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Introduction 

Reanalyses combine a comprehensive assimilation of his-
torical observations with state-of-the-art descriptions of 
relevant physical processes in a frozen version of NWP 
models. By this, they produce a best estimate of historical 
weather and climate at arbitrary locations, which is con-
sistent in space, time and between parameters, and is 
therefore suitable for climate monitoring, climate and 
meteorological research, and as input to various other 
types of products, models and research. 

This study investigates the value added by the newly 
released high-resolution regional CARRA reanalysis 
(Yang et al. 2020) compared to the extensively used 
global C3S ERA5 reanalysis (Hersbach et al. 2020), which 

is used as a host model on the lateral boundaries of the 
CARRA reanalysis. We focus on near-surface tempera-
ture and wind speed over the north-east European Arctic. 
The parameters are chosen because of their importance 
for climate and high-impact weather, and because 
near-surface temperatures are constrained through the 
assimilation process in both reanalyses, while wind 
speeds are not assimilated and can, therefore, be treated 
as independent observations. To limit the amount of 
details and discussion, the study considers the eastern 
of  the two CARRA domains: CARRA-East, covering 
Svalbard, Barents Sea, northern Norway, Sweden and 
Finland (Fig. 1). The results are, however, expected to be 
qualitatively similar in the western domain of CARRA: 
CARRA-West, which includes Greenland and Iceland.
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The fifth generation of atmospheric reanalysis produced 
by ECMWF, ERA5 benefits from a substantial development 
in model physics, core dynamics and data assimilation from 
the operational NWP system at ECMWF, in addition to 
enhanced horizontal and temporal resolution compared to 
its predecessors. ERA5 is, therefore, one of the leading 
global reanalyses. Many studies have evaluated ERA5 in 
general (e.g., references in Hersbach et al. 2020) and also its 
performance for the Arctic and high-latitudes (e.g., Batrak 
& Müller 2019; Betts et al. 2019; Graham et al. 2019; 
Tetzner et al. 2019; Wang et al. 2019; Delhasse et al. 2020; 
Sheridan et al. 2020). In general, ERA5 performs well com-
pared to other reanalyses but pronounced weaknesses 
remain in the representation of the Arctic climate system. 
For example, there is a warm bias over sea ice (e.g., Batrak 
& Müller 2019; Wang et al. 2019; Demchev et al. 2020; 
Graham et al. 2019), and certain characteristics of tempera-
ture extremes are not well represented (Sheridan et al. 
2020). The same is true for wind speed associated with 
polar lows (Moreno-Ibanez et al. 2021).

Global reanalyses require enormous computer capac-
ity, which puts limitations on the affordable spatial reso-
lution in the underlying NWP model. Even if the spatial 
resolution of global reanalyses has improved, ERA5 still 
employs a relatively coarse grid spacing of ca. 31 km. The 
resolution is, therefore, too coarse to describe many 
small- and meso-scale details, in particular, the complex 
topography and coastlines, as found at Greenland, 
Svalbard and Norway, among other places. The relatively 
coarse resolution of global reanalyses, therefore, provides 

good arguments for regional reanalyses. Recently, the 
added value of regional reanalyses has been documented 
in mid-latitudes (e.g., Kaiser-Weiss et al. 2019; Kaspar 
et al. 2020; Keller & Wahl 2021) and in the Arctic (e.g., 
Bromwich et al. 2018). Furthermore, the approach with 
regional high-resolution model systems has also proven 
highly useful in daily weather forecasting of near-surface 
variables in the European Arctic (e.g., Müller et al. 2017; 
Yang et al. 2018; Køltzow et al. 2019). It is, therefore, 
expected that the recently released high-resolution 
regional CARRA data set will add value to ERA5 because: 
(1) the horizontal resolution (2.5-km vs. 31-km grid 
spacing in CARRA and ERA5, respectively) has been sub-
stantially improved; (2) more local observation data have 
been collected and used in the assimilation process in 
CARRA; and (3) the treatment of cold surfaces in CARRA 
has improved (Yang et al. 2020).

Here we present a detailed evaluation of the represen-
tation of T2m and WS10 in CARRA and ERA5. First, the 
CARRA and ERA5 data sets, and point observations used 
for verification are briefly described. Then, we present 
the results of the evaluation and we compare CARRA 
and ERA5. 

Methods and data

In this study, reanalyses are evaluated by comparison 
with point observations, and the added value of CARRA 
data in comparison to ERA5 is based on the relative 
reduction in errors of T2m and WS10. 

Fig. 1 (a) Region of comparison, indicating the observation sites applied for verification, with topography from the CARRA data set and sea ice from 

1 March 2018. In addition, mean absolute difference between CARRA and ERA5 averaged over the Year of the Polar Prediction Special Observing 

Period 1 (February and March 2018) for (b) T2m and (c) WS10.

http://dx.doi.org/10.33265/polar.v41.8002


Citation: Polar Research 2022, 41, 8002, http://dx.doi.org/10.33265/polar.v41.8002 3
(page number not for citation purpose)

M. Køltzow et al.� Value of the Copernicus Arctic Regional Reanalysis

ERA5

ERA5 is based on the Integrated Forecast System cycle 
41r2, which was used to produce the ECMWF’s opera-
tional forecasts in 2016. Hersbach et al. (2020) described 
the general set-up and provided a summary of improve-
ments in the model system compared to the ECMWF’s 
previous reanalysis (ERA-interim). These improvements 
benefit from a decade of developments in the ECMWF’s 
operational model system. The atmospheric initialization 
is done by a four-dimensional variational data assimila-
tion approach, while the initialization of the surface is 
done by optimal interpolation for snow and soil tempera-
ture and a simplified Extended Kalman Filter for soil 
moisture. A number of remote sensing measurements are 
assimilated together with conventional observations dis-
tributed by GTS. ERA5 provides hourly output with 
31-km grid spacing and 137 vertical levels from 1950 
until today and can be downloaded from the online 
Copernicus Climate Data Store (Copernicus Climate 
Change Service 2017).

CARRA

CARRA is based on the HARMONIE-Arome cycle 40h1.1. 
A similar version was used for operational forecasting at 
the Danish Meteorological Institute and the Norwegian 
Meteorological Institute until the beginning of 2021. The 
production of CARRA-West (Greenland/Iceland) and 
CARRA-East (Fig. 1), therefore, benefits from the work 
done for operational weather forecasting in these regions. 
In addition, further tailoring of the description and spec-
ification of cold surfaces has been done in a number of 
ways in the preparation for the production of CARRA 
(Yang et al. 2020). The atmospheric assimilation is done 
by a three-dimensional variational data assimilation 
approach, while the surface assimilation (snow, soil 
moisture and temperature) is done by optimal interpola-
tion. A number of remote sensing measurements, con-
ventional observations distributed by GTS and additional 
surface observations collected from the national insti-
tutes are used. CARRA produces 3-hourly analyses with 
a 2.5-km grid spacing and 65 vertical levels. CARRA is 
forced with ERA5 analyses at its lateral boundaries. 
CARRA can be downloaded from the Copernicus 
Climate Data Store (https://climate.copernicus.eu/climate- 
data-store).

Observations

In this study, CARRA and ERA5 are evaluated 
with  SYNOP observations for the period 1998–2020. 
Eventually CARRA will cover a period from September 

1990 to September 2025. Although the production of the 
full data set was not completed at the time of the analy-
ses, our results represent a substantial part of the total 
data set to become available. The majority of observa-
tions used here were distributed via GTS in near real-
time and have, therefore, been available for the surface 
assimilation in both reanalyses. However, a substantial 
part of the observations was also collected from local 
sources, for example, for periods before they were dis-
tributed via GTS, and therefore, they are available only 
in CARRA during production. Furthermore, the usage 
of  the observations in the assimilation process in the 
reanalyses depends on system characteristics (e.g., assim-
ilation choices, resolution, and land–sea mask) and var-
ies between ERA5 and CARRA. Both CARRA and ERA5 
apply observations of T2m in their assimilation schemes, 
while WS10 is not assimilated. In addition, the observa-
tions have undergone additional quality control after the 
distribution via GTS and in the preparation of CARRA 
(Yang et al. 2020). The observations used in this evalua-
tion, and also in the production of CARRA, may, there-
fore, occasionally deviate from what was originally 
distributed via GTS.

It is well known that the quality of NWP systems var-
ies geographically, and therefore, we stratify the evalua-
tion into six regions in this study (Fig. 1a) for which we 
expect relatively homogeneous weather: Svalbard (12 
observation sites); North Atlantic islands (three observa-
tion sites, hereafter islands); CoNo (41 observation sites); 
NSF inland (140 observation sites); mountains (10 obser-
vation sites); and coastal stations of GoBothnia (26 obser-
vation sites). Observation sites were subjectively assigned 
to regions, taking into account elevation and distance to 
the coast. Several of the same regions have previously 
proven to highlight important geographical differences in 
forecast quality (Køltzow et al. 2019). 

Results and discussion

Different aspects of the value added by CARRA as com-
pared to ERA5 are evaluated in this section. First, we 
compare CARRA and ERA5 for a limited time slice to 
identify typical differences. Then, a general evaluation 
against observations is performed, followed by an inter-
comparison of spatial variability and temporal variability. 
This is followed by an investigation of how well local 
extremes and some selected high-impact events are rep-
resented. Finally, we discuss how much of the differ-
ence  between reanalyses and observations arises from 
representativeness errors, that is, sub-grid variability 
causing deviations from the grid box average represented 
in the reanalyses.
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Potential added value

An impression of where CARRA has potential added value 
compared to ERA5 is illustrated by the mean absolute dif-
ference in Fig. 1b, c for T2m and WS10 for a winter period. 
The largest mean absolute difference for T2m, and thereby 
also the largest potential added value, is found over com-
plex topography (Fig. 1a) and along coastlines, for exam-
ple, in Svalbard, Novaya Semlya and CoNo and on 
mountains. A close examination shows that the differences 
are particularly large in some of the fjords in Svalbard and 
CoNo. In the more homogeneous terrain in NSF inland, 
the mean absolute difference is also evident but is less pro-
nounced. In addition, the potential added value is high 
over the sea ice north of Svalbard (Fig. 1a; CARRA is sys-
tematically colder than ERA5, not shown), while the least 
potential added value is seen over the ocean.

Some of the same patterns seen for T2m are also seen 
for WS10, with large potential added value over complex 
terrain and along coastlines. However, over more homo-
geneous terrain in north Sweden and Finland and over 
sea ice and open sea, there are more modest differences 
between CARRA and ERA5. The spatial patterns in mean 
absolute difference appear similar during summer, albeit 
with smaller values (not shown), but with no pronounced 
potential added value for T2m over sea ice. The spatial 
patterns in mean absolute difference highlight the impor-
tance of resolution for both T2m and WS10. In addition, 
the differences in T2m over sea ice may be due to the 
more sophisticated representation of sea ice and snow on 

sea ice in CARRA. The inclusion of a snow layer on top of 
the sea ice is missing in many reanalyses but its presence 
(as done in CARRA) has shown to improve on a common 
warm bias over sea ice seen in many reanalyses (e.g., 
Batrak & Müller 2019). 

General evaluation against observations

The annual cycle of T2m systematic errors (biases) for dif-
ferent regions is shown in Fig. 2. In CARRA, the tempera-
ture biases are small, but a modest exaggeration of the 
annual cycle is seen in the mountains (ca. 0.5°C cold/warm 
bias in winter/summer) and a ca. −0.5°C cold bias in sum-
mer for GoBothnia. It should be noted that even if the 
average biases in the regions are small, the biases may vary 
between observation sites within each region (not shown). 
The T2m biases in ERA5 are more pronounced than in 
CARRA for several of the regions. A substantial cold bias is 
seen for CoNo and Svalbard in winter (ca. −1.5°C) and 
slightly less in summer (ca. −1°C). These biases can at least 
partly be explained by the coarser resolution of ERA5, 
making an accurate representation of the complex coast-
line difficult. However, compared to the ECMWF’s previ-
ous reanalysis, these specific biases are reduced by 
modifications to the radiation scheme (Hogan & Bozzo 
2015; Hersbach et al. 2020). Coarser resolution is also a 
likely explanation for the underestimation of the annual 
cycle at islands (warm bias ca. 0.5°C in winter and cold bias 
ca. −0.5°C in summer), which are not properly resolved, 
because the land–sea mask shows 0–10% land for the 

Fig. 2 (a) Annual cycle of T2m bias and (b) SDE for T2m for CARRA and ERA5 compared with observations for different regions: islands, Svalbard, CoNo, 

mountains, NSF inland and GoBothnia. 
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three locations. This results in reduced variability and lim-
itations in the use of surface observations in the data assim-
ilation. Furthermore, ERA5 shows a pronounced warm 
bias (ca. 2°C) from April to October in the mountains. On 
average, the height difference between the applied obser-
vation sites and ERA5 model topography is 278 m in this 
region (because of the coarse resolution in ERA5), which 
with a simple height correction (0.65 °C/100 m) will 
reduce the summer bias by ca. −1.8°C. However, given the 
more complex vertical temperature profile in winter, no 
simple correction is possible at this time of the year. A sim-
ilar height correction for CARRA, which better resolves the 
topography, gives a correction of ca. −0.7°C in the moun-
tains. The impact of height differences when comparing 
the reanalyses with observations is further discussed later 
in this article. A moderate warm bias (ca. 0.5–1°C) during 
winter is in addition found at NSF inland for ERA5. This is 
an area for which episodic, very stable stratification of the 
atmosphere usually gives cold conditions and large errors 
in NWP systems (e.g., Atlaskin & Vihma 2012; Sandu et al. 
2013). Recently, it has been shown that at least a part of 
this warm bias can be improved by implementing a multi-
layer snow scheme in the ECMWF’s Integrated Forecast 
System (Arduini et al. 2019).

The annual cycle of the T2m unsystematic errors, 
measured by SDE, is shown in Fig. 2. The SDE is consis-
tently less in CARRA than in ERA5, with the exception of 
being similar in the mountains during spring/summer. 
The largest difference is found in CoNo during winter, 
with ca. 1°C and ca. 3°C in CARRA and ERA5, 

respectively. Furthermore, both CARRA and ERA5 expe-
rience larger SDEs during winter than in summer. In gen-
eral, the SDE is smaller in winter for regions that are 
locally influenced by the prescribed sea-surface tempera-
ture (islands, CoNo, GoBothnia) and that are also on 
average warmer, with less variability, than other regions 
(NSF inland, Svalbard, mountains).

The regional biases for WS10 in CARRA (Fig. 3) vary 
from an underestimation in the mountains (ca. −1 m/s) 
and GoBothnia (ca. −0.5 m/s), a minor positive bias for 
NSF inland and CoNo, and a more pronounced overesti-
mation on islands and in Svalbard (ca. 1 m/s). In general, 
the positive wind biases found in CARRA are more pro-
nounced in winter than in summer. For most regions and 
months the WS10 biases in ERA5 are similar or larger 
than for CARRA in absolute value, but the sign of the 
biases changes between the reanalyses in certain regions, 
for example, Svalbard and islands. The largest biases in 
ERA5 are found in the mountains (−3 to −4 m/s), 
Svalbard (−1 to −1.5 m/s) and islands (+1 to +1.5 m/s).

The SDEs for WS10 are smaller in CARRA than ERA5 
for NSF inland, GoBothnia and CoNo, similar at Svalbard 
and islands, and larger in the mountains. However, SDE 
can be expected to scale with WS10 itself and is, there-
fore, expected to be lower in ERA5, which underesti-
mates WS10 seen in the mountains. Also, the annual 
cycle of SDEs shows larger errors in winter than in sum-
mer as the wind speed and its variability increase.

The agreement between reanalyses and observations 
vary with region. In general, CARRA is in better agreement 

Fig. 3 Annual cycle of (a) WS10 bias and (b) SDE for WS10 for CARRA and ERA5 compared with observations for different regions: islands, Svalbard, CoNo, 

mountains, NSF inland and GoBothnia.
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with the observations than ERA5 for both systematic (bias) 
and unsystematic (SDE) errors. The differences also follow 
the patterns of potential added value shown in Fig. 1 to a 
certain degree, that is, the objective added value of CARRA 
is high in CoNo and Svalbard and for the biases in the 
mountains. Unfortunately, the potential added value in 
T2m seen over the sea ice is difficult to evaluate with the 
observation data set applied in this study. However, results 
from Karl XII-øya, a small island in north-eastern Svalbard 
(80.65°N, 25.0°E) and represented as an ocean point in 
both reanalyses, hint towards a better representation in 
CARRA (bias ca. 2.0°C) than in ERA5 (bias ca. 4.0°C) for 
days when the observation site is surrounded by sea ice. 
However, more observational data from the sea ice and 
analyses are required to conclude on this topic. 

Spatial and temporal variability 

The finer grid spacing of CARRA suggests that small-scale 
spatial patterns should be better represented in CARRA 
than in ERA5. Ideally, high-resolution gridded observa-
tions should be used to evaluate this. However, in the 
absence of such a data set, we apply point observations 
following the approach of Marzban et al. (2009). Firstly, 
the correlations between all observation sites for T2m and 
WS10 in the observations, CARRA and ERA5 are calcu-
lated. Then, the correlations are averaged in bins as a 
function of distance and plotted as variograms showing 
the (de)correlation as a function of distance. A rapid 
decorrelation with distance will then indicate strong 
dominance of small-scale features. 

The decorrelation of T2m with distance (Fig. 4) is 
more pronounced in the observations than in CARRA 
and ERA5. However, the decorrelation curve for CARRA 

is in better agreement with the observations than that in 
ERA5. For distances larger than a few tens of kilometres, 
there is a difference between summer (slower) and win-
ter (faster) decorrelation in the observations indicating 
more small-scale features in winter. However, this sea-
sonal difference is less pronounced in both reanalyses 
than in the observations. Also, for WS10 both reanaly-
ses underestimate the decorrelation with distance, but 
CARRA is in better agreement with the observations 
than that in ERA5 (Fig. 4). Furthermore, the decorrela-
tion for WS10 with distance is larger in summer (more 
small-scale features) than winter in the observations, 
opposite to what was seen for T2m. However, for WS10 
the difference between summer and winter is better 
captured by both CARRA and ERA5. The very rapid 
decorrelation for the shortest distances (seen for T2m, 
and in particular for WS10) can contribute to represen-
tativeness issues of point observations when compared 
to gridded data (e.g., sub-grid variability) and will be 
further discussed below. 

The temporal variability of T2m and WS10 in CARRA, 
ERA5 and the observations is compared at each observa-
tion site by their SD. The T2m variability during winter in 
CARRA agrees in general very well with the variability of 
the observations (Fig. 5), both for individual observation 
sites, but also averaged over regions. The only pro-
nounced deviation between CARRA and the observed 
variability is for NSF inland, where observation sites with 
large (less) observed variability are underestimated (over-
estimated), resulting in an, on average, modest underes-
timation by CARRA for the region. Also, ERA5 reproduces 
the temporal variability for T2m reasonably well (Fig. 5), 
but with slightly larger deviations than CARRA. The defi-
ciencies for NSF inland are more pronounced in ERA5, 

Fig. 4 Variograms showing spatial correlation between sites in observations and reanalysis of (a) T2m and (b) WS10. Correlation as a function of distance 

between SYNOP sites is calculated, and the average over stations with similar distances are plotted.
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and the temporal variability at a number of the observa-
tion sites at CoNo is heavily overestimated.

The temporal variability of WS10 in the reanalyses 
shows less agreement with the observations than that 
seen for T2m (Fig. 6). CARRA is on average similar to the 
observations for CoNo, NSF inland, islands and Svalbard, 
but it underestimates, on average, the variability in the 
mountains and GoBothnia. Furthermore, the agreement 
in variability varies substantially between individual 
observation sites within each region. ERA5 shows a sub-
stantial, on average, underestimation of the observed 
variability in all regions, with the exception of islands. The 
underestimation is largest in the mountains (related to the 

general underestimation of WS10 seen in Fig. 3), while in 
particular in NSF inland, ERA5 is not able to properly rep-
resent the inter-site differences. The temporal variability 
for both T2m and WS10 is less in summer than in winter, 
but the patterns in agreement between observations and 
the reanalyses are very similar, as in winter (not shown).

Extremes 

Climate and weather extremes are important aspects of 
weather forecasting and climate research. Their represen-
tations in reanalyses are, therefore, of wide interest and 
are expected to improve with finer resolution (e.g., 

Fig. 5 Temporal variability in winter, comparing the SD at observation sites of (a) CARRA and (b) ERA5 with observations for hourly T2m. Observation sites 

are coloured by regions: islands, Svalbard, CoNo, mountains, NSF inland and GoBothnia. Average values over the different regions are shown in larger 

dots ringed in black circles.

Fig. 6 Temporal variability in winter, comparing the SD at observation sites of (a) CARRA and (b) ERA5 with observations for hourly WS10. Observation 

sites are coloured by regions: islands, Svalbard, CoNo, mountains, NSF inland and GoBothnia. Average values over the different regions are shown in 

larger dots ringed in black circles. 
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Sheridan et al. 2020; Walsh et al. 2020; Avila-Diaz et al. 
2021). There is no uniform definition of extremes (Walsh 
et al. 2020), but in the following, we define on the basis 
of observation locations with more than five years of 
observations: cold extremes as hourly T2m below the 

local observed 5th percentile during winter; warm 
extremes as hourly T2m above the local observed 95th 
percentile during summer; and wind extremes as hourly 
WS10 above the local observed 95th percentile during 
winter.

Fig. 7 Representation of (a) cold extremes (winter 5th percentile T2m), reanalysis versus observations, comparing the timing of events in observations 

and reanalysis, by plotting the fraction of observed events identified by the reanalysis (x axis) versus the fraction of reanalysis events that are observed 

(y axis) for (b) CARRA and (c) ERA5, and similarly for (d–f) warm extremes (summer 95th percentile T2m), and (g-i) high wind speed extremes (winter 95th 

percentile WS10).
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Using these definitions, the thresholds calculated for 
observations CARRA and ERA5 at each observation site 
are compared to provide insight on the representation of 
the climatology of the extremes. In addition, the hit rate 
by the reanalysis is plotted against one minus the fraction 
of extremes in the reanalysis which are not observed 
(1—false alarm rate). A high value of the former indicates 
that the observed extremes are identified by the reanaly-
sis. However, this can be obtained by always having 
extremes in the reanalysis, but a high (small) value of the 
latter indicates that one has a small (high) amount of 
false alarms in the reanalysis. A perfect representation in 
the reanalysis is, therefore, given by identical thresholds 
(percentiles) in observations and the reanalysis (Fig. 7a, 
d, g, for cold events, warm events and high wind events, 
respectively), and as a single point, indicating a 100% hit 
rate at the same time as no false alarms are present for 
CARRA (Fig. 7b, e, h) and ERA5 (Fig. 7c, f, i).

The climatology for cold extremes in CARRA agrees 
reasonably well with the observed 5th percentile but 
there is a small warm bias and higher site-to-site variabil-
ity in quality for NSF inland stations and in the moun-
tains (Fig. 7a, b). Compared to this, ERA5 shows clear 
weaknesses with a warm bias for islands, GoBothnia and 
NSF inland, and a cold bias at CoNo and in the moun-
tains. In addition, the site-to-site variability is higher in 
ERA5 than in CARRA, except for that in the mountains. 
Also, the timing of the cold extremes in CARRA is supe-
rior to ERA5 for all regions. The fraction of the observed 
events identified by CARRA is ca. 0.6 or above for all 
regions, while, with the exception of CoNo, the same 
fraction is ca. 0.6 or lower in ERA5. Furthermore, the 
fraction of cold extremes present in the reanalyses that 
also are observed is well above ca. 0.8 (with the exception 
of in the mountains) in CARRA, while for ERA5 only 
GoBothnia and islands are above ca. 0.8. 

The site-to-site variability in quality in the representa-
tion of warm extremes in both reanalyses is smaller than 
that of cold extremes (Fig. 7d–f). Both reanalyses show a 
small underestimation (not warm enough) in all regions, 
except for a small overestimation in the mountains. Even 
if this pattern is similar in both reanalyses, the underesti-
mation is more pronounced in ERA5. The timing of the 
warm extremes is somewhat different from the cold 
extremes, that is, there is a tendency that a smaller part of 
the observed events is captured in the reanalyses, while a 
larger part of the events in the reanalyses are also 
observed. On average, the climatology in the reanalyses is 
better captured for warm extremes than cold extremes. 
However, the same is not necessarily true for the timing 
of the extremes.

The representation of wind extremes in the reanalyses 
includes some pronounced deficiencies (Fig. 7g–i). CARRA 

has a modest overestimation on islands, in Svalbard, in 
CoNo and inland (up to a couple of m/s) and an underes-
timation at GoBothnia (−1.5 m/s) and in the mountains 
(ca. −7 m/s). Compared to this, the deficiencies are larger 
in ERA5, with a small overestimation at islands (ca. 1 m/s) 
and underestimations in all other regions from very small 
(inland) to very large in the mountains (ca. −10 m/s). 
Furthermore, the timing of the events is not as good as for 
temperature in both reanalyses, but with some clear differ-
ences between regions and between the reanalyses. With 
the exception of islands, there are clear differences between 
CARRA and ERA5, that is, CARRA usually has a higher hit 
rate, but at the cost of more false alarms than ERA5. In 
general, regions with a positive WS10 bias in Fig. 3 (e.g., 
NSF inland and islands for CARRA) have a higher hit rate, 
but with more false alarms, while regions with a negative 
WS10 bias (e.g., GoBothnia and mountains in CARRA) 
show a lower hit rate but also less false alarms.

In this analysis, we used hourly observations and 
hourly output from reanalyses, that is, we neglected sub-
hourly variations in both measurements and reanalyses, 
which would give more extreme values. This could have 
had an impact on the results, but we believe the qualita-
tive strengths and weaknesses of the two reanalyses 
would remain the same. The results show that hourly 
extremes in T2m and WS10 on average are better repre-
sented in CARRA than ERA5. The identification of the 
individual extreme events (correct time and location) is 
still problematic, as also reported by Sheridan et al. 
(2020), but is improved by CARRA. This is especially seen 
for cold temperatures and for high wind speeds. The 
results further suggest that extremes for temperature 
(which also are used in the surface data assimilation) 
are  better captured than the extremes for wind speed 
(which are not assimilated). This is a similar conclusion as 
made by Avila-Diaz et al. (2021) for temperature (assim-
ilated) and precipitation (not assimilated). 

Examples of high-impact events 

We will now briefly investigate the representation of T2m 
and WS10 during some specific high-impact Arctic 
weather events to complement the analysis on extremes 
above. The chosen events are polar lows, maritime icing 
events and warm/melting events during winter, all of 
which have a potential high impact on society and safety 
of operations.

Polar lows. Even though there is no universal defini-
tion of polar lows, they are usually considered to be 
intense maritime cyclones with a horizontal scale of 
between 200 and1000 km and high near-surface wind 
speeds occurring in cold air outbreaks over high-latitude 
open oceans (Spengler et al. 2017; Moreno-Ibanez 
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et al.  2021). With the high winds and rapid change in 
local weather conditions, they can pose a threat to coastal 
and maritime installations and activities. A widespread 
weakness in the representation of polar lows in existing 
reanalyses is the underestimation of near-surface wind 
speeds, but finer resolution may improve on this 
(Moreno-Ibanez et al. 2021). In this study, we use the 
polar low database of Rojo et al. (2019) and compare 
CoNo SYNOPs of MSLP, WS10 and T2m with CARRA and 
ERA5 in the proximity of polar lows to describe their rep-
resentation at landfall.

The bias and MAE for CARRA and ERA5 are plotted as 
a function of distance to the polar low centre for 341 polar 
lows in the period 1998 to 2019 (Fig. 8). Both CARRA and 
ERA5 have a positive bias (more pronounced in ERA5) in 
MSLP, implying that the polar lows are not deep enough 
in the reanalyses. The MAE is also larger in ERA5 than in 
CARRA. Away from the polar low centre, the errors stabi-
lize close to the errors typical for CoNo during winter 
(shown to the right in each panel). For WS10, the general 
underestimation of WS10 for CoNo in ERA5 (Fig. 3) is 
even more pronounced close to the centre of the polar 
lows (2–3 m/s). However, as suggested by Moreno-Ibanez 
et al. (2021), WS10 is much better captured in the 
high-resolution CARRA, with only a weak, but not signif-
icant, underestimation close to the polar lows. In the ver-
ification of T2m, CARRA shows relatively limited 
sensitivity to the presence of the polar lows, while ERA5 
shows substantial lower errors for T2m during polar lows 
than on average but still larger than what is found for 
CARRA. This comparison shows that CARRA represents 
the consequences of polar lows associated with WS10 and 
T2m better than ERA5, which indicates that CARRA can 
be a useful data set to further investigate polar lows. 

Coastal and maritime icing. Subfreezing temperatures 
interacting with waves and high wind speeds generate 
sea spray that may freeze on ships and maritime installa-
tions, with potentially severe consequences, including 
ship-capsizing and human casualties (Samuelsen 2017). 
The dominant weather type during maritime icing events 
is cold-air outbreaks from the ice-covered ocean areas 
(e.g., around Svalbard), while approximately 10% of the 
events arise from cold-air outbreaks from northern 
Norway and appear close to the Norwegian coastline 
(Samuelsen & Graversen 2019). The representation of 
the latter in the reanalyses is investigated in the follow-
ing. To circumvent the lack of direct icing observations 
and to focus on the atmospheric conditions in the reanal-
yses, we forced a state-of-the-art ship-icing model 
(Samuelsen 2017) with T2m and WS10 from observa-
tions and reanalyses at a set of exposed observation sites 
in CoNo similar to the approach demonstrated by Køltzow 
et al. (2020). In addition, sea-surface temperature from 
ERA5 is used to force the icing model. Hence, the output 
of the icing model, based on observed input, is used as an 
estimate of observed icing and can be compared with the 
output of the icing model when forced with reanalyses to 
evaluate the combination of T2m and WS10 from the 
reanalyses.

The correlation of icing intensity and frequency bias, 
hit rate and false alarm ratio for icing/no-icing are given 
in Table 1. In general, CARRA fits the observed estimates 
of icing better than ERA5, with stronger correlation, 
higher hit rate and a lower false alarm ratio. Both CARRA 
and ERA5 underestimate the frequency of icing occur-
rences, but CARRA underestimates it to a lesser degree. 
To identify the extent to which T2m and WS10 are 
sources of the disagreement between observed estimate 

Fig. 8 Verification at the CoNo of (a) MSLP, (b) WS10 and (c) T2m during polar lows as a function of distance to the polar low centre. Biases are shown in 

dashed lines, MAE in solid lines, CARRA in blue and ERA5 in red. The shaded area shows the 95th percentile confidence interval estimated by bootstrap-

ping with 1000 replicas sampled from the reanalyses and observation data with replacement. The biases (asterisks) and MAEs (circles) averaged over all 

conditions at CoNo from November to April are plotted for comparison to the right in each plot.
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of icing and reanalyses, we also ran the icing model with 
a combination of observed T2m and WS10 from reanaly-
ses, and the other way around. The results, given in the 
parentheses in Table 1, show that for the reanalyses and 
in particular for ERA5, the problematic issue is the repre-
sentation of WS10. For example, the correlation is 
increased to 0.97 (CARRA) and 0.89 (ERA5) when using 
WS10 from observations, while it only increases to 0.78 
(CARRA) and 0.65 (ERA5) while using T2m from the 
observations. Notice also that the frequency bias in ERA5 
is 1.1 when WS10 from observations is used, reflecting 
on the cold bias in ERA5 in CoNo discussed earlier. In 
summary, the icing events are not perfectly represented 
in the reanalyses but are better captured in CARRA than 
ERA5. In addition, WS10 is the main problem in the rep-
resentation of maritime icing events from reanalyses at 
the Norwegian coast.

Warm (melting) events. Warm (melting) events and 
rain-on-snow events during the Arctic winter have the 

potential for major consequences in places like Svalbard, 
with substantial impact on infrastructure, society and 
wildlife (e.g., Hansen et al. 2014; Serreze et al. 2015). 
Since this study focuses on the representation of T2m 
(not precipitation), we apply the indexes for warm events 
as used by Vikhamar-Schuler et al. (2016), that is, events 
with T2m above 0°C and the sum of degree-hour above 
0°C during winter, to evaluate the representation of 
warm events.

Figure 9 shows that the frequency bias of above 0°C 
events is well captured in CARRA (approximately the 
same number of events as in the observations) averaged 
over all observation sites, while ERA5 on average under-
estimates the frequency. Furthermore, the site-to-site 
variability in frequency bias is less for CARRA than ERA5. 
The accuracy in the timing of the events is measured by 
the ETS, for which 1 (0) imply a perfect (no) match 
between the reanalysis and the observations. The ETS 
clearly shows that CARRA is more accurate than ERA5 in 
the identification of these warm events. Finally, for the 
sum of degree-hours, the correspondence with observa-
tions is also better for CARRA than ERA5. On average, a 
small underestimation is seen in CARRA, with a more 
pronounced underestimation and larger site-to-site vari-
ability for ERA5. Again, CARRA agrees better with the 
observations than ERA5 does, in line with the general 
verification of T2m, described above.

Representativeness errors. The difference between 
gridded reanalysis and point observations can be 
attributed to errors in the reanalysis, errors in the obser-
vations and representativeness errors. We have applied 
the same quality-controlled observations to evaluate 
both CARRA and ERA5. Therefore, the observation 
error part is small and similar in the two reanalyses. The 
differences in scores between CARRA and ERA5 can, 
therefore, be attributed to model errors and representa-
tiveness errors. Point observations may show substantial 
sub-grid variability that cannot be reproduced by the 
gridded reanalysis and are seen as a part of the very 
rapid decorrelation during the first kilometres in Fig. 4. 
We approximate the representativeness error based on 
the simple approach of Göber et al. (2008), by assuming 
that the mean of nearby observations represents an 

Table 1 Validation of vessel icing at exposed observation sites on the Norwegian coast. Scores are calculated after the vessel icing model is forced with 

T2m and WS10 from CARRA and ERA5, respectively. The first number in parentheses represents the result when only WS10 is taken from the reanalysis, 

that is, T2m from observations, and second number is when only T2m is taken from the reanalysis, that is, WS10 is taken from observations. The estimate 

of observed icing is done by forcing the icing model with observed T2m and WS10.

Verification vessel icing Correlation Frequency bias Hit rate False alarm ratio

CARRA 0.74 (0.78, 0.97) 0.75 (0.83, 0.91) 0.55 (0.61, 0.88) 0.27 (0.27 0.04)

ERA5 0.63 (0.65, 0.89) 0.48 (0.50, 1.1) 0.33 (0.38, 0.88) 0.32 (0.25, 0.20)

Fig. 9 Warm spell diagnostics for observation sites used in Vikhamar-

Schuler et al. (2016) for CARRA and ERA5. Box plots show site-to-site vari-

ations in (a) frequency bias and (b) ETS score of above 0°C events, and 

(c) the sum of degree-hour above 0°C in reanalysis divided by observed. 

Outliers are indicated as open circles.
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approximation of the grid box mean, which we then 
treat as the ‘perfect’ grid box forecast. We then verify 
the perfect grid box representation against the observa-
tions, that is, the departure of the observations from the 
grid box mean is used to calculate MAE, but the error 
will not be 0 unless the observations are equal, implying 
that the sub-grid variability is zero. The error of the ‘per-
fect’ grid box value can then be regarded as an approxi-
mation of the representativeness error and will vary 
depending on the grid box size and will be different for 
CARRA and ERA5. 

The box plots in Fig. 10 show the annual cycle of the 
perfect grid box MAEs calculated for 15 station pairs 
0.5–3.0 km apart (to approximate representativeness 
errors of CARRA, stations up to 3.0 km apart are 
included to increase the number of observation pairs) 
and for 44 station pairs 10–30 km apart (to approximate 

representativeness errors of ERA5). We emphasize that 
this is a moderate approximation of the representative-
ness errors since the effective resolution of the models is 
even larger than the model grid spacing (Skamarock 
2004). The T2m representativeness error for CARRA is 
slightly above (below) 0.5°C in winter (summer), while 
for ERA5 it is slightly above (below) 1.0°C in winter 
(summer). Therefore, the error shows not only a sea-
sonal behaviour but also an increase with increasing 
grid spacing. However, since a similar annual cycle is 
seen in the errors of the reanalyses themselves and a 
smaller error is seen in CARRA than ERA5, the median 
T2m representativeness error is between 50 and 60% of 
the total MAE for most months and both reanalyses. 
The representativeness error for WS10 has a slightly 
higher absolute value than T2m, but a similar annual 
cycle for both grid spacings. However, the proportion of 

Fig. 10 Estimates of the annual cycle of representativeness errors for T2m measured by (a) MAE for 15 station pairs 0.5–3 km apart, apart representing 

the CARRA grid spacing of 2.5 km, and (b) 44 pairs 10–30 km apart, representing the ERA5 grid spacing of ca. 30 km, shown as box plots illustrating the 

variations over the different locations of observation pairs. Similar for WS10 in (c) and (d). Outliers are indicated as open circles. Asterisks in (a) and (c) 

represent the MAEs of CARRA for the same stations; asterisks in (b) and (d) represent the MAEs of ERA5.
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the total difference between the reanalyses and the 
observations arising from representativeness issues is 
different for CARRA and ERA5. For CARRA, 40–55% of 
the WS10 error can be attributed to representativeness 
issues, while values as high as 60–70% are found for 
ERA5.

An integrated part of the representativeness issue is 
the vertical height difference between the reanalyses and 
the point observations. This is substantially different 
between CARRA and ERA5, because of the different res-
olutions’ ability to resolve the topography. In Fig. 11, a 
simple height correction (0.65 °C/100 m) is applied to 
adjust for the height difference before the MAE is calcu-
lated. During summer, this reduces the errors by 10–15% 
in both reanalyses. However, in winter the impact of this 
adjustment is negligible, most likely because of more 
stratified conditions, including temperature inversions, 
for which the simple linear adjustment is no longer valid. 
However, this demonstrates that height differences 
account for a part of the representativeness errors.

Summary and conclusions 

Reanalyses provides data sets useful for climate and 
meteorological research. However, they are deficient in 
representing the true climate system for a number of rea-
sons, such as the limited amount of observations avail-
able for assimilation, resolution of the applied NWP 
system and limitations in the assimilation procedure or 

description of physical processes in the NWP system. 
Therefore, an evaluation of a reanalysis is always useful 
to aid the utilization of the data and to stimulate develop-
ments that will reduce identified weaknesses in the next 
generation of reanalyses. This study investigated the 
added value for near-surface temperature and wind speed 
with the newly released CARRA data set, in comparison 
to the global reanalysis ERA5 in the north-east European 
Arctic. In both reanalyses, near-surface temperatures are 
used in the surface assimilation procedure and therefore 
constrained by the assimilation schemes, and hence, the 
evaluation is not done against fully independent observa-
tions. However, near-surface wind speeds are not assimi-
lated and can be looked upon as independent observations. 
It is believed that CARRA will improve over ERA5 
because of CARRA’s (1) improved horizontal resolution 
(2.5-km vs. 31-km grid spacing), (2) use of more local 
observation data in the data assimilation process and (3) 
increased focus on the representation of the cold surfaces 
relevant for the region. The main conclusions are as 
follows.

The largest differences between CARRA and ERA5 are 
associated with complex terrain, highlighting the impor-
tance of fine model resolution to resolve surface inhomo-
geneity. However, the representation of sea ice also gives 
large differences in near-surface temperature during 
winter.

For near-surface temperature and wind speed, CARRA 
shows good agreement with observations and is substan-
tially better than ERA5. However, the level of fidelity 
seems to be less strong for wind speed than for tempera-
ture in both reanalyses. Based on how near-surface tem-
perature is used in the assimilation process while the 
wind speed is not, this is as expected.

CARRA adds value in terms of improved general veri-
fication statistics for all regions. 

As a consequence, CARRA also adds fidelity in its rep-
resentation of the assessed high-impact weather events—
polar lows, maritime icing and warm spells.

CARRA generally adds value in the investigated 
aspects of its climatological distributions: in the represen-
tation of spatial variability and temporal variability and 
climatology of extremes.

There is a substantial regional difference in how well 
the CARRA reanalysis corresponds with observations, for 
example, biases in wind speed vary considerably between 
regions, and for near-surface temperature, the errors are 
smaller in regions influenced by open ocean, with pre-
scribed sea-surface temperature derived from satellite 
measurements.

A clear annual cycle with larger errors in winter and 
smaller errors in summer is found in all regions, for both 
parameters and both reanalyses. 

Fig. 11 Annual cycle of MAE T2m averaged over all stations, with and 

without adjusting for height differences between observation sites and 

model topography.
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A substantial part of the difference between reanalyses 
and observations can be explained by representativeness 
errors, that is, sub-grid variability that the reanalyses 
could not possibly reproduce because of their given grid 
spacing. This representativeness error is larger in ERA5 
than CARRA, but for near-surface temperature the per-
centage of the total error is similar in both reanalyses, 
while for wind speed it is slightly higher in ERA5 than in 
CARRA. 

This study has revealed some strengths and weak-
nesses of CARRA and ERA5 but is far from exhaustive. 
We, therefore, strongly welcome more evaluation studies 
for other parameters with fully independent (tempera-
ture) observations. However, the presented results are 
very promising for the usefulness of CARRA in climate 
and weather research and in other areas where this infor-
mation is used. The results are also very encouraging for 
the production of future global and regional high-
resolution reanalyses.
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