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Modeling challenges in data-scarce mountain catchments
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Data Limitations

• Sparse gauging stations

• Limited Snow observations

• Few ET measurements

Physical Complexity

• Snow accumulation and melt

• Highly variable precipitation

• Evapotranspiration controls

• Elevation-dependent processes (runoff)

Modelling Challenges 
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Current calibration approaches: What's missing?
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Calibration Approach Strength Key Limitation

Streamflow-only calibration
Simple, widely used, robust at 
outlet scale

Does not constrain internal 
processes (snow, ET, soil moisture)

Multi-objective calibration 
(discharge-based)

Improves hydrograph shape and 
peak/low flows

Still dominated by streamflow; 
limited process insight

Remote sensing integration
Adds spatial and process-based 
information (e.g., SWE, ET)

Limited application in snow-
dominated mountainous basins
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• Integrate streamflow Q, snow water equivalent SWE, and evapotranspiration 

ET in SWAT+ calibration

• Develop a two-phase multi-metric evaluation framework that combines 

traditional statistical metrics with hydrological signatures

• Assess improvements in process representation and parameter uncertainty

Research objectives
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Study area & model setup
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Khulm Watershed, Afghanistan
• Area:  10,230 km2
• River length: 230 km 
• Max Tmp: 45 C
• Min Tmp: -15 C
• Mean annual total Pcp: 195 mm 

SWAT+ 
• Version 61.0.1
• 13 subbasins, 107 LSUs, and 10K HRUs
• Three elevation band
• Hargreaves method
• Variable storage routing method
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Model Input Data

Internal Bsiness Meeting – Saboory et al., 2026 SWAT Conference, Thessaloniki – Saboory et al., 2026 

DEM Soil Landcover

- Snow Water Equivalent SWE: Land Data Assimilation System (FLDAS), McNally et al., 2017 

- Evapotranspiration ET: SSEBop, Senay et al., 2017

- Streamflow, climatic data
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Methodological framework: Phase 1 (Snow and Lapse Rate) 
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Methodological framework: Phase 2 (ET + Hydro) 
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Performance measures for the best model runs from the 2500 parameter sets, regarding Q and SWE

Phase 1 

Run Best for 

Discharge (Q) Snow Water Equivalent (SWE)   

KGE Vhigh high mid low Vlow MeanFDC ED KGE Vhigh high mid low Vlow MeanSDC ED ED_ Q+S 

1197 KGE_Q 0.80 0.44 0.37 0.56 2.25 3.06 1.34 1.35 0.58 0.95 0.61 1.77 1.90 NA 1.31 1.37 2.73 

985 Vhigh_Q 0.41 0.25 1.20 3.37 1.29 3.17 1.86 1.95 0.77 0.57 0.63 0.88 0.27 NA 0.59 0.63 2.58 

1434 high_Q 0.73 0.96 0.31 0.90 2.03 3.03 1.45 1.47 0.45 1.03 1.03 1.97 2.94 NA 1.74 1.83 3.30 

323 mid_Q 0.30 2.18 0.98 0.17 2.17 3.17 1.73 1.87 -0.92 8.16 3.74 5.07 11.28 NA 7.06 7.32 9.19 

856 low_Q 0.62 1.25 0.53 1.43 0.37 1.71 1.06 1.12 -7.10 31.71 13.87 20.35 125.08 NA 47.75 48.44 49.56 

2320 Vlow_Q 0.32 0.55 2.06 3.29 2.52 0.27 1.74 1.87 -1.44 11.94 5.00 5.88 15.76 NA 9.65 9.95 11.82 

856 MeanFDC 0.62 1.25 0.53 1.43 0.37 1.71 1.06 1.12 -7.10 31.71 13.87 20.35 125.08 NA 47.75 48.44 49.56 

856 ED_Q 0.62 1.25 0.53 1.43 0.37 1.71 1.06 1.12 -7.10 31.71 13.87 20.35 125.08 NA 47.75 48.44 49.56 

262 KGE_SWE 0.56 0.44 0.89 2.21 2.55 3.44 1.91 1.96 0.85 0.85 0.49 0.58 0.18 NA 0.53 0.55 2.50 

402 Vhigh_SWE 0.70 0.32 0.63 1.26 1.83 3.06 1.52 1.47 0.81 0.11 0.38 0.91 0.95 NA 0.59 0.63 2.10 

2326 high_SWE 0.60 1.30 0.50 1.62 2.24 3.42 1.82 1.86 0.82 0.12 0.35 0.85 0.81 NA 0.53 0.57 2.43 

2309 mid_SWE 0.47 1.63 0.65 0.37 3.06 3.75 1.89 1.97 0.78 1.84 0.74 0.38 0.38 NA 0.84 0.86 2.83 

813 low_SWE 0.60 1.08 0.60 1.74 2.66 3.52 1.92 1.96 0.84 1.21 0.57 0.47 0.12 NA 0.59 0.61 2.58 

NA Vlow_SWE NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

1779 MeanSDC 0.70 0.76 0.33 0.79 2.51 3.39 1.56 1.59 0.84 0.32 0.37 0.74 0.52 NA 0.49 0.51 2.10 

897 ED_SWE 0.54 1.53 0.56 1.37 2.47 3.47 1.88 1.94 0.84 0.36 0.41 0.74 0.51 NA 0.50 0.50 2.43 

1779 ED_Total 0.70 0.76 0.33 0.79 2.51 3.39 1.56 1.59 0.84 0.32 0.37 0.74 0.52 NA 0.49 0.51 2.10 
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Performance measures for the best model runs from the 2500 parameter sets, regarding Q and ET

Phase 2 

Run Best for 

Discharge (Q) Evapotranspiration (ET)  

KGE Vhigh high mid low Vlow MeanFDC ED KGE Vhigh high mid low Vlow MeanFDC ED ED_Total 

2491 KGE_Q 0.84 0.54 0.58 0.90 4.24 3.90 2.03 2.04 0.65 0.44 0.31 0.50 0.86 7.14 2.14 1.88 3.92 

2032 Vhigh_Q 0.63 0.33 0.75 1.23 4.57 4.19 2.21 2.24 0.71 0.14 0.39 0.33 1.44 7.16 2.25 1.92 4.16 

1787 high_Q 0.75 0.47 0.28 0.82 4.45 3.88 1.98 2.00 0.73 0.50 0.53 0.35 1.13 7.13 2.20 1.95 3.94 

373 mid_Q 0.44 1.44 0.61 0.34 2.67 3.22 1.65 1.75 0.71 0.74 0.91 0.35 1.40 7.38 2.31 2.18 3.92 

215 low_Q 0.04 1.75 2.36 3.84 1.02 2.73 2.34 2.53 0.70 0.55 1.02 0.30 1.87 7.18 2.12 2.21 4.74 

448 Vlow_Q -0.69 3.43 3.93 6.07 1.25 0.61 3.05 3.49 0.73 0.44 0.75 0.34 1.60 7.13 2.00 2.07 5.56 

1848 MeanFDC 0.50 0.64 0.48 0.42 2.65 3.19 1.47 1.56 0.70 0.31 0.49 0.37 1.41 7.13 2.21 2.08 3.63 

1848 ED_Q 0.50 0.64 0.48 0.42 2.65 3.19 1.47 1.56 0.70 0.31 0.49 0.37 1.41 7.13 2.21 2.08 3.63 

2083 KGE_ET 0.30 1.38 1.99 2.35 3.26 3.40 2.48 2.57 0.75 0.58 0.58 0.36 2.67 7.15 2.19 2.28 4.86 

1298 Vhigh_ET -1.56 5.51 6.24 7.69 3.75 3.67 5.37 5.95 0.70 0.07 0.34 0.31 1.33 7.26 1.89 1.89 7.84 

2357 high_ET -0.42 3.61 3.30 2.60 3.82 3.58 3.38 3.67 0.66 0.64 0.13 0.50 1.93 7.14 2.00 2.10 5.76 

1772 mid_ET -0.03 1.87 2.57 3.90 3.15 3.38 2.97 3.15 0.75 0.45 0.58 0.23 2.04 7.29 2.05 2.13 5.28 

2482 low_ET -0.16 2.27 3.19 3.80 4.11 3.82 3.44 3.63 0.65 0.42 0.32 0.50 0.83 7.11 1.94 1.87 5.50 

899 Vlow_ET -0.03 2.61 2.32 2.22 3.39 3.50 2.81 2.99 0.69 0.91 0.19 0.40 2.01 7.05 1.98 2.13 5.12 

1857 MeanETDC -1.67 6.00 6.35 7.26 3.18 3.14 5.19 5.83 0.68 0.89 0.31 0.43 2.14 7.18 1.80 2.21 8.04 

2376 ED_ET -1.23 4.75 5.38 7.17 3.81 3.74 4.97 5.45 0.71 0.31 0.26 0.32 1.00 7.09 1.96 1.82 7.27 

2382 ED_Total 0.83 0.58 0.61 0.94 3.63 3.02 1.75 1.76 0.69 0.34 0.41 0.41 0.95 7.07 2.16 1.86 3.62 
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Comparison of the proposed method with classical calibration approaches 
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Model calibration and validation performance (Discharge Simulation) 
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CalibrationCalibration Validation

Observed Modelled

KGE: 0.84
MEAN DC: 1.57

KGE: 0.69
MEAN DC: 1.90

Observed Modelled
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Model calibration performance (SWE Simulation) 
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KGE: 0.57
MEAN DC: 0.59

KGE: 0.29
MEAN DC: 1.24

KGE: 0.87
MEAN DC: 0.33

KGE: 0.67
MEAN DC: 0.52

KGE: 0.34
MEAN DC: 1.09

KGE: 0.84
MEAN DC: 0.51



14Internal SWAT meeting – Author et al.

Model calibration performance (ET Simulation) 
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KGE: 0.37
MEAN DC: 8.90

KGE: 0.69
MEAN DC: 1.86

KGE: 0.63
MEAN DC: 2.05

KGE: 0.25
MEAN DC: 3.60

KGE: 0.35
MEAN DC: 5.50

KGE: 0.87
MEAN DC: 0.88
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Conclusion  

✓ Multi-variable calibration improved model realism.

✓ SWE and ET provide complementary information for parameter estimation.

✓ Two-phase evaluation reveals process behavior beyond traditional performance metrics.

✓ Framework is promising for data-scarce snow-dominated mountain catchments.

SWAT Conference, Thessaloniki – Saboory et al., 2026 
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Take away  

1. Streamflow alone is insufficient

Hydrograph fit does not guarantee correct processes.

2. SWE improves snow process representation

Better accumulation and melt dynamics.

3. SWE + ET improve overall consistency

Reduced trade-offs among hydrological processes.

Streamflow

SWEET

Process 
Consistency

SWAT Conference, Thessaloniki – Saboory et al., 2026 
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Calibrated model parameters 
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Parameter Description Calibrated value Change method Value range 
plaps Precipitation lapse rate (mm/km) 0.059619 Replace 0 – 200 

tlpas Temperature lapse rate (°C/km) 0.646602 Relative change -10 – 10 

snofall_tmp Snowfall temperature threshold (°C) 2.907420 Replace -5 – 5 

snomelt_tmp               Snowfall temperature threshold (°C) 2.821637 Replace -5 – 5 

snomelt_max Snowmelt factor for June 21 (mm/°C/day 5.275359 Replace 0 – 10 

snomelt_min Snowmelt factor for Dec 21 (mm/°C/day) 0.009395 Replace 0 – 10 

cn2 Initial curve number 5.009344 Relative change -20 – 20 

cn3_swf Soil water factor for CN3 0.461797 Relative change 0 – 1 

surlag Surface runoff lag 1.660577 Replace 0.05 – 24 

esco Soil evaporation compensation factor 0.885449 Replace 0 – 1 

epco Plant uptake compensation factor 0.784342 Replace 0 – 1 

awc Threshold of water in the shallow aquifer (mm) 0.002092 Relative change 0.01 – 1 

perco Percolation coefficient 0.212411 Replace 0 – 1 

alpha Baseflow alpha factor (days) 0.003074 Replace 0.0 – 1.0 

latq_co Soil lateral flow coefficient 0.002645 Replace 0 – 1 

k Saturated hydraulic conductivity (mm/hr) -25.23794 Relative change 0.0001– 2000 

z Depth to Water Table (mm) 5.686087 Relative change 0 – 3500 
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Annexes
Distribution of the performance measures for the 2500 parameter sets in both phases 
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Phase 1 

Variable Q SWE 

Quantile (%) KGE Vhigh high mid low Vlow Mean 
FDC 

ED KGE Vhigh high mid low Vlow Mean 
SDC 

ED ED_Q+S 

0 -4.05 0.25 0.31 0.17 0.37 0.27 1.06 1.12 -35.48 0.11 0.35 0.39 0.12 0.00 0.49 0.50 1.62 
25 -1.37 1.00 1.93 4.29 4.72 1.42 2.78 2.93 -2.96 6.73 3.42 4.65 10.32 0.00 6.12 6.35 9.29 
50 -0.53 1.88 3.31 7.12 10.7 2.74 5.01 5.24 -1.64 11.4 5.42 6.93 17.64 0.00 10.36 10.69 15.93 
75 0.12 3.19 4.92 11.9 20.1 8.08 9.46 9.75 -0.68 17.7 8.04 10.3 30.81 0.00 16.84 17.28 27.04 
100 0.80 7.38 10.4 24.2 58.2 29.0 24.1 24.4 0.85 149 71.2 91.7 462.9 0.00 193.6 197.0 221.52 

Phase 2 

Variable  Q ET 
Quantile (%) KGE Vhigh high mid low Vlow Mean 

FDC 
ED KGE Vhigh high mid low Vlow Mean 

ETDC 
ED ED_Total 

0 -2.34 0.33 0.28 0.34 1.02 0.61 1.47 1.56 0.63 0.07 0.13 0.23 0.83 7.05 1.8 1.82 3.62 
25 -0.78 1.61 1.69 1.77 3.57 3.53 2.58 2.67 0.71 0.39 0.42 0.33 1.26 7.13 1.95 1.97 4.77 
50 -0.23 2.9 2.9 3.06 3.83 3.66 3.26 3.48 0.72 0.48 0.54 0.35 1.58 7.18 2.04 2.06 5.53 
75 0.3 4.16 4.21 4.95 4.08 3.79 4.06 4.43 0.73 0.57 0.72 0.38 1.92 7.26 2.15 2.17 6.49 
100 0.83 7.63 7.91 9.35 5.31 4.55 6.28 7.08 0.75 1.21 1.47 0.51 3.18 8.56 2.61 2.63 9.36 
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Annexes 
Monthly observed SWE (FLDAS) vs simulated SWE hydrographs
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Annexes 
Monthly observed ET vs simulated ET hydrographs

Internal Business Meeting – Saboory et al., 2026 



22Internal SWAT meeting – Author et al.

Model Performance: Variable Location Period KGE Vhigh High Mid Low Mean_DC ED

Discharge Outlet Calibration 0.84 0.58 0.61 0.94 3.63 1.75 1.76

Discharge Outlet Validation 0.69 0.86 0.39 0.95 3.43 1.90 1.92

ET LSU #740 Calibration 0.69 0.34 0.41 0.41 0.95 2.16 1.86

ET LSU #740 Validation 0.84 1.23 0.43 0.15 2.30 3.16 3.16

ET LSU #80 Calibration 0.63 1.81 0.51 0.61 2.05 2.03 2.06

ET LSU #80 Validation 0.48 1.49 0.95 0.95 3.93 2.28 2.34

ET LSU #860 Calibration 0.25 2.43 2.82 1.26 3.70 3.52 3.60

ET LSU #860 Validation 0.40 3.41 2.46 0.75 5.15 2.62 2.69

ET LSU #940 Calibration 0.35 2.20 3.74 0.83 1.12 5.46 5.50

ET LSU #940 Validation 0.49 2.27 2.77 0.85 0.78 1.69 1.77

ET LSU #970 Calibration 0.87 1.01 0.40 0.40 1.55 0.87 0.88

ET LSU #970 Validation 0.76 2.19 0.77 0.52 1.60 1.21 1.24

ET LSU #540 Calibration 0.37 8.99 3.88 1.00 25.95 8.16 8.19

ET LSU #540 Validation 0.39 16.16 2.32 0.81 31.53 10.36 10.38

SWE LSU #580 Calibration 0.87 0.44 0.52 0.56 0.00 0.30 0.33

SWE LSU #580 Validation 0.75 2.61 1.51 0.22 0.00 0.87 0.90

SWE LSU #1000 Calibration 0.29 2.56 1.76 0.74 0.00 1.01 1.24

SWE LSU #1000 Validation 0.35 3.66 1.60 0.82 0.00 1.22 1.38

SWE LSU #130 Calibration 0.57 0.72 0.95 0.32 0.00 0.40 0.59

SWE LSU #130 Validation 0.33 1.93 1.54 0.64 0.00 0.82 1.06

SWE LSU #170 Calibration 0.67 0.61 0.95 0.46 0.00 0.40 0.52

SWE LSU #170 Validation 0.50 5.71 1.52 0.50 0.00 1.54 1.63

SWE LSU #530 Calibration 0.34 1.18 2.33 0.88 0.00 0.88 1.09

SWE LSU #530 Validation 0.05 7.54 4.58 0.90 0.00 2.60 2.81

SWE LSU #540 Calibration 0.84 0.32 0.37 0.74 0.52 0.49 0.51

SWE LSU #540 Validation 0.85 0.54 0.43 0.36 0.00 0.27 0.30
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