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Abstract

While the ERA5 reanalysis is commonly utilized in climate studies on

extratropical cyclones (ETCs), only a few studies have quantified its ability in

the representation of ETCs over land. To address this gap, this study evaluates

ERA5's skill in representing the ETC-associated 10-m wind speed and the pre-

cipitation in central and eastern North America during 2005–2019. Hourly

data collected from �3000 stations, amounting to around 420 million reports

stored in the Integrated Surface Database, is used as reference. For the spatial-

averaged ETC properties, ERA5 shows a good skill for wind speed with

normalized mean bias (NMB) of −0.7% and normalized root-mean-square

error (NRMSE) of 14.3%, despite a tendency to overestimate low winds and

underestimate high winds. The ERA5 skill is worse for precipitation than for

wind speed with NMB of −10.4% and NRMSE of 56.5% and a strong tendency

to underestimate high values. For both variables, the best and worst perfor-

mance is found in DJF and JJA, respectively. Negative biases are often identi-

fied over regions with stronger precipitation/wind speeds, and a systematic

underestimation of wind speed is found over the Rockies with complex topog-

raphy. Compared to the averaged ETCs, ERA5's performance deteriorates for

the top 5% extreme ETCs with a stronger tendency to underestimate both wind

speed and precipitation (NMB of −10.2% and −22.6%, respectively). Further-
more, ERA5's skill is worse for local extreme values within ETCs than for spa-

tial averages. Our results highlight some important limitations of the ERA5

reanalysis products for studies looking at the possible impacts of ETCs.
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1 | INTRODUCTION

Extratropical cyclones (ETCs) modulate the weather
variability in mid-to-high latitudes and constitute an
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essential component of the atmospheric general circula-
tion (e.g., Catto et al., 2019). ETCs are favoured over
regions with strong low-level temperature gradients
(baroclinic instability), but orographic effects (e.g., lee
cyclogenesis) and diabatic effects (e.g., surface fluxes,
latent heating) are also important contributing factors
for cyclone development (Hoskins, 1990; Petterssen &
Smebye, 1971; Uccellini, 1990). In regions dominated by
their occurrence, ETCs are often the main contributor to
local extreme precipitation and near-surface wind, shaping
the regional climatology and causing severe damages
(Booth et al., 2015; Hawcroft et al., 2012; Kunkel
et al., 2012). For example, the Halloween storm in 2019
swept through eastern Canada with heavy precipitation
and damaging wind gusts, resulting in over 250 million in
insured damages and the most severe power outage in Que-
bec province in 20 years (Government of Canada, 2020;
Insurance Bureau of Canada, 2019). Therefore, improving
our ability to capture and understand ETCs' space–time fea-
tures and impacts is of great social-economic and climatic
importance.

To characterize the lifecycle of ETCs, including their
frequency and intensity, reanalysis data are generally
used due to their homogeneous availability in time and
space, especially over oceans where ETCs are active but
in-situ observations are sparse (e.g., Di Luca et al., 2015;
Hodges et al., 2011; Rudeva & Gulev, 2011; Simmonds &
Keay, 2000; Wang et al., 2006). To obtain a climatology
of ETCs, Lagrangian approaches employ objective identi-
fication and tracking algorithms, usually using mean
sea level pressure or relative vorticity fields (e.g., Neu
et al., 2013). Statistical cyclone properties can then be
constructed, and the storm structure can be obtained via
cyclone-centered composites of temperature, low-level
wind speed, precipitation, and so forth (e.g., Bauer & Del
Genio, 2006; Booth et al., 2018; Field & Wood, 2007;
Pepler et al., 2018; Sinclair et al., 2020). Some climate-
model-based studies assess the response of ETCs to cli-
mate change by comparing the cyclone statistics over a
historical period with those simulated under projected
future climate scenarios. In such studies, reanalysis data
are still important as they are often taken as a baseline to
evaluate the performance of climate models via hindcast
simulations (e.g., Catto et al., 2010; Feser et al., 2015;
Zappa et al., 2013). Additionally, reanalysis products are
also frequently used to assess the precipitation, wind,
and/or compound extremes brought by ETCs (e.g., Hénin
et al., 2021; Owen et al., 2021).

However, a reanalysis is only a proxy of the actual
atmospheric conditions, and different reanalysis data-
sets do not necessarily agree with each other in
the representation of ETCs due to the varying model
physics, resolution, observations being ingested, and

assimilation techniques (e.g., Naud et al., 2018; Wang
et al., 2016). While intercomparison studies indicate that
recent reanalysis products show converging results in
terms of the number and location of ETCs (e.g., Catto
et al., 2010; Di Luca et al., 2015; Hodges et al., 2011),
large uncertainties are still found in the instantaneous
fields at small spatial scales (Hodges et al., 2011),
particularly for weak cyclones (Neu et al., 2013).
Furthermore, it has been shown that reanalysis contains
more significant biases in extreme than non-extreme
weather conditions (e.g., Campos et al., 2022; Lei
et al., 2022). For example, Campos et al. (2022) evalu-
ated the quality of near-surface winds in the ERA5 rea-
nalysis using higher spatiotemporal resolution satellite
data over the Atlantic Ocean. They found greater dis-
crepancies (with ERA5 underestimating winds by
approximately 10%–15%) with the presence of tropical
or ETCs than no-cyclone conditions. They also showed
that the relative underestimation of ERA5 increases as
the winds become more extreme.

While many studies have assessed the quality of
reanalysis products for different variables with various
reference data, most of them either considered a fixed
geographical region without differentiating ETC events
(e.g., Jiao et al., 2021; Minola et al., 2020; Molina
et al., 2021; Peña-Arancibia et al., 2013) or focused on
oceanic cyclones only (e.g., Naud et al., 2018, 2020;
Pepler et al., 2018). Although reanalysis assimilate rela-
tively more observational data over land than ocean, the
complex terrain and heterogeneous land types may pose
greater challenges for models and reanalysis products to
represent the near-surface atmospheric variables that are
strongly dependent on local characteristics (e.g., Brune
et al., 2021; Gualtieri, 2022; Jiménez et al., 2008; Lavers
et al., 2022; Minola et al., 2020). It is therefore impor-
tant to investigate the reliability of reanalysis for ETCs
over the continent, where human activities are directly
affected.

Therefore, this study aims to address this gap by
evaluating the skill of the most up-to-date and widely-
used global reanalysis product from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF),
the ERA5 reanalysis (Hersbach et al., 2020), at repre-
senting 10-m wind speed and precipitation associated
with ETCs over North America during 2005–2019. We
utilize the in-situ station data from the Integrated Sur-
face Database (ISD) as the reference, considering that
the near-surface wind and surface precipitation observa-
tions from ISD are not directly assimilated in ERA5. We
identify and track ETCs with an objective algorithm
and, using the centre of each cyclone and a constant
radius, we perform the evaluation of ERA5 using two
quantities: a spatial average and a spatial extreme over
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each cyclone. The first quantity provides an assessment
of the actual quality of the ERA5 reanalysis. The second
measure evaluates not only the ERA5 quality but also
the distinct spatial representativity of station and ERA5
data (Lavers et al., 2022). All analyses are made at the
seasonal and annual scale. Section 2 describes the data-
sets, the methodology for cyclone tracking and data pro-
cessing, and the evaluation metrics. Results are shown in
Section 3. Section 4 discusses the sensitivity of our results
to various methodological choices, and a comparison
between our main findings with previous studies. Conclu-
sions are presented in Section 5.

2 | DATA AND METHODS

2.1 | The ERA5 reanalysis

ERA5 is the latest reanalysis produced by the ECMWF
and provides a range of atmospheric, land-surface and
sea-state variables over the globe (Hersbach et al., 2020).
ERA5 is based on the Integral Forecasting System (IFS)
Cycle 41r2 model, which has a horizontal resolution of
31 km and uses a total of 137 levels in the vertical (the
model's top is at 0.01 hPa). The model also uses a state-
of-the-art representation of sub-grid scale processes,
including a scheme for large-scale cloud and precipita-
tion with prognostic variables for precipitating rain and
snow and a revised deep-convection scheme (see
Hersbach et al., 2020 and references therein). In the sur-
face layer (up to the lowest model level at about 10 m),
the model uses Monin–Obukhov similarity theory to rep-
resent turbulent fluxes between the surface and the atmo-
sphere. The model also uses a parametrization of
orographic drag that will affect near-surface wind speeds
(ECMWF, 2016).

In this study, the ERA5 reanalysis data, available
hourly on a regular latitude–longitude grid with a grid
spacing of 0.25�, are used with a double objective. First,
we use its mean sea level pressure and 850-hPa relative
vorticity fields to identify and track ETCs over North
America (see Section 2.3). Second, total surface precipita-
tion and 10-m wind speed are used to assess the ability of
the reanalysis to reproduce high-impact variables associ-
ated with ETCs. Total precipitation represents the accu-
mulated liquid and frozen water that falls over a grid box
during each hour and corresponds to the sum of convec-
tive precipitation calculated by the convection parametri-
zation and the large-scale precipitation. Although surface
precipitation observations are not directly assimilated, the
ERA5 assimilates the NCEP stage IV precipitation esti-
mates (Lin & Mitchell, 2005) that combine NEXRAD pre-
cipitation estimates with gauge measurements (Hersbach

et al., 2020). NCEP stage IV is only available in the
United States. The 10-m wind speed is derived from
the instantaneous zonal (u) and meridional (v) wind

speed components at 10 m height (ws=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2+v2

p
). The

ERA5 10-m wind speed is a diagnosed product to be
compatible with the wind observations from SYNOP (sur-
face SYNOPtic observations) stations. Because the station
requires wind measurement to be in open terrain, an
exposure adjustment is included in ERA5 10-m winds
(ECMWF, 2016).

Because ground-based observation instruments have
a finite detectable precision but ERA5 does not, ERA5
likely has a positive bias against ISD at the low end of the
wind/precipitation distributions. To take this precision
issue into account, we adjust the ERA5 grid-point value
to 0 if the wind speed is smaller than 0.5 m/s and if the
precipitation rate is smaller than 0.2 mm/h, based on
some up-to-date instruments manuals for rain gauges
and wind sensors (Vaisala, 2020, 2021). Note that these
thresholds also seem reasonable based on our examina-
tion on the station data utilized in this study: For wind
speed, most stations have a minimum non-zero values of
either �0.1, 0.5 or 1.5 m/s, while for precipitation, the
majority show a value of �0.2 mm/h (Figure S1).

2.2 | The ISD

The ISD developed by the National Centers for Environ-
mental Information (NCEI) at the National Oceanic and
Atmospheric Administration (NOAA) archives sub-daily
observations from more than 20,000 automated and man-
ual surface weather stations across the globe (NOAA-
NCEI, 2018; Smith et al., 2011). It includes multiple
sources of meteorological reports and comprises several
atmospheric variables, including surface precipitation,
10-m wind speed and direction, 2-m air and dew point
temperature, atmospheric sea level pressure and more.
This study uses 10-m wind speed and precipitation vari-
ables recorded in North America (10 N–75 N and 120 W–
40 W region) during 2005–2019. The precipitation vari-
able (“AA1 in the ISD dataset”) includes rain, snow and
any other frozen precipitation, melted down into a water-
equivalent value by Automated Surface Observing Sys-
tem stations with heated bucket rain gauges (NOAA,
1998). In order to merge multiple types of reports into
one dataset, ISD included a series of quality checks,
assessing the data validity, consistency between variables,
temporal continuity, and so forth. Based on these checks,
each observed variable is flagged with a quality code and
expressed in a uniform format (NOAA-NCEI, 2018).
Readers are referred to Lott (2004) for more information.

CHEN ET AL. 3
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In this study, we employ additional ISD data selec-
tions and post-processing techniques to compare with
ERA5. The first selection is based on the type of data
report. Several weather stations that transmit hourly
METAR (METeorological Aerodrome Reports) also trans-
mit intermediate METAR/SPECIs (METAR SPECIal
reports) every 20 min. Even though intermediate reports
were recorded as 1-h accumulations, our manual checks
suggest that the precipitation in these reports was accu-
mulated for less than 1 h, likely due to the constraints of
the ISD data format. Therefore, we leave out the METAR/
SPECIEs and AUTO (METAR reported without human
supervision) reports for precipitation data. For wind
speed observations, we exclude the NOAA's Climate
Reference Network data because they are primarily
hourly averages and thus not compatible with the
instantaneous winds we use from ERA5. To sum up,
we consider METAR and the NOAA's Climate Refer-
ence Network data for precipitation and METAR,
METAR/SPECIs, AUTO, SAO (Surface Airways Obser-
vation) and SYNOP for wind speed.

Next, we filter data based on their quality code and
observational type. Precipitation and wind speed

observations that do not pass all ISD quality checks
(i.e., quality code different than 1 or 5, which indicates
‘passed all quality control checks’ and ‘passed all qual-
ity control checks, data originate from an NCEI data
source’, respectively; NOAA-NCEI, 2018) are discarded.
For precipitation, only the 1-h accumulated records are
considered (i.e., accumulation period code of 1). For
wind speed, the type codes that indicate 5-, 60- and
180-min averaged wind speed are removed. To our
knowledge, the remaining wind speed observations rep-
resent the 2-min averages at 10 m above the ground sur-
face (Environnement et Changement Climatique
Canada, 2021; NOAA-NCEI, 2018).

Because not all observations are recorded at the exact
hour, to compare them with the hourly ERA5 data, we
select the nearest-to-the-hour ISD observations within a
specified time window. The nearest 1-h accumulated pre-
cipitation report that passes all ISD quality checks within
15 min prior to each hour is utilized, no matter whether
the accumulated value is zero or not, while the wind
observation within a 30-min window centred on each
hour is selected. If several weather reports are recorded
at the same time for the same station, only the first

FIGURE 1 (a) The location of integrated surface database (ISD) stations for wind speed observations used in this study. The colours

indicate the proportion of such data available for the entire 2005–2019 period. The green frame represents the region used to select cyclones,

as described in Section 2.3. (b) Same as (a) but for precipitation. (c) Total number of reports per day for wind speed, precipitation and both

(simultaneously) as a function of time. (d) The proportion of wind speed (red) and precipitation (blue) observation as a function of the UTC

hour of the day. (e) Same as (d) but of the month of the year, with proportion standardized to a month of 30 days. [Colour figure can be

viewed at wileyonlinelibrary.com]
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report is utilized. We note that the cumulative distribu-
tions of these two observational variables are not contin-
uous as many records have a discrete unit/increment of
one knot (i.e., 0.51 m/s) for wind speed and 0.01 inch
(i.e., 0.254 mm/h) for precipitation.

The above ISD data processing leads to a total of
3831 and 2809 stations used at least once for wind speed
and precipitation, respectively (Figure 1a,b). These sta-
tions are not homogeneously distributed over North
America, with a higher density in the central and east-
ern United States and a lower (zero) density in Canada
(Mexico). There are almost doubled amounts of wind
speed reports compared to precipitation reports, but
none of them show sharp changes during our study
period (Figure 1c), nor do they show large variation
across the hour of the day or the month of the year
(Figure 1d,e). The temporal availability of stations dif-
fers with variables. For all 3831 stations reporting wind
speed, about 47% of them have hourly data for more
than 50% of the 2005–2019 period, while 32% of the sta-
tions have data for more than 90% of the period. For
precipitation, around 31% and 24% of the 2809 stations
have hourly observations covering more than 50% and
90% of the period of interest, respectively. While these
values may seem low, they are somewhat underesti-
mated measures of the station data's actual complete-
ness for multiple reasons. First, they only account for
the selected data after the above filtering. Second, more
than 300 stations only provide SYNOP reports that are
not provided hourly, and about 1400 stations provide at
least one SYNOP report. Finally, about 50% of the sta-
tions used in this study have an operating length shorter
than the study period. Since this work does not involve
any trend analysis, we do not put an additional selection
criterion based on the stations' temporal coverage. Nev-
ertheless, we have conducted an examination based on a
longer study period from 2000 to 2019 with an even
lower percentage of temporal coverage and found con-
sistent results (not shown).

Finally, the selected ISD data are spatially interpo-
lated to the ERA5 0.25 × 0.25� latitude–longitude regu-
lar grid over North America. For each ERA5 grid cell,
we consider the available ISD observation that is
located within and nearest to the centre of the grid cell.
If ISD data are not available, a missing value is
recorded. We have also tested an averaging method, for
which the average of all ISD observations within one
grid cell is taken, but the results do not change signifi-
cantly from the nearest-station method due to the
sparse ISD station density with respect to the ERA5
grid resolution. As shown in Figure S2, only a small
number of ERA5 grid cells contain multiple ISD
observations.

2.3 | ETC tracks

ETC tracks are obtained by applying a cyclone tracking
algorithm developed at the University of Quebec at Mon-
tréal with the hourly ERA5 data (Chartrand &
Pausata, 2020; Chen et al., 2022). This algorithm identifies
cyclone centres based on the mean sea level pressure and
the 850-hPa relative vorticity. For this study, we only con-
sider ETCs whose centres remain in central and eastern
North America (continental regions within 110–50 W and
20–65 N; named CENA hereafter) for more than 24 h. The
western part of North America is not included because the
tracking algorithm is unreliable over regions with high
topography. It should be noted that some of the cyclones
identified might be tropical cyclones and tropical transi-
tions as no additional filter is applied to only select ETCs.
A total of 3643 cyclone tracks/cases are identified, result-
ing in a total of 310,000 hourly records of ‘cyclone centre’.

2.4 | ETC-associated 10-m wind speed
and precipitation

To evaluate ERA5 for ETC events, we compare the wind
speed and precipitation variables against observations,
when and where applicable within a 1000-km radius of a
cyclone centre. This horizontal length is assumed to be
suitable to capture the bulk impacts and the embedded
local extremes associated with ETCs (e.g., Catto
et al., 2010; Field & Wood, 2007; Jeyaratnam et al., 2020).
Results based on a smaller radius of 500 km are discussed
in Section 4.1.

To ensure a fair comparison, three additional criteria
are imposed. First, while there can be as many as 7500
ERA5 grid cells within a 1000-km-radius circular region,
only a few hundred ISD observations are available in
most cases. To account for the spatial heterogeneity of
ISD stations, ERA5 grid points are masked out where
and when no interpolated ISD observation is available.
Second, because ISD stations are mostly over land but
can be on the shore, we discard all ERA5 grid points for
which the land-sea mask is lower than 0.5, a suggested
minimum value indicating a mixture of land and inland
water but not ocean (Copernicus Climate Change Ser-
vice, Climate Data Store, 2023). The second criterion is
required because some coastal or lakeside ISD stations can
be interpolated to an almost pure-water ERA5 grid point.
Note that we have also tested a lower land-sea mask
threshold of 0.2, including grid points with a higher
ocean/lake fraction, and found a larger difference between
ERA5 and ISD, a natural bias due to the different surface
roughness lengths between land and water/ice. Third, only
the cyclone centres with at least 100 interpolated ISD
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observations within the 1000-km radius were considered.
This threshold was arbitrarily set by a trade-off between
having sufficiently large observational samples for each
cyclone and having enough cyclones to systematically
examine the potential bias for ETCs. Our results do not
change substantially when different thresholds of 50, 100
and 200 stations are used (Figure S3).

To evaluate ERA5's skill in representing ETCs' overall
impacts, the spatial averages of all unmasked ERA5 and ISD
grid-point wind speed and precipitation, named WSavg and
PRavg, respectively, are computed for each cyclone centre.
An illustration example is given in Figure 2. Since only the
unmasked data are considered, it should be borne in mind
thatWSavg and PRavg do not present realistic cyclone statis-
tics and are biased towards regions with high density of
observations (Chen et al., 2022). In addition, to assess ERA5's
performance in capturing the extremes, we further examine
the most extreme cyclone centres based on the top 5% of
WSavg/PRavg and the local extremes within the cyclones
based on the spatial 95th, 98th and 99th percentiles in each
1000-km cyclone domain. For the latter, we will focus on
results based on the 95th percentiles (noted as WS95 and
PR95 for wind speed and precipitation, respectively) and the
sensitivity to different percentiles will be shown in Section 4.
Note that in the evaluation for spatial extremes, we do not
require ERA5 and ISD to capture them at the same grid
points. Instead, we are interested in whether ERA5 can pro-
duce similarly strongmagnitudes within ETCs.

2.5 | Evaluation metrics

To assess the ERA5 performance, we use several quanti-
tative metrics, including the bias, root mean squared
error (RMSE), Pearson correlation coefficient and ordi-
nary least squares regression analysis. To investigate the
seasonal skill, these metrics are also calculated for
cyclones in different seasons.

First, the normalized mean bias (NMB) is calculated
as the averaged difference (bias) for a target variable
C between ERA5 and ISD across all cyclones, normalized
by the mean value of the observation:

NMB=
bias

CISD
=

1
n

Pn
i=1

CERA5
i −CISD

i

� �

1
n

Pn
i=1

CISD
i

ð1Þ

where Ci denotes WSavgi, PRavgi, WS95i or PR95i for the
cyclone centre i, and the overbar denotes the averages
over n cyclone centres. Defined this way, NMB gives
more weight to ETC tracks that last longer and facilitates
the comparison of errors across different variables, sea-
sons and regions, taking into account the varying back-
ground intensity.

Similarly, the normalized root-mean-square error
(NRMSE) measures the RMSE between ERA5 and ISD
scaled by the averaged ISD observational value:

FIGURE 2 (a) An example showing the identification of WSavg and WS95 for a given cyclone centre at 48.5�N, 93.25�W, at 2100 UTC

on 26 October 2010, overlaid with the ERA5 mean sea level pressure (green dashed contours; hPa). The grey solid circle represents the

cyclone's 1000-km domain, which includes 313 ISD stations in this case (small dots; wind speed shown in colours), from which the WSavg

and WS95 are derived (upper-left box). (b) The ERA5 10-m wind speed for the same cyclone centre, with the complete native field shown in

translucent shadings and the unmasked ERA5 grid values (to be compared with ISD) shown in small dots as in (a). The whole track of this

cyclone is shown in the upper-right corner. ISD, Integrated Surface Database. [Colour figure can be viewed at wileyonlinelibrary.com]
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NRMSE=
RMSE

CISD
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i=1 CERA5

i −CISD
i

� �2q

1
n

Pn
i=1

CISD
i

: ð2Þ

Finally, the Pearson correlation coefficient (CC) is
used to measure the linear association between the vari-
ables derived from ERA5 and ISD:

CC=

Pn
i=1 CERA5

i −CERA5
� �

CISD
i −CISD

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i=1 CERA5
i −CERA5

� �2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i=1 CISD
i −CISD

� �2
r :

ð3Þ

3 | RESULTS

3.1 | Cyclone distribution for WS and PR
evaluation

Figure 3 shows the total number of cyclone centres that
occurred in each ERA5 grid cell over the CENA region
during 2005–2019. Note that this is not the climatology of
all cyclones but only those qualified for our evaluation.
That said, large densities of cyclone centres still agree
with the well-identified cyclone-active regions: the lee
side of the Rockies where frequent cyclogenesis occurs,
the Great Lakes region where enhanced heat fluxes foster
cyclone development/steepening and where cyclone
tracks of Alberta Clippers and Colorado Lows converge,
and the eastern coastline upstream to the Gulf Stream
where storm track prevails (e.g., Plante et al., 2015; Poan
et al., 2018; Reitan, 1974). The different sample sizes

between the two variables are caused by the availability
of observation records (Section 2.4), and wind speed
observations are globally more numerous than precipita-
tion observations (Figure 1a,b). Out of the total number
of cyclone centres identified by the tracking algorithm,
about 30% and 21% are retained for wind speed and pre-
cipitation variables, respectively. The number of cyclone
centres varies with seasons, with the smallest number in
JJA (with 21,258 and 12,198 cyclone centres for wind and
precipitation, respectively) and the largest number in
MAM (with 27,586 and 20,314 cyclone centres for wind
and precipitation, respectively). Yet, the distribution of
cyclone centre density does not change substantially
between seasons for both variables (not shown).

3.2 | Evaluation of ETC averages

3.2.1 | Domain averages of WSavg and
PRavg

We first assess the ability of ERA5 in representing the
ETCs' spatial-mean wind speed. Figure 4a–d show the
scatter plots of WSavg between ERA5 and ISD in DJF,
MAM, JJA and SON. It is clear that most of the data points
are distributed along the 1:1 line, indicating an overall
good agreement between ISD and ERA5. The annual aver-
aged WSavg estimated from ISD and ERA5 are very close
with the same rounded values of 4.3 m/s (Figure 4e). How-
ever, the lower slope of the linear fit compared with the
1:1 line suggests that ERA5 tends to be positively biased at
low wind speed values and negatively biased at high
values in all seasons. Consistently, the quantile–quantile
plots (red diamonds in Figure 4a–d) show that ERA5 and

FIGURE 3 (a) Number of cyclone centres at each grid point with more than 100 10-m-wind-speed observations available within their

1000-km radius during 2005–2019 period. The total number of cyclone centres (n) is shown on the top right corner of each map. (b) Same as

(a) but for precipitation observations. [Colour figure can be viewed at wileyonlinelibrary.com]
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ISD agree quite well in the middle range, whereas the low
quantiles of ERA5 (the 1st, 2nd, 5th and 10th) tend to be
higher than ISD and the high quantiles of ERA5 (the 90th,
95th, 98th, and 99th) tend to be lower than ISD. The
annual normalized mean bias (NMB) is low (−0.7%)
although the NRMSE is a bit higher (14.3%). The annual
correlation (CC) is 0.92, demonstrating a good linear rela-
tionship between ERA5 and ISD. In general, ERA5 well
represents the WSavg despite slightly larger deviations for
lower and higher values.

On the seasonal scale, most error metrics show the
worst performances of ERA5 in JJA when the averaged
WSavg reaches the annual minimum at 3.7 m/s
(Figure 4e). JJA has the highest NRMSE with a value
of 17.5% and the lowest CC of 0.88, indicating a larger
spread of ERA5 values (larger uncertainty) corre-
sponding to the same value of ISD. In contrast, ERA5
exhibits the best performance in DJF with NMB close
to 0%, NRMSE of 11.4% and CC of 0.94. For both MAM
and SON, ERA5 shows intermediate performances
with NRMSE values of 14.6% and 14.2%, and correla-
tion coefficients of 0.93. However, it is interesting to
note that the NMB in these transition seasons exhibit

peaks magnitudes with opposite signs, −5.5% and 3.8%
for MAM and SON, respectively. A closer examination
of the quantile–quantile plots shows that the upper
tail of WSavg distribution is the most underestimated
by ERA5 in MAM while the lower quantiles are the
most overestimated in SON (Figure 4b,d). For JJA,
despite the large NRMSE, the notable positive and
negative biases in both tails partially cancel out and
thus lead to a NMB closer to zero than during MAM
and SON.

To evaluate ERA5's performance in capturing the
ETCs' spatial-mean precipitation intensity, Figures 5a–d
show scatter plots of PRavg between ERA5 and ISD of all
cyclone centres in each season. Contrary to that for
WSavg, ERA5 does not exhibit a notable underestimation
at low values and the degree of underestimation at high
values varies notably with season. ERA5 represents the
annually-averaged PRavg fairly well, with a slightly lower
value of 0.25 mm/h than the ISD of 0.28 mm/h. How-
ever, the larger dispersion in scatter plots in Figure 5a–d
than in Figure 4a–d indicates a greater variability and
uncertainty in the precipitation field than in 10-m wind
speed. Both the annual NMB (−10.4%) and NRMSE

FIGURE 4 (a–d) Seasonal scatter plot of ISD against ERA5 WSavg with Gaussian density in blue shades. Quantile–quantile plots are
shown in red diamond markers for 25th, 50th and 75th quantiles and star markers for 1st, 2nd, 5th, 10th, 90th, 95th, 98th and 99th quantiles

for each season. The ordinary least squares regression is shown with a blue line in each plot. (e) Averaged WSavg intensity for both ISD and

ERA5, (f) NMB, (g) NRMSE and (h) Pearson correlation coefficient (CC), all calculated seasonally and annually over the 2005–2019 period.
[Colour figure can be viewed at wileyonlinelibrary.com]
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(56.5%) for precipitation are at least four times larger
than those for wind speed. Consistently, the CC is nota-
bly lower (0.87) than for wind speed. Therefore, the
quantile–quantile plots (orange markers in Figure 5a–d)
can better describe the data than the linear fitted line,
showing that the right-skewed precipitation distribution
is nevertheless captured reasonably by ERA5 in all sea-
sons except for JJA.

Across seasons, it is clear that the largest disagree-
ment between ISD and ERA5 for ETC precipitation also
happens in JJA when the observed value reaches the
annual maximum (Figure 5e–h). Such a seasonal PRavg
peak in JJA is not captured by ERA5, which shows an
annual maximum in SON instead. In JJA, ERA5 severely
underestimates the mid and the upper quantiles, leading
to the largest magnitudes of NMB (−25.7%), NRMSE
(63.0%) and the lowest CC (0.78). This is likely related to
the fact that ETCs are more convective in summertime
(Jeyaratnam et al., 2020) and that the model resolution is
insufficient to resolve the embedded convective pro-
cesses, which are often accompanied by high-intensity
precipitation. In contrast, ERA5 performs relatively better
for SON and DJF as the associated quantile distributions
are more aligned with the 1:1 line, and their seasonal
averaged NRMSE are the lowest (yet still high) at about
45%. Interestingly, NMB is positive only for DJF,

indicating a general overestimation of ERA5 in winter-
time ETCs' averaged precipitation.

3.2.2 | Spatial variability of WSavg and
PRavg

It is of interest to examine whether the above results
exhibit some dependency on the geographical feature.
We record the observed WSavg value and the associated
ERA5-ISD bias at the location of each cyclone centre (see
the big central dot in Figure 2) and take the local-
grid-cell average of all coinciding centres during 2005–
2019 to obtain a spatial distribution (Figure 6). Overall,
the intensity of wind speed is higher over/near the Rock-
ies and central United States and lower in the southeast-
ern United States. High wind speeds are also observed in
the northeastern CENA, that is, near the entrance to the
mid-latitude maritime storm track. The spatial variability
of the WSavg bias shows some dependency on the wind
intensity: negative biases are observed in regions with
stronger WSavg, that is, over the western and northeastern
CENA, and positive biases are found mostly over where
WSavg are relatively weaker. In addition, Figure 6 suggests
a strong tie between bias and the orography. The signifi-
cant negative bias highlighted over the Rockies in all

FIGURE 5 Same as Figure 4 but for PRavg. [Colour figure can be viewed at wileyonlinelibrary.com]
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seasons agrees with previous studies that ERA5 tends to
underestimate 10-m wind speed in regions with complex
topography (e.g., Minola et al., 2020). The underlying rea-
sons include the insufficiently-resolved topographic fea-
tures and the parametrization of orographic drag in the
model (Irina Sandu et al., n.d.). The most negative NMB
in MAM (Figure 4f) is associated with the strong winds
and thus large negative biases over the Rocky Mountains.
On the other hand, the most positive NMB in SON
(Figure 4f) corresponds to several patches of positive biases
along the east coast, Florida, and near inland lakes, where
WSavg seem moderate (Figure 6h).

Figure 7 shows the maps of observed PRavg and bias
associated with ETCs. In all, the distribution of PRavg is
qualitatively consistent with the climatology of annual pre-
cipitation over North America, showing a gradual decrease
of precipitation from the Gulf and Atlantic States of the

United States towards the Great Plains (e.g., Arsenault
et al., 2020; Nelson et al., 2016). Seasonal variations exist in
that the relatively wet region extends farther towards the
northwestern CENA in MAM, JJA and SON, while it is
restricted in the southeastern United States in DJF. Further-
more, in addition to the overall high PRavg near the coast,
another peak is observed in the Midwestern United States
in JJA (Figure 7c). It has been shown that summertime
cyclones exhibit a poleward shift of cyclogenesis and occur-
rence compared to other seasons (e.g., Reitan, 1974). While
summertime ETCs do not produce as strong winds as in
other seasons, their contribution to the precipitation is still
pronounced. Additionally, Arctic cyclones are active in
summer and those track southeastward into the Canadian
Arctic Archipelago can transport moisture equatorward to
mid-latitude North America (Serreze et al., 2001;
Sorteberg & Walsh, 2008). Contrary to the WSavg, the

FIGURE 6 Spatial distribution of the ISD WSavg magnitude (left column) and the bias (ERA5-ISD; right column) averaged for all

cyclone centers in each season. Note that while WSavg represents the average over a 1000-km domain, the value is recorded only at the grid

point of the cyclone centre (the big dot in Figure 2). To improve readability, the raw results have been spatially smoothed via the linear

radial basis function interpolation. [Colour figure can be viewed at wileyonlinelibrary.com]
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PRavg bias does not show a clear dependency on the orog-
raphy, nor on the distribution of precipitation intensity
(Figure 7e–h). DJF exhibits mainly weak positive biases
over the entire CENA region, while JJA shows mostly nega-
tive biases. Both SON and MAM present weak magnitudes
with both signs over CENA. The most negative seasonal
bias in JJA (Figure 5f) corresponds to the bias minima of
below −0.125 mm/h in Midwestern United States, collocat-
ing with the local maxima of PRavg.

3.3 | Evaluation of ETC extremes

3.3.1 | Extreme cases based on WSavg/
PRavg

As severe damages are often caused by the rare but
extremely strong ETCs, we compare the consistency

between the top 5% of WSavg and PRavg as represented
in ERA5 and ISD.

For hourly wind speed, the minimum threshold for
selecting the top 5% (95th quantile) is 7.0 m/s in ISD and
6.5 m/s in ERA5. Comparing two sets of the top 5%, we
find a match of 73%, that is, 3452 out of a total of 4732
observed extreme ETC instances are successfully cap-
tured as the top 5% by ERA5. To quantify the intensity
difference, we further perform comparisons using two
methods. Method 1 compares the intensity of extreme
centres by first identifying the top 5% extreme ETC cen-
tres in ISD as ‘truth’ and retrieving these centres from
the ERA5 dataset. The derived mean intensity is 7.8 m/s
in ISD and 7.0 m/s in ERA5, with an NMB of −10.2%, an
NRMSE of 12.5%, and a CC of 0.71. Alternatively, method
II compares only the ‘matched’ ETC instances identified
in both ISD and ERA5. The average WSavg is also weaker
in ERA5 (7.3 m/s) than in ISD (7.9 m/s), with an NMB of

FIGURE 7 Same as Figure 6 but for PRavg. [Colour figure can be viewed at wileyonlinelibrary.com]
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−7.8%, an NRMSE of 10.0% and a CC of 0.73. In both
comparisons, all error metrics except for the NRMSE
indicate a worse performance, a systematic underestima-
tion, of ERA5 in capturing the wind speed for extreme
cases than for the entire sample (Table 1). The ability of
ERA5 in capturing the extreme ETCs decreases with
higher quantiles, as the percentage of cyclone matches
with ISD is lowered to 63% for the top 1% WSavg cases.

For hourly precipitation, the 95th-quantile thresholds
of the PRavg are 0.9 mm/h in ISD and 0.8 mm/h in ERA5.
Only 64% of the top 5% PRavg in ISD are successfully cap-
tured as the top 5% in ERA5 (i.e., 2068 out of a total of
3242 extreme ETC instances), a lower match rate than for
wind speed. Comparison using method I shows a remark-
able contrast between ISD and ERA5, with an averaged
intensity of 1.18 mm/h in ISD and 0.92 mm/h in ERA5,
and the NMB, NRMSE and CC of −22.6%, 42.6% and 0.30,
respectively. Comparing only those matched cyclone cen-
tres (method II), the averaged intensity is 1.2 mm/h in ISD
and 1.1 mm/h in ERA5, and the NMB, NRMSE and CC
are −8.6%, 21.0% and 0.66, respectively. Again, except for
NRMSE, all error metrics in both comparisons suggest a
worse, systematic underestimation of ERA5 in capturing
the precipitation intensity for the top 5% than for the
entire sample (Table 1). The percentage of matches
between ISD and ERA5 is also lowered, from 64% to 54%
when we consider the top 1% PRavg instead of the top 5%.

The above results show that ERA5 has a lower skill in
capturing the upper tails of wind speed and precipitation
averages of all ETC centres, and this is not simply an
issue of spatial resolution as the comparisons are all
based on the 1000-km-radius averages.

3.3.2 | Local extremes (WS95/PR95)

Finally, we evaluate the performance of ERA5 in captur-
ing the local extreme values, that is, the spatial 95th

percentile of hourly wind speed/precipitation (WS95/
PR95) within each cyclone centre. For this comparison,
some discrepancy is expected given the inherent scale
disparity between ERA5 and ISD, because ERA5 vari-
ables represent the areal-mean values over a grid cells of
about 31 × 31 km (Chen & Knutson, 2008; Di Luca
et al., 2020), while station-based observations are point
estimates that account for an area of only a few square
km (Chu et al., 2021). Our goal is not to isolate the repre-
sentativeness of ERA5 but to assess its overall (in)ade-
quacy in applications of extreme analysis and risk
assessment at local scales.

For WS95, the annual-mean magnitude is 7.1 and
8.5 m/s for ERA5 and ISD, respectively, that is, almost
two times larger than their intensity of WSavg (Figure 8).
Compared to the WSavg analysis for the entire and the
top 5% samples, ERA5 exhibits a more severe tendency
to underestimate WS95 that persists across seasons.
Both NMB and NRMSE for WS95 indicate greater errors
with annual values of −17.0% and 21.0%, respectively
(Table 1). The annual CC of 0.92 is similar to that for
WSavg, indicating that the variability across cyclone cen-
tres is still well reproduced despite a systematic underes-
timation. Different from that for WSavg, ERA5 shows its
best performance in SON and its worst in MAM for
WS95 in terms of NMB and NRMSE, but the lowest sea-
sonal CC is still found in JJA. The spatial variability of
the WS95 bias is similar to that of WSavg but is mostly
negative with a larger magnitude (Figure S4). In all, the
results indicate that ERA5 performs worse in capturing
the local extreme values than the overall impacts of aver-
aged/extreme cyclones.

For PR95, the annual-mean magnitude is 1.29 m/s
and 1.40 m/s for ERA5 and ISD, respectively, approxi-
mately five times as large as the PRavg values on the
annual scale (Figure 9). Unlike for the wind speed,
the performance of ERA5 is not particularly worse for
PR95 than for PRavg with a smaller magnitude of NMB

TABLE 1 Summary of the

evaluation of ERA5 against ISD for

different quantities.

Averaged intensity

NMB NRMSE CCISD ERA5

WSavg 4.3 m/s 4.3 m/s −0.7% 14.3% 0.92

WSavg top 5% 7.8 m/s 7.0 m/s −10.2% 12.5% 0.71

WS95 8.5 m/s 7.1 m/s −17.0% 21.0% 0.92

PRavg 0.28 mm/h 0.25 mm/h −10.4% 56.5% 0.87

PRavg top 5% 1.18 mm/h 0.92 mm/h −22.6% 42.6% 0.30

PR95 1.40 mm/h 1.29 mm/h −7.2% 59.6% 0.87

Note: For the top 5% evaluation, we compare the values of ETC centres identified in ISD (see method I in
the text).

Abbreviations: CC, correlation coefficient; ISD, Integrated Surface Database; NMB, normalized mean bias;
NRMSE, normalized root-mean-square error.

12 CHEN ET AL.

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8339 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 8 Same as Figure 4 but for WS95. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Same as Figure 5 but for PR95. [Colour figure can be viewed at wileyonlinelibrary.com]

CHEN ET AL. 13

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8339 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(−7.2%), a similar CC (0.87) and a slightly higher NRMSE
of 59.6% annually (Table 1). The seasonal variation for
PR95 remains similar to that for PRavg in that ERA5 still
presents the best performance in DJF and the worst per-
formances in JJA. However, two changes are observed.
First, the tendency of ERA5 underestimating the upper
quantiles becomes notable in all seasons, including DJF
(Figure 9a–d). Second, the severe underestimation in JJA in
PRavg is improved notably for PR95 in relative terms
(Figures 5e,f vs. 9e,f), thus leading to an overall reduced
magnitude of NMB. As will be seen in Section 4.2, these
results are somewhat sensitive to the chosen spatial percen-
tile for the definition of local extremes. Interestingly, while
there is no clear spatial correlation between bias and precipi-
tation magnitude for PRavg, such correspondence emerges
for extreme values; larger negative bias tends to occur in
regions with higher PR95 and vice versa (Figure S5).

4 | DISCUSSION

4.1 | Sensitivity of results to the cyclone
radius

In this study, we examine the sensitivity of our evalua-
tion to the choice of a 500-km radius around ETC centres
(Figure S6). Since a smaller radius concentrates on the

near cyclone-core region where precipitation and winds
are overall stronger, the averaged magnitudes of WSavg
and PRavg both increase, with a more notable change in
the latter than in the former. While the increase is seen
in both ERA5 and ISD, some changes in the error metrics
are observed. For wind speed, all error metrics indicate
that ERA5 performs slightly worse for the more confined
(500-km radius) region than for the larger (1000-km
radius) domain surrounding a cyclone, but the seasonal
variation remains similar. Such performance degradation
is not surprising, as one would expect that as the radius
increases, the compensation among local errors will also
increase. Furthermore, a larger radius also allows some
room for potential shift/dislocation of moderate/strong
winds in ERA5. For precipitation, the skill degradation
for a smaller calculation radius still holds true in general
(except for NMB), but the most severe degradation is
observed in MAM, leading to a shift in the worst seasonal
performance for PRavg from JJA to MAM.

4.2 | Sensitivity of errors to the
definition of local extremes

In this study, we examine the sensitivity of error metrics
to the definition of local wind speed and precipitation
extremes by considering different spatial percentiles

FIGURE 10 Sensitivity of the NRB (left), the NRMSE (middle) and the CC (right) to the definition of extreme wind speeds (top panels)

and precipitation (bottom panels) within ETCs. Three quantile values are used to assess the sensitivity: 95th, 98th and 99th. [Colour figure

can be viewed at wileyonlinelibrary.com]
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(98th and 99th) within ETC centres (Figure 10). Regard-
less of the variable, the higher the spatial percentile, the
larger the error magnitudes (NMB and NRMSE) and
the lower the linear correlation (CC) between ERA5 and
ISD for all seasons. This indicates a monotonic decrease
in the performance of ERA5 at representing rarer local
wind and precipitation extremes within ETCs. The sea-
sonal variation of error metrics mostly remains
unchanged when different percentiles are used (except
for NMSE for PR98 and PR99). The error is more sensi-
tive to different percentiles for precipitation extremes
than for wind speed extremes. For example, the change
of annual NMB from 95th to 99th percentiles is about 6%
(from −16.4% to −21.9%) for wind and 30% (from −6.5%
to −37.7%) for precipitation. This is partially related to
the structural disparity in the tails of the distributions for
both variables, as extreme precipitation values increase
more sharply than wind speed values given the same
increment in percentiles.

4.3 | Comparison with previous studies

Our findings regarding ERA5's good performance in the
spatially-averaged 10-m wind speeds but a systematic
underestimation at moderate and strong intensities are in
general agreement with previous studies evaluating ERA5
against the buoy and satellite data over the ocean
(e.g., Çalışır et al., 2023; Campos et al., 2022). Campos et al.
(2022) reported an underestimation of the long-term mean
wind speed by 10%–15% conditioned on the presence of
cyclones over the central and western North Atlantic. The
value is comparable to our estimation of 17% underestima-
tion based on the annual-mean, ETC-associated WSavg
over the continental North America, although slightly
smaller. Our results are somewhat contrary to those of
Molina et al. (2021), who examined the monthly 10-m
wind speed between ERA5 and station data across Europe
without pre-conditioning on ETCs. They showed that
ERA5 tends to overestimate higher wind speeds in cold
months and that ERA5 exhibits a better performance in
summer months. The differences from our results may be
related to that the reanalysis performance varies for differ-
ent time scales (e.g., Tan et al., 2017), geographical regions
and meteorological conditions (e.g., Campos et al., 2022).
Nevertheless, Molina et al.'s (2021) examination using the
hourly ERA5 data at the worst-performing stations agrees
that ERA5 tends to overestimate light winds and underesti-
mate strong winds, a well-known feature in reanalysis
datasets (e.g., Cannon et al., 2015). Our bias maps are also
in line with previous works, showing that reanalysis
products tend to severely underestimate near-surface wind

speed over mountainous regions but overestimation in
coastal sites (e.g., Gualtieri, 2022; Minola et al., 2020).

Regarding the ETC-associated precipitation, our
results showing an overall underestimation tendency in
their intensity are in quantitative agreement with previ-
ous studies, although these studies were not condi-
tioned to cyclone events and were focused on different
continental regions (e.g., Bandhauer et al., 2022; Lavers
et al., 2022; Lei et al., 2022; Singh et al., 2021). Lei et al.
(2022) showed that the applicability of ERA5 increases
with the precipitation amount and hence ERA5 exhi-
bits a better ability to estimate extreme precipitation in
rainy than non-rainy seasons in China. Such results are
contrary to our findings as we find the best seasonal
performance in DJF when ETCs over North America
are characterized by relatively low precipitation due to
low moisture content. Interestingly, our PRavg bias
map prevailed by relatively strong negative values in
JJA bears some resemblance to Lavers et al. (2022, their
fig. 2) even though their evaluation was not exclusive
to cyclones. Based on the gauged-based precipitation,
they noted that while wet biases for the mean daily pre-
cipitation are more common over North America, there
is a notable dry bias over the central United States in
July, which they suggested to be related to the model's
uncertainty in irrigation and soil moisture content.
Overall, our results are consistent with Lavers et al.
(2022) that the capability of ERA5 precipitation in the
Northern Hemisphere extratropics reduces from winter
to summer.

5 | CONCLUSION

This study provides a novel and comprehensive evalua-
tion of the ability of ERA5 reanalysis at representing the
10-m wind speed and hourly precipitation associated
with ETCs over North America. Hourly data collected
from approximately 3000 stations, amounting to around
420 million reports stored in the ISD, serve as the refer-
ence dataset. To ensure a fair comparison, ERA5 grid
points are masked out where and when ISD data were
not available, and additional quality control and time
resampling are also employed on ISD to be consistent
with the regularly-gridded hourly ERA5 data. Such post-
processed ISD data has been made publicly available to
facilitate future studies (Collet et al., 2022). We use an
objective algorithm to identify and track ETCs, and two
quantities are computed for each identified cyclone cen-
tre: a spatial average and a spatial extreme (the spatial
95th, 98th and 99th percentiles) within a radius of
1000 km.
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In terms of the spatial means around cyclones cen-
tres, it is shown that ERA5 is able to represent the 10-m
wind speeds well, with an annual normalized bias (NMB;
ERA5-ISD) and root-mean-square error (NRMSE) of
about −0.7% and 14%, and a correlation coefficient
(CC) of 0.92. Despite good overall performance, ERA5
consistently overestimates low wind speeds and under-
estimates high wind speeds. For precipitation, an overall
underestimation tendency is observed (except for DJF).
The performance of ERA5 is poorer for precipitation than
for wind speed in all seasons, with NMB and NRMSE
increasing their magnitudes to −10% and 57%, respec-
tively, and the CC dropping to 0.87. Such a result is
expected as precipitation is notoriously difficult to prop-
erly represent in models and reanalysis products, owing
to its nonlinear multiscale nature and its dependency on
parameterized processes (Tapiador et al., 2019). For both
variables, ERA5 usually exhibits the best and the worst
performance during DJF and JJA, respectively, likely
related to the inadequacy of coarse-resolution models to
simulate convective processes, which are more dominant
during summer and less active in winter months. As
for the spatial distribution, negative biases are often
observed over regions with stronger ETC-associated pre-
cipitation/wind speeds, which are generally distributed
on the central and eastern North America for precipita-
tion, and near Rockies and northeastern North America
(entrance of maritime storm tracks) for wind speed. In
addition, systematic underestimation in wind speed also
prevails over complex topography.

The evaluation for the top 5% extreme cyclone centres
based on the spatial means of wind speed/precipitation
show a clear skill degradation of ERA5 compared to its
performance for the entire sample of ETCs. For wind
speed, the magnitude of NMB increases from −0.7% to
−10% and the CC reduces from 0.9 to 0.7. For precipita-
tion, ERA5's skill deteriorates even more with the NMB
changes from −10% to −23% and CC drops from 0.9 to
0.3. For the spatial extremes within an ETC, ERA5 shows
an even stronger tendency to underestimate the localized
extreme values than presenting the spatial means of
extreme ETCs, and all error metrics increases at higher
spatial percentiles.

Our results highlight some important limitations of
the ERA5 reanalysis products for studies looking at possi-
ble impacts of ETCs. ERA5 is in general more reliable in
presenting ETC-associated 10-m wind speed than precipi-
tation. An overall higher skill in DJF lends confidence in
the usage of ERA5 for representing the averaged impacts
of wintertime ETCs, while the lower skill in JJA suggests
that uncertainty should not be overlooked when investi-
gating summer events with ERA5. The deteriorated per-
formance of ERA5 in representing local extremes within

ETCs suggests that such applications should be per-
formed with caution.
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