric regions used for time series analyses (Atlantic Ocean, Indian Ocean, Pacific Ocean) are shown in (a).

In general, HFV of both datasets is in better agree-
ment for intense cyclones than those for all cyclones
(except for very similar correlations of 0.87 and 0.83,
respectively, during the third period over the North
Atlantic).

3.1.3. Windstorm events

The two main centres of windstorm activity over the
Pacific and Atlantic oceans (cf. e.g. Leckebusch et al.,
2008; Kruschke et al., 2015) are well represented by
ERA-20C during the period from 1961 until 1990
(Figure 1(e)). For this period differences between both
datasets are comparatively small and partly related to
the different height level used to identify windstorm
events. As expected, absolute differences between both
datasets decrease from the beginning to the end of the
20th century (Figure 1(f)–(h)). For the period from
1901 until 1930 (Figure 1(h)) more windstorm events in
NOAA-20CR compared to ERA-20C are found mostly
over the Polar Region in line with the enhanced cyclone
activity for the same region and period in NOAA-20CR
(Figure 1(d)).

Regional trends of windstorms are similar to extreme
cyclone events (Figure 3). Large differences are found
during the first and second period over the Northern
Hemisphere/Polar Region, which is caused by the large
number of windstorms in NOAA-20CR around 1920

(Figure 3(h)). In contrast, ERA-20C shows an increas-
ing trend in windstorms during the 20th century in all
regions. Similar to results obtained for cyclones, a good
agreement with respect to the long-term trends is found
for the last period.

The HFV of windstorms is in good agreement, with
positive correlations for all periods and generally higher
correlations for the last period. This is similar to the
results obtained for all cyclone and extreme cyclone
events.

3.2. Southern Hemisphere (SH)
3.2.1. All cyclone events

More cyclones over most parts of the SH are found
in ERA-20C compared to those in NOAA-20CR
(Figure 4(b)–(d)), again related to differences in the
horizontal resolution. The overall mean difference is
about 12% (1961–1990), whereas there are on aver-
age around 10% fewer cyclones when interpolating
ERA-20C to the coarser NOAA-20CR grid compared to
the original ERA-20C data. These absolute differences
tend to get smaller over time, with the highest deviations
at the beginning of the 20th century (Figure 4(d)).

In NOAA-20CR, an increased cyclone activity
around 1970 is found in all regions except the Pacific
Ocean (Figure 2(e)–(h)), followed by a negative trend.

© 2016 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 17: 586–595 (2016)
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Figure 5. Time series of extreme cyclone events (minimum core pressure below 960 hPa) (a) and windstorm events (b) over the
extra-tropical Southern Hemisphere. Time series, correlations and trend characteristics analogue to Figure 2.

In contrast, ERA-20C shows an increasing trend of
cyclone events over the entire 20th century. LFV is
in good agreement during the second period with
long-term trends having the same sign. For the third
period different signs of the regression coefficients
in all regions except the Pacific Ocean are present,
but most of these trends are not statistically signifi-
cant. However, large deviations between both datasets
regarding the magnitudes of relative trends at the end
of the century are found, especially over the Atlantic
Ocean (2.8% per decade) for which both time series
are diverging at the end of the century.

Correlations coefficients of high-pass filtered time
series are mostly positive, except for the Pacific during
the second period. However, the agreement of both
datasets is smaller compared to results carried out for
the Northern Hemisphere.

3.2.2. Extreme cyclone events

For extreme cyclone events (core pressure below
960 hPa) a positive trend from 1920 until 2000 is
present in NOAA-20CR (Figure 5(a)). ERA-20C shows
a local maximum around 1940 and a local minimum at
the beginning of the 20th century and around 1960. Best
agreements regarding LFV is found for the first and
third periods, whereas different signs of the regression
coefficients are found for the second period with both
linear trends being significantly different from zero.

Similarly, HFV shows highest agreement for the last
period with a correlation coefficient of about 0.85,
whereas it is only about 0.25 for the second period.

3.2.3. Windstorm events

The spatial distribution of windstorms in ERA-20C over
the Southern Hemisphere for the period 1971–2000
indicates high windstorm activity over the Pacific and
Indian Ocean and to a lesser extent over the Atlantic
Ocean (Figure 4(e)). The largest differences are found
for the first period (Figure 4(h)) characterized by a
higher number of events in ERA-20C compared to those
in NOAA-20CR. These differences decrease during the
20th century (Figure 4(g) and (h)).

Over the entire SH, NOAA-20CR shows a maximum
of windstorms around 1960 (Figure 5(b)), similar to the
results for all cyclones (Figure 2(e)). ERA-20C shows
fewer events around 1970, followed by a positive trend
until the end of the century. Trends show the same
sign in the first period, but differ in the second and
third period. Additionally, the magnitudes of the trends
show high deviations of up to 17% per decade for the
second period. HFV is in better agreement than LFV,
with positive but small correlations for both periods of
about 0.2.

4. Discussion and conclusion

In this study, cyclones and windstorms in the
NOAA-20CR and ERA-20C 20th century reanaly-
ses are analysed regarding their spatial distribution and
temporal evolution over the Northern and Southern
Hemispheres. Differences in long-term trends are
assessed by comparing the linear regression coeffi-
cients derived from both datasets and three periods:
1901–1930, 1931–1960 and 1961–1990. The similar-
ity of the HFV is obtained by calculating correlation
coefficients between both high-passed filtered time
series.

Substantial differences regarding the long-term
trend of both, cyclones and windstorms between
NOAA-20CR and ERA-20C are found over both hemi-
spheres. This is partly expressed by different signs of
the linear regression coefficients as well as by large
differences regarding their magnitudes. Deviations tend
to be largest for the beginning of the last century with
better agreement for the second part of the 20th century
in most cases.

Over the Northern Hemisphere, different signs of
long-term trends are partly related to an enhanced
cyclone and windstorm activity around 1920 followed
by a decreasing trend of events in NOAA-20CR
(also found by Wang et al., 2013). In contrast,
ERA-20C shows increasing numbers of cyclone/
windstorm events over the Polar Region between 1910
and 1960. For all cyclones, the magnitudes of the trends
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differ drastically especially during the second period
(1931–1960) over the Northern Hemisphere and Polar
Region, but large deviations of the trend magnitudes
over Northern Europe and the North Atlantic are also
found at the end of the 20th century. The agreement
of long-term trends is higher for extreme cyclones
compared to all cyclones with the same sign in linear
trends for both datasets in most periods. However, large
differences regarding their magnitudes are present.
Large deviations of long-term trends are also found
for windstorm events over the NH, with largest dif-
ferences around 1920, possibly related to the large
differences in cyclone frequency during this time.
Similar to extreme cyclones, both datasets show similar
long-term trends in terms of their signs for wind-
storms over Northern Europe and the North Atlantic.
In general, there is a better agreement of HFV com-
pared to LFV with mostly positive correlations even
if long-term trends differ substantially in sign and/or
magnitude.

Over the Southern Hemisphere, different long-term
trends for all cyclones, extreme cyclones and wind-
storms are also present. For all cyclones over the
Atlantic Ocean differences are most striking at the end
of the 20th century, where time series of track numbers
diverge. Similarly to the NH, the agreement of HFV in
both datasets is higher than for LFV with mostly posi-
tive correlations. However, results for the SH indicate
less agreement for both LFV and HFV compared to
the NH.

As pointed out by Wang et al. (2013) inhomo-
geneities in cyclone counts in NOAA-20CR are related
to the changing number of observational counts during
the 20th century and this might also be the case for
ERA-20C. Differences might partly arise from the
assimilation of near-surface winds over the oceans
in ERA-20C, which was not done in NOAA-20CR.
Furthermore, differences in the assimilation schemes
themselves might lead to differences how observations
are used to generate the respective reanalysis product,
e.g. it is found that in most of the tropical cyclones
bogus observations are rejected by ERA-20C (Poli
et al., 2015). Please refer to Poli and National Center
for Atmospheric Research Staff (2016) for a brief
overview about similarities and differences between
ERA-20C and NOAA-20CR. A detailed analysis
of the effects of these differences in generating the
reanalysis datasets on windstorms and cyclones is
beyond the scope of this paper, but might be cru-
cial to understand discrepancies in long-term trends.
Here, case studies for two storm events affecting the
European continent during the early and late 20th
century are analysed. Results suggest that there is
less agreement between ERA-20C and NOAA-20CR
for the storm in November 1928 with respect to its
development (see Figure S1–S3; Supporting infor-
mation) compared to storm Kyrill in January 2007
(see Figure S4–S6).

In summary, our results show that analyses of long-
term trends of cyclone and windstorm events using both

datasets should be interpreted carefully. In our opinion,
it seems to be difficult to extend cyclone and windstorm
event time series backwards to before around 1950
using NOAA-20CR and ERA-20C. However, as HFV
is generally in better agreement than LFV, we conclude
that investigations on shorter timescales can be useful if
dataset-specific long-term trends are taken into account
and properly removed.
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The following supporting information is available:

Appendix S1. Case studies of two extreme storm situation within
the 20th century.

Figure S1. Storm on 23/24. November 1928 as represented in
NOAA-20CR (top panel) and ERA-20C (bottom panel). Mean
sea level pressure (MSLP) fields given as filled contours and
arrows indicate regions with wind speeds exceeding 15 m s−1

(on the 0.995 sigma level for NOAA-20CR and 10-m height
for ERA-20C). Furthermore, the ensemble standard deviation of
MSLP is given for NOAA-20CR (grey lines).

Figure S2. Cyclone tracks for the event in November 1928 as
represented in 28 selected NOAA-20CR members (blue lines)
and ERA-20C (red line). Additionally, another cyclone track
over the Mediterranean region is included.

Figure S3. Windstorm tracks for the event in November 1928 as
represented in 28 selected NOAA-20CR members (blue lines)
and ERA-20C (red line).

Figure S4. Storm Kyrill on 17/19. January 2007 as represented
in NOAA-20CR (top panel) and ERA-20C (bottom panel). Mean
sea level pressure (MSLP) fields given as filled contours and
arrows indicate regions with wind speeds exceeding 15 m s−1

(on the 0.995 sigma level for NOAA-20CR and 10-m height
for ERA-20C). Furthermore, the ensemble standard deviation of
MSLP is given for NOAA-20CR (grey lines).

Figure S5. Cyclone tracks for storm Kyrill as represented in 28
selected NOAA-20CR members (blue lines) and ERA-20C (red
line).

Figure S6. Windstorm tracks for storm Kyrill as represented in
28 selected NOAA-20CR members (blue lines) and ERA-20C
(red line).
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