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Abstract: Snow cover plays a crucial role in surface hydrology and energy balance, especially
in the Qinghai-Tibetan Plateau (QTP). This study used 12 years (2000–2011) of ground-observed
snow depth at 87 meteorological stations to assess and verify the accuracy of the daily cloud-free
snow-cover product from the Moderate Resolution Imaging Spectroradiometer (MODIS) over the
QTP. On average, the daily cloud-free MODIS snow-cover product correctly identified the occurrence
of snow cover with an accuracy of 90.74%, ranging from 54.39% to 99.07% among the 87 sites.
The MODIS-derived data have large uncertainties in identifying the snow-cover phenology on the
threshold of FSC >0 and FSC >50% (FSC, fractional snow cover). However, the MODIS-derived
data can capture the interannual variability of the snow-cover phenology as compared with in situ
observations. This study highlights the uncertainties in the daily snow-free MODIS snow-cover
product to reflect snow-cover phenology over the QTP.
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1. Introduction

Snow cover is an important land-surface variable, especially in the Qinghai-Tibetan Plateau
(QTP), and profoundly impacts surface energy exchange, and regional climate, hydrology,
and ecosystems [1–3]. The QTP, the world’s largest and highest plateau—with an average elevation
exceeding 4000 m above sea level—is “the sensitive area” for global climate change [4]. Snow cover
is often regarded as an indicator of climate change in the QTP, and is closely linked with the general
circulation and monsoon systems over eastern and southern Asia during spring and summer [5,6].
The snow cover over the QTP strongly determines the regional water sources in western China,
and regulates the runoff of several major rivers (e.g., the Yangtze River, and the Yellow River) [7,8].
In the context of global warming, changes in snow cover and snow depth have great significance for
predicting the regional feedback to climate change.

In response to climate warming, the snow cover phenology has experienced remarkable changes.
Numerous studies have robustly documented a shortening of snow cover duration [9–12], with a
delayed snow starting date and advanced snow ending date [9,11,13–15], at both a local and
regional scale. For example, Peng et al. [11] found a shrinking snow-cover duration over the past
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27 years (1980–2006) from 636 meteorological stations in the Northern Hemisphere. Most published
estimates of snow-cover phenology have mainly focused on the high latitude regions of the Northern
Hemisphere [12,15], and conclusions were made from in situ observations and model simulations.
There are a few studies exploring the changes in snow-cover phenology with MODIS snow-cover
products in the QTP.

Remotely sensed data provide temporally and spatially continuous information over land surfaces,
and are useful for accurately parameterizing snow cover. When compared with various satellite-based
snow-cover products, the Moderate Resolution Imaging Spectroradiometer (MODIS) snow-cover
products have advantages in terms of temporal and spatial resolution. Because the microwave
remote-sensing data (i.e., Scanning Multichannel Microwave Radiometer (SMMR) data, Special Sensor
Microwave/Imager (SSM/I) data, and Advanced Microwave Scanning Radiometer-E (AMSR-E) data,
25 km or coarser resolution) have lower spatial resolution and are affected by many factors such
as land-use type and weather conditions, they are only appropriate for hemispheric- or larger-scale
snow research [16]. Even though Landsat data (i.e., Landsat Multispectral Scanner System (MSS),
Landsat Thematic Mapper (TM), and Landsat Enhanced Thematic Mapper Plus (ETM+)) have a much
higher spatial resolution (30 m) than a MODIS snow product, they are not widely used in snow
monitoring due to their low temporal resolution (16 days). Available since 2000, the MODIS images are
superior to either Landsat—due to higher temporal resolution—or Advanced Very High Resolution
Radiometer (AVHRR) data and passive microwave snow data—due to higher spatial resolution and
data quality in mapping a snow-covered area—and therefore have an advantage for Earth observation
missions [17,18]. Currently, the MODIS snow-cover products have been widely used to monitor
snow cover in various regions [19–24], especially at high latitudes and in European high mountain
regions [20,21,25–29].

In general, the MODIS snow-cover products reflect changes in snow cover over these regions very
well. For example, Simic et al. [30] found that a MODIS snow-cover product at 500 m spatial resolution
generally has a level of more than 90% agreement with in situ measurements in Canada. However,
cloud coverage in MODIS snow-cover products was the main limitation in many applications [31,32].
A series of methods have been proposed to reduce the cloud obscuration when using the MODIS
snow-cover products. For example, the method of combining images from MODIS Terra and MODIS
Aqua data can decrease cloud coverage by 10%–20% [33,34]. Using information from neighboring
non-cloud covered pixels in time or space remarkably reduced clouds from 63% to 55% [35], but this
method reduced the snow detection ability in short snow events with a composite data increase.
An approach that combined MODIS images with a passive microwave AMSR-E product was available
in all weather conditions [36], but it decreased the spatial resolution for pixels covered by cloud due
to the passive microwave product’s coarse spatial resolution (25 km for the AMSR-E compared to
500 m for the MODIS). All of the approaches described above are useful for minimizing cloud cover
in a standard MODIS snow-cover product, but they sacrifice temporal and spatial resolution, and
induce some uncertainties to a certain degree. As noted in Tang et al. [37], based on a cubic spline
interpolation algorithm, the cloud-gap-filled method can effectively eliminate the cloud obscuration of
MODIS fractional snow cover (FSC) images using the observations in cloud-free days for each cloud
pixel (with mean absolute error less than 0.1). Therefore, the daily cloud-free MODIS snow-cover
product was evaluated in this study by in situ observations.

When compared with mountainous terrain or high latitudes (where there is always more
snow cover), the QTP presents unique climatic conditions and terrain heterogeneity. In particular,
the dry climate background and high wind speeds over the QTP may produce complex snow-cover
situations [38]. The objectives of this study are to: (1) assess and verify the accuracy of a daily cloud-free
MODIS snow-cover product at 500 m resolution, based on in situ observations at 87 sites through
2000–2011 over the QTP; and (2) evaluate the abilities of the daily cloud-free MODIS snow-cover
product to identify the snow starting time, the snow ending time, and the snow-cover duration.
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2. Data and Method

2.1. Study Area

The Qinghai-Tibetan Plateau covers an area of 2.96 × 106 km2 at an average elevation of
4500 m (Figure 1). It is characterized by a semiarid climate, with a mean annual precipitation below
450 mm [39]. The mean annual temperature decreases from the edges of the plateau towards the center
with altitude, ranging from −15 ◦C to 10 ◦C [40].
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Figure 1. Distribution of meteorological stations over Qinghai-Tibetan Plateau in China. The gray
shaded area indicates the region of the Qinghai-Tibetan Plateau, and the dots show the
87 meteorological stations.

2.2. Daily Cloud-Free MODIS Snow-Cover Product

The daily cloud-free MODIS snow-cover product—published on the West Data Centre in China
(http://westdc.westgis.ac.cn/)—was used in this study. The daily fractional snow cover (FSC) was
provided in the MOD10A1 snow maps at 500 m resolution in the MODIS snow products Collection
5 [17]. Based on a daily MODIS FSC product, the daily cloud-free MODIS product was developed by a
cloud-gap-filled method using a cubic spline interpolation algorithm to fill in data gaps by clouds [37].
The mean absolute error of the retrieved FSC data by the cloud-gap-filled method is 0.092, according
to Tang et al. [37].

A snow-cover year was defined in this research as extending from August to the following July.
The snow starting time was defined as the first FSC >0 [15] or FSC >50% [21] in the latter half of the
year (August–December), while the snow ending time was defined as the last FSC >0 [15] or FSC
>50% [21] in the first half of the following year (January–July). The snow-cover duration was defined
as the number of days from the snow starting time to the snow ending time (including intermediate
melting processes) [14]. Snow-cover days was defined as the total number of days when the FSC was
more than 0 or 50% in a hydrological year (from August to the following July).

2.3. In Situ Snow Depth Observations

In this study, the daily snow depth for the QTP was collected from 87 national meteorological
stations of the China Meteorological Administration (Figure 1). According to the specifications for

http://westdc.westgis.ac.cn/
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surface meteorological observation, the “trace” records of daily snow depth were all reassigned to a
value of 0.5 cm.

The snow starting time was identified as the time when a snow depth of ≥1 cm was first observed
in the latter half of the year (August–December), whereas the snow ending time was defined as the time
when the last snow depth occurrence was ≥1 cm in the first half of the following year (January–July).
For any site, the year was omitted from the analysis if the missing records occurred between August 1
and the snow starting time or between the snow ending time and July 31 [14]. Furthermore, if both
the snow starting time and the snow ending time occurred during a half-year period (January to July
or August to December), the corresponding year at this site was not considered [14]. Accordingly,
snow-cover days was defined as the total number of days when the snow depth was more than 0 in a
hydrological year (i.e., the day is counted when there is snow present).

According to the above data preparation, the snow phenology data were divided into four
categories, when considering the availability of both MODIS data and in situ data: (1) 0 value (no snow
cover phenology was detected at least one of the two data sets); (2) in half year (both the snow starting
time and the snow ending time were detected in a half-year period (January to July or August to
December)); (3) available data (used data in this analysis; i.e., the snow starting time was detected
in the latter half of the year and the snow ending time was detected in the first half of the year);
and (4) missing data (missing data except for the above data category) (Figure 2). As a result, based on
the threshold of snow depth ≥1 cm, snow phenology data in 71 sites was available when choosing
the threshold of FSC >0, while the data in 40 sites were available when choosing the threshold of
FSC >50%.
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Figure 2. The percentage of phenology data distribution on the threshold of fractional snow cover
(FSC) >0 and FSC >50% based on the threshold of snow depth ≥1 cm during 2000–2010. Note: 0 value,
no snow cover phenology was detected in at least one of the two data sets (i.e., in-situ data and MODIS
data); in half year, both the snow starting time and snow ending time was detected in a half-year
period (January to July or August to December); available, the data used in this analysis (i.e., the snow
starting time was detected in the latter half of the year (August–December), and the snow ending time
was detected in the first half of the year (January–July)); missing, missing data except for the above
data category.

2.4. Evaluation of MODIS Snow Product

The evaluation was performed from 26 February 2000 to 31 December 2011. The confusion matrix
comparing the daily cloud-free MODIS snow-cover product data against in situ observations is shown
in Table 1. In Table 1, a and d represent the total numbers for correct snow and no snow, respectively.
The b portion represents the total number of snow days missing, which indicates that the MODIS
product identified uncovered land (no snow) at a certain location, but snow was present in the in situ
observations; this event was described as an omission error.

Omission error (classifying snow as no snow) = b/(a + b + c + d) (1)
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When MODIS data indicated snow cover, but the in situ observation was snow-free, the event
was labeled as a commission error. The total number of commission errors is presented in the c portion
of the table.

Commission error (classifying no snow as snow) = c/(a + b + c + d) (2)

Hence, the overall accuracy (OA), was then defined as:

Overall accuracy = (a + d)/(a + b + c + d) (3)

The snow detection rate is defined as the ratio of snow-cover days detected by the MODIS sensor
to the total number of snow-cover events:

Snow detection rate = a/(a + b) (4)

Table 1. Confusion matrix comparing daily cloud-free MODIS (Moderate Resolution Imaging
Spectroradiometer) snow cover product against in situ observations.

Ground Observation
Daily Cloud-Free MODIS Snow-Cover Product

Snow No Snow

Snow (Snow >0 cm) a b
No snow (Snow = 0 cm) c d

2.5. Sensitivity Analysis

The sensitivity analysis was performed in snow detection rate and snow-cover phenology.
For snow detection rate, ten spaced values ranging from 1 cm to 10 cm for snow depth and 0 to
k (k = 10, 20, 30, . . . , 100%) for FSC have been tested. For snow-cover phenology, a two-entry
confusion matrix has been computed when both the snow depth and the FSC exceed a threshold value.
That is, when snow depth ≥ i cm (i = 1, 2, . . . , 10 cm) and FSC > j (j = 0, 10, . . . , 90%), we computed
the snow starting time, the snow ending time, and the snow-cover duration. The difference between in
situ derived and MODIS-derived snow-cover phenology was indicated by absolute difference (i.e.,
days difference).

3. Results

The daily cloud-free MODIS snow-cover product showed high performance for predicting the
occurrence of snow cover. On average, the MODIS product correctly predicted the occurrence of
snow cover at all sites with 90.74% accuracy (OA), with a range from 54.39% to 99.07% (Figure 3).
The omission error (OE) (i.e., percentage of missed snow-cover occurrences) was 4.69%, and the
commission error (CE) (i.e., percentage of overestimated snow-cover occurrences) was 4.57% (Figures 3
and 4). The stations in the E1 elevation gradient (elevation ≤3000 m) had the highest OA (92.83%);
these stations in the E1 elevation gradient also had the lowest CE (2.19%), and lower OE (4.98%)
(Figure 4). In contrast, the stations in the E3 elevation gradient (elevation >4000 m) showed the
lowest OA (86.49%), as well as the highest CE values (6.28%) and OE values (7.23%). There was an
extreme spatial variability in OA due to the complex terrain over the QTP, with higher overall accuracy
distributed in the eastern part of the Himalayas, Nyainqentanglha, and the southeastern portion of the
Qinghai-Tibetan Plateau (Figure 4).
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The snow detection rate (i.e., the number of detected snow-cover occurrences among total
snow-cover events) of the MODIS snow-cover product with different snow depth measurements
was also evaluated (Figure 5). On average, the snow detection rate was 82.09% when the snow depth
was greater than 4 cm, whereas it decreased to 49.78% when the snow depth was less than 4 cm.
Among all the 31,615 in situ observed snow data events, the daily cloud-free MODIS product classified
14,966 of them as snow (47.34%), but misclassified 16,649 of them as no snow (52.66%). Among
different months, the snow detection rate was higher in winter, especially in snow depth above 4 cm
(Figure 6a). Similarly, higher values were found in different years when the snow depth was more
than 4 cm (Figure 6b). These results imply that the MODIS snow detection rate strongly depends on
snow depth.
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Figure 6. Snow detection rate related to the snow depth according to month (a), and year (b) during
the period of 2000–2011. Note that the accuracy indicates the snow detection rate.

The MODIS-derived snow-cover days in more than half of the available data appear lower
than in situ snow-cover days during 2000–2010 on both the threshold of FSC >0 and FSC >50%
(Figure 7). Although there was a strong relationship between the two datasets on the two thresholds,
the differences still exist. For example, when compared with in situ observations, the MODIS-derived
snow-cover days were on average 0.63 days less, and with a high standard deviation (28.69 days),
on the threshold of FSC >0 (Figure 7a).
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Figure 7. The relationship between in situ derived snow-cover days and MODIS-derived snow-cover
days on the threshold of FSC >0 (a) and FSC >50% (b) in the Qinghai-Tibetan Plateau during 2000–2010.

When choosing a threshold of FSC >0 (data from 71 sites were available), the MODIS product
resulted in an earlier snow starting time at 59.15% of the stations, an earlier snow ending time, and a
longer snow-cover duration at 56.34% of stations, as compared with in situ observations (Figure 8a–c).
On the contrary, when choosing a threshold of FSC >50% (data from 40 sites were available), the MODIS
product showed a later snow starting time at 75.0% of stations, an earlier snow ending time at 95.0% of
stations, and a shorter snow cover duration at 95% of stations, as compared with the in situ observations
(Figure 8d–f). On the threshold of FSC >0, the MODIS product underestimated the snow starting time
and snow ending time, while overestimating the snow-cover duration at about half of the sites. These
underestimated or overestimated stations were primarily located in lower-latitude regions, especially
in the southeastern portion of the QTP (Figure 9). Similarly, on the threshold of FSC >50%, the MODIS
product overestimated the snow starting time, but underestimated the snow ending time and the
snow-cover duration in mid-latitude regions (Figure 9).
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Figure 9. Spatial patterns of difference (Sground-SMODIS) in snow starting time (a,b), snow ending time
(c,d), and snow cover duration (e,f) on the threshold of FSC >0 and FSC >50%. Sground and SMODIS are
the annual value of snow-cover phenological variables (i.e., snow starting time, snow ending time,
and snow cover duration) for in situ observation and the MODIS data at 71 sites (FSC >0) and 40 sites
(FSC >50%) from 2000 to 2010, respectively. The inset graph at the bottom left shows the frequency
distributions of the corresponding spatial patterns of difference.

The ability to capture interannual variability was investigated at 71 sites and 40 sites, with more
than three observations on the threshold of FSC >0 and FSC >50%. The results indicated that the
MODIS-derived data on the threshold of FSC >50% performed better in capturing the interannual
variability of the snow-cover phenology than the threshold of FSC >0 (Figure 10), though a big
difference still exists between the two datasets (Figure 9). When choosing the threshold of FSC >50%,
the mean values of the correlation coefficient (r) of the in situ data-derived snow-cover phenology
and the MODIS data-derived snow-cover phenology attained 0.98 in the snow starting time, 0.83
in the snow ending time, and 0.90 in the snow-cover duration, respectively (Figure 10b,d,f). From
the long-term changing trend in annual snow-cover phenology, the MODIS-derived data on the
threshold of FSC >50% and in situ data have the same changing trends in snow starting time and
snow-cover duration, even though there are no statistically significant changes (Table 2). During
2000–2010, on average, the snow-cover duration derived by MODIS data (on the threshold of FSC
>50%) was 152.24 ± 10.15 d, which was 46.02 days shorter than that derived by in situ observations
(198.26 ± 8.52 d). However, on the threshold of FSC >0, the MODIS data-derived snow-cover duration
was extended by 7.89 days as compared with in situ observations during this period.



Remote Sens. 2017, 9, 585 10 of 15
Remote Sens. 2017, 9, 585  10 of 15 

 

 

Figure 10. Site percentage of correlation coefficients (r) between in situ and MODIS data-derived 

interannual variability of snow phenology (i.e., snow starting time, snow ending time, and snow 

cover duration) on the threshold of FSC >0 and FSC >50%. Mean and Std in the graph indicate the 

mean value and standard deviation of r. 

Table 2. Long-term change trends of annual snow starting time, snow ending time, and snow-cover 

duration for in situ data and daily cloud-free MODIS data (FSC >0 and FSC >50%) from 2000 to 2010. 

Variable Derived Data Slope Intercept R2 p 

Snow starting time In situ data −0.17 640.34 0.01 0.78 

(Julian day) MODIS data (FSC >0) 1.31 −2339.52 0.16 0.23 

 MODIS data (FSC >50%) −0.12 544.27 0.00 0.90 

Snow ending time  In situ data −0.87 1872.36 0.49 <0.05 

(Julian day) MODIS data (FSC >0) 0.98 −1840.37 0.16 0.22 

 MODIS data (FSC >50%) −0.46 1003.07 0.10 0.34 

Snow cover duration In situ data −0.70 1598.01 0.07 0.42 

(Days) MODIS data (FSC >0) −0.33 865.16 0.01 0.79 

 MODIS data (FSC >50%) −0.34 824.80 0.01 0.75 

4. Discussion 

In this study, the OA of the daily cloud-free MODIS snow-cover product over the QTP was about 

90.74% when compared with in situ observations. The OA here is close to previous studies, which 

found that OA is about 90%–91% over the QTP [24,41]. This result also verified that the accuracy of 

the daily MODIS snow-cover products reaches 93% in other parts of the world under clear sky conditions 

[17], as previous studies have shown [30,42–44]. Possible reasons for this higher OA include several 

factors, such as the different levels of MODIS snow-cover products, and various method choices for 

mitigating the cloud obscuration. In general, previous studies indicated that the MODIS snow-cover 

products were in good agreement with available satellite and in situ snow data sets. For example, the 

daily MODIS FSC snow-cover product (MOD10A1) at 500 m resolution can identify 89% of snow 

cover for clear-sky days [21]. 

Snow cover over the QTP has distinct characteristics compared to mountainous terrain or high-

latitude regions. Snow in the QTP is often shallow, patchy (low FSC), and frequently of short duration [45]. 

Except for the effect of moist air coming from southern Asia, these characteristics may result from the 

complex topography and higher wind speed in the QTP, which can influence MODIS accuracy and 

snow-cover distribution. For example, previous studies in different study areas have indicated that 

Figure 10. Site percentage of correlation coefficients (r) between in situ and MODIS data-derived
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Table 2. Long-term change trends of annual snow starting time, snow ending time, and snow-cover
duration for in situ data and daily cloud-free MODIS data (FSC >0 and FSC >50%) from 2000 to 2010.

Variable Derived Data Slope Intercept R2 p

Snow starting time In situ data −0.17 640.34 0.01 0.78
(Julian day) MODIS data (FSC >0) 1.31 −2339.52 0.16 0.23

MODIS data (FSC >50%) −0.12 544.27 0.00 0.90

Snow ending time In situ data −0.87 1872.36 0.49 <0.05
(Julian day) MODIS data (FSC >0) 0.98 −1840.37 0.16 0.22

MODIS data (FSC >50%) −0.46 1003.07 0.10 0.34

Snow cover duration In situ data −0.70 1598.01 0.07 0.42
(Days) MODIS data (FSC >0) −0.33 865.16 0.01 0.79

MODIS data (FSC >50%) −0.34 824.80 0.01 0.75

4. Discussion

In this study, the OA of the daily cloud-free MODIS snow-cover product over the QTP was about
90.74% when compared with in situ observations. The OA here is close to previous studies, which
found that OA is about 90%–91% over the QTP [24,41]. This result also verified that the accuracy
of the daily MODIS snow-cover products reaches 93% in other parts of the world under clear sky
conditions [17], as previous studies have shown [30,42–44]. Possible reasons for this higher OA include
several factors, such as the different levels of MODIS snow-cover products, and various method
choices for mitigating the cloud obscuration. In general, previous studies indicated that the MODIS
snow-cover products were in good agreement with available satellite and in situ snow data sets.
For example, the daily MODIS FSC snow-cover product (MOD10A1) at 500 m resolution can identify
89% of snow cover for clear-sky days [21].

Snow cover over the QTP has distinct characteristics compared to mountainous terrain or
high-latitude regions. Snow in the QTP is often shallow, patchy (low FSC), and frequently of short
duration [45]. Except for the effect of moist air coming from southern Asia, these characteristics may
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result from the complex topography and higher wind speed in the QTP, which can influence MODIS
accuracy and snow-cover distribution. For example, previous studies in different study areas have
indicated that the MODIS snow-cover products tend to lose snow-cover classification accuracy in the
presence of complex topography, forested areas, and human activities [17,42,46]. Moreover, due to
large areas of flat plateau terrain, the wind speed near the surface (2 m above the land surface) in the
QTP (4.19 ± 1.19 m s−1) is higher than in other regions of the world (3.16 ± 2.25 m s−1) [38], which
may result in snow-cover redistribution in a short time. That is, snow may be moved and accumulate
in valleys and lowlands, resulting in accuracy losses. This could explain why a higher omission error
rate (classifying snow as no snow) exists at lower-elevation stations.

The snow detection rate increased with increasing snow depth. With increasing snow depth, the
OA of the daily cloud-free MODIS product tended to increase. When the snow depth is less than 4 cm,
the MODIS product has high OE by classifying snow as no snow. In these thin snow conditions, snow
cover is more likely to melt away as cloud cover disappears and the temperature rapidly increases [31].
Through all investigated years, the snow detection rate was relatively low in 2010 because of the lowest
snow cover days (data not shown). Snow events also more likely occurred over an only limited area of
the satellite observation pixel under thin snow conditions [41]; the result was that the satellite snow
product was more likely to classify the pixel as a snow-free surface. Similarly, when the snow depth
was above 4 cm, the pixel was more likely to be entirely covered by snow, resulting in the higher
overall accuracy of the MODIS snow-cover product. A previous study showed that the 8-day MODIS
snow-cover product at 500 m resolution has high accuracies when mapping snow (94%) and land (99%)
at a snow depth above 4 cm under clear sky conditions, but a very low accuracy (<39%) at a snow
depth below 4 cm [31]. In addition, the MODIS data are greatly affected by mixed pixels, while the in
situ data only represent the stations.

When compared with the in situ-derived snow-cover phenology, our result showed that
the MODIS-derived snow cover phenology has large uncertainties. No significant trends were
found in snow starting time, snow ending time and snow-cover duration by MODIS-derived data.
The short-term time scale and the choice of ‘optimal’ threshold values in identifying snow-cover
phenology may lead to this result. A recent study using in situ observations indicated a significantly
shorter snow-cover duration during 1960–2010, which was jointly controlled by a later snow starting
time and an earlier snow ending time at the same region [14]. Further studies need a long-term time
scale of MODIS snow-cover products to identify the snow-cover phenology.

Previous studies recommended the threshold values range from 0.01 m [14,35] to 0.1 m [47]
for snow depth, and 0 [15] to 50% for FSC [21,37]. The results in the two thresholds showed a
big difference in identifying snow-cover phenology (Figures 8 and 9). A sensitivity study of snow
detection rate and errors on snow phenological variables (i.e., snow starting time, snow ending time,
and snow cover duration) to the thresholds on snow depth and FSC also display this big difference
(Figure 11). The snow detection rate increased with increasing snow depth (Figure 11a), and a relatively
high threshold for snow depth value can improve the detection rate. However, our results showed
that a high threshold for snow depth cannot improve the identification of snow-cover phenology.
This question should be considered when choosing a threshold to identify the snow-cover phenology
in different regions. In this study, we suggested that the threshold of 0.01 m for snow depth and
0 for FSC were more suitable to identify snow-cover phenology in QTP when concerned with the
characteristics of the thin snow depth in the QTP.

Note that most ground stations are located in inhabited, lower-altitude river valleys, where
elevations are usually below 5000 m. The depopulated western region of the QTP needs high-resolution
satellite snow-mapping products to monitor the spatial and temporal snow-cover distribution. Besides,
although the MODIS snow-cover products have been used successfully in various climatological and
hydrological applications [15,20,48–50], due to the complex effects of snow cover on land-surface
energy and water balances, the uncertainties in climate models introduced by MODIS snow-cover
products should be considered.
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Figure 11. Sensitivity analysis to snow detection rate (a), snow starting time (b), snow ending time
(c), and snow cover duration (d) related to the choice of the snow depth and FSC threshold values.
Percentages (%) indicate the accuracy; days indicate the absolute difference between in situ derived
and MODIS-derived snow-cover phenology (i.e., snow starting time, snow ending time, and snow
cover duration).

5. Conclusions

This study has supported the evaluation and verification of the daily cloud-free MODIS snow
product at 500 m resolution compared with in situ observations during 2000–2011 over the QTP.
The overall accuracy of the daily cloud-free MODIS product was 90.74%, with omission error values of
4.69% and commission error values of 4.57%. The shallow snow depth and mixed pixel effect derived
from the MODIS snow-cover product caused the OE and CE. Compared with in situ observations,
the snow-cover product exhibited different snow-cover phenology when choosing the threshold of
FSC >0 and FSC >50%. The results obtained here verify that the daily cloud-free MODIS snow-cover
product has high accuracy to reflect snow cover and snow phenology, but there still exist uncertainties.
Further studies cannot ignore the wind speed and complex terrain in the QTP when using the MODIS
snow-cover products.
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