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Due to the coarse spatial resolution of imagery and heterogeneity of snow physi-
cal parameters, the currently available snow depth data sets derived from passive
microwave sensors have shown significant accuracy variations in different parts
of the world. This study aims to analyse the reliability of existing remote sens-
ing snow depth products for the arid zone of China. Two long-term products
were compared and evaluated including the GlobSnow Snow Water Equivalent
product (‘the GlobSnow product’) and the Long-term Snow Depth Dataset of
China (‘the WestDC product’). Nine-year ground measurements from 35 sampling
sites with diverse topographical conditions were used as ground references for the
accuracy assessment. Statistical analysis methods such as intra-class correlation
coefficient and root mean square error (RMSE) were adopted for the consistency
test and accuracy assessment. Analysis of variance (ANOVA) was employed to
examine whether the data reliability varied by seasonal or locational factors. The
results show that the two products in general do not agree well in the study region.
However, the generalized data with different temporal resolutions tend to yield bet-
ter results in terms of data consistency and accuracy. Compared to the GlobSnow
product, the WestDC product has shown a better accuracy with the RMSE of
8.23, 7.43, and 6.56 cm for the original daily, and generalized weekly, and monthly
data, respectively. According to the ANOVA test, season and latitude show statis-
tically significant impacts on data reliability, while altitude and terrain complexity
do not. Data reliability declines with higher latitude and it rapidly falls down to
an unacceptable level in snow melting periods. This study provides a quantitative
assessment on the quality of the snow depth products and raises the awareness of
data consistency issues of these products for regional applications.

1. Introduction

Snow cover is increasingly recognized as a sensitive indicator of global climate change,
especially in mountainous areas with less direct influence of human activities (Nogués-
Bravo et al. 2007, Li et al. 2008). Among various parameters of snow cover, snow
depth is considered vital, particularly for estimating the snow accumulation by snow
volume. In the western arid zone of China, the snowmelt run-off is the major sup-
ply of water resources that is vital for lives in the harsh environment. The accurate
and reliable snow depth data are therefore highly desirable not only for estimating the
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snowmelt run-off but also for evaluating the impacts of changing snow cover on the
fragile ecosystem.

Passive microwave remote sensing technology has shown its capability of provid-
ing a large-extent and continuous observation of snow depth at all-weather conditions
(Chang et al. 1987). To build an empirical model for snowmelt run-off estimation, a
long-term time series data are needed. Given that the continuous global coverage dates
back to 1978 by passive microwave sensors such as Scanning Multichannel Microwave
Radiometer (SMMR) onboard the Nimbus-7, Special Sensor Microwave Imager
(SSM/I) onboard the Defense Meteorological Satellite Program (DMSP) series plat-
forms, and Advanced Microwave Scanning Radiometer for the Earth Observing
System (EOS) (AMSR-E) onboard EOS Aqua, some long-term global/regional snow
depth data sets have been produced and released based on the technology.

For the western arid zone of China, two long-term remote sensing snow products
are readily available, including the GlobSnow Snow Water Equivalent (SWE) product
(‘the GlobSnow product’) and the Long-term Snow Depth Dataset of China (‘the
WestDC product’). With a coarse spatial resolution (e.g. 25 km), these products aim to
support studies at the global or international scales. The applicability of the products,
however, has been questioned for local applications due to the uncertainties caused by
physical and validation limits. The physical parameters of snow cover such as density
and grain size might vary at different places. Errors caused by spatial heterogeneity of
snow are difficult to avoid. Research works also pointed out that diverse underlying
surface of snow cover, complex topography and wet snow would reduce the accuracy
of snow depth detection (Chang et al. 1991, Dong et al. 2005). For validation, the
limited availability of ground observation data make the calibration of the snow depth
estimation results very weak by using only few weather stations and short period of
time (Chang et al. 2005, Pulliainen 2006, Che et al. 2008, Luojus et al. 2010).

Because of the above uncertainties, this study aims to evaluate the reliability of the
two remote sensing products for the western arid zone of China. Accuracies of selected
available snow depth data sets are assessed based on multiple years of ground measure-
ments from all available weather stations. In order to verify seasonal and locational
effects on the data reliability, the impacts of wet snow and geographical location are
also investigated.

2. Methodology

This study is based on the analysis of point data. Pairs of snow depth estimates from
the two remote sensing products were sampled according to the locations of weather
stations. Accordingly, ground measurements for the sampling sites were collected as
ground reference data. Statistical methods such as intra-class correlation coefficient
(ICC) and root mean square error (RMSE) were adopted for evaluating data reliability
including consistency and accuracy. In order to present the differences of data relia-
bility in respect to time and space, the sample data were categorized and analysed by
season and geographical parameters such as latitude, altitude, and terrain complexity.

2.1 Study area

This study was conducted in Xinjiang Uygur Autonomous Region of China (figure 1).
Xinjiang, covering an area of 1.66 million km2, is regarded as one of the most impor-
tant snow cover regions in China. Situated in the hinterland of the Eurasian continent,
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Figure 1. Study area with the description of topography and the locations of sampling sites
with some examples of data.

this region has a typical continental climate with very low average annual precipita-
tion of 146 mm (Jiang and Dou 2001). The topography of this region is characterized
as three parallel mountain ranges with two basins lying between them. The Tianshan
Mountains extending from east to west and divides the whole region into two parts:
the North and South Xinjiang. As the high mountains blocks water vapour, the snow-
falls are mainly at the North Xinjiang and some parts of the Kunlun Mountains in the
south. Given that the region is located in an extremely dry arid zone, the alpine snow
cover is the most important water resource for lives.

2.2 Remote sensing data sets and data pre-processing

In this study we selected two remote sensing products for evaluation, namely, the
GlobSnow (version 1.3; Finnish Meteorological Institute (FMI), Helsinki, Finland)
and the WestDC products. The former was issued by the Finish Meteorological
Institute (FMI), as a part of the GlobSnow project supported by the European Space
Agency (ESA). Snow depth estimates were derived by using an algorithm based on a
semi-empirical snow emission model which combines brightness temperature differ-
ence between vertically polarized channels of 19 and 37 GHz and ground observation
data (Pulliainen 2006). The depth values were then converted to SWE values by assum-
ing a constant snow density of 0.24 g cm−3 regardless of location and season (Takala
et al. 2011). Compared to independent ground reference data over the Russia, the
accuracy of the product was reported with an RMSE of 43.2 mm for Eurasia and
about 30–40 mm for restricted analysis to SWE values below 150 mm (Luojus et al.
2010, Takala et al. 2011). The latter was issued by the Environmental and Ecological
Science Data Center for West China (WestDC). Snow depth estimates were derived
by using a modified Chang’s algorithm (Chang et al. 1987) to adapt into the environ-
ment in China (Che et al. 2008). Two channels with the same frequencies (i.e. 19 and
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1042 Q. Zhou and B. Sun

Table 1. The general properties of the snow depth products under the investigation.

GlobSnow product (version 1.3) WestDC product

Measurement Snow water equivalent (mm) Snow depth (cm)
Areal extent North hemisphere (above latitude 35◦ N)1 China (60◦ E–140◦ E, 15◦ N–55◦ N)
Period November 1979–December 2011 November 1978–December 2010
Temporal

intervals
Daily, weekly, and monthly (average and

maximum)
Daily

Projection Equal Area Scalable Earth Grid
(EASE-Grid) – north hemisphere

Latitude–longitude

Note: 1Due to some physical reasons, a mountain mask is utilized, which means not all
mountainous regions are included in the GlobSnow product.

37 GHz) but in a different polarization were employed for snow depth retrieval after
distinguishing snow cover from rainfall, cold desert, and frozen ground (Che et al.
2008). Based on the records from limited meteorological stations in 1983/1984 and
1993, the accuracy of the product was evaluated in general with a standard deviation
of 6 cm but the actual value varied according to the sensors (Che et al. 2008). Table 1
shows the general properties of the two products.

Given that some mountainous regions were excluded in the GlobSnow product, no
test data were chosen from the missing regions so as to keep the results of accuracy
assessment comparable. Test data sets were collected for 35 sampling sites (refer to
figure 1). The locations of the samples were defined based on two criteria: (1) there
was a ground observation station where the historical ground measurement could
be acquired; and (2) snow depth estimates from both of the remote sensing products
were available. To match the time series of the two products, the data acquired in the
period of 1979–2010 were utilized. Considering seasonal effect on data reliability,
the whole snow season covering the falling and melting periods should be taken into
account. In this study, therefore, the time series from November to April of the next
year were used.

For assessing time scale effects, the WestDC weekly and monthly data sets were
derived. A seven-day moving average was applied to the WestDC daily data to gen-
eralize weekly data, in the same way that the GlobSnow weekly data were produced.
The WestDC monthly data were calculated using the mean and maximum values of
the generalized weekly data within a month.

Because the GlobSnow product provides the measurement of SWE rather than
snow depth, to make the two data sets comparable, equation (1) was applied for
converting the SWE values back to snow depth estimates (SD, cm), with the fixed
snow density (0.24 g cm−3) as adopted in the derivation of SWE estimates (Takala
et al. 2011).

SD = (SWE) × 0.1 × ρwater

ρsnow
(1)

where SWE represents the SWE estimate in millimetres, and ρwater and ρsnow stand for
the densities of water and snow, respectively.

2.3 Reference data

Ground measurements at the 35 sampling sites were acquired for data validation.
For an individual assessment, none of them were involved in the creation of the two
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Reliability of remote sensing snow depth estimates 1043

selected products. To assess the two products in different eras, three-year data for each
decade were utilized, namely 1983–1986, 1992–1995, and 2002–2005. Daily ground
measurement data was generalized to weekly and monthly data so as to match the
temporal resolution of the test data sets.

A digital elevation model (DEM) with 90-metre spatial resolution (the Shuttle
Radar Topography Mission (SRTM) v4.1) was utilized for the analysis of topo-
graphical effects. A terrain complexity index (TCI), which measures the variation of
elevations within an area, was derived based on the DEM data. According to Wang
and Lü (2009), the optimal analytic unit of TCI for Xinjiang is 2.56 km2. In this study,
the standard deviation of altitude was used for measuring relief amplitude in an area
with the radius of 10 grid cells (approximately 2.54 km2). To match the spatial reso-
lution of remote sensing products (i.e. 25 km), the mean TCI in the coarse pixel was
calculated. Considering that the accuracy of the SRTM DEM data is about ±10 m
(refer to Farr et al. 2007), the sampling sites were classified into two terrain complexity
classes, i.e. TCI < 10 m or TCI ≥ 10 m.

2.4 Reliability analysis

The ICC was employed to assess the conformity of the two remote sensing prod-
ucts. For repeated measurements on the same sample group, it indicates how alike the
results given by different observers are (Shrout and Fleiss 1979, McGraw and Wong
1996). Different from Pearson correlation coefficient (r) which demands independent
variables, the application of ICCs does not need the assumption of independence
(Bland and Altman 1990). Given that the two products originated from the same data
source and pairs of samples can be treated as two measurements on the same group of
targets, the ICC is more suitable for this case.

The ICC is conceptualized as the ratio of between-group variance to the total vari-
ance. The calculation is defined by several forms (Shrout and Fleiss 1979, McGraw and
Wong 1996). In this study, the ICC(C, 1) model (McGraw and Wong 1996) defined by
equation (2) was employed, since the analytical results need to be applied to the whole
study region beyond the samples.

ρ̂ICC(C,1) = MR − ME

MR + (k − 1) ME
(2)

where, ρ̂ICC(C,1) represents the ICC value calculated under the ICC(C, 1) model;
MR represents the mean square for pairs of estimates; ME represents the residual mean
square; and k represents the number of observations. In this study, two observations
were made on a single case, so that k = 2.

The range of the ICC is (0, 1). A greater ICC represents better data consistency.
According to Landis and Koch (1977), ICC > 0.4 is acceptable; ICC = 0.6 is the
threshold for excellent consistency; and ICC > 0.8 shows a perfect consistency. In this
study, to minimize the bias caused by non-snow cover measurements, we excluded
the cases with paired remote sensing estimates being equal to zero from the ICC
computation.

The RMSE was calculated to assess the accuracies of remote sensing products by
using the following equation.

RMSE =
√∑n

i=1

(
D′

i − Di
)2

n
(3)
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1044 Q. Zhou and B. Sun

where Di and D′
i denote the ground measurement and remote sensing estimate,

respectively for the ith sample, and n is the number of samples (sample size).
Relative RMSE (RRMSE) was also calculated by dividing the RMSE by ground

measurement to show the relative errors for different categories for the analyses of
seasonal and spatial position effects.

The daily data sets were utilized for analysing the seasonal and locational effects.
The ICC and RMSE by month were calculated to indicate the seasonal effect on data
reliability. Accuracy assessment indices (i.e. RMSE and RRMSE) by site were cal-
culated and then grouped based on latitude, altitude, and terrain complexity classes
to show their differences in space. ANOVA was employed to test whether data accu-
racy statistically varied by location and geographical features. All statistical analyses
were performed by using Statistical Package for the Social Sciences (SPSS) software
(version 16; SPSS Inc., Chicago, IL, USA).

3. Results

3.1 Consistency of two products and overall accuracies

Table 2 shows the results of consistency test and accuracy assessment at different time
scales. The daily data show a moderate consistency (ICC = 0.438), while the general-
ized weekly and monthly data are clearly more consistent. Both monthly average and
maximum present an excellent consistency (ICC > 0.6). The data validation result also
shows that the generalized data yield a better accuracy with lower RMSE, except for
monthly maximum.

3.2 Seasonal effect on data reliability

Table 3 shows the variation of data consistency for different months. Since samples
with the value of zero are excluded in consistency test, sample size of each month

Table 2. Data consistency and accuracy assessments for the two remote sensing products under
different temporal resolutions.

Daily Weekly
Monthly
(average)

Monthly
(maximum)

Consistency test Sample size 94,342 128,371 5243 5305
ICC∗ 0.438 0.569 0.622 0.620

Data validation Sample size 28,960 37,697 1250 1250
RMSE (cm) (the

GlobSnow product)
9.54 8.02 7.23 10.27

RMSE (cm) (the WestDC
product)

8.23 7.43 6.56 8.56

Note: ∗p < 0.05, ICCs for single measures are adopted to match the form of ICC(C, 1).

Table 3. Data consistency of daily snow depth data sets by month (from 1979 to 2010).

NOV DEC JAN FEB MAR APR

Sample size 6953 17,925 23,902 21,897 17,969 5696
ICC∗ 0.165 0.249 0.353 0.407 0.425 0.037

Note: ∗p < 0.05, ICCs for single measures are adopted.
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Figure 2. Accuracy assessments by RMSE (a) and relative RMSE (b) for different months.

implies the number of snow accumulation days. Accordingly, March is regarded as the
last month of stable snow accumulation period while April is the start of snow melting
period. The impact of snow melting on the reliability of remote sensing snow depth
detection is obvious as the test data of March have shown a much better consistency
than that of April. By comparing the ground measurement data, figure 2 illustrates
absolute errors and relative errors as well for different months. From November to
April, the RMSE varies from more than 13 to around 2 cm (figure 2(a)). The RRMSE
also shows that the reliability of remote sensing estimates becomes very low in April
compared with the ground measurements (figure 2(b)).

3.3 Spatial position effects on data reliability

According to the ANOVA results, the altitude and terrain complexity are not sta-
tistically significant factors that affect data accuracy at a 95% confidence level
(p = 0.892 and 0.071 for the GlobSnow product and p = 0.076 and 0.623 for the
WestDC product, respectively). The latitude, however, is significant (p = 0.025 for the
GlobSnow product and p < 0.001 for the WestDC product, respectively). Figure 3
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Figure 3. The mean RMSE with standard error of the mean (a) and relative RMSE (b)
associated with monthly average of ground data for different latitude zones.
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1046 Q. Zhou and B. Sun

shows the mean RMSE and relative errors (RRMSE) for different latitude zones. The
results suggest that data in high latitude regions yield a higher RMSE and the differ-
ence is more obvious in the WestDC than the GlobSnow product (figure 3(a)). Taking
the ground reference data into account, the relative errors are similar for both the two
data sets except for the region of 42◦ N below (figure 3(b)).

4. Discussion

Although originated from the same data source, remote sensing snow depth products
do not correlate well. Furthermore, their accuracies are not high for the study area,
which can be justified by the RMSE results. Some reasons for the low accuracy in
our test might be (1) that the snow depth retrieval algorithms designed for global
or country-level scales need to be further calibrated for the study area; (2) that the
snow depth detected in the snow melting period gives low data reliability; and (3) that
the spatial heterogeneity due to the coarse spatial resolution increases the uncertainty
of the snow depth estimates. Comparatively, the WestDC product provides a better
accuracy of snow depth estimate than the GlobSnow product, regardless of analytic
temporal scales.

The seasonal effect is proven significant for data reliability. Since the snow depth
retrieval algorithms normally assume dry snow, the quality of snow depth products is
deteriorated during the snow melting period. For instance, our tests show that the ICC
rapidly falls down to the unacceptable level in April, and the relative RMSE in April is
also much lower than that in other months. Taking the WestDC product as an exam-
ple, a scatter plot (figure 4) is presented to show the correlation between remote sensing
estimates and ground measurements. Figures 4(a) and (b) show the correlations in
January (representing the snow accumulation period) and in April (representing the
snow melting period), respectively. Comparing these two figures, it is suggested that
the agreements between remote sensing estimates and ground measurements varied
greatly with the season, as the January data have shown a much closer agreement than
that of April.

According to statistical analysis, the accuracy of remote sensing snow depth esti-
mate is also highly related to latitude zone. The absolute errors increase from low to
high latitude regions. However, the relative errors remain unchanged except for the
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Figure 4. The scatter plots of the WestDC estimates against ground measurements: (a) in
January, and (b) in April.
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Reliability of remote sensing snow depth estimates 1047

region of 42◦ N below. This implies that the absolute error increases as the thickness
of snowpack increases within a certain range. Given that average snow depth in the
region of 42◦ N below is lower than 1 cm, the large relative error confirms that pas-
sive microware is less reliable in detecting the depth of thin snow (Tait and Armstrong
1996, Armstrong and Brodzik 2002).

It is noted that the errors of the GlobSnow product reported in the study are less
than in the letter of Takala et al. (2011). For one reason, the accuracy varies at different
regions. Besides, Chang et al. (2005) indicated that more sites used in an accuracy
assessment would yield a better result. It should be pointed out that possible ‘value
jumps’ in the GlobSnow products (Hancock et al. 2013) may also cause uncertainties.

5. Conclusion

It is important to understand the reliability and applicability of remote sensing snow
depth data sets for snow cover change studies. In this study, two readily available long-
term products were compared and evaluated for the western arid zone of China. The
results indicate that these two products do not correlate well for the study area, and
their accuracies compared to the corresponding ground measurements are rather low.
Comparatively, the WestDC product shows a better accuracy than the GlobSnow
product. Seasonal factor and latitude have statistically significant effects on data
reliability.

The results from this study suggest (1) that during the snow melting period remote
sensing snow depth estimates become less trustworthy; and (2) that the data quality is
appeared better at lower latitude than at higher latitude regions, excluding the mea-
surements of thin snow. From the viewpoint of multi-temporal analysis, this study also
suggests that generalized data at a coarser time scale can improve the data consistency
and accuracy. It is therefore concluded that a more generalized temporal scale should
be employed for a long-term time series analysis based on these existing remote sens-
ing snow depth data sets. Further studies will aim to improve the data reliability by
calibrating the remote sensing snow depth estimates with other reference data, such
as higher resolution optical snow cover imagery and terrain parameters derived from
DEMs.
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