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(ET) and its modulation by biophysical variables and land use/land cover (LULC) changes
in the Karun River Basin, southwestern Iran, from 2000 to 2023. The basin, spanning
67,257 km? and characterized by diverse topography, experiences significant annual water
loss (72% of 413 billion m3 national precipitation) due to ET, leading to salt and sediment
accumulation.

Methods: Data from MODIS products (MCD12Q1, MOD13A1, MCD43A3, MOD11A2,
MOD16A3, CHIRPS) provided land cover, NDVI, albedo, LST, precipitation, and ET at
500-meter resolution, supplemented by Landsat imagery (30-meter resolution) for
validation.

Results: Multiple regression and Geographically Weighted Regression (GWR) analyses
revealed a 39.5% ET increase (31.48 to 43.92 mm/year), a 32.78% NDVI rise (0.18 to
0.239), and a 16.35% LST decrease (33.52°C to 28.05°C), correlated with a 6.90%
agricultural decline (6,939,225 to 6,460,335 ha), a 6.94% rangeland increase (3,840,375
to 4,106,780 ha), and a 42.76% forest expansion (156,000 to 222,700 ha). GWR (AdjR?
> 0.97, peak 0.9887 in 2010) identified spatial non-stationarity, with overprediction in
mountainous northeast regions and underprediction in agricultural southwest plains,
reflecting LULC influences. Landsat-derived false color composites and classifications
(overall accuracy 85-90%, Kappa 0.85-0.90) validated a 2,477 km? forest loss to high-
ET rangelands/agriculture, driving warm-season ET elevation.

Conclusions: Results emphasize the need for integrated hydrological models
incorporating irrigation data and high-resolution analyses to enhance sustainable water
management in this water-stressed region.
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EXTENDED ABSTRACT

Introduction

Evapotranspiration (ET) represents a critical component of the hydrological cycle, profoundly
influencing water resource dynamics, ecosystem services, and climate regulation, particularly
in arid and semi-arid regions such as Iran. Annually, the country experiences approximately
413 billion cubic meters of precipitation, of which 72% (equivalent to 296 billion cubic meters)
is lost to the atmosphere through evapotranspiration processes. The Karun River Basin,
recognized as one of Iran's most water-abundant watersheds, is strategically positioned in the
southwestern part of the country. This basin, characterized by diverse topography ranging from
rugged mountains to expansive plains, witnesses substantial annual evaporation of fresh water
from its surface, resulting in the accumulation of salts and sediments that exacerbate
environmental challenges. This study investigates the spatio-temporal dynamics of ET within
the Karun Basin from 2000 to 2023, integrating biophysical variables (e.g., Normalized
Difference Vegetation Index [NDVI], albedo, land surface temperature [LST], and
precipitation) with land use/land cover (LULC) changes. By employing advanced geospatial
and statistical analyses, including multiple regression and Geographically Weighted Regression
(GWR), the research elucidates the spatial non-stationarity of ET and its modulation by LULC
transformations, addressing gaps in prior studies that overlooked high-resolution validation and
human-induced factors.

Methods

The study area encompasses the Karun River Basin in southwestern Iran, spanning longitudes
48° to 52° E and latitudes 29° to 34° N, with a total extent of 67,257 square kilometers. This
basin is defined by its two principal rivers, Karun and Dez, which originate in the Zagros
Mountains, traverse complex mountainous terrain, converge approximately 50 kilometers north
of Ahvaz in the Khuzestan Plain, and ultimately discharge into the Persian Gulf. The region's
diverse physiography—from elevations exceeding 4,000 meters in the uplands to near-sea-level
plains—contributes to varied hydrological and ecological processes.

Primary datasets included biophysical variables derived from MODIS products: land cover
classifications from MCD12Q1 (500-meter spatial resolution, annual composites); NDVI from
MOD13A1; albedo from MCD43A3; LST from MOD11Az2; precipitation from CHIRPS (5-
kilometer resolution); and actual ET from MOD16A3 (500-meter resolution, annual). Auxiliary
data comprised Landsat imagery (TM/ETM+/OLI, 30-meter resolution) for validation,
including false color composites (NIR-Red-Green bands) and supervised classification using
the Maximum Likelihood algorithm in ArcGIS Pro v3.4. Land cover changes were interpolated
linearly across key years (2000, 2005, 2010, 2015, 2020, 2023) into a continuous time series,
with six classes: rangeland/vegetation, agriculture, forest, barren land, urban/built-up, and
water.

Data preprocessing involved atmospheric and geometric corrections, resampling to 500-meter
resolution via bilinear interpolation, and clipping to basin boundaries. Statistical analyses
encompassed multiple regression in Excel (Analysis ToolPak) to model ET against biophysical
predictors, ANOVA for temporal comparisons across decadal periods, and trend analysis via
scatter plots with linear regression lines. Spatial modeling utilized GWR in ArcGIS Pro
(Bisquare kernel, 80 neighbors) to capture local variations in ET relationships. Classification
accuracy was validated using stratified random sampling, confusion matrices, overall accuracy
(OA), and Kappa coefficient, yielding OA >85% and Kappa >0.85 across years. All analyses
were conducted in ArcGIS Pro v3.4 and Microsoft Excel.
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Results

This research elucidates the interplay between land cover dynamics and biophysical variables
in modulating ET rates across cold (January) and warm (June) seasons in the Karun Basin.
Temporal analysis revealed ET rates in June were at least fivefold higher than in January for all
land cover types, with irrigated and rain-fed agricultural lands exhibiting the highest values (up
to 170 mm/month), followed by rangelands (150 mm/month), while barren and urban lands
recorded the lowest (<50 mm/month). Over 2000-2023, LULC changes included a 6.90%
decline in agriculture (6,939,225 to 6,460,335 hectares), a 6.94% increase in rangelands
(3,840,375 t0 4,106,780 hectares), a 42.76% expansion in forests (156,000 to 222,700 hectares),
and a 21.31% urban growth (104,100 to 126,280 hectares). These shifts correlated with a 39.5%
ET increase (31.48 to 43.92 mm/year), a 32.78% NDVI rise (0.18 to 0.239), and a 16.35% LST
decrease (33.52°C to 28.05°C), alongside modest precipitation stability (387.36 to 391.87
mm/year) and albedo reduction (198.48 to 195.74).

Multiple regression (R2=0.998, Adjusted R2=0.947, Significance F<0.0001) confirmed NDVI
(B=208.27, P=3.71E-08) and precipitation (=0.020, P=0.0018) as significant ET predictors,
with albedo (P=0.736) and LST (P=0.056) showing negligible effects. ANOVA indicated
significant inter-decadal differences in LST (F=2222.62, P<0.001) and precipitation (P<0.05),
reflecting climatic variability. Linear trends corroborated these patterns: ET (+0.56 mm/year,
R2=0.43, P<0.01), NDVI (+0.002/year, R?=0.55, P<0.001), and LST (-0.1°C/year, R?=0.35,
P<0.01).

GWR analysis (AdjR2>0.97 across years, peak in 2010 at 0.9887) unveiled spatial non-
stationarity, with bipolar residuals: overprediction in northeastern mountainous areas
(dominated by natural processes like topographic constraints) and underprediction in
southwestern agricultural plains (influenced by irrigation). Geospatial dispersion analysis of
GWR maps highlighted clustered overprediction in rugged uplands and diffuse underprediction
in irrigated lowlands, aligning with LULC transitions (e.g., agriculture-to-rangeland conversion
at 3.60%). Landsat false color composites and classifications (OA=85-90%, Kappa=0.85-0.90)
validated MODIS-derived changes, enhancing detection of subtle shifts like a 2,477 km? forest
loss (2000-2020) to rangelands and rain-fed agriculture, which amplified warm-season ET by
promoting high-evapotranspiration classes.

These findings underscore LULC's moderating role in ET heterogeneity, where agricultural
expansion drives basin-wide ET increases, while natural recovery in uplands tempers LST. The
integration of high-resolution Landsat data addresses validation gaps, confirming MODIS
reliability while revealing irrigation's unmodeled influence on underprediction.

Conclusion

This study demonstrates that over 2000-2023, the Karun Basin underwent significant LULC
transformations, including a 6.90% agricultural decline and 6.94% rangeland expansion,
driving a 39.5% ET increase (31.48 to 43.92 mm/year), 32.78% NDVI growth (0.18 to 0.239),
and 16.35% LST reduction (33.52°C to 28.05°C). Multiple regression affirmed NDVI and
precipitation as primary ET drivers, while GWR (AdjR2>0.97) exposed spatial non-stationarity,
with overprediction in mountains and underprediction in plains reflecting LULC moderation.
Landsat validation (OA=85-90%, Kappa=0.85-0.90) detailed transitions like 2,477 km?2 forest
loss to high-ET rangelands/agriculture, elevating basin ET volume. These dynamics highlight
human interventions (e.g., irrigation) and natural recovery's interplay in hydrological shifts.
Findings advocate integrated models incorporating anthropogenic data and high-resolution
analyses for sustainable water management, providing a geospatial framework for regional
planning in water-scarce environments.
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SUMMARY OUTPUT
Regression Statistics
Multiple R 0.998812769
R Square 0.997626947
Adjusted R Square 0.947270989
Standard Error 2.071334857
Observations 24
ANOVA
df SS MS F Significance F
Regression 4 36073.7577 9018.439424 2101.990578 7.49181E-25
Residual 20 85.80856183 4.290428091
Total 24 36159.56626
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0 #N/A #N/A #N/A #N/A
mean_albedo -0.008615708 0.025227922 -0.341514793 0.73627815 -0.061240231
mean_LST -0.400469712 0.197486142 -2.027837035 0.056109325 -0.812418584
precip 0.020375498 0.005667705 3.59501732 0.001809159 0.008552872
mean_ndvi 208.2696188 24.20555856 8.604206273 3.71758E-08 157.7777084
Upper 95% Lower 95/0% Upper 95/0%
Intercept #N/A #N/A #N/A
mean_albedo 0.044008814 -0.061240231 0.044008814
mean_LST 0.011479161 -0.812418584 0.011479161
precip 0.032198124 0.008552872 0.032198124
mean_ndvi 258.7615291 157.7777084 258.7615291
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