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Abstract The potential effects of mid-21st century climate change on the hydrology of the
Cook Inlet watershed in south-central Alaska was analyzed in this study. Climate datasets
representing a set of potential change scenarios for the period 2041-2070 were developed from
the North American Regional Climate Change Assessment Program (NARCCAP) archive of
dynamically downscaled climate products. The NARCCAP 50-km scale regional climate
output was converted to realistic daily weather time series using a “change factor” method
in which observed meteorological time series used for model calibration are perturbed. The
perturbations are based on statistical summaries of change for the different climate scenarios,
by month, as calculated from the differences between the 1971-2000 and 2040-2070 climate
model simulation periods. The downscaled climate datasets were then used to run the Soil and
Water Assessment Tool (SWAT) for the Cook Inlet watershed. Generally, it was observed that
increasing rainfall and warmer temperatures across the Cook Inlet watershed led to a predicted
increase in the stream flow in the major rivers, increase in 7-day low flows, and considerable
increase in 100-year peak flow. Furthermore, under future climatic conditions precipitation is
expected to increase in the Cook Inlet watershed but the amount of snowfall is expected to
decrease. Also, the amount of snowmelt is expected to increase due to warmer temperature
thereby causing the average annual fraction of snowfall as precipitation to decrease leading to a
reduction in the glacial mass balance in the watershed. Moreover, average annual water yield,
runoff, baseflow, snowmelt across the basin is expected to increase. More specifically the
different hydrologic components varied seasonally and monthly driven by the seasonal and
monthly changes in precipitation and temperature. However, the overall hydrology of the
watershed is projected to remain snowmelt dominated through the mid-21st century without a
major shift in regime. These simulations provide a benchmark of hydrologic sensitivity to
potential future climate change in this watershed useful for identifying vulnerabilities and
informing the development of adaptation responses.
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1 Introduction

Reports from the Intergovernmental Panel on Climate Change (IPCC) indicates an increase in
the average temperatures in the arctic regions by almost twice the rate of global averages while
the spatio-temporal changes predicted for precipitation have been highly variable (IPCC 2007).
One of the responses to the changes in climate includes changes in the snow accumulation and
melting processes in the arctic and sub-arctic regions of the world. Because water produced by
snowmelt and glacial melt is an important part of the annual hydrologic cycle in these regions
any change in the future climatic conditions may contribute significant changes in the annual
water balance and streamflow in an arctic/sub-arctic watershed thereby affecting the liveli-
hoods and well-being of Arctic ecosystems. Therefore, analyzing future hydrology in a sub-
arctic basin will help to design water control projects under a changing climate in areas
dominated by snow accumulation and melting processes. This can be done through physically
based watershed simulation models such as the Soil and Water Assessment Tool (SWAT)
which is commonly used to investigate the complex interactions of different components of the
hydrologic cycle as well as climate change impacts on hydrology (Bekele et al. 2010; Mango
et al. 2011; Wu et al. 2012; Faramarzi et al. 2013; Fiseha et al. 2014). SWAT has been
extensively evaluated by researchers over different spatial and temporal scales for watersheds
with many different characteristics, but mostly in areas where stream flows were dominantly
generated from rainfall events, with negligible/limited contributions from snowmelt. Only a
few studies have evaluated SWAT in areas with dominant snow hydrology. These includes the
work by Fontaine et al. (2002) where the SWAT model’s snowmelt hydrology subcomponent
was used to predict annual stream flow using elevation bands to distribute temperature and
precipitation. Wang and Melesse (2005) assessed the effectiveness of the SWAT model’s snow
melt algorithm to predict stream flows of the Wild Rice River watershed with low relief and
mixed landcover located in northwestern Minnesota where melting snow is the dominant
source for stream flows in spring but rainfall runoff is the dominant source for stream flows in
summer and fall. Ahl et al. (2008) used SWAT to simulate the streamflow of a snow-
dominated, forested mountainous watershed with snowmelt driven runoff located in central
Montana, and represents biophysical characteristics that are representative of the high
elevation, forested watersheds east of the Continental Divide in much of southwest Alberta,
Montana and Wyoming. Abbaspour et al. (2007) used SWAT to calibrate several snow-related
parameters and simulate all related processes affecting water quality, sediments and nutrient
loads for the Thur watershed in Switzerland that is characterized by a pre-alpine/alpine climate.
Rahman et al. (2013) modeled streamflow in a highly managed mountainous watershed in
Switzerland. However, SWAT has not been evaluated in watersheds with sub-arctic conditions
and therefore the objective of this paper is to describe the hydrology within the Cook Inlet
watershed in South-Central Alaska (where snow typically covers the ground for more than
6 months in a year) and provide an understanding of the factors affecting the hydrology under
future climate conditions. Even if most parts of the Cook Inlet Basin are only sparsely
developed it has the majority of Alaska’s population and related infrastructure. Therefore,
results from this study will provide a benchmark for future hydrologic changes associated with
changing climate in this region and will help natural-resources scientists, policy-makers and
planners to design comprehensive plans for water management projects.

The work described in this paper was undertaken as part of a larger scale study of climate
change impacts in 20 large watersheds across the US (Johnson et al. 2011; USEPA 2013). That
study was designed to investigate a number of methodological issues regarding different
watershed modeling and climate downscaling methods in addition to providing an ensemble
of predictions of watershed response for the mid-21st century. A major focus of the study was
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on evaluating watershed response to climate scenarios using dynamically downscaled projec-
tions in which global circulation models (GCMs) provided boundary conditions for more
detailed regional climate models (RCMs).

2 Materials and Methods
2.1 Study Area

Location and Physiography: Cook Inlet is a 290 km long estuary in south-central Alaska that
stretches northeast from the Gulf of Alaska to Anchorage (Fig. 1). The Cook Inlet watershed
covers 121,729 km? east of the Aleutian Range and south of the Alaska Range and includes
the drainage area of Mount McKinley (Brabets et al. 1999; Glass 1999). General physiography
in the Cook Inlet watershed is dominated by high rugged mountains, followed by low
mountains, plateaus and highlands of rolling topography and gentle slopes, plains and
lowlands with altitude ranging from sea level to the highest point in North America, Mount
McKinley, at 6193.5 m (Brabets et al. 1999; Glass 1999). Major land use in the Cook Inlet
basin comprises of water, permanent snow and ice, tall shrub, alpine tundra and some forested
areas along with urban development limited around the City of Anchorage (Brabets et al.
1999; Glass 1999).

Due of its large size and range in altitude, the Cook Inlet Basin has three climate zones
based on variations in precipitations and temperatures. The Continental Zone has greater range
of temperatures than the other climate zones with an average annual temperature of —5.5 °C
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Fig. 1 Location of Cook Inlet watershed (USEPA, 2013)
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and an average annual precipitation of about 500 mm. The average annual temperature in the
Transitional Zone is about —5 °C and average annual precipitation is about 760 mm. The
Maritime Zone is the wettest of the three zones, with an average annual temperature of about
8.3 °C and an average annual precipitation of about 1800 mm (Hartman and Johnson 1984).
Precipitation in the Cook Inlet Basin ranges from 500 to 6000 mm annually with an annual
average precipitation of about 1100 mm and generally falls as snow from November to March
over most parts of the basin except for the extremely high mountains, where snow is deposited
year-round on glaciers and ice fields (Brabets et al. 1999; Glass 1999). However, evaporation
within the basin is low due to relatively cold climate, high humidity, and cloud cover that
prevail over most of the basin and transpiration is negligible due to the short summer season
that decreases the active growing time for vegetation (Brabets et al. 1999; Glass 1999).

The Cook Inlet watershed receives water from the melting snow and ice from Mount
McKinley, the Chugach Mountains and the Aleutian Range through its tributaries the Kenai,
the Susitna and Matanuska rivers (Brabets et al. 1999; Glass 1999). Most of the streams and
rivers in the Cook Inlet Basin are perennial and originate in the mountainous areas. Flow from
these streams and rivers are primarily from snowmelt and icemelt (from glaciers). Current
seasonal streamflow characteristics of the Cook Inlet watershed are similar to other watersheds
in Alaska where flows peak during late-spring/early-summer snowmelt and late-summer/early-
fall rains, and slowly recede (several weeks to months) leading up to these periods. The rise in
streamflow is relatively quick relative to its decline, which increasingly becomes dominated by
groundwater baseflow. Despite the sub-freezing air temperatures and continuous snowpack
during winter months that virtually eliminate surface runoff, warmer groundwater continuously
discharges to streams. Streamflow is at the maximum during the summer months.

2.2 SWAT Model

SWAT is a physically based, semi-distributed, continuous time watershed model that is used to
predict the impacts of land management practices on water, sediment, and agricultural
chemical yields in complex watersheds over a range of scales with varying soils, land use,
and management conditions over extended periods of time (Srinivasan and Arnold 1994;
Rosenthal et al. 1995; Spruill et al. 2000; Weber et al. 2001; Santhi et al. 2001; Luzio et al.
2002; Jayakrishnan et al. 2005; Yen et al. 2014). Additionally, SWAT has been designed to
model ungauged watersheds by using readily available data and also simulates the impact of
alternative input data such as changes in land use, land management practices and climate
(Arnold et al. 1998; Neitsch et al. 2005). SWAT is computationally efficient and therefore able
to run simulations of very large basins or management practices without consuming large
amounts of time or computational resources.

SWAT comprises three major components (Subbasin, Reservoir Routing, and Channel
Routing) and each component and subcomponent is divided further into subcomponents.
For example, the subbasin component consists of eight major subcomponents (hydrology,
weather, sedimentation, soil temperature, crop growth, nutrients, agricultural management, and
pesticides) and the hydrology subcomponent is further subdivided into surface runoff, lateral
subsurface flow, percolation, groundwater flow, snowmelt, evapotranspiration, transmission
losses, and ponds. In SWAT, a watershed is divided into multiple subwatersheds, which are
then further subdivided into hydrologic response units (HRUs) that consist of homogeneous
land use, management, and soil characteristics. The HRUs represent percentages of the
subwatershed area and are not identified spatially within a SWAT simulation. Climatic inputs
used in SWAT include daily precipitation, maximum and minimum temperature, solar radia-
tion data, relative humidity, and wind speed data, which can be input from measured records
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and/or generated. Customized climatic input data options include: (1) simulation of up to ten
elevation bands to account for orographic effects on precipitation and temperature and/or for
snowmelt calculations, (2) adjustments to climate inputs to simulate climate change, and (3)
forecasting of future weather patterns. SWAT simulates the overall hydrologic balance for each
HRU, including canopy interception of precipitation, partitioning of precipitation, snowmelt
water, evapotranspiration, lateral subsurface flow from the soil profile, and return flow from
shallow aquifers. It uses a storage routing technique to calculate redistribution of water
between layers in the soil profile. In addition, SWAT allows irrigation water to be transferred
from any reach or reservoir to any other hydologically linked reach in the watershed (Santhi et.
al. 2005; Zheng et al. 2010). Based on surface runoff calculated using the SCS runoff equation,
excess surface runoff not lost to other functions makes its way to the channels where it is
routed downstream. Detailed descriptions of the methods used in modeling these components
and subcomponents can be found in Arnold et al. (1998), Srinivasan et al. (1998), and Neitsch
et al. (2005).

2.3 Future Climate Data and Model Scenarios

Global climate models (GCMs) typically provide output on a 1-degree grid, which is
too coarse for watershed simulation and does not capture many important orographic
effects. Downscaling is required to resolve climate predictions to a finer scale. Two
main approaches to downscaling are dynamical downscaling, in which the GCM is
used to provide boundary conditions to a regional climate model (RCM) and statistical
downscaling, in which the output from the GCM is corrected based on spatial
statistical relationships between the GCM predictions and meteorological observations
for current conditions. For this study we chose dynamical downscaling and used an
ensemble of climate products to investigate the potential state of future climate to
which adaptation may be needed. Datasets representing a set of potential climate
change scenarios for the period 2040-2070 were obtained from the North American
Regional Climate Change Assessment Program (NARCCAP). The NARCCAP archive
contains dynamically downscaled climate products developed from the application of
RCMs to the output from a set of the IPCC 4th Model Intercomparison Project
GCMs. The NARCCAP products provide detailed scenarios of regional climate
change over the continent, using different combinations of RCMs and GCMs,
allowing examination of the uncertainties associated with using different climate
projections. The three specific scenarios evaluated for Cook Inlet and their GCM
downscaling combination is shown in Table 1.

The NARCCAP downscaled climate scenarios are based on the IPCC’s A2 green-
house gas storyline, representing a continuously increasing global population, region-
ally oriented economic development, and relatively moderate and fragmented per
capita economic growth and technological change with expected carbon-di-oxide

Table 1 Future climate scenarios for the cook inlet watershed

Scenario Name GCM Downscaling RCM
Baseline 1973-2003 Existing Conditions

Scenario 01 HadCM3 HRM3

Scenario_02 GFDL GFDL High Resolution
Scenario 03 CCSM WRFP
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concentrations on 575 ppm. However, the 50-km NARCCAP scale is still too coarse
for watershed modeling and many GCMs display well-documented biases with regard
to precipitation frequency and intensity (Dai 2006; Sun et al. 2006). Therefore
meteorological time series for input into SWAT were created using a “change factor”
method in which the alterations are based on monthly statistical summaries of change
for the different climate scenarios, as calculated from the differences between the
1971-2000 and 2041-2070 climate model simulation periods. These change statistics
were used to perturb the existing climate records of precipitation and temperature
using the Climate Assessment Tool (CAT), developed for EPA’s BASINS system
(USEPA 2009). Changes in additional meteorological variables (e.g., solar radiation,
relative humidity, wind) are represented by modifying the monthly parameters of the
SWAT statistical weather generator.

2.4 Model Inputs

The SWAT model for the Cook Inlet watershed was built using a Digital Elevation
Model with a resolution of 30 m and subwatershed boundaries and reach hydrography
(with connectivity) defined using NHDPlus data. The NHDPlus data incorporates the
National Hydrography Dataset (NHD), the National Elevation Dataset (NED), the
National Land Cover Dataset (NLCD), and the Watershed Boundary Dataset (WBD)
and the NHDPlus catchments/reaches were aggregated into model subwatersheds and
reaches (comparable to the HUC10 scale). Land use/cover input to the SWAT model
was from the 2001 National Land Cover Database (NLCD) coverage (Fig. 2). Soils in
the watershed are specified as represented in the STATSGO state soil coverage and
fall primarily into hydrologic soil groups (HSGs) B (moderately high infiltration
capacity) and D (low infiltration capacity). SWAT used information drawn directly
from the soils data layer to populate the model. Furthermore, 14 weather stations were
identified for use in the Cook Inlet model with a common period of precipitation and
temperature record from 10/1/1972-9/30/2002. These data have been processed to fill
gaps and redistribute accumulated precipitation as part of the BASINS4 meteorolog-
ical data set (USEPA 2008). The required meteorological time series for the SWAT
simulations are precipitation and air temperature. The simulations do not include water
temperature simulation and use a degree-day method for snowmelt. SWAT estimates
Penman-Monteith potential evapotranspiration using a statistical weather generator for
inputs other than temperature and precipitation. These meteorological time series are
also drawn from the BASINS4 Meteorological Database (USEPA 2008). Because the
research plans for the USEPA 20 watersheds study (Johnson et al. 2011) required
simulation over 30 years, stations with a common 30-year period of record that covers
the year 2001 were considered. Additionally, two major reservoirs were considered
within the SWAT model for the Cook Inlet basin. Pertinent reservoir information
including surface area and storage at principal (normal) and emergency spillway levels
for the reservoirs modeled were obtained from the National Inventory of dams (NID)
database. Keeping in view, the climate change impact evaluation application, it was
assumed that the best representation of the reservoirs was to simulate them without
supplying time series of outflow records. Therefore, target release approach was used
in the SWAT model. Finally, only the major point source dischargers, with a design
flow greater than 0.5 MGD were included in the simulation. There are only two major
point source discharges in the watershed and they have been represented as long-term
average flows, without accounting for changes over time or seasonal variations.
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Fig. 2 Land use in the Cook Inlet watershed (USEPA, 2013)

2.5 Calibration Setup and Analysis

The Cook Inlet basin was divided into 116 subbasins and 2194 Hydrologic Response Units
(HRUs) for the purposes of modeling. The watershed parameterization and model inputs were
generated using ArcSWAT ver. 2.5.4. The basic datasets required to build the model are:
topography, soil, landuse and weather data. SWAT uses the built-in hydrologic response unit
(HRU) overlay mechanism in the ArcSWAT interface to form HRUs from an intersection of
land use, major soils and slopes. A 5/10/5 percent threshold was used for land use/soil/slope in
the SWAT model while defining the HRUs. Urban land use classes were exempted from the
HRU overlay thresholds. Elevation bands were created in the subbasins where elevation was
above 500 m to account for variations in precipitation and temperature with elevation.
Additionally regions of permafrost were identified within the basin and were accounted for
by adding initial snow water content in the subbasins.

A spatial calibration approach was adopted for the SWAT modeling for Cook Inlet basin
where parameters were adjusted manually within the practical range at the calibration focus
area until the simulated results were acceptable according to the model evaluation criteria;
some adjustments were applied throughout the basin while adjustments to specific
subwatersheds were kept as minimal as possible.

2.6 Criteria Used to Compare the Measured and Simulated Discharges

During the calibration of the Cook Inlet Basin SWAT model we attempted to achieve a range
of error statistics (Percent Bias) for total volume, seasonal flows, and high and low flows while
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also maximizing the Nash-Sutcliffe coefficient of model fit efficiency to assess the perfor-
mance of the SWAT model. The Nash-Sutcliffe coefficient is defined as:

n 2

> (0 - P)

i=1
NSE = 1 - -

Z (0. - 0)

where O; and P; represent members of a set of 7 paired time series observations and O is the
mean of the observed values. NSE ranges from minus infinity to 1.0, with higher values
indicating better agreement. A value of zero for NSE indicates that the observed mean is as
good as the model mean, while negative values indicate that the observed mean is a better
predictor than the model mean (Moriasi et al. 2007).

Percent bias (PBIAS) or Mean Percent Error measures the percent deviation of the
simulated data (total flow, low flows, high flows, and seasonal flows) from their observed
counterparts. The ideal value of PBIAS is 0.0, with low values indicating accurate model
simulation. Positive values indicate that the model has a tendency to underestimate while
negative values indicate that the model tend to overestimate. (Moriasi et al. 2007). Most of the
calibration efforts aimed at getting a closer match between simulated and observed flows at
one of the USGS gaging station of the basin.

3 Results and Discussion
3.1 Climate Variables

Monthly precipitation and temperature outputs from the NARCCAP scenarios were processed for
the Cook Inlet Watershed. Figures 3a and b shows the change in precipitation (rainfall and snowfall)
by month from the baseline scenario for each climate scenario. Generally, the climate scenarios
indicate increased monthly precipitation for the Cook Inlet watershed during the mid-twenty-first
century. The precipitation considered here is a combination of rain and snow and the fraction
occurring as rain is projected to increase under future climate: rainfall may increase by as much as
20 % during the winter season and 40 % during the spring season and snowfall may decrease by as
much as 42 % during the summer season and 17 % during the fall season under mid-21st century
climatic condition. The seasonal changes in the projections can vary greatly across the climate
models. Figures 4a and b show the maximum and minimum temperature by month for the baseline
conditions (1972-2002) and for each climate scenario. The temperature changes for the scenarios
indicate increasing temperatures in the Cook Inlet Watershed. The largest temperature changes are
mostly during the winter months and early spring (>4 °C).

3.2 Hydrological Model Calibration and Uncertainty Analysis

The hydrology calibration period was set to Water Years 1992-2001 (within the 30-year period
of record for modeling) and validation was performed on Water Years 1982—-1991. Calibration
and validation of the SWAT model for the Cook Inlet watershed were pursued at two location:
Kenai River at Soldotna (USGS ID: 15266300) with a drainage area of 5053 km® and
Talkeetna River near Talkeetna (USGS ID: 15292700) with a drainage area of 5169.6 km?.
The parameters that were changed to calibrate the model at both the locations were snow

@ Springer



Projected Hydrologic Changes Under Mid-21st Century Climatic 1475

@,

120

100

80

m Baseline

60 M Scenario_01

W Scenario_02

Average Rainfall (mm)

40
m Scenario_03

20+

0 T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

T T T T

(b)

70

H Baseline
m Scenario_01

M Scenario_02

Average Snowfall (mm)

m Scenario_03

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months
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parameters like the snowfall temperature (SFTMP), the snowmelt temperature (SMTMP), the
maximum (SMFMX) and minimum (SMFMN) snowmelt rates, and the snow pack tempera-
ture lag factor (TIMP), groundwater parameters such as groundwater delay time
(GW_DELAY), baseflow factor(ALPHA_BF), threshold depth of water in the shallow aquifer
required for return flow to occur (SHALLST), Initial depth of water in the shallow aquifer
(GWQMN), threshold depth of water in the shallow aquifer required for “revap” or percolation
to the deep aquifer to occur, recharge to deep aquifer (REVAPMN), and a few other parameters
such as available water capacity of the soil layer (SOL_AWC), curve number (CN2), precip-
itation lapse rate (PLAPS), temperature lapse rate (TLAPS), and channel hydraulic conduc-
tivity (CH_K2). The model provides a good match to the total flow volume evaluated at a
monthly time step (Fig. 5), as well as to the 10 % high flows, flows below the median (50th
percentile), and the seasonal flow volumes for the calibration period. The validation also
achieves a high coefficient of model fit efficiency. The monthly Nash-Sutcliffe coefficient for
the calibration period (1992-2001) at the Kenai River at Soldotna (USGS ID: 15266300) was
0.88 and for the validation period (1982-1991) were 0.84. At the Talkeetna River near
Talkeetna (USGS ID: 15292700) the monthly Nash Sutcliffe coefficient for the calibration
period (1992-2001) was 0.84 and for the validation period (1982—-1991) was 0.82. Moriasi et.
al. (2007) recommends a NSE of 0.50 or better as an indicator of adequate hydrologic
calibration when accompanied by a bias of 25 % or less. Therefore, the SWAT model
performance for the Cook Inlet basin for both calibration and validation periods was very
good, based on the performance criteria given by Moriasi et al. (2007).
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3.3 Impact of Climate Change on the Water Resources of the Cook Inlet Watershed

Impact of future climate changes on the hydrology in the Cook Inlet watershed was evaluated
by examining the water balance components in the basin and the streamflow in Talkeetna and
Kenai Rivers at annual, seasonal and monthly time steps under the future climate conditions
(as listed in Table 1) and compared with that under baseline/current climate conditions.

i) Annual and Seasonal Stream Flow changes: The model simulations for the different
climate scenarios predicted varying streamflow volumes. However all the climate models
predicted an increase in the flow volumes for both the Kenai River and Talkeetna River
(Fig. 6). As shown in Table 2, under the different future climate scenarios, the flow from
the Kenai River at Soldotna is projected to increase by 32 to 67 % with an average increase
of 51 % whereas the river flow in the Talkeetna River near Talkeetna will increase by an
average of 26 % but the variation in increase was less (20 to 31 %). This can be attributed
to a general increase in precipitation and temperature across the watershed.

The seasonal variation in the streamflow resulting from the predicted climate scenarios
is depicted in the Fig. 7. In this analysis winter season includes the months of December,
January and February, spring includes March, April and May, summer includes June, July
and August and fall includes September, October and November. Average streamflow is
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expected to be maximum during the summer season and minimum during the winter
season but the predicted stream flow changed most during the winter season followed by
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Table 2 Change in future streamflow volumes relative to current streamflow volumes

Change relative to Current

Min Median Mean Max

Kenai River at Soldotna

StreamFlow 31.74 % 54.35 % 50.89 % 66.56 %

Talkeetna River near Talkeetna

StreamFlow 19.47 % 27.66 % 26.18 % 3142 %

% change in streamflow wrt to current

spring and fall seasons for both Kenai River and Talkeetna River. Winter streamflow may
increase by an average of 85 % for the Kenai River and 57 % for the Talkeetna River
across all climate change scenarios. This increase in winter streamflow is caused by greater
winter precipitation and greater increase in winter temperatures resulting in earlier and
greater snowmelt during winter. Average spring streamflow may increase by around 76 %
for the Kenai River and 53 % for the Talkeetna River. This can be attributed to increases in
spring precipitation and temperature that will cause snow melt to begin earlier in the
spring. Average fall streamflow is also projected to increase by as much as 65 % for the
Kenai River and 54 % for the Talkeetna River with respect to the current conditions due to
increased precipitation that will compensate for temperature induced increases in evapo-
transpiration. Streamflow increases during the summer season were the smallest on a
percentage basis, being within 14-33 % of the current conditions for both the rivers.

Monthly Streamflow Changes: Fig. 8 shows the results of simulated change in the median
monthly streamflow for all the three future climate scenarios. For both Kenai and
120
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100 "
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m Scenario_03
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Kenai River Talkeetna River

Fig. 7 % Change in seasonal streamflow for the Kenai and Talkeetna Rivers under future climate conditions
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% Change in streamflow

Talkeetna rivers the streamflow changes across the summer months of June, July and
August is very less ranging from 3 to 45 % while the spring months of March and April
shows the most increase in streamflow as much as upto 326 % increase. The increase in
streamflow is more during March for the Talkeetna River but more during April for the
Kenai River. The fall and winter months also show significant increase in streamflow
under future climate conditions by as much as 69 and 98 % respectively. For all the other
months, the change in streamflow is more for the Kenari River than for the Talkeetna
River. Figures 9 and 10 shows the predicted monthly streamflow changes for the current
and the future climate scenarios for the Kenari River than for the Talkeetna River
respectively. The shape of the hydrographs for the future scenarios is similar to the current
baseline conditions, but with an increase in predicted streamflow for all months. The
simulation shows greater melt and less ice accumulation in the future; however, unlike the
Pacific Northwest (Hamlet and Lettenmaier 2007; Mantua et al. 2010), there is little
projected change in average timing of flows by the mid-21st century: The system remains
snow-dominated and is not projected to experience a regime shift to a more transient
mixed snow-rain system.

In addition to the annual, seasonal and monthly streamflow changes we also analyzed
percent changes in the 7-day low flows and 100-year peak flows under future climate
scenarios (Table 3). Both the rivers in the Cook Inlet watershed exhibited a significant
increase in 7-day low flows that points to an increase in the snow melting rate during the
drier season under a warmer climate in Alaska. Furthermore the 100 year peak flow also
increased considerably across all the scenarios being more for the Talkeetna River in the
future. In addition to the flow volume the timing and intensity of flows are also important.
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Fig. 8 % change in the median monthly streamflow for the Kenai and Talkeetna Rivers under future climate
conditions
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Fig. 9 Predicted monthly streamflow changes for the Kenai River at Soldotna for the current and the future
climate scenarios

The number of days (since October 1, start of the water year) to the flow centroid—the
point at which half the flow of an average year is achieved - is a useful summary measure
of changes in seasonality. Table 3 shows that under the future climate scenarios the
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Fig. 10 Predicted monthly streamflow changes for the Talkeetna River at Talkeetna for the current and the future
climate scenarios
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centroid of flow on average comes earlier in the year in response to warmer temperatures
for the snow-melt dominated Cook Inlet basin in Alaska, but the projected change is not
large by the mid-2st century. This result reflects changes in snow melt timing due to
warmer temperatures.

iii) Annual, Seasonal and Monthly water balance: The SWAT model also computes the water
balance of the watershed based on precipitation, surface runoff, evapotranspiration, and
baseflow. In this section we will report the impact of future climate conditions on the
different hydrologic components of the Cook Inlet watershed at different temporal scales.

The average annual hydrologic budget components simulated by SWAT for the Cook Inlet
watershed’s baseline and the three climate change scenarios are shown in Table 4. The precipitation
changes across the watershed indicate an increased precipitation over a range of 10-22.5 % for the
three climate change scenarios. A larger fraction of this precipitation will be as rainfall in the future
compared to the baseline climatic conditions. The ratio of snowfall to total precipitation will decrease
by as much as 13.5 %. As a result runoff is expected to increase by 14-35 %. In addition, the annual
average baseflow over the entire watershed will also increase by 21-30 % and changes in Evapo-
Transpiration (ET) are significantly less compared to the other hydrologic components, increasing
by 2-8 %. Overall, the models predict that the total water yield in the Cook Inlet watershed will
increase by 15-27 % under future climate conditions. In addition, several other summary measures
of the water balance, largely drawn from the work of Hurd et al. (1999), are summarized as averages
at the whole-watershed scale in Table 5. These are measures are computed from the hydrologic
components: 1) Dryness Ratio, defined here as the fraction of precipitation that is lost to evapo-
transpiration (ET) as reported by the SWAT model. Hurd et al. (1999) calculated a dryness ratio by
computing ET as the difference between precipitation and basin outflow. Results are generally
similar, but the latter approach does not account for additional factors such as channel loss and is
affected by reservoir management and boundary conditions. 2) Low Flow Sensitivity, expressed as
the rate of baseflow generation by shallow groundwater, tile drainage, and lateral subsurface flow
pathways. 3) Surface Runoff Fraction - the fraction of total flow from the uplands that is predicted to
proceed through overland flow pathways. 4) Snowmelt Fraction — the fraction of total flow from the
uplands that is generated by melting snow. These metrics were calculated from the hydrologic
budget components and therefore follow a similar pattern corresponding to the hydrologic budget
components. The dryness ratio is projected to decrease, low flow sensitivity is projected to increase,
surface runoff fraction is projected to increase while snowmelt fraction is projected to decrease

Furthermore, seasonal water balance components simulated by SWAT for the entire Cook
Inlet watershed under baseline and the three climate change scenarios were also analyzed.
Water yield is expected to increase across all the seasons for the future climate scenarios as
seen in Fig. 11a. However, the relative magnitude of the increase is at a maximum during the

Table 3 % change in 7- Day low flows, 100 year Peak Flows and centroid of flow for the Kenai and Talkeetna
Rivers under future climate conditions

Kenai River at Soldotna Talkeetna River near Talkeetna

Scenario 01  Scenario 02  Scenario 03  Scenario 01  Scenario 02  Scenario_03

7d low flow 166.67 180.41 300.46 69.92 59.90 85.59
100 year Flow  31.75 24.60 32.12 100.75 54.10 57.84
Centroid —1.08 —1.80 —0.36 —2.20 -1.83 —0.73
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Table 4 % changes in the average annual hydrologic budget components under the three future climate
scenarios

% change Scenario 01 Scenario_ 02 Scenario 03
Precipitation 17.83 10.29 22.58
Snowfall 1.90 3.54 7.47
Snowmelt 8.14 5.97 11.49
Surface Runoff 28.24 14.65 35.34
Baseflow 24.74 21.20 29.87
Evapo-Transpiration 8.18 2.19 7.38

Water Yield 22.82 15.03 27.13
Snow/Pcp —13.52 —6.12 —12.33

winter season ranging from 30 to 45 % followed by the spring season with an increase of about
40 %. Water yield during the fall season is predicted to increase by 20-40 %, while in summer
it is predicted to increase by up to 15 %. This increase in the water yield across all the seasons
can again be explained by the increasing temperature and precipitation across all the scenarios.
Similar to the pattern of water yield, evapotranspiration is also expected to be at its peak during
the summer season followed by the spring season (Fig. 11b). Under future climate conditions
the percentage change in evapotranspiration in the Cook Inlet watershed will likely be largest
during the winter months, with increases ranging from 20 to 40 % under different climate
scenarios. Relative changes in ET during spring and fall is smaller, ranging between 9 and
10 % in spring and 3-8 % in fall. During summer season, ET across the watershed is expected
to increase by 1-5 % under scenario_01 and scenario_03 but decrease by as much as 3 %
under scenario_02. The decrease in ET during the summer months under Scenario 02 scenario
can be explained by the decrease in summer precipitation and less increase in summer
temperatures compared to the other two scenarios. In addition, runoff in the Cook Inlet
watershed occurs mostly during the spring and summer seasons as seen in Fig. 11c. However
under future climate conditions runoff is projected to increase during the winter and fall
seasons. Winter runoff may increase by as much as 3000 % due to warmer temperatures
and more precipitation in the form of rain instead of snow. Furthermore, runoff during the fall
season may increase by as much as 100 % while spring runoff may increase by as much as
25 %. Runoff during the summer months is expected to decrease by 5 % under Scenario 02
and increase by 13—16 % under Scenario 01 and Scenario 03 scenarios. Likewise, recharge to
shallow groundwater is expected to increase across all the seasons under all the climate
scenarios. Similar to the baseline conditions recharge to shallow groundwater will be maxi-
mum during the winter and fall seasons and minimum during summer and spring. However,
under future climate conditions recharge to shallow groundwater is expected to increase by as

Table 5 Measures of the water balance summarized as averages at the whole-watershed scale

Baseline Scenario 01 Scenario_02 Scenario_03
Dryness Index 0.029 —0.012 —0.013 —0.007
Low Flow Sensitivity 1.551 1.889 1.785 1.948
Fractional Surface Runoff 0.156 0.163 0.156 0.306
Fractional Snow Melt 0.538 0.465 0.505 0.472
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much as 50 % during spring and 35 % during summer and mostly by 20-30 % during spring
and winter months (Fig. 11d).

Analyses of monthly water balance components (Fig. 12a-d) under future climatic conditions
points to an increase in water yield during all the months with maximum during June, July, and
August. Average water yield will increase by around 7 % in July to 114 % in April. Increase in
Evapotranspiration will be more from December to March due to the climate getting warmer and
wetter and less over May, June, and July. Average increase will be most during February by as
much as 41 % while remaining almost unchanged during May, June and July. Runoff will increase
manifolds during the months of December, January, February and March due to increase in
rainfall ranging from 18 to 41 %. Groundwater recharge also increases over all the months across
all the scenarios ranging from an average of 20 % in September to 60 % in May. In addition,
average snowfall across all the climate scenarios will decrease by as much as 34 % between May
to October while average rainfall will increase by 841 % across all the months.

4 Summary: Implications of Climate Change Impact

The ensemble of potential mid-21st climatic conditions suggests increasing precipitation and air
temperature over the Cook Inlet watershed. Dynamically downscaled NARCCAP scenarios from
three GCM/RCM model combinations were used to provide meteorological data for the period
20412070 to the watershed model SWAT. Results from SWAT simulations of future climate
scenarios indicate an increasing precipitation that will result in an increase in water yield across
the whole basin as increases in the runoff and baseflow. Additionally, the watershed response to
climate change scenarios indicates increases in total streamflow, 7-day low flows and 100-year peak
flows. Projected increases in temperature, which can be as much as 4 °C over the winter months, will
result in less snowfall and more rainfall. Consequently, increases in winter streamflow are caused by
greater winter precipitation and greater increase in winter temperatures resulting in earlier and greater
snowmelt. Although calibration of the SWAT model to available data was reasonable in this study,
uncertainties in climate data, model structure and parameter values are significant and affect the
accuracy of the calibration and future predictions.

These simulations reflect only changes in climate drivers and do not represent interannual
changes in storage associated with glaciers which can be an interesting future direction of
research using newer version of the Soil and Water Assessment Tool.

Acknowledgments We wish to thank Seth McGinnis of the National Center for Atmospheric Research
(NCAR) for processing the NARCCAP output into change statistics for use in the watershed modeling. NCAR
is supported by the National Science Foundation. Peter Cada provided GIS support and Mustafa Faizullabhoy
constructed the future climate time series. Funding for this work was provided by the U.S. EPA Office of
Research and Development. The views expressed in this paper represent those of the authors and do not
necessarily reflect the views or policies of the U.S. Environmental Protection Agency.

References

Abbaspour KC, Yang J, Maximov I, Siber R, Bogner K, Mieleitner J, Srinivasan R (2007) Modelling hydrology
and water quality in the pre-alpine/alpine Thur watershed using SWAT. J Hydrol 333(2):413-430

Ahl RS, Woods SW, Zuuring HR (2008) Hydrologic calibration and validation of SWAT in a snow-dominated
rocky mountain Watershed Montana, USA. J] Am Water Resour Assoc 44(6):1411-1430

Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large area hydrologic modeling and assessment part I:
model development. ] Am Water Resour Assoc 34(1):73-89

@ Springer



1486 D. Deb et al.

Bekele EG, Knapp HV (2010) Watershed modeling to assessing impacts of potential climate change on water
supply availability. Water Resour Manag 24(13):3299-3320

Brabets TP, Nelson GL, Dorava JM, Milner AM (1999) Water-quality assessment of the Cook Inlet Basin
Alaska— Environmental setting. US Geological Survey Water-Resources Investigations Report 99-4025; 65

p

IPCC (2007) Climate Change 2007: synthesis report - summary for policymakers available online at: http://www.
ipccch/pdf/assessment-report/ard/syr/ard _syr spm.pdf

Dai A (2006) Precipitation characteristics in eighteen coupled climate models. J Clim 19(18):4605-4630

Faramarzi M, Abbaspour KC, Vaghefi SA, Farzaneh MR, Zehnder AJ, Srinivasan R, Yang H (2013) Modelling
impacts of climate change on freshwater availability in Africa. J Hydrol 480:85-101

Fiseha BM, Setegn SG, Melesse AM, Volpi E, Fiori A (2014) Impact of climate change on the hydrology of
upper Tiber River Basin using bias corrected regional climate model. Water Resour Manag 28(5):1327-1343

Fontaine TA, Cruickshank TS, Arnold JG, Hotchkiss RH (2002) Development of a snowfall-snowmelt routine
for mountainous terrain for the Soil Water Assessment Tool (SWAT). J Hydrol 262(1):209-223

Glass RL (1999) Water-quality assessment of the Cook Inlet Basin Alaska-Summary of data through 1997. US
Geological Survey Water-Resources Investigations Report 99—4116; 110 p

Hamlet AF, Lettenmaier DP (2007) Effects of 20th century warming and climate variability on flood risk in the
Western US. Water Resour Res 43(6), W06427

Hartman CW, Johnson PR (1984) Environmental atlas of Alaska. Institute of Water Resources/Engineering
Experiment Station, University of Alaska Fairbanks

Hurd B, Leary N, Jones R, Smith J (1999) Relative regional vulnerability of water resources to climate change. J
Am Water Resour Assoc 35(6):1399—-1409

Jayakrishnan R, Srinivasan R, Santhi C, Arnold JG (2005) Advances in the application of the SWAT model for
water resources management. Hydrol Process 19(3):749-762

Johnson TE, Butcher JB, Parker A, Weaver CP (2011) Investigating the sensitivity of US streamflow and water
quality to climate change: US EPA Global Change Research Program’s 20 Watersheds Project. J Water
Resour Plan Manag 138(5):453-464

Luzio M, Srinivasan R, Arnold JG (2002) Integration of watershed tools and SWAT model into BASINS. J Am
Water Resour Assoc 38(4):1127-1141

Mango LM, Melesse AM, McClain ME, Gann D, Setegn SG (2011) Land use and climate change impacts on the
hydrology of the upper Mara River Basin Kenya: results of a modeling study to support better resource
management. Hydrol Earth Syst Sci 15(7):2245-2258

Mantua N, Tohver I, Hamlet A (2010) Climate change impacts on streamflow extremes and summertime stream
temperature and their possible consequences for freshwater salmon habitat in Washington State. Clim Chang
102(1-2):187-223

Moriasi DN, Arnold JG, Van Liew MW, Bingner RL, Harmel RD, Veith TL (2007) Model evaluation guidelines
for systematic quantification of accuracy in watershed simulations. Trans ASABE 50(3):885-900

Neitsch SL, Arnold JG, Kiniry JR, Williams JR (2005) Soil and water assessment tool theoretical documentation.
Grassland soil and water research laboratory. USDA- Agricultural Research Service Temple, TX

Rahman K, Maringanti C, Beniston M, Widmer F, Abbaspour K, Lehmann A (2013) Streamflow modeling in a
highly managed mountainous glacier watershed using SWAT: the Upper Rhone River watershed case in
Switzerland. Water Resour Manag 27(2):323-339

Rosenthal WD, Srinivasan R, Arnold JG (1995) Alternative river management using a linked GIS-hydrology
model. Trans ASAE 38(3):783-790

Santhi C, Amold JG, Williams JR, Dugas WA, Srinivasan R, Hauck LM (2001) Validation of the SWAT model
on a large river basin with point and nonpoint sources. ] Am Water Resour Assoc 37(5):1169-1188

Santhi C, Muttiah RS, Arnold JG, Srinivasan R (2005) A GIS-based regional planning tool for irrigation demand
assessment and savings using SWAT. Trans ASAE 48(1):137-147

Spruill CA, Workman SR, Taraba JL (2000) Simulation of daily and monthly stream discharge from small
watersheds using the SWAT model. Trans ASAE 43(6):1431-1439

Srinivasan R, Arnold JG (1994) Integration of a basin-scale water quality model with GIS. J] Am Water Resour
Assoc 30(3):453-462

Srinivasan R, Ramanarayanan TS, Arnold JG, Bednarz ST (1998) Large area hydrologic modeling and
assessment part II: model application. J] Am Water Resour Assoc 34(1):91-101

Sun Y, Solomon S, Dai A, Portmann RW (2006) How often does it rain? J Clim 19(6):916-934

USEPA (2013) Watershed modeling to assess the sensitivity of streamflow, nutrient and sediment loads to
potential climate change and urban development in 20 US watersheds (Final Report). USEPA, Washington
DC EPA/600/R-12/058 F (http://cfpub.epa.gov/ncea/global/recordisplay.cfm?deid=256912)

USEPA (2008) Using the BASINS Meteorological Database (Version 2006). BASINS Technical Note 10. Office
of Water, USEPA, Washington DC

@ Springer


http://www.ipccch/pdf/assessment-report/ar4/syr/ar4_syr_spm.pdf
http://www.ipccch/pdf/assessment-report/ar4/syr/ar4_syr_spm.pdf
http://cfpub.epa.gov/ncea/global/recordisplay.cfm?deid=256912

Projected Hydrologic Changes Under Mid-21st Century Climatic 1487

USEPA (United States Environmental Protection Agency) (2009) BASINS 40 Climate Assessment Tool (CAT):
Supporting Documentation and User’s Manual EPA/600/R-8/088 F. Global Change Research Program,
National Center for Environmental Assessment, Office of Research and Development, USEPA, Washington
DC

Wang X, Melesse AM (2005) Evaluation of the SWAT model’s snowmelt hydrology in a northwestern
Minnesota watershed. Trans ASAE 48(4):1359-1376

Weber A, Fohrer N, Moller D (2001) Long-term land use changes in a mesoscale watershed due to socio-
economic factors—effects on landscape structures and functions. Ecol Model 140(1):125-140

WuY, Liu S, Abdul-Aziz OI (2012) Hydrological effects of the increased CO2 and climate change in the Upper
Mississippi River Basin using a modified SWAT. Clim Chang 110(3-4):977-1003

Yen H, Jeong J, Feng Q, Deb D (2014) Assessment of input uncertainty in SWAT using latent variables. Water
Resour Manag 1-17

Zheng J, Li GY, Han ZZ, Meng GX (2010) Hydrological cycle simulation of an irrigation district based on a
SWAT model. Math Comput Model 51(11):1312-1318

@ Springer



	Projected Hydrologic Changes Under Mid-21st Century Climatic Conditions in a Sub-arctic Watershed
	Abstract
	Introduction
	Materials and Methods
	Study Area
	SWAT Model
	Future Climate Data and Model Scenarios
	Model Inputs
	Calibration Setup and Analysis
	Criteria Used to Compare the Measured and Simulated Discharges

	Results and Discussion
	Climate Variables
	Hydrological Model Calibration and Uncertainty Analysis
	Impact of Climate Change on the Water Resources of the Cook Inlet Watershed

	Summary: Implications of Climate Change Impact
	References


