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A B S T R A C T   

This study uses meteorological records from Automatic Weather Stations (AWSs) to estimate the performance of 
global reanalysis products for monthly air temperature, relative humidity and wind speed over the Greenland Ice 
Sheet (GrIS). These products include the fifth generation European Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis (ERA5), ECMWF Interim Reanalysis (ERAI), Modern-Era Retrospective Analysis for 
Research and Applications, Version 2 (MERRA-2), Climate Forecast System Reanalysis Version 1/Climate 
Forecast System Version 2 (CFSRv1/CFSRv2), and Japanese 55-year Reanalysis (JRA-55). The global reanalysis 
products generally perform better in summer than in winter, and their qualities vary by glaciological regime. No 
reanalysis is clearly identified as the optimal dataset for all meteorological parameters, seasons and regions. For 
all reanalyses, warm biases are observed in the accumulation zone, but cold biases are observed in the ablation 
area of the GrIS. ERAI, ERA5 and JRA-55 underestimate relative humidity during any month. While MERRA-2 
overestimates wind speeds, underestimates are found for the other reanalyses excluding JRA-55 during all 
months. Despite the robust agreement between the AWS time series for all three variables and each reanalysis 
product averaged over the ice sheet, sudden jumps occur in annual mean wind speed in CFSR, and in annual 
relative humidity in JRA-55 from 2010 to 2011.   

1. Introduction 

The Greenland Ice Sheet (GrIS), the largest ice body in the Northern 
Hemisphere, is losing mass at an accelerated rate and contributed to 
20–25% of the rise in the global sea level, during the past few decades. 
This contribution is expected to increase over the coming decades and 
centuries (IPCC, 2019). The key mechanism is ice flow acceleration 
induced by surface melting and ocean ice flow by bottom calving, which 
is driven by the warming Arctic atmospheric conditions (Gillet-Chaulet 
et al., 2012; Ren et al., 2011). Under the background of sustained 
climate warming, the ice sheet is becoming increasingly vulnerable to 
the frequent occurrence of weather extremes (Overland and Wang, 
2016; Hanna et al., 2018). This has raised widespread concern regarding 
the investigation of changes in the weather and climate and of anoma
lous weather patterns over the GrIS. However, sparseness of in situ 
observation data is a primary challenge to understanding the state, 
anomalies, and variations of weather and climate over the ice sheet, 

because of the logistical difficulties in the remote and extreme envi
ronments. As a result, long-term climate observations are only available 
at ten weather stations distributed over the coastal zones, which cannot 
provide direct information on the conditions of the vast interior. To 
address this, continuous weather measurements have been made over 
the inland GrIS from 1995 onwards, but many glaciological regimes are 
still undocumented. 

To fill in gaps of sparse observations of the GrIS, atmospheric rean
alysis products are an important alternative to represent the spatially 
and temporally complete state of the atmosphere. They have been 
widely used to force regional climate models to gain better insight into 
the mechanism of variability in the GrIS surface mass balance and 
climate in recent decades. At present, there are a number of high- 
resolution reanalysis datasets available to the public, such as the 
Japan Meteorological Agency 55-year Reanalysis (JRA-55) (Kobayashi 
et al., 2015), the Climate Forecast System Reanalysis (CFSR) (Saha et al., 
2010), National Aeronautics and Space Administration the Modern-Era 
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Retrospective Analysis for Research and Applications 2 (MERRA-2) 
(Gelaro et al., 2017), the European Centre for Medium-Range Weather 
Forecast (ECMWF) ‘Interim’ reanalysis (ERAI) (Dee et al., 2011), and the 
fifth generation ECMWF reanalysis models (ERA5) (Hersbach and Dee, 
2016). Despite the application of the assimilation schemes and a nu
merical weather prediction models, the reanalysis datasets are known to 
have uncertainties, especially at high latitudes with limited observation 
constraints. Uncertainties in the reanalysis datasets also greatly affect 
the performance of the regional climate models because these models 
are sensitive to the forcing fields used. Thus, validation of the reanalysis 
products is required before they are used to investigate climate changes, 
and to force climate models. 

Some previous studies have focused on the assessment of the per
formance of reanalysis datasets for the GrIS. For example, Delhasse et al. 
(2019) compared the relative skill of ERA-Interim and ERA5 for 
capturing GrIS air temperature and wind speeds from 2010 to 2016. 
Eyre and Zeng (2017) evaluated the performance of seven global rean
alyses (not including ERA5) and other model datasets for near-surface 
air temperature base on in-situ observations. Hearty et al. (2018) pro
vided an evaluation of the representation of AIRS, MERRA, and MERRA- 
2 three reanalysis products for 2 m air temperature at summit. However, 
considerable gaps in knowledge still exist regarding the relative per
formance of recent reanalysis products for more meteorological vari
ables over the GrIS. 

The purpose of this study is to determine how well the performances 
of recent reanalysis products including JRA-55, CFSR, MERRA-2, ERAI 
and ERA5 for the climate over the GrIS agree with each other, based on 
in situ observations from AWSs, given that ice sheet mass balance pro
cesses are strongly influenced by air temperature (Van de Wal and 
Oerlemans, 1997; Chylek et al., 2004; Hanna et al., 2010), temperature, 
humidity and wind, which are associated with turbulent heat fluxes and 
turbulence (Johnson, 1995; Katul and Parlange, 1994; Takahashi et al., 
2002). The relative humidity and wind speed play a key role in the 
variations of the heat budget components. For example, wind speed 
changes have an impact on the spatial variability in temperature, and 
then result in changes in the latent heat flux (Li et al., 2011). The wind 
activities usually alter the paths of water vapor transport into the GrIS. 
Furthermore, the water vapor flux income can be quantified based on 
wind speed, relative humidity and other factors. Therefore, we chose 
these three near-surface meteorological variables in the five reanalysis 
datasets for the estimation. 

2. Data and methods 

2.1. AWS data 

We use meteorological records at 36 weather stations from three 
AWS networks, i.e., the Greenland Climate Network (GC–Net) (Steffen 
and Box, 2001), The Program for Monitoring the Greenland Ice Sheet 
(PROMICE) (Van As et al., 2011) launched by Geological Survey of 
Denmark and Greenland (GEUS) in 2007, and the K–transect in western 
Greenland by Utrecht University Institute for Marine and Atmospheric 
Research (Van de Wal et al., 2005; van den Broeke et al., 2011; Munneke 
et al., 2018). The spatial distribution of the 36 AWSs is shown in Fig. 1, 
and Table 1 summarizes the location, elevation and availability of data 
from these stations. AWSs provide the measurements of meteorological 
conditions at the approximately 2-3 m above the surface. The daily air 
temperature, relative humidity and wind speed data are obtained from 
the three AWS networks. To evaluate the GrIS climate changes in the 
reanalyses, the long-term and continuous records are essential. Here we 
select the AWS records spanning at least 10 years, although not neces
sarily continuous. All data are quality-controlled by the data providers. 
The main quality control for air temperature is to correct the biases 
caused by the overheating under the low wind speed and high solar 
insolation. As for relative humidity, a low-temperature bias correction is 
made based on air temperature and the saturation vapor pressure curves 

for the plane surface among the pure water-ice surface. For near surface 
temperature and relative humidity, correction algorithms, such as the 
model of Jacobs and McNaughton, are adapted to the underlying surface 
of ice. In addition, a rescaling method is used to eliminate the under
estimation over the subfreezing environment. Corrections are also made 
for wind speed errors by anemometers overspeeding in turbulent flow, 
anemometers freezing and having screens covered by frost, and physical 
anomalies, etc. Detailed correction procedures can be found in Van de 
Wal et al. (2011). (See Table 2). 

2.2. Reanalysis data 

JRA-55 (Ebita et al., 2011; Kobayashi et al., 2015) is the second 
Japanese global atmospheric reanalysis conducted by the Japan Mete
orological Agency (JMA) in December 2009. It is the successor of the 
Japanese 25-year Reanalysis (JRA-25), with the improvement of some 
deficiencies in JRA-25 such as large temperature biases in the lower 
stratosphere, and dry land surface anomalies in the Amazon basin. A 
four-dimensional variational (4D-Var) data assimilation scheme with 
T106 inner model is used to primarily assimilate the data that are used in 
ERA-40, and more recent observations. This dataset covers 1958 to 
present, and has the resolutions of TL319L60 (~60 km) in the horizon 
and 60 hybrid levels in verticality. 

ERAI (Berrisford et al., 2011; Dee et al., 2011) is a reanalysis of the 
global atmosphere launched by the ECMWF in September 2006, with the 
aim of connecting ERA-40 with the next generation reanalysis. The 
assimilation scheme is Cy31R2 in the Integrated Forecast System (IFS) 
generated by ECMWF, which includes a 4D-Var data assimilation with 
12 h analysis window. ERAI provides atmospheric estimations for the 
1979–2019 period, with a horizontal resolution of T255 (~79 km) and 

Fig. 1. Spatial distribution of AWS on the GrIS.  
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vertical 60 levels from the surface up to 0.1 hPa. 
ERA5 (Hennermann and Berrisford, 2017) is the latest ECMWF 

reanalysis for the representation of global weather and climate and has 
replaced ERAI. It provides hourly data of a large amount of meteoro
logical parameters on the atmosphere, land and ocean, together with 
uncertainty evaluation. The dataset is generated by a 4D-Var ensemble 
of data assimilation with ten members and the high-resolution forecasts 
in the IFS CY41r2, with a resolution with 137 hybrid sigma-pressure 
(model) levels in the vertical direction. Currently, ERA5 spans from 
1950 onwards. Its resolution is TL639 (~31 km), and TL319 (~63 km) 
for the ensemble members in the horizontal direction, and 137 levels up 
to a top level of 0.01 hPa in the vertical direction, respectively. 

CFSR (Saha et al., 2006; Saha et al., 2014) has two versions, CFSR 
version 1 (CFSRv1) and its successor version 2 (CFSv2). CFSRv1 and 
CFSRv2 cover the period between 1979 and 2010, and from 2011 to the 
present, respectively. CFSRv1 was implemented by the National Centers 
for Environmental Prediction (NCEP) in August 2004 and is regarded as 
the first-global, fully coupled atmosphere- ocean-land model used at 
NCEP for seasonal prediction. The CFSv2 is completed in March 2011. 
Relative to CFSRv1, many improvements have been made on almost all 
aspects of the data assimilation and forecast model system, especially for 
the consistency between model states and the original states. Both 
datasets have the resolutions of T382 (~38 km) in the horizontal and 64 
vertical levels with the highest level at 0.266 hPa. 

Spanning from 1980 onwards, MERRA-2 (Gelaro et al., 2017) is 
released by the NASA’s Global Modeling and Assimilation Office 
(GMAO). The aim of MERRA-2 project is to provide a better dataset to 
replace the former version, MERRA. To achieve this goal, the MERRA-2 
assimilates observation types which are not available for its predecessor, 
and updates the Goddard Earth Observing System (GEOS) analysis 

scheme and model. The spatial resolution of MERRA-2 is 0.5◦ × 0.67◦

(~55 km). Compared with MERRA, MERRA-2 makes several improve
ments including a reduction in biases and imbalances in the observation 
system and water cycle. 

2.3. Methods 

Due to the relatively coarse resolution, biases occur in the surface 
elevation fields of the reanalysis products, relative to the actual topog
raphy of Greenland. The elevation biases result in the difference be
tween reanalyzed air temperature and the actual one. To account for 
this, corrections are made based on the environmental lapse rate of 
6.5 ◦C/km. 

Bilinear interpolation is used to extract the reanalysis data at the 
corresponding station locations. Near-surface relative humidity is un
available in ERAI, ERA5 and MERRA-2, instead, 2 m dew temperature is 
available and near-face relative humidity is calculated by the following 
formula. 

RH = 100*es(Td)/es(T) (1) 

where RH, es(Td), and es(T) are relative humidity, the saturation 
vapor pressure of dew point temperature, and air temperature, respec
tively. The formula for calculating the saturation vapor pressure of ice 
below 0 ◦C is as follows: 

es = es0*10[at/(b+ t) ] (2) 

where a = 9.5, b = 265.5, es0 = 6.11(saturated water pressure under 
273.15 K), and t is the temperature in centigrade (Marray, 1967). 

AWS wind speed measurements are nominally measured at 3 m 
above the surface (Lazzara et al., 2012). Thus corrections are required 

Table 1 
Main characteristics of the AWS measurements.  

Number Station name Latitude (N◦) Longitude (W◦) Elevation(m) Time coverage 

1 grl_aws05 67.08 50.10 527 Aug.2003- present 
2 grl_aws06 67.07 49.38 1059 Aug.1997- present 
3 grl_aws09 67.05 48.22 1538 Aug.2003- present 
4 Swiss Camp 69.57 49.32 1158 Jan.1996- Jan.2018 
5 Crawford Pt. 69.88 46.99 1997 Jan.1996- Jan.2018 
6 NASA-U 73.84 49.50 2365 Jan.1996- Jan.2018 
7 GITS 77.14 61.04 1932 Jan.1996- Jan.2018 
8 Humboldt 78.53 56.83 1988 Jan.1996- Jan.2018 
9 Summit 72.58 38.50 3249 May.1996- Jan.2018 
10 TUNU-N 78.02 33.99 2112 May.1996- Jan.2018 
11 DYE-2 66.48 46.28 2162 Jul.1996.7- Jan.2018 
12 JAR 69.50 49.68 961 Jun.1997- Dec.2017 
13 Saddle 66.00 44.50 2515 Apr.1997- Jan.2018 
14 South Dome 63.15 44.82 2957 Apr.1997- Jan.2018 
15 NASA-E 75.00 30.00 2663 May.1997- Jan.2018 
16 NGRIP 75.10 42.33 2957 Jan.2002- Nov.2010 
17 NASA-SE 66.48 42.50 2429 Apr.1998- Jan.2018 
18 JAR 2 69.42 50.06 537 Jun.1996- May.2007 
19 Peteman ELA 80.08 58.07 1006 May.2003- Dec.2017 
20 NEEM 77.50 50.87 2475 Mar.2006- Jan.2018 
21 Kan-L 67.10 49.95 715 Sep.2008- present 
22 Kan-M 67.07 48.83 1300 Sep.2008- present 
23 Kan-U 67.00 47.03 1884 Apr.2009- present 
24 Kpc-L 79.91 24.08 411 Jul.2008- present 
25 Kpc-U 79.83 25.17 901 Jul.2008- present 
26 Mit 65.69 37.83 499 May.2009- present 
27 Nuk-L 64.48 49.54 615 Aug.2007- present 
28 Nuk-U 64.51 49.27 1174 Aug.2007- present 
29 QAS-L 61.03 46.85 325 Aug.2007- present 
30 QAS-U 61.18 46.82 963 Aug.2008- present 
31 Sco-L 72.22 26.82 1868 Jul.2008- present 
32 Sco-U 72.39 27.23 1054 Jul.2008- present 
33 Thu-L 76.40 68.27 585 Aug.2010- present 
34 Thu-U 76.42 68.15 778 Aug.2010- present 
35 Upe-L 72.89 54.30 235 Aug.2009- present 
36 Upe-U 72.89 53.58 1017 Aug.2009- present  
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before comparison with a height of 10 m wind speeds from the rean
alysis datasets. We extrapolate the AWS wind speed observations to 10 
m height based on a power law wind profile assuming neutral atmo
spheric conditions (Paulson, 1970; Sanz Rodrigo, 2011). 

WS(h) = WS
(
href

)[
h
/

href
)]α (3) 

where href is the height of the reanalysis wind speed (10 m). h is the 
height of the AWS measurement. Alpha (α) is a non-dimensional wind- 
shear exponent. A value of α is 0.143 was used for land (Touma, 1977; 
Dong et al., 2020), and an a value of 0.11 is used for water (Hsu et al., 
1994). 

Indicators including the mean bias (MB) and root-mean-square error 
(RMSE) are used to quantify the performance of the reanalysis datasets, 
relative to in-situ measurements. The indicators are only calculated for 
their overlapping periods. When computing the indicators, the AWSs are 
divided into two groups based on elevation of the stations over 1500 m 
and below 1500 m. The 1500 m elevation is selected because it repre
sents the average glacier equilibrium line altitude of the GrIS (Eyre and 
Zeng, 2017; Van de Wal et al., 2005). We calculate area weighted av
erages of annual near surface temperature, relative humidity and wind 
speed in all reanalysis datasets at the ice sheet scale to make a com
parison of their temporal variability with each other. 

3. Results 

3.1. Performance of the reanalysis products with respect to observations 

3.1.1. Air temperature 
Fig. 2 shows the intra-annual cycle of MB and the RMSE of air 

temperature in the five reanalysis datasets. The MB and RMSE of all 
datasets exhibit seasonality-dependent patterns. For the accumulation 
area (Fig. 2a and c, Table 3a), all datasets have the smallest MB and 
RMSE values in summer, and the largest values occur in winter. MB 
values of both ERAI and MERRA-2 are positive for any month, i.e., warm 
biases occur in the two reanalyses. For the other three reanalysis prod
ucts, cold biases are observed during summer, but warm biases are 
observed during winter. In the accumulation area, the seasonal cycle of 
RMSE for any reanalysis product is common, peaking in winter months 
with small values in summer months. The RMSEs of ERAI and ERA5 are 
similar, which suggests that there is no significant improvement in the 
performance of ERA5 for air temperature, compared with ERAI. By 
comparison, MERRA-2 has the lowest RMSE, and the poorest quality is 
observed for JRA-55. 

In the ablation areas (Fig. 2b and d, Table 3b), MB shows an opposite 
seasonal cycle, with warm biases in summer and cold biases in winter for 
all datasets except for CFSR. Despite negative MB for any month in 

Table 2 
Summary of characteristics of reanalysis products used in this study.  

Name Organization Horizontal resolution Vertical resolution Assimilation system Period 

JRA-55 JMA TL319; 55 km 60 4D-Var 1958–present 
ERAI ECMWF T255; 79 km 60 4D-Var 1979–2019 
ERA5 ECMWF TL319; 31 km 137 4D-Var 1950–present 
CFSR NCEP T382; 38 km 64 3D-Var 1979–present 
MERRA-2 NASA/GMAO 0.5◦*0.67◦; 55 km 72 3D-Var 1980–present  

Fig. 2. Mean bias (MB) (a, b) and root-mean-square error (RMSE) (c, d) of monthly air temperature in all reanalysis datasets with respective to the corresponding 
observations from the stations above 1500 m elevation (a, c) and below 1500 m elevation (b, d). 
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CFSR, the absolute value of MB is still smallest in summer. Seasonality of 
RMSE is similar to that in the accumulation areas, with the smallest 
values in summer and the highest values in winter. Among the reanalysis 
datasets, MERRA-2 shows the largest RMSE at all months, indicating 
poor performance for the entire year. The differences of RMSEs between 
ERAI and ERA5 are small, suggesting no significant improvement of 
ERA5, compared with ERAI. 

Overall, the quality of all reanalysis products is seasonally depen
dent, more reliable in summer and less reliable in winter. MERRA-2 is 
considered the best performer for air temperature in the accumulation 
areas, whereas JRA-55 shows the best performance for the ablation 
areas. 

3.1.2. Relative humidity 
Under the condition of constant specific humidity, relative humidity 

is inversely proportional to temperature. And when relative humidity is 
constant, temperature is directly related to the specific humidity. 

The intra-annual cycle of MB and RMSE of relative humidity from all 
reanalysis datasets is shown in Fig. 3 and Table 4. Similar seasonal cycles 
of MB of JRA55, ERAI and ERA5 are observed in the accumulation areas 
and ablation areas (Fig. 4a and c). However, unlike the other three 

datasets, CFSR and MERRA-2 exhibit no clear variations in MB. MB of 
JRA55, ERAI and ERA5 are negative for any month, indicating that all 
monthly relative humidity values are underestimated by these datasets. 
In contrary, MBs in CFSR are positive throughout 12 months for the 
ablation areas. Over the same region, MB values of MERRA-2 in each 
month are approximately zero, indicating a high performance of 
MERRA-2. Concerning the RMSE, similar intra-annual changes are 
found for all reanalysis datasets for both regions, peaking during winter 
months (Fig. 3b and d). This demonstrates that the poorest performance 
of all products occurs in winter. Compared with ERAI, ERA5 presents a 
slightly lower RMSE for the region in accumulation areas (Fig. 3c), but 
higher RMSE in the ablation areas (Fig. 3d). MERRA-2 performs nearly 
as well as CFSR for the accumulation area, whereas the quality of 
MERRA-2 is higher between March and September for the ablation 
areas. 

Among the datasets, ERAI has the lowest performance in the accu
mulation area, and in ablation area, ERA5 performs worst. CFSR ranks 
first for the accumulation areas, while in the ablation areas, MERRA-2 
shows the highest skill for representing relative humidity. 

Table 3 
Overall skill statistics of the five near-surface air temperature reanalysis.  

Name Ablation area Accumulation area 

Spring Summer Autumn Winter Spring Summer Autumn Winter 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

MB/ 
◦C 

RMSE/ 
◦C 

JRA-55 1.25 3.38 − 0.49 2.00 2.64 4.21 3.08 4.88 − 0.20 2.26 0.70 2.20 0.27 2.10 − 0.06 2.66 
ERAI 1.40 3.76 0.37 2.30 1.59 3.42 1.25 3.97 − 0.20 2.54 0.62 1.61 − 1.04 2.39 − 2.05 3.20 
ERA5 0.73 2.97 − 1.50 2.16 1.25 3.19 1.84 4.33 − 0.76 2.51 − 0.01 1.94 − 0.89 2.65 − 1.31 3.59 
CFSR 1.09 3.18 − 1.42 2.13 1.61 3.64 2.54 4.80 − 1.91 2.50 − 0.77 2.14 − 1.96 2.65 − 2.46 3.26 
MERRA2 0.89 3.33 0.32 1.30 1.12 2.16 1.40 2.87 − 1.71 4.22 0.36 2.52 − 1.49 3.58 − 2.00 3.79  

Fig. 3. As in Figure2, but for relative humidity (%).  

W. Zhang et al.                                                                                                                                                                                                                                  



Atmospheric Research 259 (2021) 105676

6

3.1.3. Wind speed 
The MB and RMSE of wind speed from the five reanalysis datasets in 

the accumulation areas and ablation areas, respectively, are presented in 
Fig. 4 and Table 5. At both regions, MERRA-2 has positive MB, whereas 
negative MB values are observed in CFSR and ERA5 at any month. ERAI 
indicates negative MB at all months but February. All monthly MB 
values of JRA-55 are negative for ablation areas (Fig. 4a), but for 
accumulation areas (Fig. 4b), a positive MB is present during 
October–February. 

At ablation regions, all reanalysis products, aside from MERRA-2 
(Fig. 4c), have larger deviation than the corresponding months at 
accumulation areas (Fig. 4a). In addition, it is obvious that monthly 
RMSE values over ablation areas (Fig. 4d) of all reanalysis datasets but 
MERRA-2, are larger than the corresponding months over accumulation 
areas (Fig. 4c). This suggests that the skills of all reanalyses (except 
MERRA-2) for representing wind speeds over accumulation areas 
outperform for ablation areas. Distinct seasonality is found for the RMSE 
of all datasets excluding JRA-55 over both regions, with higher values 
during winter months, and relatively smaller values during summer 
months. In particular, over accumulation zone elevations, seasonal 
fluctuation of RMSE of MERRA-2 is largest among all datasets. RSME 
values of ERA5 are smaller than ERAI for all months excluding March. 
By comparison, the quality of ERA5 is best for the wind speeds over the 
accumulation areas, with the averaged RMSE of 1.40 m s− 1. Neverthe
less, JRA-55 has an average RMSE of 1.80 m s− 1, and outperforms the 
other datasets for ablation areas elevations. 

3.2. Inter-comparison between the reanalysis datasets 

3.2.1. Air temperature 
Fig. 5a presents the time series of anomalies of area-weighted annual 

2 m air temperature of five reanalysis products from 1980 to 2018, 
relative to 1980–2018 mean, averaged over the GrIS (60–84◦N, 
295–340◦E). Inter-annual variability in mean annual 2 m air tempera
ture of each reanalysis product shows high correlations (r), with the 
correlation coefficients of >0.99 (p < 0.01). The GrIS air temperature of 
each reanalysis dataset is lower than the average from 1980 to mid- 
1990, followed by a sharp increase to the 2000s and then a slight de
creases until 2018. From 1980 to 2018, the significant warming trends 
are comparable for all reanalysis datasets (Table 6). 

The statistics of the average air temperature trends for the GrIS for all 
reanalysis products for the 1980–2018 periods are shown in Fig. 5b. The 
mean and median trends in JRA-55 are the largest of all the datasets and 
ERAI ranks second. ERA5 and CFSR show almost identical median and 
average trend values, which are lower than those for ERAI. Evident 
differences in the distribution of trends are also found between the 
reanalysis products. CFSR experiences larger trend range than the other 
reanalyses. The largest number of positive extreme trend values occurs 
in CFSR, and MERRA-2 indicates more negative extreme trend values 
than the other reanalysis products. 

3.2.2. Relative humidity 
Interannual variability in relative humidity of ERAI agrees well with 

ERA5, with the r value of 0.98 (p < 0.01) (Fig. 6a). Some common year- 
to-year changes also occur across the other datasets. However, evident 
differences are observed. JRA-55 departs distinctly from the other 
reanalyses during the early 1990s, and from 2010 onwards. In partic
ular, the sudden decrease in relative humidity after 2009 in JRA-55 
appears to be spurious. Despite the same sign of trends for the 
1980–2018 period, more negative trend values are seen for JRA-55 
(Table 3). As shown in Fig. 7b, JRA-55 shows the largest trend range, 
and the largest number of positive extreme values occurs in CFSR. 
Although certain differences are present in the relative humidity from 
the ERAI, ERA5 and CFSR, especially in the outlier values, their trend 
distributions are similar. Ta
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3.2.3. Wind speed 
Time series of annual mean wind speed anomalies in the five rean

alysis products during 1980–2018 over GrIS are shown in Fig. 7a. The 
high and significant correlations between these time series (r > 0.99, p 
< 0.01) reveal the robust agreement of inter-annual variability in the 
wind speed from the five reanalyses. Despite the consistency, there are 
clear discrepancies for their trends. The long-term (1980–2014) trends 
are small and not significant for JRA-55 and ERAI, but significantly 
positive for ERA5, CFSR and MERRA-2. It is notable that CFSR exhibits a 
sharp jump of area averaged wind speed over the GrIS from 2010 to 
2011, probably due to the inhomogeneities of two versions of CFSR. 
Thus, its trend for the 1980–2010 period could be spurious. It also ex
plains the larger amount of extreme values in CFSR trend distribution 
(Fig. 8b). Between the reanalysis datasets, their trend distributions are 
different. For MERRA-2, about 75% of grids experience upward trends, 
but downward trends are observed for >50% grids of JRA-55. ERAI 
shows the smallest trend distribution range, and in contrast, the largest 
trend distribution range is in CFSR. 

4. Discussion 

We use AWS measurements from 1996 to 2018 to evaluate the skills 
of the five reanalysis products for capturing air temperature, relative 
humidity and wind speed over the GrIS. 

The quality of the reanalysis datasets is seasonally dependent, with 
better performance for the three meteorological variables during sum
mer than during winter. In winter, katabatic forcing is the dominant 
momentum of the atmospheric boundary layer over the GrIS, which 
usually leads to a temperature deficit, and direction-constant and strong 
near-surface winds, and greatly affects relative humidity. In summer, the 
atmospheric boundary layer on the ice sheet is largely forced by large- 
scale circulation (Ettema et al., 2010; Van Angelen et al., 2011). In 
addition, the smaller summer time bias will be influenced by the melting 

ice surface. Global reanalyses generally represent large-scale atmo
spheric circulation well, but not katabatic forcings (Bracegirdle and 
Marshall, 2012). An additional possible explanation for air temperature 
biases is a missing representation of snow in the reanalyses products. 
Batrak and Müller (2019) reported temperature biases of global rean
alyses in the Arctic as a function of thickness of the snow layer. The 
thicker snow-depths co-exist with lower temperatures and larger biases 
in the reanalyses. At the ice sheet scale, the thinner snow in summer than 
in winter is well known. Furthermore, too weak surface temperature 
inversions in winter simulated by the global atmospheric reanalysis is 
also a possible reason (Tjernström and Graversen, 2009; Graham et al., 
2019). 

Previous studies reported that seasonal variability in environmental 
lapse rates of temperature occurs in the mountainous regions, such as in 
the Alpine area, with higher values in summer, and lower values in 
winter (Rolland, 2003). Thus, it should apply the monthly environ
mental lapse rate for elevation correction when calculating MB and 
RMSE of monthly air temperature from reanalysis datasets. In this study, 
we use only one value (6.5 ◦C/km) for all months, which results in the 
difference of the calculated monthly MB and RMSE with those estimated 
based on monthly environmental lapse rates. However, the monthly 
lapse rates cannot be estimated by the insufficient AWS station obser
vations over the GrIS. Furthermore, the location factors resulting from 
the scattered distribution of AWSs cannot easily be excluded when 
calculating monthly vertical lapse rates. Although only one environment 
lapse rate is considered, the RMSE after elevation corrections decreases 
compared with those without the elevation correction (Fig. S1). 

The AWS wind speed measurements are typically at 3 m above the 
surface. To estimate the 10 m wind speed from the reanalysis datasets, it 
is necessary to extrapolate the observed wind speeds to 10-m height. 
While there is no large difference in the RMSE between applying 
extrapolation and not applying extrapolation at the ablation zone, the 
RMSE of all reanalyses obviously decreases for the accumulation area 

Fig. 4. As in Figure2, but for wind speed (m s-1).  
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after using extrapolation (Fig. S2). 
The GrIS is experiencing mass loss since 1998 (Mouginot et al., 

2019), and cause the rise of ELA. However, the changes in ELA cannot 
significantly affect the MB and RMSE calculations in the respective re
gion because only one station is near ELA. 

No single reanalysis dataset is optimal for the representation of all 
three variables (air temperature, relative humidity and wind speed) over 
the GrIS. MERRA-2 outperforms the other four reanalysis dataset for air 
temperature in the accumulation area, but the quality of JRA-55 ranks 
first in the ablation areas. In terms of relative humidity, CFSR performs 
best for the accumulation areas, but for the ablation areas, MERRA-2 
does the best job, while ERA5 and JRA-55 show the best performance 
for capturing wind speeds in the accumulation area and in the ablation 
area, respectively. This indicates that the simulation skill varies for each 
variable, location, and weather pattern in all reanalyses. This may result 
from the distinct boundary layer routines and varying observation sys
tems assimilated in the different models that are used to produce the 
corresponding reanalysis datasets. For instance, in the ice sheet margins, 
the quality of the reanalyses for local climate is to a great extent 
dependent on their skills of capturing sea-ice distribution in the surface 
boundary conditions (Renfrew et al., 2020). The different resolutions of 
the reanalyses may also play a role in the uncertainties of the variables, 
but it could not be discriminated from the other factors, such as the 
assimilation scheme and data, resulting in errors of different reanalyses. 
As a result, despite the much higher spatial and temporal resolution of 
ERA5, this reanalysis does not perform significantly better, and performs 
even worse for some surface meteorology parameters, relative to other 
reanalyses. 

The time series of annual air temperature, relative humidity and 
wind speed averaged over the GrIS show significant and high correla
tions across the five reanalysis datasets, suggesting robust agreements of 
their respective inter-annual variability. This can be explained by their 
similar performance for the large scale atmospheric circulation and 
partly same data assimilated in the products. However, a sharp decrease 
in relative humidity is observed in JRA-55, and a sudden increase is 
observed in wind speed in CFSR from 2010 to 2011. For CFSR, the bridge 
year 2010, i.e., the end of the CFSRv1 and the start of the CFSv2 
extension, has been found to characterize inhomogeneities in other 
meteorological parameters, such as stratospheric water vapor (Davis 
et al., 2017), high-cloud fraction (Wright et al., 2020). For JRA-55, sharp 
shifts in snow accumulation have been reported by Wang et al. (2016). 
Fig. 8 shows spatial distribution of the differences in wind speeds from 
CFSR, and relative humidity from JRA-55, between the 2002–2009 
mean and 2011–2018 mean. Large increases are observed over the 
coastal region of the GrIS for the wind speed for the first 8 years of 
CFSRv2 (2011–2018), relative to the last 8 years of CFSRv1 
(2002–2009), which leads to the sudden jump in the ice sheet averaged 
wind speed time series. In JRA-55, the western, northeastern, and 
southern GrIS coastal regions exhibit a decrease of >5% in the 
2002–2009 relative humidity average compared to the 2011–2018 
mean. A slighter decrease is also found in almost all the inland GrIS. 

5. Conclusion 

In this study, we assess the skills of five reanalysis datasets (i.e., JRA- 
55, MERRA-2, CFSR, ERAI and ERA5) for representing air temperature, 
relative humidity and wind speed over the GrIS based on in situ mea
surements from 36 AWS stations. These stations are divided into two 
groups, one above the approximate equilibrium line altitude (1500 m 
elevation), i.e., the accumulation zone, and another below 1500 m 
elevation, i.e., the ablation zone. 

With respect to the observed air temperature in winter, all reanalysis 
datasets show warm biases for the accumulation zone, but cold biases for 
the ablation zone. By comparison, MERRA-2 is the best performer at the 
accumulation area and the quality of JRA-55 ranks first at ablation area. 
Relative to the ERAI, there is no significant improvement of ERA5. At Ta

bl
e 

5 
A

s 
in

 T
ab

le
 3

, b
ut

 fo
r 

w
in

d 
sp

ee
d.

  

A
bl

at
io

n 
ar

ea
 

A
cc

um
ul

at
io

n 
ar

ea
 

na
m

e 
Sp

ri
ng

 
Su

m
m

er
 

A
ut

um
n 

W
in

te
r 

Sp
ri

ng
 

Su
m

m
er

 
A

ut
um

n 
W

in
te

r 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

M
B/

◦
C 

RM
SE

/◦
C 

JR
A

-5
5 

−
0.

85
 

1.
48

 
−

0.
97

 
1.

54
 

−
0.

16
 

1.
32

 
0.

13
 

1.
78

 
−

0.
81

 
1.

84
 

−
0.

67
 

1.
59

 
−

0.
60

 
1.

74
 

−
0.

80
 

2.
06

 
ER

A
I 

−
0.

98
 

1.
68

 
−

1.
12

 
1.

52
 

−
0.

45
 

1.
55

 
−

0.
11

 
2.

07
 

−
1.

59
 

2.
54

 
−

1.
59

 
2.

34
 

−
1.

74
 

2.
64

 
−

1.
63

 
2.

80
 

ER
A

5 
−

0.
82

 
1.

34
 

−
0.

62
 

1.
12

 
−

0.
26

 
1.

30
 

−
0.

13
 

1.
86

 
−

1.
85

 
2.

12
 

−
1.

58
 

1.
89

 
−

2.
40

 
2.

50
 

−
2.

38
 

2.
61

 
CF

SR
 

−
2.

71
 

2.
85

 
−

2.
18

 
2.

33
 

−
2.

73
 

2.
87

 
−

2.
43

 
3.

02
 

−
3.

30
 

3.
43

 
−

2.
90

 
3.

02
 

−
3.

77
 

3.
87

 
−

4.
03

 
4.

21
 

M
ER

RA
2 

1.
97

 
2.

30
 

1.
49

 
1.

95
 

2.
97

 
3.

22
 

3.
75

 
4.

07
 

1.
02

 
1.

80
 

1.
11

 
1.

69
 

1.
96

 
2.

32
 

1.
82

 
2.

51
  

W. Zhang et al.                                                                                                                                                                                                                                  



Atmospheric Research 259 (2021) 105676

9

both accumulation and ablation zones, JRA-55 and two ECMWF rean
alyses underestimate the relative humidity at all months. When 
compared with the other reanalysis datasets, MERRA-2 appears to 

capture the best seasonal cycle of the observed relative humidity. ERA5 
performs better than ERAI at the accumulation zone, but poorer in the 
ablation zone. MERRA-2 overestimates averaged wind speed at any 
month, whereas underestimation is found for the other reanalysis 
products. While JRA-55 has the highest skill for representing the 
monthly wind speed over the ablation zone, ERA5 does the best job for 
the accumulation zone. In a word, no reanalysis stands out as the 
optimal performance for all three variables and glaciological regimes. 

Time series of anomalies of annual air temperature from the five 
reanalyses averaged over the GrIS agree well with each other. The roust 
agreements between the reanalysis datasets also happen for the time 
series of annual relative humidity and wind speed. However, JRA-55 
exhibits a sharp shift of relative humidity from 2010 to 2011. During 
the same period, evident discontinuities occur in the annual mean wind 
speed from CFSR. Thus, cautions should be taken in application of the 
two reanalysis datasets for the trend investigations, especially when 
spanning the 2010 year. Future work is needed to explain this in detail. 

Fig. 5. (a) Time series of anomalies of annual 2 m air temperature from 1980 to 2018 from five reanalyses, relative to respective 1980–2018 mean, spatially averaged 
over the GrIS (60–84◦N, 295–340◦E); (b) Boxplot showing the distributions of temperature trends in each grid cell of five reanalysis datasets. The box spans the upper 
(3/4) and lower (1/4) quartiles. Black square and line inside the box stand for the average and median trends, respectively. The whiskers denote the 95% bounds, and 
the points beyond the whiskers are the outliers. The “**” denotes that trends are significant at the 95% confidence level. 

Table 6 
Trends in annual air temperature, relative humidity and wind speeds from the 
reanalysis datasets during 1980–2018, averaged over the GrIS (60–84◦N， 
295–340◦E). The bold fonts show that trends are significant at the 95% confi
dence level.  

Datasets Air temperature (◦C) Relative humidity (%) Wind speeds (m s− 1) 

JRA-55 0.69 ± 0.12 ¡1.13 ± 012 − 0.01 ± 0.02 
ERAI 0.54 ± 0.11 ¡0.32 ± 0.08 0.01 ± 0.01 
ERA5 0.49 ± 0.11 ¡0.21 ± 0.08 0.02 ± 0.01 
CFSR 0.46 ± 0.11 ¡0.21 ± 0.05 0.08 ± 0.01 
MERRA- 

2 
0.36 ± 0.12 ¡0.29 ± 0.07 0.04 ± 0.02  

Fig. 6. As in Figure5, but for relative humidity (%).  
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