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Abstract. Seasonal snow cover has important climatic and
ecological implications for the ice-free regions of coastal
Greenland. Here we present, for the first time, a dataset
of quality-controlled snow depth measurements from nine
locations in coastal Greenland with varying periods be-
tween 1997 and 2021. Using a simple modelling approach
(1snow), we estimate snow water equivalent values solely
based on the daily time series of snow depth. Snow pit
measurements from two locations enable us to evaluate the
1snow model. As there are very little in situ data available
for Greenland, we then test the performance of the regional
atmospheric climate model (RACMO2.3p2, 5.5 km spatial
resolution) and reanalysis product (CARRA, 2.5 km spatial
resolution) at the nine locations with snow observations. Us-
ing the combined information from all three data sources, we
study spatio-temporal characteristics of the seasonal snow
cover in coastal Greenland using the example of six ecologi-
cally relevant snow indicators (maximum snow water equiv-
alent, melt onset, melt duration, snow cover duration, snow
cover onset, and snow cover end date). In particular, we eval-
uate the ability of RACMO2.3p2 and CARRA to simulate
these snow indicators at the nine different locations, per-
form a time series analysis of the indicators, and assess their
spatial variability. The different locations have considerable
spatial and temporal variability in snow cover characteris-
tics, and seasonal maximum snow water equivalent (amount
of liquid water stored in the snowpack) values range from
less than 50 kg m−2 to greater than 600 kg m−2. The cor-
relation coefficients between maximum snow water equiva-

lent output from 1snow and CARRA and RACMO are 0.73
and 0.48, respectively. Correlation coefficients are highest
for maximum snow water equivalent and snow cover dura-
tion, and model and reanalysis output underestimate snow
cover onset. We find little evidence of statistically significant
(p<0.05) trends at varied periods between 1997 and 2021
except for the earlier onset of snowmelt in Zackenberg (−8 d
per decade, p = 0.02, based upon RACMO output). While
we stress the need for context-specific validation, this study
suggests that in most cases snow depth or snow water equiv-
alent output from CARRA can describe spatial and temporal
characteristics of seasonal snow cover, particularly changes
in melt onset and snow cover end date.

1 Introduction

Seasonal snow cover has important climatic and ecological
implications for the ice-free regions of coastal Greenland.
Snow cover shows large spatial and temporal variability (Co-
hen, 1994; Gutzler and Rosen, 1992), thereby influencing lo-
cal to regional climate variability by controlling the energy
exchange between the surface and the atmosphere at differ-
ent timescales from sub-seasonal to multi-decadal. The key
mechanisms for this snow–atmosphere coupling are insula-
tion of the ground (Cohen, 1994), the snow hydrological ef-
fect (Preece et al., 2023), high surface albedo (Diro et al.,
2018), and thermal emissivity (Warren, 1982). In addition,
the snowpack needs significant amounts of energy for the
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melting process at the end of the snow season in spring (Hen-
derson et al., 2018). Because of this role of snow cover in the
climate system, it is an important factor in determining com-
munity and ecosystem structure in Arctic regions (Bokhorst
et al., 2016; Bonsoms et al., 2024; Callaghan et al., 2012;
Niittynen and Luoto, 2018; Walker et al., 1993). Interannual
variability of snow cover characteristics and their long-term
trends thus influence many relevant ecological processes
(AMAP, 2011). It is well documented that seasonal snow
cover is rapidly changing in the Northern Hemisphere (e.g.
Brown and Robinson, 2011; Pulliainen et al., 2020) and espe-
cially throughout the Arctic. Examples of reported changes
include a−4 % per decade change in May snow cover extent
(Derksen and Mudryk, 2023), significantly earlier Northern
Hemisphere snowmelt (Foster et al., 2013), snow-free date in
the Arctic that is 3.4 d earlier per decade (excluding Green-
land) (Callaghan et al., 2012), and snow cover duration this is
decreasing by 3–5 d per decade (Derksen et al., 2015). While
snow cover onset trends in the Northern Hemisphere are gen-
erally negative (earlier), positive (later) trends exist as well,
particularly in coastal regions (Allchin and Déry, 2020). Fur-
ther changes in these variables are projected by climate mod-
els; for example, several studies estimate a 10 %–40 % de-
crease in snow cover duration by 2050 (Bokhorst et al., 2016;
Niittynen and Luoto, 2018). It is important to mention here
that most remote sensing studies on changes in snow param-
eters exclude coastal Greenland given the difficulty of accu-
rately sensing these mountainous regions.

Due to well-known challenges in snow monitoring (snow
drift, high maintenance costs, lack of power supply, data
gaps due to sensor failure), directly observed seasonal snow
cover data from the ice-free coastal regions of Greenland
is limited; however, it does exist. Here, we present a little-
used, quality-controlled dataset of seasonal snow, collected
by Asiaq – Greenland Survey. We use these data to as-
sess spatio-temporal characteristics of seasonal snow cover
at each observation location in the ice-free regions of coastal
Greenland and assess whether state-of-the-art climate mod-
els can simulate these spatio-temporal characteristics.

The aim of this study is to present, for the first time, a
quality-controlled dataset of daily snow depth (HS) for the
coastal regions of Greenland for the period 1997–2021. Us-
ing a simple modelling approach (1snow), we estimate snow
water equivalent (SWE), which is the amount of liquid water
stored in the snowpack, solely based on the daily time series
of HS. To overcome the shortcomings of the low temporal
and spatial coverage of the daily HS observations, we then
use the 1snow output to evaluate the ability of a regional
climate model (RACMOv2.3) and an Arctic reanalysis prod-
uct (CARRA) to simulate observed spatio-temporal patterns
of HS and SWE. Based on this validation, which is new for
Greenland, we can then use the simulated HS and SWE to
obtain spatio-temporal characteristics for several climatolog-
ically and ecologically relevant snow indicators (Callaghan
et al., 2012; Lund et al., 2017; Wu et al., 2023): maximum

SWE (SWEmax), start of melting (Monset), duration of melt-
ing (Mduration), duration of snow cover (SCduration), start of
snow cover (SConset), and end of snow cover (SCend date)
for Greenland. In this way, ecologically and climatologically
relevant differences in snow cover accumulation and deple-
tion can be substantiated with data. In particular, we investi-
gate whether there are systematic differences in snow cover
characteristics between Greenland’s east and west coasts and
what factors explain these differences. We use different sta-
tistical measures to provide a first insight into the spatio-
temporal differences and trends in seasonal snow cover, tak-
ing statistical significance into account.

2 Data

2.1 Snow depth observations (HSOBS)

The HS data presented in this study were collected by Asiaq
– Greenland Survey at their automatic weather stations lo-
cated along the west and east coasts of Greenland. From a
total of 23 weather stations, 9 are presented here. The re-
maining 14 are excluded due to data gaps, insufficient du-
ration of the measuring period, or the fact that the resulting
data did not accurately represent general local snow condi-
tions (e.g. due to wind-related factors) (see rejected stations
in Fig. 1). The datasets span different periods within the pe-
riod 1997 until 2021 (Table 1). All stations are located in
the ice-free part of coastal Greenland. Six are located on the
west coast, and three are located on the east coast. HS has
been measured using sonic ranging sensors (most commonly
Campbell Scientific SR50a), which are known to have an
accuracy of ca. ±1.0 cm (Campbell Scientific, 2021). These
sensors are installed as part of the weather station, which is
set up to measure representative weather conditions in the
towns and villages. Site selection for these weather stations
was based on WMO recommendations, balanced with infras-
tructure and logistic requirements. The dataset of nine time
series of HS used in this study will hereafter be referred to as
HSOBS.

To help interpretation of the measured values, we provide
a basic climatology based on CARRA output for all loca-
tions that are part of the presented datasets (Table 1). The
seasonal variables T2m (°C), modelled accumulated solid pre-
cipitation (mm w.e.), and wind speed (m s−1) have been cal-
culated from CARRA output for the period 1990–2022. The
fractional seasons (winter 1990 and 2020) at the beginning
and end of the 1990–2022 period have not been considered
in the calculation.

The 2 m air temperature from reanalysis is considerably
lower at the three weather stations on the east coast com-
pared to those on the west coast. Specifically, the climatology
of VRS (the most northerly station) stands out with respect
to temperature when compared to the other locations. VRS
shows the lowest temperature in each season and the annual
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Table 1. CARRA climatology for each location.

Location and elevation Observation stations CARRA climatology (1990–2022)

Coordinates Period with snow T2m Annual solid/liquid Mean wind
observations (yyyy/mm/dd) (°C) precipitation (mm w.e.) speed (m s−1)

DJF, MAM, JJA, SON DJF, MAM, JJA, SON DJF, MAM, JJA, SON

Villum Research 81.58° N 2014/08/26– −26.6 98/0 3.7
Station (VRS) 16.64° W 2018/08/08 −19.0 83/0 3.3
37 m a.s.l. 2.7 81/11 3.3

−15.2 140/9 3.6

Zackenberg (ZAC) 74.47° N, 1997/07/01– −16.4 136/1 4.5
44 m a.s.l. 20.55° W 2020/09/21 −10.9 66/1 3.4

5.5 5/53 3.0
−7.2 90/23 3.9

Gurreholm (GUR) 71.24° N 2008/09/07– −16.5 120/0 3.5
80 m a.s.l. 24.55° W 2010/08/19 −10.6 71/4 2.6

5.2 3/69 2.0
−6.5 89/33 3.0

Qaarsut (QAA) 70.74° N 2008/07/01– 12.0 39/4 5.3
90 m a.s.l. 52.71° W 2021/11/03 −8.4 29/3 3.9

6.2 3/47 3.9
−2.0 43/23 5.6

Qeqertarsuaq (QEQ) 69.24° N 2018/07/01– −9.6 96/9 5.6
12 m a.s.l. 53.53° W 2020/12/30 −6.6 75/5 4.0

6.9 5/117 3.7
0.1 97/60 5.6

Ilulissat (ILU) 69.24° N 2008/07/01– −12.2 58/6 7.2
29 m a.s.l. 51.06° W 2021/10/22 7.1 51/10 4.9

6.9 4/82 3.6
−2.4 64/39 7.0

Sisimiut (SIS) 66.94° N 2008/07/01– −11.1 106/23 6.3
15 m a.s.l. 53.69° W 2011/06/29 −6.0 68/10 5.4

6.4 5/100 4.2
−0.8 88/50 5.6

Qinngorput (QIN) 64.17° N 2007/11/28– −7.8 178/23 7.1
38 m a.s.l. 51.67° W 2009/11/19 and −3.6 137/16 6.4

2010/07/01– 6.4 11/47 5.2
2011/09/27 0.0 113/80 6.5

Kangerluarsunnguaq (KAN) 64.13° N 2008/07/01– −10.6 224/16 6.2
(also known as Kobbefjord) 51.34° W 2011/06/26 −5.8 172/20 5.5
40 m a.s.l. 5.9 33/164 4.6

−2.3 199/103 5.9

temperature amplitude is largest at this location (29.3 °C).
Furthermore, VRS is the only location where the CARRA
solid precipitation output in summer is still relatively high
(81 mm w.e.). QIN and KAN, located at a much lower lat-
itude, are the only other locations where the summer solid
precipitation output is above 10 mm w.e. (11 and 33 mm w.e,
respectively). Wind speed has a clear influence on the spatial
variability of seasonal snow cover on a local scale. Greater
small-scale spatial variability of HS is expected at locations
with higher wind speeds (especially in winter when snow is
easier to erode and drift). The CARRA average winter wind
speeds at the selected nine locations range from 3.5 (at GUR)
to 7.2 m s−1 (at ILU). Of all nine locations, the ZAC region is

the most well-studied area in terms of spatio-temporal char-
acteristics of snow cover (e.g. Kankaanpää et al., 2018; Ped-
ersen et al., 2016).

2.2 Manual snow water equivalent observations
(SWEOBS)

The manual snow water equivalent observations are used for
the evaluation of 1snow (see Sect. 3.1). These measurements
were collected as part of the Greenland Ecosystem Monitor-
ing programme (GEM) by Asiaq – Greenland Survey at KAN
and Aarhus University at ZAC. Snow pit data have been col-
lected from 2004. These snow pit measurements are known
to generally have an uncertainty of lower than 10 % (López-
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Figure 1. Asiaq weather station locations with snow observations in
coastal Greenland. The background map shows CARRA maximum
SWE averaged over the period 1990–2022. The size of the red dots
indicates the average maximum SWE1snow (Sect. 3.1) during the
period with measurements.

Moreno et al., 2020). The dataset of snow pit measurements
will hereafter be referred to as SWEOBS.

2.3 CARRA reanalysis dataset (SWECARRA and
HSCARRA)

The Copernicus Arctic Regional Reanalysis (CARRA)
(Schyberg et al., 2021) dataset uses HARMONIE as a surface
scheme including a snow model. The atmospheric assim-
ilation uses a three-dimensional variational data approach.
Surface variables are assimilated using an optimal interpo-
lation approach. In this study, we use the CARRA-West do-
main, which includes Greenland. CARRA is laterally forced
with ERA5 and produces a 3-hourly output on a 2.5 km hor-
izontal grid space. Snow output, as opposed to other vari-
ables like temperature, is not constrained by the assimilation
of snow measurements from Asiaq and is purely a model

product. Atmospheric variables observed at weather stations
from Asiaq are assimilated. From the Greenland Ice Sheet,
weather stations from GC-Net (Steffen et al., 1996; Stef-
fen and Box, 2001) and PROMICE (Van As, 2011) are also
part of the assimilation. Here we use two variables from the
CARRA reanalysis datasets: the SWE variable, which will
hereafter be referred to as SWECARRA, and the snow density
variable. The snow density variable is used in combination
with SWECARRA to calculate HS (which gives HSCARRA; see
Sect. 3) for the period 1990–2023.

2.4 RACMO2.3p2

The Regional Atmospheric Climate Model (RACMO2) was
developed by the Royal Netherlands Meteorological Insti-
tute (KNMI) (van Meijgaard et al., 2008). The polar version
of this model, RACMO2.3p2, was developed to adequately
simulate the evolution of surface mass balance over the ice
sheets of Greenland, Antarctica, and other glaciated regions.
In this study, we use the statistically downscaled product at
5.5 km resolution (Noël et al., 2019). RACMO2.3p2 is forced
on a 3-hourly basis by ERA-40 (1958–1978), ERA-Interim
(1979–1989), and ERA-5 (1990–2021). The topography in
RACMO2.3p2 at 5.5 km spatial resolution is derived from
the GIMP digital elevation model at 90 m downsampled to
5.5 km (Howat et al., 2014). As this atmospheric model does
not include a snow simulation module, we estimate SWE val-
ues based on atmospheric output, as detailed in Sect. 3.2.

3 Methods

3.1 The 1snow algorithm

The algorithm 1snow (Winkler et al., 2021) is designed
to estimate SWE using solely daily values of HS as in-
put. Despite its simple input requirements, the basic layer
model incorporates complex snow processes, such as com-
paction, melting, and drenching, based on the daily changes
in HS. This approach enables the derivation of the hydro-
logically and climatologically more relevant SWE variable
from the more widely available HS records. In our case,
it facilitates the comparison of the climate model output
from RACMO2.3p2 and HS observations at weather stations.
Compaction is treated following the principles of Newto-
nian viscosity, and melting snow is distributed stepwise from
top to bottom throughout the simulated layers of the snow-
pack. A detailed description of the physics of 1snow can be
found in Winkler et al. (2021). Previous evaluation attempts
for 1snow in Arctic and mountain regions in the Northern
Hemisphere have shown promising results. The range of bi-
ases for 1snow has been reported to be −15 % to +17.2 %
(SWEmax) and −7.3 to 3.0 d (Monset), using eight datasets
from different regions (Fontrodona-Bach et al., 2023). Win-
kler et al. (2021) have reported a bias of 0.3 kg m−2 and
root-mean-square error (RMSE) of 36.3 kg m−2 for SWEmax.
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The output from 1snow will hereafter be referred to as
SWE1snow. We evaluate the performance of 1snow with
SWEOBS, giving the Pearson correlation coefficient (r), a
measure of absolute error (RMSE), and the mean absolute
percentage error (MAPE) as a measure of relative error.

3.2 Evaluation of climate models used in this study
(CARRA/RACMO)

Both CARRA and RACMO2.3p2 output are evaluated us-
ing the SWE1snow dataset. We evaluate several snow indi-
cators that we define in the following section (Fig. 2). For
these snow indicators, we determine the Pearson correlation
coefficient (r), p values (p) related to the statistical signifi-
cance of the correlation coefficient, and RMSE for the cor-
relation between SWECARRA/SWERACMO and SWE1snow.
The model values are obtained using the nearest grid cells
based on the coordinates of the nine selected locations with
snow observations. The CARRA data were resampled from
3 h to daily time steps using mean values to match the ob-
servational data’s temporal resolution. The data were also
restructured per hydrological year (1 October–30 Septem-
ber), whereafter snow indicators (Fig. 2) for each hydrolog-
ical year were calculated. Selected and processed SWE val-
ues based on RACMO output will, hereafter, be referred to
as SWERACMO. To directly compare CARRA output with
HSobs, we calculated HS from CARRA based on the SWE
and snow density variables.

CARRAHS = CARRASWE ÷ CARRAdensity (1)

SWERACMO is estimated based on the variables available
from the model.

SWERACMO = solid precipitation− snowmelt

− sublimation− snow drift (2)

This value is then corrected by adding the minimum value
in the first hydrological year because the snow depth at the
beginning of the first hydrological year is unknown. In the
following years, the value of the last day of the previous hy-
drological year is the starting snow depth.

3.3 Analysis of spatio-temporal characteristics of
seasonal snow cover

Since our objective is to analyse whether state-of-the-art re-
gional climate models can be used to assess changes in sea-
sonal snow cover that have relevance to the local ecosystems,
we define six ecologically relevant snow indicators (Fig. 2).

To ensure we capture the beginning of the snow buildup,
which sometimes starts before 1 October (e.g. at ZAC in
1998), we include the last 90 d of the previous hydrologi-
cal year when calculating snow indicators. Below we give a
summary of the indicators used.

– Max. SWE (SWEmax). This is the largest SWE of a par-
ticular hydrological year, calculated with a rolling mean

of 5 d. This rolling mean is used to reduce the impact of
daily fluctuations and allows us to more accurately de-
termine the peak SWE value within a season. We choose
a window length of 5 d to remove misrepresentation of
the snow cover end date due to daily variability, while
at the same time not introducing unnecessary smooth-
ing of the seasonal snow evolution (which would be the
case with a longer window length) (the unit is kg m−2).

– Melt onset (Monset). This is the corresponding day of the
hydrological year with SWEmax. In the case of multiple
days with the same SWEmax values, the last day with
that value is chosen as Monset (the unit is the day of hy-
drological year).

– Snow cover duration (SCduration). This is here defined as
the longest continuous period of SWE above the thresh-
old of 10 kg m−2 within a specific hydrological year,
including 90 d before that hydrological year. SCduration
is normally defined using a snow depth threshold (e.g.
Notarnicola, 2022). Here we use a SWE threshold be-
cause it is a variable that can be calculated from all three
datasets (the unit is the number of days).

– Snow cover end date (SCend date). This is the last day of
the longest continuous period of SWE above the thresh-
old of 10 kg m−2 within a specific hydrological year, in-
cluding 90 d before that hydrological year (the unit is
the day of the hydrological year).

– Snow cover onset (SConset). This is the first day of the
longest continuous period of SWE above the threshold
of 10 kg m−2 within a specific hydrological year, includ-
ing 90 d before that hydrological year (the unit is the day
of the hydrological year).

– Melt-phase duration (Mduration). This is the length of the
period between the melt onset and the snow cover end
date (the unit is the number of days).

3.4 Trend analysis

In addition to using the calculated snow indicators to evaluate
the climate model output, we also assess trends in the annual
values of these indicators for locations with 5 or more years
of measurements with the Mann–Kendall trend test. Trends
will be indicated with Theil–Sen estimators and slopes and
the intercept of the Kendall–Theil robust line. For further de-
tails, see Hussain and Mahmud (2019).

4 Results

4.1 Evaluation of 1snow

The output of the 1snow model is evaluated with snow pit
measurements at ZAC and KAN (Fig. 3). These measure-
ments took place annually, with several measurements in
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Figure 2. Definition of snow indicators. The SWE time series is from location ZAC 1998. The threshold of 10 kg m−2 is indicated with a
dotted black line.

each year, starting from 2000 at ZAC (see Fig. 4) and start-
ing from 2013 at KAN. They provide us with a detailed
understanding of the performance of 1snow, which derives
SWE values at these two locations relatively well (r = 0.92
at ZAC and r = 0.82 at KAN). This comparison is most ro-
bust at ZAC, where it is based on more data points (n= 55)
than at KAN (n= 9). The discrepancies between 1snow and
snow pit measurements (RMSE= 43.10 kg m−2 at ZAC and
RMSE= 115.51 kg m−2 at KAN) are particularly evident for
higher SWE values (above 300 kg m−2) at both locations.
Without more validation measurements, especially in these
conditions with high SWE values, it is difficult to interpret
the exceptionally large difference between 1snow and the
snow pit measurement at KAN in 2015 (where the measured
SWE was 596 kg m−2). Most probably it can be explained
by the tendency of 1snow to underestimate SWE for higher
values. However, considering the much higher relative bias
compared to all other data points, measuring error can also
not be excluded. The overall high correlation coefficients
support our usage of 1snow model values as a reference
dataset for comparison with RACMO2.3p2 and CARRA.

4.2 Evaluation of CARRA and RACMO2.3p2

CARRA reanalysis and RACMO2.3p2 output are evaluated
against 1snow output using a daily correlation between these
datasets (Fig. 5) and the calculated snow indicators (see

Sect. 3.3) (Fig. 6). The length of the period with HSobs (and
therefore 1snow output) available for this evaluation ranges
from only 2 years (at QEQ and GUR) to 24 years (at ZAC).
The correlation between SWE1snow and SWECARRA is de-
pendent on the location and varies between 0.44 and 0.90
(Fig. 5). We find the highest Pearson correlation coefficient
(r) at VRS, GUR, and ZAC (r = 0.87, 0.90, and 0.90, respec-
tively, and p<0.01) and the lowest Pearson correlation coef-
ficient at QEQ (r = 0.44, p<0.01). In general, the Pearson
correlation coefficients between SWECARRA and 1snow are
higher than the correlation coefficients between SWERACMO
and 1snow (Figs. 5 and 6). Correlation coefficients for
SWEmax are 0.73 and 0.48 for CARRA and RACMO, re-
spectively. SWERACMO shows a similar or worse match with
SWE1snow when compared to SWECARRA. When looking at
all locations together, there is no clear overestimation or un-
derestimation from either CARRA or RACMO2.3p2 when
compared with 1snow. Instead, at some locations, the mod-
els show a clear overestimation of SWE values (at ZAC,
KAN, QIN, SIS, and QEQ), while at other locations, the
SWE values are underestimated (at ILU and QAA). In gen-
eral, the bias of RACMO and CARRA has the same sign
(positive or negative) at each location. We notice a seasonal
pattern in the data (e.g. at ZAC and KOB): SWE values are
underestimated at the beginning of the year by both CARRA
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Figure 3. Evaluation of SWE1snow with measured SWEOBS at locations ZAC (a) and KAN (b). The day of the hydrological year for each
data point is indicated by the colour of the dot.

and RACMO2.3p2, while later on in the season they are over-
estimated (Fig. 5).

The three locations with the highest latitudes (at VRS,
ZAC, and GUR) generally have more seasonal snow than
those with lower latitudes (Figs. 4, 5). While some locations
show a negative correlation for some snow indicators, these
values are never statistically significant at the 95 % confi-
dence level. For each snow indicator, there is a significant
and positive correlation between 1snow and CARRA, ex-
cept for Monset and Mduration (Fig. 6). The range of differ-
ent correlation coefficients per location is relatively narrow
for SWEmax, while it is much wider for the other indica-
tors (Fig. 7). RMSE values are highly dependent on the par-
ticular location. For example, a clear positive bias of SWE
is present in both SWERACMO and SWECARRA for location
ZAC (Fig. 4), and this bias is stronger in SWERACMO. This
particular location contributes the most to the overall RMSE
of 114 and 188 kg m−2 for CARRA and RACMO2.3p2, re-
spectively, due to the clear overestimation in combination
with the relatively large contribution to the overall number
of data points. CARRA output matches particularly well with
SWE1snow values for the indicators SWEmax and SCend date.
SConset is underestimated by the climate models and reanaly-
sis output, and the spread is generally higher. There is a clus-
tering of SWE1snow SConset values around 0, indicating that
snow cover often starts around the start of the hydrological
year.

4.3 Analysis of spatiotemporal characteristics of
seasonal snow cover

There is considerable spatial and temporal variability be-
tween the different locations (Fig. 4). Seasonal SWEmax
values range from less than 50 kg m−2 to greater than
600 kg m−2. In general, the interannual variability from
SWE1snow is also visible in the SWECARRA and SWERACMO
datasets. However, the agreement between the datasets varies
strongly from year to year and between the different loca-
tions. While most locations show realistic patterns related

to the build-up and melt of seasonal snow cover, some ex-
ceptions are present in the dataset. The largest SWEmax
values are observed in VRS (averaged 354 kg m−2 from
SWE1snow), located in the northeast of Greenland. Figure 4
also shows that the buildup of snow cover starts before the
start of the hydrological year in the locations VRS and GUR.
The average SWEmax for all nine stations in Greenland, giv-
ing equal weight to each location, is 129 kg m−2 (highly vari-
able, with a standard deviation of 106 kg m−2), which gives a
first number of average SWE for Greenland’s coastal regions
based on observations.

At the 95 % confidence level, the only statistically signif-
icant trends in our datasets are for Monset at location ZAC
for SWERACMO (−8 d per decade, p = 0.02) (Fig. 8). In the
SWEOBS and SWECARRA datasets, these trends have a simi-
lar direction and magnitude (−8 d per decade, p = 0.32 and
−8 d per decade, p = 0.18, respectively) but are not statisti-
cally significant at the 95 % confidence level. SWEmax is the
snow indicator with the highest interannual variability (e.g. at
ZAC there is a standard deviation of 99 kg m−2) in the period
1998–2020). This interannual variability increases in the last
years of the period (2013–2020). In this period, the consis-
tency between the different datasets decreases, which means
that the model and reanalysis products have difficulty accu-
rately representing this increased interannual variability in
these years.

5 Discussion

5.1 Model performance

One of the objectives of this study was to assess the perfor-
mance of state-of-the-art climate models in simulating eco-
logically and climatologically relevant spatio-temporal char-
acteristics of snow indicators. Our results have shown that
CARRA reanalysis output is generally better suited for this
purpose than RACMO2.3p2. As shown in Fig. 6, the perfor-
mance of both products is dependent on the specific snow
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Figure 4. Time series of SWE1snow (orange), SWECARRA (blue), and SWERACMO (green) for all nine locations in Greenland coastal
ice-free regions. The time series of ZAC and KAN include manual SWE measurements (SWEOBS) (red dots). Periods without SWE1snow
data are shaded light grey.

indicator and study site. Our results suggest that CARRA re-
analysis can especially be a useful tool for studying spatio-
temporal trends in SWEmax and SCend date, which have the
highest correlation coefficients in our comparison with the
SWE1snow values (0.73 and 0.65, respectively).

The comparison of HSCARRA or SWECARRA with snow
observations as in our study is a rather novel approach, and
a limited amount of other studies can be found with simi-
lar methodologies. Maniktala (2022) has compared CARRA
reanalysis output with snow observations for three low-
precipitation sites in Svalbard and found correlation coef-
ficients of 0.74, 0.58, and 0.46; RMSE values (m) of 0.07,
0.14, and 0.08; and biases (m) of −0.06, −0.15, and −0.02

at the Hornsund, Ny-Ålesund, and Svalbard airport sites, re-
spectively. The average of the nine correlation coefficients
for the locations in coastal Greenland is 0.76 (with a mini-
mum of 0.44 at QEQ and a maximum of 0.90 at ZAC and
GUR) (Fig. 5) and is thus higher than for the Svalbard lo-
cations. Similar to what was reported for Svalbard, we no-
tice generally higher correlation coefficients for areas with
higher amounts of winter precipitation, which are mostly lo-
cated on the east coast of Greenland. We suggest this is likely
the main reason for the lower correlation between SWE1snow
and RACMO2.3p2 and CARRA in some locations (e.g. at
QEQ and QIN) as these mentioned locations have low av-
erage SWEmax values (38 and 20 kg m−2, respectively). The
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Figure 5. Daily SWE1snow values against daily SWECARRA values for each location. The colour of the dots indicates the day of the
hydrological year, and the red line indicates the slope and intercept of the correlation. HS1snow/HSCARRA and SWE1snow/SWERACMO
plots can be found in Appendix A.

snow cover in areas with higher average SWEmax values is
less sensitive to variability in solid precipitation and wind be-
cause the relative changes resulting from variability in these
parameters are small at these sites. The higher correlation
values in high-precipitation locations show potential for us-
ing CARRA reanalysis output in water balance studies.

While not directly comparing reanalysis output to mea-
sured snow data, Krampe et al. (2023) used ERA5 reanalysis
to force the snow model Crocus (Vionnet et al., 2012) for the
location VRS and concluded that Crocus has the potential
to adequately represent snow depth evolution at this site. We
have shown here that both RACMOv2.3 and CARRA reanal-
ysis can simulate snow conditions in this region relatively
well in the period 2014–2018 and seem to perform better than
Crocus simulations forced with ERA5, as shown in Krampe
et al. (2023). While we stress the need for context-specific
validation, we suggest that using HSCARRA or SWECARRA
directly can in some situations be a suitable alternative for
snow model simulations forced with reanalysis data.

5.2 Drivers of spatial variability in seasonal snow cover

The seasonal snow cover datasets presented in this study are
characterized by significant spatial and interannual variabil-
ity of snow indicators, which have been quantitatively re-
ported with descriptive statistics (see Appendix B). While
the number of locations with snow observations in ice-free
Greenland is limited, the locations used in this study cover
a wide range of geographical and climatological conditions
(see Table 1). These differences likely contribute to the spa-
tial variability of the snow indicators, given the known influ-
ence of winter solid precipitation (Buus-Hinkler et al., 2006;
Farinotti et al., 2010; Ide and Oguma, 2013; Kepski et al.,
2017; Pedersen et al., 2018), winter temperature (McCabe
and Wolock, 2010), wind variables, and radiation and heat
fluxes on snow conditions (Mott et al., 2018). Temperature
trends in the ice-free regions of Greenland are characterized
by strong seasonal and regional variability (Hanna et al.,
2012; Zhang et al., 2022). The differences in local climate
are, apart from local influences like topography, largely gov-
erned by large-scale circulation patterns. For example, large-
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Figure 6. Evaluation of the ability of CARRA and RACMO to simulate several snow indicators. Locations are identified with different
colours and symbols. Open markers show values for RACMO calculated SWE output, while closed markers show values for CARRA
reanalysis. Negative snow cover onset means snow cover onset before the start of the hydrological year (starting 1 October).

scale atmospheric circulation patterns most commonly ad-
vect moisture from the North Atlantic Ocean to the east coast
of Greenland. In particular, eastern Greenland is located near
the North Atlantic storm track. This is an important factor
explaining higher rates of snowfall and thus enhanced sea-
sonal snow cover along the east coast compared to the west

coast (Hinkler et al., 2008). This effect can also be seen in our
SWEOBS dataset, where each of the east coast locations has
higher average SWEmax values than the west coast locations
(except for KAN).

KAN is characterized by relatively high SWEmax values
compared to other west coast locations. This highlights the
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Figure 7. Pearson correlation coefficients (r) per snow indicator (x axis), location (marker type), and dataset (open and closed markers).
Non-significant correlations (P ≤ 0.05) are transparent, and significant correlations (p>0.05) are non-transparent.

large interregional variability in Greenlandic fjord systems.
For example, QIN (located in proximity to KAN) is char-
acterized by much smaller SWEmax values. However, this is
based on a short period of snow measurements at QIN and
a low correlation between the three datasets at this location.
It should be noted that the QIN data should not be overinter-
preted, as the weather station is not located ideally and the
time series is only 4 years long with a gap of 1 year. The
QIN location is more exposed to southerly weather, and it is
located below a steep rock wall. We still decided to include
this location in our selection of weather stations as it high-
lights smaller-scale spatial variability.

One advantage that any model (and in particular the
CARRA reanalysis product) has over point-based measure-
ments is the smoothed representation of reality. Given the
fact that we know that snow depth and SWE have high spa-
tial variability on small spatial scales, the 2.5 km by 2.5 km
resolution from CARRA is for some applications more use-
ful than a point-based measurement. For example, there
might be considerable variation in SCend date within a 2.5 by
2.5 km area due to topographical differences. The relatively
high correlation between SCend date based on SWE1snow
and SWECARRA (0.65, p<0.01, Fig. 6) might indicate that
the measured SCend date is an accurate representation of the
SCend date in the immediate surroundings of the weather sta-
tion, which is in line with what is reported by the Green-
land Ecosystem Monitoring Project (Christensen and Arn-
dal, 2023). Even though the interannual variability of Monset
at ZAC is high (standard deviation= 35 d in SWEOBS), spa-
tial patterns are consistent from year to year (Pedersen et al.,
2016). Similarly, at KAN the wind directions and the topog-
raphy cause highly heterogeneous patterns of snow accumu-
lation every year (Myreng et al., 2020). In general, variability
in local-scale snow conditions is mainly driven by topograph-
ical variability (Dobrowski, 2011).

While increased poleward moisture transport from lower
latitudes certainly plays a role, reductions in sea ice that al-
low greater evaporation from the ocean surface have been
identified as the key driver for increased Arctic precipita-
tion (Bintanja and Selten, 2014; Kopec et al., 2016). Due to
its proximity to areas characterized by relatively high frac-
tional sea ice cover, it is expected that decreasing sea ice
will enhance snow accumulation in northeastern Greenland
(Bintanja and Selten, 2014). Considering the locations of the
weather stations used in this study, it is likely that the east
coast stations are more susceptible to sea ice variability and
trends. A smaller sea ice fraction over the Greenland Sea al-
lows cyclones to move northwards, which causes more pre-
cipitation at higher latitudes (Sellevold et al., 2022).

On a local scale, sea ice has recently been indicated as an
important driver of the climate at ZAC (Shahi et al., 2023).
Specifically, a low sea ice fraction in the Greenland Sea has
been directly linked with more solid precipitation in the re-
gion in all seasons except summer. This confirms that sea
ice variability influences seasonal snow cover variability at
ZAC. We further hypothesize that sea ice variability in Hud-
son Bay could influence seasonal snow cover in northwest-
ern Greenland as it is known to influence the coastal climate
in that region (Ballinger et al., 2020). Similarly, variability
in the occurrence and size of polynyas in the Arctic Ocean
could explain part of the relatively high seasonal snow depth
values we observe at location VRS. Especially when com-
pared to seasonal snow cover at other places in northern
Greenland (cf. Pedersen et al., 2016), this east coast loca-
tion has a relatively high HS and SWE output. While it is
known that enhanced evaporation over polynyas can lead to
increased snowfall over adjacent coastlines (Schneider and
Budeus 1997; Maqueda et al., 2004), the exact strength of
the mechanism has never been quantified. Here, we hypothe-
size that spatio-temporal characteristics of the Northeast Wa-
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Figure 8. Time series of snow indicators for the locations ZAC and KAN. Trend statistics from the Mann–Kendall non-parametric test,
Theil–Sen’s slope estimator, and the intercept of the Kendall–Theil robust line are displayed in the text box for each dataset. The year is
abbreviated as “yr” and day of the hydrological year is abbreviated as “dohy”.

ter Polynya could be an important factor that influences the
enhanced seasonal snow cover at VRS.

One of the key spatial characteristics we reported is en-
hanced seasonal snow cover at higher latitudes in coastal
Greenland, which implies more snowfall at higher latitudes.
This can mostly be explained by the fact that the east coast
locations in our dataset have a higher latitude than the west
coast locations. Therefore, the reported latitudinal trend in

seasonal snow cover could also be related to the fact that the
east coast receives more snowfall than the west coast.

5.3 Temporal variability, trends, and ecosystem
implications

Generally, in the Northern Hemisphere, snow cover dura-
tion and snow cover extent have been decreasing over the
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last 40 years (Box et al., 2019; Brown and Robinson, 2011;
Meredith et al., 2019), but changes on a local scale do not
indicate clear trends (Buchelt et al., 2022). In the future, cli-
mate models generally predict a further decrease in SWEmax
and SCduration for southern Greenland. For northern Green-
land, models predict a slightly higher SWEmax, later Monset,
and longer Mduration (Hinkler et al., 2008). In global moun-
tain regions, a negative trend of −3.6 % snow cover ex-
tent and −15.1 d ± 11.6 d SCduration has been reported over
38 years based on a combination of satellite data and model
output (Notarnicola, 2022). This study, similar to others (e.g.
Pedersen et al., 2016), does also not indicate clear past trends
in any of the snow indicators (Fig. 8). The only excep-
tion to this statement is earlier snowmelt occurring at ZAC;
however, this trend is only significant for the SWERACMO
dataset (−8 d per decade, p = 0.02). Earlier snowmelt at
ZAC could significantly alter tundra vegetation, as snowmelt
is an important driver of tundra spring phenology (Assmann
et al., 2019). Earlier snowmelt occurring at ZAC has been
reported by Kankaanpää et al. (2018), who also reported ear-
lier snowmelt in the period 1998–2014. They also stated a
less clear pattern during the second part of their study period
(2006–2014), which fits with our results. In the same study,
it was reported that locations with an earlier snow cover
end date show stronger trends in melt onset, whereas loca-
tions with a later snow cover end date show more variable
trends in melt onset (Kankaanpää et al., 2018). The variabil-
ity of seasonal snow cover is generally adequately explained
by changes in the climate system (Thackeray et al., 2019).
Long-term changes in snow cover characteristics can signif-
icantly influence permafrost (Callaghan et al., 2012). Snow–
permafrost interaction is important for several of the loca-
tions in our study, as many are characterized by permafrost
occurrence. SIS and ILU have discontinuous permafrost,
whereas the others (except QIN and KAN) have continu-
ous permafrost (Christiansen and Humlum, 2000). The snow
indicators SConset, SCend date, and SCduration are all particu-
larly relevant for permafrost-related processes as they influ-
ence the ground thermal regime (Callaghan et al., 2012). For
example, a decreasing SCduration could increase permafrost
thaw, as in snow-free conditions the sensible heat flux be-
comes an energy sink during most of the season (Lund et
al., 2017). Shorter SCduration can in some areas with enough
soil moisture increase plant productivity and carbon capture
in areas with enough soil moisture (Callaghan et al., 2012);
however, air temperature has also been shown to be an impor-
tant driver for the length of the growing season (Kelsey et al.,
2021). These vegetation–snow interactions remain complex
and species-dependent and are still not fully understood.

5.4 Limitations

While CARRA reanalysis has SWE values available
as a model output, this output is not available from
RACMO2.3p2. Future versions of RACMO will directly

have output available from an integrated snow model. We
have chosen to include RACMO2.3p2 in this comparing ex-
ercise to quantify the added value of a high-resolution re-
analysis product such as CARRA, as opposed to using atmo-
spheric models without an integrated snow scheme.

6 Conclusions

We have presented a first insight into spatio-temporal char-
acteristics of seasonal snow cover in Greenland’s coastal re-
gions for the period 1997–2021. The conversion of the newly
presented quality-controlled HSobs dataset to SWE1snow has
shown promising results when tested against SWEobs from
ZAC and KAN (r = 0.92 and r = 0.82, respectively).

We have shown that the high-resolution reanalysis dataset
CARRA performed better than the atmospheric climate
model RACMOv2.3 when it comes to simulating spatio-
temporal characteristics of ecologically and climatologically
relevant snow indicators in the ice-free regions of coastal
Greenland. CARRA is particularly successful in simulating
the snow indicators SWEmax and SCend date (correlation co-
efficients are 0.73 and 0.65, respectively).

Our results underscore the potential of directly using HS
and SWE output from reanalysis products for detailed snow
studies, especially in regions with high precipitation amounts
where the correlation between HSCARRA and HS1snow was
highest. High-resolution reanalysis products like CARRA
have the additional benefit that they can capture local-scale
snow variability. In contrast, point-based measurements do
not provide information about this local-scale variability,
which can be significant in the complex topographical set-
tings of the coastal regions of Greenland. While the obser-
vations presented in this study are a much-needed addition
to the available snow cover data in the remote Arctic region,
we also emphasize the need for extending upon current mon-
itoring activities, particularly given the broad scale of cli-
matic and geographical conditions present along Greenland’s
coasts.

Significant spatial and interannual variability has been
found in all three datasets. These findings highlight the wide
range of geographical and climatological conditions present
along the ice-free regions of the Greenlandic coast. The spa-
tial variability in snow conditions also exists on a smaller
spatial scale, as highlighted by the differences in values of
snow indicators between QIN and KAN. In SWE1snow, as
well as in SWECARRA and SWERACMO, higher SWEmax val-
ues were found on the east coast of Greenland. Given our
chosen station locations, this coincides with the fact that
higher SWEmax values are found at higher latitudes because
the locations on the east coast have higher latitudes compared
to those on the west coast. We hypothesized that the higher
SWEmax values on the east coast of Greenland compared to
the west coast can be attributed to its proximity to the North
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Atlantic storm track and large-scale atmospheric circulation
patterns.

Even though large-scale studies have indicated changing
snow conditions in the Arctic, we did not find many signifi-
cant trends in our time series analysis of the snow indicators
for Greenland’s coastal regions. The only statistically signifi-
cant trend (at the 95 % confidence level) was an earlier occur-
rence of melt onset at ZAC based on the SWERACMO dataset.
The earlier melt onset at ZAC is in agreement with previous
studies in that region.

Appendix A

Figure A1. Daily HS1snow values against daily HSCARRA values for each location. The colour of the dots indicates the day of the hydro-
logical year, and the red line indicates the slope and intercept of the correlation.
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Figure A2. Daily SWE1snow values plotted against SWERACMO values for each location with available RACMO2.3p2 data. The colour of
the dots indicates the day of the hydrological year, and the red line indicates the slope and intercept of the correlation.
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Appendix B

Table B1. Descriptive statistics of the snow indicator SWEmax.

Season Statistic (kg m−2) VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

DJF Mean
SWE1snow

223 64 165 37 15 43 35 23 88

Mean
SWE CARRA

219 164 119 22 72 45 73 108 166

Range/standard deviation
SWE1snow

287/64 277/60 252/100 87/23 49/17 193/43 66/30 146/34 267/58

Range/standard deviation
SWE CARRA

291/69 539/93 128/38 46/10 88/22 110/25 157/52 138/32 384/78

MAM Mean
SWE1snow

336 141 234 41 7 63 31 81 192

Mean
SWECARRA

324 267 192 18 75 35 88 126 166

Range/standard deviation
SWE1snow

210/71 333/90 256/102 108/28 34/10 247/63 79/36 239/94 349/111

Range/standard deviation
SWECARRA

267/88 591/138 255/44 62/18 137/47 138/35 182/58 239/73 395/95

JJA Mean
SWE1snow

165 29 33 3 0 1 0 3 8

Mean
SWECARRA

165 29 33 3 0 1 0 3 8

Range/standard deviation
SWE1snow

467/184 333/70 332/81 108/8 0/0 172/9 0/0 168/17 293/38

Range/standard deviation
SWECARRA

488/143 637/107 271/80 3/0 11/1 11/0 1/0 2/0 243/29

SON Mean
SWE1snow

62 7 36 10 2 6 7 1 7

Mean
SWE CARRA

65 32 23 5 9 7 12 15 19

Range/standard deviation
SWE1snow

190/49 79/12 150/41 49/14 16/4 51/11 50/14 20/4 56/13

Range/standard deviation
SWECARRA

203/52 180/38 78/24 27/6 40/13 77/12 93/20 99/27 171/30
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Table B2. Descriptive statistics of the snow indicator Monset.

Season Statistic (kg m−2) VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

Year Mean
SWE1snow

256 218 217 177 107 193 279 41 208

Mean
SWECARRA

236 214 217 154 182 165 171 224 172

Range/standard deviation
SWE1snow

21/11 308/60 0/– 188/61 12/8 195/49 124/88 0/– 69/20

Range/standard deviation
SWE CARRA

15/8 88/26 0/– 119/41 11/8 110/35 22/16 0/– 69/22

Table B3. Descriptive statistics of the snow indicator SCduration.

Season Statistic (no. of days) VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

Year Mean
SWE1snow

290 189 – 176 58 131 92 21 188

Mean
SWECARRA

288 249 – 138 184 153 190 208 207

Range/standard deviation
SWE1snow

65/46 294/80 –/– 177/59 81/57 154/56 184/130 0/– 114/35

Range/standard deviation
SWE CARRA

35/25 73/19 –/– 152/38 11/8 80/25 17/12 0/0 91/28

Table B4. Descriptive statistics of the snow indicator SConset.

Season Statistic VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

Year Mean
SWE1snow (day of hydro-
logical year)

−12 52 – 44 64 79 44 206 49

Mean
SWECARRA (day of hydro-
logical year)

−25 10 – 53 35 50 32 31 24

Range/standard deviation
SWE1snow (no. of days)

48/34 164/46 –/– 168/45 62/44 190/52 0/– 0/– 153/44

Range/standard deviation
SWECARRA (no. of days)

22/16 57/16 –/– 80/26 20/14 73/20 1/1 0/– 42/16
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Table B5. Descriptive statistics of the snow indicator SCend date.

Season Statistic VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

Year Mean
SWE1snow (day of hydro-
logical year)

278 260 – 220 122 211 228 227 238

Mean
SWECARRA (day of hydro-
logical year)

262 259 – 191 222 203 222 239 231

Range/standard deviation
SWE1snow (no. of days)

17/12 39/11 –/– 218/51 19/13 169/44 0/– 0/– 60/17

Range/standard deviation
SWECARRA (no. of days)

13/9 36/9 –/– 150/42 9/6 65/22 18/13 0/– 64/21

Table B6. Descriptive statistics of the snow indicator Mduration.

Season Statistic (no. of days) VRS ZAC GUR QAA QEQ ILU SIS QIN KAN

Year Mean
SWE1snow

24 41 – 44 14 31 11 186 30

Mean
SWECARRA

25 46 – 44 37 38 51 15 65

Range/standard deviation
SWE1snow

4/3 228/47 – 180/53 7/5 133/36 0/– 0/– 58/18

Range/standard deviation
SWECARRA

2/1 87/23 –/– 118/36 20/14 90/28 4/3 0/– 81/31

Code availability. The Python code used for producing the figures
is available upon request from the first author.
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