
Climate Dynamics (2023) 60:1523–1541
https://doi.org/10.1007/s00382-022-06376-0

1 3

albedo and good thermal insulation of snow lead to unique 
interactions between the land surface and lower atmosphere. 
The snow covered area with high albedo reflects more solar 
radiation compared with the snow-free land. Fresh snow can 
reflect up to 90% of incoming solar radiation. As snow ages, 
its density increases and its albedo decreases. The insulating 
property of snow affects the energy exchange between sur-
face and atmosphere. Even a few decimeters of snow cover 
can prevent the soil freezing, and slow down the ablation of 
glaciers and ice sheets. The insulating effect increases with 
the snow depth. The snowmelt affects soil moisture, evapo-
transpiration, and runoff, playing a critical role in water 
resources (Bormann et al. 2018).

The Tibetan Plateau (TP) comprises the highest moun-
tains, including the Pamir, Karakoram, Kunlun, Himalaya, 
Nyainqentanglha, Tanggula, Hengduan and Qilian chains, 
which feed the major rivers in Asia. Snowpack plays a criti-
cal role in the mountain environment. The annual mean tem-
perature across the TP is generally below 0 °C (Frauenfeld et 
al. 2005). The dominant atmospheric circulations (including 

1 Introduction

The snowpack and its properties (e.g., snow cover duration 
and extent, snow mass, snow albedo) play an important role 
in the climate system (Cohen 1994; Zhang 2005). The high 
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Abstract
There has been a statement that the satellite and reanalyses significantly overestimate snow depths (SDs) as compared 
with in-situ observations over the Tibetan Plateau (TP). The inconsistency may be partly due to representations related to 
different spatial resolutions. To further clarify matters of scale, this work estimates and compares the fractional snow cover 
(FSC) from MODIS (500 m), SDs from Sentinel-1 C-band SAR (1 km), ERA5-Land (9 km) and ERA5 (31 km), together 
with ground observations from GHCN-D and at 6 newly-established stations in the Namco watershed. SD and FSC from 
MERRA-2 (50 km) are also discussed in comparison with ERA5s. Results indicate that SD from fine resolution reanalysis 
has better consistency to in-situ observations over the TP. SD of ERA5-Land matches in-situ measurements better than 
ERA5 and MERRA-2. Overestimates of SDs in reanalyses are likely for shallow snowpack. However, underestimates are 
found for deep snow particularly late in the snow season. Improvements are displayed in ERA5-Land, while increased SD 
is attributed by altitude in fine resolution. Overall SDs of ERA5 and ERA5-Land have similar spatial distributions and 
annual cycle patterns over the TP, consistent with satellite-based datasets. A notable defect of ERA5s is related to delayed 
ablation of deep snowpack during spring and early summer. It causes cold temperature biases at surface that may impact 
on the land-atmosphere interaction. Snow analysis that combines the information of FSC into SD has been demonstrated 
in MERRA-2 data. Snow analysis has the potential to improve SDs of ERA5s over the TP.
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to fill the mountain snow observation gaps (Bormann et al. 
2018; Painter et al. 2016). Sentinel-1 snow depth retrievals 
are ~ weekly at 1 km resolution, which successfully cap-
tured the spatial variability between and within mountain 
ranges and the inter-annual differences in the US Sierra 
Nevada and European Alps (Lievens et al. 2019).

Model-based reanalyses provide another approach with 
essential information of snow in weather and climate stud-
ies. Atmospheric and land reanalyses provide simulated 
snow temperature, snow albedo, snow density, SWE and SD 
by assimilating in-situ, ballon-borne and satellite observa-
tions in forecast models or initializing land surface models. 
Previous studies suggested contradictory performances of 
reanalyses over different regions. The broad features of SD 
over the plains of central and northern Russia were realis-
tically reproduced (Wegmann et al. 2017). However, vali-
dations of SWE/SD in several reanalyses were reported to 
have a systematic overestimation over the TP (Orsolini et 
al. 2019; Bian et al. 2019). Uncertainties come from differ-
ent land surface schemes or models, input data, or assimila-
tion systems. Overestimates were also attributed to common 
precipitation bias in models. A recent work evaluated SD 
fields derived from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) products including both cli-
mate reanalyses (ERA5 and ERA-Interim) and the land 
component (ERA5-Land) (Muñoz-Sabater et al. 2021). 
They found that SD estimates from ERA5 match measure-
ments slightly better at the highest mountains compared to 
ERA-Interim and ERA5-Land.

Nevertheless, inter-comparison discrepancy of snow 
states and changes over the TP may come from inconsistent 
spatial resolution and elevations between in situ observa-
tions and gridded reanalyses data (Bian et al. 2019; Liu et 
al. 2021; Yan et al. 2022). Accurate snow data with higher 
spatial resolutions are essential for mountainous region. 
The optical-based FSC was widely used in previous stud-
ies, though daily data can be affected by cloud coverage. 
Fine-scale SD or SWE data over a large domain over the TP 
remain a great challenge. A few studies had tried to improve 
snow mass data at higher resolutions (Yan et al. 2022; Liu 
et al. 2021; Wang et al. 2020a, c). The approach is to blend 
the coarse resolution snow mass datasets and other auxiliary 
datasets with higher spatial resolutions. The optical-based 
FSC is preferable to a spatial-temporal downscaling of SD 
(Yan et al. 2022).

In this work, investigation focuses on matters of scale 
in representation of snowpack over the TP with datas-
ets ranging from fine to coarse resolutions. Because the 
relative paucity of measurements in High Mountain Asia 
(HMA) precludes confident representation of snow proper-
ties, remote sensing and model-derived reanalysis datasets 
are critical. FSC derived from MODIS provides fine-scale 

the Indian monsoon, the East Asian monsoon and the west-
erly jet stream) primarily influence the TP by interactions of 
climate patterns like El Nino-Southern Oscillation (ENSO), 
North Atlantic Oscillation (NAO), and Pacific Decadal 
Oscillation (PDO) (Wu et al. 2015; Yao et al. 2019; Liu et 
al. 2020). Snowfall is frequent in the southern and west-
ern edges where moisture from the westerlies and Indian 
monsoon spills over the frontier ranges. Snowfall occurs 
frequently in the southeast where the water vapor from the 
south is channeled up through the Yarlung Zangbo valley. In 
contrast, most of the interior of the TP has infrequent snow-
fall due to the blocking effect of the Himalaya and Kara-
koram mountains. In addition, the strong solar radiation and 
low air humidity are unfavorable factors for the snow accu-
mulation. As a result, shallow, patchy and transient snow-
pack is prominent over the TP (Pu and Xu 2009).

The accurate representation of times and locations of the 
short-lived snowpack is vital to the hydrological cycle and 
water availability in the context of global warming. The 
relatively thin snow is highly sensitive to climate change 
especially in the TP. It can exert major control on the atmo-
spheric circulation at the regional and global scales. There 
is a significant warming trend over the TP during the recent 
decades (Duan et al. 2006; Duan and Xiao 2015).

The uncertainty in variability of snow is large over the TP 
(Jiang et al. 2020; Yan et al. 2022; Liu et al. 2021). Various 
results of the snow change could depend on regions, studied 
data sources and periods, methods of investigation and so 
on (You et al. 2020; Xu et al. 2017; Bian et al. 2020).

Three kinds of snow data sources (meteorological sta-
tions, satellite remote sensing and model-based estimates) 
are available over the TP (Basang et al. 2017). There are 
over 100 in-situ observations providing measurements of 
snow depth, but most stations are located in the eastern TP. 
Few stations in the western TP and/or in the higher moun-
tains with extensive snow impede the understanding of 
snow changes.

Compared to the ground-based measurements, satellite 
observations and modeling data have better spatial cov-
erage. The snow extent is monitored by optical satellites. 
For example, NASA’s Moderate-resolution Imaging Spec-
troradiometer (MODIS) can provide daily, 500-m globally 
binary or fractional snow cover (FSC) since February 2000 
(Hall et al. 2002). Snow water equivalent (SWE) and snow 
depth (SD) can be monitored by passive microwave satel-
lites, but their coarse resolution (~ 25 km) limits their appli-
cation in mountains (Dozier et al. 2016; Dai et al. 2018; 
Bian et al. 2019). NOAA has provided a multi-sensor snow 
cover product (the Interactive Multi-sensor Snow and Ice 
Mapping System, IMS) at a high resolution by blending the 
optical and infrared data with the microwave data. Some 
alternative remote sensing techniques have been developed 
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amount in September (Yan et al. 2022). Averaged FSC and 
SD derived from the highest resolutions of available remote 
sensing (MODIS 500 m and Sentinel-1 1 km) during one 
snow year (2018/2019) are shown in Fig. 1. Although uncer-
tainties exist, these are the best general pictures for snow 
states over the HMA domain. Spatial distributions of FSC 
and SD highlight differences between mountains and the 
interior TP.

Daily ground measurements of precipitation and SD are 
used as the “true” values for assessing the accuracy of the 
gridded FSC and SD derived from satellites. SDs derived 
from ERA5-Land (9 km) and ERA5 (31 km) are compared 
with in-situ and satellite-based datasets. Matters of scale are 
revealed with datasets ranging from fine to coarse resolu-
tions. Details of used data are introduced below.

information for snow states and changes. SD derived from 
Sentinel-1 and reanalyses of ERA5 and ERA5-land are used 
extensively to examine over the TP in this study. The aim 
of this study is to demonstrate the capability and limitation 
of different datasets, including MODIS FSC retrievals, Sen-
tinel-1 SD retrievals, simulated SDs of ERA5 and ERA5-
Land in representation of snowpack over the TP.

2 Data and methods

The study domain and the major mountain ranges 
are shown in Fig. 1. The TP is located in the domain of 
25–45°N and 70–105°E, with the focus on the elevation 
above 2000 m. The snow hydrological year was defined as 
September 1 to August 31 of the following year because the 
seasonal cycle of the SD over the TP indicates the lowest 

Fig. 1 Main mountains and study domain–Tibetan Plateau (TP) is outlined by the 2000 m DEM contour. MODIS (500 m) FSC and Sentinel (1 km) 
SD data during September 2018 to August 2019 are investigated. (a) and (b) are days with snow cover presence and averaged FSC derived by 
MODIS; (c) and (d) are days with Sentinel-1 backscatter measurements and corresponding the averaged SD, respectively
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and descending measurements at the daily timescales. SD 
retrievals are on average available every ~ 4 days and ~ 2 
weeks over the TP. Although uneven samples may affect 
results of analysis, Sentinel-1 is capable to capture spatial 
variability of SD over the large domain of TP (Fig. 1d). 
Deeper SD is consistent with more days and larger fractions 
of snow cover over mountainous areas. Averaged SD is over 
10 cm over the mountains, while it is less than 1–2 cm over 
the interior TP.

2.3 Ground measurements of precipitation and SD

The daily precipitation data during 2018–2019 observed 
at 91 meteorological stations of the China Meteorological 
Administration (CMA) are used as auxiliary data to assess 
the rationality of the gridded FSC and SD. The Global His-
torical Climatology Network Daily database (GHCN-D) 
provides direct measurements of SD, which is free for public 
access to the most recent observations (Menne et al. 2012). 
There are 30 sites providing observational SD (> 1 cm) from 
2017 to 2020. Total measurements of SD at these 30 ground 
stations range from less than 10 to over 300 times corre-
sponding to valid data in retrievals of Sentinel-1(Fig. 2a).

An intensive observational experiment was organized in 
June 2019, in a collaboration of the State Key Laboratory of 
Remote Sensing Science of Aerospace Information Research 
Institute, Institute of Tibetan Plateau Research and Tsinghua 
University. A network of 6 ground stations (Fig. 2b) was 
built near the Namco (called precipitation-snowpack multi-
source observation platform, PSMOP-Namco). SD was 
recorded every 10 min in the period July 2019-June 2020, 
together with temperatures at the lower atmosphere (1.5 m 
above the surface, Ta) and the 5 cm soil (Ts).

Daily SD in-situ observations at these 36 stations 
(GHCN-D and PSMOP-Namco) are “true” values in this 
study. Ground measurements are mostly distributed to the 
northwest and eastern TP. SD provided by GHCN-D is not 
always recorded regularly. Valid records are compared with 
simultaneous satellite-based observations. Records based 
on PSMOP-Namco provide various variables (SD, Ta and 
Ts) in the comparison study.

2.4 SDs derived by reanalyses

To compare with ground measurements and high-resolution 
satellites, SDs from ERA5 and ERA5-Land are reassessed 
over the TP. Comparison focuses on the period 2017–2020 
when the in situ and remote sensing observations are rela-
tively abundant. ERA5, as the 5th generation of reanaly-
sis from ECMWF, supersedes previous ERA-Interim data 
(Hersbach et al. 2020). Previous studies have shown that 
improvements in ERA5 include a better representation of 

2.1 MODIS FSC retrieval (MODAGE, daily and 500 m 
resolution)

The MODAGE data (Hao et al. 2019) is utilized to address 
the status and changes in fine scales (daily, 500 m) of FSC 
over the TP during 2017–2020 in this study. The previous 
study indicated that MODAGE snow cover data is better per-
formed over the TP. MOD10A1 and MYD10A1 provided by 
the NASA National Snow and Ice Data Center were affected 
by the snow cover’s patchiness, local illumination angle 
and vegetation background (Shi 2012). MOD10A1 retriev-
als utilized a universal regression relationship to calculate 
the global FSC based on the NDSI (Normalized-Difference 
Snow Index), which are less suitable over the TP. MOD-
AGE is based on the linear spectral mixture method that is 
also used in the updated NASA snow product MODSCAG. 
MODAGE was able to characterize snow states over the TP 
(Hao et al. 2019).

MODAGE was retrieved from MOD09GA (Version 6), 
and the cloud mask file was also extracted from MOD09GA 
(Hao et al. 2019). MODAGE also utilizes the algorithm of 
multiple endmember spectral mixture analysis, but con-
ducts a method of automatic endmember extraction (Shi 
2012). Cloud removal procedures were developed by uti-
lizing temporal linear interpolation within one month win-
dow. Afterwards, spatial weighted square revised distance 
spatial interpolation. Previous evaluation had confirmed 
that MODAGE produced smaller root mean square errors 
(RMSE) than MOD10A1 (Hao et al. 2019).

2.2 SD derived from Sentinel-1 (1-km)

The Sentinel-1 snow depth retrievals over the Northern 
Hemisphere mountain ranges is based on an empirical 
change detection approach to capture C-band cross-polar-
ized backscatter signature over snow (Lievens et al. 2019). 
The retrieval algorithm used snow cover absence/presence 
observations derived from IMS dataset as auxiliary input. 
Evaluation with measurements from ~ 4000 sites mostly in 
the western US and Europe demonstrated the effectiveness 
of the Sentinel-1 retrievals to capture the overall spatial 
variability of SD. In this work, the performance of Senti-
nel-1 is evaluated over the TP where shallow snow is promi-
nent apart from the west and southeast.

The Sentinel-1 snow depth retrievals are available online 
at https://ees.kuleuven.be/project/c-snow. SD retrievals are 
available over the TP in the period 2017 through March 
2020, which provide satellite-based estimates for compari-
sons in this study. Figure 1c shows the number (N; dimen-
sionless) of Sentinel-1 backscatter measurements for one 
snow year (2018/2019) when the SD retrievals are relatively 
complete. N is calculated after combining the ascending 
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31-km model resolution of ERA5. ERA5-Land SD pres-
ents a mixed performance in comparison to those of ERA5, 
depending on geographical location and altitude (Muñoz-
Sabater et al. 2021).

In addition to ERA5 and ERA5-Land, SD and FSC 
derived from the NASA Modern-Era Retrospective analy-
sis for Research and Applications Version 2 (MERRA-2) 
are also used in the comparison. Previous studies reported 
that MERRA-2 was in better agreement with in-situ obser-
vations than ERA5s (Orsolini et al. 2019; Reichle et al. 
2017). MERRA-2 data during 2018–2020 is investigated at 
ground-based sites, together with ERA5s.

weather events, cloud cover extents, surface irradiance 
parameters, atmospheric water fluxes and other variables 
with respect to the former ERA-Interim dataset (Lei et al. 
2020; Eicker et al. 2020; Yan et al. 2020; Zhao and Zhou 
2019). The previous study suggested that overestimation in 
ERA5 is also due to lack of assimilation of IMS at high 
altitudes (Orsolini et al. 2019). As both SD and FSC are 
diagnostics based on the prognostic snow mass and density, 
and FSC as a function of SD, SD is investigated only in this 
study. Other variables like 2 m air temperature and the first 
level soil temperature (Ta and Ts) derived from ERA5 are 
also employed to correspond to in situ observations.

SD derived from the ERA-Land is achieved through 
global high resolution numerical integrations of ECMWF 
land surface model driven by the ERA5. The main advan-
tage of ERA5-Land is its 9 km resolution compared to 

Fig. 2 (a) The location of GHCN-D stations with snow depth observations during 2016–2020. Marks correspond to numbers of sampling of 
Sentinel-1 snow depth retrievals for the period 2017 through March 2020. Representive sites in the west of TP (marked as 1–6) are investigated 
evolutions of SDs later. The Namco watershed is circled in green line. (b) 6 sites at Namco intensive observation experiment (PSMOP-Namco) 
during July 2019-June 2020
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2.5 Methods

Areal conservative remapping method is utilized to interpo-
late from high-to-low resolution grids, which can do a better 
job of preserving the value of the integral of data between 
the fine resolution source and destination grid than the con-
ventional bilinear remapping method. Satellite-based FSC 
(500-m) is redistributed to 31-km resolution of ERA5. Inde-
pendent datasets including FSC from MODIS and SDs from 
reanalyses, Sentinel-1 and in-situ observations are investi-
gated to reveal snow states and changes over the TP. Simi-
larity and difference are highlighted using the correlation 
coefficient and the root-mean-square-difference (RMSD). 
The statistical significant of a linear correlation coefficient 
is determined by the probability value (rtest). The Student’s 
t-test is used to estimate the hypothesis that the population 
variances of a pair of samples (e.g., in-situ SD and ERA5 
SD) are equal or different.

3 Results

3.1 Variability of snow cover and snow depth

Satellite-based FSC and SD highlight that snow states 
are rather heterogeneous across the TP (Fig. 1). Figure 3 
presents averaged SD in the period September 2018-August 
2019 derived from reanalyses (ERA5, ERA5-Land and 
MERRA-2). Spatial distributions of SDs from ERA5s are 
consistent with satellite-based SD. They highlight exceed-
ing 10 cm SD over Tianshan, Pamir, Karakoram, Himalaya, 
Nyainqentanglha and Tanggula, but less than 1 cm over the 
interior TP. SD from ERA5-Land is even larger than that of 
ERA5 over mountainous regions in the west. Spatial dis-
tribution of SD from MERRA-2 shows different features 
between the west and east of TP. However, magnitudes are 
much lower than those of ERA5s over mountainous regions, 
particular glaciers. Comparison with Sentinel-1 and ERA5s, 
MERRA-2 underestimates SD over Nyainqentanglha and 
Tanggula. Differences imply effects of different land surface 
schemes in reanalyses.

In-situ observation of precipitation at 91 stations over TP 
in the period September 2018-August 2019 is analyzed as 
auxiliary data. Precipitation is treated as snowfall and accu-
mulated when corresponding FSC from MODIS exceeds 
10%. Amounts of snowfall range from 1 to 55 cm shown in 
Fig. 3. The hypothesis is that more observed snowfall cor-
responds to larger SDs from reanalyses, and vice versa. It 
is generally true as more precipitation occurs over moun-
tainous regions and the less over the interior TP. Represen-
tive sites with more precipitation and larger SD (the largest 
6 products of accumulated snowfall and ERA5 SD, 1–6 

Fig. 3 Averaged SD (m) during September 2018 to August 2019 
derived from ERA5 (a), ERA5-Land (b) and MERRA-2 (c). In situ 
observed precipitation at 91 stations is accumulated when correspon-
dence snow cover presence is observed by MODIS (FSC > 10%), 
shown with triangles. Representive sites with more precipitation and 
larger SD (the largest 6 products of total precipitation and ERA5 SD) 
are shown (a,1–6 marked with black number), while 6 sites with more 
precipitation but relatively small SD (the largest 6 ratios of precipita-
tion and ERA5 SD) are shown (b, 1–6 marked with red number)
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SDs from ERA5, ERA5-Land, MERRA-2 and Sentinel-1 in 
the period September 2018-August 2019 at representive 6 
sites. Precipitation occurs frequently during the year due to 
mountainous regions. Precipitation is slightly less in winter, 
but observed precipitation in cold seasons is coherent with 
increases in FSC. Compared with fine-scale FSC, its coarse 
resolution shows continuous snow presence during winter 
and spring seasons. Effect of terrain complexity on different 
resolutions of FSC is obvious in mountainous regions.

marked in Fig. 3a) are selected to display time series dur-
ing one snow year in Fig. 4. On the other hand, reasons for 
the inconsistency of the hypothesis at a few stations of the 
interior TP are also explored in Fig. 5. At those 6 stations 
(the largest 6 ratios of snowfall and ERA5 SD, 1–6 marked 
in Fig. 3b), accumulation of snowfall is relatively large but 
SD is less than 1 cm on average.

Figure 4 displays FSC derived from MODIS (500 m 
resolution and regridded 31 km), in-situ precipitation and 

Fig. 4 FSC derived from MODIS (500 m resolution and regridded 31 km, black and red lines), in-situ precipitation (black cross), SD from Senti-
nel-1 (green circle), SD derived from ERA5, ERA5-Land and MERRA-2 (blue, purple and brown lines) at representive sites (Fig. 3a) in the period 
September 2018-August 2019
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summer, delayed ablation in ERA5s implies biases of over-
estimates of SDs.

Figure 5 shows precipitation, and FSCs and SDs at 
another 6 representive sites where accumulated snowfall 
(averaged SD) is relatively large (small) in the interior 
TP. Unlike stations in mountains, FSCs of fine and coarse 
resolutions both indicate snow presence and absence in the 
interior TP from time to time even during winter. Although 
observed precipitation is less frequent, satellite-based FSC 
indicates snow presence with occurrence of precipitation. 
Reanalyses SDs are less than 1 cm on average. SDs from 

SDs from ERA5s are similar and remain above the aver-
age of 10 cm at representive sites in the snow season, while 
satellite-based SDs have comparable magnitudes. Maxi-
mums of SDs from ERA5s and Sentinel-1 can reach tens 
of centimeters. Magnitudes of SDs from MERRA-2 are 
smaller than other datasets because MERRA-2 underes-
timates SD and FSC in the southern edge of TP (Fig. 3c). 
Only at the 6th site, MERRA-2 SD is comparable with oth-
ers in magnitudes (~ 10 cm) and temporal variations. Com-
pared with rapid decreases in FSC during spring and early 

Fig. 5 Same as Fig. 4, but at representive 6 stations (Fig. 3b)

 

1530



Snow depth and snow cover over the Tibetan Plateau observed from space in against ERA5: matters of scale

1 3

accumulation processes over mountainous regions, com-
parable with satellites. SD from ERA5-Land is relatively 
large (small) over mountainous regions (the interior of 
TP) compared with ERA5 (shown in Fig. 8). Differences 
imply effects of dynamical downscaling (of ERA5) and cor-
rected thermodynamic input. Nevertheless, overestimates of 
reanalyses SDs over mountains during April are significant 
compared with satellite-based SD.

3.2 Matters of scale

Based on samples of GHCN-D (Fig. 2a) and PSMOP-
Namco (Fig. 2b), histograms of SDs are compared among 
different datasets in Fig. 9. In-situ observations, Sentinel-1, 
ERA5 and ERA5-Land are simultaneously sampled during 
2017–2020. 608 samples are compared in total. Values are 
sorted in range of bins (< 0.01 m, 0.01–0.05 m, 0.05–0.1 m, 
0.1–0.2 m, 0.2–0.3 m, 0.3–0.4 m, 0.4–0.5 m, 0.5-1 m, and 
> 1 m). From snow-free (< 1 cm) to deep snow categories, 
samples of ground measurements decrease gradually. It 
reflects the effect of relatively low altitudes of ground sta-
tions. Compared with in-situ observations, Sentinel-1 has 
larger portions of snow absence (46%) and deep snow 
(above 50 cm, about 20%) categories. Because Sentinel-
1is less sensitive to thin snow, there are few samples with 
1–10 cm. Simulated SDs in ERA5 and ERA5-Land are 
generally comparable with in-situ observations. There are 
slightly more deep snow samples in SD of ERA5-Land, 
while more snow free or thin snow samples (less than 
5 cm) in ERA5. Different features of sample distributions 
between ERA5 and ERA5-Land are likely attributed to spa-
tial resolutions.

Figure 10 compares SDs (excluding snow-free condi-
tions) of in-situ measurements with ERA5-Land, ERA5, 
MERRA-2 and Sentinel-1. Because there are 397 samples, 
correlations between ground-based measurements and grid-
ded datasets (ranging from 0.3 to 0.47) are all significant 
based on the t-statistic test. The RMSD indicates that SD of 
ERA5-Land (0.14) can fit better with in-situ observations 
over the TP. Furthermore evaluations based on the Student’s 
t-test (t-value being 1.46) provide that the sample means 
only from ERA5-Land and in-situ are from the same popula-
tion. The sample means of ERA5 and MERRA-2 are statis-
tically independent from in-situ observations (t-value being 
7.64 and 7.82). Underestimates of ERA5 and MERRA-2 are 
clear. RMSDs are 0.15. Overestimate of satellite-based SD 
is distinct with RMSD being 0.37.

The ERA5-Land skill is somewhat greater than that of 
ERA5 and MERRA-2 in terms of comparison with in-situ 
observations of SD. The conclusion is different from previ-
ous studies, which may be attributed to selected samples. 
Samples from the western mountains with deep snowpack in 

scattered observations of Sentinel-l can be ten times larger 
than reanalyses, which may be impacted by high sensitiv-
ity of Sentinel-1 to deep snow even at small spatial scale. 
SD derived from ERA5-Land is the smallest, and varia-
tion especially is consistent with that of FSC. SDs from 
MERRA-2 are slightly larger than those from ERA5s.

Figure 6 shows the monthly mean of MODIS FSC 
(500 m) over the TP during September-April in the period of 
2017–2020. Annual cycle is distinct over most of the TP. In 
Karakoram and Kunlun mountains, there are glaciated and 
persistent snow cover regions. High values of FSC begin in 
September and correspond well with mountains, including 
Tianshan, Pamirs, Karakoram, Himalayas, Kunlun, Nyain-
qentanglha, Tangula and Hengduan. Maximum FSCs occur 
in March, consistent with spring precipitation observed 
in Figs. 4 and 5. FSCs exceed 90% in mountains, while it 
is less than 40% in the interior TP. There is snow-free or 
lower than 10% in the large area of the interior TP. Over-
all, the processes of expansions (September to the follow-
ing March) and contraction (April to August) demonstrate 
temporal and spatial variations of FSCs.

Figure 7 illustrates monthly mean of Sentinel-1 SD 
(1 km) over the TP during September-April in the period 
of 2017–2020. Although insufficient samples over the TP 
on temporal and spatial resolutions have been found, the 
annual cycle of satellite-based SD displays the accumula-
tion process from September to the following February. It is 
consistent with expansion of FSC. In general, SD and FSC 
are most abundant in the northwest that is directly exposed 
to the westerly jet stream. There is above 50 cm SD, while 
the highest values are more than 1 m among the mountain 
ranges. Another significant amount of peak SD is located 
in the southeast. SD is about 10–20 cm over the Tangula 
Shan. SD can reach more than 1 m at the Nyainqentanglha 
mountain ranges. Shallow and patch snow is dominant in 
the interior TP where SD is about 1 cm.

Satellite-based SD from Sentinel-1 starts to melt in 
March, but FSC from MODIS maintains the largest of a 
year. SDs significantly reduce over the Hengduan and Tan-
gula Shan. It may be related to spring snowfall that can 
extend snow cover but cannot maintain SD. It may also be 
related to the reduced volume scattering of the wet snow 
that results in an underestimation of SD (Lievens et al. 
2019). Shallow snowpack in the interior TP begins to melt 
out in February. Snowpack continues to melt-out through 
March. Apart from glaciers, most of areas are snow-free or 
less than 5 cm after April.

Figure 8 displays the annual cycle of SD derived from 
ERA5 and ERA5-Land during four months (October, 
December, Febuary and April) in the period 2017 to 2020. 
There are great similarities between ERA5 and ERA5-
land. Both ERA5 and ERA5-Land SDs present snow 
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and last only late in the snow season (January-March). SD 
derived from Sentinel-1 has comparable magnitudes with 
in-situ observations. Underestimates SDs particularly for 
deep snow are found in reanalyses. ERA5-Land is slightly 
larger than ERA5 and MERRA-2. It is worth to note that SD 
from MERRA-2 has been modified by FSC which is shown 
together with MODIS. The benefit includes that times of the 
start and end of snowpack in MERRA-2 are consistent with 
in-situ observations.

this work are not investigated by previous studies. Figure 11 
presents comparison of SDs from ground-based observations 
with reanalyses (ERA5-Land, ERA5 and MERRA-2) and 
satellite measurements at 6 sites of the western TP (marked 
in Fig. 2a) during September 2018-June 2020. FSCs derived 
from MODIS agree well with times when the sites are snow 
covered in the in-situ measurements or reanalyses. Coher-
ent with fine scale variations of FSCs, ground-based SDs 
is most dynamic particularly early in the snow season and 
at the end. Large SDs (tens of centimeters) can accumulate 

Fig. 6 Monthly mean of FSC (MODIS 500 m) over the TP from September to April in the period of 2017–2020
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snow absence well (less than 1 cm). ERA5 shows tran-
sient snowpack in the first site, but it suggests constant thin 
snowpack during the snow season in the east site. Frequent 
occurrences of FSC (above 10%) from MODIS imply the 
existence of snow in the 31-km grid.

At four sites located in the south and east of Namco Lake, 
SDs over 10 cm and more are observed on the ground. Sta-
ble snowpack lasts a few months from November to Feb-
ruary. Different evolution features are notable at four sites, 
which are related to locations and altitudes. In general, 

Based on the intensive observational experiment during 
July 2019-June 2020 at 6 stations of the Namco watershed, 
Fig. 12 displays in-situ SDs, SDs derived from Sentinel-1, 
ERA5-Land, ERA5 and MERRA-2. FSC monitored by 
MODIS is also investigated at 500 m and 31 km resolutions. 
The first two sites locate in the north and west of Namco 
Lake (Fig. 2b). Sporadic snow or snow-free conditions 
are dominant based on ground measurements. Short-lived 
snowpack is characterized by satellite-based FSC, consis-
tent with in-situ observations. SD of ERA5-Land represents 

Fig. 7 Monthly SD derived by Sentinel (1 km) over the TP from September to April in the period of 2017–2020
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partly explain the difference between in-situ observations 
and gridded SD.

SDs of ERA5 and MERRA-2 represent a mean snow 
state of those sites with about 1 cm due to coarse resolu-
tions. Overestimates at first two sites in the north and west 
of Namco Lake are obvious, while underestimates are dis-
tinct at other four sites located in the south and east. FSC 
from MERRA-2 shows very little snow cover during the 
year, which is inconsistent with FSC from MODIS.

Delayed ablation of snowpack in ERA5s during April 
and May is distinguished. It could imply errors in simu-
lating snow melting process in reanalysis. It could also be 
attributed to wrongly classified rainfall to snowfall during 
spring and early summer seasons (Fig. 4).

Figure 13 shows comparison of temperatures (Ta and 
Ts) that were recorded in PSMOP-Namco intensive experi-
ment during July 2019-June 2020. Corresponding Ta and 
Ts derived from ERA5 are also illustrated. Annual cycle of 
temperatures is similar between ERA5 and in-situ observa-
tions. Differences of temperatures between ERA5 and in-
situ observations highlight relatively biases during spring. In 

ground measurements represent relatively slow process 
of decreases after SDs rapidly reach a peak. It responds 
to snow compaction or sublimation processes. Snowpack 
melts out during late March.

Satellite-based SDs and FSC match the start and end of 
deep snowpack well. FSC derived from MODIS reason-
ably describes daily and monthly variations of snowpack. 
MODIS FSC (500 m) indicates snow presence at sites with 
a relatively high altitude during October and April-June. 
MODIS FSC of 31 km resolution ranging from 10 to 40% 
during transition seasons corresponds to patchy snow fea-
tures. It should be noted that the grid of 31 km resolution 
(same with ERA5) covers these four sites. Sentinel-1 SD 
retrievals are always larger than in-situ measurements and 
reanalyses.

Four sites correspond to two grids of 9 km resolution of 
ERA5-Land, which shows interesting differences related to 
altitudes. ERA5-Land is larger than ERA5 and closer to in-
situ measurements especially at the site with relatively high 
altitude. Effect of terrain complexity on snow states can 

Fig. 8 Monthly SDs from ERA5 and ERA5-Land in October, December, February and April during 2017–2020, together with differences between 
ERA5-Land and ERA5 over the TP
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and its interaction with climate (Yao et al. 2019). The extent 
and variability of the snowpack over the TP are vital because 
of roles in the surface energy balance and in the hydrologi-
cal cycle (You et al. 2020). Radiative and thermodynami-
cal feedbacks of snow potentially impact on weather and 
climate system at the local and surrounding areas through 
its land-atmosphere interaction (Xue et al. 2017; Liu et al. 
2020).

The seasonal snow cover over the TP is distinguished 
because of its distinctive shallow, patchy and short-lived 
snowpack (Orsolini et al. 2019). 500-m MODIS FSC shows 
that snow cover is unevenly distributed (Fig. 1b). Apart 
from the highest mountains, FSC can be up to about 40% 
in the eastern part, and it is less than 10% over the interior 
TP (Fig. 6). The lack of fully covered snow at spatial and 

snow-free condition, biases are small and coherent between 
Ta and Ts (Figs. 12 − 1). With occurrence of deep snow, 
ERA5 tends to have cold (warm) biases of Ta (Ts) during 
winter compared with in-situ observations. However, warm 
biases of Ts turn to cold biases during spring and early sum-
mer seasons. The reason is that observed Ts increase rapidly 
due to snow absence. Errors of ablation process in ERA5s 
during spring and early summer hinder increase in Ts.

4 Discussion and conclusions

The lack of observations is the biggest challenge on the TP. 
A strategy that combines sets of station observations and 
remote sensing measurements and model simulations is of 
great importance to improve understanding the cryosphere 

Fig. 9 Histograms show SD (simultaneously sampled in GHCN-D and PSMOP-Namco, Sentinel-1, ERA5 and ERA5-Land) fall in range of bins 
(< 0.01 m, 0.01–0.05 m, 0.05–0.1 m, 0.1–0.2 m, 0.2–0.3 m, 0.3–0.4 m, 0.4–0.5 m, 0.5–1 m, and > 1 m)
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climate over the TP. Wide range of FSC indicates terrain 
complexity and its impacts on snow states and changes.

The spatial distribution and seasonal variation of SD 
derived from Sentinel-1 (Figs. 1d, 7, 11 and 12) are rea-
sonably presented, especially for deep snow accumulation 
processes over mountainous regions during cold seasons. 
Sentinel-1 has difficulty in distinguishing thin snow from 
snow-free conditions because the penetration ability of 

temporal scales is a dominant feature over the large area of 
TP throughout cold seasons (Pu and Xu 2009).

MODIS FSC and in-situ observations are reasonable 
connected (Figs. 4, 5, 11 and 12). SDs with thin snow 
(1–5 cm) correspond a wide range of FSC from 0 to above 
90%. Considering different scales of two datasets, fine-scale 
variations at both temporal and spatial domains are crucial 
to understand the complicated snow effects on weather and 

Fig. 10 Comparisons of SD in ERA5-Land, ERA5, MERRA-2 and Sentinel-1 retrievals (1-km) with in-situ observations of GHCN-D and PSMOP-
Namco (excluding snow–free samples) by scattered points and regressions. Correlation coefficients are 0.45, 0.30, 0.48 and 0.39, respectively. 
RMSDs range from 0.14, 0.15, 0.15 to 0.37
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snowpack (Figs. 4, 11 and 12). As the surface boundary con-
dition of the atmosphere, delayed ablation can cause contin-
uous unreal low temperature at surface and further impact 
seasonal evolution surrounding areas (Hong and Seol 2009; 
Duan et al. 2018; Liu et al. 2019; Li et al. 2020; Wang et al. 
2020b; Orsolini et al. 2019). Comparison of temperatures 
(Fig. 13) between ERA5 and in-situ observations suggests 
the delayed ablation slows down the increase of Ts of ERA5 

C-band microwave (Lievens et al. 2019). Limited valid 
retrievals of Sentinel-1 SD also hinder the systematic com-
parison. Nevertheless, Sentinel-1 SD provides valuable 
information for deep snowpack over the TP.

SD of reanalyses (ERA5 and ERA5-Land, shown in 
Fig. 8) well present snow accumulation processes during 
cold seasons. It is notable that reanalyses overestimate SDs 
during the ablation period (March-May) especially for deep 

Fig. 11 SDs derived from ground measurements (dark pink circle), Sentinel-1 (green triangle), ERA5-Land (purple line), ERA5 (blue line) and 
MERRA-2 (brown line) at 6 sites of the west TP (marked in Fig. 2a) during September 2018-June 2020 are shown in the top. FSCs from MODIS 
(black line for 500 m vs. red line for 31 km) are also displayed in the bottom, together with FSC from MERRA-2 (brown line)
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SD (Figs. 4 and 7) is also attributed by auxiliary input data 
from IMS into the data retrieval algorithm (Lievens et al. 
2019). Therefore, the way to further improve SD of ERA5 
and ERA5-Land is in all likelihood to assimilate high-reso-
lution datasets. It is important to introduce the heterogeneity 
over the TP (Bian et al. 2019; Orsolini et al. 2019; Yan et 
al. 2022).

This paper demonstrated matters of scale that may partly 
cause the discrepancy of snow states and changes among 
in-situ, remote sensing and reanalyses datasets. Previous 

during spring and early summer, and further contributes 
cold biases about 4–8 °C. Biases in ERA5s’ SD may impact 
on the land-atmosphere interaction and monsoon activity, 
which require further studies.

Compared with MERRA-2 data, ERA5s represent better 
spatial distributions of snowpack over the TP (Fig. 3). SD of 
MERRA-2 underestimates (overestimates) the deep (thin) 
snowpack (Figs. 4, 5, 11 and 12). Because SD of MERRA-2 
is modified by FSC, temporal variations are consistent with 
in-situ observations. Reasonable annual cycle of Sentinel-1 

Fig. 12 Same as Fig. 11, but at 6 sites of Namco observational experiment (PSMOP-Namco, marked in Fig. 2b) during July 2019-June 2020
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observations better than ERA5 over the TP. Overestimates 
of ERA5s’ SD are likely for shallow snowpack, but underes-
timates are found for deep snowpack particularly late in the 
snow season (Figs. 11 and 12). Improvements are displayed 
in ERA5-Land. A notable defect of ERA5s’ SD is related 
to delayed ablation of deep snowpack during March-May. 
It causes cold temperature biases on the surface that may 
impact on the land-atmosphere interaction.

studies highlighted systematic model-based precipitation 
biases that might be the primary factor for the large overes-
timation of ERA5 SD (Orsolini et al. 2019; Muñoz-Sabater 
et al. 2021). Comparisons of in-situ SD observations pro-
vided by GHCN-D and PSMOP-Namco, MODIS FSC, SD 
of Sentinel-1, ERA5-Land, ERA5 and MERRA-2 indicate 
that fine resolution reanalysis dataset has better consis-
tency to in-situ measurements. ERA5-Land matches in-situ 

Fig. 13 Ta (dark red line) and Ts (purple line) derived from ground measurements in PSMOP-Namco intensive experiment and corresponding 
Ta (pink line) and Ts (brown line) derived from ERA5 are shown during July 2019-June 2020. Differences of Ta (black dashed line) and Ts (blue 
dashed line) between ERA5 and in situ are displayed
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