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Abstract. The recently released SWAT-GL aims to overcome multiple limitations of the traditional hydrological model SWAT

(Soil Water Assessment Tool) in glaciated mountainous catchments. SWAT-GL intends to increase the applicability of SWAT

in these catchments and to reduce misapplication when glaciers have a significant role in the catchment hydrology. It thereby

relies on a mass balance module, based on a degree-day approach similar to SWAT’s snow melt module, extended by a glacier

evolution component which is based on the delta-h (∆h) parameterization. The latter one is a mass conserving approach which5

enables the spatial distribution of ice thickness changes and thus dynamic glacier retreat. However, the extended SWAT ver-

sion was not yet comprehensively benchmarked. Hence, our paper aims to evaluate SWAT-GL with four different benchmark

glaciers, which are part of the USGS (United States Geological Survey) Benchmark Glacier Project. The benchmarking con-

siders a comprehensive evaluation procedure, where SWAT-GL is optimized on glacier mass balance and hypsometry as well

as snow cover. Snow cover is included to consider snow-glacier feedbacks. Besides, a sensitivity analysis using Elementary10

Effects (or Method of Morris) is performed to give a detailed picture on the importance of the introduced glacier processes,

as well as the relevance of the interactions with the already-existing snow routine. We intentionally did not include discharge

in the optimization procedure to fully demonstrate the capabilities of SWAT-GL in terms of glacier and snow processes. Re-

sults demonstrate that SWAT-GL is able to represent the characteristics of contrasting glaciated catchments, which underlines

SWAT-GL’s applicability and transferability. We could further show its strong (non-linear) interactions with the existing snow15

routine suggesting a simultaneous calibration of the snow components. While snow and glacier processes were adequately rep-

resented in the catchments, discharge was not necessarily represented sufficiently when excluded in the optimization procedure.

However, SWAT-GL has been shown to be easily capable of reproducing discharge when used in a stand-alone optimization,

although this may come at the expense of model consistency. Lastly, SWAT-GL significantly outperformed a standard SWAT

model used for benchmarking purposes in high mountain environments.20

1 Introduction

We recently submitted a paper that introduces a new glacier routine to the Soil Water Assessment Tool (SWAT) to overcome

current limitations in its applicability, especially in glaciated catchments (Schaffhauser et al., 2024). The work is built on pre-
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vious efforts of multiple groups which intend to address common constraints of conceptual and physically-based hydrological

models in glacier-dominated catchments. Examples include the work of Seibert et al. (2018) or Li et al. (2015) for HBV (Hy-25

drologiska Byråns Vattenbalansavdelning), Wortmann et al. (2016) for SWIM (Soil and Water Integrated Model) or Shannon

et al. (2022) for the DECIPHeR model (Dynamic fluxEs and ConnectIvity for Predictions of HydRology). However, to our

knowledge many hydrological models do not include glacier routines by default and glacier-focused extensions are often only

available to the developing groups, although trends are clearly towards publishing model code and making it openly accessi-

ble. Despite these improvements, applications in glaciated basins remain challenging due to missing (or very simple) glacier30

representations, whereby modelers might rely on external couplings of glaciological and hydrological models (Adnan et al.,

2019; Wu et al., 2015; Stoll et al., 2020; Du et al., 2022; Naz et al., 2014; Wiersma et al., 2022; Chen et al., 2017). As it is

commonly known, glacio-hydrological models applied to small and highly glacierized catchments often have no or a rather

rough representation of additional hydrological components (e.g., evapotranspiration) (Hassan et al., 2021; Ali et al., 2017;

Pradhananga et al., 2014), potentially leading to an integration problem, at least when the model domain is extended (Tiel35

et al., 2020; Wortmann et al., 2016). A further problem is that it is not always clear in the existing literature whether, for exam-

ple, a glacier routine is coupled with or integrated into an hydrological model, if this hydrological model by default does not

take glacier processes into account (e.g., SWAT, VIC—Variable Infiltration Capacity—, HBV) and is used to simulate glacio-

hydrological processes. The terms integrated and coupled seem to be used interchangeably, thus impairing reproducibility.

From our perspective, integration should suggests a model expansion, while coupling suggests the use of an additional model.40

Besides, distinctions are not always easy and clear especially what coupling exactly means. In our understanding, coupling

usually refers to a chained approach, where external information, e.g. from a snow module, are used as input for a hydrological

model without an exchange of information of the two.

Depending on the research question and data available, several glacier routines with different complexity are available for

simulating glacier mass balances and melt contribution in hydrological models. An unlimited ice storage that generates melt45

water based on a calibrated degree-day factor represents the simplest empirical routine (Naz et al., 2014). However, this routine

cannot consider glacier evolution, such as glacier retreat. Conceptual routines, such as the volume-area scaling (VA scaling)

(Bahr et al., 2015) or the ∆h-parameterization (Huss et al., 2010), simulate the spatial dynamic of a glacier as a simplified

function of glacier extent, thickness, and elevation range (Tiel et al., 2020). The largest limitation of these methods is the lack

of an actual representation of the ice flow dynamic, which can be simulated with full physics-based algorithms (Zekollari et al.,50

2022). Since ice flow modules require several input data and the definition of distinctive boundary conditions, such as bedrock

roughness, the application is usually beyond the scope of common water balance simulations in glaciated catchments. In recent

years, the coupling of water balance simulation models with global glacier models has proven to be a valuable method for

predicting the hydrological response of catchments in mountainous regions under a changing climate (Pesci et al., 2023).

Past SWAT-specific efforts to improve capabilities in glacier-fed catchments other than those from Schaffhauser et al. (2024)55

for example refer to the work of Luo et al. (2013), who implemented a VA scaling for glacier evolution along with a degree-

day-based mass balance module. The modified SWAT version was further applied in several studies, mostly focusing on China

(Gan et al., 2015; Luo et al., 2018; Ma et al., 2015; Shafeeque et al., 2019; Wang et al., 2018) and recently integrated in
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SWAT+ (Yang et al., 2022). However, to the best of our knowledge in none of the publications the model code was made

publicly available. Besides, Ji et al. (2019) for instance implemented an ice melt routine based on a degree-day approach but60

did not account for glacier evolution explicitly. Unfortunately, none of the approaches was included in any of the of�cial SWAT

revisions. SWAT-GL was developed to tackle these issues and to provide a freely available and user-friendly SWAT version for

glaciated catchments (Schaffhauser et al., 2024). Besides, the chosen approach, namely the� h-parameterization from Huss

et al. (2010) has proven to be a robust method to simulate glacier evolution in glaciated catchments (Huss and Hock, 2015).

However, no comprehensive evaluation of SWAT-GL has been conducted to date. As glaciers and high-mountainous catchments65

are usually rather data-scarce (Tuo et al., 2016), testing the performance of glacio-hydrological models for long observed time

series of good quality is challenging. Moreover, in many cases the available variables to calibrate and validate the model are

limited to discharge only, with these gauges often located much further downstream and not close to the glacier. Evaluating

the glaciological routines of glacio-hydrological models by discharge alone, representing a superposition of multiple signals,

might be problematic, as it might not re�ect the signatures which would be visible in the glaciological components. In other70

words, a satisfactory representation of discharge used to evaluate catchment glaciology (or other processes), albeit often done,

might be inadequate. Nevertheless, a sound evaluation of newly introduced schemes in glacio-hydrological models (e.g., glacier

components into a hydrological model) should be desired and aimed for. If a mass balance module is implemented together

with an evolution module (as in SWAT-GL), in the best case both are evaluated individually and complemented by discharge

assessments.75

The USGS Benchmark Glacier Project (O�Neel et al., 2019) is a promising attempt to overcome current limitations in data

accessibility and modeling efforts of high-mountainous and glaciated basins. The project involves �ve glaciers, four where

long-term measurements are available and one for which the project expanded more recently. The glaciers, namely Gulkana,

Wolverine, Lemon Creek, South Cascade and Sperry Glaciers, are located across the Northern United States and thus charac-

terized by various climate regimes (O'Neel et al., 2014; O�Neel et al., 2019). As each glacier is situated within the catchment80

of a close-by discharge gauge, they are well-suited for glacio-hydrological studies. Long-term hydrological, meteorological,

glaciological as well as geodetic measurement are available for each glacier, which range back to the 1950s in terms of mass

balance and glacier area observations. O�Neel et al. (2019) found that mass loss is not only present from the beginning of the

measurements but has actually increased for four of the �ve glaciers since the 1990s. A trend which is likely to continue under

global temperature projections (Tebaldi et al., 2021).85

This paper evaluates the recently developed SWAT-GL model with a focus on its novel glaciological components. A sensitiv-

ity analysis (SA) using the method of Morris (Morris, 1991), also known as Elementary Effects (EE), is conducted to screen

and rank the new input factors under different conditions. Additionally, the model is assessed against long-term glacier mass

balance and glacier area-altitude (hypsometry) measurements. Given the interactions between the snow and glacier routines,

the evaluation also considers the model's ability to simulate snow cover. Discharge is used for cross-validation under the hy-90

pothesis that a well-performing snow and glacier routine in alpine catchments is suf�cient to reproduce discharge. Lastly,

the performance of the snow- and glacier-optimized SWAT-GL model is compared to a discharge-only optimized and a mass

balance-only optimized SWAT-GL model, as well as two standard SWAT models that serve as upper and lower benchmarks
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without considering glacier processes. The evaluation is performed for four highly glaciated catchments across the US based

on the USGS Benchmark Glacier Project (O�Neel et al., 2019).95

2 Materials & Methods

In the following we will brie�y introduce the USGS Benchmark Glacier Project, the chosen datasets for the evaluation, the

study area as well as the evaluation and sensitivity analysis approach.

2.1 Datasets & USGS Benchmark Glacier Project

The study is based on the USGS Benchmark Glacier Project (O�Neel et al., 2019) which provides data for �ve long-term mon-100

itoring glaciers across the Northern United States (Mcneil et al., 2016; Baker et al., 2018). The �ve sites are distributed over

Alaska, Washington and Montana and thus represent coastal as well as inland locations. Long-term meteorological, geodetic

and glaciological measurements starting from the 1950s or 1960s onward are available for four of the glaciers. For the rela-

tively new Sperry Glacier in the program only short time series (from 2005 on) are available: therefore it was excluded in this

study. In the following we only refer to the Gulkana (GG), Wolverine (WG), South Cascade (SCG) and Lemon Creek (LCG)105

glaciers. Seasonal mass balance estimates are derived from geodetically calibrated, conventional glacier-wide mass balance

observations (Mcneil et al., 2016). The project combines measurements with homogeneous data processing methods to allow

for inter-glacier comparisons. An overview of the acquisition years of the geodetic surveys can be found in O�Neel et al. (2019).

Glaciological �eld visits of each glacier take place every spring and fall. Summarizing, the following glaciological variables

were used from the USGS Glacier Benchmark Project, total annual glacier area (km2), annual net mass balance change (m110

w.e.), annual glacier hypsometry (km2 at a speci�c elevation range) (see Table 1). Glacier hypsometries hereby represent the

area-altitude distribution of the glacier.

Continuous daily meteorological time series (precipitation & temperature) are directly available on-site for the GG & WG.

However, although on-site measurements are also available for the LCG & SCG, the time series are rather short and show a

relatively high amount of missing values. For reasons of comparability we follow the approach of O�Neel et al. (2019) and use115

the closest representative station, which is Juneau Airport (LCG) and Diablo Dam (SCG), respectively. The latter two are also

part of the of�cial data of the USGS Benchmark Glacier Project (Baker et al., 2018).

However, since SWAT-GL needs minimum daily (Tmin) and maximum daily temperature (Tmax) which was not continuously

available in the project for GG (starting 1995) and WG (starting 1997), a regression model was established to produce continu-

ous daily Tmin and Tmax time series. In detail, daily mean temperature was used as predictor of either Tmax or Tmin in the period120

where all three variables were available. Subsequently, the regression model was used to predict Tmax and Tmin backwards for

the periods before 1995 (GG) and 1997 (WG), respectively. Data gaps of up to three days were linearly interpolated and longer

gaps were regressed using daily data from the closest meteorological station of each glacier. The approach is similar to O�Neel

et al. (2019), with the only difference that they used monthly regression for longer gaps. We also investigated the potential

of the ERA5-Land (Copernicus Climate Change Service, 2019) data to �ll gaps, which was inadequate, especially due to a125

signi�cant precipitation bias throughout the annual cycle and between years, compared to the station data (see Fig. A1).

Hydrological data was obtained from the USGS National Water Information System (U.S. Geological Survey, 1994). We used
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Table 1. Overview of datasets used.P represents precipitation (mm),T temperature (°C),Q discharge (m3/s) andSC snow cover (%).

Glaciological data is a merged representation of annual net mass balance change (Bgl in m w.e.), total annual glacier area (Agl in km2) and

annual glacier hypsometry (H gl in km2 at a speci�c elevation range).var. indicates that measurements stem from various locations or refer

to the whole glacier. The elevation in the glaciological dataset section refers to the total glacier elevation range.

Glacier Basin Site Variable Time Step Lat Lon Elevation [masl] Temporal

Coverage

Missing [%]

Meteorological

GG On-site P

T

Daily 63.26 -145.41 1,480 1964-2022 9

12

WG On-site P

T

Daily 60.39 -148.94 990 1964-2022 12

14

LCG Juneau Airport P

T

Daily 58.35 -134.56 6 1936-2022 <1

<1

SCG Diablo Dam P

T

Daily 48.71 -121.14 272 1914-2022 <1

<1

Hydrological

GG Phelan Creek Q Daily 63.24 -145.47 1,127 1966-2023 19

WG Wolverine Creek Q Daily 60.37 -148.9 366 1964-2023 57

LCG Lemon Creek Q Daily 58.39 -134.42 204 1951-2023 41

SCG SF Cascade Q Daily 48.37 -121.07 1,613 1957-1993 28

Snow

All Basins Basin mean SC Monthly - - - 2002-2023 0

Glaciological

GG On-site Bgl

Agl

H gl

Annual var. var. 1,185-

2,420

1966-2022

1965-2022

0

0

0

WG On-site Bgl

Agl

H gl

Annual var. var. 466-

1,653

1966-2022

1965-2022

0

0

0

LCG On-site Bgl

Agl

H gl

Annual var. var. 543-

1,550

1953-2022

1946-2022

0

0

0

SCG On-site Bgl

Agl

H gl

Annual var. var. 1,619-

2,439

1959-2022

1950-2022

0

0

0

the closest available gauge for each glacier to determine the total basin area. In detail, the discharge data of the Phelan Creek

(representing the GG basin), Wolverine Creek (WG basin), Lemon Creek (LCG basin) and the SF Cascade (SCG basin) was

used. Details about the meteorological and hydrological sites and time series are found in Table 1.130
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Snow cover (SC) data was derived from the MOD10A1 & MYD10A1 V061 NDSI (Normalized Difference Snow Index)

products with 500 m resolution. The NDSI is based on optical sensors from MODIS (Moderate Resolution Imaging Spec-

troradiometer) and is calculated as the difference between the re�ection in the green spectrum (GREEN) and the short-wave

infrared (SWIR) divided by the sum of the two (Dozier, 1989).

I NDSI =
BGREEN � BSW IR

BGREEN + BSW IR
(1)135

whereI NDSI is the NDSI andBGREEN andBSW IR are the green and SWIR bands, respectively.

For the classi�cation of snow or no-snow pixels a NDSI threshold of 0.4 was used, where values above 0.4 (Hofmeister et al.,

2022) indicate snow pixels and smaller values are classi�ed as snow-free. Daily fractional SC (%) on the basin and subbasin

scale was then calculated as the average of snow-covered pixels within each basin. Subsequently monthly aggregates were

produced. MODIS NDSI data was available from 2002 up to now. A full overview of all datasets is given in Table 1. Auxiliary140

datasets used were elevation data from the Shuttle Radar Topography Mission (SRTM) (NASA JPL, 2013), the Randolph

Glacier Inventory V6 (RGI) (RGI Consortium, 2017) as well as ice thickness estimates from Farinotti et al. (2019).

2.2 Study Area

The location of the USGS Benchmark Glaciers combined with the location of the corresponding hydrological and meteoro-

logical stations used for each glacier is shown in Fig. 1. Note that the representative meteorological stations which were used145

to force the SWAT-GL models of the SCG and LCG are not shown as they are situated outside of the basin boundaries (see

O�Neel et al. (2019) for more details). Besides, the map contains the basin boundaries for each glacier which were used as

model domain. The total glacier area in each catchment is slightly higher than the individual glacier area of each glacier, as

the basins can include several adjacent glaciers. However, the main glacier fraction can be accounted to the four benchmark

glaciers in each basin.150

The basins have an area of 28.4 km2 (GG, 64% glaciated 2009), 23.9 km2 (WG, 69% glaciated 2006), 29.3 km2 (LCG, 50%

glaciated 2005) and 5.9 km2 (SCG, 58% glaciated 1958). Basin-wide glacier fractions were determined using Randolph Glacier

Inventory data (RGI Consortium, 2017). Each glacier hereby represents a distinct climate regime, where the most northward

located GG is characterized by a continental (high-latitude) climate (O'Neel et al., 2014; O�Neel et al., 2019). WG, in contrast,

is characterized by a maritime (high-latitude) climate regime (O'Neel et al., 2014; O�Neel et al., 2019). LCG represents another155

high-latitude maritime glacier, while SCG represents a mid-latitude maritime glacier (O�Neel et al., 2019; Horlings, 2016). All

glaciers are retreating, where the SCG shows the strongest relative recession with a glacier area loss of more than 40% (1.3

km2) since 1950. GG lost around 18% (3.3 km2) of its area since 1965, LCG decreased by 16% (3.3 km2) from 1946 up to

now and WG receded around 12% (2 km2) compared to 1965. Glacier recession magnitudes reveal a gradient from North to

South (O�Neel et al., 2019). Mass balance rates are provided in Fig. 3, which show an increasing negative (statistically signif-160

icant) trend at all sites (O�Neel et al., 2019). According to O�Neel et al. (2019) total uncertainty, consisting of a geodetic and

glaciological component, in the mass balance estimates is around 0.2 m w.e. a� 1 except for GG where it is higher with 0.4 m

w.e. a� 1.

The following mean climate characteristics of each basin were evaluated based on the meteorological stations listed in Table
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Figure 1. Overview of the four USGS Benchmark Glaciers used in this study. Note that the SCG & LCG meteorological stations that were

used are remote stations which is why they are not visible in the map. The transparent outline refers to a historical date, the �lled outline to

a recent date. The dates are: 1957/2021 GG, 1950/2020 WG, 1948/2021 LCG, 1958/2021 SCG.

1 and the period 1971-2000. The continental GG with an annual average precipitation of~1,480 mm and a peak in August/165
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