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Abstract. Snow is one of the most important components of the cryosphere. Remote sensing of
snow focuses on the retrieval of snow parameters and monitoring of variations in snow using
satellite data. These parameters are key inputs for hydrological and atmospheric models. Over
the past 30 years, the field of snow remote sensing has grown dramatically in China. The 30-year
achievements of research in different aspects of snow remote sensing in China, especially in
(1) methods of retrieving snow cover, snow depth/snow water equivalent, and grain size and
(2) applications to snowmelt runoff modeling, snow response on climate change, and remote
sensing monitoring of snow-caused disasters are reviewed/summarized. The importance of
the first remote sensing experiment on snow parameters at the upper reaches of the Heihe
River Basin, in 2008, is also highlighted. A series of experiments, referred to as the
Cooperative Observation Series for Snow (COSS), focus on some key topics on remote sensing
of snow. COSS has been implemented for 3 years and will continue in different snow pattern
regions of China. The snow assimilation system has been established in some regions using
advanced ensemble Kalman filters. Finally, an outlook for the future of remote sensing of
snow in China is given. © The Authors. Published by SPIE under a Creative Commons Attribution
3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOI. [DOI: 10.1117/1.JRS.8.084687]
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1 Introduction

Snow is an important, though highly variable, earth surface cover.1 In terms of spatial extent,
snow cover is the second largest component of the cryosphere after seasonally frozen ground
(∼65 million km2), with a mean maximum areal extent of 47 million km2. Approximately 98%
of snow cover is located in the Northern Hemisphere, where temporal variability is dominated by
the seasonal cycle.2 Because of its high albedo, snow is a significant factor in determining the
radiation balance, which has implications for global climate studies.3 Mid-latitude alpine snow
cover and its subsequent melt can dominate the local and/or regional climate and hydrological
process; thus, there has been an increased focus on snow cover in the world’s mountainous
regions. Moreover, the extent and dynamics of snow and ice cover affect many hydrological,
physical, chemical, and biological processes.4 Accurate monitoring of snow cover extent, snow
water equivalent (SWE), and other properties of snow is pivotal in research areas in the fields of
hydrology, climate change, and human-environment interaction. Satellites are well suited to the
measurement of snow parameters, as they provide multiplatform, multispectrum, and multiscale
observations. Snow is a unique ecosystem with its own annual and interannual variations.
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It contributes to resources and activities, such as water supply, hydropower navigation, aqua-
products, recreation, flood mitigation, water storage, soil conservation, pollutant purification,
biodiversity, tourism, and entertainment.

In China, snow is an important fresh water resource; annual snowfall recharge is more than
six times the amount of glacial meltwater and is approximately equal to 43% of the annual
dynamic reserves of groundwater, as well as 1.6 times the storage of freshwater lakes.5 In
the mid-latitude arid and semiarid mountain regions of China, more than 75% of river water
is from snowmelt runoff.6 Snow cover over the Tibetan Plateau is a vital water source in western
China; the headwaters of many large rivers (e.g., Yangtze River, Yellow River) originate there.
Additionally, industry and agriculture are influenced and restricted by snow cover. Grasslands
and pastoral areas have suffered from heavy snow disasters. A strong correlation has been
discovered between snow over the Tibetan Plateau and floods in the south and east of China.
For instance, flooding of the Yangtze River in 1998 was linked to heavy snow cover over
the Tibetan Plateau.7 In recent years, there has been a high frequency of snow disasters in
the southern parts of China, indicating the importance of monitoring snow distribution and
variations using satellite remote sensing data.

2 Development of Snow Remote Sensing in China

Since the establishment of snow and glacier expeditions in 1958, supported by the Chinese
Academy of Sciences (CAS), great progress has been made in cryosphere research for China.
In 1978, under the advocacy of academician Yafeng Shi, the Lanzhou Institute of Glaciology and
Cryopedology in the CAS organized a glacier remote sensing group. In 1983, it was reorganized
as the Laboratory of Remote Sensing Applications in Cold Regions and is currently China’s
leader in snow remote sensing research. The forecasting of snowmelt runoff is the primary
research focus of snow remote sensing in China due to the associated economic impacts.
For example, researchers at the Lanzhou Institute of Glaciology and Cryopedology used
data from a National Oceanic and Atmospheric Administration (NOAA)-5 high resolution radi-
ometer to study the snow cover and snowmelt runoff in the northeast and north of China.8 Further
studies occurred in the Heihe River Basin in the Qilian Mountains and in the upper stream of the
Longyang Gorge in the Yellow River Basin, leading to a positive economic outcome.9–12 Recent
research has focused on the relationship between climate change and mountainous snow cover
and snowmelt runoff.13 In the late 1990s, under cooperation between the Chinese Meteorological
Administration and the Department of Transportation, several statistical models were developed
based on data from remote sensing studies of snow disasters in the pastoral areas of China.14

Recently, basic remote sensing research, especially the electromagnetic properties of glaciers and
snow, has improved due to the use of spectral measurements and the selection of optimal satellite
spectral wavebands from the Earth Resources Technology Satellite of China.15 Researchers at
Fudan University investigated microwave scattering and thermal radiation of sea ice and snow
cover using vector radiative transfer theory,16 which provides a solid basis for understanding
passive microwave remote sensing of the cryosphere.

Since the beginning of the CAS Knowledge Innovation Project in 1999, the field of snow
remote sensing has rapidly developed. Quantitative remote sensing, cold region hydrological
remote sensing, and ground synchronous experimental observations are new research areas
within China. In 2008, we carried out a remote sensing and ground synchronous observation
experiment in the Heihe River Basin. Results obtained from snow parameter measurements
enhance the understanding of snow hydrological processes; this has a profound impact on
snow remote sensing in China.17 In 2010, a Cooperative Observation Series for Snow
(COSS) was designed and implemented in order to study specific research questions. To
date, COSS has conducted a series of experiments in different snow pattern regions in
China. In recent years, snow cover and its distribution, obtained using satellite data, have
been studied extensively. This includes algorithm improvement and validation and product
development supported by projects such as the basic research projects by MOST (Ministry
of Science and Technology of the People’s Republic of China). These projects analyzed
snow parameters at different scales in order to understand the impacts of climatic change
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and global warming. Aiming to summarize and integrate research results of snow remote sensing
in China, the first conference of snow remote sensing convened in Lanzhou City on August 1 to
2, 2013. Five topics were discussed: snow measurement and observation, radiation transmission
theory and models on snow, optical remote sensing on snow, microwave remote sensing on snow,
and applications of snow remote sensing. A total of 68 scientists from 20 institutes and univer-
sities exchanged the latest research results and conclusions at this conference. This meeting,
named “the snowman exchange,” will be held every 2 years in China.

3 Retrieving Snow Parameters from Remote Sensing Imagery

3.1 Snow Cover Area

Initially, snow was successfully mapped by visual interpretation using ESSA-3 satellite data.18

These maps have been continually improved with the addition of new satellite data, such as the
Landsat Multispectral Scanning Subsystem, the Landsat Thematic Mapper (TM), the NOAA
Advanced Very High Resolution Radiometer (AVHRR), and the Moderate-Resolution Imaging
Spectrometer (MODIS).19–22 Some operational regional or global snow cover binary products
have also been issued and can be readily acquired.23,24 In China, there have been many studies of
snow cover mapping since the 1980s. Based on field measurements of snow and ice reflectance
values, Zeng et al.25 and Cao et al.26 searched the optimal bands for snow cover retrieval. Ma
et al.27 utilized supervised classification (SC) of NOAA-AVHRR data to map the snow cover
area in Northern Xinjiang, China. Because these methods are not automated, they can only be
used for snow mapping in local regions. Using TM, AVHRR, and MODIS images, Wang28,29

assessed the accuracy of three methods: training sites’ SC, digital numbers’ statistics, and the
Normalized Difference Snow Index (NDSI)—they found the NDSI method to be more accurate.
With the development of sensor techniques, various snow cover data have been improved. Xiao
et al.30,31 developed a snow cover product using SPOT-VEGETATION data. Yan32 developed
a complex index method to map snow cover and mask cloud cover using NOAA-16 data. In
addition, Li et al.33 produced a daily snow product by combining one day’s worth of multitem-
poral images at a spatial resolution of ∼5 km, based on FY-2 satellite data. In general, although
there are many snow cover products developed using different methods and remote sensors,
MODIS snow cover products, which are produced by the NDSI method and derived from
the NASA National Snow and Ice Data Center (NSIDC), are more accurate and are widely
used in China.34

The NDSI threshold, used for retrieving MODIS snow cover products, obtained from
MODIS global snow cover products, was initially developed and validated in the United
States, Canada, and Russia. Hao andWang35 showed that the MODIS snow cover product under-
estimated snow cover in the Qilian Mountains and that the regional NDSI threshold is much less
than 0.4. In addition, a common challenge is how to exclude the cloud pixels in snow cover
products. To address this, a series of blending algorithms which provide daily no-cloud
snow cover from MODIS data have been developed and include the following: daily Terra-
Aqua/MODIS image combination,36–40 temporal deduction,41 the snow-line method (SnowL),42

and multisensor combinations.43 Hao et al.44 developed a blending algorithm which can provide
daily no-cloud snow cover from MODIS data by adjusting the NDSI threshold value and com-
bining MODIS and AMSR-E data. This method was used to produce 3-years’ (2008 to 2010)
worth of daily no-cloud snow cover products of the Qinghai–Tibet Plateau. Figure 1 shows the
workflow of the improved MODIS cloud removal algorithm applied to the Qinghai–Tibet
Plateau on January 25, 2008. In the study, there are three steps needed to produce the snow
cover products. The output from each step is the input for the next step. Moreover, by combining
the previous cloud removal algorithms, Huang et al.45 generated a new daily cloud-free snow
cover product using MODIS daily snow cover products (MOD10A1, MYD10A1), an AMSR-E
daily SWE product, and a digital elevation model. This method is expected to play an important
role in improving the accuracy of snow cover monitoring. Considering the inherent deficiency of
MODIS data—that patchy snow or snow depth of below 3 cm is often missed—the improved
snow products show agreement up to 91.7% with an overall accuracy of 91.9%. Figure 2 shows
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the MODIS daily cloud-free snow product composite of the Qinghai–Tibet Plateau, China, on
February 18, 2011.

3.2 Fraction of Snow Cover

Traditional snow cover mapping methods treat all pixels as uniform. Although the NDSI-based
method has improved estimation accuracy as compared with other methods, it is still limited by
the mixed pixel problem and is thus unable to meet the precision requirement for snow character-
istics at local or basin scales. Thus, a more accurate snow cover fraction (SCF) map is desired
over a traditional binary snow map.

At present, three types of approaches have been developed for deriving the SCF: statistical
regression, spectral unmixing, and machine learning.

Statistical regression is the most widely used type; it establishes a unified regression model
based on the relationship between the SCF and reflectance/NDSI.46–52 MODIS SCF products
from the NSIDC, such as MOD10A1 for Terra and MYD10A1 for Aqua, were produced
using statistical regression. In China, Jin et al. modified the parameters of the subpixel SCF
model proposed by Salomonson.51 They retrieved the subpixel SCF from MODIS data using
CBERS-2 CCD data as ground truth in Northeast China.53 Zhang et al.54 also established a linear
relationship model between SCF and NDSI using HJ-1B data as ground truth. The precision of
the linear regression using a single value of the NDSI is low, where the SCF is near 1 or 0. To
solve this problem, the relationship between the SCF and multiple factors can be defined; Cao
and Liu55 developed a linear relationship model between SCF, NDSI, and NDVI to improve
snow detection in forests. Moreover, several different segmentation methods were also proposed
to determine SCF, which were validated by using ETM+ or HJ-1B CCD/IRS images. Findings
show that the product generated using the segmentation method is improved, as compared with
the MOD10A1/SCF product.56–58 Additionally, Liu et al.59 proposed a nonlinear regression
model to retrieve the SCF based on the NDSI. Tang et al.60 considered different land cover
types and developed a subpixel snow mapping algorithm for the Qinghai–Tibet Plateau
using MODIS data and linear regression. The statistical regression model is simple and easy
to operate. However, this method is limited and difficult to apply due to large differences in
the model parameters, which are caused by factors such as different land cover types and regions
and the physical state of the snow.

Fig. 1 The workflow of the improved MODIS cloud removal algorithm in the Qinghai–Tibet Plateau
on January 25, 2008. First, the image fusion of MODIS Terra and Aqua snow cover products which
have been improved by adjusting of NDSI. The second step deduces the cloud-covered pixel
based on the one day forward and one day backward information of same pixels. Finally, blending
MODIS snow cover and improved AMSR-E Snow depth data would eliminate completely remove
cloud pixels (Reproduced from Ref. 44).
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Spectral unmixing is another widely used method, which creates a hybrid, simulated spec-
trum and estimates the mixed reflectance for each pixel in each frequency band. The reflectance
of each mixed pixel is then calculated as a function of the spectral endmember.61–67 Linear spec-
tral mixture analysis is the most commonly used spectral unmixing method, which regards the
observed reflectance as a linear combination of reflectance from certain surface constituents.
Liang et al.68 used a linear mixture spectrum disassembling method to study the snow coverage
rate and spatial classification for four NOAA satellite images under sunny conditions during two
snow disasters in China from 1996 to 1997. Pei et al.69 used a linear spectrum mixing model to
extract the SCF in the northern Xinjiang Region from MODIS imagery. Chen et al.70 extracted
snow area at a subpixel scale using a linear spectral mixture model from MOD02HKM imagery.
Zhu et al.71 retrieved the subpixel snow-covered area for the Qinghai–Tibet Plateau fromMODIS
data by employing a linear spectral mixture method based on multiple-endmember spectral
analysis. Zhang72 tested one linear mixture model (LMM) and three different nonlinear subpixel

Fig. 2 MODIS daily cloud free snow product composite process in the Qinghai–Tibet Plateau,
China, on February 18, 2011. (a) is the MODIS snow cover product from Terra, (b) is the
MODIS snow cover product from Aqua, (c) is the composite of Terra and Aqua snow cover prod-
uct, (d) is the adjacent temporal composite, (e) is the interpolation using SnowL methods, (f) is the
composite of results of (e) and AMSR-E snow water equivalent products. Each step was consid-
ered as the input of next step. (Reproduced from Ref. 45).
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analysis methods: fuzzy c-means clustering, back-propagation neural networks, and support vec-
tor machine (SVM). They concluded that the LMM and the SVM provided the best estimates of
snow cover components. Notably, Hao et al.73 validated the accuracy of four different subpixel
analysis methods: linear regression, full-constrained linear mixed-pixel decomposition, sparse
regression unmixing, and non-negative matrix unmixing, based on the known proportion of
snow in Northern Xinjiang, China. A comparison of the above methods shows that the linear
regression method has the lowest accuracy, especially when the snow proportion is less than
50%; the accuracy of the sparse regression algorithm and non-negative matrix factorization
were slightly higher than the full-constrained linear mixed-pixel decomposition (Fig. 3). Better
results could be obtained using other unmixing inversion algorithms; however, the computation
will be very time consuming due to the large amount of remote sensing data. In general, the
advantage of linear spectrum unmixing is that it can be easily modeled due to having a clear physi-
cal and scientific basis. The previous studies also confirm that the method gives a comparatively
accurate estimation of snow. The main drawback of linear spectrum unmixing is the assumption
that the same object in a pixel has the same spectral characteristics. However, the same object may
yield different spectra; different objects can have the same spectrum. Thus, the selection of rea-
sonable endmembers and reference spectral values can be problematic and may result in large
errors. The nonlinear spectral unmixing model is generally more complex. Many of the model
parameters are difficult to accurately determine, making it difficult to use in practice. In addition,
the computational efficiency of the method is usually problematic for large data volumes.

Based on intelligent computing, a machine learning approach can be used to estimate the
SCF as an alternative to regression and spectral unmixing. Dobreva and Klein74,75 first inves-
tigated the applicability of three-layered feed-forward error back propagation artificial neural
networks (ANN) to estimate MODIS SCF of flat areas in the Northern Hemisphere.
Inspired by this, Hou and Huang76 developed a three-layer feed-forward ANN for mountainous
fractional snow cover (FSC) mapping using MODIS products [reflectance at seven bands, NDSI,
land surface temperature (LST), and SCF], ETM+, and auxiliary topographic (elevation, slope,
and aspect) data. They designed eight experimental schemes according to the different

Fig. 3 The comparison of results of fractional snow cover between in situ measurements and the
results from four spectral unmixed models from the Fukang and Fuyun study areas (Reproduced
from Ref. 73).
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combinations of input components. Images from three time periods were chosen to train and
validate the ANN; the proposed method was tested on three different test sets (nonindependent,
temporal independent, and spatial-temporal independent) at the upper reaches of the Heihe River
Basin. The SCF maps, derived from Landsat ETM+ reference values, MODIS SCF (MOD10),
eight ANN schemes on nonindependent Test1 and spatial-temporal independent Test4, are
shown in Fig. 4. The figure illustrates that the ANN can easily incorporate auxiliary information
to improve the accuracy of mountainous FSC mapping with considerable generalization.
However, a machine learning-based approach requires adequate representation of the training
samples, which can be difficult to achieve. Additionally, due to the massive number of pixels in
remote sensing images, the training set is very large, which often leads to unstable performance.

3.3 Snow Grain Size

Snow grain size is an important parameter that can indicate snow albedo change. It is also an
important input factor of many snow and climate models. Satellite remote sensing of snow is
critical for monitoring snow age, pollution levels, and grain sizes over difficult-to-access moun-
tainous regions. Fundamental to all remote sensing algorithms is the relationship between
the measured reflectance and the to-be-retrieved microphysics characteristics.

Over the past 20 years, many researchers have made use of remote sensing satellite images,
such as TM and AVHRR, to retrieve snow grain size.77–79 Nolin and Dozier80 described a method
for remotely sensing grain size from airborne visible / infrared imaging spectrometer (AVIRIS)
data using the snow reflectance at 1.03 μm generated by the discrete ordinates radiative transfer
(DISORT) program for a multilayered plane-parallel medium model and the wavelength of
prominent ice absorption features. This method was sensitive to sensor noise and required
knowledge of the solar and viewing geometries. Subsequently, a more robust algorithm81

that integrated the absorption bands near the 1.03-μm wavelength (0.96 to 1.08 μm) minimized
many effects of noise on grain size retrievals. Painter et al.82,83 used a linear spectral unmixing

Fig. 4 Snow cover fraction (SCF) maps from (a) ground-truth derived from Landsat ETM+,
(b) MOD10, and (c)–(j) results derived from different artificial neural network schemes on non-
independent Test1 (Reproduced from Ref. 76).
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method to map relative grain size at subpixel resolution from AVIRIS data. Then, they developed
MODSCAG (MODIS snow-covered area and grain size), which maps snow and its grain size
simultaneously using spectral mixture analysis coupled with a radiative transfer model.

In China, there are also studies on retrieving snow grain size from remote sensing data. Hao
et al.84 retrieved snow grain size using three methods applied to HYPERION data over Qilian
Mountain, China. The results of the three methods were compared with the in situ data of snow
grain size, which were measured synchronously as the HYPERION sensor passed over the
snowpack field.85 Jiang et al.86 also validated these methods using spectrum reflection data of
snow in different grain sizes measured over the Binggou Basin. However, their methods gen-
erally used either the WW (Wiscombe–Warren) or DISORT model. They assume snow particles
to be an equivalent sphere; Mie scattering (MIE) scattering theory is then used to model the
optical characters of a single spherical snow particle. Nevertheless, as suggested by numerous
experimental studies of microphysics snow properties, the snow pack should be considered as
a multiple scattering, closely packed medium consisting of snow particles with irregular
shapes.87–90 Kokhanovsky et al.91,92 developed an asymptotic radiative transfer (ART) model to
model the snow spectra for different snow shapes and grain sizes. It simplified the traditional
radiative transfer model, but without the loss of model accuracy. Hao et al.93 developed an
improved snow retrieval method using the ART model and the in situ spectral reflectance of differ-
ent snow grain sizes. Finally, the method was validated using in situ snow grain size, which was
used to calculate the equivalent snow grain size by the improved digital snow particle properties
method. Figure 5 shows the validation results of the improved snow grain retrieval algorithm.

3.4 Microwave Remote Sensing of Snow

Seasonal snow cover plays an important role in hydrological cycles and climate processes.94,95

The observations of sparse weather stations cannot meet the demand; thus, it is important to
develop a retrieval method of snow depth or SWE from remote sensing data. Passive microwave
remote sensing is the most efficient way to retrieve snow depth and SWE.

Snow depth retrieval can be influenced by the condition of snowpacks, such as snow crys-
tal,96–98 snow density,99,100 and vegetation.101 Inaccurate snow properties will lead to large errors
in the retrieved snow depths. The global passive microwave snow depth retrieval algorithms did
not consider these characteristics and overestimated snow depth in western China.101,102

Snow depth retrieval from passive microwave dates back to 1993 in China. Cao and Li103

used scanning multichannel microwave radiometer (SMMR) data to develop a snow depth
retrieval algorithm for high mountains, plateaus, low mountains, hills, and basins in western
China. In order to meet the demands of climate and hydrological researchers, Che et al.104

Fig. 5 Scatterplot showing the correlation between measured snow grain size and grain size
derived from the asymptotic radiative transfer method (Reproduced from Ref. 93).
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developed a snow depth time series. Che et al. modified the Chang algorithm105 and developed a
relationship between the observed snow depth and passive microwave brightness temperature
from SMMR and SSM/I, respectively. In this algorithm, the influence of forest on snow depth
retrieval was removed by integrating the forest fraction into the algorithm. Because precipitation,
cold deserts, and frozen ground have similar volume scattering with snowpack, they are initially
discerned from snowpack using a decision tree.106 This long-term daily snow depth data product
was obtained via the WESTDC (the Environmental and Ecological Science Data Center for West
China, http://westdc.westgis.ac.cn/). The data were used to analyze the interannual variations of
snow depth in China and three stable snow cover regions [Northwest, Northeast, and Qinghai-
Xizang (Tibet) Plateau] from 1978 to 2007;104 updated results (2012) are shown in Fig. 6.

Since 2010, the microwave radiation instrument, carried on the FY-3B satellite, has provided
brightness temperature data at the same frequencies as AMSR-E. Based on these data, a stat-
istical relationship between snow depth and brightness temperature was developed for bare soil,
grassland, and forest.107 This relationship is used in the operational algorithm for developing
snow depth and snow-water equivalent products at the Chinese Meteorological Administration.

Because snow properties vary in both space and time, static algorithms tend to underestimate
snow depth in the early snow season and overestimate in the late snow season. Therefore,
a dynamic algorithm is needed to accurately monitor snow depth variation in a snow season
and requires seasonal information of snow properties. In China, Che et al.104 calculated the
effects on snow grain size and density due to seasonal variations and used an empirical offset
to modify their respective influences. The snow depth data product (at the WESTDC) was further

Fig. 6 Interannual variation of snow depth in China and three stable snows cover regions
(Reproduced from Ref. 104).
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updated using this dynamic algorithm. It has been downloaded more than 550 times (one file
contains one year of snow depth data) by 337 registered users and has been used in many fields
of research, such as spatiotemporal distribution of snow cover, climate change, ecologic change,
cold region water cycle, and hydrological modeling.108–110

Detailed snow information was considered in the algorithm developed by Dai et al.102 The
authors investigated various properties of snow during different periods of a snow season and
analyzed the seasonal snow depth and density variation based on 10 years of station data; finally,
they obtained a priori snow characteristics (stratigraphy, snow grain size, density, and snow
temperature) for Northwest China. The microwave emission model of layered snowpacks
(MEMLS) model was used to simulate the snow brightness temperature based on the a priori
snow characteristics; reference tables were then established showing the relationship between
brightness temperature and snow depth. By considering detailed snow characteristics, the
retrieval results were more accurate than other equivalent snow depth and snow water products.

When the dynamic algorithm developed in Northwest China was applied to Northeast China,
the snow depth was underestimated due to the presence of large forested areas. The attenuation
due to the presence of forest, and the associated upwelling radiation, can decrease the scattering
signal from snow cover, causing an underestimation of snow depth in forested areas.111–113 In
order to eliminate the influence of forest on snow depth retrieval and improve retrieval accuracy
in Northeast China, an optimal iterative method was used. Forest transmissivities at 18 and
36 GHz based on the microwave radiative transfer models of forest and snow were calculated,
as well as snow properties measured from field experiments.114 The results indicated that the
transmissivities in forested areas in Northeast China are 0.656 and 0.895 at 18 and 36 GHz,
respectively. The reference tables linking brightness temperature and snow depth in forested
areas were built, which allowed for the estimation of the snow depths.

Topography is another factor that influences snow depth retrieval using passive microwave
data. Jiang combined the Dense Media Radiative Transfer Theory and Advanced Integral
Equation Model (AIEM) to simulate brightness temperatures of snowpacks.115 Interface rough-
ness was considered in the AIEM, which was then used to simulate the reflectivity on the soil/
snow interface.

Since the electromagnetic wave absorption properties of water, the volume scattering of the
snowpack is removed, and wet snow cannot be monitored by passive microwave. The strong
absorption properties of wet snow are utilized by the synthetic aperture radar (SAR) to efficiently
discern wet snow from other types of snow.116 In the mid-1990s, Li et al.117 examined the
capability of snow-cover mapping with multifrequency and multipolarized SAR images from
SIR-C.117 Sun et al.118 used multitemporal ENVSAT-ASAR images to characterize the seasonal
variations of snow-covered landscapes in the upper reaches of the Heihe River Basin and
retrieved the wet snow cover with a −2 dB threshold. Wen et al.119 developed a snow depth
retrieval algorithm based on ENVISAT-ASAR data by considering the microwave radiative
transfer and the interaction between microwave radiation and the snow/soil interface.
Moreover, the launch of interferometric SAR allowed for the mapping of snow cover using
repeat pass SAR images.120 However, most of the current methods can only retrieve wet
snow cover area; a method to map total snow cover area has yet to be developed.

3.5 Snow Data Assimilation

Snow data assimilation provides a method to integrate all available observations related to snow
variables into a land surface model to improve the estimation of variables, such as snow cover
area, snow depth, and snow water equivalence. Because microwave remote sensing data can
derive snow depth/SWE and optical remote sensing data can accurately obtain snow cover area,
snow data assimilation usually focuses on how to assimilate microwave data on the basis of a
radiative transfer model of snow and how to assimilate satellite-based snow cover area on the
basis of an empirical relationship between snow cover area and snow depth. In China, the study
of snow data assimilation is very limited and mainly conducted at CAREERI, CAS. With respect
to snow radiance assimilation, the MEMLS has been integrated into the Chinese Land Data
Assimilation System (CLDAS).121 The CLDAS is capable of assimilating passive microwave
brightness temperatures (i.e., AMSR-E and SSM/I) to improve snow depth and SWE estimates
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on the basis of ensemble Kalman filtering (EnKF). Huang et al.122 analyzed the impacts of snow
grain size and stratigraphy on snow radiance assimilation. They then developed an ensemble-
based snow radiance assimilation method using an ensemble batch smoother to simultaneously
characterize the SWE and soil freeze-thaw state by assimilating multifrequency active/passive
microwave data.123 Che et al.124 developed a snow data assimilation scheme that directly assim-
ilates passive microwave brightness temperature data into a snow process model. Results show
that the data assimilation system can improve the estimation of snow depth in the accumulation
period, but not in the ablation period. To better assimilate satellite-based snow cover products,
Huang125 developed and validated a technique to assimilate daily MODIS SCF products with an
ensemble Kalman filter. Applied in the Xinjiang Province, the assimilation of MODIS SCF with
an ensemble Kalman filter gave reasonable SCF values and improved snow depth estimation.
Li et al.126 assimilated MODIS snow cover area data and microwave snow depth data into
a physically based snow model, using ensemble Kalman filtering to simulate snow distribution
in regions where snow is patchy and shallow. Results show this method is applicable to other
ungauged regions.

4 Experiments on Remote Sensing of Snow

A series of large observational experiments for land surface processes have played an important
role in understanding earth systems from an experimental perspective, particularly in cold and
arid regions. For example, under the framework of the climate and cryosphere project from 2002
to 2005, the cold land processes experiment was carried out to study the terrestrial cryosphere.127

In China, scientists have realized the importance of these recent experiments in the development
and innovation of remote sensing technology, development of algorithms, and validation of
products. In China, experiments focusing on snow have been carried out with increasing fre-
quency since 2007.

4.1 Hydrological Remote Sensing in Cold Regions: a Ground-Based
Synchronous Observation Experiment in the Upper Reaches
of the Heihe River

This experiment was one of three components of the Watershed Allied Telemetry Experimental
Research (WATER) project. WATER was a multiscale land surface/hydrological experiment
conducted in a cold and arid region in China. It was a simultaneous airborne, satellite-
borne, and ground-based remote sensing experiment aiming to improve the observation ability,
understanding, and predictability of hydrological and related ecological processes at a catchment
scale.128 In cold regions, hydrological remote sensing and a ground-based synchronous obser-
vation experiment in the upper reaches of the Heihe River were implemented from July 2007 to
December 2009. The aim of the experiment was to understand hydrological processes and
enhance the level of quantitative remote sensing in cold regions. Based on airborne remote
sensing and ground-based tests, satellite-based remote sensing methods were developed
and improved to extract hydrological process parameters for cold regions. The experiment
was carried out in three areas (Binggou watershed, Arou grassland, and Biandukou) where
land cover ages differed. Quantifying snow cover and frozen soil variables and parameters
was the primary goal of the experiment (Table 1). Synchronous experiments occurred in
four areas of different scales: watershed, sub-basin, hydrological unit, and pixel. In these
areas, dense ground synchronous observation was jointly carried out with observations of
fluxes and meteorological and hydrological elements. Aviation sensors containing a micro-
wave radiometer, a hyperspectral imagery camera, a thermal infrared imagery camera, and
a multispectral CCD camera collected a wealth of visible/near infrared, thermal infrared, active
and passive microwave satellite data over the experimental areas (Tables 2 and 3). Through the
experiments, an air-satellite-ground-based integrated dataset was built for the upper reaches of
the river, which can be used to improve and validate land surface/hydrological process models
in cold regions.
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Table 1 The ground observation items in the simultaneous observation experiment.

Observations Method Objectives

Snow depth Snow scale Validation of remote sensing and
radiative transfer models, input for
hydrological models;

Snow temperature Thermometer Validation of remote sensing and
input for hydrological models;

Hand-hold infrared thermometer

Snow grain size Hand-hold microscope Idem

Snow liquid water content Idem

Snow density Snow gauge Idem

Snow surface roughness Roughness measuring plate Validation of remote sensing

Snow brightness
temperature

Ground-based microwave
radiometer

Validation of airborne remote sensing
and radiative transfer models;

Snow reflectivity Spectrometer Validation of airborne remote sensing;

Soil temperature Thermometer Validation of remote sensing and
input for hydrological models;

Hand-hold infrared thermometer

Soil moisture Oven-drying method Idem

Soil moisture rapid determination
method

Depth of freezing Freezing pipe and GPR Input for hydrological models;

Brightness temperature in
soil freezing and thawing
conditions

Ground-based microwave
radiometer

Validation of airborne remote sensing
and radiative transfer models;

Land surface roughness Roughness measuring plate Validation of remote sensing

Table 2 The information of airborne remote sensing in the simultaneous observation experiment.

Date Instrument Area Objects

March 19, 2008 L and K band microwave radiometer A’rou Biandukou Soil freezing and thawing,
soil moisture

March 21, 2008 L and K band microwave radiometer Biandukou Soil freezing and thawing
soil moisture

March 22, 2008 Hyperspectral imager and CCD
camaras

Binggou Watershed Snow cover, snow albedo

March 24, 2008 Hyperspectral imager and CCD
camaras

Binggou Watershed Snow cover, snow albedo

March 29, 2008 K and Ka band microwave radiometer Binggou Watershed Snow depth, snow wetness

March 30, 2008 K and Ka band microwave radiometer Binggou Watershed Snow depth, snow wetness

April 1, 2008
Forenoon

L and K band microwave radiometer A’rou Soil freezing and thawing,
soil moisture

April 1, 2008
Afternoon

L-band microwave radiometer and
thermal imager

A’rou Soil freezing and thawing,
soil moisture
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This experiment is the first remote sensing experiment in China to focus on snow and frozen
soil, and it has had wide participation from snow remote sensing scientists in China. Twenty-six
ground-based remote sensing sensors, with more than 100 supplementary instruments, were
used to observe and monitor the land surface properties of snow and its variations.

4.2 Cooperative Observation Series for Snow

The snowfield measurement experiments were initially designed to investigate snow properties
of typical snow areas in China, such as the North Xinjiang in China, Qinghai–Tibet Plateau, and
the Northeast of China. The experiments are composed of a series of long-term snow surveys,
primarily conducted every year, with joint collaboration from different universities and institutes.
Thus, the snowfield measurement experiments were termed the COSS. The first experiment was
carried out in the daytime at two snow fields, located in Fukang and Fuyun Counties of the North
Xinjiang from December 1, 2010, to December 15, 2010. The purpose of this experiment was to
develop retrieval methods of snow properties based on the quantitative understanding of mea-
surements. First, blending methods of optical and passive microwave remote sensing techniques
on snow were explored using multiple observations coincident in time and location. Second,
the passive microwave signal responding to heterogeneous snow depth was measured, and
the relationship was studied. In addition, quantitative observations of interactions between the
snow optical spectrum, snow grain size, snow albedo, snow dust, and black carbon (BC) were
made. As we know, optical and microwave signal responses from remote sensors are influenced
by factors such as snow depth, density, wetness, crystal size and shape, and ice crusts, among
others. To better understand these factors, we measured snow layer properties in snow pits,
including snow depth, snow density, wetness, snow grain size, snow temperature, snow albedo,
snow spectral, and snow microwave brightness temperatures. Snow samples were collected to
analyze the content of snow dust and snow BC (Table 4). All of the airborne datasets described
here and detailed information for data collection and processing are available online (http://
westdc.westgis.ac.cn/).

In order to quantify the influence of forested areas on the estimation of snow depth, fieldwork
was carried out in northeast China in January and March 2012 and in January 2013. Each time,
snow transects through both forested and nonforested regions were designed, and snow proper-
ties along the transects were measured, including snow depth, snow density, grain size, temper-
ature, and stratigraphy.

Table 3 The information of satellite remote sensing in the simultaneous observation experiment.

Date Instrument Area Objects

October 17, 2007 ASAR A’rou, E’bao, Biandukou Soil freezing and thawing, soil moisture

October 18, 2007 ASAR A’rou, E’bao Idem

December 07, 2007 MODIS Binggou Watershed Snow cover, snow albedo

March 12, 2008 ASAR A’rou, Biandukou Soil freezing and thawing, soil moisture

March 14, 2008 ASAR A’rou, Binggou Watershed Soil freezing and thawing, soil moisture,
snow depth, snow wetness

March 15, 2008 ASAR A’rou, Binggou Watershed Idem

March 21, 2008 ASAR A’rou, Biandukou Soil freezing and thawing, soil moisture

March 14, 2008 MODIS Binggou Watershed Snow cover, snow albedo

March 17, 2008 Hyperion
and TM

Binggou Watershed Idem

March 19, 2008 MODIS Binggou Watershed Idem
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5 Utilizing Remotely Sensed Snow Data to Model Hydrological
Processes

Many efforts using various methods have been made to integrate remotely sensed snow data into
hydrological processes in cold regions in China.

Method 1: Remotely sensed snow data are used as input to drive the model simulation. The
degree-day factor method is the most common approach to model snowmelt runoff utilizing
remotely sensed snow cover data. The Snowmelt Runoff Model (SRM),129 based on the
degree-day method, has been widely used in China.130–136 Utilizing an improved degree-day
method, a distributed snow hydrological model was developed.137

Method 2: A snow hydrological model is derived using meteorological forcing, and the simu-
lated snow status is adjusted or assimilated by the remotely sensed snow data. Recently, research
has demonstrated that the synthesis methods could be used for improving the modeling accuracy
of snow distribution. Considering the high spatial heterogeneity and complexity of snow hydro-
logical processes, RS data were inserted into this more physically based snow model.126,138

For example, Li and Wang139 developed a physically based snow model to more accurately
describe the snow distribution in regions where snow is patchy and shallow. In this model, an
energy balance method and RS data were used to simulate a complete snow season. Plot-scaled
observations of SWE and daily discharge were used to validate the simulated results (Fig. 7).

Table 4 Snow properties, measurement methods and objectives on Cooperative Observation
Series for Snow (COSS).

Snow properties Measurement methods Objectives

Snow depth Snow scale Validation of remote sensing and radiative transfer models;
input for hydrological models

Snow density Snowfork Validation of remote sensing

Snow wetness Snowfork Validation of remote sensing

Snow grain size LCD microscope Validation of remote sensing and radiative transfer models

Snow temperature Needle thermometer Validation of remote sensing; Input for hydrological models

Snow albedo CMP3 Validation of remote sensing and radiative transfer models

Snow spectral SVC HR-1024 Validation of remote sensing and radiative transfer models

Snow microwave
brightness temperature

Microwave radiometer Validation of remote sensing and radiative transfer models

Snow dust PSS AccuSizer 780A Validation of remote sensing and radiative transfer models

Snow black carbon DRI Model 2001A Validation of remote sensing and radiative transfer models

Fig. 7 The sampling regions for snow water equivalent observation (left) and the validation of daily
discharges (Reproduced from Ref. 139).
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This study demonstrated a large improvement by utilizing RS data in a physically based snow
model.

RS data play an important role in evaluating the influence of climate change on snowmelt
runoff.140 In the upper basin of Heihe River in Northwestern China, Wang et al.141 analyzed the
influence of climate change on snow runoff using remotely sensed snow data with cloud
removal. In the study, the SRM model was used to forecast the snowmelt runoff at catchment
scales. The results showed an obvious antedisplacement of snowmelt runoff peaks and larger
discharge as the response of snowmelt runoff to air temperature increased (Fig. 8). Remotely
sensed snow data are very important for the calibration of models and scenario analysis in
this study.

Modeling inhomogeneous spatial snow processes under complex terrain conditions utilizing
remote sensing data is currently one of the most critical challenges in snow hydrology. Seasonal
snow cover dominates in cold regions of China. Patch distribution, complex terrain, and inho-
mogeneous underlying conditions affect the modeling accuracy of spatial snow processes.
Despite the development of several sophisticated, physically based snow schemes for the robust
modeling of snow distribution, there is still high uncertainty and error due to scarce in-situ obser-
vations and inaccurate distributed meteorological data in ungauged mountainous regions.
Exploring spatial information from remote sensing data is expected to enhance our understand-
ing of complex snow hydrological processes.

6 Early Warning of Snow Disasters in Pastoral Areas

Snow has less of an impact on animal husbandry in developed countries due to better infrastruc-
ture in grasslands and within the livestock industry. As for snow disasters in pastoral areas in
China, emphasis has been placed on monitoring the change of snow distribution and livestock loss
postdisaster.142 A natural disaster caused by continuous snowfall in winter and spring resulting in
a large amount of livestock death is called a snow-caused livestock disaster or snow disaster.143

In 2006, the Chinese government issued a national standard for grading snow disasters in
pastoral areas (GB/T 20482-2006) (General Administration of Quality Supervision of China,
2006). According to the standard, Zhou et al.144 analyzed the potential conditions of snow disas-
ters by evaluating the vulnerability of hazard-affected bodies and the dynamic change of pre-
cipitation in the natural environment. Liu et al.145 did a preliminary study on an early warning
system and hazard assessment models of snow disasters in pastoral areas of northern Xinjiang
utilizing the livestock mortality rate as a factor of disaster assessment. Zhang et al.146 proposed
some indicators and methods to quantify those indicators for the early warning of snow disasters
in pastoral areas of the northern Qinghai province. Moreover, early warning and risk assessment
are the two most important yet complicated issues in the study of snow-caused livestock disas-
ters. Li et al.147 established a forecasting model of snow calamity on meteorology and a fore-
casting model of snow calamity on remote sensing based on the relation between the quantity of

Fig. 8 Responses of snowmelt runoff to air temperature increases, þ2°C, þ4°C, and þ6°C
(Reproduced from Ref. 17).
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precipitation and depth of snow using GIS and RS technologies. Wang et al.148 developed a
model for the early warning of snow-caused livestock disasters on a county basis and proposed
a method of qualitative risk assessment of snow disasters at a 500-m resolution for pastoral areas
on the Tibetan Plateau. They chose 411 cases, from 2008 to 2010, to validate the predicted
results from the early warning model, which had an overall accuracy of 85.64% in predicting
snow disasters and no disasters (Figs. 9 and 10).

Fig. 9 Snow disaster warning simulation result (county basis) of TP in late January 2008 (J ¼ 12)
(Reproduced from Ref. 148).

Fig. 10 Simulated risk intensity of snow disaster map at 500-m pixel scale in late January 2008
(J ¼ 12) (Reproduced from Ref. 148).
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7 Conclusions

Over the past 30 years, the research on remote sensing on snow in China has produced numerous
encouraging achievements. Some datasets and products have been used with very promising
results in several areas, such as hydrological modeling in cold regions, climate variation analysis,
and snow disaster monitoring. However, innovative and effective algorithms and theories of
remote sensing on snow in China are still needed to meet both scientific and operational require-
ments. Additionally, standardization and regularization of field experiments for snow remote
sensing is important and pressing. Presently, limited observation fields including automatic
weather stations and snow monitoring systems have been established in Northwestern
China. A long-term plan has been initiated to build snow observation networks based on multi-
organization cooperation. Meanwhile, a conference for remote sensing of snow in China will
be held routinely every 2 years, which provides a fruitful academic exchange platform for
promoting development and progress in this area.

For the coming years, two main topics have been proposed for development: retrieving BC
distribution by satellite data and conducting allied telemetry experiments at the watershed scale.

1. BC in snow is a concern because light absorbing impurities, even in small quantities, can
alter snowmelt time and snow spatial coverage by reducing snow reflectance; this is
tightly coupled to climate through snow albedo feedback.149–154 Although many
researchers have simulated and estimated the impacts of climate on BC in snow,155–157

the level of impact is still an ongoing focus due to different simulation results from differ-
ent studies and the lack of experimental validation. Satellite data have irreplaceable
advantages compared with field sampling in acquiring the spatial and temporal distri-
butions of BC in snow and ice. Retrieving BC content in snow and ice by coupling
remote sensing data and radiation transfer models is significant for improving energy
balance models and climate change research. Up to now, several retrieval algorithms
have been developed for high altitude regions, but where snow is usually deep, there
have been very few comprehensive and measured validations.158–165 Considering the
above issues, we have conducted several controlled field experiments with the aim
of revealing the effects of BC on snow reflectance. Furthermore, based on these experi-
ments, we are aiming to develop a retrieval algorithm for BC concentration in snow and
ice suitable for mid-latitude regions.

2. After the WATER experiment, a subsequent and more comprehensive experiment in the
Heihe River Basin was carried out, which is named the Heihe Watershed Allied
Telemetry Experimental Research (HiWATER) project.166 In HiWATER, the cold region
experiment is one of the most important components. The new snow experiment will
address observation, remote sensing, hydrological modeling, and assimilation in cold
mountain regions. Snow depletion curves will be developed by field and airborne mea-
surements, which will be used to convert the SCF fromMODIS to snow water equivalent
and will be assimilated into cold region hydrological models to better understand the
snow melting process.
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