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Abstract This study uses a spatially distributed surface hydrology model to investigate the role of
snowmelt in stream discharge for the Tanana Flats Basin in interior Alaska. The Parameter ESTimation code
is used to calibrate the model with observed stream discharge data. The model was further evaluated using
remote sensing-based snow cover product and in situ snowpack water equivalent (SWE) observations.

A 36 year (1980-2015) U.S. Geological Survey Precipitation-Runoff Modeling System simulation shows

(1) the monthly stream discharge from the Tanana Flats Basin in April decreased by 44%; (2) snow cover
area at high altitudes (above 2000 m) decreased in summer, both SWE and snowmelt also decreased
significantly, especially in spring; (3) the timings of snowmelt onset and ending shifted by 2 (earlier) and 5
(later) days per decade, respectively; and (4) snowmelt accounts for 40% of the annual stream discharge. This
study provides a quantitative tool to investigating hydrological systems considering the impacts of snow
dynamics in cold regions. This study also suggests that future warming will further decrease snow coverage,
advance snow melting time, and hereafter change the stream discharge dynamics in the Arctic.

1. Introduction

The effects of global warming on the cryosphere are most visibly manifested on the snow cover and mountain
glaciers. In northern high latitudes, the increase in near surface air temperature is almost twice as large as
the global average (Hartmann et al,, 2013). Arctic and subarctic hydrology systems will experience significant
changes under the warming conditions (Kane, 1997; Vaughan et al.,, 2013). Recent studies have indicated that
freshwater discharge into the Arctic Oceans has already increased due to snow and glacier melt (Arendt et al.,
2002; Hill et al., 2015).

Although no consistent long-term trends in stream discharge were observed for global major rivers, stream
discharge in spring has been increasing resulting from earlier snowmelt in northern high latitudes (Hartmann
et al,, 2013; Semmens & Ramage, 2013; St Jacques & Sauchyn, 2009). In the United States, stream discharge
from Alaska contributes approximately 36% to the national total annual streamflow and 7 of the 20 largest
rivers are located in Alaska (Bowersox, 2002; Krammer, 1990).

In northern high latitudes, snow dynamics play an important role in surface hydrology. While most stud-
ies have focused on snow metrics, only a few have quantified the relationship between snow dynamics and
stream discharge. For example, many studies have suggested that changes in snow accumulation and abla-
tion have changed the seasonal pattern of streamflow (Semmens & Ramage, 2013; Stone et al., 2002). For snow
metrics, studies have suggested that snow cover, which plays a special role in surface energy balance, has
undergone a significant reduction in recent decades in northern high latitudes (Brown & Robinson, 2011; Male
& Granger, 1981; Stieglitz et al., 2003). To predict the spatial distribution and magnitude of future warming,
it is imperative to improve our estimates of snow cover dynamics. Snowpack water equivalent (SWE), the
liquid water that would be released upon complete melting, also has drawn much attention. Many stud-
ies have investigated SWE dynamics based on in situ observations or passive microwave remote sensing
approaches (Mote et al., 2005). However, only a few of them were conducted in Alaska and they generally have
relatively coarse spatial resolutions (Dozier et al., 2016; Foster et al., 2005). Snowmelt is also of great impor-
tance because it is essentially the most important water source for snowmelt-fed catchment and it accounts
for most variations in stream discharge. In recent decades, many studies have suggested that the spatial
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distribution and timing of snowmelt in Arctic and subarctic are changing (Semmens & Ramage, 2013; Stone
et al,, 2002). While most studies used in situ observations or remote sensing approaches, only a few used
modeling approaches to quantify the snowmelt dynamics. In recent decades, modeling work of snow dynam-
ics has drawn much attention and energy balance-based methods are more favored when high-quality
climate and surface elevation data are available (Hock, 2005; Marks et al., 1999; Tarboton et al., 1994; Woo &
Thorne, 2006).

To date, many attempts have been made to predict snowmelt-derived streamflow for efficient water resource
management (Christiansen et al., 2011; Ferguson, 1999). However, only a few have used fully distributed
approach in northern high latitudes (Fang et al., 2010; Levesque et al., 2008). In this study, we used a fully
spatially distributed watershed model to investigate the snowmelt-streamflow relationship in an Alaskan
watershed. Specifically, we used the U.S. Geological Survey (USGS) Precipitation-Runoff Modeling System
(PRMS) to build our model (Leavesley et al., 1995; Markstrom et al., 2015). The calibrated model was evaluated
with a set of observed stream discharge, in situ snowpack water equivalent data, and remote sensing snow
cover area product. Finally, we applied the model to investigate the snowmelt-streamflow relationship. The
major objectives of this study are to estimate and analyze the streamflow in an interior Alaskan watershed
(16,000 km?) and to quantify the role of snowmelt in streamflow in an Arctic hydrological system.

2, Study Area, Data, and Methods

2.1. Description of Study Area and Data

The Tanana Flats Basin (TFB), located in the interior Alaska near Fairbanks, drains an area of approximately
16,000 km?. This basin is a typical snowmelt-fed catchment with extreme relief from the Mount Hayes in the
eastern Alaska Range. Surface elevation decreases from about 4.0 km at Mount Hayes to around 120.0 m at
the Tanana Flats in less than 50.0 km (Figure 1). In the southern part, the eastern Alaska Range forms the
southern barrier of the glacier outwash. In the central part, the Tanana Flats occupies the alluvial fan. Only
a few well-developed stream channels including the Clear Creek and Wood River run through the flats prior
to joining the Tanana River. In the northern part, the Tanana River, which is the largest tributary of the Yukon
River, runs from east near Big Delta to west near Nenana. Both surface water and groundwater near Fairbanks
have been studied intensively for decades (Anderson, 1970; Viereck et al., 1993; Williams, 1965). Ecosystem of
the Tanana Flats has also drawn much attention with emphasis on permafrost degradation (Jorgenson et al.,
2001; Osterkamp et al., 2000; Racine & Walters, 1994; Seaton, 2002).

Glaciers near the Alaska Range cover up to 1% of the basin based on the World Glacier Inventory data (Figure 1)
(WGMS and NSIDC, 1999). Recent studies have suggested that volumes of these glaciers are decreasing due
to the changing climate (Arendt et al.,, 2002; Hill et al., 2015). Seasonal snowmelt is the major freshwater
resource for most stream channels throughout the year. This region also lies within discontinuous permafrost
zones under current climate. Approximately 60% of the basin is underlain by permafrost (Geophysical Institute
Permafrost Lab, 2011). Earlier studies have also indicated that groundwater discharges to the land surface
through permafrost-free zones at the Tanana Flats (Liao & Zhuang, 2017).

To conduct model simulations, a list of data set was prepared. Details of these data sets are listed in Table 1.

2.2. Model Description

PRMS is a spatially distributed and process-based modeling system to quantify the impacts of climate and
land use on streamflow and watershed hydrology (Leavesley et al., 1983; Markstrom et al., 2015). For decades,
it has been used extensively to investigate watershed-scale response to climate change (Battaglin et al., 2011;
Christiansen et al.,, 2011; Risley et al., 2011). To date, most studies have used PRMS in temperate regions but
few in northern high latitudes. In our study, we used the latest version PRMS-IV. We selected several modules
including snow and stream flow routing modules to setup the PRMS model, and we output stream discharge
and snow metrics for analyses (Figure 2).

In PRMS, a watershed is discretized into a network of hydrological response units (HRU) and each HRU contains
a series of “reservoirs.” Hydrological modules and algorithms including canopy interception, snow accumu-
lation, and ablation are used to estimate the water stored or exchanged among these reservoirs (Markstrom
etal, 2015).

The snow module in PRMS uses the water and energy-balance method to simulate the snow dynamics includ-
ing snow cover area (SCA), snowpack water equivalent (SWE), and snowmelt. Energy balance is calculated
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Figure 1. The spatial location and hydrological networks of the Tanana Flats Basin (TFB). The red-filled polygon in the upper right features the spatial location
and extent of the Tanana Flats Basin in interior Alaska. HUC819040507 is the hydrologic unit codes (HUC) from the U.S. Geological Survey (USGS) Watershed
Boundary Data Set. Black triangles are the locations of permanent glaciers from the World Glacier Inventory (WGI) data. Colored line features with numbered
indices are the stream segments from watershed delineation. The Tanana River is represented by a series of connected stream segments. Segments 1, 18,
and 24 receive inflow from upstream basins. Pink dots are the USGS gage stations (Table 2). Green square is the Snow Telemetry (SNOTEL) site. Black dot

is the city of Fairbanks, Alaska.

at a half-day time step (day and night). Incoming shortwave/longwave and outgoing longwave radiations are
calculated as

Shortwave_net,,,, = Shortwave,,, X (1 — albedo) x trcf (1)
Longwave,,,, = 5.67 x 1078 x T* )
Longwave_net,,,, = Canopy_den X Longwavey,, 3)
+ (1 — Canopy_den) X emis
Table 1
List of Data Set Used
Data Spatial resolution Temporal resolution Source Description
Climate data In situ Daily Global Historical Climatology Inputs for ANUSPLIN package
Network (GHCN) (Menne et al., 2012)
Digital elevation model 60m Time invariant National Elevation Data set (Gesch et al., 2002) Resampled to 500 m
Glacier data In situ Time invariant World Glacier Inventory (WGMS and NSIDC, 1999)
Hydrological data In situ/polygon based Daily National Hydrography Data set/Watershed Boundary Watershed delineation
Data set and National Water Information System and stream discharge
(U.S. Geological Survey, 2013)
Land use and land 30m Time invariant National Land Cover Database Resampled to 500 m
cover change data (Fry etal,, 2011)
Snow Telemetry data In situ Daily Natural Resources Conservation Service's National
Water and Climate center (Center & Data, 2016)
Snow cover data 500 m Daily Moderate-resolution Imaging Cloud-free based on MODIS corrected
Spectroradiometer (MODIS) (Hall et al., 2006) reflectance images
Soil data Polygon-based Time invariant Soil Survey Geographic Database (data sets) Polygon converted to raster
(Soil Survey Staff, 2015)
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Figure 2. Data flow in the PRMS-IV model simulation. Details of data set are listed in Table 1. Modules used in PRMS-IV
simulation include snow and stream flow routing modules. Details of these modules can be found in the PRMS-IV

user guide (Markstrom et al., 2015). Model outputs include streamflow, snow cover area (SCA), and snowpack water
equivalent (SWE).

Shortwavey,, is the effective shortwave radiation considering topography and climate (units: J m=2 d=');

where Shortwave_net,,, is the net shortwave radiation through vegetation canopy (units: J m=2 d~)
D
albedo is surface albedo (units: fraction); trcf is vegetative transmission coefficient (units: fraction);
)
)

’

Longwave,,, is incoming longwave radiation (units: J m=2 d="); T is atmosphere temperature (units: Kelvin
Longwave_net,, is net longwave radiation (units: ) m=2 d='); Canopy_den is canopy density (units: fraction);
and emis is the longwave emission from land cover (units: J m=2 d~"). Sensible heat flux and latent heat flux
are calculated based on precipitation and snowpack temperatures.

PRMS-IV also explicitly considers heat added by precipitation in forms of rain and snow (Markstrom
etal, 2015).

Snowpack is conceptualized as two layers: (1) a surface layer with temperature controlled by near surface
atmosphere conditions and (2) a bottom layer with temperature controlled by both heat exchange and
previous snowpack conditions. Snowmelt is calculated when positive heat is applied to the snowpack as

_ Heat,,
Snowmelt,,, = ——— X SCA (4)

ice
where Snowmelt,,, is the meltwater from snow and ice ablation (units: mm m=2 d~'); Heat,,, is the heat
added to the snow layer (units: J m=2 d="); G, is specific heat of ice (units: J kg~' K=1); and SCA is snow cover
area (units: fraction). After each time step, snowpack properties including albedo, temperature, and SCA are
updated. Details of these equations and terms can be found in the PRMS-IV user guide (Markstrom et al., 2015).

Special attention has been paid to elevation effects because snow dynamics are usually elevation dependent
(Bell & Moore, 1999; Molotch et al., 2005; Winstral et al., 2002). Specifically, we divided the study area into
several elevation bands and conducted analyses on both basin and elevation band levels.

Because PRMS does not explicitly distinguish glacier from snowpack, glacier is simply treated as snowpack
with much larger thickness (Markstrom et al., 2015). In our study, initial thicknesses of glaciers were defined
using the World Glacier Inventory (WGI) data (WGMS and NSIDC, 1999). Because the spatial coverage of
glaciersis less than 1% in our study area, we speculate that the impact of this assumption should not be signif-
icant. As a result, we used the term snowmelt to represent meltwater from both snowpack and glacier unless
otherwise stated.
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Table 2

List of U.S. Geological Survey Gage Stations Used

Site ID Datum of gage Name

15478000 293.5 m above NGVD29 Southeast Fairbanks Census Area County, Alaska
15484000 192.6 m above NGVD29 Salcha River Near Salchaket, Alaska
15514000 130.5 m above NAVD88 Chena River at Fairbanks, Alaska
15515500 103.1 m above NGVD29 Yukon-Koyukuk Census Area County, Alaska

The grid-based approach was used to discretize the spatial domain. We used the System for Automated
Geoscientific Analyses (SAGA GIS) and Arc Hydro tool to delineate the watershed and hydrological networks
(Esri Water Resources Team, 2011; Olaya, 2004). Input data for Arc Hydro Tool includes digital elevation
model (DEM) and 1:1,000,000-scale (medium resolution) flow line features. The following steps were carried
out sequentially: (1) “burn” the NHD flowline through DEM reconditioning (Hellweger & Maidmentm, 1997),
(2) fill the depressions in DEM, (3) calculate the flow direction and accumulation, and (4) define the drainage
line and subbasin.

The whole basin is discretized into a matrix of HRUs. The horizontal resolution of each HRU is
500.0 m x 500.0 m. A total of 37 stream segments containing 1,570 stream reaches were delineated (Figure 1).
We used the term stream to represent all stream channels including rivers and creeks unless otherwise stated.
The cascade module was used to route surface and subsurface water flow between adjacent HRUs. We used
the USGS Cascade Routing Tool to prepare the cascade parameters based on DEM and hydrological networks
(Henson et al., 2013).

To provide spatially explicit climate data for model simulation, we interpolated the in situ GHCN data to the
spatial domain using the ANUSPLIN package (Table 1). ANUSPLIN package uses thin plate smoothing spine
surface fitting technique to interpolate spatial data set and has been widely used to process climate data
(Hutchinson & Xu, 2013). In the end, daily climate data (maximum/minimum temperature and precipitation)
at a 500.0 m spatial resolution were produced.

Because this basin receives streamflow from upstream, the observed stream discharge from four USGS gage
stations were used. Three of them were used as model inputs, and the remaining one at the basin outlet
(Site ID: 15515500) was used for model calibration and evaluation (Figure 1). Details of the gage stations used
are listed in Table 2.

We used seasonal Mann-Kendall test to conduct all the time series trend analyses for stream discharge
and snow metrics. We used the TIMESAT code to approximate the timings of snowmelt onset and end-
ing. The TIMESAT code is a software package that uses several filters and smooth functions (e.g., adaptive
Savitzky-Golay filter or least squares fitted asymmetric Gaussian) to extract seasonality information from time
series remote sensing data (Eklundh & Jonsson, 2015). It has been widely used on various types of data
(Olofsson & Eklundh, 2007). In our study, we applied TIMESAT to time series basin-averaged simulated
snowmelt to estimate the timings of snowmelt onset and ending.

2.3. Model Calibration and Evaluation
The model-independent Parameter ESTimation and uncertainty analysis package (PEST) was used to auto-
mate our PRMS model calibration (Doherty et al., 1994). In PEST, the cost function is defined as

® = [c— ¢y —J(b—by)], x QX [c — ¢y — J(b — by)] 5)

where cis the system simulated vector; ¢, is the “linearized” system simulated vector; J is the Jacobian matrix
of the linearization function M that maps n-dimensional parameter space into m-dimensional observation
space; b is the system parameter vector; and b, is the corresponding system parameter vector using M. To
minimize the cost function, the linearized system parameter vector b, is updated through iterations until ® is
reduced to certain criteria. To improve calibration efficiency, we used the Message Passing Interface version
of PEST, BeoPEST, to conduct parameter estimation.

To reduce the total number of parameters, the spatial domain is divided into several zones, within which
parameters are assumed constancy. These zones are defined using land use and land cover, vegetation,
and soil types. Special attention has been paid to topography effects since snow parameters are elevation

LIAO AND ZHUANG

ROLE OF SNOWMELT IN STREAMFLOW IN ALASKA 2187

85U017 SUOWILWOD BAITR1D 3|qedl|dde au Ag peussnob afe sojpiue VO ‘8sN Jo Sa|nJ Joj Akeid 1T 8ulluO A3]1A UO (SUONIPUOD-PpUB-SLLB)W0Y A3 | Im-Aleid Ul [Uo//:Sdhiy) SUONIPUOD pue Swie | 8Y1 89S *[€20z/TT/TT] uo Ariqiauluo A8|IM ‘YTZr00-r2T0Z/200T 0T/I0p/wod Ae|im Ake.q1pul|uosgndnBe//:sdny woiy pspeojumod ‘TT ‘2T0Z ‘TT0669TZ



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2017JF004214

Table 3
Estimated Values of PRMS Model Parameters From BeoPEST Calibration
Module Parameter Description Initial value Calibrated value Units
climateflow tmax_allrain Maximum temperature when precipitation is assumed to be rain 38.0 40.2 Fahrenheit
tmax_allsnow Maximum temperature when precipitation is assumed to snow 320 35.8 Fahrenheit
ddsolrad ppt_rad_adj Minimum precipitation for precipitation adjustment 0.02 0.014 inches
radmax Maximum fraction of potential solar radiation that reach ground 0.8 0.8 fraction
radj_sppt Precipitation adjustment factor for solar radiation in summer 0.44 0.1 fraction
radj_wppt Precipitation adjustment factor for solar radiation in winter 0.5 0.1 fraction
intcp snow_intcp Snow interception storage capacity 0.1 0.01 inches
wrain_intcp Winter rain interception storage capacity 0.1 0.04 inches
srain_intcp summer rain interception storage capacity 0.1 0.52 inches
covden_sum Summer vegetation density 05 0.39 fraction
covden_win Winter vegetation density 0.5 0.87 fraction
potet transp_tmax Temperature index to determine the start of transpiration 500.0 499.0 Fahrenheit
jh_coef Air temperature coefficient used in Jensen-Haise equation 0.014 0.005 fraction
jh_coef_hru Air temperature coefficient used in Jensen-Haise equation 13.0 13.1 per degree per Fahrenheit
snowcomp albset_rna Fraction of rain fraction above which snow albedo is not reset during snow accumulation 0.8 0.66 fraction
albset_rnm Fraction of rain fraction above which snow albedo is not reset during snow melt 0.6 0.87 fraction
albset_sna Minimum snow to reset snow albedo during snow accumulation 0.05 0.23 inches
albset_snm Minimum snow to reset snow albedo during snow accumulation 0.2 0.5 inches
cecn_coef Convection condensation energy coefficient 5.0 49 calories per degree
potet_sublim Fraction of potential evapotranspiration from snow sublimation 0.5 0.1 fraction
settle_const Snowpack settlement time constant 0.1 0.37 fraction
snarea_thresh Maximum snowpack water equivalent below which snow cover area curve is used 60.0 59.0 inches
rad_trncf Transmission coefficient of shortwave radiation through winter canopy 0.5 0.1 fraction
soilzone pref_flow_den Fraction of preferential flow in soil zone 0.2 0.5 fraction
soil_moist_max Maximum soil moisture 5.0 6.0 inches
soil_rechr_max Maximum storage for soil recharge zone 1.5 1.0 inches
srunoff carea_max Maximum possible area contributing to surface runoff 0.6 0.97 fraction
snowinfil_max Maximum snow infiltration 2.0 2.0 inches per day

Note. Details of modules and parameters can be found in the PRMS-IV user guide (Markstrom et al., 2015).

dependent (Bell & Moore, 1999; Winstral et al., 2002). We also conducted a sensitivity analysis to identify the
most sensitive parameters. Overall, a total of 28 parameters in 7 PRMS modules were calibrated (Table 3).

We ran our PRMS model for 36 years from 1980 to 2015. To remove the effects from arbitrary initial conditions,
the first 10 years served as a spin-up period. We calibrated the model using daily streamflow observations
from year 1990 to 2000 at the basin outlet (Site ID: 15515500). The parameter calibration results are listed
in Table 3. Details of modules and parameters can be found in the PRMS-IV user guide. We evaluated the
model performance using the remaining data from 2001 to 2015. Statistics including Percent Bias (PBIAS) and
Nash-Sutcliffe efficiency (NSE) were used to compare the observed and simulated discharge rates (Moriasi
et al., 2007). During the calibration period, PBIAS and NSE are 11.6% and 0.88, respectively. During the evalu-
ation period, PBIAS and NSE are 7.3% and 0.90 (Table 4). Time series plot of the simulated discharge rates has
shown that our estimates capture both interannual and intraannual variability with a Pearson’s coefficient (r)
of 0.95 (two-sided P value less than 0.01).

We further evaluated our model with in situ snowpack water equivalent data at a SNOTEL site located near
Fairbanks (Figure 1). Comparison between the observed and simulated SWE has shown that our model per-
formed well. PBIAS is less than 15% during both calibration and evaluation periods. NSE is higher than
0.7 (Table 5). Similar to streamflow, simulated SWE captured the interannual and intraannual variability

Table 4
Statistical Comparison of Observed and Simulated Annual Stream Discharge at the Basin Outlet for the Calibration
(1990-2000) and Evaluation (2001-2015) Periods

Observed (m3 d=") Simulated (m3 d=") PBIAS(%) NSE R
Calibration period 8.1x10'2 7.1x10'2 10.2 0.89 0.95
Evaluation period 8.2 %102 7.6 %102 7.3 0.9 0.90
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Table 5
Statistical Comparison of Observed and Simulated Mean Snowpack Water Equivalent (SWE) at the SNOTEL Site for the
Calibration (1990-2000) and Evaluation (2001-2015) Periods

Observed (mm) Simulated (mm) PBIAS(%) NSE R
Calibration period 57.3 48.2 14 0.72 0.9
Evaluation period 51.3 49.3 3.8 0.79 0.9

with a Pearson’s coefficient (r) of 0.9 (two sided P value less than 0.01) (Figures S1 and S2 in the supporting
information). However, SWE might have been underestimated due to input data quality. We also evaluated
the simulated snowmelt indirectly because direct measurements are unavailable. By definition, changes in
SWE, specifically, the decrease in SWE, can be viewed as a result of snowmelt and snow sublimation. Therefore,
we estimated the “observed” snowmelt using observed SWE and simulated snow sublimation. Time series
observed and simulated snowmelt have shown that our estimates are reasonable. But snowmelt might have
been underestimated similar to SWE, and great uncertainty still remains. We further compared the simu-
lated SCA with MODIS snow cover product (MOD10A1) from 24 February 2000 to present. In MOD10A1,
snow cover is characterized by the fractional snow cover (FSC), which has the same definition with SCA
(Hall et al., 2006). MOD10A1 has been evaluated and used extensively (Brubaker et al., 2005). Because
MOD10A1 is often affected by cloud, we only compare SCA with FSC in nearly cloud-free days based on
MODIS-corrected reflectance images (Hall & Riggs, 2007; Vermote et al.,, 2011). Comparison between SCA and
FSC has shown that our estimates are reasonable. For example, on 23 April 2015, the spatial patterns and
magnitudes of SCA and FSC are very close (Figures 3 and S3). Also on 14 June 2015, both SCA and FSC have
captured the spatial distribution of snow cover due to glaciers near the Alaska Range.

3. Results

3.1. Stream Discharge Dynamics

Both observed and simulated discharge at the basin outlet have shown a strong seasonality over the 26 years.

The average discharge rates are 2.0 x 108 m3 d=' and 1.8 x 107 m3 d~" in summer and winter, respectively

(Figure 4). No significant trend was detected in time series annual discharge (two-sided P value larger than

0.1). Actual discharge from the Tanana Flats Basin was estimated by subtracting upstream inflow from the
discharge at the outlet (Figure 1). Because the average discharge from the

64.5

64.0

-149.0 -148.0 _ -147.0 -146.0 Tanana River at Big Delta is much larger than the actual discharge from

TFB and those from the Salcha River and Chena River, on an annual basis,
the Tanana River at Big Delta contributes approximately 70% to the total
discharge and the TFB contributes 10%. Similar to stream discharge at the
basin outlet, no significant trend was detected in time series annual actual
discharge from TFB and the decrease is only 1% based on linear regres-
sion analysis. However, a significant decreasing trend was detected for
monthly total discharge in April (two-sided P value less than 0.05), within
which the total discharge has decreased by 44% from 8.0 x 10° m3 d~'
(o to 4.3 x 10° m3 d~'. We further analyzed the daily actual discharge by
o month for the calibration and evaluation periods. Our analyses have con-

firmed that daily discharge in April has decreased substantially whereas

increased in July. In other months, the differences vary slightly (Figure 5).

Within the Tanana Flats Basin, simulated discharge from tributaries of the

Tanana River varies significantly. Among them, Clear Creek usually has the

S'v9

~1430 ~148.0

-147.0

-146.0 highest discharge rate (5.0 x 106 m3 d~') in summer. As a result, on an

Snow cover area (units: fraction) annual basis, Clear Creek (64.4%), followed by Wood River (9.8%) and Lit-

B g tle Delta River (7.8%), contributes the largest amount of discharge into

0.0 0.2 0.4

0.6 0.8 1.0 the Tanana River. However, their contributions change drastically due to

Figure 3. The spatial distribution of simulated PRMS snow cover area (SCA) snowmelt onset and the Wood River usually overruns the Clear Creek in

on 23 April 2015 (units: fraction).

discharge in spring.
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Figure 4. Time series observed and simulated stream discharge rates at the basin outlet from year 1990 to 2015 (units: m3 d~").

3.2. Snow Dynamics
3.2.1. Snow Cover Area Dynamics

In PRMS, snow cover is characterized by the snow cover area (SCA), which is defined as the percentage of area
covered by snow for each HRU. The simulated SCA has shown a significant spatial-temporal variability. First,
simulated SCA has shown a strong seasonality with the largest variations in April and October. It often reaches
the highest spatial coverage and magnitude in winter whereas the lowest in late summer. No significant trend
in time series basin-averaged SCA was detected. However, for elevation bands higher than 2,000 m, significant
decreasing trends were detected in June and July (two-sided P value of 0.01). Second, spatial and temporal
variations of the simulated SCA are always interrelated with each other. In lowlands, SCA usually drops drasti-
cally within 1 week in spring due to snowmelt onset, whereas in regions near the Alaska Range, SCA does not
decrease until late summer. For example, on 23 April 2015, the simulated SCA has shown that more than 50%
of TFB (mostly in lowlands) has completely lost snow cover (Figure 3). Whereas in high altitudes, SCA barely
decreased since winter. In late summer, most regions will lose snow cover whereas regions near the Alaska
Range may be still covered by glaciers.

3.2.2. Snowpack Water Equivalent Dynamics

The simulated snowpack water equivalent (SWE) has shown that most variations in SWE are associated with
variations in SCA. This is because in PRMS SWE is closely coupled with SCA. First, the simulated SWE is also
affected by surface elevation. For example, on 1 May 2015, the spatial distribution of simulated SWE is highly
correlated with surface elevation and the average SWE in high altitudes (more than 70 mm) is much larger

2.4E+07 —— - :
[ Calibration period (1990-2000)
M Evaluation period (2001-2015)
© 1.8E407
£
%
S 1.2E+07 . li ~~~~~~~~~~~~~~~~~~~~ E
2
I il
5 i
© 6.0E+06
17
I =H
- ] = &=
OOE+0OL . . . % . . . . . . . . ool
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 5. Basin total daily stream discharge by month for the calibration (1990-2000) and evaluation (2001-2015)
periods (units: m3 d=7).
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~147.0 ~146.0 than that in lowlands (less than 1 mm) (Figure 6). Second, because snow-

64.5

64

-149.0 -148.0

pack accumulation and ablation are cumulative processes, the intraannual
variability of the simulated SWE is smoother than that of SCA. Unlike SCA,
significant decreasing trends were detected in the basin-averaged SWE for
several months (two-sided P value of 0.05). During the evaluation period

------------------- B E (2001-2015), the basin-average SWE in January (54.4 mm) and February
(65.8 mm) is only 65% of those (82.3 mm and 100.5 mm, respectively) in the
calibration period (1990-2000) (Figure 7). For elevation bands higher than
1500 m, the decreasing trends are even more significant. Due to the pres-

- ence of glaciers, the simulated SWE near the Alaska Range is persistently

----------------- A the highest throughout the simulation. In other regions, the simulated
SWE has shown a strong seasonality. In general, SWE always increases to its
maximum until snowmelt forms and then decreases to its minimum in late
summer. Time series analyses of mean SWE at different elevation bands by
month have further elucidated the relationship between SWE dynamics
and elevation. During the snowpack ablation process (spring to summer),

-1430 ~148.0

9470 1460
Snowpack water equilvalent (units: mm)

because increase in temperature always starts from lowlands, decrease in

I i I SWE also starts from the corresponding elevation band, that is, 0-500 m.
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9.0

26.7

60.2 795 798<= As temperature increase expands spatially, SWE at higher elevations bands

Figure 6. The spatial distribution of simulated PRMS snowpack water starts (e.g., 1,500-2,000 m) to decrease. As a result, the decrease in SWE

equivalent (SWE) on 1 May 2015 (units: mm).

gradually shifts from lowlands to high altitudes (Figure S4). During the
snowpack accumulation process (autumn to winter), regardless of eleva-
tion band, SWE increases simultaneously. However, the accumulation rate is still correlated with elevation. As
aresult, the maximum SWE at elevation band 1,500-2,000 m (~140 mm) is much higher than that at elevation
band 0-500 m (~75 mm).

3.2.3. Snowmelt Dynamics

The simulated snowmelt has shown a significant spatial-temporal variability, which is affected by the
spatial-temporal variability of SWE. A significant decreasing trend in basin-averaged snowmelt was detected
in several months including March and April (two-sided P value of 0.01) (Figure 8). The spatial-temporal vari-
ability of snowmelt is controlled by temperature and snow availability. In general, when snow is abundant,
temperature is the dominant factor. Whereas when temperature is above the melting point, snow availability
becomes the dominant factor. Temperature increase always starts from lowlands and then shifts to high alti-
tudes, so does snowmelt onset. For example, on 28 March 2015, the highest snowmelt rate was from elevation
band 0-500 m (more than 4.5 mm) (Figure S5). Whereas on 28 April 2010, the highest snowmelt rate was over-
taken by elevation band 1,500-2,000 m (more than 5.5 mm) (Figure 9). Time series analyses of mean snowmelt
at different elevation bands by month have further revealed the transition of snowmelt onset and ending at
different elevation bands. In April, snow melting mainly took place in lowlands. In May, the mean snowmelt
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Figure 7. Basin-averaged daily snowpack water equivalent (SWE) by month for the calibration (1990-2000) and
evaluation (2001-2015) periods (units: mm).
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Figure 10. Timings of snowmelt onset and ending based on TIMESAT analysis from year 1991 to 2015. The red and blue

lines are the days of snowmelt onset and ending, respectively.
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rate in lowlands dropped to 1.0 mm and it climbed to over 2.5 mm at elevation band 1,500-2,000 m. In
June, snowmelt in lowlands was negligible whereas it reached to 4.0 mm at elevation band 2,000-2,500 m
(Figure S6). Near the Alaska Range, snowmelt rate was persistently the lowest due to extremely low
temperature.

TIMESAT analysis on daily basin-averaged snowmelt rate has indicated that the timings of snowmelt onset
and ending are changing. During the simulation period, the timing of snowmelt onset has shifted 2 days
earlier per decade whereas the snowmelt ending has shifted 5 days later per decade (Figure 10). Due to shifted
snowmelt onset and ending, the total duration of snow melting has increased by 7 days per decade.

4. Discussions

The simulated stream discharge has shown that even though the annual stream discharge from the Tanana
Flats Basin has not changed much, the monthly stream discharge in April has decreased by 44% from 1990 to
2015, which implies snowmelt in spring is decreasing (Figure 5).

Our analyses on the simulated snow metrics have confirmed that snow dynamics are changing. First, even
though no significant trend was detected in time series basin-averaged snow cover area (SCA), SCA at higher
altitudes is potentially decreasing due to warming temperature.

Second, significant decreasing trends were detected in time series basin-averaged snowpack water equivalent
(SWE) in several months, especially in January, February, and March (Figure 7). Because SWE holds the upper
limit of potential snowmelt, decrease in total snowmelt is expected.

Third, the simulated snowmelt is decreasing in several months (i.e., March and April). This is mainly due to the
decrease in SWE in precedent months (i.e., January and February). Moreover, the timings of snowmelt onset
and ending have shifted. In early spring, the timing of snowmelt onset has shifted 2 days earlier per decade
due to warming temperature. In late spring, because snowmelt gradually expands to higher altitudes than
usual, the timing of snowmelt ending has also shifted 5 days later per decade. Our findings are consistent with
other studies (Brown & Robinson, 2011; Semmens & Ramage, 2013; Stone et al., 2002; Tan et al., 2011).

Simulation results have shown that snowmelt dynamics play an important role in stream discharge. In spring,
surface runoff is the key component that bridges snowmelt and stream discharge. On average, snowmelt
accounts for 90% of the surface runoff. Because surface runoff accounts for more than 90% of the stream dis-
charge, snowmelt essentially accounts for more than 80% of the stream discharge. In other seasons, snowmelt
decreases substantially due to either low temperature or snow availability. However, meltwater (“old water”)
that infiltrates into the soil previously continues to feed stream discharge through subsurface flow and
groundwater upwelling.

On an annual basis, the total snowmeltis 4.7 x 10° m3 d~". About 10% of the snowmelt joins the surface runoff
(1.4 x 10° m3 d~") directly and the rest 90% infiltrates into the soil zone. Meanwhile, 20% of the total stream-
flow (7.1 x 10° m? d~") comes from the surface runoff. Subsurface flow (1.9 x 106 m? d~') and groundwater
upwelling (3.8 x 10° m3 d~') make up the rest of 27% and 53%, respectively. Therefore, subsurface flow and
groundwater flow also play an important role in stream discharge dynamics, which is consistent with other
studies (Liao & Zhuang, 2017; Woo, 2012).

Taken together, simulation results have shown that snowmelt accounts for 40% of the total stream discharge
on an annual basis on average. Because snowmelt is partitioned into surface infiltration and runoff whereas
stream discharge is composed of surface runoff, subsurface flow, and groundwater upwelling, snowmelt
contributes to stream discharge through multiple pathways and its total contribution varies significantly
with season.

5. Conclusions

Our spatially distributed hydrological model simulations have indicated that the annual stream discharge
from the Tanana Flats Basin has only decreased by 1% from 1990 to 2015. However, the monthly stream
discharge in April has decreased by 44% from 8.0x 106 m3 d~" to 4.3x 10 m3 d~' due to decrease in snowmelt.

Seasonal snowmelt plays a major role in the rapid changes in stream discharge. In spring, a significant decreas-
ing trend was detected in snowmelt, which explains the decrease in stream discharge. In other seasons,
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snowmelt continues to contribute to stream discharge through subsurface flow and groundwater flow. On an
annual basis, snowmelt accounts for 40% of the total stream discharge on average. The timings of snowmelt
onset and ending have shifted by 2 (earlier) and 5 (later) days per decade, respectively. As a result, the total
snowmelt duration has increased by 7 days per decade.

Our simulations have demonstrated that the spatially distributed hydrological model performs well in the
study area. As warming continues in the Arctic, we speculate that the seasonal pattern of stream discharge will
be further affected by the changing snow dynamics. Our study also suggests that permafrost degradation and
glacier dynamics play an important role in Arctic hydrological cycle. Thus, the enhanced three-dimensional
modeling tool considering these processes shall be applicable for future Arctic hydrological studies.
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