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Abstract. Seasonal snow cover of the Northern Hemisphere
(NH) greatly influences surface energy balance; hydrologi-
cal cycle; and many human activities, such as tourism and
agriculture. Monitoring snow cover at a continental scale is
only possible from satellites or using reanalysis data. This
study aims to analyze the time series of snow water equiv-
alent (SWE), snow cover extent (SCE), and surface albedo
in spring in ERA5 and ERA5-Land reanalysis data and to
compare the time series with several satellite-based datasets.
As reference data for the SWE intercomparison, we use
bias-corrected SnowCCI v1 data for non-mountainous re-
gions and the mean of Brown, MERRA-2, and Crocus v7
datasets for the mountainous regions. For surface albedo, we
use the black-sky albedo datasets CLARA-A2 SAL, based
on AVHRR data, and MCD43D51, based on MODIS data.
Additionally, we use Rutgers and JAXA JASMES SCE prod-
ucts. Our study covers land areas north of 40◦ N and the pe-
riod between 1982 and 2018 (spring season from March to
May). The analysis shows that both ERA5 and ERA5-Land
overestimate total NH SWE by 150 % to 200 % compared to
the SWE reference data. ERA5-Land shows larger overesti-
mation, which is mostly due to very high SWE values over
mountainous regions. The analysis revealed a discontinuity
in ERA5 around the year 2004 since adding the Interactive
Multisensor Snow and Ice Mapping System (IMS) from the
year 2004 onwards considerably improves SWE estimates
but makes the trends less reliable. The negative NH SWE
trends in ERA5 range from −249 to −236 Gt per decade
in spring, which is 2 to 3 times larger than the trends de-
tected by the other datasets (ranging from −124 to −77 Gt
per decade). SCE is accurately described in ERA5-Land,
whereas ERA5 shows notably larger SCE than the satellite-

based datasets. Albedo estimates are more consistent be-
tween the datasets, with a slight overestimation in ERA5
and ERA5-Land. The negative trends in SCE and albedo are
strongest in May, when the albedo trend varies from −0.011
to−0.006 per decade depending on the dataset. The negative
SCE trend detected by ERA5 in May (−1.22× 106 km2 per
decade) is about twice as large as the trends detected by all
other datasets (ranging from −0.66 to −0.50× 106 km2 per
decade). The analysis also shows that there is a large spatial
variability in the trends, which is consistent with other stud-
ies.

1 Introduction

Seasonal snow cover of the Northern Hemisphere (NH) is
an important part of the global climate system. In winter,
a large fraction of incoming solar radiation is reflected due
to the high albedo of snow cover, whereas in summer, the
darker snow-free surface absorbs more incoming solar radi-
ation (Callaghan et al., 2011; Flanner et al., 2011; Qu and
Hall, 2005; Trenberth and Fasullo, 2009). Therefore, changes
in snow cover will affect the surface albedo and thus the sur-
face energy balance.

Snow cover affects many human activities, such as road
traffic, tourism, forestry, and agriculture (Callaghan et al.,
2011). In the high latitudes and the mountainous regions,
snow cover also greatly influences the hydrological cycle
(Barnett et al., 2005; Bormann et al., 2018; Callaghan et al.,
2011; Douville et al., 2002; Li et al., 2017). In winter, snow
cover stores a large amount of fresh water. When snow melts
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in spring and summer, water is released and redistributed.
Melting snow is an important source of fresh water as about
one-sixth of the world’s population depends on meltwater
from snow (Barnett et al., 2005). Hydropower production is
also dependent on meltwater from snow (Callaghan et al.,
2011; Magnusson et al., 2020). In many regions, most of the
annual inflow to hydropower reservoirs often comes during
the spring snowmelt period (Magnusson et al., 2020). There-
fore, changes in snow cover can both cause water shortages
and affect hydropower production.

The global air temperature is rising due to climate change
which causes the melt season to begin earlier and affects the
timing of the streamflow peaks (Kundzewicz et al., 2008;
Musselman et al., 2021). Rising temperatures also cause the
winter precipitation to shift from snow to rain, which im-
pacts the intensity of the streamflow during the melt season
(Kundzewicz et al., 2008). The streamflow is projected to de-
crease, especially in the USA and southern and central Eu-
rope (Van Vliet et al., 2016).

Snow water equivalent (SWE) is the amount of water that
would result if the snowpack melted instantaneously, and
it can be expressed in millimeters or, equivalently, in kilo-
grams per square meter (Fierz et al., 2009). Recent studies
show negative trends in global SWE and the extent and du-
ration of NH snow cover, but seasonal and spatial variability
exists (Bormann et al., 2018; Derksen and Mudryk, 2022;
Hernández-Henríquez et al., 2015; Pulliainen et al., 2020). A
considerable part of the seasonal snow cover is located in the
NH. Therefore, when studying snow cover at a continental
scale, the changes in Southern Hemisphere snow cover are
minor compared to the changes in the NH. Seasonal snow
in spring is especially sensitive to warming due to the strong
surface albedo feedback (SAF) (Derksen and Brown, 2012).
In winter, there is not much sunlight in the Arctic, so changes
in snow cover have a smaller effect on the surface energy
budget. In spring, the amount of incoming solar radiation in-
creases, which also intensifies SAF. Since there is still a lot
of snow in the Arctic in the spring season, changes in the
spring snow cover greatly affect the surface energy balance
and, thus, the climate system (Déry and Brown, 2007).

In early winter from October to December, most datasets
show negative trends in snow cover extent (SCE), while
in January and February, there are no significant trends
(Mudryk et al., 2017). The observed snow cover trends
in spring are negative in both Eurasia and North America
(Derksen and Brown, 2012; Essery et al., 2020; Hernández-
Henríquez et al., 2015). Also, a clear trend exists toward an
earlier melt season (Metsämäki et al., 2018; Takala et al.,
2009; Tedesco et al., 2009). SWE shows large spatial vari-
ability; in North America, there is a negative trend in ob-
served SWE, whereas in Eurasia the trends are less promi-
nent. In Siberia, there are also regions where SWE is ob-
served and projected to increase (Pulliainen et al., 2020;
Räisänen, 2008).

Particularly in the Arctic regions, snow cover plays a sig-
nificant role in the climate system, making it crucial to under-
stand the characteristics of the snow cover in these areas. As
in situ measurement networks are sparse, snow cover mon-
itoring at a continental scale is only possible from satellites
or using reanalysis data. Both methods can cover large ar-
eas and provide snow cover estimates also in those regions
that lack in situ observations and are therefore widely used
in climate research (e.g., Mortimer et al., 2020; Mudryk et
al., 2020).

Reanalyses provide decadal time series with multiple vari-
ables, making them suitable for various kinds of research,
and they have become an important part of climate stud-
ies. ERA5 is the fifth-generation ECMWF (European Centre
for Medium-Range Weather Forecasts) atmospheric reanaly-
sis replacing the older ERA-Interim reanalysis (Hersbach et
al., 2020). ERA5 uses advanced modeling and data assimi-
lation systems and combines large numbers of historical ob-
servations into global estimates. ERA5-Land, in turn, is the
land component from ERA5 with a finer spatial resolution
(Muñoz-Sabater et al., 2021).

Snow cover properties in ERA5 and ERA5-Land have
been evaluated in several studies (e.g., Mortimer et al., 2020;
Urraca and Gobron, 2021; Räisänen, 2023). Overall, ERA5
and ERA5-Land have been found to perform well compared
to other reanalyses (Jia et al., 2022; Lei et al., 2023; Mor-
timer et al., 2020). However, studies have shown that ERA5
tends to overestimate snow cover extent, SWE, and surface
albedo (Bian et al., 2019; Guo and Yang, 2022; Orsolini et
al., 2019; Xiaona et al., 2020). Also, ERA5-Land shows a
slight overestimation in surface albedo during the snow-free
season (Jia et al., 2022). ERA5 slightly underestimates very
deep snow, especially late in the snow season, and shows
delayed ablation of deep snowpack in spring (Lei et al.,
2023; Mortimer et al., 2020). ERA5-Land SWE estimates
agree well with other reanalysis datasets but struggle in com-
parison with satellite-based data (Räisänen, 2023). ERA5-
Land shows especially large overestimation over mountain-
ous areas (Monteiro and Morin, 2023). Also, a discontinuity
in 2004 has been observed in ERA5 snow cover estimates,
which is due to adding Interactive Multisensor Snow and Ice
Mapping System (IMS) information in ERA5 (Urraca and
Gobron, 2021; Mortimer et al., 2020). This discontinuity has
improved the accuracy of snow cover estimates after the year
2004 but decreased the temporal stability (Urraca and Gob-
ron, 2021).

Even though several studies exist on evaluating either
ERA5 or ERA5-Land, few studies exist on comparing snow
cover properties in ERA5 and ERA5-Land. Lei et al. (2023)
studied the effect of spatial resolution on snow depth es-
timates over the Tibetan Plateau and found that the finer-
resolution ERA5-Land is more consistent with in situ mea-
surements than ERA5. Li et al. (2022) found that both ERA5
and ERA5-Land tend to overestimate snow depth at high el-
evations in Central Asia. Monteiro and Morin (2023) have
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assessed the performance of several reanalyses, including
ERA5 and ERA5-Land, over the European Alps and con-
cluded that ERA5-Land considerably overestimates SWE,
while ERA5 is better in line with the reference data. Urraca
and Gobron (2023) studied snow cover duration and the sta-
bility of the trends in ERA5 and ERA5-Land over the NH but
did not consider other variables related to snow cover. Thus,
our study is, to the authors’ knowledge, the first where NH
snow cover properties (SWE, SCE, and albedo) are compared
between ERA5 and ERA5-Land and evaluated with several
satellite-based datasets.

2 Data and methods

2.1 ERA5 and ERA5-Land

The datasets used in this study are listed in Table 1. ERA5 is
the fifth-generation ECMWF atmospheric reanalysis replac-
ing the older ERA-Interim (Hersbach et al., 2020). ERA5
covers the years from 1940 onwards with a grid resolu-
tion of 31 km, which is a considerably higher spatial reso-
lution than in ERA-Interim (80 km). ERA5 is based on In-
tegrated Forecasting System (IFS) Cycle 41r2, and it pro-
vides hourly fields for all variables. Additionally, it provides
pre-computed monthly means (Hersbach et al., 2020), which
we used in this study. The number of observations assimi-
lated in ERA5 increases constantly throughout the produc-
tion period. ERA5 assimilates snow depth information from
several SYNOP (surface synoptic observation) stations, and
from the year 2004 onwards, it also uses IMS data over the
NH (Hersbach et al., 2020). IMS uses both satellite data and
in situ measurements to produce daily binary snow cover
maps (USNIC, 2008). IMS is assimilated to ERA5 only at
altitudes below 1500 m (Hersbach et al., 2020). The snow
cover observations are assimilated into ERA5 using a two-
step algorithm (de Rosnay et al., 2014). First, grid cells that
are snow-covered in IMS but snow-free in the model are as-
signed with a constant snow density (100 kg m−2) and snow
depth (0.1 m). Second, the optimal interpolation scheme is
used to assimilate in situ observations and snow-free IMS
observations and to produce the final snow field.

ERA5-Land is a replay of the land component of ERA5
with a finer spatial resolution (9 km) (Muñoz-Sabater et al.,
2021). It is produced with the land model H_TESSEL and
without coupling the atmospheric module. Also, ERA5-Land
runs without data assimilation, which makes it computation-
ally lighter (Muñoz-Sabater et al., 2021).

Our study includes three variables: SWE, SCE, and
albedo. SWE is directly available in both ERA5 and ERA5-
Land (variable “sd”). In ERA5-Land, snow cover fraction in
a grid cell (SC) is directly available (variable “snowc”), but
for ERA5, we calculated SC in a grid cell using snow density

and SWE (ECMWF, 2016):

SC = min
(

1,
SWE[mm]
0.1 · ρsnow

)
, (1)

where ρsnow is the density of snow. We calculated SCE by
multiplying the snow cover fraction in a grid cell (SC) by the
grid cell size.

ERA5 and ERA5-Land provide several estimates for
albedo. Albedo is the hemispherical reflectance of the sur-
face, defined as the ratio between reflected and incoming so-
lar radiative fluxes (Ångström, 1925). When incoming so-
lar radiation propagates through atmosphere, it can be scat-
tered to different directions due to, for example, clouds and
aerosols. A part of this scattered radiation reaches the sur-
face, and it is called the diffuse solar radiation. The solar
radiation that reaches the surface without being scattered is
called direct solar radiation. Albedo can be divided into dif-
ferent components based on the solar radiation: the surface
albedo, including both direct and diffuse solar radiation, is
often referred to as blue-sky albedo. The albedo for direct
solar radiation is the directional–hemispherical reflectance,
often also called black-sky albedo. The albedo for the diffuse
radiation, in turn, is bi-hemispherical reflectance and called
white-sky albedo (Schaepman-Strub et al., 2006). The blue-
sky albedo is a weighted average of black-sky and white-
sky albedos (Schaepman-Strub et al., 2006). Clouds affect
the ratio between the diffuse and direct solar radiation; there-
fore, the cloudiness changes also affect the blue-sky albedo
(Key et al., 2001). Typically, the values for white-sky albedo
are larger than the values for black-sky albedo, and blue-sky
albedo is somewhere between these two (Manninen et al.,
2012, 2019; Schaepman-Strub et al., 2006).

Both ERA5 and ERA5-Land have the albedo for diffuse
radiation, i.e., the white-sky albedo (variable “fal”), directly
available. Also, ERA5 and ERA5-Land provide radiation es-
timates from which blue-sky albedo can be computed. Ad-
ditionally, ERA5 has radiation estimates for clear-sky condi-
tions from which blue-sky albedo for clear sky can be calcu-
lated. Thus, we calculated the blue-sky albedo (αblue) using
downward solar radiation (SWdn; variable “ssrd”) and net so-
lar radiation (SWnet; variable “ssr”):

αblue = 1−
SWnet

SWdn
. (2)

Similarly, blue-sky albedo for clear sky (αclear) was calcu-
lated using Eq. (2) with the radiation estimates for clear skies
(downward solar radiation for clear skies, variable “ssrdc”,
and net solar radiation for clear skies, variable “ssrc”).

We compared the time series of all these albedo estimates
(Fig. S1 in the Supplement), and the analysis showed that
the different albedo estimates are very close to each other in
both ERA5 and ERA5-Land. The difference between the dif-
ferent albedo estimates ranges from 0 % to 0.9 % (absolute),
while typically the albedo over snow and ice is 4 %–6 % (ab-
solute) higher under cloud cover than in clear skies (Key
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Table 1. Datasets used in this study.

Variable Dataset Resolution Temporal coverage Reference

SWE
SWdn
SWnet
SWdn,clear
SWnet,clear
ρsnow

ERA5 31 km× 31 km, monthly 1940–present Hersbach et al. (2020)

SWE
SCE
SWdn
SWnet

ERA5-Land 9 km× 9 km, monthly 1940–present Muñoz-Sabater et al. (2021)

SWE Bias-corrected SnowCCI v1 25 km× 25 km, monthly 1979–2018 Luojus et al. (2021)

SWE Brown 0.75◦× 0.75◦, monthly 1979–2018 Brown et al. (2003)

SWE Crocus v7 0.5◦× 0.5◦, monthly 1981–2018 Brun et al. (2013)

SWE MERRA-2 0.5◦× 0.625◦, monthly 1980–2023 Gelaro et al. (2017)
GMAO (2015)

SCE Rutgers 24 km× 24 km, weekly 1980–2022 Robinson and Estilow (2021)

SCE JAXA JASMES 5 km× 5 km, half-monthly 1978–present Hori et al. (2017)

Black-sky albedo CLARA-A2 SAL 0.25◦× 0.25◦, monthly 1982–2019 Anttila et al. (2016)
Karlsson et al. (2017)

Black-sky albedo MCD43D51 30 arcsec× 30 arcsec, daily 2000–present Schaaf and Wang (2021a)

Quality information MCD43D31 30 arcsec× 30 arcsec, daily 2000–present Schaaf and Wang (2021b)

et al., 2001). The satellite-based products (Sect. 2.2) pro-
vide estimates for black-sky albedo, which is not available in
ERA5 or ERA5-Land. From the variables shown in Fig. S1,
the blue-sky albedo for clear sky (αclear) would typically be
the closest estimate to black-sky albedo, whereas white-sky
albedo is typically the furthest away from black-sky albedo.
However, the blue-sky albedo for clear sky (αclear) is only
available in ERA5 and not in ERA5-Land. Therefore, we de-
cided to use the blue-sky albedo (αblue) in this analysis, as
it is available in both ERA5 and ERA5-Land. This issue is
further discussed in Sect. 2.2.

2.2 Reference datasets

The SWE reference data used in this study consist of four
datasets: bias-corrected ESA CCI Snow (“SnowCCI”; Eu-
ropean Space Agency Climate Change Initiative, Snow) v1
data (Luojus et al., 2021), MERRA-2 (the Modern-Era Ret-
rospective analysis for Research and Applications, Version
2; Gelaro et al., 2017; GMAO, 2015), Brown (Brown et al.,
2003), and Crocus v7 (Brun et al., 2013).

SnowCCI v1, which is the same product as the GlobSnow
v3 SWE product, is based on satellite-based microwave
brightness temperature data and ground-based snow depth
measurements (Luojus et al., 2021). The bias-corrected ver-
sion is subsequently bias-corrected with extensive ground-
based snow course measurements, which decreases the un-

certainty in hemisphere-mean SWE estimates notably (Pul-
liainen et al., 2020). We have used bias-corrected SnowCCI
v1, even though version 2 (v2) is already available. A notable
difference between v1 and v2 is that v1 uses constant snow
density, while v2 uses spatially and temporally varying snow
densities (Mortimer et al., 2022). Using dynamic density im-
proves the seasonal evolution of SWE, but, simultaneously, it
decreases the annual maximum SWE, which leads to an un-
derestimation of SWE in v2 (Mortimer et al., 2022). There-
fore, v1 currently provides more reliable SWE estimates for
multidecadal trend detection, and the bias corrections fur-
ther improve v1 (Pulliainen et al., 2020) which makes the
bias-corrected SnowCCI v1 currently the best SWE estimate.
The bias-corrected SnowCCI v1 data (hereafter referred to
as SnowCCI) are available for the period 1979–2018 and are
mapped to a 25 km EASE grid (Luojus et al., 2021).

Currently, the SnowCCI dataset is the only available
observation-based SWE dataset covering multiple decades
and the entire NH. However, SnowCCI data are only avail-
able for non-mountainous regions, and therefore we have
used model-based SWE products in the mountainous regions.
As mountain areas store a considerable portion of snow mass
(Kim et al., 2021), we decided to include them in this analysis
as well, despite the lack of observation-based data products.
We have used the mean of the MERRA-2, Brown, and Cro-
cus v7 SWE products for the mountainous regions. MERRA-
2 is a NASA (National Aeronautics and Space Administra-
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tion) atmospheric reanalysis, and it is available from the year
1980 onwards (Gelaro et al., 2017). The Brown SWE prod-
uct, in turn, uses a simple snow scheme driven by the ERA-
Interim reanalysis (Brown et al., 2003). The Crocus version 7
product is a physical snow model driven by ERA-Interim re-
analysis (Brun et al., 2013). Both MERRA-2 and Crocus v7
tend to slightly overestimate SWE under 150 mm and under-
estimate SWE over 150 mm (Mortimer et al., 2020). When
interpreting the results, however, it should be kept in mind
that we are comparing ERA5 and ERA5-Land with other
model products, which can make the comparison more prob-
lematic. However, this approach has been used in other stud-
ies too (Mudryk et al., 2020; Derksen and Mudryk, 2023).
Also, averaging over multiple products can improve the ac-
curacy of SWE estimates (Mortimer et al., 2020), making the
SWE estimates more reliable.

The SCE products used in this study are the Rutgers
weekly product (Robinson and Estilow, 2021) and the JAXA
JASMES SCE product (Hori et al., 2017). The Rutgers prod-
uct provides weekly SCE at 24 km resolution. It is a binary
product (no snow or snow-covered), and the threshold for
which a grid cell is considered snow-covered is 50 % or
greater (Robinson and Estilow, 2021). The data are avail-
able from the year 1980 onwards. The Rutgers weekly SCE
product at 190 km resolution has been widely used in cli-
mate research (e.g., Brown et al., 2010; Déry and Brown,
2007; Hernández-Henríquez et al., 2015), as the dataset is
available from the year 1966 onwards, making it the longest
running satellite-based record of any environmental variable
(Estilow et al., 2015). Recently, the product was gridded to
a finer resolution, as the weekly SCE maps spanning from
1980 through 1999 were digitized at 24 km resolution. Since
1999, the SCE charts have been produced daily at 24 km res-
olution using the IMS data (Robinson and Estilow, 2021).
Especially before the IMS period, the data are most accurate
with cloud-free conditions, stable or slowly changing snow
cover, and high solar illumination levels (Robinson and Es-
tilow, 2021).

The JAXA JASMES product is based on AVHRR and
MODIS data (Hori et al., 2017). The product provides the
snow cover fraction (0 %–100 %) at 5 km resolution and is
available from the year 1978 onwards. The product uses
AVHRR before 2000 and MODIS data from the year 2000
onwards (Hori et al., 2017). Studies have shown that JAXA
JASMES tends to slightly overestimate SCE, and the over-
estimation increases in spring. However, the overall accu-
racy of the dataset is very high (Hori et al., 2017). Rutgers
shows higher SCE than JAXA JASMES in the Arctic (north
of 60◦ N) in May (Derksen and Mudryk, 2023).

We used two satellite-based surface albedo products in
this study. The CLARA-A2 SAL (Clouds, Albedo and Ra-
diation second release Surface Albedo) product provides the
broadband shortwave directional–hemispherical reflectance,
i.e., the black-sky albedo (Anttila et al., 2016a; Karlsson et
al., 2017). The product is based on AVHRR (Advanced Very

High Resolution Radiometer) data, and the data are avail-
able for the period 1982–2019. We used the monthly mean
values with a spatial resolution of 0.25◦× 0.25◦ on a regular
latitude–longitude grid. The mean relative retrieval error is
−0.6 %, the mean root mean square error is 0.075, and the
decadal relative stability (over Summit Camp in Greenland)
is 8.5 % (Anttila et al., 2016b). The product has been found
to perform especially well over snow and ice, which makes
it well suited for cryospheric studies over the Arctic (Anttila
et al., 2016b).

Additionally, we used the MCD43D51 product, which
is the black-sky albedo for the MODIS shortwave broad-
band (Schaaf and Wang, 2021a). It is a daily product with
a grid resolution of 30 arcsec (1 km) and is available from
the year 2000 onwards. We also used the quality informa-
tion (MCD43D31) for the albedo product (Schaaf and Wang,
2021b) and only included pixels with good quality in the
analysis, which ensures the high accuracy of the product.

The satellite-based albedo products provide black-sky
albedo estimates, whereas ERA5 and ERA5-Land albedo es-
timates are for blue-sky albedo, which can cause a slight un-
certainty in the comparison. However, studies have shown
that the difference between black sky and blue sky is less than
5 % with low aerosol optical depth (AOD) values (Manninen
et al., 2012), which is typical for the Arctic region (Shik-
wambana and Sivakumar, 2018). Therefore, we decided not
to make any adjustments to any of the albedo datasets to min-
imize the possible discrepancies between black-sky and blue-
sky albedo estimates. This approach has also been used in
previous studies (e.g., Riihelä et al., 2013; Pohl et al., 2020).
For simplicity, from now on, we simply refer to albedo and
do not differentiate between different types of albedos unless
the difference is relevant.

2.3 Methods

We have used the nearest neighbor method to resample
ERA5, ERA5-Land, Brown, Crocus, MERRA-2, Rutgers,
and JAXA JASMES to a 25 km equal-area projection. The
nearest neighbor was sufficient for our study because the na-
tive grid resolutions of the datasets were already very sim-
ilar. The higher-resolution MODIS albedo product was first
coarsened to 0.25◦ resolution by calculating the mean value
of all the grid cells within one 0.25◦× 0.25◦ grid cell and
subsequently resampled to 25 km equal-area projection us-
ing the nearest neighbor method. We have used monthly
mean values for each variable. The snow cover extent (SCE)
was calculated by multiplying the area of one grid cell
(25 km× 25 km) with the snow cover fraction in each grid
cell. Our study covers land areas north of 40◦ N (glaciers
and ice sheets are excluded) and the period between 1982–
2018 (spring season from March to May). As MODIS data
are available only from the year 2000 onwards, we have done
some analysis additionally for the period 2000–2018.
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To study the trends, we used the Theil–Sen estimator (Sen,
1968; Theil, 1950), which is the median of all slopes between
paired values, and it is less sensitive to outliers than the ordi-
nary least squares linear regression. We calculated trends for
the entire study area (Sect. 3.1) and separately for Eurasia
and North America (Sect. 3.2). Additionally, we computed
the trends in each grid cell (Sect. 3.3) to study the spatial
variability in the trends. If there were missing values when
calculating the trends in each grid cell, we calculated trends
only in grid cells with at least 15 values available during the
study period (i.e., at least 15 years of data).

3 Results

Figure 1 shows as an example the mean values for each
of the datasets in April 1982–2018 (MODIS 2000–2018),
and the differences are shown in the Supplement (Fig. S2).
Overall, the spatial distributions of SWE, SCE, and albedo
are quite similar in ERA5, ERA5-Land, and the satellite-
based datasets. SWE shows large spatial variability of all the
datasets. The highest monthly mean values exceed 240 mm,
and these are found in the Rocky Mountains, southeastern
Canada, Scandinavia, and Siberia. However, in ERA5 and
ERA5-Land, the areas with very high SWE values are more
extensive than in the SWE reference data, indicating that both
ERA5 and ERA5-Land overestimate SWE compared to the
SWE reference data. Also, ERA5-Land seems to overesti-
mate SWE even more than ERA5.

The spatial distribution of SCE is consistent between
ERA5-Land, Rutgers, and JAXA JASMES, whereas ERA5
shows clearly larger SCE. Albedo shows the highest values in
the northern part of the study area, and the spatial distribution
is similar to the SWE distribution. All the albedo datasets are
quite consistent with each other. When comparing ERA5 and
ERA5-Land, ERA5-Land shows slightly higher values than
ERA5. The difference plots (Fig. S2) reveal that SCE and
albedo in ERA5-Land show very consistent differences when
comparing them with the satellite-based datasets. Both vari-
ables show negative differences in the northernmost parts of
the study area and positive differences around latitude 60◦ N.
For ERA5, there are clear inconsistencies between the vari-
ables.

3.1 Time series and trends in the NH

Both ERA5 and ERA5-Land notably overestimate the SWE
sum over the entire study area in every month in spring com-
pared to the SWE reference data (Fig. 2, top row). ERA5-
Land shows even higher values than ERA5, which was also
evident in Fig. 1. The magnitude of the difference stays about
the same (Fig. 2, second row) throughout the spring season,
indicating that in late spring the relative difference is very
large. The values in ERA5 and ERA5-Land are about 2 times
higher in March and almost 3 times higher in May com-

pared to the SWE reference data. The difference between
ERA5-Land and SWE reference data stays around 3000 Gt
throughout the study period. For ERA5, in turn, there is a
clear drop in the difference around the year 2004, which is
the year when IMS data were added to the reanalysis. The
drop is more visible in March and April than in May. The root
mean square error (RMSE) for ERA5 varies between 1200
and 1400 Gt depending on the month and for ERA5-Land be-
tween 2780 and 3160 Gt, respectively. RMSE for each month
and dataset are shown in the Supplement (Table S1).

The time series for non-mountainous regions are shown in
Fig. 3. The SWE values between the datasets are more con-
sistent with each other, indicating that most of the overesti-
mation in SWE occurs in the mountainous regions. ERA5 is
especially very well in line with the satellite-based dataset
after the year 2004. The drop in difference in SWE (sec-
ond row, dark-green markers) is even more visible in the
non-mountainous regions, which was to be expected as IMS
is only assimilated at altitudes below 1500 m. However, the
figure also shows that the difference decreases steadily al-
ready before 2004, as the number of assimilated observations
steadily increases throughout the study period.

The SCE time series (Fig. 2 third row) show similar val-
ues for ERA5-Land, Rutgers, and JAXA JASMES. ERA5,
in turn, shows a considerably larger SCE, which is consis-
tent with Fig. 1. The RMSE is also considerably larger for
ERA5 (Table S1). There is a slight drop in ERA5 SCE es-
timates in the year 2004, but it is not visible in the albedo
time series. The albedo time series (Fig. 2, bottom row) are
more consistent with each other, which was already seen in
Fig. 1. There is a slight overestimation in albedo in both
ERA5 and ERA5-Land compared to CLARA-A2 SAL and
MODIS data, but the overestimation is not as prominent as
in SWE. Even though ERA5 and ERA5-Land slightly over-
estimate albedo, both are able to capture the annual vari-
ability quite well. The RMSE is slightly smaller for ERA5
than for ERA5-Land (Table S1). Also, the time series of SCE
for the non-mountainous regions (Fig. 3) are quite similar to
Fig. 2: ERA5 overestimates SCE, and a slight drop is visible
around the year 2004. Overall, albedo and SCE for the non-
mountainous regions (Fig. 3) do not differ much from Fig. 2,
which is most likely due to the fact that even though moun-
tain areas store a considerable portion of snow mass (Kim et
al., 2021), they only represent a small fraction of the whole
study area. Therefore, they have a limited effect on SCE and
albedo.

Figure 4 summarizes the decadal trends and the 95 % con-
fidence intervals of the trends for each of the datasets. ERA5
shows negative SWE trends in every month (ranging from
−249 to −236 Gt per decade ). The trends in ERA5-Land
and the SWE reference data are also negative but not as
prominent (ranging from−124 to−77 Gt per decade), which
means that ERA5 shows a decreasing trend 2 or even 3 times
larger than ERA5-Land and the SWE reference data. Overall,
the trends in ERA5-Land and SWE reference data are more
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Figure 1. Mean values in April 1982–2018 for each of the datasets (MODIS 2000–2018).

consistent with each other, compared to ERA5. In March,
the difference between the trends in ERA5 and SWE refer-
ence exceeds the uncertainty range marked in the figure with
error bars. All datasets show statistically significant negative
trends in March and May. In April, ERA5 and SWE refer-
ence data show statistically significant negative trends.

The trends in SCE show large variability between the
datasets. In March and April, both ERA5 and ERA5-Land
show statistically significant negative trends, whereas the
satellite-based JAXA JASMES and Rutgers indicate that
there is not a statistically significant trend. In May, all the
datasets show statistically significant negative trends, but

the negative trend detected by ERA5 (−1.22× 106 km2 per
decade) is about twice as large as the trends detected by
other datasets (ranging from −0.66 to −0.50× 106 km2 per
decade). Similar to SWE, ERA5 shows the most prominent
SCE trends in each month.

The trends in albedo are more consistent between all the
datasets. In March, CLARA-A2 SAL indicates that there
is no statistically significant trend, contrary to ERA5 and
ERA5-Land. In April and May, all three datasets show statis-
tically significant trends, and the negative trends are strongest
in May, when they vary from −0.011 to −0.006 per decade.
Consistent with SWE and SCE, ERA5 shows more promi-

https://doi.org/10.5194/tc-17-5007-2023 The Cryosphere, 17, 5007–5026, 2023



5014 K. Kouki et al.: Evaluation of snow cover properties in ERA5 and ERA5-Land

Figure 2. Time series in the whole study area in (left) March, (middle) April, and (right) May for SWE sum (top row), difference in SWE
sum (second row), SCE (third row), and albedo (bottom row).

nent trends each month than ERA5-Land and CLARA-A2
SAL.

The trends between SCE and albedo are consistent with
each other in all the datasets. The trends become more promi-
nent in both variables when spring advances, and, simulta-
neously, the uncertainties decrease. Climate warming affects
the snow cover in late spring and summer the most, while
the changes in snow cover in late winter and early spring are
minor (Derksen and Brown, 2012; Mudryk et al., 2017). This
also affects the uncertainties, as the wide uncertainty range in
March decreases towards April and May. ERA5 also shows
consistent trends in SCE and albedo, even though the values
themselves (Figs. 1 and S2) showed notable discrepancies.

3.2 Time series and trends in North America and
Eurasia

Figures 5 and 6 show the time series of SWE sum, SCE,
and albedo in North America and Eurasia. In North Amer-
ica, ERA5 and ERA5-Land show considerably larger values
than the SWE reference data (Fig. 5, top row). The magnitude
of the SWE difference stays about the same throughout the
spring season, which is consistent with Fig. 2. A drop in the
difference between ERA5 and the SWE reference data can

also be observed in North America. In Eurasia (Fig. 6, top
row), ERA5-Land overestimates SWE considerably, whereas
ERA5 is better in line with the SWE reference data. There is
a clear difference between ERA5 and SWE reference data
at the beginning of the study period, but the difference de-
creases throughout the study period, and after the year 2004,
the difference drops close to zero.

The SCE and albedo time series in North America and
Eurasia (Figs. 5 and 6) show similar features to the time se-
ries in the entire study area (Fig. 2). ERA5 and ERA5-Land
show a slight overestimation in albedo, and ERA5 overesti-
mates SCE in both North America and Eurasia.

Figures 7 and 8 summarize the decadal trends and the
95 % confidence intervals in North America and Eurasia.
In North America (Fig. 7), ERA5 shows statistically sig-
nificant negative trends in SWE every month (ranging from
−70 to −57 Gt per decade), whereas ERA5-Land indicates
that there is no trend at all. The SWE reference data, in
turn, show negative trends in March (−77 Gt per decade) and
May (−41 Gt per decade). SCE also shows no trends, ex-
cept ERA5 in March (−0.14×106 km2 per decade) and May
(−0.26× 106 km2 per decade). All the albedo datasets indi-
cate that there is no trend in March or April, whereas in May,
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Figure 3. Time series in the non-mountainous regions in (left) March, (middle) April, and (right) May for SWE sum (top row), difference in
SWE sum (second row), SCE (third row), and albedo (bottom row).

Figure 4. Trends in the Northern Hemisphere in 1982–2018. The error bars represent the 95 % confidence intervals.

all the datasets show statistically significant negative trends
(ranging from −0.009 to −0.006 per decade).

In Eurasia (Fig. 8), both ERA5 and ERA5-Land indi-
cate a statistically significant negative trend every month,
whereas the SWE reference data detect no trend at all, which
is consistent with previous studies (Pulliainen et al., 2020).

For ERA5, the SWE trend ranges from −191 to −180 Gt
per decade and for ERA5-Land from −105 to −102 Gt
per decade. Especially in March, the trend is very close
to zero according to the SWE reference data and becomes
more prominent towards May, when the trend is −65 Gt per
decade. There is a considerable difference in trends between
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Figure 5. Time series in North America in (left) March, (middle) April, and (right) May for SWE sum (top row), the difference in SWE sum
(second row), SCE (third row), and albedo (bottom row).

ERA5, ERA5-Land, and the SWE reference data, which can-
not be explained even with the uncertainties. The trends in
albedo and SCE look similar to the ones detected in the
whole study area (Fig. 4). ERA5 and ERA5-Land show sta-
tistically significant SCE trends every month, whereas JAXA
JASMES and Rutgers only detect negative trends in May.
The negative SCE trends detected by ERA5 (ranging from
−0.78 to −0.99× 106 km2 per decade) are about twice as
large as the trends detected by other datasets (ranging from
−0.53 to −0.31× 106 km2 per decade). In March, CLARA-
A2 SAL indicates that there is not a statistically significant
trend, but in April and May, all three datasets show statis-
tically significant negative trends (ranging from −0.005 to
0.011 per decade). Trends in both albedo and SCE intensify
as spring progresses, which was also evident in the whole
study area (Fig. 3). Overall, the trends are more prominent in
Eurasia than in North America.

3.3 Spatial trends in SWE and albedo

The trends in SWE for the period 1982–2018 show large
spatial variability between the datasets (Fig. 9, top row).
The trends in April and May are shown in the Supplement
(Figs. S3–S4). ERA5 detects mostly negative trends in the

whole study region in March. ERA5-Land, in turn, shows
negative trends on the western side of Eurasia and very weak
trends in North America and eastern Eurasia. The SWE refer-
ence data detect negative trends in the northern part of North
America but show large variability in trends in Eurasia. All
datasets indicate a positive trend in Lapland. The trends in
March in albedo (Fig. 8, bottom row) are more consistent be-
tween the datasets. There is a large area in the southwestern
part of Eurasia with a clear negative trend related to the loss
of low-latitude seasonal snow cover in every dataset. A pos-
itive trend is visible in Canada; however, the size of the area
shows some variability between the datasets. Also, CLARA-
A2 SAL detects a positive trend in southeastern Eurasia,
which is not visible in ERA5 or ERA5-Land.

We additionally studied the trends for the period 2000–
2018, as MODIS data are only available from the year 2000
onwards. The SWE trends for the period 2000–2018 (Fig. 10,
top row) are more consistent with each other, which is most
likely due to adding the IMS information to ERA5, which
improves SWE estimates after 2004. The trends in April and
May are shown in the Supplement (Figs. S5–S6). Overall, the
trends are more prominent in 2000–2018 than in 1982–2018.
All datasets detect negative trends in northeastern Canada,
the west coast of North America, and western Eurasia in
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Figure 6. Time series in Eurasia in (left) March, (middle) April, and (right) May for SWE sum (top row), the difference in SWE sum (second
row), SCE (third row), and albedo (bottom row).

Figure 7. Trends in North America in 1982–2018. The error bars represent the 95 % confidence intervals.

March. Positive trends, in turn, are shown over a large area
in Canada, Scandinavia, and many areas in Siberia. The pos-
itive trend in Canada is consistent with other studies, and it is
associated with cooling in the spring season (Mudryk et al.,
2018). The positive trend is very strong in Scandinavia, and
it is detected by all the datasets. We additionally analyzed in

situ snow depth measurements across Lapland (Fig. S7) to
investigate whether the positive trend is also visible in in situ
measurements. For the period 1982–2018, the trend based on
in situ measurements is negligible, but for 2000–2018, there
is a statistically significant positive trend (9.3 cm per decade
in March), which is consistent with Figs. 9 and 10.

https://doi.org/10.5194/tc-17-5007-2023 The Cryosphere, 17, 5007–5026, 2023



5018 K. Kouki et al.: Evaluation of snow cover properties in ERA5 and ERA5-Land

Figure 8. Trends in Eurasia in 1982–2018. The error bars represent the 95 % confidence intervals.

Figure 9. (a, b, c) SWE trends in March 1982–2018. (d, e, f) Albedo trends in March 1982–2018.

MODIS and CLARA-A2 SAL are consistent with each
other, whereas ERA5 and ERA5-Land show some discrep-
ancies in albedo trends. All datasets show a strong positive
trend in albedo in Central Asia (Fig. 9, bottom row), which
is associated with an increase in snow cover over that area
(Li et al., 2018). The albedo over Central Asia has also been
observed to increase in summer due to deforestation (Li et
al., 2018). Albedo has also been increasing over Canada,
which is consistent with the positive SWE trend. Also, a neg-
ative trend is detected over Europe and western parts of Rus-
sia, where SWE has also been decreasing. Both ERA5 and
ERA5-Land show a strong positive trend in northern Siberia,
which is not as prominent in MODIS or CLARA-A2 SAL
products. Also, MODIS and CLARA-A2 SAL show a nega-

tive trend in central Siberia, which is not visible in ERA5 or
ERA5-Land.

3.4 Regional trends

We additionally studied time series in smaller areas in west-
ern Siberia and the Canadian Prairies (areas marked in Figs. 9
and 10). We chose these areas because the trends in 1982–
2018 show large differences between datasets but are more
consistent in 2000–2018. In Siberia, both ERA5 and ERA5-
Land overestimate SWE at the beginning of the study pe-
riod (Fig. 11, first and second row). The difference in SWE
sum decreases throughout the study period, and there is a
clear drop in the difference between ERA5 and the SWE ref-
erence data in the year 2004. After 2004, the difference is
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Figure 10. (Top row) SWE trends in March 2000–2018, (bottom row) albedo trends in March 2000–2018.

close to zero, with some annual variability. ERA5-Land does
not show a clear improvement in 2004, but the difference is
more stable throughout the study period.

All SCE datasets (Fig. 11, third row) show that the whole
area is covered with snow in March and April, with a few
minor exceptions. In May, when the spring advances, and
the melt season starts, the variability increases. ERA5 shows
overestimation in SCE compared to other datasets, while
ERA5-Land is very well in line with JAXA JASMES and
Rutgers. Both ERA5 and ERA5-Land show a small overes-
timation in albedo (Fig. 11, bottom row). The overestima-
tion compared to satellite-based data is at its lowest in April.
Even though there is a difference in the albedo values be-
tween ERA5, ERA5-Land, and the satellite-based datasets,
both ERA5 and ERA5-Land capture the annual variability
quite accurately.

In the Canadian Prairies, the SWE estimates are quite con-
sistent with each other (Fig. 12, first and second row). There
is only a minor variability between the datasets, and the dif-
ference varies from negative to positive. Especially in May,
both ERA5 and ERA5-Land show mostly smaller SWE es-
timates than the SWE reference data. Contrary to western
Siberia, there is no clear drop in the SWE sum difference in
the year 2004.

In SCE (Fig. 12, third row), the variability between the
datasets increases when spring advances. ERA5 overesti-
mates SCE in this area throughout the spring season, and
the overestimation is greatest in May. ERA5-Land, in turn,
shows smaller SCE values in March compared to Rutgers
and JAXA JASMES. In April and May, ERA5-Land, Rut-
gers, and JAXA JASMES are mostly consistent with each
other. All the albedo datasets are very consistent in the Cana-
dian Prairies in March, but when spring advances, the dif-
ference increases (Fig. 12, bottom row); in May, both ERA5
and ERA5-Land show a slight overestimation in albedo. Both

Figs. 11 and 12 illustrate that even though there are discrep-
ancies between ERA5, ERA5-Land, and the satellite-based
datasets, both ERA5 and ERA5-Land are able to capture the
interannual variability quite accurately. For example, in west-
ern Siberia (Fig. 11), there is a clear increase in all the vari-
ables in May after the year 2011, which all the datasets detect
similarly. In Canadian Prairies (Fig. 12) albedo shows large
interannual variability in March throughout the study period,
which both ERA5 and ERA5-Land capture quite accurately.

4 Discussion

ERA5 and ERA5-Land show overall very large total SWE es-
timates compared to the SWE reference data, and the exces-
sively high values are mostly concentrated in the mountain-
ous regions (Figs. 1 and 2). The SWE estimates in the non-
mountainous regions are better in line with the SWE refer-
ence data (Fig. 3). This result is consistent with other studies,
as snow depth above 1500 m is unrealistically large in ERA5
(Hersbach et al., 2020). ERA5 has also shown a delayed ab-
lation of deep snowpack in spring in the Tibetan Plateau (Lei
et al., 2023). The snowpack is presented in IFS with a single
layer of snow, which does not produce enough melting, and
this results in excessively high snow depths (Hersbach et al.,
2020).

ERA5-Land has a notably higher resolution than ERA5,
which could indicate that ERA5-Land would perform better
over mountains with complex terrain. For example, down-
scaled regional climate models show smaller biases in snow
cover in mountainous regions compared to original CMIP6
climate models with coarse resolution (Matiu et al., 2019).
However, studies have shown that ERA5-Land overestimates
snow depths more than ERA5 over the mountains (Monteiro
and Morin, 2023; Muñoz-Sabater et al., 2021), which is con-
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Figure 11. Time series in western Siberia in (left) March, (middle) April, and (right) May for SWE sum (top row), the difference in SWE
sum (second row), SCE (third row), and albedo (bottom row). The area is marked in Figs. 9 and 10.

sistent with our study. Both ERA5 and ERA5-Land show
too-high values in mountainous regions, but ERA5 has been
found to perform better at the highest mountains (> 3300 m),
whereas ERA5-Land shows improvements in mid-altitude
mountains due to the higher resolution (Muñoz-Sabater et
al., 2021). This also most likely explains why ERA5-Land
overestimates SWE more than ERA5 (Fig. 2). The com-
parison between North America and Eurasia (Figs. 5 and
6) showed that ERA5 and ERA5-Land overestimate SWE
more in North America, which likely results from the very
high SWE values in the Rocky Mountains. As the highest
elevations of the Rocky Mountains exceed 3300 m, ERA5-
Land shows even larger overestimation in SWE compared to
ERA5.

When interpreting the results, it should be noted that in the
mountainous regions, we are comparing ERA5 and ERA5-
Land to other model products, which may cause uncertain-
ties in the comparison. However, the results are consistent
with other studies, which increases the reliability of this anal-
ysis in mountainous regions. Another point to consider when
interpreting the results is that Brown and Crocus are driven
by ERA-Interim instead of ERA5, which can also affect the
comparison. However, studies have shown that using ERA5
instead of ERA-Interim in Brown and Crocus has an oppo-

site effect on snow cover estimates (Derksen and Mudryk,
2023). As we are using the mean value of several datasets,
it is therefore likely that this only has a minor effect on the
results in the mountainous regions.

The regional analysis (Sect. 3.3) showed that there is a
large regional variability between the datasets. Even though
ERA5 and ERA5-Land show overall larger SWE estimates
than the reference data, the difference is mostly the opposite
in the Canadian Prairies. SWE in ERA5 is lower than SWE in
the reference data in Canadian Prairies throughout the spring
season, whereas for ERA5-Land, the difference decreases
and becomes negative when spring advances (Fig. 12). How-
ever, also in these smaller regions, the difference between
ERA5 and ERA5-Land stays the same, as ERA5-Land shows
larger SWE estimates than ERA5.

The SCE time series between ERA5-Land and the
satellite-based datasets show only minor differences, while
ERA5 notably overestimates SCE compared to the satellite-
based datasets. That is, ERA5 tends to overestimate SCE,
while ERA5-Land tends to overestimate SWE. The overes-
timation of SCE in ERA5 occurs in regions with shallow
snowpack, which means that it does not convert to exces-
sively large SWE values. ERA5-Land, in turn, overestimates
SWE compared to the SWE reference data, especially over
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Figure 12. Time series in Canadian Prairies in (left) March, (middle) April, and (right) May for SWE sum (top row), the difference in SWE
sum (second row), SCE (third row), and albedo (bottom row). The area is marked in Figs. 9 and 10.

mountainous regions with deep snowpack. These areas are
typically completely covered with snow, and, therefore, over-
estimating SWE does not cause excessively high SCE values.

Time series of albedo are overall quite consistent between
the datasets. Both ERA5 and ERA5-Land show a slight over-
estimation in albedo (Fig. 2), and when spring advances the
difference slightly increases. Also, the analysis shows that
ERA5-Land shows moderately higher albedo values than
ERA5. The discrepancy between satellite-based datasets and
the reanalysis can be due to the different albedos used in the
analysis. The satellite-based datasets provide estimates for
black-sky albedo, whereas ERA5 and ERA5-Land provide
estimates for blue-sky albedo. The black-sky albedo only ac-
counts for direct solar radiation, while the blue-sky albedo is
for both direct and diffuse solar radiation (Schaepman-Strub
et al., 2006). Typically, blue-sky albedo shows higher values
than black-sky albedo (Manninen et al., 2012), which may
cause discrepancies in the comparison.

The comparison between the different albedo estimates in
ERA5 and ERA5-Land (Fig. S1) shows only a slight differ-
ence between the albedo estimates and indicates that the dif-
ferences between albedo estimates are smaller than is typi-
cal (Key et al., 2001). Figure 10 shows that in March, the
study area in western Siberia is fully covered with snow.
Therefore, we additionally compared the ERA5 and ERA5-

Land albedo estimates over that area. The difference be-
tween white-sky albedo and blue-sky albedo for clear sky
only showed 1.1 % (absolute) higher values (ranging from
0.4 % to 1.7 %), which is a notably smaller difference than
is typical. Studies have shown that radiation quantities are
slightly biased in ERA5 (Babar et al., 2019; Urraca et al.,
2018), which would also affect albedo.

Even though there are discrepancies between ERA5 and
ERA5-Land and the satellite-based datasets, both ERA5 and
ERA5-Land are mostly able to capture the annual variability
quite accurately. This finding is also consistent with other
studies (Orsolini et al., 2019). The regional analyses (Figs. 11
and 12) show especially large annual variability, which both
ERA5 and ERA5-Land are mostly able to capture.

The trends in 1982–2018 show considerable variability
among the datasets (Fig. 4). ERA5 shows the overall most
prominent trends in all variables. The SWE trend in ERA5
differs considerably from the SWE trends in ERA5-Land and
the reference data. Recent studies have shown that there is a
discontinuity in ERA5 snow cover estimates in 2004, which
is caused by adding the IMS information to ERA5 (Mortimer
et al., 2020; Urraca and Gobron, 2023). This improves the
SWE estimates after the year 2004, but it decreases the sta-
bility of the time series and, therefore, makes the trends less
reliable. ERA5-Land does not assimilate data and therefore
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does not exhibit the same discontinuity, which improves the
stability of trends but in turn decreases the accuracy of snow
cover estimates at the end of the study period. The satellite-
based datasets can also exhibit discontinuities due to using
different satellite instruments, but typically these are taken
into account so that the datasets are suitable for climate stud-
ies (Hori et al., 2017; Luojus et al., 2021).

IMS information is assimilated only at altitudes below
1500 m, so it does not improve snow cover estimates in
mountainous regions. This most likely explains why the dis-
continuity is more visible in Eurasia than in North Amer-
ica (Figs. 5 and 6). As the Rocky Mountains account for a
large fraction of the SWE sum in North America, adding IMS
has a smaller effect on the total SWE estimate at the conti-
nental scale. This phenomenon is also seen in the trends in
North America and Eurasia (Figs. 7 and 8). The SWE trends
in North America are similar in ERA5 and the SWE refer-
ence data (Fig. 7), while there is a large difference in Eura-
sia (Fig. 8). Since there is not a clear discontinuity visible
in North America, it improves the stability of the trends and
makes them more reliable. The downside is that the SWE
values themselves are not improved towards the end of the
study period. In Eurasia, in turn, the trends show a consider-
able difference between ERA5 and the SWE reference data,
which cannot be explained by the uncertainties. This sug-
gests that the trends in 1982–2018 are not reliable, but the
SWE estimates notably improve after the year 2004 and are
very similar to the SWE reference data. This conclusion is
consistent with previous studies (Mortimer et al., 2020; Ur-
raca and Gobron, 2021). The trends between SCE and albedo
are mostly well in line between the datasets. This was to be
expected, as snow cover highly affects the surface albedo. In
ERA5, the monthly SCE and albedo values showed consid-
erable discrepancies (Figs. 1, S1, and 2), but the trends are
still consistent.

There are also uncertainties related to the satellite-based
datasets, which can affect the comparison. While the accu-
racy of the satellite-based SWE estimates has improved con-
siderably with the evolution of retrieval methods, some un-
certainties remain. The comparison between JAXA JASMES
and in situ observations showed a slight overestimation in
JAXA JASMES (Hori et al., 2017). Also, the difference
between JAXA JASMES and Rutgers increases towards
May, indicating that melting snow may pose a challenge to
satellite-based snow detection. The uncertainty related to the
MCD43D51 product is overall very low, as we have only
included the pixels with good quality in the analysis. Also,
CLARA-A2 SAL performs overall accurately over snow and
ice (Anttila et al., 2016b), which increases the reliability of
this analysis.

In mountainous regions, the high topographic variability
can cause uncertainties in the satellite-based estimates, as the
relatively coarse resolution of satellite data is not ideal for
mountainous regions. The complex terrain causes uncertain-
ties in SWE estimates, but averaging over multiple products

can improve the accuracy (Mortimer et al., 2020). Mountains
can also complicate albedo retrieval due to shadowing, but
this is taken into account by making the topography correc-
tion for the CLARA-A2 SAL product (Anttila et al., 2016a).
Also, as mountains only represent a small fraction of the
whole study area, they have a limited effect on the overall
albedo and SCE values.

5 Conclusions

We have evaluated snow cover properties in ERA5 and
ERA5-Land and compared the time series and trends with
several satellite-based datasets. Our study included SWE,
SCE, and albedo, which are the most important variables re-
lated to snow cover. Our study covers land areas north of
40◦ N and the spring season from March to May in 1982–
2018. The main findings of our study are as follows.

Both ERA5 and ERA5-Land overestimate SWE compared
to the reference data, with ERA5-Land SWE estimates being
the largest. The difference between ERA5-Land and SWE
reference data remains at about 3000 Gt throughout the study
period, which means that the NH total seasonal snow mass
estimated by ERA5-Land is about 2 times higher in March
and almost 3 times higher in May compared to the SWE ref-
erence data. The excessively high SWE is mostly due to the
very large values over mountainous regions.

There is a discontinuity in ERA5 around the year 2004,
since adding IMS from the year 2004 onwards considerably
improves SWE estimates but affects the temporal stability.
ERA5-Land does not exhibit the same discontinuity, which
improves the temporal stability of the trends but in turn de-
creases the accuracy of snow cover estimates at the end of
the study period.

Due to the discontinuity, ERA5 shows a decreasing trend
that is 2 or even 3 times larger than ERA5-Land and the SWE
reference data: SWE trends in ERA5 range from −249 to
−236 Gt per decade in spring, while the trends in ERA5-
Land and the SWE reference data range from −124 to
−77 Gt per decade in spring.

ERA5 and ERA5-Land albedo estimates are quite con-
sistent with the satellite-based datasets with only a slight
overestimation. However, this discrepancy may be explained
by the discrepancy between the used variables: the satellite-
based datasets provide estimates for black-sky albedo,
whereas ERA5 and ERA5-Land provide estimates for blue-
sky albedo. Typically, the blue-sky albedo is slightly higher
than the black-sky albedo, which may explain the difference.
The negative trend in albedo is strongest in May, when it
varies from −0.011 to −0.006 per decade depending on the
dataset.

SCE is very accurately described in ERA5-Land, whereas
ERA5 shows considerably larger values compared to the
satellite-based datasets. Similar to albedo, the negative trends
become more prominent when spring advances, and in May,
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all the datasets show statistically significant negative trends.
However, the negative trend detected by ERA5 (−1.22×
106 km2 per decade) is about twice as large as the trends
detected by other datasets (ranging from −0.66 to −0.50×
106 km2 per decade).

Despite the discrepancies in ERA5 and ERA5-Land with
the satellite-based datasets, both are able to capture the inter-
annual variability quite accurately.

Data availability. The bias-corrected SnowCCI data are avail-
able online at https://doi.org/10.1594/PANGAEA.911944
(Luojus et al., 2020). The Brown and Crocus v7 datasets
are available from the original authors (please see Table 1
for references). MERRA-2 SWE data are available on-
line at https://doi.org/10.5067/RKPHT8KC1Y1T (GMAO,
2015). CLARA-A2 SAL data are available online at
https://doi.org/10.5676/EUM_SAF_CM/CLARA_AVHRR/V002
(Anttila et al., 2016a). MCD43D51 data are available online
at https://doi.org/10.5067/MODIS/MCD43D51.061 (Schaaf
and Wang, 2021a). MCD43D31 data are available online
at https://doi.org/10.5067/MODIS/MCD43D31.061 (Schaaf
and Wang, 2021b). Rutgers SCE data are available online
at https://doi.org/10.7265/zzbm-2w05 (Robinson and Es-
tilow, 2021). JAXA JASMES SCE data are available online
at https://www.eorc.jaxa.jp/JASMES/index.html (Hori et al., 2017).
ERA5 data are available at https://doi.org/10.24381/cds.f17050d7
(Hersbach et al., 2023). ERA5-Land data are available at
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