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Future streamﬂow simulation in a snow-dominated Rocky
Mountain headwater catchment
Ram P. Neupane, Jan F. Adamowski, Joseph D. White
and Sandeep Kumar

ABSTRACT
The Rocky Mountains in North America are comprised of headwater snow catchments that provide
sustained seasonal ﬂow downstream. Changes in streamﬂow over the last half century in these
basins may be associated with changing climate with increased temperature and variable
precipitation, shifting seasonal hydrology. We investigated potential changes in future hydrology in a
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Rocky Mountain headwater catchment by simulating water budgets of the Athabasca River located in
Jasper National Park, Canada. Potential hydrologic changes were predicted using a calibrated version
of the Soil and Water Assessment Tool (SWAT). Future discharge and other parts of the catchment
water budget were projected based on the global circulation model (GCM) derived from the Special
Report on Emission Scenarios (SRES) for the latter part of the century (2081–2099). A projected
decrease in future precipitation resulted in reduced mean annual streamﬂow, by up to 86%,
compared to the baseline period for the catchment. Projected summer streamﬂow decreased from
58 to 39%. Streamﬂow increased from 13 to 26% during the spring, dampening the dominance of
summer peak-ﬂow hydrology. Colder winters for the future scenarios increase the overall proportion
of precipitation as winter snowfall. However, dramatically lower precipitation estimated for this basin
will drive water limits for the future.
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INTRODUCTION
Mountain systems are sensitive to climate change (Kohler

has resulted in signiﬁcant interest from scientists, and

& Maselli ) due to temperature and precipitation

resource managers, and decision-making bodies due

effects on snowpack development and, subsequently,

to concerns regarding changes in the reliability of water

snowmelt derived water supply (Barnett et al. ). The

supplies (Li et al. ).

snow hydrology of mountains, primarily in the form of

Projected changes in temperature and precipitation may

snowpack and glacier formation and loss, regulate fresh-

inﬂuence the mean hydrologic processes of river basins that

water that supplies the world’s major river systems

can affect the frequency and magnitude of extreme hydrolo-

including the Indus, Ganges-Brahmaputra, and Colorado

gic events (Praskievicz & Chang ). Sustainable future

(Beniston et al. ; Water ; Ficklin et al. ).

water management of mountainous basins relies on accurate

The impacts of climate variability on water resources

representation of climate variables where 50–70% of the

can affect areas ranging from several hundred square kilo-

total precipitation may fall in the form of snow (Serreze

meters (e.g. Milly et al. ; Lubini & Adamowski )

et al. ), and the seasonal snowmelt of the spring and

to as little as 8 km

2

(e.g. Wang et al. ). Climate

change impacts on hydrologic processes in mountains
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early summer may account for 50–80% of the total annual
runoff (Stewart et al. ).
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on expected changes related to sustained streamﬂow and
potential ecosystem functioning in the watershed.

the past century, river ﬂows for these basins have declined
by an average of 0.22%/yr (Rood et al. ). The reason
for these declines is unclear, however snow and ice accumu-

MATERIALS AND METHODS

lation and melt timing are suspected as mechanisms affected
by increased temperature and changes in precipitation

Study watershed

(Hamlet & Lettenmaier ). Within the Canadian
Rockies, glacier area has already been reduced by 25%,

For this study, we focused on the headwater watershed of

attributed to climate change beginning in the late 1800s

the Athabasca River, referred to as the Upper Athabasca

(Luckman & Kavanagh ). The mean annual tempera-

watershed, located in south-western Canada. This watershed

ture has been increasing in the upper elevation of these

covers an area of about 3,500 km2, with an elevation range

mountain systems since the 1950s (Luckman ), with

from 922 to 3,736 m above mean sea level (Figure 1). The

reduced snowpacks and shifts in seasonal release of melt-

Athabasca River is the second largest river in Alberta, orig-

water from these basins (Barnett et al. ; Lapp et al.

inating

from

the

Athabasca

glacier

of

the

Rocky

). Changes in the low-order headwater basins of the

Mountains located in Jasper National Park that ﬂows

Canadian Rocky Mountains may not be reﬂective of overall

north-east emptying into Lake Athabasca downstream. The

basin water budgets (Peters et al. ). However, precipi-

watershed is part of the Mackenzie River that eventually dis-

tation changes in the region coupled with the ecologically

charges into the Arctic Ocean. The watershed downstream

sensitive nature of headwater catchments warrants investi-

is critical for diverse ecosystems including a staging area

gation into possible future shifts in hydrology.

for a large number of waterfowl, primarily during spring

Simulated climate change effects on geographically low-

and autumn seasons, and is recognized internationally as a

elevation agriculture-dominated watersheds have shown

RAMSAR wetland and UNESCO World Heritage site

changes in overall water supply rates, potentially affecting

(Schindler et al. ; Pavelsky & Smith ).

the reliability of ﬂows during times of high human usage

Geologically, the watershed area is underlain almost

(e.g. Chien et al. ; Novotna et al. ; Neupane &

entirely by sedimentary bedrock units ranging in age from Pro-

Kumar ). In headwater basins of the North American

terozoic to early Tertiary, with large variations in snow/glacier

Rocky Mountains, climate change impacts on hydrological

processes that cause landslides in the region (Jackson ;

processes have been generally shown to be associated with

Selkowitz et al. a). The climate of the western part of this

an earlier onset of melting (White et al. ; Cayan et al.

region is mainly controlled by a stronger maritime inﬂuence ori-

; Mote et al. ; Stewart ; Tinkham et al. ),

ginated from the North Paciﬁc Ocean. The eastern part has a

and decreased mean annual streamﬂow (Zhang et al. ;

distinctly more continental climate (Selkowitz et al. b).

Rood et al. ). In this study, we simulated the streamﬂow

The annual temperature in the Lake Athabasca region for the

of the Rocky Mountain watershed with detailed incor-

period of 1971–2000 ranged between 3.5 and 7.6  C with a

poration of snow/glacier data using a process-based

mean value of 2.1  C (http://climate.weather.gc.ca/climate_-

hydrologic model (i.e. Soil and Water Assessment Tool,

normals/index_e.html).

SWAT). We then estimated the effects of potential climate

within the span of low and high elevation ranges. Mean

Precipitation

varies

dramatically

variability on key hydrological processes including precipi-

annual precipitation is ∼504 mm, primarily in the form of snow-

tation and snowmelt in the study watershed. This study

fall, with higher precipitation in the north-eastern part of the

explores the regional hydrologic response to climate

region. These variations in climatic factors over relatively

change, in view of the impacts on ecosystem-services and

small distances affect microclimate, vegetation distribution,

the oil sands industry under a range of climate projections.

and ecosystem services of the region (Peterson et al. ).

These estimations may be important to assess the timing

Precipitation and stream discharge of the Athabasca

and source of future water availability, with the emphasis

River basin are shown in Figure 2. Analysis of 23 years
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The Athabasca River watershed located in south-western Canada, including stream network and spatial hydro-meteorological locations used for model simulations in this study.

(1979–2001) of precipitation data for eight different spatial

higher summer precipitation that increased surface runoff

locations of the basin (http://rda.ucar.edu/pub/cfsr.html)

in these months. Seasonal analysis of precipitation and

showed a higher amount of precipitation from May to

stream discharge data indicated that about 25% of total

August (Figure 2(a)). The minimum precipitation amount

annual precipitation in the basin occurred during the

of 76 mm occurred in February and the maximum precipi-

spring season which corresponded to 11% of the mean

tation of 153 mm was observed in June. Stream discharge

annual stream discharge in the same season (Figure 2(b)).

measured from May to September at Jasper in the Athabasca

The minimum precipitation contribution of 20% occurred

River basin (common outlet shown in Figure 1) showed a

during the winter season, corresponding to a minimum dis-

3

maximum value of 253 m /s in July (http://waterofﬁce.ec.

charge contribution of 4% during the same season. Water

gc.ca/search/searchResult_e.html)

resources were most abundant during summer months

potentially
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Hydrographs for the Athabasca River watershed: (a) mean monthly precipitation and stream discharge and (b) seasonal precipitation and stream discharge contribution. The 23
years (1979–2001) of precipitation data obtained from the National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) and 31 years (1971–
2001) of stream discharge data obtained from Canadian Hydrometric station number 07AA002 were used to derive these hydrographs.

with precipitation and snow/glacier-melt generally exceed-

USDA Agricultural Research Service (ARS), has gained

ing

the

international acceptance as a robust interdisciplinary

maximum discharge contribution of 67% occurred during

model with a user-friendly interface set-up in a GIS frame-

this season.

work that can integrate multiple environmental processes

potential

evapotranspiration

and,

therefore,

for development of better-informed policy decisions (GassHydrologic model

man et al. ). The model was originally developed to
predict the impact of agricultural land management prac-

Assessing climate change impacts on potential hydrologic

tices on water, sediment, and agricultural chemical yields

processes of mountain basins is complicated due to climatic

in large-sized ungauged basins (Arnold et al. ; Neitsch

heterogeneity, lack of hydro-meteorological data, and uncer-

et al. ). It has also been successfully calibrated and

tainty in snow/ice characteristics (Beniston ). There are

used to estimate the effects of potential climate variability

various models developed for modeling watershed hydrolo-

on hydrologic processes for a number of diverse global

gic processes subject to solid and liquid precipitation,

basins (Stonefelt et al. ; Eckhardt & Ulbrich ;

including commercial software such as MIKE-SHE (http://

Song & Zhang ; Neupane et al. , ; Awan et al.

mikebydhi.com) and public domain models such as HBV

).

(Bergström ), Xinanjiang Model (Zhao et al. ),

Brieﬂy, SWAT simulations are based on ﬁrst dividing the

HEC-HMS (Azmat et al. ), SRM (Vafakhah et al. ),

entire watershed into sub-basins. Next, hydrologic response

and SWAT (Neitsch et al. ). SWAT, a process-based

units (HRUs) are deﬁned based on unique and user-deﬁned

hydrologic and water quality model developed for the

combinations of land use, soil type, and topographic slope.
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calculated by:


bgmlt,6 þ bgmlt,12 bgmlt,6  bgmlt,12
2π
D¼
(t  81)
þ
:sin
365
2
2
(4)

mm) each day, is calculated by:
(1)

where bgmlt,6 is the melt factor for June 21st (mm H2O

where SURQ is the surface runoff (mm), LATQ is the lateral

(mm H2O day–1  C), and t is the day of the year. The ice

ﬂow contribution to stream discharge (mm), GWQ is the

volume accumulated in glaciated regions of the basin was

groundwater contribution to stream discharge (mm), and

assessed based on an empirical relation between surface

TLOSS is the transmission losses from the watershed

area and mean thickness of the ice as mentioned in Liu

system (mm) (Arnold et al. ).

et al. ().

WYLD ¼ SURQ þ LATQ þ GWQ  TLOSS

day–1  C), bgmlt,12 is the melt factor for December 21st

Snowmelt is modeled using a temperature index with air

A simple model was used to estimate stream water temp-

temperature, snowpack temperature, melt rate, and a

erature from the SWAT simulations using weighted values

measure of areal coverage of snow as inputs (Fontaine

derived from the contribution of different water sources to

et al. ; Neitsch et al. ). Each day, the amount of

the stream water yield (Equation (1)). For each component,

snow melted is computed using (all presented in mm of

temperatures were assigned based on water sources. Rainfall

H2O):

was assumed to be the daily average temperature. Groundwater was assumed to be the annual mean temperature

SNO ¼ SNO þ Rday  Esub  SNOmlt

(2)

where SNO is the total amount of water in the snowpack on

(≈4  C) and snow/glacial meltwater was assumed to be 0.1  C.
Input spatial data

a given day, Rday is the amount of precipitation, Esub is the
amount of sublimation, and SNOmlt is the amount of snow-

Spatial data required for SWAT simulations included topogra-

melt. Orographic effects on temperature and snow

phy, land use, and soil properties. Topographic data were

accumulations are accounted in SWAT by deﬁning elevation

acquired from the global digital elevation model (GDEM)

bands as simulation units.

sourced from the Advanced Spaceborne Thermal Emission

Glacier contribution to meltwater is not explicitly mod-

and Reﬂection Radiometer (http://gdem.ersdac.jspacesystems.

eled by the current SWAT version. However, because of its

or.jp/search.jsp) with a 30 × 30 m resolution. The GDEM

importance to stream discharge in our study watershed, we

data were then used to delineate the watershed boundary,

modeled glacier meltwater and added it to post-simulation

stream network, and topographic characteristics such as ter-

stream discharge. Glacier melt was simulated by a simple

rain length and slope of the stream channels. We used

degree-day model (Hock et al. ; Singh et al. ) in

classiﬁed multispectral data derived from the Environmental

which melting ice was related to air temperature:

Satellite (ENVISAT) Medium Resolution Imaging Spec-


M¼

trometer (MERIS) (GlobCover, http://due.esrin.esa.int/
D:(Tav  Tgmlt ),
0,

when Tav > Tgmlt
otherwise

(3)

page_globcover.php) with a 300 × 300 m spatial resolution
as land use input into the model (Arino et al. ). Based
on the inclusion of this land use data, about 7% of the total

where M is the depth of melt water (mm/day), D is the
degree-day factor for ice melt (mm/day C), Tav is the mean
daily air temperature ( C), and Tgmlt is the threshold value
for ice melt ( C). Seasonal changes of glacier melt were
deﬁned by a sinusoidal function (Neitsch et al. ) and
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Different land use class and soil distribution of the Athabasca River watershed. The soil is shown with two different depth classes (shallow and deep layers).

grain size of the topographic and landcover data, we ﬁrst

elevation within each sub-basin (Fontaine et al. ). For

calculated the topographic saturation index (TSI) (Neupane

this, the mean elevation of each elevation band and percen-

et al. ) from the GDEM data using the ﬂow accumu-

tage of the sub-basin area within that band were entered

lation and slope functions in ArcGIS. We then deﬁned

as the SWAT model has the ability to include up to

two soil layers (shallow soil with <10 cm from surface and

10 elevation bands within each sub-basin. Details of the

deep soil >10 cm from surface; Figure 3(b)) from the TSI

elevation gradient in each sub-basin with the number of

data using the maximum soil depth found from the original

elevation bands are shown in Figure 4.

FAO soil data to help scale our TSI values (Neupane et al.
). Other important soil characteristics such as bulk den-

Hydro-meteorological data

sity and nutrient characteristics were used ‘as is’ with values
input from a user soil database based on the FAO/UNESCO

For model calibration and conﬁrmation, we used 23 years

Soil Map of the World (FAO/UNESCO ).

(1979–2001) of daily precipitation and daily maximum and

When soil data were combined with land use and slope

minimum temperature data derived from grid-based observed

values, we derived a total of 291 HRUs based on minimum

meteorological data. The data were obtained from the

area threshold values of 5, 10, and 10% for each land use,

National Centers for Environmental Prediction (NCEP) Cli-

soil, and slope categories, respectively. From the land

mate Forecast System Reanalysis (CFSR) (http://rda.ucar.

cover data, permanent glaciers were deﬁned in nine HRUs

edu/pub/cfsr.html) for eight different spatial locations and

from three different sub-basins with a total area of

the details are given in Table 1. These point data represent

2

3

236 km and a total volume of 31 km . To account for topo-

an area of ∼38 km2 and have been successfully used for hydro-

graphic gradient, we deﬁned elevation bands in every 500 m

logic simulations in other watershed systems (Fuka et al. ;
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Total number of sub-basins with their elevation range and number of elevation bands derived for SWAT simulation of precipitation and temperature in the Athabasca River
watershed.

Table 1

|

The hydro-meteorological stations with their spatial locations used in this study

using daily meteorological inputs derived from the CFSR
station grid-number 526-1178 and incorporated with the

Latitude

Longitude

Elevation

Station

Type

( )

( )

(a.m.s.l.)

Jasper

Hydrology

52.91

118.06

1,021

526-1175

Meteorology

52.61

117.50

2,757

526-1178

Meteorology

52.61

117.81

1,422

526-1181

Meteorology

52.61

118.13

2,198

526-1184

Meteorology

52.61

118.44

1,734

529-1175

Meteorology

52.92

117.50

2,017

529-1178

Meteorology

52.92

117.81

2,251

529-1181

Meteorology

52.92

118.13

1,205

529-1184

Meteorology

52.92

118.44

1,764

Station A

Meteorology

52.20

117.34

3,312

Station B

Meteorology

52.22

117.63

2,706

Station C

Meteorology

52.33

117.42

2,686

Note: The meteorological stations presented in numbers are grid-based numbers for each

degree-day model. The derived glacier melt data were then
incorporated with the SWAT model simulation outputs of
stream discharge to compare with further simulations. Temperature and precipitation lapse rates required by SWAT for
the distribution of meteorological variables based on elevation
bands within each sub-basin were derived from previous
studies conducted in US mountain systems (Fontaine et al.
; Pradhanang et al. ). Daily and monthly measured
stream discharge data taken from the Canadian Hydrometric
station number 07AA002 (http://waterofﬁce.ec.gc.ca/search/
searchResult_e.html) located at Jasper (Figure 1) were compared with model simulation outputs.

Calibration, conﬁrmation, and sensitivity analyses

location obtained from National Centers for Environmental Prediction; a.m.s.l. is above
mean sea level.

Stream discharge simulated for the period 1979–1991 using
SWAT default parameter values was ﬁrst compared with

Dile & Srinivasan ). Relative humidity, solar radiation, and

measured stream discharge data taken from the gauging

wind speed data were calculated using a weather generator

station at Jasper to analyze the un-calibrated model

input (.wgn) ﬁle incorporated within SWAT using daily

performance, referred to as the pre-calibration simulation.

measured temperature and precipitation data. To account for

Subsequent simulations were organized as calibration

glacier melt data, three spatial locations (Stations A, B, and

(1979–1991) and conﬁrmation (1992–2001) periods. The

C, as shown in Figure 1) were established at high elevations

initial three years of calibrated simulation outputs were dis-

of glaciated regions to simulate mean daily air temperature

regarded as a model spin-up period that allows the model to

applying the mountain climate simulator (MT-CLIM) (www.

cycle multiple times to minimize the effect of user estimated

ntsg.umt.edu/project/mtclim) for the period 1982–2001

parameter values (Zhang et al. ). For calibration and
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conﬁrmation analysis of the model, we applied the SWAT-

where Yobs is the measured data, Ysim is the model simulation

CUP (Abbaspour et al. ; Abbaspour ). The 95% pre-

output, Ymean is the mean of measured data, and n is the

diction uncertainty (95PPU) (P factor) and the thickness of

number of observations in the period under consideration.

95PPU (R-factor) were used to evaluate the accuracy of calibration and uncertainty analysis (Rostamian et al. ;

Potential climate change scenarios

Arnold et al. ). The Sequential Uncertainty Fitting
(SUFI-2) algorithm, a semi-automatic inverse modeling

For this study, we chose the B1 (low), A1B (medium), and A2

approach, was used for this study due to its better capability

(high) emission scenarios as the representative of all extreme

of handling a large number of parameters with a lower

conditions expected for the 21st century that are known as

number of model runs (Yang et al. ).

the Special Report on Emission Scenarios (SRES) developed

The global sensitivity analysis integrated within SUFI-2

by the Intergovernmental Panel on Climate Change (IPCC)

was used to test 21 SWAT hydrologic parameters for stream

(Maurer et al. ). These scenarios include both natural

discharge simulation in parallel with the calibration pro-

and anthropogenic drivers of climate change. We used daily

cedure. The derived new parameter values from calibration

Bias-Correction Constructed Analogue (BCCA) average temp-

and conﬁrmation analyses were incorporated with the

erature and precipitation data estimated for the SRES (http://

SWAT database for further simulations. To study the inﬂu-

gdo-dcp.ucllnl.org/downscaled_cmip_projections/) (Maurer

ence of elevation bands as controls of orographic

et al. ; Brekke et al. ) for the end of the 21st century.

precipitation and temperature induced-melt, two calibration

These data are downscaled at 1/8 degree (∼12 × 12 km) spatial

and conﬁrmation simulation scenarios were run: (1)

resolution that are suitable for hydrologic assessment studies.

elevation bands were included and glacier melt data were

The bias-correction follows a basic approach of smoothening

not included (band-no glac) and (2) both elevation band

monthly mean values to avoid abrupt discontinuity to compen-

and glacier melt data were included (band-glac). Calibrated

sate for dry months. This generally helps to narrow the

model outputs were considered as the baseline data, repre-

differences to obtain the best ﬁt model. The general circulation

senting current hydrologic conditions of the watershed that

model (GCM) structure is a major source of uncertainty for

were compared with further simulation outputs. The Nash–

estimating the hydrologic impacts (Kay et al. ; Bennett

Sutcliffe efﬁciency (NSE), Percent Bias (PBIAS), root mean

et al. ); however, the Coupled Model Intercomparison Pro-

2

square error (RMSE), and coefﬁcient of determination (r )

ject Phase 3 (CMIP3) multimodel dataset (Meehl et al. )

were used to assess the goodness of ﬁt of the model simulation

were used in our study, based on their wider applicability

outputs (Moriasi et al. ; Golmohammadi et al. ):

with better performance, and more speciﬁcally over the wes-

P
NSE ¼ 1  P

(Y obs  Y sim )

tern part of North America (Werner ). Also, these

2
2

(Y obs  Y mean )

(5)

datasets were selected based on the hydrological impact
studies recently conducted at the Paciﬁc Climate Impacts Consortium (PCIC) for multiple watersheds of western Canada

P
PBIAS ¼

(Y obs  Y sim )
P obs
× 100
Y

(Shrestha et al. ; Schnorbus et al. ). The average temp(6)

erature and precipitation data derived from eight GCMs were
incorporated into the SWAT for estimating their effects on

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
2
RMSE ¼ t
(Y sim  Y obs )
N i¼1

annual and seasonal hydrologic processes including precipi(7)

tation, surface runoff, stream discharge, water yield,
evapotranspiration, soil water content, snowfall, and snowmelt of the Athabasca River basin.

P
P
P
2
(n Y obs Y sim  Y obs Y sim )
i
h
i
r2 ¼ h P
P
P
P
2
2
2
2
n (Y obs )  ( Y obs ) n (Y sim )  ( Y sim )

To study the potential hydrologic changes, speciﬁcally
for the end of the 21st century, the model simulations
were run for the period 2081–2099 on a monthly basis.
(8)
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simulation outputs for our analysis as a model spin-up

incorporated. The model showed the highest correlation

period to compare with the baseline simulation results.

with observed data for monthly simulations for the calibration of the band-glac scenario with NSE ¼ 0.92,
PBIAS ¼ 14, RMSE ¼ 27, and r2 ¼ 0.94. The statistical
values were 0.85, 9, 34, and 0.87 for these indices, respect-

RESULTS AND DISCUSSION

ively for the band-glac scenario for the simulation
Model parameterization, calibration, and conﬁrmation

conﬁrmation period. These higher correlation indices indicate the importance of including glacier processes for

For this study, the key hydrologic parameters used for the

predicting stream discharge simulation in the study water-

Athabasca River basin SWAT simulations were selected

shed, similar to the ﬁndings of Abbaspour et al. ().

based on the information derived from previous studies con-

Those researchers found that the highest correlation was

ducted in complex snow-dominated mountain basins (e.g.

obtained with the addition of glacier melt water, though

Pradhanang et al. ; Neupane et al. , ) (Table 2).

their simulated area was larger than that used in our

Model calibration and conﬁrmation analyses are presented

study. Rahman et al. () also showed a similar high corre-

in Table 3. The correlation between measured and simulated

lation between measured and model simulated stream

discharge values during calibration and conﬁrmation were

discharge in the complex glacier-dominated upper Rhone

improved when snow and glacier melt were speciﬁcally

River watershed speciﬁcally by the addition of elevation

Table 2

|

Sensitivity results with the ranking of key SWAT parameters for stream discharge in the Athabasca River watershed including the range of parameter values adopted from Muleta
& Nicklow (2005), Rostamian et al. (2008), Pradhanang et al. (2011), and Neupane et al. (2014, 2015)

Parameter

Description

v_SMFMX

Maximum melt rate for snow during the year (mm/ C-day)


Range

Optimal value

t-stat

Rank

0–10

0.54

18.017

1

v_SMTMP

Snow melt base temperature ( C)

(–5)–5

–4.26

18.009

2

r_CN2

Surface runoff curve number for moisture condition II

(–0.40)–0.40

0.21

8.760

3



v_TLAPS

Temperature lapse rate ( C/Km)

(–7)–(–5)

–7.00

7.193

4

v_SFTMP

Snowfall temperature ( C)

(–5)–5

3.16

6.821

5

v_TIMP

Snow pack temperature lag factor

0.01–1

0.09

5.387

6

v_RCHRG_DP

Deep aquifer percolation fraction

0–1

0.60

3.041

7

v_OV_N

Manning’s n value for overland ﬂow

0–0.80

0.43

2.807

8

v_ALPHA_BNK

Baseﬂow alpha factor for bank storage (days)

0.05–1

0.96

2.605

9

v_GW_REVAP

Groundwater ‘revap’ coefﬁcient

0.02–0.20

0.15

2.080

10

v_CH_K2

Effective hydaulic conductivity in main channel alluvium (mm/hr)

0–150

83.02

1.803

11

v_SMFMN

Minimum melt rate for snow during the year (mm/ C-day)

0–10

0.08

1.291

12

v_GW_DELAY

Groundwater delay time (days)

0–400

120.00

1.144

13

v_ALPHA_BF

Baseﬂow alpha factor (days)

0–1

0.75

0.912

14

v_PLAPS

Precipitation lapse rate (mm H2O/km)

12.11–37.77

24.18

0.874

15

v_CH_N2

Manning’s n value for the main channel

0–0.30

0.08

0.820

16

v_REVAPMN

Threshold depth of water in the shallow aquifer for revap (mm H2O)

0–100

22.65

0.653

17

v_EPCO

Plant uptake compensation factor

0.001–1

0.39

0.136

18

v_GWQMN

Threshold depth of water in the shallow aquifer required for return ﬂow
to occur (mm H2O)

0–100

80.55

0.026

19

v_ESCO

Soil evaporation compensation factor

0.001–1

0.90

0.025

20

v_SURLAG

Surface runoff lag time (days)

1–24

8.83

0.023

21
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Model performance statistics for pre-calibration, calibration, and conﬁrmation simulations at both daily and monthly time periods (no band-no glac: elevation bands and glacier
melt data were not used; band-no glac: elevation bands were used and glacier melt data were not used; band-glac: both elevation band and glacier melt data were used)

Pre-calibration

Calibration

Conﬁrmation

no band-no glac

band-no glac

Statistics

Daily

Monthly

Daily

NSE

1.78

0.34

0.65

0.90

0.68

0.92

0.53

0.80

0.56

0.85

PBIAS

46

46

12

12

13

14

11

11

12

9

RMSE

176

111

62

30

60

27

66

40

63

34

r2

0.28

0.49

0.68

0.93

0.70

0.94

0.60

0.81

0.62

0.87

band-glac
Monthly

Daily

band-no glac
Monthly

Daily

band-glac
Monthly

Daily

Monthly

bands and glacier melt data in the basin; however, they were

summer ﬂows for daily simulations, potentially due to higher gla-

focused on a relatively larger glacier basin considering only

cier melt estimation combined with measurement errors

nine hydrologic parameters for calibration and conﬁrmation

occurring during the same season (Rossi et al. ). The

of the model.

model also overestimated the winter baseﬂow components for

Improved statistical values between measured and model

both daily and monthly simulations that may be attributed to

simulated stream discharge data were also clearly represented

the difﬁculty in accounting sub-surface ﬂow contribution to

by the hydrographs obtained after model calibration (Figure 5).

stream discharge, including a lack of proper representation for

However, the model showed overestimation during peak

near stream saturation associated with excess runoff (Larose

Figure 5

|

Hydrographs obtained during model calibration (1982–1991) and conﬁrmation (1992–2001) periods: (a) daily and (b) monthly time step.
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et al. ). Additional research is needed to address these discre-

value of 0.54 likely indicates minimal melting of snow at

pancies between measured and model simulated outputs,

the beginning of the summer season in the basin. The

especially important for assessing seasonal changes in discharge.

SMTMP variable is the threshold temperature above

In Rocky Mountain basins, the ablation of glaciers inten-

which snowmelt occurs and therefore inﬂuences the simu-

siﬁes in the summer and this together with higher snowmelt

lated hydrographs’ shape and peak ﬂows. The negative

at high elevations prolongs the higher ﬂows during this

calibrated SMTMP value indicates an early start of the melt-

season (Woo & Thorne ). There are only a limited

ing process. We found the TLAPS as another inﬂuencing

number of studies conducted in parts of the North American

variable to inﬂuence the accuracy of simulated stream dis-

Rocky Mountain system regarding changes in snowmelt

charge. This is likely due to the extreme topography of the

hydrology (Ahl et al. ; Abbaspour et al. ; Watson

basin, similar to other Rocky Mountain watersheds affecting

& Putz ). However, ours is one of the ﬁrst to identify

adiabatic lapse rates over short geographic distances inﬂuen-

the impacts of climate change at a smaller spatial scale.

cing the amount and type of precipitation (Minder et al.
). The higher negative TLAPS value of 7.0  C/km

Model sensitivity and uncertainty analyses

(Table 2) may indicate the inﬂuence of local climatic factors
such as the presence of higher moisture-bearing winds in the

The most sensitive input parameters regarding stream dis-

basin coming from the Paciﬁc Ocean. The CN2 variable is a

charge simulation were identiﬁed on the basis of global

runoff coefﬁcient obtained by calculating the amount of sur-

sensitivity analysis, and are presented in Table 2. This analy-

face runoff following a precipitation event and assigned to

sis identiﬁed that the ﬁve most sensitive parameters for this

each HRU based on land use, soil type, and moisture con-

study were SMFMX (maximum snowmelt rate), SMTMP

tent. As surface runoff is extremely sensitive to CN2,

(snowmelt base temperature), CN2 (surface runoff curve

higher values increase surface runoff, reduce the inﬁltration

number), TLAPS (temperature lapse rate), and SFTMP

rate, and decrease the groundwater recharge (Singh et al.

(snowfall temperature), out of which four were observed

). The EPCO (plant uptake compensation factor),

as snow-related parameters. Betrie et al. (), in a study

GWQMN (threshold depth of water in shallow aquifer

conducted for the entire Athabasca basin, also found the

required for return ﬂow), ESCO (soil evaporation compen-

same parameters as the most important for SWAT simu-

sation factor), and SURLAG (surface runoff lag time)

lations, however with different calibrated values reﬂective

variables were found to be the least sensitive for simulating

of the scale differences. The calibrated lower SMFMX

stream discharge. Uncertainty analysis of simulated stream

Figure 6

|

Standardized residual error (z-scores) for SWAT model simulated stream discharge (m3/s) vs measured data for the Athabasca River watershed (Note: the data were taken from
the calibration period of 1982).
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discharge data also showed signiﬁcant over- and under-

discharge regime of the Athabasca River. The most important

estimation values, mainly during the summer season

results of this study indicate that streamﬂow for the Atha-

(Figure 6), that may be attributed to measurement errors

basca River in Jasper National Park may be 86% less

occurring during high ﬂow seasons (Rossi et al. ).

(Figure 7(c)) than current ﬂows by the end of this century,
caused by climate change. The reason for this decline is attrib-

Projected annual changes in hydrologic processes

uted to decreased precipitation with minor effects associated

of the basin

with changes in snowmelt. The projected changes from the
GCMs used for this study are not extremes, rather averages

Based on our simulation results, the effects of potential

of 16 different models. These results support a continuing

changes in climatic variables, speciﬁcally temperature and

trend of lower water budgets for this catchment that appears

precipitation, are likely to bring substantial changes to the

to have begun in the 1950s at an approximate rate of 0.22%

Figure 7

|

Mean annual changes of (a) precipitation, (b) surface runoff, (c) stream discharge, (d) total water yield, (e) evapotranspiration, (f) soil water content, (g) snowfall, and (h)
snowmelt from the baseline simulation for potential climate change scenarios.
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per year (Rood et al. ; Peters et al. ). Our results,

Projected seasonal changes in hydrologic processes

based on the predicted 86% less discharge for the 2080s, indi-

of the basin

cated a decline of nearly 1.09% per year.
Monthly and annual changes in temperature and precipi-

Future seasonal changes in hydrologic processes of the

tation derived for B1, A1B, and A2 scenarios for the

Athabasca River catchment are shown in Figure 8. At pre-

Athabasca River basin are presented in Table 4. Mean

sent, the seasonal partitioning of contributed precipitation

annual temperature was estimated to be higher than the cur-

in the basin were estimated to be 19, 25, 33, and 23% for

rent value with values ranging from 0.9 to 2.5  C. The mean

the winter, spring, summer, and autumn seasons, respect-

monthly temperature varied substantially, ranging from 2.7

ively (Figure 8(a)). Shifts in precipitation inputs based on



to þ5.2 C. We found future precipitation decreased in all

the GCM data show, for example, that for the SRES-A2

scenarios with a maximum change of approximately 86%

scenario, more precipitation is expected in winter and

in SRES-B1 (Figure 7(a)). In addition, maximum precipitation

autumn seasons of 29 and 27%, respectively, and less

change was projected during the summer months and minimal

summer precipitation, 24%, as compared with the current

change during the winter months. Lower precipitation corre-

climate. For the SRES-B1scenario, spring precipitation

sponded with reduced surface runoff by 91% in the same

decreased from 25 to 19% for the basin.

scenario (Figure 7(b)). The SRES-B1 scenario had 35% lower

Despite a lower precipitation contribution during the

ET than the baseline (Figure 7(e)) associated with a coincident

spring season, we estimated substantially higher surface

reduction in the soil water (Figure 7(f)). The SRES-A2 scenario

runoff during this season in all scenarios, with a maximum

had the highest change in soil water of 70% compared to the

contribution

baseline, likely as a result of increased temperature with resul-

(Figure 8(b)). This corresponded to a higher spring snow-

tant effects on latent heat exchange.

melt

up

to

contribution

47%
of

in

60%

the
in

SRES-A2
the

same

scenario
scenario

Higher temperatures combined with lower precipitation

(Figure 8(h)). Lower summer surface runoff of 48% in

in the basin resulted in less snowfall and snowmelt for all

SRES-A2 corresponded to minimal precipitation, leading

scenarios with maximum changes of 89% (Figure 7(g))

to a reduced stream discharge contribution of 39% in the

and 79% (Figure 7(h)), respectively, for the SRES-B1 scen-

same scenario (Figure 8(c)). Due to potential higher

ario. Future lower precipitation combined with reduced

spring surface runoff, total water yield of the basin also

meltwater contribution will affect future water availability

increased in all the scenarios up to 28% in SRES-A2

(Kundzewicz et al. ), exasperating current conﬂicts in

(Figure 8(d)). Similarly, reduced precipitation coupled

human water use and ecosystem services in this drainage

with earlier spring snowmelt also reduced the water yield

basin (Schindler & Donahue ; Squires et al. ).

substantially during the summer season in all scenarios

Table 4

|

Projected scenarios for the Athabasca River basin for future hydrologic assessments: (a) mean annual and monthly temperature change ( C) and (b) mean annual and monthly
cumulative precipitation change (%) (Note: the average GCM data were derived from the period between 2081 and 2099 to use as climate forcing data for simulation modeling)

Month
Scenario
1

2

3

4

5

6

7

8

9

10

11

12

Annual

SRES-B1

2.7

1.0

0.5

1.7

1.8

2.4

2.6

2.4

1.5

1.5

0.3

1.5

0.9

SRES-A1B

1.6

1.3

1.2

2.3

2.6

3.7

4.1

3.8

2.9

2.5

0.2

0.6

1.9

SRES-A2

1.4

1.8

1.4

2.8

2.9

4.2

5.2

5.0

4.1

3.3

0.9

0.1

2.5

(a) Temperature

(b) Precipitation
SRES-B1

30

38

60

65

56

59

53

49

43

43

38

26

47

SRES-A1B

27

35

58

62

56

59

60

53

43

37

34

17

45

SRES-A2

22

34

55

61

54

61

65

55

41

35

29

10

44
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Potential seasonal changes in (a) precipitation, (b) surface runoff, (c) stream discharge, (d) total water yield, (e) evapotranspiration, (f) soil water content, (g) snowfall, and (h)
snowmelt simulated for different climate change scenarios of the Athabasca River watershed (Winter: December–February, Spring: March–May, Summer: June–August, and
Autumn: September–November).

with a minimum contribution of 37% in SRES-A2. Due to

States using a high-resolution model and, similar to our

changes in temperature and precipitation, projected snow-

estimations, they assessed increased runoff during spring

fall in the basin also changed with a substantially lower

season and a signiﬁcant reduction during summer months

contribution from melting during the summer season

at the peak of water demands.

(Figure 8(g)). Therefore, the summer season was projected

For the baseline simulation, we estimated a maximum

to be more dry with higher evapotranspiration (Figure 8

summer contribution of 58% for total mean annual stream

(e)) and lower soil water content (Figure 8(f)). Climate

discharge (Figure 8(c)). This ﬂow includes the current

change impact studies in recent years have begun for

higher summer precipitation combined with a higher glacier

regional scale estimations. For example, Barnett et al.

contribution during summer months in the basin. The large

() evaluated climate change impacts on water supply

meltwater proportion is also due to abundant current snow-

and regional hydrology in the western part of the United

pack levels in addition to seasonal glacier ablation from the
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high elevation of the Rocky Mountains, primarily during the

century and which may inﬂuence freshwater ecosystem-

summer season (Woo & Thorne ). However, this hydro-

services. Stream water quantity and ﬂow timing inﬂuence

logic peak during the summer is likely to diminish as

critical water characteristics such as ﬂow rate, dissolved

glaciers in these basins continue to rapidly retreat in

chemical constituents, and water temperature affecting

response to ongoing climate warming (Marshall & White

aquatic invertebrate and vertebrate life cycles (Fagre et al.

; Grover et al. ). Our simulations show decreased

; Hauer et al. ). As water temperatures have been

summer discharge with increased ﬂows during winter and

increasing at higher elevations in similar Rocky Mountain

spring seasons in the future. This corresponded to the ﬁnd-

catchment reaches, sensitive aquatic invertebrate taxa may

ings of Shepherd et al. () who investigated similar

be running out of space with local extirpations, resulting

seasonal changes in future water availability of Oldman

in trophic shifts in mountain streams (Giersch et al. ).

River Basin in the North American Rocky Mountains.

Overall, warming is expected for the basin with higher

Stream water temperature estimates for this study indi-

temperature values signiﬁcantly affecting both the water

cated that changes in water sources and potential increase

quality and quantity of the region (Chmura ). Water

in air temperature affected summer values most, with the

temperatures predicted here are crude estimates and do

largest difference between baseline estimated at 5.0  C and

not include important factors such as energy balances



the SRES-B1 scenario at 7.3 C (Figure 9). For the SRES-

associated with temperature effects on river ice or river

A2 scenario, autumn stream water temperatures were elev-

hydrodynamics affecting ice formation and breakup. How-

ated compared with all other simulations.

ever, because changes in source and temperature increases
during spring seasons are likely to occur, ice breakup in

Climate change impacts on future water availability

the river and subsequent ﬂooding are likely to occur earlier
in the season. Changes in seasonal hydrology can affect

Lower streamﬂow and projected changes in seasonal ﬂow

riparian ecosystems by changing the timing and frequency

caused by lower precipitation and a potential increase in

of ﬂooding events (de Rham et al. ). These potential

temperature affects the snowpack of this Rocky Mountain

changes in temperature and precipitation combined with

basin and this will directly limit future water availability

anthropogenic disturbance may increase the impacts on

for any anticipated commercial appropriation, such as

hydrologic components and surrounding ecosystem-services

water for oil sands development or municipal water in this

of the basin (Schindler & Donahue ).

region (Pavelsky & Smith ; Squires et al. ). The

Future hydrologic estimation in complex mountainous

shifts in quantity and timing of hydrologic discharge were

basins is complicated due to large climatic variations, and

estimated for this snow-dominated region over the coming

it is further elevated by the uncertainties of the General Circulation Models (GCMs) that are too coarse to adequately
represent the orographic details of the mountains (Beniston
). Also, our research is based on a ‘static’ impact
approach that does not include mesoclimatic interactions
such as those from Paciﬁc Decadal Oscillation, Arctic Oscillation, and the North Atlantic Oscillation which have been
shown, in this basin, to greatly modify the timing and
amount of streamﬂow (Burn ). While our simulations
can be improved by using Representative Concentration
Pathways (RCPs) laid under IPCC AR5 (IPCC ), these
results should facilitate the consideration of implications
for the possibility of future water limitations in this catch-

Figure 9

|

Estimated seasonal stream temperature ( C) of the Athabasca River based on
seasonal contributing water sources from the catchment for the baseline and

ment and deliberation of climate change adaptation

2081–2099 climate change scenarios.

strategies.
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CONCLUSIONS
The SWAT model was calibrated and tested for the snowdominated upper Athabasca River watershed and the simulation results indicate that the model is a useful tool for
assessing the effects of potential changes in temperature
and precipitation on hydrological processes in the basin.
Potential discharge of the Athabasca River was found to
be dramatically lower for the 2080–2099 period, corresponding with lower precipitation, consequently leading to
a reduced total annual water availability in the basin. Seasonally, winter discharge of the river was estimated to be
higher, corresponding to similar changes in precipitation.
Despite reduced future spring precipitation, discharge of
the river was estimated to be higher, potentially indicating
the importance of higher spring snowmelt in the basin.
However, we estimated a substantial reduction in water
availability in the basin during the summer season when
there is a higher demand for water resources for agricultural,
industrial, and domestic sectors. Finally, these assessments
may improve our understanding of hydrological consequences

of

precipitation

potential
of

changes

complex

in

temperature

snow-dominated

and

mountain

basins, and provide better knowledge for future water
resources management. Better representation of snowmelt
processes through ﬁeld-scale experiments should be investigated to reﬁne model performance, primarily for simulating
winter season base ﬂow.

ACKNOWLEDGEMENTS
We would like to thank Drs P. Allen, J. Dunbar, S. Dworkin,
and S. Alexander at Baylor University for their constructive
suggestions during the development of this manuscript.
Special thanks to the reviewers and editors for their
constructive comments and suggestions, which improved
the quality of the manuscript.

REFERENCES
Abbaspour, K. C.  SWAT-CUP 2012: SWAT Calibration and
Uncertainty Programs – A User Manual. Eawag: Swiss

Downloaded from https://iwaponline.com/hr/article-pdf/49/4/1172/362683/nh0491172.pdf
by guest

Hydrology Research

|

49.4

|

2018

Federal Institute Science and Technology, Zurich,
Switzerland.
Abbaspour, K. C., Vejdani, M. & Haghighat, S.  SWAT-CUP
calibration and uncertainty programs for SWAT. In Modsim
2007: International Congress on Modelling and Simulation:
Land, Water and Environmental Management: Integrated
Systems for Sustainability, Christchurch, New Zealand.
Abbaspour, K. C., Faramarzi, M. & Rouholahnejad, E. 
Hydrological Modeling of Alberta Using SWAT Model.
AWAG, Swiss Federal Institute of Aquatic Science and
Technology, Dubendorf, Switzerland.
Ahl, R. S., Woods, S. W. & Zuuring, H. R.  Hydrologic
calibration and validation of SWAT in a snow-dominated
Rocky Mountain watershed, Montana, U.S.A. J. Am. Water
Resour. Assoc. 44, 1411–1430.
Arino, O., Perez, J. R., Kalogirou, V., Defourny, P. & Achard, F.
 GlobCover 2009. In ESA Living Planet Symposium, 27
June, 2 July 2010, Bergen, Norway.
Arnold, J. G., Williams, J. R. & Maidme, D. R.  Continuoustime water and sediment-routing model for large basin.
J. Hydraul. Eng. 121, 171–183.
Arnold, J. G., Kiniry, J. R., Srinivasan, R., Williams, J. R., Haney, E.
B. & Neitsch, S. L.  Soil and Water Assessment Tool
Input/Output File Documentation Version 2009. Texas
Water Resources Institute Technical Report, Texas, USA.
Arnold, J. G., Moriasi, D. N., Gassman, P. W., Abbaspour, K. C.,
White, M. J., Srinivasan, R., Santhi, C., Harmel, R. D., Van
Griensven, A., Van Liew, M. W., Kannan, N. & Jha, M. K.
 SWAT: model use, calibration, and validation. Am. Soc.
Agric. Biol. Eng. 55, 1491–1508.
Awan, U. K., Liaqat, U. W., Choi, M. & Ismaeel, A.  A SWAT
modeling approach to assess the impact of climate change on
consumptive water use in Lower Chenab Canal area of Indus
basin. Hydrol. Res. 47, 1025–1037.
Azmat, M., Choi, M., Kim, T. W. & Liaqat, U. W. 
Hydrological modeling to simulate streamﬂow under
changing climate in a scarcely gauged cryosphere catchment.
Environ. Earth Sci. 75, 1–16.
Barnett, T. P., Adam, J. C. & Lettenmaier, D. P.  Potential
impacts of a warming climate on water availability in snowdominated regions. Nature 438, 303–309.
Barnett, T. P., Pierce, D. W., Hidalgo, H. G., Bonﬁls, C., Santer,
B. D., Das, T., Bala, G., Wood, A. W., Nozawa, T., Mirin, A. A.
& Cayan, D. R.  Human-induced changes in the hydrology
of the western United States. Science 319, 1080–1083.
Beniston, M.  Climate change in mountain regions: a review
of possible impacts. Clim. Change 59, 5–31.
Beniston, M., Diaz, H. F. & Bradley, R. S.  Climatic change at
high elevation sites: an overview. Clim. Change 36, 233–251.
Bennett, K. E., Werner, A. T. & Schnorbus, M. A.  Uncertainties
in hydrologic and climate change impact analyses in
headwater basins of British Columbia. J. Clim. 25, 5711–5730.
Bergström, S.  The HBV Model: Its Structure and
Applications. Swedish Meteorological and Hydrological
Institute, Sweden.

1188

R. P. Neupane et al.

|

Future streamﬂow simulation in a headwater catchment

Betrie, G. D., Deng, B. & Wang, J.  Integrated modeling of the
Athabasca River Basin using SWAT. In: Proceedings of
Science and Technology Innovations (M. Chang & F. AlShamali, eds). Faculty of Science and Technology, Athabasca
University, Athabasca, AB, Canada, pp. 27–38.
Brekke, L., Thrasher, B. L., Maurer, E. P. & Pruitt, T. 
Downscaled CMIP3 and CMIP5 Climate Projections. In:
Release of Downscaled CMIP5 Climate Projections,
Comparison with Preceding Information, and Summary of User
Needs. US Department of the Interior, Bureau of Reclamation,
Technical Service Center, Denver, Colorado, USA.
Burn, D. H.  Climatic inﬂuences on streamﬂow timing in the
headwaters of the Mackenzie River Basin. J. Hydrol. 352,
225–238.
Cayan, D. R., Kammerdiener, S. A., Dettinger, M. D., Caprio, J. M.
& Peterson, D. H.  Changes in the onset of spring in the
western United States. Bull. Am. Meteorol. Soc. 82, 399–415.
Chien, H., Yeh, P. J. F. & Knouft, J. H.  Modeling the potential
impacts of climate change on streamﬂow in agricultural
watersheds of the Midwestern United States. J. Hydrol. 491,
73–88.
Chmura, G. L., Vereault, S. A. & Flanary, E. A.  Sea surface
temperature changes in the Northwest Atlantic under a 2 C
global temperature rise. Implications of a 2 C global
temperature rise for Canada’s natural resources. A report for
the World Wildlife Fund, 30 November, 2005.
de Rham, L. P., Prowse, T. D., Beltaos, S. & Lacroix, M. P. 
Assessment of annual high-water events for the Mackenzie
River basin, Canada. Hydrol. Process. 22, 3864–3880.
Dile, Y. T. & Srinivasan, R.  Evaluation of CFSR climate data
for hydrologic prediction in data-scarce watersheds: an
application in the Blue Nile River basin. J. Am. Water Resour.
Assoc. 50, 1226–1241.
Eckhardt, K. & Ulbrich, U.  Potential impacts of climate
change on groundwater recharge and streamﬂow in a central
European low mountain range. J. Hydrol. 284, 244–252.
Fagre, D. B., Comanor, P. L., White, J. D., Hauer, F. R. & Running,
S. W.  Watershed responses to climate change at
Glacier National Park. J. Am. Water Resour. Assoc. 33,
755–765.
FAO  The Digitized Soil Map of the World and Derived Soil
Properties (Version 3.5). FAO Land and Water Digital Media
Series 1. FAO, Rome.
FAO/UNESCO  Digital Soil Map of the World and Derived
Soil Properties. Rev. 1. (CD Rom) (www.fao.org/catalog/
what_new-e.htm).
Ficklin, D. L., Stewart, I. T. & Maurer, E. P.  Climate change
impacts on streamﬂow and subbasin-scale hydrology in the
Upper Colorado River Basin. PLoS One 8, e71297.
Fontaine, T. A., Cruickshank, T. S., Arnold, J. G. & Hotchkiss,
R. H.  Development of a snowfall-snowmelt routine for
mountainous terrain for the soil and water assessment tool
(SWAT). J. Hydrol. 262, 209–223.
Fuka, D. R., Walter, M. T., MacAlister, C., Degaetano, A. T.,
Steenhuis, T. S. & Easton, Z. M.  Using the climate

Downloaded from https://iwaponline.com/hr/article-pdf/49/4/1172/362683/nh0491172.pdf
by guest

Hydrology Research

|

49.4

|

2018

forecast system reanalysis as weather input data for
watershed models. Hydrol. Process. 28, 5613–5623.
Gassman, P. W., Reyes, M. R., Green, C. H. & Arnold, J. G. 
SWAT peer-reviewed literature: a review. In: 3rd
International SWAT Conference, Zurich, Switzerland.
Giersch, J. J., Jordan, S., Luikart, G., Jones, L. A., Hauer, F. R. &
Muhlfeld, C. C.  Climate-induced range contraction of a
rare alpine aquatic invertebrate. Freshw. Sci. 34, 53–65.
Golmohammadi, G., Prasher, S., Madani, A. & Rudra, R. 
Evaluating three hydrological distributed watershed models:
MIKE-SHE, APEX, SWAT. Hydrology 1, 20–39.
Grover, V. I., Borsdorf, A., Breuste, J., Tiwari, P. C. & Frangetto,
F. W. (eds).  Impact of Global Changes on Mountains:
Responses and Adaptation, 1st edn. CRC Press, New York,
USA.
Hamlet, A. F. & Lettenmaier, D. P.  Effects of climate change
on hydrology and water resources in the Columbia River
basin. J. Am. Water Resour. Assoc. 35, 1597–1623.
Hauer, F. R., Stanford, J. A. & Lorang, M. S.  Pattern and
process in northern Rocky Mountain headwaters: ecological
linkages in the headwaters of the crown of the continent.
J. Am. Water Resour. Assoc. 43, 104–117.
Hock, R., Jansson, P. & Braun, L.  Modelling the response of
mountain glacier discharge to climate warming. In: Global
Change and Mountain Regions – A State of Knowledge
Overview (U. M. Huber, M. A. Reasoner & H. Bugmann,
eds). Springer, Dordrecht, pp. 243–252.
Intergovernmental Panel on Climate Change (IPCC)  Summary
for policymakers. In: Climate Change 2013: The Physical
Science Basis; Contribution of Working Group I to the IPCC
Fifth Assessment Report Climate Change. Cambridge
University Press, Cambridge, UK; New York, NY, USA, 2013.
Jackson, L. E.  Landslides and landscape evolution in the
Rocky Mountains and adjacent foothills area, Southwestern
Alberta, Canada. Rev. Eng. Geol. 15, 325–344.
Kay, A. L., Davies, H. N., Bell, V. A. & Jones, R. G. 
Comparison of uncertainty sources for climate change
impacts: ﬂood frequency in England. Clim. Change 92, 41–63.
Kohler, T. & Maselli, D. (eds).  Mountains and climate
change – from understanding to action. Published by
Geographica Bernensia with the Support of the Swiss
Agency for Development and Cooperation (SDC), and an
International Team of Contributors, Bern.
Kundzewicz, Z. W., Mata, L. J., Arnell, N. W., Döll, P., Kabat, P.,
Jiménez, B., Miller, K. A., Oki, T., Sen, Z. & Shiklomanov,
I. A.  Freshwater resources and their management. In:
Climate Change 2007: Impacts, Adaptation and
Vulnerability. Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (M. L. Parry, O. F. Canziani, J. P. Palutikof,
P. J. Van der Linden & C. E Hanson, eds). Cambridge
University Press, Cambridge, UK, pp. 173–210.
Lapp, S., Byrne, J., Townshend, I. & Kienzle, S.  Climate
warming impacts on snowpack accumulation in an alpine
watershed. Int. J. Climatol. 25, 521–536.

1189

R. P. Neupane et al.

|

Future streamﬂow simulation in a headwater catchment

Larose, M., Heathman, G. C., Norton, L. D. & Engel, B. 
Hydrologic and atrazine simulation of the Cedar Creek
Watershed using the SWAT model. J. Environ. Qual. 36,
521–531.
Li, B., Chen, Y., Chen, Z., Li, W. & Zhang, B.  Variations of
temperature and precipitation of snowmelt period and its
effect on runoff in the mountainous areas of Northwest
China. J. Geograph. Sci. 23, 17–30.
Liu, S., Sun, W., Shen, Y. & Li, G.  Glacier changes since the
Little Ice Age maximum in the western Qilian Shan,
northwest China, and consequences of glacier runoff for
water supply. J. Glaciol. 49, 117–124.
Lubini, A. & Adamowski, J.  Assessing the potential impacts of
four climate change scenarios on the discharge of the Simiyu
River, Tanzania using the SWAT model. Int. J. Water Sci. 2, 1–12.
Luckman, B. H.  Mountain areas and global change: a view
from the Canadian Rockies. Mt. Res. Dev. 10, 183–195.
Luckman, B. & Kavanagh, T.  Impact of climate ﬂuctuations
on mountain environments in the Canadian Rockies. Ambio
29, 371–380.
Marshall, S. & White, E.  Alberta Glacier Inventory and Ice
Volume Estimation. Alberta Innovates, Energy and
Environment Solutions, Canmore, Canada.
Maurer, E. P., Hidalgo, H. G., Das, T., Dettinger, M. D. & Cayan,
D. R.  The utility of daily large-scale climate data in the
assessment of climate change impacts on daily streamﬂow in
California. Hydrol. Earth Syst. Sci. 14, 1125–1138.
Meehl, G. A., Covey, C., Delworth, T., Latif, M., McAvaney, B.,
Mitchell, J. F. B., Stouffer, R. J. & Taylor, K. E.  The
WCRP CMIP3 multimodel dataset: a new era in climate
change research. Am. Meteorol. Soc. 88, 1383–1394.
Milly, P. C. D., Dunne, K. A. & Vecchia, A. V.  Global pattern
of trends in streamﬂow and water availability in a changing
climate. Nature 438, 347–350.
Minder, J. R., Mote, P. W. & Lundquist, J. D.  Surface
temperature lapse rates over complex terrain: lessons from
the Cascade Mountains. J. Geophys. Res. 115, D14122.
Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Binger, R. L.,
Harmel, R. D. & Veith, T. L.  Model evaluation guidelines
for systematic quantiﬁcation of accuracy in watershed
simulations. Am. Soc. Agric. Biol. Eng. 50, 885–900.
Mote, P. W., Hamlet, A. F., Clark, M. P. & Lettenmaier, D. P. 
Declining mountain snowpack in western North America.
Bull. Am. Meteorol. Soc. 86, 39–49.
Muleta, M. K. & Nicklow, J. W.  Sensitivity and uncertainty
analysis coupled with automatic calibration for a distributed
watershed model. J. Hydrol. 306, 127–145.
Neitsch, S. L., Arnold, J. G., Kiniry, J. R. & Williams, J. R.  Soil
and Water Assessment Tool: Theoretical Documentation,
Version 2009. Texas Water Resources Institute, Texas, USA.
Neupane, R. P. & Kumar, S.  Estimating the effects of potential
climate and land use changes on hydrologic processes of a
large agriculture dominated watershed. J. Hydrol. 529,
418–429.

Downloaded from https://iwaponline.com/hr/article-pdf/49/4/1172/362683/nh0491172.pdf
by guest

Hydrology Research

|

49.4

|

2018

Neupane, R. P., Yao, J. & White, J. D.  Estimating the effects of
climate change on the intensiﬁcation of monsoonal-driven
stream discharge in a Himalayan watershed. Hydrol. Process.
28, 6236–6250.
Neupane, R. P., White, J. D. & Alexander, S. E.  Projected
hydrologic changes in monsoon-dominated Himalaya
Mountain basins with changing climate and deforestation. J.
Hydrol. 525, 216–230.
Novotna, B., Bochove, E. V. & Theriault, G.  Potential
ecological impact of climate change on the water quality of
an intensively managed agricultural watershed in Quebec,
Canada. J. Water Clim. Change 5, 81–99.
Pavelsky, T. M. & Smith, L. C.  Remote sensing of hydrologic
recharge in the Peace-Athabasca Delta, Canada. Geophys.
Res. Lett. 35, 1–5.
Pavelsky, T. M. & Smith, L. C.  Surface Water Elevation and
Quality, Peace-Athabasca Delta, Canada, 2006–2007. Data
set. Available online from: http://daac.ornl.gov from Oak
Ridge National Laboratory Distributed Active Archive
Center, Oak Ridge, Tennessee, USA.
Peters, D. L., Atkinson, D., Monk, W. A., Tenenbaum, D. E. &
Baird, D. J.  A multi-scale hydroclimatic analysis of runoff
generation in the Athabasca River, western Canada. Hydrol.
Process. 27, 1915–1934.
Peterson, D. L., Schreiner, E. G. & Buckingham, N. M. 
Gradients, vegetation and climate: spatial and temporal
dynamics in the Olympic Mountains, USA. Glob. Ecol.
Biogeogr. Lett. 6, 7–17.
Pradhanang, S. M., Anandhi, A., Mukundan, R., Zion, M. S.,
Pierson, D. C., Schneiderman, E. M., Matonse, A. & Frei, A.
 Application of SWAT model to assess snowpack
development and streamﬂow in the Cannonsville watershed,
New York, USA. Hydrol. Process. 25, 3268–3277.
Praskievicz, S. & Chang, H.  A review of hydrological
modelling of basin-scale climate change and urban
development impacts. Prog. Phys. Geogr. 33, 650–671.
Rahman, K., Maringanti, C., Beniston, M., Widmer, F., Abbaspour,
K. & Lehmann, A.  Streamﬂow modeling in a highly
managed mountainous glacier watershed using SWAT: the
Upper Rhone River watershed case in Switzerland. Water
Resour. Manage. 27, 323–339.
Reynolds, C. A., Jackson, T. J. & Rawls, W. J.  Estimating
available water content by linking the FAO soil map of the
world with global soil proﬁle database and pedo-transfer
functions. In: Proceedings of the AGU 1999 Spring
Conference, Boston, MA.
Rood, S. B., Samuelson, G. M., Weber, J. K. & Wywrot, K. A. 
Twentieth-century decline in streamﬂows from the
hydrographic apex of North America. J. Hydrol. 306, 215–233.
Rossi, C. G., Srinivasan, R., Jirayoot, K., Duc, T. L.,
Souvannabouth, P., Binh, N. & Gassman, P. W. 
Hydrologic evaluation of the lower Mekong river basin with
the soil and water assessment tool model. Int. Agr. Eng. J. 18,
1–13.

1190

R. P. Neupane et al.

|

Future streamﬂow simulation in a headwater catchment

Rostamian, R., Jaleh, A., Afyuni, M., Mousavi, S. F., Heidarpour,
M., Jalalian, A. & Abbaspour, K. C.  Application of a
SWAT model for estimating runoff and sediment in two
mountainous basins in central Iran. Hydrol. Sci. J. 53,
977–988.
Schindler, D. W. & Donahue, W. F.  An impending water
crisis in Canada’s western prairie provinces. Proc. Natl.
Acad. Sci. 103, 7210–7216.
Schindler, D. W., Donahue, W. F. & Thompson, J. P.  Section
1: Future water ﬂows and human withdrawals in the
Athabasca River. In: Running out of steam? Oil sands
development and water use in the Athabasca Riverwatershed: Science and market-based solutions. Workshop
held by the Environmental and Research Studies Centre,
University of Alberta, and University of Toronto Munk
Centre for International Studies, University of Alberta.
Edmonton, AB.
Schnorbus, M., Werner, A. & Bennett, K.  Impacts of climate
change in three hydrologic regimes in British Columbia,
Canada. Hydrol. Process. 28, 1170–1189.
Selkowitz, D. J., Fagre, D. B. & Reardon, B. A. a Interannual
variations in snowpack in the crown of the continent
ecosystems. Hydrol. Process. 54, 3651–3665.
Selkowitz, D. J., Fagre, D. B. & Reardon, B. A. b Spatial and
temporal snowpack variation in the crown of the continent
ecosystem. In: Proceedings of 70th Annual Meeting of the
Western Snow Conference, Granby, USA.
Serreze, M. C., Clark, M. P. & Armstrong, R. L. 
Characteristics of the western United States snowpack from
snowpack telemetry (SNOTEL) data. Water Resour. Res. 35,
2145–2160.
Shepherd, A., Gill, K. M. & Rood, S. B.  Climate change and
future ﬂows of Rocky Mountain rivers: converging forecasts
from empirical trend projection and down-scaled global
circulation modelling. Hydrol. Process. 24, 3864–3877.
Shrestha, R. R., Schnorbus, M. A., Werner, A. T. & Berland, A. J.
 Modelling spatial and temporal variability of hydrologic
impacts of climate change in the Fraser River basin, British
Columbia, Canada. Hydrol. Process. 26, 1840–1860.
Singh, J., Knapp, H. V., Arnold, J. G. & Demissie, M. 
Hydrological modeling of the Iroquois River watershed using
HSPF and SWAT1. J. Am. Water Resour. Assoc. 41, 343–360.
Singh, P., Arora, M. & Goel, N. K.  Effect of climate change
on runoff of a glacierized Himalayan basin. Hydrol. Process.
20, 1979–1992.
Song, L. & Zhang, J.  Hydrological response to climate change
in Beijiang River Basin based on the SWAT model. Proc. Eng.
28, 241–245.
Squires, A. J., Westbrook, C. J. & Dubé, M. G.  An approach
for assessing cumulative effects in a model river, the
Athabasca River Basin. Integr. Environ. Assess. Manage. 6,
119–134.

Hydrology Research

49.4

|

2018

Stewart, I. T.  Changes in snowpack and snowmelt runoff for
key mountain regions. Hydrol. Process. 23, 78–94.
Stewart, I. T., Cayan, D. R. & Dettinger, M. D.  Changes in
snowmelt runoff timing in western North America under a
‘business as usual’ climate change scenario. Clim. Change 62,
217–232.
Stonefelt, M. D., Fontaine, T. A. & Hotchkiss, R. H.  Impacts
of climate change on water yield in the Upper Wind River
Basin. J. Am. Water Resour. Assoc. 36, 321–336.
Tinkham, W. T., Denner, R. & Graham, R. T.  Climate,
Snowpack, and Streamﬂow of Priest River Experimental
Forest, Revisited. General Technical Report RMRS-GTR-33.
Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, USA, p. 49.
Vafakhah, M., Nouri, A. & Alavipanah, S. K.  Snowmeltrunoff estimation using radiation SRM model in Taleghan
watershed. Environ. Earth Sci. 73, 993–1003.
Wang, S., Zhang, Z., Sun, G., McNulty, S. G., Zhang, H., Li, J. &
Zhang, M.  Long-term streamﬂow response to climate
variability in the Loess Plateau, China. J. Am. Water Resour.
Assoc. 44, 1098–1107.
Water, U. N.  The United Nations World Water Development
Report 3 – Water in A Changing World. United Nations
Educational Scientiﬁc and Cultural Organization, Paris.
Watson, B. M. & Putz, G.  Preliminary Watershed Hydrology
Model for Reclaimed Oil Sands Sites. Oil Sands Research and
Information Network, University of Alberta, School of
Energy and the Environment, Edmonton, Alberta. OSRIN
Report No. TR-39, p. 193.
Werner, A. T.  BCSD Downscaled Transient Climate
Projections for Eight Select GCMs Over British Columbia,
Canada. Paciﬁc Climate Impacts Consortium, University of
Victoria, Victoria, BC, p. 63.
White, J. D., Running, S. W., Thornton, P. E., Keane, R. E., Ryan,
K. C., Fagre, D. B. & Key, C. H.  Assessing simulated
ecosystem processes for climate variability research at
Glacier National Park, USA. Ecol. Appl. 8, 805–823.
Woo, M. K. & Thorne, R.  Streamﬂow in the Mackenzie
Basin, Canada. Arctic 56, 328–340.
Yang, J., Reichert, P., Abbaspour, K. C., Xia, J. & Yang, H. 
Comparing uncertainty analysis techniques for a SWAT
application to the Chaohe Basin in China. J. Hydrol. 358, 1–23.
Zhang, X., Harvey, K. D., Hogg, W. D. & Yuzyk, T. R. 
Trends in Canadian streamﬂow. Water Resour. Res. 37,
987–998.
Zhang, X., Srinivasan, R. & Hao, F.  Predicting hydrologic
response to climate change in the Luohe River Basin using
the SWAT model. Am. Soc. Agr. Biol. Eng. 50, 901–910.
Zhao, R. J., Liu, X. R. & Singh, V. P.  The Xinanjiang
Model. Computer Models of Watershed Hydrology. Water
Resources Publications, Highlands Ranch, Colorado, pp.
215–232.

First received 12 February 2017; accepted in revised form 30 August 2017. Available online 9 November 2017

Downloaded from https://iwaponline.com/hr/article-pdf/49/4/1172/362683/nh0491172.pdf
by guest

|

