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Abstract: Snow cover has a key role in balancing the Earth’s surface temperature and can help
in filling rivers and reservoirs. In this study, 8-day MOD10A2 images are employed to monitor
the spatiotemporal changes in snow cover in the Sefid-Rud basin and its eleven sub-basins during
2000–2019. The non-parametric Mann–Kendall (MK) test and its associated Sen’s slope estimator
are utilized to estimate the trends in annual, seasonal, and monthly snow cover changes. The Sen’s
slope results show a decrease in the snow cover for the basin, statistically significant toward the
central and southern parts of the basin. In the winter season, a decreasing trend is observed, where
its decreasing rate is higher than the annual rate. The trends in the calendar months are like the
seasons, i.e., December, January, and February exhibit a decreasing trend, like the winter season.
The Goltapeh-Zarinabad and Ghorveh-Dehgolan sub-basins show decreasing snow cover rates of
−0.51 and −0.68 (%/year) during 2000–2019, respectively, the only two sub-basins whose gradients
are statistically significant at the 95% confidence level. The Pearson correlation analysis between
elevation and snow cover for each year shows that the highest and lowest correlations are 0.81 for
2007 and 0.59 for 2017. Finally, analysis of the MCD12Q1 land cover data shows that a significant
portion of non-vegetated lands have turned into grasslands, mainly in the central part of the basin,
where the significant gradual snow cover decline is observed. The results can guide stakeholders and
policymakers in the development of a sustainable environment in the face of climate change.

Keywords: Iran; land and snow cover; Mann–Kendall trend analysis; MODIS; Sefid-Rud basin

1. Introduction

Snow is a crucial reflector of incoming short-wave solar radiation, playing a key role
in the Earth’s energy balance and atmospheric budget [1,2]. The temporal and spatial
distribution of snow cover through its accumulation stage and melting cycle affect many
vital and non-vital processes of the Earth [3–5]. Snow melt eventually replenishes ground-
water reserves, provides water supply for agriculture, and it is an important source of soil
moisture during the spring [6–8]. According to the statistics, about 17% of the world’s
population is dependent on seasonal snow melting and ice melting of glaciers for their
water supply [9,10]. Snow cover has an economic impact on communities that need road
access in winter and also on their agricultural activities [11]. Furthermore, understanding
snow mechanisms in time and space and their impact on wildlife and ecosystems is impor-
tant [12,13]. Therefore, monitoring snow cover is a crucial task for decision making and
planning to maintain sustainable environment and agriculture, etc.

Several studies have reported downward and sometimes upward trends in snow cover
around the world [14–17]. In the spring season of the Northern Hemisphere, the area of
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snowfall and glaciers has decreased at a rate of 1.6% per decade since the middle of the
19th century. In June, during the years 1967 to 2012, a decrease of 11.7% has been seen in
every decade due to the increase in the summer temperature. Due to the premature melting
of the snow cover and the transfer of snow-melt runoff from spring to winter, there is a
possibility of increasing winter floods and summer drought [18].

Mountains are the water sources of the world. They have a key role in providing
water to their downslope regions. At least one-sixth of the world’s population depends
on water sources from mountains. At the same time, mountains have created a lot of
climatic diversity on a spatial scale due to their extreme height changes in small horizontal
distances [19,20]. In this situation, remote sensing data are a useful tool for investigat-
ing various phenomena and have a high potential for providing suitable spatial data to
describe snow’s spatial and temporal patterns. It has been proven that remote sensing
is an effective technique for studying snow characteristics at the local and global levels,
especially due to the wide snow areas and the difficulties in obtaining ground estimates in
cold regions [21–23].

Satellite remote sensing methods for mapping snow cover, developed in the 1960s,
have improved over time with the availability of data with favorable spatial and temporal
resolutions [24]. Moderate Resolution Imaging Spectroradiometer (MODIS) is a sensor
designed for environmental monitoring that is onboard Terra and Aqua satellites launched
in 1999 and 2002, respectively, by National Aeronautics and Space Administration (NASA),
Washington, DC, USA. Recently, the use and application of MODIS retrievals have increased
due to their high efficiency in analyzing snow’s spatiotemporal changes. The display of
snow cover at a daily interval in MODIS images provides an overview of the timing and
amount of snow cover remotely [25–27].

The Mann–Kendall (MK) method is a non-parametric trend test, meaning that it does
not have any assumption on the distribution of the data [28]. The Sen’s slope algorithm
uses a median technique, which make it insensitive to outliers as compared to average-
based trend estimation models like linear regression [29]. The MK method and Sen’s slope
have been utilized in many fields, including remote sensing, climate, and hydrological
research [30–32].

Azizi et al. [33] studied spatiotemporal dynamics of snow cover on the southern slopes
of Alborz. They employed MODIS images for their research. According to their results,
obtained from an MK trend analysis, the snow cover has increased in early autumn and
winter and decreased in the spring season, which indicates a decline in the period of snow
continuity and an increase in the period of snow melting. Ahmad et al. [18] investigated
the trend in annual and seasonal changes in snow over 17 years using 8-day MODIS images
and an MK trend analysis in the Chitral River Basin of Pakistan. Based on their results, there
is an increasing trend in the amount of snow cover in high-altitude areas. Anjum et al. [34]
utilized MODIS images and an MK trend analysis to study snow cover change in the Hindu
Kush Mountains, Pakistan. Their results showed a declining trend in winter and a rising
trend in other seasons.

Many other studies have been conducted on snow cover changes. Gao et al. [35]
investigated the spatial and temporal changes in snow cover in the years 1979 to 2005 in
eastern Tibet, showing a reduction in the snowfall at lower altitudes. Nemat [36] analyzed
the surface and height changes in the glaciers in the Takht Suleiman region in the last
half century (from 1955 to 2010) using different satellite images with appropriate spatial
resolutions. Their findings indicated that the thickness of the glaciers in their study region
has decreased from 1.5 to 0.35 m/year. Shafiq et al. [37] calculated the seasonal and inter-
annual components of snow cover changes in the Himalayan Mountains located in Indian
Kashmir using 8-day MODIS images between 2000 and 2016. Their results showed a general
increase in the amount of snow. Malmros et al. [38] investigated changes in snow surface
and snow albedo with MODIS in the central Andes of Chile and Argentina. According to
their results, there was a downward trend in all cases. Rathore et al. [39] conducted a study
in the Chenab basin of India using remote sensing images to investigate the variability in
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snow cover between 2004 and 2013. In their study, the trend in snow accumulation and
reduction in the sub-basins was estimated, showing an increasing trend. Different results
have been obtained from research conducted in different regions.

In the current research, the Sefid-Rud basin, one of the most important watersheds of
Iran, has been studied using MODIS products, where its water resources are particularly
important in terms of drinking and agricultural water. The present work complements the
results of an earlier study by the authors on the basin [10], in that new snow cover images
are utilized and the potential interconnections between snow cover, elevation, and land
cover are investigated. The trend in snow cover and its spatial and temporal changes
have been investigated with different methods, and according to the area of the basin and
diversity in terms of topography, geography, and climate, the results have been compared
in its different sub-basins to unravel the role of different factors in the possible changes in
snow cover.

The main contributions of the present work are listed below.

• Visualizing and analyzing temporal changes in snow cover for the Sefid-Rud basin.
• Illustrating the spatiotemporal dynamic of average snow cover for each month of the

winter, i.e., December, January, and February.
• Estimating the snow cover trend for the Sefid-Rud basin and its sub-basins for the

period 2000–2019 by an MK trend analysis.
• Estimating and illustrating the snow cover trends with their statistical significance for

the period 2000–2019 at annual, seasonal, and monthly scales by an MK trend analysis.
• Calculating the Pearson correlation between elevation and snow cover during the

winter of each year for the Sefid-Rud basin.
• Illustrating land cover changes and investigating their relationships with snow

cover dynamics.

The remainder of the current work is structured as follows. Section 2 presents the
study region, datasets, and methods utilized. The results are presented in Section 3. Finally,
the discussion and conclusions are presented in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Study Region

Sefid-Rud (white river) basin, with an area of more than 59,000 km2, is one of Iran’s
largest basins and a subset of the Caspian Sea regional basin (Figure 1). Its main waterway
is Sefid-Rud, the second longest river in Iran. Sefid-Rud has a length of about 750 km and is
the greatest river in the north of Iran, formed by the combination of two rivers: Shah-Rud
and Qezel-Ozan. The Sefid-Rud basin consists of 11 sub-basins, among which Mianeh is
the largest and Manjil is the smallest. There is a great height variation in this basin. Based
on this, the Astaneh-Kochsefahan sub-basin with a height of −28 m, with respect to the
mean sea level (m.s.l.), on the coast of the Caspian Sea, has the lowest height, and the
Taleghan-Alamot sub-basin in the Alborz Mountains, at about 4357 m, has the highest
elevation. Due to the Zagros and Alborz Mountains and plains and flat areas, such as the
beaches of the Caspian Sea, in this basin, the changes in slope are severe, ranging from 0 to
69 degrees. The most common slope of the basin is between 0 and 3 degrees. Regarding
slope direction (aspect), north and south directions are the most frequent.

The Sefid-Rud basin, situated on the southwest coastal plain, has a high precipitation
rate and a temperate, humid environment. On average, the basin receives between 1850 mm
(Anzali synoptic station) and 1344 mm (Rasht synoptic station) of precipitation annually.
The Anzali, Lahijan, and Rasht synoptic stations have an annual mean temperature of about
16 ◦C [40]. In the study region, summers are usually warm and dry, with temperatures that
can reach above 30 ◦C, while winters are usually cold and wet, with significant snowfall
in the higher areas. Its proximity to the Caspian Sea results in high humidity levels being
widespread. Elevation, closeness to the Caspian Sea, and dominant wind patterns all affect
this climate.
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Figure 1. Map of Sefid-Rud basin and its sub-basins.

2.2. Datasets and Preprocessing

Table 1 lists the datasets employed in the present study. To determine the extent
of snow, the snow cover products of the MODIS sensor were utilized. For this purpose,
MOD10A2 snow cover images with an 8-day sequence for the period 2000–2019 were
downloaded; see [41] and Table 20 of [42]. The MOD10A2 product was employed due to
the high accuracy in determining the snow cover and the short-time interval between the
images. The MODIS snow cover data are based on a snow mapping model over an 8-day
period which utilizes the Normalized Difference Snow Index [41]. The quality assessment
(QA) data associated with this product are utilized to flag the pixels with high uncertainty
due to clouds and according to the L1B input data and solar zenith angle data; see the
product guide, Section 9 of [42]. After cloud masking, the MOD10A2 snow cover pixels
were extracted to produce the binary snow cover product, i.e., snow covered and not snow
covered [18,37].

Table 1. Outline of the datasets utilized in the present research.

Product Period Number of Images Temporal Resolution Spatial Resolution

ASTER GDEM Since 2000 1 − 30 m
DOI: 10.5067/ASTER/ASTGTM.003

MODIS Snow Cover 2000–2019 920 8 days 500 m
DOI: 10.5067/MODIS/MOD10A2.006

MODIS Land Cover 2001–2019 19 Annual 500 m
DOI: 10.5067/MODIS/MCD12Q1.061

To investigate the relationships between snow cover and land cover dynamics, the
MODIS land cover images (MCD12Q1) at a 500 m spatial resolution for the period 2001–2019
were also utilized herein, 19 images in total (one image per year). These images were ob-
tained from user-based classifications of the MODIS reflectance data (both the Terra and
Aqua satellites). The MCD12Q1 annual product employed in the present research is based
on the annual leaf area index and has 11 land cover types (LC type 3). Image subset-
ting within the basin and sub-basins was implemented though the open-source Quantum
Geographic Information System (QGIS) software (version 2.18 https://qgis.org/).

https://qgis.org/
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To perform correlation analysis, draw the height map of the basin, and investigate the
changes in snow at different heights, the Global Digital Elevation Model (GDEM) of the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor with
a 30 m spatial resolution, created by the Sensor Information Laboratory Corporation (SILC)
in Tokyo, Japan, was also utilized [43]. To perform the correlation analysis, GDEM was
downsampled to 500 m by a median technique to align with the resolution of the MODIS
snow cover images.

2.3. Methods

The workflow of the present study is illustrated in Figure 2. This research investigates
and calculates monthly, seasonal, and annual snow cover areas for the Sefid-Rud basin
during the period 2000–2019 using MODIS products.

Figure 2. The workflow of the present study. The numbers displayed in red follow the same order of
the subsections in Section 3.

To calculate the annual snow area, the water year is considered, which starts from
the first of September (the beginning of the rainy season). Various methods are applied
to investigate the trend in snow cover changes. In the first method, after calculating the
snow cover of the basin in the months of the study period, the snow cover images for the
months of the snowy season of the basin are prepared in sequence in all the years of the
study period to verify the possible changes in the snow trend visually. In another method,
the percentage of snow cover of the basin and sub-basins for the statistical period 2000–2001
to 2018–2019 is compared and drawn in a graph. The percentage snow cover at annual,
seasonal, or monthly scales is given by Equation (1).

SC = 100
( n

∑
k=1

Sk

)
/(nA), (1)

where SC is snow cover for a year in percent, n is the number of images for the year (e.g.,
n = 46), Sk is the snow cover of the clipped image k to the basin or its sub-basin, and A is
the basin or sub-basin area. For the monthly scale, n is the number of images within the
month (e.g., n = 4), and for the seasonal scale, n is the number of images within the season.
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Note that Sk can be calculated by counting the number of snow pixels at a 500 m spatial
resolution within a given region, and A can be determined by counting the total number of
pixels at a 500 m spatial resolution within the given region.

2.3.1. Mann–Kendall and Sen’s Slope Estimator

To determine whether there is a statistically significant snow cover trend over the
years at pixel level or sub-basin level, the modified MK test is utilized [28]. Furthermore,
the Sen’s slope estimator is used to estimate the slope rate [29]. The slope rate of the changes
per decade is calculated for all the pixels of the basin surface and for each sub-basin and
the Sefid-Rud basin. This method is commonly utilized in analyzing trends in hydrological
and meteorological time series [31,32]. An advantage of this model is its capability for
processing time series that do not follow any particular distribution. However, the MK test
is sensitive to seasonality and serial correlation. The zero hypothesis of this test indicates
no statistically significant trend in the time series, and rejecting the null hypothesis signifies
that there is a statistically significant trend in the time series. In the present study, the Sen’s
slope estimator is also applied to estimate the slope of trend.

Mathematically, let xi be the values of the time series (1 ≤ i ≤ n). The MK statistic S is
expressed as

S =
n−1

∑
i=1

n

∑
j=i+1

sgn(xj − xi), (2)

where

sgn(θ) =


+1, if θ > 0,
0, if θ = 0,
−1, if θ < 0.

(3)

The distribution of S is almost normal with an average equal to zero and standard deviation
equal to σ = n(n − 1)(2n + 5)/18 when n ≥ 8. The MK test statistic Z is provided by the
following equation (standardized):

Z =


(S − 1)/σ, if S > 0,
0, if S = 0,
(S + 1)/σ, if S < 0.

(4)

From this test, the time series has an increasing trend when Z > 0, otherwise, the time
series has a decreasing trend. When |Z| > Z1−α/2, the trend is statistically significant,
where α is the critical value. The Z value is checked against the two-tailed test Z1−α/2 (the
theoretical value). The Sen’s slope estimator is also defined as

β = Median
{yj − yi

j − i
, 1 ≤ i < j ≤ n

}
. (5)

If β < 0, a downward trend exists in the time series whose magnitude is |β|; otherwise,
an upward trend exists whose magnitude is β.

2.3.2. Pearson’s r

Pearson’s r describes the linear dependency between two variables u and v, defined by

r = ∑n
i=1(ui − u)(vi − v)√

∑n
i=1(ui − u)2

√
∑n

i=1(vi − v)2
, (6)
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where n is the total number of data points, and u and v are the averages of u and v,
respectively. Pearson’s r ranges from −1 to 1, where values from −0.3 to 0.3 signify an
insignificant correlation, and values from −0.7 to −0.3 and from 0.3 to 0.7 signify linear
dependency that is fuzzy. Also, when the values are less than −0.7 or more than 0.7, there is
a significant linear dependency [44]. In the present research, the Pearson’s r between snow
cover (u) and elevation (v) is also calculated for each year. For this, for pixel i, the average
snow cover of the winter season is calculated for the given year to obtain ui, where its
corresponding aligned elevation value is vi. Herein, index i in Equation (6) ranges from 1 to
n, where n is the total number of pixels at a resolution of 500 m, covering the entire basin.

3. Results
3.1. Temporal Analysis of Snow Cover

To investigate possible time differences and changes in the snow season in the Sefid-
Rud basin, the time interval between the presence of snow cover and the end of snow
melting during the years of the entire study period is verified. Figure 3 shows the temporal
graph of the snow cover for the Sefid-Rud basin for the first and the last two years of
the study period. The results indicate no significant inter-annual changes in the timing
of the snow cover season. However, the amount of snow cover has decreased during
the study period, but the time of the beginning and ending of the snow cover has not
changed significantly.

Figure 3. Graphs of temporal snow cover changes in the Sefid-Rud basin during the years 2000, 2001,
2018, and 2019.

3.2. Spatiotemporal Dynamic of Snow Cover

Based on the MODIS snow cover images for the period 2000–2019, the snow cover
results of the Sefid-Rud basin for different winter months and years are produced. Figure 4
shows the spatiotemporal variations in snow cover for (a) December, (b) January, and
(c) February. Note that the spatial resolution of these images is 5 km, and the percentage
snow cover amount for each pixel (5 km) is obtained by counting the number of snow
pixels (500 m) from MOD10A2 within the larger pixel (5 km), and then, normalizing it. Four
classes are defined, namely, negligible snow cover (0–10%, in red), low snow cover (10–30%,
in yellow), medium snow cover (30–70%, in green), and high snow cover (70–100%, in blue).
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Figure 4. The percentage of snow cover in the Sefid-Rud basin for (a) December, (b) January,
and (c) February.
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From Figure 4, December in 2002, 2006, 2015, January in 2005, 2007, 2008, 2011,
and February in 2005, 2011, and 2017 exhibit relatively higher snow cover compared to
other years. In addition, January shows the highest percentage of snow cover in most years
compared to other months, meaning that January is the snowiest month of the year in the
study region. In a few years, February and December show the highest snow cover.

3.3. Snow Cover Trends for the Sefid-Rud Basin and Its Sub-Basins

To examine the change process, an MK trend analysis is applied to the annual average
snow cover for the Sefid-Rud basin and its sub-basins. The annual time series and their
estimated trends for the Sefid-Rud basin and Ghorveh-Dehgolan sub-basin are displayed in
Figure 5 as an example. The Sen’s slope and their p-values are listed in Table 2, showing that
the Goltapeh-Zarinabad and Ghorveh-Dehgolan sub-basins have declining rates during
2000–2019, which are statistically significant at the 95% confidence level. Table 2 also shows
seven sub-basins and the Sefid-Rud basin have decreasing trend during the study period,
but they are statistically insignificant. The sub-basins of Tarom-Khalkhal and Taleghan-
Alamot also have statistically insignificant increasing trends in snow cover during the
study period.

Figure 5. Annual snow cover time series and their estimated linear trends (dashed lines) using an
MK trend analysis for the Sefid-Rud basin and Ghorveh-Dehgolan.

Table 2. Annual rates of change in snow cover (%/year) for Sefid-Rud basin and its sub-basins.

Basin/Sub-Basin Sen’s Slope (%/year) p-Value

Sefid-Rud basin −0.249 0.24
Goltapeh-Zarinabad −0.514 0.05
Ghorveh-Dehgolan −0.675 0.05

Sojas −0.511 0.13
Bijar-Divandareh −0.469 0.19

Mahneshan-Angoran −0.266 0.33
Zanjan −0.218 0.2
Mianeh −0.106 0.57
Manjil −0.064 0.62

Astaneh-Kochsefahan −0.022 0.59
Tarom-Khalkhal 0.013 0.83
Taleghan-Alamot 0.083 0.72

3.4. Snow Cover Trend Results and Their Statistical Significance

To investigate changes in snow cover at the pixel level, an MK trend analysis is applied
to the time series corresponding to each pixel to generate slope results. At this stage,
the trend in changes is analyzed at annual, seasonal, and monthly scales. From Figure 6a,c,
annually and for the winter season, most of the areas with a decreasing trend in the central
and southern parts of the basin are significant at the 90% confidence level.



Sustainability 2024, 16, 9381 10 of 17

Figure 6. The trend results for the Sefid-Rub basin for (a) annual, (b) autumn, (c) winter, and (d) spring,
based on the MK test. The statistical significance of the trends at the 90% confidence level are also
illustrated by smaller panels, placed at the southeast part of the basin.

According to the results, the greatest reduction in the snow area throughout the year
happened in the winter season and the months of this season, i.e., December, January,
and February. The declining trend in the snow area in this season is evident in most parts
of the basin. Like the annual trend, in the winter season, the trend is significant in most of
the decreasing areas, and the lack of significance is seen mostly in the areas where there is
no decreasing trend and there is stability; see Figure 6c.

Figure 6b,d show that a statistically significant decline can almost only be seen in
areas with reduced snow cover. Considering that there is no snow cover in most areas of
the basin during the autumn and spring seasons, the results mostly show stability and
unchanging trends, and the decreasing/increasing trends in these seasons are relatively
much less and insignificant.

At the monthly scale, January, with the highest snow area, has the largest decrease in
snow area compared to other months, and its trend results and their significance are as for
the winter season, Figure 7c. The months of December and February, shown, respectively,
in Figure 7b,d, also have a decreasing trend in most areas of the basin. March and April,
illustrated, respectively, in Figure 7e,f, are considered representative of the spring season,
and November, Figure 7a, is representative of the autumn season. In these three months,
most of the areas of the basin have no snow, and in other areas where there are few days
with snow cover, the trend in changes is mostly insignificant or decreasing.
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Figure 7. The trend results for the Sefid-Rub basin for (a) November, (b) December, (c) January,
(d) February, (e) March, and (f) April based on the MK test. The statistical significance of the trends
at the 90% confidence level are also illustrated by smaller panels, placed at the southeast part of
the basin.

3.5. Correlation Analysis Between Elevation and Snow Cover

The condition of snow cover in relation to elevation during the study period is also
investigated. The Pearson correlation results for each year are listed in Table 3.

Table 3. The correlation between winter snow cover and elevation for each year from 2001 to 2020.

Year (Winter) Pearson’s r Year (Winter) Pearson’s r

2001 0.68 2011 0.80
2002 0.74 2012 0.64
2003 0.72 2013 0.61
2004 0.72 2014 0.70
2005 0.74 2015 0.60
2006 0.72 2016 0.78
2007 0.81 2017 0.59
2008 0.73 2018 0.70
2009 0.69 2019 0.70
2010 0.63
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One can observe that elevation is positively correlated with snow cover for all the
years. The years 2007 and 2011 have the highest correlation (r ≥ 0.8), and the years 2015
and 2017 have the lowest correlation (r ≤ 0.6).

3.6. Land Cover Change Results

The MODIS land cover images of the Sefid-Rud basin for the years 2001, 2005, 2010,
2015, and 2019 are depicted in Figure 8. The pixel count is obtained for each type of land
cover shown in Figure 8. It is found that the amount of grassland (in yellow) has increased
from 89.8% in 2001 to 95.2% in 2019 across the basin, particularly in the central part. On the
other hand, the amount of non-vegetated land (in pink) has decreased from 5% in 2001 to
1% in 2019, and the amount of shrubland (in gray) has decreased from 2% in 2001 to 1% in
2019 across the basin, particularly in the central part. As an example, the area of each type of
land cover for each sub-basin is calculated to demonstrate the land cover dynamics across
the years. To investigate the interaction between the dynamics of snow cover and land
cover within the sub-basins, the Goltapeh-Zarinabad and Ghorveh-Dehgolan sub-basins
are selected as examples for further analysis because these two sub-basins have statistically
significant declining trends (see Table 2) and their dominant land cover types are displayed
in Figure 9. From Figure 9, one can observe that a significant change occurred in land cover
transformation from 2001 to 2007 with a smaller change after 2007.

Figure 8. The MODIS land cover change results for the Sefid-Rud basin.
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Figure 9. The time series of dominant land covers for sub-basins: (a) Goltapeh-Zarinabad
and (b) Ghorveh-Dehgolan.

4. Discussion
4.1. Snow Cover Dynamics in Time and Space

This study was dedicated to monitoring the snow cover dynamics of the Sefid-Rud
basin and its eleven sub-basins. Employing the MODIS snow cover images during
2000–2019, geospatial results of snow cover were produced, and the geospatial results
of the snow cover trends and their statistical significance, from an MK trend analysis, were
illustrated for annual, seasonal, and monthly scales. In addition, the correlation between
elevation and snow cover for each year during the winter season was estimated for the
Sefid-Rud basin.

In general, it can be deduced that the snow cover on the surface of the Sefid-Rud
basin had a fluctuating trend during the study period. For the Sefid-Rud basin, the highest
snow cover was observed in January 2007 while the lowest snow cover was observed
in December 2001 and December 2008 (Figure 4). The results indicate that there exists a
declining trend in snow cover in most areas of the basin. In the areas where decreasing
trends were not observed, the changes were not statistically significant.

As mentioned earlier, most of the snow cover in the Sefid-Rud basin occurs in the
winter season, as confirmed by the test results. Because the greatest decrease in snow cover
was related to the winter season, the trend in changes in this season was similar to the
annual trend, although the amount of decrease in this season was more than the annual
decrease. Because of the shortage of snow cover in the autumn and spring seasons, a wide
declining trend was not observed in these two seasons. During the period 2000–2019, many
areas of the basin did not have snow, or they had little snow in spring and autumn.

4.2. Comparisons with Similar Studies

The observed decreasing trend in snow cover across most areas of the Sefid-Rud
basin aligns with findings from other studies conducted in Iran and globally. Exam-
ples of such studies include Taheri Dehkordi et al. [45] in the Zainde-Rud basin of Iran,
Fattahi [46] in the northwest of Iran, Solaimani et al. [47] in the Kurdistan province of Iran,
and Singh et al. [48] in the Himalaya, all of which confirmed the decreasing trend.

On the other hand, there are also some studies that show increasing trends, such as
the study by Azizi et al. [33], who confirmed the increase in winter snow on the southern
slopes of Alborz in Iran. The results of the present research near Alborz agrees with the
findings for Alborz in [33]. Table 2 shows that except for the three northern sub-basins
located on the Alborz highlands and the coast of the Caspian Sea, the snow cover has been
decreasing in other sub-basins. It appears that the absence of these conditions in the three
northern sub-basins is related to the presence of the Caspian Sea, the air masses passing
over it, and the high altitude of the Taleghan-Alamot sub-basins. Some other regions
across the world have experienced an increasing snow cover trend as well. For example,
Rathore et al. [39] observed a snow cover increase for Chenab basin in India.
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4.3. Interrelations Between Snow Cover, Climate Change, and Land Cover

Water scarcity has become a major issue in Iran due to several factors, such as un-
sustainable water consumption for agriculture and climate change [49]. Figure 8 shows
a general increase in grasslands and decrease in non-vegetated lands, more pronounced
in the central part, with relatively lower elevation, which agrees with the results in [49].
The topographic conditions, gradual temperature and CO2 increase, anthropogenic activi-
ties, and decline in precipitation and snow cover are potential contributing factors in the
increasing area of grasslands in the Sefid-Rud basin.

4.4. Limitations and Future Work

The limitations of this work are as follows: (1) The input snow cover data have a
moderate resolution, and errors due to clouds and atmospheric noise as well as sensitivity
to solar zenith angles can introduce biases in the snow cover measurements [50]; (2) the
MK trend test is sensitive to seasonality and serial correlation; however, in this study,
the time series are produced so that there is one observation per year for each of the annual,
seasonal, and monthly scales, eliminating the seasonality. Yet, the potential inter-annual
fluctuations could be investigated in more detail by other techniques, such as wavelet
analysis [51]; and (3) this study only focused on snow cover dynamics in the Sefid-Rud
basin and its relationships with elevation and land cover. Other remote sensing datasets
and ground based measurements, such as vegetation indices, land surface temperature,
and streamflow could be used to further investigate the interconnection between snow
cover, climate change, and streamflow.

5. Conclusions

In this research, the snow cover dynamics of the Sefid-Rud basin was studied for the
period 2000–2019. Applying the MK trend analysis, the trends in snow cover dynamics for
the whole basin and its sub-basins were estimated. The trend results of snow cover were
produced at annual, seasonal, and monthly scales. The correlation between snow cover and
elevation was estimated. Moreover, the annual MODIS land cover images were employed
to study the land cover change across the basin and how it might have impacted the snow
cover during the study period.

The results revealed that there exists a declining snow cover trend in most of the
sub-basins. In Tarom-Khalkhal and Taleghan-Alamot sub-basins, there is no tangible
decreasing trend, and it even seems that an increasing trend can be seen in some of them.
This issue is probably due to the two conditions of proximity to the sea and their high
altitude. The estimated trends were not statistically significant in the whole basin and this
insignificance was observed in nine of the sub-basins showing a decreasing trend. Only
the Goltapeh-Zarinabad and Ghorveh-Dehgolan sub-basins showed statistically significant
decreasing snow cover trends at the 95% confidence level during 2000–2019. The land
cover change results in Figure 8 show a significant increase in grasslands and a significant
decrease in non-vegetated lands, mainly toward the central part of the basin with relatively
lower elevation. As an example, the time series of dominant land cover (i.e., grasslands and
non-vegetated lands) for Goltapeh-Zarinabad and Ghorveh-Dehgolan were also shown in
Figure 9. Due to demographic and economic conditions and strong dependence on water
resources, the declining trend in snow cover poses a major concern for the availability of
fresh water in the region, which requires proper planning and water resource management.

Examining the trend in changes in different seasons and months showed that in the
winter season and the months of this season, the trend of decreasing snow cover was more
significant toward the central and southern parts of the basin, and it was like the annual
changes. While this reduction was much less in spring and autumn, it was still stable. This
is because in the Sefid-Rud basin most of the snowfall is in the winter season, while in
other seasons the precipitation is much less and mostly in the form of rainfall. Therefore,
no tangible decline was observed in these seasons.
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Despite the annual decreasing trend in snow cover, the start and end times of snow
cover did not show much change, which could be due to the maximum snowfall occurring
in the winter season, with the biggest decrease observed in this season. In general, the com-
parison of different cases between different sub-basins showed that the sub-basins that
were further away from rain-producing streams and water sources with lower altitudes had
a greater reduction in snow cover. However, in discussing spatial and temporal changes
in snow cover, not much difference was observed between the sub-basins. The results of
this study can be useful for developing a sustainable environment and adaptation in a
changing climate.
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