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Objective: In mountainous regions of the Zagros, including the Maroon Basin in
southwestern Iran, snow is the primary source of annual runoff. However, recent climatic
changes, particularly rising temperatures and shifts in precipitation patterns, have altered
the temporal and spatial distribution of snow accumulation and snowmelt. These changes
have important implications for river hydrological regimes. Accordingly, this study
investigates the temporal and spatial trends of snow cover and analyzes its relationship
with Maroon River discharge over the period 2001-2022 to clarify the role of snow-cover
changes in surface-flow dynamics.

Methods: River discharge data from the Idenak hydrometric station (upstream of Maroon
Dam) were also used, and missing data were reconstructed using regression methods. To
investigate the relationship between snow cover and river discharge, Pearson correlation
analysis was performed for both simultaneous and lagged relationships. Since snowmelt
in the Maroon Basin typically occurs from late winter to mid-spring, lag effects of up to
two months were considered to capture delayed runoff responses associated with
snowmelt. All analyses were conducted using ArcGIS, Excel, and SPSS software.
Results: The results showed a significant declining trend in snow cover during most
months, particularly from January to March. Seasonal analysis also indicated a decreasing
trend in snow-covered area during the snow season (October—May), with Z =—1.58 (p <
0.05). Sen’s slope estimates showed an average reduction of approximately 7.28 km? in
snow-covered area per year during winter. Correlation analysis revealed the strongest
positive relationship between NDSI and Maroon River discharge during the snowmelt
period (March—May), both simultaneously and with time lags of one to two months, with
correlation coefficients reaching 0.75.

Conclusions: The significant decline in snow cover and its strong correlation with river
discharge, both simultaneously and with 1-2-month delays, indicate a reduction in snow
persistence and earlier snowmelt in the Maroon Basin during the past two decades. These
changes have altered the hydrological regime of the Maroon River.

This study, by combining long-term MODIS-based snow-cover trend analysis with
simultaneous and lagged evaluation of the relationship between NDSI and river discharge
at multiple temporal scales, provides a robust understanding of the dynamic relationship

between snow-cover changes and surface-flow behavior in this critical basin.
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Introduction

Snow cover is one of the most important components of the hydrological cycle in mountainous
environments and plays a fundamental role in regulating runoff generation, groundwater
recharge, and seasonal water availability. In many semi-arid and mountainous regions, snow
acts as a natural reservoir that stores winter precipitation and gradually releases water during
the melting season. The Zagros Mountains of southwestern Iran are among the most important
snow-dominated regions of the country, and the Maroon Basin is one of the major watersheds
whose hydrological regime is strongly influenced by snow accumulation and snowmelt
processes. In recent decades, climate change has altered the timing, duration, and extent of snow
cover in many mountain regions worldwide. Rising temperatures, changes in precipitation type,
and increasing climate variability have affected both snow accumulation and melt dynamics,
resulting in significant consequences for water resources and river discharge regimes.
Understanding the temporal and spatial variability of snow cover and its relationship with river
flow is therefore essential for sustainable water-resources management, particularly in basins
that depend heavily on snowmelt runoff. The present study aims to investigate long-term trends
in snow-cover extent across the Maroon Basin during the period 2001-2022 and to evaluate the
relationship between snow-cover variability and river discharge at different temporal scales.
The study also seeks to determine the extent to which changes in snow cover influence runoff
generation and seasonal flow fluctuations in the basin.

Methods

To achieve these objectives, daily snow-cover data derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor, specifically the MOD10AT1 product, were utilized
for the period 2001-2022. Satellite-derived snow information was validated using ground-
based snow observations from the Yasuj and Sisakht meteorological stations for the period
2008-2022. Snow-cover conditions were quantified using the Normalized Difference Snow
Index (NDSI), which was aggregated into monthly, seasonal, and annual datasets to capture
variations at multiple temporal scales. Spatial and temporal trends in snow-cover extent were
analyzed using the non-parametric Mann—Kendall trend test, while Sen’s slope estimator was
applied to quantify the magnitude and direction of observed changes. Hydrological analysis
was conducted using discharge records from the Idenak hydrometric station, located upstream
of the Maroon Dam. Missing discharge values were reconstructed using regression-based
techniques to ensure data continuity. To examine the relationship between snow-cover
dynamics and river discharge, Pearson correlation coefficients were calculated between NDSI
values and streamflow records. Both simultaneous and lagged correlation analyses were
performed. Considering that snowmelt in the basin typically begins in late winter and extends
into spring, lag times of one and two months were evaluated to identify delayed runoff
responses associated with snowmelt processes. Data processing, spatial analysis, statistical
calculations, and graphical outputs were conducted using ArcGIS, Microsoft Excel, and SPSS
software.

Results

The results revealed a clear and widespread decline in snow-cover extent across the Maroon
Basin over the study period. Monthly analyses indicated that the most pronounced reductions
occurred during the core snow season, particularly from January through March, when snow
accumulation traditionally reaches its maximum extent. Seasonal analysis further confirmed a
decreasing trend in snow-covered area throughout the snow season (October—May). The Mann—
Kendall test detected statistically significant negative trends, indicating a progressive reduction
in snow persistence and coverage across the basin. Sen’s slope estimates showed that winter
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snow-cover extent decreased by approximately 7.28 km? per year during the study period.The
correlation analysis demonstrated a strong hydrological linkage between snow-cover variability
and river discharge. The highest positive correlations between NDSI and streamflow were
observed during the snowmelt season from March to May, when melting snow contributes
significantly to runoff generation. Significant relationships were detected not only under
simultaneous conditions but also when discharge was lagged by one and two months.
Correlation coefficients reached values as high as 0.75, indicating that snow-cover extent
explains a substantial proportion of streamflow variability during the melt season. The lagged
relationships highlight the delayed hydrological response of the watershed, reflecting the time
required for snowmelt water to reach the river network and contribute to basin discharge.
Overall, the results confirm that snowmelt remains the dominant driver of spring runoff in the
Maroon Basin despite the observed reduction in snow-cover extent.

Conclusions

The findings of this study provide strong evidence of a significant decline in snow cover and a
shortening of snow-retention periods in the Maroon Basin during the last two decades. The
observed reduction in snow-covered area, together with the strong concurrent and lagged
relationships between snow cover and river discharge, indicates that ongoing climatic changes
are altering the hydrological behavior of the basin. Earlier snowmelt and reduced snow storage
are likely contributing to shifts in runoff timing and seasonal flow distribution. Such changes
may have important implications for water availability, reservoir operation, agricultural water
supply, and long-term water-resources sustainability in the region.A major contribution of this
research is the integration of long-term MODIS-derived daily snow-cover observations with
detailed hydrological analyses of river discharge across multiple temporal scales. The combined
use of trend detection techniques and lagged correlation analysis provides a comprehensive
understanding of the dynamic interactions between snow-cover variability and runoff
generation in a snow-dominated watershed. Given the continued influence of climate change
on mountain hydrology, future studies should employ physically based hydrological and
climate models, such as DHSVM, VIC, WRF-Hydro, and HBV, to simulate future snow-cover
conditions and runoff responses under different climate scenarios. Such efforts will support
more effective water-resources planning and adaptive management strategies for the Maroon
Basin and other snow-fed watersheds in the Zagros Mountains.
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  N D S I =  (   G R E E N −   S W I R  G R E E N +   S W I R )


 


  sgn  (  x j −  x k ) =  {    + 1   if   (  x j −  x k ) > 0   0   if    (  x j −  x k ) = 0         − 1   if   (  x j −  x k ) < 0


  S   var =   n  ( n − 1 )  ( n + 1 ) −  ∑  t ( t − 1 ) ( t + 1 )  n


  Q =    (   x  i −   x  k )  j − k   f o r   i = 1 ∗ 2 ∗ … n


  β = M e d i a n  [     X  j −   X  i  j − i ] ( ∀ > i )


    X  j  


    X  i


    ∀

