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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Flow rate
foot per day (ft/d) 0.3048 meter per day (m/d)
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day (m/d)
International System of Units to U.S. customary units
Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

Flow rate

meter per second (m/s) 3.281 foot per second (ft/s)

meter per day (m/d) 3.281 foot per day (ft/d)

meter per day (m/d) 14,380 inch per year (in/yr)

cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)

cubic meter per day (m?3/d) 35.31 cubic foot per day (ft3/d)
Energy

joule (J) 0.0000002 kilowatthour (kWh)

Hydraulic conductivity
meter per day (m/d) 3.281 foot per day (ft/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) + 32.

Datums

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD
83) with the Alaska Albers Coordinate Reference System (European Petroleum Survey Group

[EPSG]: 3338).

Altitude, as used in this report, refers to distance above the vertical datum.
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AWC available water content
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Simulating Present and Future Groundwater/
Surface-Water Interactions and Stream Temperatures in
Beaver Creek, Kenai Peninsula, Alaska

By Andrew T. Leaf,' Megan J. Haserodt,' Benjamin E. Meyer,2 Stephen M. Westenbroek,! and

Joshua C. Koch!

Abstract

In many places, coldwater ecosystems are facing
increasing pressure from anthropogenic warming. This
study examined stream temperatures and the water balance
in the Beaver Creek watershed on the Kenai Peninsula in
south-central Alaska—an area that is experiencing rapid
warming. Low-gradient streams near the Kenai coast provide
important spawning and rearing habitat for salmon but may be
especially vulnerable to rising temperatures, because of long
residence times, inflows from abundant riparian wetlands,
and reliance on groundwater discharge that may also warm,
or decrease in volume with rising evapotranspiration. In
recent decades, observed maximum 7-day temperatures
have consistently exceeded statistical (regression-based)
projections. Here we simulate total streamflows and
temperatures with a physics-based model that links the Soil
Water Balance, MODFLOW 6 and SNTEMP simulation codes
on a 7-day timestep. The model is based on existing data and
groundwater levels, instream flows, and stream temperatures
collected during 2019-23. Future climate scenarios were
developed for 2023-50 from downscaled climate projections.

Results indicate that groundwater discharge is about
64 percent of the total streamflow during the months of
May through September. Total streamflow and groundwater
discharge are expected to remain similar to current conditions
through 2050. Stream temperatures are expected to rise; by
midcentury, near the Beaver Creek mouth the model predicts
34 to 63 additional days per year with average weekly
temperatures above 13 degrees Celsius, 14 to 81 additional
days with average weekly temperatures above 15 degrees
Celsius, and routine exceedances of 20 degrees Celsius during
the warmest periods. Projected stream temperatures vary
spatially. Areas of high groundwater inflows in the lower main
stem and some tributaries may be most resilient to warming

U.S. Geological Survey.

2Kenai Watershed Forum.

air temperatures during dry conditions. During storm events,
groundwater-dominated tributaries may have the coolest
stream temperatures.

Introduction

Beaver Creek (figs. 1, 2) is a tributary to the Kenai River
on the Kenai Peninsula in south-central Alaska where salmon
are a key economic driver. Wild and hatchery salmon from
south-central Alaska support a $587 million economy and
sustain close to 8,000 jobs (Hayward and others, 2017). The
Kenai River is an important part of this economy and is the
most heavily sport-fished river in Alaska with notable Chinook
salmon (Oncorhynchus tshawytscha), sockeye salmon
(Oncorhynchus nerka), and coho salmon (Oncorhynchus
kisutch) runs (Alaska Department of Fish and Game
(ADFG), 2022). Beaver Creek provides important habitat
for several anadromous fish (ADFG, 2024a) including coho
salmon, Chinook salmon, sockeye salmon, and Dolly Varden
(Salvelinus malma). Key life cycle events for these fish species
include the following:

* Chinook spawn in the Kenai River basin between
May and July (ADFG, 2020). The eggs hatch in
late winter to early spring. The parr spend 1 year in
freshwater before migrating to the ocean as smolt the
following spring (ADFG, 2024c).

» Sockeye spawn in the Kenai River basin between June
and August (ADFG, 2020) and eggs hatch during the
winter. The parr spend 1-3 years in the stream before
migrating to the ocean as smolt (ADFG, 2024d).

* Coho spawn in Alaska between July and November,
with fish in the Kenai River basin often spawning
during late July through October (ADFG, 2020).
The eggs hatch the following spring and the parr
remain in the freshwater streams or lakes for
1-3 years before migrating to the ocean as smolt
(ADFG, 2024b).
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Figure 1. Map showing the Beaver Creek Basin on the Kenai Peninsula, Alaska, and notable geographic features in the area.
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* Dolly Varden spawn in Alaska in the fall, between
September and November, with eggs hatching 4-5
months later in the spring. Fry move to rearing
habitats in late spring to early summer. After 2—4
years in freshwater the fish transition to smolt and
migrate to the ocean (ADFG, 2024¢).

Because of their role as important fish habitats during
the freshwater portion of these anadromous fish life cycles,
Beaver Creek and similar lowland groundwater- and
wetland-dominated streams have been identified as a high
conservation priority in south-central Alaska by several
multi-agency efforts including the Kenai Peninsula Fish
Habitat Partnership (KPFHP; KPFHP, 2014), Freshwater
Conservation Plans (KPFHP, 2022a), and the Mountains
to Sea Strategic Plan (Morton and others, 2015). Lowland
tributaries of the Kenai River have also been identified as
potentially more sensitive to disturbance and experiencing
greater ecological pressures relative to the rest of the basin
(Schoen and others, 2017). These lowland basins may be more
susceptible to reductions in base flow and increases in stream
temperature because of greater development and groundwater
withdrawals (KPFHP, 2014). Development along the lower
main-stem Kenai River riparian zone, which includes part of
the Beaver Creek Basin, has expanded from 1 percent of the
area in the 1950s to 17 percent in 2013 (Schoen and others,
2017). The City of Kenai, partially located within the Beaver
Creek Basin, is expected to experience a population increase
of 13.3 percent by 2046, relative to 2015 (Alaska LNG, 2017).
Groundwater withdrawals from municipal wells in the Beaver
Creek Basin are the sole source of municipal drinking water
for the City of Kenai (Alaska LNG, 2017), and the projected
increase in population will likely result in greater groundwater
withdrawals from the Beaver Creek Basin, which could
potentially reduce stream base flow.

A warming climate on the Kenai Peninsula could also
cause base-flow reductions by increasing evapotranspiration
(Anderson, 2023), which would raise stream temperature
above thermal thresholds of concern for salmon (KPFHP,
2022b). Climate change is already affecting the Kenai
Peninsula (KPFHP, 2022a, b) through increased lightning
strikes and forest fires ignited by lightning (Schoen and
others, 2017), decreased wetland area in the Kenai Lowlands
since the mid-1900s (Klein and others, 2005), and increased
occurrence of salmon thermal threshold exceedances in some
area streams (Mauger and others, 2017). In addition to canopy
loss from fire, canopy reduction from insects, including spruce
tree (Picea spp.) death from spruce beetles (Dendroctonus
rufipennis; Dial and others, 2007) and defoliation of thin-leaf
alders (A/nus tenuifolia) by green alder sawflies (Monsoma
pulveratum; Roon and others, 2018), may contribute to
reduced stream shade and higher stream temperatures. Stream
thermal exceedances in the Anchor River in the southern
Kenai Peninsula have already motivated conservation land
purchases of parcels near cooler stream reaches that likely
have preferential groundwater inputs (KPFHP, 2022b).

Stream temperatures have been previously studied in this
region (Kyle and Brabets, 2001; Mauger and others, 2017;
KPFHP, 2022b; Meyer and others, 2023); Mauger and others
(2017) and Meyer and others (2023) have shown that slower
water velocities and higher residence times in low-gradient
streams result in high thermal sensitivity, with warming air
temperatures closely tied to warming water temperatures.
Additionally, greater wetland cover is associated with warmer
stream temperatures, likely because longer hydrologic
residence times and flatter topography allow for water to have
more exposure to solar radiation (Mauger and others, 2017;
Shaftel and others, 2020). Mauger (2013) and Mauger and
others (2017) assessed stream temperatures in the region using
7-day rolling averages (computed from maximum daily and
average daily stream temperature) and compared those to the
following 18 AAC 70 Alaska Water Quality Standards (Alaska
Department of Environmental Conservation, 2024):

* A 13-degrees Celsius (°C) maximum for egg and fry
incubation and spawning areas

* A 15-°C maximum for migration routes and
rearing areas

e A 20-°C maximum for all times

Of 48 watersheds studied in the Cook Inlet basin from
2008 to 2012, 63 percent had 7-day rolling average maximum
daily stream temperatures above 15 °C and 27% had seven day
rolling average daily mean temperatures above 15 °C (Mauger,
2013). Despite its low gradient and relatively high wetland
cover, prior stream temperature data in Beaver Creek had
indicated low sensitivity to air temperature. Mauger (2013, p.
23) classified Beaver Creek as “cold, low sensitivity,” which
would indicate a greater thermal resilience compared to the
other Cook Inlet basins. Even with the cold, low sensitivity
classification, the maximum weekly 7-day rolling average
mean daily temperature for Beaver Creek reached 15.1 °C and
the maximum weekly 7-day rolling average maximum daily
temperature reached 16.8 °C during 2008—12 (Mauger and
others, 2017). Both temperatures are above the incubation,
spawning, migration, and rearing standards.

Kyle and Brabets (2001) developed a logistic regression
model for the area using historical stream and air temperature
data and then made predictions of stream temperatures in
2100 using future climate projections. In the Beaver Creek
main stem near the confluence with the Kenai River, the
annual maximum weekly mean temperature was predicted
to increase by 1 °C to a temperature of 13.6 °C, whereas the
mean temperature for the mid-May to mid-October period was
predicted to increase by 5.3 °C to a temperature of 12.9 °C.

In the 2008—12 period, Mauger and others (2017) observed
maximum weekly (rolling) mean temperatures ranging from
14.0 to 16.8 °C.). Using a mixed effects model, Mauger and
others (2017) predicted a maximum weekly mean temperature
of 18 °C by the 2060—69 period. The 2019 observed maximum
weekly 7-day rolling average daily maximum temperature

of 18 °C (KPFHP, 2022b) already has reached the predicted



206069 values for this basin, which indicates that stream
temperatures in Beaver Creek Basin may be warming faster
than expected. The reasons for the underpredictions in these
prior models are unclear but could include the regression
models or the driving climate projections not being well suited
for predicting maximum weekly temperatures. A summary

of observed and predicted temperatures in the Beaver Creek
Basin from prior studies is shown in table 1.

These previous works relied on temperature observations
and predictions at a single point in the Beaver Creek Basin
and did not assess potential temperature changes across
the diversity of thermal habitats throughout the basin.
Salmonoids are known to utilize diverse thermal freshwater
habitats to optimize metabolic needs (Armstrong and others,
2013; Armstrong and others, 2021, Barrett and Armstrong,
2022). This study was initiated to better understand stream
temperatures and streamflow throughout the Beaver Creek
Basin when groundwater discharge is explicitly simulated
for current conditions and under potential future climates.
Specifically, the goals of this study were to (1) quantify
the groundwater/surface-water interactions and stream
temperature in Beaver Creek under current conditions, (2)
estimate how streamflow and temperature may change by
2050 under potential future climate projections, (3) improve
understanding of the groundwater flow system in this region,
and (4) provide local resource managers a tool to assess the
effects of climate change and groundwater pumping on stream
base flow and temperatures in the study basin.

The study included field data collection and modeling
components. Field data collection included stream
temperature, shallow groundwater levels, shallow groundwater

Table 1.

Introduction 5

temperature, and stream discharge collected continuously
between June 2022 and September 2024 as well as synoptic,
spatially-distributed measurements collected in June and July
0f 2022. The field data were used to inform a combined soil
water balance, groundwater flow, and stream temperature
model. Soil-Water-Balance code (SWB; Westenbroek and
others, 2018) was used to estimate the daily surface-water
balance from precipitation and temperature inputs. Net
infiltration past the root zone and surface runoff from the
SWB model were applied to a transient, three-dimensional
finite difference groundwater flow model (using MODFLOW
6; Langevin and others, 2017; 2023) that simulated the water
budget of Beaver Creek and the contributing groundwater flow
system at a 7-day time resolution. Instream temperatures were
simulated using a Stream Network Temperature (SNTEMP)
model (Theurer and others, 1984; Bartholow, 2010;) based
on the MODFLOW model Streamflow Routing (SFR)
package network, using groundwater discharge and surface
runoff from the MODFLOW model. Instream temperatures
were evaluated throughout Beaver Creek from 2019 to 2023
and under potential future climate projections out to 2050.
Simulated instream temperatures were compared to the 18
AAC 70 Alaska Water Quality standards (Alaska Department
of Environmental Conservation, 2024) to assess the potential
for future thermal threshold exceedances.

The results of the study are presented in this report and
include (1) a description of the hydrologic setting, climate,
and geology of the site; (2) a summary of the field data
collection methods and results; (3) a description of the soil
water balance, groundwater flow, and stream temperature
model constructions, and of the history matching and future

Summary of observed and predicted temperatures in the lower main stem of Beaver Creek Basin from prior studies.

Location, as a
latitude, longitude
in decimal degrees

Study

Temperature,
in degrees Celsius

Time period and metric

Observed stream temperatures

Mauger and others (2017); 60.561-151.123 17.9 Overall maximum daily temperature for 2008—12
S1 supplementary files
Mauger and others (2017); 60.561-151.123 13.1-15.1 Maximum weekly 7-day rolling average temperature
S2 supplementary files calculated from daily average temperatures in
2008-12
Mauger and others (2017); 60.561-151.123 14.0-16.8 Maximum weekly 7-day rolling average temperature
S2 supplementary files calculated from daily maximum temperatures in
2008-12
Kenai Peninsula Fish Habitat 60.561-151.123 18 Observed maximum weekly 7-day rolling average

Partnership (2022b); esti-
mated from figure 1

temperature calculated from daily maximum
temperatures in 2019

Predicted future stream temperatures

Mauger and others (2017);
estimated from figure 6

60.561,—151.123 18

Kyle and Brabets (2001) 60.563, —151.120 13.6

Predicted maximum weekly 7-day rolling average
temperature calculated from daily maximum
temperatures in 2060-69

Maximum weekly mean temperature in 2100.
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scenario analyses; (4) a summary of the model results; and

(5) discussion of model limitations and assumptions. The

main body of the text summarizes the study methods and

key findings. Additional methods details are provided in the
appendixes. The model files and workflows are available in the
accompanying U.S. Geological Survey (USGS) data release
(Leaf and others, 2024); field data are available in the National
Water Information System (NWIS; USGS, 2023) and from a
USGS data release (Koch and others, 2024).

Site Description and Hydrologic
Setting

The Beaver Creek Basin is located on the Kenai
Peninsula of south-central Alaska (fig. 1). The following
sections describe pertinent physiographic features that affect
the conceptual model of the basin hydrology.

Topography and Hydrology

The Beaver Creek basin (fig. 1) is in the flat, northwestern
lowlands of the Kenai Peninsula. The peninsula is defined by
Turnagain Arm to the north, Cook Inlet to the west, Prince
William Sound to the east (not shown), and the Gulf of Alaska
to the south and southeast. The Kenai Peninsula has a sharp
topographic divide between the Kenai Mountains rising to
the east and the flat Kenai Lowlands (from Karlstrom, 1964)
stretching west. The Kenai Lowlands are 20-50 miles wide,
106 miles long, and have local topographic relief ranging
from a few feet to more than 200 feet. The topography in this
lowland landscape reflects a series of glacial advances and
retreats that have left behind a poorly drained, wetland-rich,
flat surface disrupted by moraines, kettle depressions, and
relict glacial drainageways (Karlstrom, 1964).

The Beaver Creek Basin is about 13 miles wide north
to south and east to west. The major hydrologic features near
Beaver Creek are highlighted in figure 2. The creek generally
runs north to south through a valley that was carved by glacial
outwash and is now oversized relative to the modern Beaver
Creek. The western edge of the basin is about 2 miles from a
steep bluff down to Cook Inlet, an embayment of the Pacific
Ocean. Areas west of the basin drain into Cook Inlet. Bishop
Creek forms a surface-water divide to the northwest and
the Swanson River forms a boundary to the northeast. East
and southeast of the study basin is a large, poorly drained
hummocky area with numerous lakes at the boundary of the
Moose River, Swanson River, and Soldotna Creek basins.

The headwaters of the west fork of the Moose River begin to
form a mapped channel about 2.7 miles east of the edge of the
Beaver Creek Basin. Southeast of the basin is Soldotna Creek,
and the Kenai River forms the southern boundary. The Kenai
River is a key hydrologic feature in this region and is tidally
influenced from Cook Inlet for several miles upstream from its

outlet; this zone includes the outlet of Beaver Creek (Morton
and others, 2015). There are four named lakes that drain into
the headwaters of Beaver Creek including Beaver Lake, Tern
Lake, Lake Ootka, and Ermine Lake. Several smaller lakes
are present across the basin, particularly along the eastern and
northern edges. Wetlands (fig. 2) cover 23 percent of the basin
(Morton and others, 2015), with large wetland complexes

on the western side of the basin and throughout the wide,
relict glacial drainageway that the Beaver Creek channel now
occupies (U.S. Fish and Wildlife Service, 2020).

Climate

The Kenai Peninsula has a subarctic climate that is in
the transition zone from the dry, cold continental climate of
interior Alaska to the wet, mild coastal climate along the Gulf
of Alaska (Karlstrom, 1964). Summers are cool and short,
with frequent cloud cover. Winters are long, with snowpack
often lasting from October to May. Winters bring a mix of
temperatures with periods well below freezing and times
where temperatures remain above freezing (Hayward and
others, 2017). The Beaver Creek Basin straddles the divide
between the K&ppen climate classification of “Dsc” to the west
and “Dfc” to the east. “Dsc” and “Dfc” are cold, subarctic
continental climates that differ only by the amount of summer
precipitation relative to winter precipitation; “s” climates have
dry summers, whereas “f” climates are fully humid with no
significant precipitation differences between seasons (Kottek
and others, 2006; Geodiode, 2022). Storms across the Kenai
Peninsula typically move in a counterclockwise direction from
the Gulf of Alaska, into Prince William Sound, and then west.
This predominant weather pattern causes the Kenai Mountains
to form a partial rain shadow in the northwestern part of
the Kenai Peninsula where Beaver Creek Basin is located
(Hayward and others, 2017).

Weather data have been collected since 1899 (with a large
gap from 1908 to 1943) at the Kenai airport weather station
(National Oceanic and Atmospheric Administration [NOAA],
2023a) located just southwest of the basin edge (fig. 2).
Continuous daily weather records from this station were used
to assess climate trends in temperature and precipitation. The
Kenai weather data were compared to nearby weather stations
in Sterling (NOAA, 2023b) and Soldotna (NOAA, 2023c) for
more recent periods when all three stations were collecting
data. Precipitation totals were similar at these stations until
2015 when the Kenai station record started to deviate with
lower total precipitation despite showing a complete record
for this period. It is unknown why the Kenai station recorded
less precipitation, but based on streamflows at the Beaver
Creek near Kenai, Alaska, streamgage (USGS site 15266500;
hereafter referred to as the “Beaver Creek streamgage”), it
appears the Kenai station precipitation data do not match
conditions in the basin for recent years and may be erroneous.
Therefore, Kenai station precipitation data were used through
2014 and Soldotna station data were used from 2015 to 2023;



Kenai station temperature data were reasonable and used for
the full period. The annual precipitation for 1944-2023 is
shown in figure 3. Average annual precipitation is 19.4 inches,
with the study period of 2019-23 having above average
precipitation.

The average monthly temperatures (fig. 4) show a
maximum average monthly temperature of 16.8 °C in July
and a minimum average monthly temperature of —14.8 °C in
January. A plot of average growing season air temperatures
(May—Sept; fig. 5) shows a warming trend, with the warmest
average growing season temperature of 12.3 °C occurring in

Site Description and Hydrologic Setting

2019. The summer of 2019 was notably warm in Alaska with
stream temperatures in the Yukon River basin exceeding the
thermal thresholds above which adult salmon show decreased
spawning success and early mortality (von Biela and others,
2020) while Alaska’s most expensive wildfire to date burned
close to 170,000 acres just east of Beaver Creek Basin
(University of Alaska Fairbanks, 2022).

Looking forward, a 2017 report (Hayward and
others, 2017) on climate change vulnerability in the Kenai
Peninsula summarized Scenarios Network for Alaska and
Arctic Planning (SNAP) climate projections for the region.
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Combined annual precipitation used for model from Kenai airport (1944-2014) or Soldotna (2015-23) weather stations
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Average annual precipitation for 1944-2023; combined record is 19.4 inches per year

Figure 3. Annual precipitation during 1944-2023. The chart uses Kenai airport weather station (Global Historical Climatology
Network Daily [GHCND]: USW00026523) data through 2014 and Soldotna station (GHCND: USC00508615) data from 2015 onward. The
Kenai airport weather station data are shown for the full period and are notably lower than the combined record especially during

the last 4 years.
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Average daily maximum temperature

Average daily minimum temperature

Average daily temperature for each month, in degrees Celsius
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Figure 4. Average daily minimum and maximum air temperature for each month from 1944-2023.
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The SNAP climate projections show a 2-3-°C increase in
July air temperatures and a 3-3.5-°C increase in January

air temperatures across the Kenai Peninsula during the

next 50 years. Spring thaw is expected to come 3—10 days
earlier by the 2060s, with an increase in the warm season
length from 200 to 230 days for Kenai (Hayward and others,
2017). By the end of the 21st century, precipitation in

Kenai is generally expected to increase (SNAP, 2022). The
fraction of precipitation days that include snow (snow-day
fraction) in 2030-59 is expected to decline by 22.7 percent
in the Kenai Lowlands relative to the 1970-99 average
(Hayward and others, 2017). However, the SNAP projections
for precipitation are more uncertain than projections for
temperature and have a known wet bias in the Kenai Mountain
rain shadow where Beaver Creek is located (Bieniek and
others, 2016). Additional discussion of the SNAP climate
projections and their use in the model is provided in
appendix 7.

Geology

The geology of the study area consists of thick
Quaternary deposits over Tertiary sedimentary bedrock of
the Kenai Group. The bedrock forms a structural trough
(Karlstrom, 1964) with reported depths to bedrock of
500-600 feet (ft) near Kenai and as much as 750 ft near
Nikiski (Freethey and Scully, 1980; Bailey and Hogan, 1995;
Glass, 1996). The bedrock surface becomes shallower towards
the southern Kenai Peninsula, where it is exposed in road cuts
and beach cliffs, and to the east, where it eventually outcrops
as the Kenai Mountains. Thick glacial deposits have since
covered the bedrock surface during a complex glacial history.
Five major glacial advances occurred in the Pleistocene,
from oldest to youngest: the Mount Susitna, Caribou Hills,
Eklutna, Knik, and Naptowne glaciations of Karlstrom (1964)
(hereafter referred to as “Mount Susitna,” “Caribou Hills,”
“Eklutna,” “Knik,” and “Naptowne”). During these periods,
ice moved from the surrounding mountain ranges, many of
which still have glacial ice today, toward Cook Inlet—east and
south from the Alaska and Aleutian Ranges, south from the
Talkeetna Mountains, and west from the Chugach Mountains

and Kenai Mountains. An overview of the relevant glacial
geologic interpretations of the area and the deposits they left
across the study basin is provided in appendix 1.

Wilson and Hults (2012) compiled available geologic
maps into a geologic map of the region, which became
the basis of the surficial geologic units used for this study.
Boundaries from Wilson and Hults (2012) were improved
using information in a USGS (2010) digital elevation model to
better align unit edges with topography. These surficial units
were further updated with information from Reger and others
(2007) on the more recent Killey stade of Karlstrom (1964)
moraine and outwash braidplain deposits. The major surficial
geologic units across the study area, as interpreted for this
study, are shown in figure 6.

Hydrostratigraphic Units and Aquifer Properties

The interpretations of the glacial geologic history of
the study area vary somewhat in the available literature (for
example, Karlstrom, 1964; Reger and others, 2007), but
there is general consensus among prior hydrologic studies in
the region on major hydrostratigraphic units (for example,
Anderson, 1971; Anderson and Jones, 1972; Freethey and
Scully, 1980; Nelson, 1981; Bailey and Hogan, 1995; Homer
Soil & Water Conservation District, 2006; R&M Consultants,
Inc., 2007; DOWL, 2015). These hydrostratigraphic units are
shown in table 2 and include the following:

* An upper unconfined aquifer unit of predominately
coarse sand and gravel deposits with reported
thicknesses ranging from 20 to 100 ft (Anderson
and Jones, 1972). This unit includes the sand and
gravelly Killey stade moraine and the Killey stade
braidplain outwash units to the west; an undated,
mixed coarse and fine glaciolacustrine unit modified
from Wilson and Hults (2012); and the modern
Beaver Creek alluvial deposits.

* A unit representing the undifferentiated Knik and
Eklutna glacial deposits to the east. This unit is
assumed to extend from land surface to the top of the
lower confining unit.

Table 2.  Site conceptual model showing the hydrostratigraphic units represented by each model layer.

I\I’::,iil Stratigraphic units from northwest to southeast
1 Beaver Creek valley al-
. . . luvium and underlying . .
5 Killey stade moraine Killey stade outwash outwash or glaciolacus- Glaciolacustrine Undifferentiated
trine Knik an'd Eklutna
Silt/Clay upper aquitard glacial tills
4 Lower semi-confined aquifer
Lower aquitard
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Figure 6. Surficial geologic units in the study area and a trace showing the location of a generalized cross-section presented in
figure 7.
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* A thick (as much as 100 ft; Anderson and Jones, 1972)
silt and clay leaky upper confining unit that has a
sharp top contact and a gradual gradation into fine
sand at the lower contact. This unit was interpreted
as fine deposits from Glacial Lake Cook of
Karlstrom (1964) during the Moosehorn stade of the
Naptowne glaciation and, therefore, assumed to only
underly the parts of the upper unconfined aquifer
that are mapped as younger, post-Moosehorn stade
deposits. This unit was assumed to terminate east
at the contact with the older undifferentiated glacial
deposits from the Knik and Eklutna glacial periods.
Area well logs show fine grained materials consistent
with this aquitard under the glaciolacustrine deposits
mapped by Wilson and Hults (2012).

* A lower confined aquifer with sand and gravel lenses
interbedded with fine silt and clay layers. This unit
is reported to be 0—100 ft thick (Anderson and
Jones, 1972). This unit was interpreted as coarser,
pre-Glacial Lake Cook deposits under the upper
confining unit. The City of Kenai municipal wells are
screened in this unit (AKDNR, 2022).

* A lower confining unit that extends below the lower
confined aquifer down to bedrock. Less is known
about this lowest unit, but it is thought to be mostly
clay and silt layers with occasional discontinuous
sand lenses (Anderson and Jones, 1972). The glacial
history associated with this unit is unknown and it
was assumed to be present across the study area.

The model hydrostratigraphic units were modified
from the surficial geology in Wilson and Hults (2012) and
Reger and others (2007), with depths and thicknesses of
the subsurface units informed by available borehole data
(AKDNR, 2022). The borehole data were plotted in several
cross-sections across the study area to assess the spatial
distribution of the confining unit as well as spatial patterns
in the lithologies of the surficial units mapped in figure 6. A
generalized cross-section (fig. 7) was developed using the
pattern of lithologies observed in the borehole data. Additional
details on the development of the geospatial geology datasets
for the model is discussed in appendix 1.

Water Use

Water use data for permitted withdrawals were obtained
from the Alaska Water Use Data System (AKDNR, 2023). The
reported data are for larger withdrawals that exceed typical
household water use from a private well. The only reported
water uses within the basin in recent years (2020 and after)

were the City of Kenai municipal wells. Well construction
information including screen depths and lengths were
obtained from the Alaska Well Log Tracking System database
(AKDNR, 2022). Pumping rates were available in Alaska
Water Use Data System for 2011-22. City of Kenai total
pumping rates declined slightly from 2011 to 2018 and then
were more consistent through 2022 (fig. 8).

Conceptual Model

Water enters the basin primarily as precipitation (rainfall
or snowmelt), which is partitioned into evapotranspiration,
surface runoff, and net infiltration through the soil zone to the
groundwater system (recharge). Groundwater originating from
net infiltration or surface-water leakage ultimately discharges
to streams, lakes, and wetlands, but may also be taken up
directly by vegetation. A small amount of groundwater
(approximately 0.03 cubic meter per second [m?3/s] or about
4 percent of average base flow in Beaver Creek) is withdrawn
by the City of Kenai municipal wells, and some groundwater
originating in the westernmost part of the topographic basin
likely discharges to Cook Inlet, a competing sink that is
closer and lower in elevation. Similarly, some groundwater
originating in the hummocky (and streamless) area between
the Beaver Creek, Soldotna Creek, and Moose River basins
probably flows into the Beaver Creek Basin along its eastern
margin. Within the basin, groundwater may cycle through
streams, lakes, and wetlands, depending on their elevations
relative to the water table. Nearby age dating of wells in the
upper aquifer showed relatively young groundwater ages of
about 20 years (Glass, 2002).

Historical records of stream discharge where Beaver
Creek crosses the Kenai Spur Highway (USGS site 15266500)
indicate a base flow-dominated system, where base flow
between discharge peaks constitutes approximately 70 percent
of the total discharge during the months of May through
September (fig. 9). In many natural systems, groundwater
discharge makes up the bulk of this base flow. In Beaver
Creek, flat topography and extensive wetland areas may
slow the flow of surface runoff compared to steeper basins
and provide surface storage that results in a substantial
surface-water component of base flow. This slow runoff has
more exposure to solar radiation and can heat up when at or
near the land surface (Sjoberg and others, 2021), providing
a steady but warmer source of base flow to Beaver Creek.
Deeper and cooler groundwater discharge to Beaver Creek
may originate primarily from the upper unconsolidated
aquifer, with the upper aquitard limiting interactions between
the lower semi-confined aquifer and the surface-water system.
Near the City of Kenai wells, pumping from the lower
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semi-confined aquifer may pull water downward through the
leaky aquitard, diverting some water that would otherwise
discharge to the creek.

Water temperature in Beaver Creek is affected by air
temperature; the temperatures of inflowing groundwater;
surface runoff; surface water from features such as Beaver
Lake; and the interplay of solar radiation, shading, channel
width, and flow velocity, among other factors (for example,
Bartholow, 1989). Although vegetative shading can mitigate
the warming effects of solar radiation (for example, Garner
and others, 2017; Fehling and Hart, 2021), shading potential
along much of Beaver Creek is limited by the wide valley and
predominance of short wetland vegetation. Narrow tributaries
that extend into wooded areas or are overhung by alder and
other shrub or scrub vegetation may have the best shading
potential. Conversely, upstream areas with low flow velocities
through wide wet areas of short emergent vegetation may be
especially vulnerable to summer temperature increases.

In general, groundwater temperature in cold regions
such as the Kenai Lowlands reflects the mean annual air
temperature plus some offset representing the insulating
effects of the snowpack (Zhang, 2005). Temperature
fluctuations at the land surface are dampened exponentially
with depth and shifted linearly in time as heat is carried
downward from the surface by infiltration, conduction,
and vertical groundwater flow (Suzuki, 1960; Stallman,
1965). The temperature of groundwater discharge entering
the stream is therefore a function of groundwater flowpath
depth (Kurylyk and others, 2015). Shallow groundwater
discharge may fluctuate in temperature seasonally but lag air
temperatures (for example, with cooler temperatures in early
summer and higher temperatures in late summer or early fall).
Groundwater originating from deeper than a few meters will
be mostly attenuated in temperature amplitude, reflecting the

mean annual air temperature plus the offset from snowpack
insulation. Groundwater temperatures at greater depths will
increasingly lag multidecadal changes in air temperature at
the surface, reflecting, in part, past temperatures (Kurylyk and
others, 2015).

As noted earlier in the “Introduction” section, Mauger
(2013) determined Beaver Creek to have a low sensitivity to
air temperature, presumably owing to thermal buffering from
cold groundwater. However, similar seasonal amplitudes and
phases for air temperatures and stream temperatures collected
for this study (fig. 10) indicate stronger “air coupling” (for
example, Hare and others, 2023). “Tributary 6” and the
lower part of the west fork (fig. 11; sites TL-8 and TL—14
in fig. 10) may have greater proportions of groundwater
discharge, as evidenced by cooler summer temperatures
in 2022 and winter temperatures above 0 °C. These and
other similar locations may serve as thermal “refugia” (for
example, Sedell and others, 1990) during warm periods. Other
locations in the stream network, including TL—14 during
June and July of 2023, show stream temperatures greater than
the air temperature (fig. 10). Stream temperatures in excess
of air temperature could be an artifact of those locations
being farther inland from Cook Inlet than the Kenai airport
(and therefore warmer), or indicative of the slow release of
water from surface-water storage that is subject to radiative
warming. Warm surface runoff during mid- to late summer
rain events that are common in this area could dramatically
affect temperatures throughout the stream network for days or
longer (Feinstein and others, 2022).

A key question for the future sustainability of salmon
habitat in Beaver Creek is the extent to which base flow is
dominated by groundwater, and the thermal sensitivity of
that groundwater to long-term warming of air temperatures.
Thermal sensitivity can be conceptualized across different
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timescales by an “effective depth” parameter that represents
the average depth of groundwater flowpaths discharging

to a stream (Kurylyk and others, 2015). Deep groundwater
can potentially lag surface temperatures in warming for
decades and therefore provide a buffer against warming air
temperatures, especially during dry periods (Kurylyk and
others, 2015; Briggs and others, 2018).

Field Data Collection

Field data were collected for this study to observe
instream temperature, streamflow, and groundwater-level
dynamics and to inform the groundwater flow and stream
temperature models through history matching. The locations
of field data monitoring sites are shown in figure 11 and
discussed briefly in this section.

Monitoring Well Network

Groundwater levels and water temperatures were
measured by the Kenai Watershed Forum (https://www.
kenaiwatershed.org/) in five shallow monitoring wells
installed for this study (fig. 11). Well depths varied from 1.3
to 4.3 meters below land surface (table 3). Wells 3 and 4 were
colocated to observe vertical hydraulic gradients. The wells
were instrumented with pressure transducers for continuous
recording of hourly groundwater level and temperature data
from July 2022 to September 2023. The transducers record
absolute pressure, and a barometric logger was deployed
to compensate the data for air pressure changes. Manual
measurements of depth to water from the top of the well
casing were made during each visit to correct for instrument
drift and convert the transducer data from water levels to
depths below land surface. Raw well data and data with the
applied corrections are available in a USGS data release (Koch
and others, 2024).

Temperature Sensors

Fourteen temperature loggers were installed in Beaver
Creek from July 2022 to September 2023 to record continuous
water temperature at a network of locations across the basin
(fig. 11). Temperature loggers were operated by the Kenai
Watershed Forum following methods from Mauger and others,
2015 for stream temperature monitoring in south-central
Alaska, including verifying that sites are well-mixed, pre- and
post-deployment quality control checks against a National
Institute of Standards and Technology thermometer, and
biannual site visits. Site TL—12 is a “long-term” monitoring
site where Kenai Watershed Forum has collected stream
temperature data since 2010.
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Streamflow

Continuous stream discharge data for Beaver Creek at
the Kenai Spur Highway are available from June 2022 to
September 2024, as well as in the 1960s and 1970s (USGS,
2023; Beaver Creek streamgage; fig. 11). Streamflow at
12 upstream sites along Beaver Creek were measured during
synoptic flow surveys on June 8 and July 4-7, 2022 (Koch and
others, 2024; locations and values shown on fig. 12).

Shading

Stream channel shading data were collected in July 2022
near the synoptic streamflow locations (fig. 12) using a
densiometer and following the methods of Fitzpatrick and
others (1998). Shading data were grouped by wetland type
(fig. 13) to estimate ranges of shade for the riparian vegetation
communities (emergent, scrub-shrub, mixed emergent
and scrub-shrub; and non-wetland for riparian areas not
mapped as wetlands; U.S. Fish and Wildlife Service, 2020).
Representative values and ranges were then applied across
the basin for the SNTEMP model using the mapped wetland
communities (appendix 5). A summary of the measured
shading information for the wetland types is provided in
table 4; shading measurements by point location are available
in a USGS data release (Koch and others, 2024).

Based on the wetland descriptions in USGS (1996),
palustrine emergent wetlands in Alaska are generally marshes
and wet meadows dominated by herbaceous plants and sedges
that are typically not tall enough to provide much shade to
the stream channel. These wetland corridors had the lowest
estimated shade in the Beaver Creek Basin (10 percent)
and are the most common wetland plant community along
the main stem and east fork valleys. Palustrine scrub-shrub
wetlands are common near stream channels in Alaska,
are dominated by woody plants and perennial herbs, and
should provide more shade to a nearby stream channel than
emergent wetlands. These wetland corridors had an average
estimated shade of 37 percent and are common in the southern
tributaries and near the confluence of the main stem and east
forks (fig. 13). Mixed palustrine and scrub-shrub wetlands
should have a range in shading values between emergent and
scrub-shrub but only one measurement site was in a mixed
setting because many of these reaches were in inaccessible
parts of the basin (along the north and west forks). Therefore,
the range and average in table 4 for the mixed category are
from all the emergent, scrub-shrub, and mixed measurement
points. Most of the creek valley is covered by some type of
mapped wetland. The non-wetland category covers areas
that are mostly in the smaller tributary valleys, which had
narrower valleys with more shrub cover. Two representative
shading measurements were collected in the west fork in
non-wetland stream corridor locations and had an average of
62 percent shade.


https://www.kenaiwatershed.org/
https://www.kenaiwatershed.org/
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Table 3. Well construction information for the five study wells.

. . Well depth
Latitude, Longitude, -
Well . - . . below land Casing diam-  Screen length, .
in decimal in decimal . L. R Material at well screen
name surface, in eter, in inches in feet
degrees degrees
meters

Wil 60.5644 —151.1192 1.4 1.25 1 Clean, well-sorted sand

w2 60.6024 —151.2042 1.3 1.25 1 Bottom of peat and top of layer of grey
clayey silt with some sand and a
pebble

w3 60.6416 —151.0809 1.6 1.25 1 Peat

w4 60.6416 —151.0809 43 1.25 1 Mineral substrate with some small
pebbles

W5 60.6459 —151.0170 1.4 1.25 1 Silt, sand, small gravels

Table 4. Measured shading for the mapped wetland types along the Beaver Creek channel.
Number of Range in measured Average measured
Wetland type . .
measurements shade, in percent shade, in percent

Palustrine emergent 8 0-29 10

Palustrine scrub-shrub 4 21-65 37

Mixed palustrine, emergent, and scrub-shrub! 13 0-65 17

Not a wetland 2 38-85 62

IRange and average based on palustrine emergent, palustrine scrub-shrub, and mixed palustrine measurements since only one mixed palustrine measurement
was available.



Groundwater Flow and
Soil-Water-Balance Models

An analytic element groundwater flow model was
constructed using GFLOW (version 2.2.4; Haitjema, 1995)
to simulate regional groundwater flows and a groundwater
contributing area (“groundwatershed”) for Beaver Creek,
under the dry summer conditions of early July 2022, after
several months of little to no precipitation. A more detailed
numerical groundwater flow model focused on the Beaver
Creek Basin was then developed using MODFLOW
6 (version 6.4.2; Langevin and others, 2017, 2023) to
look at water exchanges between Beaver Creek and the
groundwater system. Groundwater recharge and surface
runoff inputs to the MODFLOW 6 model were obtained
from an SWB (Westenbroek and others, 2018) model that
partitions precipitation into evapotranspiration, runoff, and
groundwater recharge (as net infiltration past the root zone),
across a gridded area. The domains for all three models
are shown in figure 14. The following sections provide an
overview of the MODFLOW 6 groundwater flow model
construction and history matching, where model inputs were
systematically adjusted to improve the fit between model
outputs and equivalent field measurements. Additional details
on the GFLOW model are available in appendix 2, on the
SWB model in appendix 3, on the MODFLOW 6 model
construction in appendix 4, and on history matching in
appendix 6. Model files and reproducible model construction
workflows are provided in an associated data release (Leaf and
others, 2024).

Discretization

The MODFLOW 6 model is discretized on a uniform
grid of 50-meter cells with four layers that represent the
hydrostratigraphic units described in table 2. Temporally,
the historical MODFLOW 6 model simulates an initial
steady-state period representing average conditions between
January 1, 2015, and January 1, 2019, followed by transient
7-day periods from January 1, 2019, to October 1, 2023.
Periods of 1 or 2 days are included at the end of each calendar
year so that a new 7-day period starts on January 1, and the
periods within each year span consistent days of the year (a
requirement of SNTEMP).

Boundary Conditions

Boundary conditions include sources, sinks, and
surface-water levels that control the groundwater flow system.
The following boundary conditions were included in the
MODFLOW 6 model (fig. 15):
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* Groundwater recharge (as net infiltration from SWB)
applied across the top of the model using the
Recharge Package.

* Runoff from SWB (“runoff” and “rejected net
infiltration” variables) within a designated area
(fig. 15); mapped to the SFR Package using
NHDPlus High Resolution catchments (Moore and
others, 2019).

 Lateral fluxes along the model perimeter representing
regional groundwater flow (simulated by the
GFLOW model); applied using the Well Package.

* Groundwater pumping from the City of Kenai
represented with the Well Package.

* Groundwater/surface-water interactions along Beaver
Creek and other streams represented with the SFR
Package, which also tracks instream flows, allowing
for comparison between model outputs and measured
instream flows.

» The Kenai River was represented with the River
Package and the Kenai River Estuary with the
General Head Boundary Package.

Aquifer Properties

Aquifer properties define how easily water can move
through the modeled aquifer (hydraulic conductivity) or
be released from aquifer storage (storativity). The limited
information from previous studies on the aquifer properties for
the hydrostratigraphic units beneath the Beaver Creek Basin
is summarized in table 5. Most of the estimates do not specify
if they are horizontal or vertical hydraulic conductivity.

In addition, the applicability of these measurements to the
groundwater model is limited by small measurement volumes
(especially for drill cuttings and lab permeability tests) and
the potential for bias in methods that disturb the original pore
structure. In general, larger hydraulic conductivities would
be expected at groundwater modeling scales compared to

lab measurements (Rovey and Cherkauer, 1995). The lower
confined aquifer is thought to be more conductive than the
upper unconfined aquifer (Anderson and Jones, 1972).

An aquifer test in a production well near North Kenai
indicated a storativity of 2.8x107* for the confined aquifer
(Anderson and Jones, 1972) but it is unclear whether the test
represented the regional confined aquifer or the local upper
confined aquifer that is present near Nikiski. An aquifer test
in the City of Kenai production wells in the confined aquifer
beneath the Beaver Creek valley produced storativities
between 2.8x107* and 3.3x1073 (Anderson and Jones, 1972;
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Table 5. Summary of literature values for hydraulic conductivity in this region.

Hydraulic

Unit Location

conductivity,

Method Source!

in feet per day

Upper unconfined Kenai, Alaska, near Cook

aquifer Inlet bluffs
Kenai, Alaska 13-54
Upper confining unit Beaver Creek valley 0.0007-0.3
Lower confined Beaver Creek valley 1.8-76
aquifer North Kenai, Alaska 54-350

Kenai, Alaska, supply well
2B, state well ID 34930

48 (horizontal)

11.2-11.8 (vertical) Lab permeability tests

R&M Consultants, Inc,
2007

Anderson and Jones, 1972
Anderson and Jones, 1971

Anderson and Jones, 1971

Unknown
Repacked drill cuttings
Repacked drill cuttings

Aquifer tests, type unspecified Anderson and Jones, 1972

Pumping test attached to well log Alaska Department of
in Alaska Well Log Tracking Natural Resources,
System database 2022

"Unless listed otherwise, report did not specify if the hydraulic conductivity was horizontal or vertical.

AKDNR, 2022). Assuming a 60-meter thick aquifer, this
would correspond to specific storage values of between
4.7x107 and 5.5x1075 (per meter of aquifer thickness).

Stream Temperature Model

A stream temperature model of Beaver Creek and its
tributaries was developed using the SNTEMP simulation
code (Bartholow, 2010). SNTEMP is a physically-based,
one-dimensional heat transport model that predicts daily
mean stream temperatures using a steady-state, control
volume-energy balance that considers radiation, evaporation,
conduction, and convection for each stream reach, and heat
transport between successive reaches in a stream network
(Theurer and others, 1984). Inputs to the model include
simplified stream geometry, meteorologic data, and hydrologic
data. The primary output is average stream temperature at
each reach for each simulation period. Empirically-based
maximum temperatures are also available, but potentially
unreliable (Bartholow, 2010, p. 73). Details of the SNTEMP
model construction, parameter estimation, and future climate
scenarios are provided in appendixes 5-7.

Parameter Estimation

After the models were constructed and manually adjusted
to produce reasonable outputs, formal parameter estimation
was performed on a sequentially linked MODFLOW and
SNTEMP model via history matching. Model input parameters
were systematically adjusted to improve the fit between model
outputs and equivalent field measurements. Colloquially, this
process is often called model “calibration,” a term that implies
a unique, optimal model configuration (Oxford English
Dictionary, 2023). We use the term “history matching” here
to recognize the inherent nonuniqueness of the model—that

many different model configurations can produce outputs
that are consistent with field observations. In addition to the
“hard data” of system state that guides the formal parameter
estimation, history matching is also guided by subjective
decisions (for example, in determining how the model is
parametrized, which field observations are emphasized,

and the acceptable level of model fit to those observations;
appendix 0).

History matching was performed using the iterative
Ensemble Smoother (iES) algorithm implemented in the
PEST++ software suite (White, 2018; White and others, 2020).
Initial “prior” distributions of plausible model input parameter
values were developed from field data, previous studies, and
expert knowledge. The prior parameter distributions were then
randomly sampled to produce an initial ensemble of plausible
models that was input to PEST++ iES.

At each iteration, PEST++ iES runs each model in the
ensemble and evaluates the outputs. An approximate Jacobian
matrix consisting of empirical correlations (sensitivities)
between the parameter values of the various ensemble
members and their respective outputs is assembled and used
to update input parameter values to reduce the discrepancy
between the model outputs and equivalent field observations.
The result is a posterior ensemble of models conditioned
on the field observations, where uncertainty in the model
inputs and outputs are reflected in the spread of values in the
ensemble. A “base” realization represents the minimum error
variance solution and can be used when a single model is
desired. In this study, the “base” was carried forward to the
future scenarios analysis (appendix 7).

The MODFLOW model was parametrized similar to
Corson-Dosch and others (2022) and Leaf and others (2023),
where coarse zones were used to address large-scale biases in
aquifer property input arrays and finer pilot point multipliers
were used to allow for local aquifer heterogeneity. Other
MODFLOW parameters included multipliers for boundary
condition conductances (SFR, River [RIV], and Constant
Head [CHD] Packages), and static global multipliers on



recharge and surface runoff fluxes. SNTEMP inputs that were
parametrized included lateral inflow temperatures, headwater
inflow temperatures, shading percentages, and stream width.

Field measurements and model outputs of aquifer heads,
total streamflows, and stream temperatures were processed
into equivalent observations, assigned weights, and assembled
into an objective function that quantified the model misfit.

A primary objective of this process was to best replicate the
observed stream temperatures and streamflow, which were
the focus of this study. Less weight was placed on fitting
groundwater elevations (heads).

The adjustable parameters and observations used in the
history matching are summarized in appendix 6; additional
details are included in the companion data release (Leaf
and others, 2024). Several iterations of iES were run with
adjustments to the model setup, the parametrization, and the
observation weighting until the model produced a satisfactory
fit to the observations.

Model Scenarios

Potential future climate scenarios for the period of
October 1, 2023—September 30, 2050 were developed as
inputs to the linked SWB, MODFLOW, and SNTEMP model.
Five climate scenarios were developed from daily and monthly
SNAP climate projection data (SNAP, 2022). Available daily
downscaled projections included the Geophysical Fluid
Dynamics Laboratory (GFDL) GFDL-CM3 model and the
National Center for Atmospheric Research (NCAR) CCSM4
model. For both of these general circulation models (GCMs),
only the Representative Concentration Pathway (RCP) 8.5
scenario, which assumes high emissions, was available (Moss
and others, 2010; Intergovernmental Panel on Climate Change,
2014). The “gfdI3” and “ccsm4” scenarios in this study were
based on these projections. Three additional scenarios were
based on the SNAP community projections, which averaged
results from five GCMs to produce average temperatures
for each month of the year, for the 2030-39, 206069 and
2090-99 periods, under the RCP 4.5, 6.0 and 8.5 scenarios
(Walsh and others, 2018). To create daily input from the SNAP
monthly means, average rates of temperature increases (for
example, degrees Celsius per week) between the 2030 and
2039 and 2060 and 2069 community projection periods were
computed for each month of the year. The previous 9 years of
climate (October 1, 2014—September 30, 2023) were repeated
to fill the period of October 1, 2023, to October 1, 2050. Total
changes in temperature were then linearly interpolated to
each weekly simulation period, based on the average monthly
rates. The total changes were added to the repeated historical
temperatures to create hypothetical future temperatures. All
other climate variables were assumed to remain the same.
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The five climate scenarios were each evaluated with
alternative conceptual models of “shallow” or “deep”
(thermally sensitive or insensitive) groundwater temperature
inputs to the SNTEMP model (making 10 scenarios total).
The “shallow” conceptual model assumed groundwater
temperatures to be lagged only a few months behind average
air temperatures, whereas the “deep” groundwater scenario
assumed that groundwater temperatures would remain steady
at the observed average temperature of 4.2 °C through 2050
(appendixes 6 and 7). An 11th scenario evaluated the potential
effects of a 0.44-percent annual increase in groundwater
pumping for the City of Kenai in response to projected
population growth. For brevity and consistency with the
scenarios based on the daily SNAP projections, only the RCP
8.5 scenario of the SNAP community projections (hereafter
referred to as the “snap-mean” scenario) is presented in this
report; results from the RCP 4.5 and 6.0 versions of the SNAP
community projections are included in the companion data
release (Leaf and others, 2024). The scenarios used the “best
fitting” MODFLOW and SNTEMP model parameters from
history matching with updated climate inputs for SWB and
SNTEMP, including groundwater inflow and surface runoff
water temperatures (appendix 6). Additional information on
the climate projections, including a comparison of projection
outputs and observed weather data are available in appendix 7.

The mean annual air temperature for the historical
period and each of the model scenarios that have unique
air temperature datasets are shown in figure 16. During the
overlapping historical period from 2010 to 2023, where
observed and projected data are available, the ccsm4 model
scenario most closely matched the observed data. The gfdl3
model scenario is biased slightly high relative to the observed
period and has the highest annual air temperatures by 2050.

The scenario models were run from January 1, 2019,
to September 30, 2050. For 2019 through September 2023,
the historical SWB model outputs (driven by observed
precipitation and temperatures) were used. From October 1,
2023, the future SWB model outputs were used. Using
the historical conditions through September 2023 ensured
consistent initial conditions across the scenario groundwater
flow models and allowed for quantitative comparison of model
fit to field observations between the scenario models and
historical model to verify consistency. The SNTEMP models,
which simulate each time period independently, used the
“future” (GCM-based) forcings for the entire scenario period
starting with January 1, 2019, which allowed for comparison
of temperature changes between “current” and future
conditions without any artifacts of bias between historical
observed temperatures and GCM-based temperatures
simulated for the historical period.
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Figure 16. Average annual air temperature near Kenai, Alaska. Historical data are from the Kenai and Soldotna airports
as described in the “Site Description and Hydrologic Setting” section. Future projections are from the climate projections

discussed in the “Model Scenarios” section.

Results and Discussion

In this section the results are first presented for
observations used in the history matching, followed by
summaries of the MODFLOW and SNTEMP outputs. The
MODFLOW and SNTEMP sections present information for
the historical and future projected climate periods to allow for
easy comparison in how stream and stream temperatures might
change in the coming decades.

History Matching Results and Discussion

History matching results for streamflow at Kenai Spur
Highway (Beaver Creek streamgage) and stream temperature
at the Kenai Watershed Forum long-term monitoring site
TL-12 (located just downstream from the streamgage; fig. 11)
are shown in figures 17 and 18. Detailed history matching

results for all observations are available in appendix 6 and the
companion data release (Leaf and others, 2024). These figures
include the base member of the history matching ensemble
that was selected as the “best” model and results for each
ensemble member, with the spread in these lines indicating
model uncertainty (in the input parameter values that were
adjusted during history matching). Places where the measured
values fall outside of the ensemble results indicate structural
error in the model (stemming from oversimplification, missing
processes, or other factors in the model design) that was not
interrogated in the history matching process. For example,

the offset between the observed and simulated spring freshet
peaks in May 2023 may stem from snowmelt being simulated
too quickly in the SWB model, which was not included in
formal parameter estimation; unsaturated zone processes that
are not considered in the groundwater flow model (Hunt and
others, 2008); or surface runoff delays or storage that are not
considered in the SWB model. Oversimulation of low flows
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Figure 17. History matching results for simulated and observed streamflow at the Beaver Creek near Kenai, Alaska, streamgage (U.S.
Geological Survey site 15266500).
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Figure 18. History matching results for simulated and observed stream temperatures at site TL—12 (Kenai Watershed Forum long-term
site near Kenai Spur Highway).
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during the summer of 2022 and winter of 2022 and 2023, and
undersimulation of streamflow in the fall of 2022 and other
times may indicate a tradeoff in optimizing the fit of the full
time series.

In general, stream temperatures are well-fit by the model
across the longest time-series at site TL—12 (fig. 18). Across
all sites, a root mean squared error in temperature of 1.35 °C
was achieved, with some bias in the ensemble varying by site
and through time (appendix 06).

MODFLOW Model Results and Discussion for
Study Period and Future Scenarios

The MODFLOW model provided an estimate of
groundwater flow throughout the Beaver Creek Basin
including exchanges between the groundwater and
surface-water system and the water table surface during
the study period (fig. 19). The average growing season
basin conditions show neutral or loss of stream water to the
groundwater system in the headwaters of most tributaries,
with the strongest groundwater inflows to the stream along
the lower two-thirds of the main stem of Beaver Creek.

These conditions are consistent with many of the basin
headwaters being in topographically flatter, wetland-rich areas
and the main stem occupying the relict glacial drainageway
that provides more topographic relief to support steeper
groundwater gradients.

The simulated water balance during the warm growing
season of May through September was evaluated for the
historical and potential future climate scenarios. Average
total flows simulated May through September at the mouth of
Beaver Creek are shown in figure 20. Mean growing season
streamflow in Beaver Creek at the outlet with the Kenai River
is between one-third and one-half runoff and the rest is base
flow, making this system slightly base flow dominated. During
future summer periods, streamflow may remain similar to
the study period or increase somewhat with more runoff. The
slight jump in streamflow between the study period, which
uses observed climate data, and the subsequent 202432 future
period, which uses climate projection data, indicates that with
the rain shadow adjustment, running the model with projection
data can produce reasonable streamflow estimates, but they
might be biased slightly high. The lack of obvious trends from
2024 to 2032 and 2042 to 2050 indicates that total streamflow
volumes and the base-flow portion in Beaver Creek Basin is
not expected to change dramatically by the mid-21st century.

Stream Network Temperature Model Results
and Discussion for Study Period and Future
Scenarios

Simulated stream temperatures were assessed using
the Alaska water quality standards for stream temperature.
Based on the anadromous fish life cycles discussed in the

“Introduction” section, the egg and fry incubation and
spawning standard of 13 °C is critical during the late summer
and fall for coho salmon, early to mid-summer for Chinook
salmon, mid- to late summer for sockeye salmon, and late
fall to early winter for Dolly Varden. Between these four fish
species, the 13-°C standard could be applicable for spawning
and egg incubation throughout the full May—September
simulation period. If species-specific timing is of interest

to a future user, monthly exceedances could be readily
calculated using the SNTEMP results in the data release
(Leaf and others, 2024). The migration and rearing standard
of 15 °C is applicable across the full growing season and for
all four anadromous fish species, which each spend at least
one full summer season in the basin. The 18 AAC 70 Alaska
water quality standards also state that stream temperature
should not exceed 20 °C at any time (Alaska Department of
Environmental Conservation, 2024).

Maximum 7-Day Mean Stream Temperatures

Maximum weekly stream temperatures were selected
from the SNTEMP results as the maximum 7-day model
period mean stream temperature in each year at a given
location. Observed equivalents were developed from the field
data by averaging temperatures during each 7-day simulation
period and selecting the annual maximums. This method is
equivalent to the method in Kyle and Brabets (2001), who
computed means for 7-day periods occurring on the same
days of each year, but differs from the maximum weekly
average and maximum weekly maximum temperatures
presented by Mauger and others (2017), which were based
on 7-day rolling averages of daily mean and daily maximum
temperatures, respectively. The 7-day temporal resolution of
the SNTEMP model in this study precludes the use of rolling
means. Discrete 7-day averaging periods may underrepresent
extremes compared to rolling means if the extreme
temperature events are split between two 7-day periods.

The maximum 7-day mean stream temperatures
simulated in each year, across the seven future scenarios, are
compared in figure 21. To correct for bias between observed
and simulated temperatures while retaining the relative
differences between the “shallow” and “deep” (referred to
here as “steady”) groundwater variants, the mean offset from
the observed 2019 maximum 7-day temperature (for a model
stress period) was computed across all variants and subtracted
from the simulated temperatures for that scenario. For the
three climate scenarios, subtracting the mean offset resulted
in 2019 simulated results where the “shallow” groundwater
variant was greater than the 2019 observed maximum, and
the “deep” (“steady”) groundwater variant was less than
the 2019 observed maximum (fig. 21). The results indicate
summer maximum temperatures like 2019 becoming more
frequent or even common by mid-century. Considering a
typical difference of about 1.5 °C between maximum weekly
average temperatures (similar to the 7-day model period
maximums shown in fig. 21) and maximum weekly maximum



151°12'

Results and Discussion K] |

151°00" 151°48'

60°42'

/

60°36'

Kenai

1
/\1-70
/7 ”
/\/50

_, . g
/

80

(o

130

X3

AN

Base from Google Earth, copyright 2022
General Perspective projection
World Geodetic System 1984

Positive groundwater
flux where surface
water is losing
water to the
groundwater system,
in cubic meters per day

100
0

2 4
1

T
6 KILOMETERS

6 MILES
]

o-—T-o

EXPLANATION

== Beaver Creek Basin

+ Kenai airport

—140— Simulated water-table contour—
Contour interval 10 meters

Negative groundwater
flux where surface
water is gaining

water from the Intermediate simulate_d water-table 15266500

groundwater system, contour—Contour interval 5 meters /\ U.S. Geological Survey

in cubic meters per day streamgage and identifier
0

-100

Figure 19. Map showing average groundwater fluxes and water table contours simulated by the MODFLOW 6 model for the April 23—
October 1 growing season in 2022 and 2023.



32

Simulating Present and Future Groundwater/Surface-Water Interactions and Stream Temperatures in Beaver Creek
60
5 — 5 o Py =
o 'g 8 S =)
o
< 3
< < < < «© =]
© © © © o b7
40 — o o o © =
=] (=]
s ©
o o
(3]
w
@
o
@
& 30—
o
2
>3
o
£
=
=)
o
10 —
0
2019-23 2024-32 2033-41 2042-50
Study period Future periods
EXPLANATION
0.64 Base-flow index: the portion
of total streamflow that
is derived from groundwater
Baseflow Runoff
Il ccsm4 ccsmé
e gfdi3 gfdI3
Il snap-mean snap-mean
Historical Historical

Figure 20. Bar graph summarizing the simulated mean growing season (May—September) total streamflow split into base flow
and runoff for Beaver Creek at the outlet during 2019-23 (study period), 202428, and 204246 for the historical model and future
model scenarios. The total bar height represents total streamflow.




Results and Discussion 3

21

20 — A —
w 19— |
3
iz}
(3]
o »
w
S 18— |
>
[«3]
=]
A
g 17 - —
=
S /
2 “ : A
E ‘ .
2 16— ) / -

A \ \
15 — ‘ —
14 — —
| | | | | | |
2020 2025 2030 2035 2040 2045 2050
Year
EXPLANATION
—— ccsmé

ccsmé-steady-gwtemp
ccsmé-pop-growth

gfdi3

gfdI3-steady-gwtemp
snap-mean
snap-mean-steady-gwtemp
Observed stream temperature

'Projected temperatures are adjusted by climate input source to approximately match observed 2019 annual maximum 7-day temperature.

Figure 21.  Annual maximum 7-day mean temperatures at site TL-12.



34 Simulating Present and Future Groundwater/Surface-Water Interactions and Stream Temperatures in Beaver Creek

temperatures (Mauger and others, 2017), the results indicate
that maximum weekly maximum temperatures in excess

of 20 °C may be common by the 2040s. Nearly identical
results for the “ccsm4” and “ccsm4-pop-growth” scenarios,
which differ only in the simulation of the municipal pumping
increase, indicate that a 0.44-percent annual increase in
municipal pumping from 2023 to 2050 would have little

to no effect on annual maximum 7-day temperatures in
Beaver Creek. This finding was consistent across the other
temperature metrics presented in this section (Leaf and
others, 2024).

Duration of Temperatures Above Water Quality
Standards

Simulated shifts in the distribution of 7-day mean stream
temperatures at site TL—12 during the annual simulation
period of May through September are shown in figure 22. The
S-year periods of 2019-23 and 204650 were combined to
produce the temperature duration curves. Overall, the results
indicate roughly 34 to 63 additional days (on average each
year) with average temperatures above the 13-°C threshold.
For the 15-°C threshold, 14 to 81 additional days with average
temperatures above the threshold are anticipated. In 2019-23,
weekly average temperatures above 15 °C only occurred for
3 weeks in 2019 and 2 weeks in 2023 (Leaf and others, 2024).

Average annual exceedances of the 15-°C migration and
rearing standard (fig. 23), the 13-°C egg and fry incubation
and spawning standard (fig. 24), and the 20-°C maximum
water temperature standard (fig. 25) were calculated as the
average number of 7-day periods exceeding the thresholds
during the time periods indicated, expressed as a number
of days per year. Only the “deep” or “steady” groundwater
scenario variants are shown in this report; results for the
“shallow” groundwater scenarios are available from Leaf and
others (2024). Exceedances generally show an increase from
the study period to the late 2040s. Exceedances are greatest
for the gfdl3 scenario, followed by the cssm4 and snap-mean
scenarios. These exceedances are nonuniform across the basin,
with the northern headwaters at tI3 (main stem headwater)
showing the highest number of exceedances (between 60
to almost 100 days a year with temperatures greater than
15 °C, with 22-42 additional days per year from the study
period to the mid-21st century). Site TL-8 (tributary 6)
had the least number of exceedances (less than 20 days per
year and only 2—13 additional days per year from the study
period to the mid-21st century). Similar to other tributaries
in the basin, tributary 6 is dominated by low-gradient
wetlands upstream with little to no groundwater input but
has cooling groundwater inflows in its lower reaches. This
tributary also has higher shade than the upper basin or west
fork. The headwaters of the main stem have relatively small
groundwater inflows and little shade. Lower reaches have

more shade and larger groundwater inflows that moderate
temperatures and reduce the number of exceedances moving
downstream.

Exceedances of the 20-°C standard are rare in the study
period but may occur regularly by the mid-21st century, with
the main stem headwaters having 1-20 days per year greater
than 20 °C and the lower main stem 0-2 days per year. The
tributaries vary from few to no exceedances in the west fork
or tributary 6 to as much as 15 additional days per year greater
than 20 °C at the east fork downstream from Beaver Lake.

Spatial Distribution of Temperatures During
Heatwaves and Effects of Surface Runoff

The spatial distribution of simulated stream temperatures
in relation to the stream hydrology during a hypothetical
mid-century heatwave is shown in figure 26. Hot and dry
conditions simulated for the week of July 30, 2050, in the
gfdI3 “deep” groundwater scenario are shown in figure 264—C.
Most reaches of Beaver Creek and its tributaries are receiving
groundwater inflow, which accounts for 100 percent of flow
into Beaver Creek. Stream temperatures are generally coolest
in the downstream reaches of tributaries 5, 6, and 9 (fig. 12)
and in the main stem. Cool temperatures simulated in the
headwaters of the West Fork may not be accurate. There are no
stream temperature data in this area, and groundwater levels in
well 2, which is within about 2 kilometers of the creek, were
oversimulated by several meters in the model (fig. 6.4), which
likely means that groundwater discharge to the West Fork
headwaters is also being oversimulated, resulting in cooler
than actual temperatures.

Hot and wet conditions simulated for the following
week of August 6, 2050, in the gfdl3 “deep” groundwater
scenario are shown in figure 26 D—F. Air temperature is
similar to the previous week, but surface runoff constitutes 85
percent of flow into the creek. Most of the lower main stem
and lower reaches of tributaries 5, 6, and 9 are still receiving
groundwater, but the overall volume of surface runoff is
sufficient to raise stream temperatures to approximately 20 °C
throughout the system. The lower reaches of tributaries 5, 6,
and 9 maintain the coolest temperatures while the mainstem
is relatively warm compared to the tributaries. These results
illustrate the importance of surface runoff as a variable
affecting stream temperature, especially in the Kenai region,
where late summer rains are typical.

Implications for Anadromous Fish and Basin
Management

Evaluating the effect of projected stream temperature
rises on anadromous fish populations in Beaver Creek
was beyond the scope of this study. Other studies in the
region have discussed potential effects of warmer stream
temperatures on anadromous fish (for example, Leppi and
others, 2014; Mauger and others, 2017; Schoen and others,
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July 30, 2050—gfdI3, "deep" groundwater scenario
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Figure 26. Spatial distributions of stream temperatures during a mid-century heat wave (gfdI3 climate scenario, assuming thermally insensitive groundwater that remains
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2017; Smiley, 2019; Shaftel and others, 2020). Effects are
largely uncertain because climate change is affecting stream
habitats in unprecedented ways. Factors such as the timing
of species life cycle events in relation to water temperatures
and basin characteristics could produce a mix of harmful and
beneficial outcomes. Warmer temperatures could potentially
benefit some species, such as coho salmon, that spawn later
in the season (ADFG, 2024b). Other species, like Chinook
salmon, that spawn in the warmest summer months (ADFG,
2024c) may be particularly affected by the additional warming.
Continued research on fish responses to observed heat waves
like the one in 2019 may provide insights; additional research
on the timing of life cycle events at a basin-scale may help
relate effects to particular species.

Options to mitigate the effect of rising air temperatures
are limited in undeveloped basins like Beaver Creek where
there is little human activity affecting water temperatures.
Although not evaluated in this study, an extreme option (if
feasible) could be to increase channel shading by planting
taller, native woody vegetation. More realistic management
options might include consideration of groundwater effects or
water temperature effects when evaluating proposed activities
within the basin; for example, increased or new pumping
could reduce groundwater flow to the channel. Vegetation
removal by activities like logging or damage by human
activities or animals could reduce channel shading. The data
release files (Leaf and others, 2024) could be used to evaluate
the potential effect of such scenarios. Pooling of water caused
by undersized culverts, blocked culverts, beaver activity, or
reduced drainage across a roadbed can exacerbate temperature
impacts by allowing water to warm at the land surface before
flowing into the stream.

Assumptions and Limitations

The Beaver Creek model, like any model, is a necessary
simplification of a complex natural system and is therefore
subject to limitations. The limitations stem from the model’s
spatial and temporal discretization, simplification of physical
processes, and a sparsity of information about the subsurface
and the states of the hydrologic system. Most importantly,
future projections are inherently limited by deep uncertainties
in future human behavior and the nonlinear dynamics of the
atmosphere and coupled natural systems.

Uncertainty in the model inputs was addressed formally
and reduced through history matching of model outputs
to field observations. The spread of model outputs shown
in figures 17, 18, 6.4, and 6.5 illustrates the effects of the
remaining model input uncertainty. Many other uncertainties
were excluded from the formal modeling analysis through
simplifying assumptions and other modeling decisions. This
section reviews the key assumptions and unknowns that
may limit the model's ability to accurately simulate stream
temperatures and future changes to the hydrologic system.

Assumptions and Limitations qm

Limitations of Soil Water Balance

The SWB simulation partitions precipitation into
evapotranspiration, surface runoff, and net infiltration past
the root zone. The pattern of precipitation across the basin
was assumed to be adequately represented by the weather
data collected at the Kenai and Soldotna airports based on
the small basin size, flat topography, and lack of appreciable
spatial trends in gridded precipitation products. The overall
partitioning of precipitation into evapotranspiration and
runoff to Beaver Creek was constrained by manual history
matching of simulated and observed annual mean total flows
at the Beaver Creek streamgage. Partitioning of the runoff
component into groundwater recharge and surface runoff
was partially constrained during history matching of the
groundwater flow and stream temperature model.

Global multiplier estimates of 1.7 for surface runoff and
0.6 for groundwater recharge indicate undersimulation of
runoff by the SWB model and oversimulation of recharge,
which may be a result of shallow water table depths
throughout much of the study area. In the modeling analysis,
net infiltration is calculated by SWB without accounting for
the water table position; all net infiltration is assumed to enter
the groundwater system as recharge. In places where the
water table is shallow, this assumption can result in unrealistic
recharge and simulated heads that are above the last surface.
In reality, groundwater discharge and surface runoff occur
when the water table reaches the land surface. Although the
global recharge and runoff multipliers compensate for this
defect at a coarse scale, future work could potentially improve
the spatial and temporal simulation of the recharge and surface
runoff components by formally including the SWB model in
the formal history matching, and by representing the effects of
a shallow water table with the MODFLOW Unsaturated Zone
Flow Package (for example, Feinstein and others, 2020).

In this analysis, surface runoff generated by SWB is
assumed to reach the stream channel within each 7-day
time period; no surface-water storage is considered. This
assumption could potentially be problematic if appreciable
surface-water storage is actually creating longer recession
times for warm rain events. Inspection of streamflow peaks
in figure 17 and simulated and observed temperatures (fig. 18
and appendix 6) indicates that the assumption of little to no
surface-water storage is reasonable.

Early simulation of the observed spring 2023 freshet
may indicate an issue with the simulation of snowmelt in the
SWB model. This possible issue could be evaluated further
by extending the historical model to simulate the 2024 spring
freshet and could be potentially corrected by including the
SWB model in the formal parameter estimation. In the context
of evaluating warm stream temperatures, early simulation of
snowmelt is likely conservative, in that temperatures simulated
later in the spring would be warmer than the actual stream
temperatures.
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Limitations of Groundwater Model

The groundwater model in this study was primarily
designed to simulate streamflows and the stream water
balance for the stream temperature model. Relatively little is
known about the subsurface beneath the Beaver Creek Basin
other than that it consists of heterogenous glacial deposits
of greater than or equal to 500 ft in thickness, which reflect
a complex glacial history (appendix 1). Large ranges in
simulated heads across the historical model ensemble reflect
uncertainty in the aquifer property inputs. The places or times
where the ensemble results are poorly fit to observed heads
reflect additional structural error in the model stemming from
simplifications including relatively coarse vertical resolution,
coarse spacing of pilot point input parameters, coarse grid
spacing that may skew simulation of groundwater levels at
the study wells close to Beaver Creek, and the previously
mentioned unrealistic treatment of places where the water
table is shallow. Simulated heads are most constrained
near surface-water boundary conditions that are relatively
well characterized and exert strong influence on nearby
groundwater levels.

Inspection of the streamflow history matching results
(fig. 17 and appendix 6) indicates a model tendency to
oversimulate low stream flows and undersimulate some high
flows. These errors could be the result of limiting assumptions
in the surface-water balance as well as the neglection of
unsaturated zone processes including delays in groundwater
recharge from infiltration time, evapotranspiration of
shallow groundwater, and groundwater seepage to the land
surface. Good agreement between simulated and observed
stream temperatures and limited variability in the ensemble
of simulated stream temperatures (fig. 18 and appendix 6)
indicate that the effect of these deficiencies on the simulation
of stream temperatures is acceptable.

Water use by the City of Kenai was assumed to be
constant across years for each month of the year (for example,
the same water use was assumed in July of each year).

Given the small magnitude of water use, which represents
approximately 4 percent of average base flow in Beaver Creek,
the effects of this assumption are assumed to be negligible.

Limitations of Stream Temperature Model

The 7-day temporal resolution of the stream temperature
model carries several limitations. A key limitation is the
inability to simulate individual daily maximum temperatures.
Extreme temperatures occurring at subweekly scales cannot
be represented. The results here are similar or equivalent to
the weekly average temperatures reported by past studies (for
example, Kyle and Brabets, 2001; Mauger and others, 2017),
but fixed 7-day periods can underrepresent extremes compared
to rolling averages if a warm period is split between 2 weeks.

Although the results here cannot be compared directly to
the maximum weekly maximum temperatures presented by
Mauger and others (2017) and KPFHP (2022b), which average
daily maximum temperatures, supplementary information
from Mauger and others (2017) and data collected for this
study indicate a typical difference between maximum weekly
average temperatures and maximum weekly maximum
temperatures of about 1.5 °C. Adding 1.5 °C to the maximum
7-day mean temperatures shown in figure 21 can provide
an approximation of the maximum weekly maximum
temperature metric.

The transient effects of warm runoff from individual
summer rainstorms may be overrepresented (that is, the
temperature of the rain may in reality be cooler than the
average temperature for that week and the residence time
of the runoff in the basin may be substantially less than the
7-day model period length). Conversely, the assumption that
all surface runoff generated within a 7-day period reaches the
stream within that period may underrepresent the effects of
surface-water storage across the flat topography of the basin,
which may slowly release water to the stream that has been
warmed by solar radiation. This phenomenon may explain
stream temperatures observed in June and July 2023 that were
consistently greater than air temperature (fig. 10).

As explained in appendix 6, the representation of
groundwater temperatures is greatly simplified. Similar
history matching results with thermally sensitive and
insensitive conceptual models indicate a lack of discriminating
information in the field data about groundwater thermal
sensitivity. Inclusion of the thermally sensitive and thermally
insensitive conceptual models in the future scenarios indicates
a potential effect of groundwater thermal lag of about 1 °C,
which is well within the range of outcomes stemming from
uncertainty in the future climate. Colder winter temperatures
in the shallow subsurface resulting from a reduced snowpack
may counteract this effect, resulting in less warming of
groundwater in the near term.

The representation of shading in the model is simplified
to four vegetation zones based on a small number of field
measurements, which could be highly variable at the scale of
an individual site (for example, depending on position relative
to individual alder shrubs, and so forth). The model did not
account for effects of large undercut banks, which are common
throughout the main stem and may provide persistent cool
habitat. The model also did not account for heterogeneity in
shading, which may explain some of the mismatch between
simulated and observed temperatures.

Despite all of these limitations, a mean error of 0.15 °C
in stream temperatures simulated by the base member of the
ensemble indicates a general lack of bias in the model results.
An approximate 4-°C spread in maximum weekly mean
temperatures shown in figure 21 indicates greater uncertainty
in the future climate, compared to the model uncertainty in
simulating historical temperatures (root mean square error of



1.35 °C for the base model). Uncertainty in the future climate
is reflected in the wide ranges of projected future temperature
increases shown in figures 21-25.

Limitations of the Future Climate Scenarios

The limitations of any future projection based on
general circulation models are well understood (for example,
Portner and others, 2023), with projected temperatures and
precipitation varying by model and by scenario. The range
of results across the ensemble of climate scenarios presented
in this report reflects uncertainty in the nonlinear dynamics
of the atmosphere and in future human behavior. Although a
wide range of potential outcomes is presented in this report,
the actual uncertainty may be wider because only a limited
number of downscaled climate projections were available for
this area.

Numerous issues were encountered in the available
GFDL-CM3 and NCAR—-CCSM4 projections. Precipitation
from these projections was reduced by 41 and 47 percent,
respectively, to match observed precipitation for the historical
period. Both projections had smaller, more frequent rain
events; a compressed daily temperature amplitude; and
some general bias in sun fraction, wind speed, and humidity
(appendix 7). The implications of these issues are unclear, but
it is perhaps notable that GFDL-CM3 and NCAR-CCSM4
projections (with precipitation reduced as described) and the
snap-mean scenario (which repeats historical climate with
only the temperatures increased) indicate little change in the
overall water balance between the near future and midcentury
(fig. 20). A step change in the amount of simulated runoff
between the historical period and near future (fig. 20) gives
some indication of the effects of the climate projection
limitations on the water balance. Differences between
historical temperatures simulated by GFDL-CM3 and NCAR—
CCSM4 and observed historical temperatures were addressed
by applying bias corrections to the results presented in
figures 21 and 26. Evaluation of simulated changes instead of
absolute quantities (for example, fig. 22) is more robust.

Summary and Conclusions

Beaver Creek provides important habitat for anadromous
fish including coho salmon (Oncorhynchus kisutch),
Chinook salmon (Oncorhynchus tshawytscha), sockeye
salmon (Oncorhynchus nerka), and Dolly Varden (Salvelinus
malma), and is representative of lowland groundwater- and
wetland-dominated streams that have been identified as a high
conservation priority in south-central Alaska. There is local
interest in understanding how water temperatures in these
types of stream systems will respond to climate change. This
study was initiated to improve understanding of the current
basin hydrology and stream temperatures, and how those
might change between now and midcentury.

Summary and Conclusions 43

The hydrology of the Beaver Creek watershed and
instream temperatures were investigated using a linked
Soil-Water-Balance code, MODFLOW 6 (groundwater
flow), and Stream Network Temperature (SNTEMP) model
supported by field data collection. Field data included
measurements of continuous streamflow near the Beaver
Creek outlet, synoptic streamflow throughout the basin,
continuous stream temperature, channel shading, and
groundwater levels and temperatures in five wells installed for
this study. The field data were used to inform the model inputs
and provide targets for history matching using the iterative
ensemble smoother algorithm implemented in PEST++. The
key study findings include the following:

» Groundwater discharge made up an estimated 64
percent of total streamflow in Beaver Creek in
the months of May through September during the
2019-23 study period; this study shows a consistent
percentage of inflowing groundwater through 2050.

» Comparison of recent streamgaging in 202224 with
the historical record for 1968—78 indicates a similar
proportion of base flow, but about 60 percent greater
total flow. The model predicts total flow in Beaver
Creek to remain consistent or increase slightly
between the study period and 2050.

 Current groundwater pumping by the City of Kenai is
equivalent to about 4 percent of average base flow
in Beaver Creek; a 0.44-percent annual increase in
groundwater pumping by the City of Kenai from
2023 to 2050 appears to have little to no effect on
instream temperatures in Beaver Creek.

o At site TL—12 near the Beaver Creek mouth, the
model results show maximum weekly mean stream
temperatures like those experienced in 2019
becoming more frequent, or even common, by
midcentury. During these periods, maximum daily
temperatures may routinely exceed 20 degrees
Celsius (°C).

» At site TL—12 near the Beaver Creek mouth, the model
predicts about 34 to 63 additional days per year by
midcentury with average temperatures above the
13-°C threshold, and 14 to 81 additional days by
midcentury with average temperatures above the
15-°C threshold.

» Exceedances of the Alaska Water Quality Standards
stream temperature thresholds are experienced
unevenly throughout the basin, with greater durations
of thermal exceedances in the northern headwaters
and east fork and lesser durations in the lower main
stem by TL—12, southern tributaries like tributary 6
at TL-8, and the west fork at TL—14.
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* During summer heat waves, precipitation conditions
may affect which parts of the basin remain cool.
During dry periods, stream inflow is dominated by
cooler groundwater and relatively cooler conditions
are present throughout the main stem and portions
of the east and west forks. During warm rain events,
stream temperatures rise from runoff that warms the
main stem and reduces cooler areas to portions of
groundwater-dominated tributaries.

* Current field data are insufficient to robustly
characterize groundwater thermal sensitivity.
Inclusion of thermally sensitive and thermally
insensitive conceptual models in the future scenarios
indicates a potential effect of groundwater thermal
lag of about 1 °C, which is well within the range of
outcomes stemming from uncertainty in the future
climate. Colder winter temperatures in the shallow
subsurface resulting from a reduced snowpack may
counteract this effect, resulting in less warming of
groundwater in the near term.
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Appendix 1.
Interpretation into Model Layers

Glacial deposits of 500 feet (ft) or more in thickness
covered the bedrock beneath Beaver Creek during a complex
glacial history that is still being studied. Karlstrom (1964)
provided an early interpretation of the Kenai Lowland’s
glacial history that identified and informally defined five
major glacial advances in the Pleistocene, from oldest to
youngest: the Mount Susitna, Caribou Hills, Eklutna, Knik,
and Naptowne (hereafter referred to as “Mount Susitna,”
“Caribou Hills,” “Eklutna,” “Knik,” and “Naptowne”). During
these periods, ice originated from the surrounding mountain
ranges, many of which currently (2024) still host glacial ice.
Lobes of ice moved toward Cook Inlet advancing east and
south from the Alaska and Aleutian Ranges, south from the
Talkeetna Mountains, and west from the Chugach Mountains
and Kenai Mountains. For the first three glaciations of the
Pleistocene (Mount Susitna, Caribou Hills, and Eklutna),
ice lobes likely converged and covered Cook Inlet. During
the later Knik and Naptowne glaciations, ice did not expand
as far and left end moraines across the Kenai Lowlands.
Karlstrom (1964) suggested that most of the study area was
last covered by ice during the Eklutna glaciation with a small
portion of coast by Nikiski covered by ice during the Knik and
Naptowne glaciations from lobes that advanced east across
Cook Inlet. During the most recent Naptowne glaciation,
Karlstrom (1964) proposed that the study area was covered
by Glacial Lake Cook. Glacial Lake Cook formed when ice
flowed across Cook Inlet to the south, creating an ice dam that
blocked drainage and pooled water into a lake. This lake level
would have fluctuated with changing ice levels at the dam and
may have reached a maximum elevation of 750 ft during the
Mooschorn Stade of the Naptowne glaciation.

Reger and others (2007) revisited the glacial history of
the Kenai Lowlands and noted that scientific advances and
new data types have become available since the pioneering
work of Karlstrom (1964) on the glacial history of the region.
Reger and others (2007) focus on the glacial history of the
northern Kenai Lowlands during the most recent Naptowne
glaciation and show more ice coverage of the Kenai Lowlands
than Karlstrom (1964) had proposed. Reger and others (2007)
present glacial extents during the four stades of the Naptowne
glaciation, from oldest to youngest: Moosechorn, Killey,
Skilak stades of Karlstrom (1964), and Elmendorf stade of
Miller and Dobrovolny (1959). The Moosehorn stade was the
longest of the Naptowne stades and, like Karlstrom (1964),
Reger and others (2007) determined that during this stade
ice advanced from the western side of Cook Inlet, coalesced
with ice from the east, and formed an ice dam across southern
Cook Inlet. This dam then formed a large lake (Glacial Lake
Cook in Karlstrom, 1964) in the upper part of Cook Inlet,
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including the study area, and eventually left behind a thick
layer of glaciolacustrine deposits. Ice from the west rapidly
advanced across this lake, fully covering the study area. The
glacial dam at the mouth of Cook Inlet eventually broke,
lowering water levels.. The Killey stade was shorter and less
extensive, with most of the study area remaining ice-free. Ice
from the northwest again advanced across Cook Inlet and left
end moraines between Nikiski and Kenai. In front of the end
moraines was a large, proglacial braidplain drainage system
that covered much of the western study area and carried
meltwater south towards the Kenai River. This system left
coarse deposits across the braidplain and moraines near the
coast as the ice retreated. Ice advances were more limited in
the Skilak and Elmendorf stades, and the study area remained
ice-free during these periods.

The interpretation of the glacial geologic history of
the study area varies slightly in the available literature (for
example, Karlstrom, 1964; Reger and others, 2007), but
there is general consensus among prior hydrologic studies in
the region on major hydrostratigraphic units (for example,
Anderson, 1971; Anderson and Jones, 1972; Freethey and
Scully, 1980; Nelson, 1981; Bailey and Hogan, 1995; Homer
Soil & Water Conservation District, 2006; R&M Consultants,
Inc., 2007; DOWL, 2015), which include the following:

* An upper unconfined aquifer unit of coarse sand and
gravel deposits with a reported regional thickness
ranging from 20 to 100 ft in Anderson and Jones
(1972). For the model, this unit includes the sand
and gravel Killey stade moraine and the Killey
stade braidplain outwash units to the west, an
undated glaciolacustrine unit modified from Wilson
and Hults (2012) that has mixed coarse and fine
material in area well logs, and the modern mixed
coarse and fine-grained Beaver Creek alluvial
deposits. Underlying Killey stade outwash and
glaciolacustrine deposits in the Beaver Creek valley
are also included.

* A unit representing the undifferentiated Knik and
Eklutna glacial deposits to the east. This unit is
assumed to extend from land surface to the base of
the model and to be above the lower confining unit
that extends to bedrock.

A thick (as much as 100 ft in Anderson and Jones,
1972) silt and clay leaky upper confining unit that
has a sharp top contact and a gradual gradation
into fine sand at the lower contact. This unit was
interpreted as fine deposits from Glacial Lake
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Cook of Karlstrom (1964) during the Moosehorn
stade of the Naptowne glaciation and, therefore,
assumed to only underly the parts of the upper
unconfined aquifer that are mapped as younger,
post-Moosehorn stade deposits. This unit was
assumed to terminate east at the contact with the
older undifferentiated glacial deposits from the Knik
and Eklutna glaciations. Area well logs show fine
grained materials consistent with this aquitard under
the glaciolacustrine deposits mapped by Wilson and
Hults (2012).

* A lower confined aquifer with sand and gravel lenses
interbedded with fine silt and clay layers. This unit
is reported to be 0—-100 ft thick in Anderson and
Jones (1972). This unit was interpreted as coarser,
pre-Glacial lake cook deposits under the upper
confining unit.

» A lower confining unit that extends down to bedrock.
Less is known about this lowest unit, but it is thought
to be mostly clay and silt layers with occasional
discontinuous sand lenses (Anderson and Jones,
1972). The glacial history associated with this unit
is unknown and it was assumed to extend across the
full model area.

 Near Nikiski the upper unconfined aquifer is split into
a discontinuous coarse aquifer unit separated from
a lower, partially confined aquifer by a 25-ft thick
fine-grained glacial till unit (DOWL, 2015; Freethey
and Scully, 1980; Nelson, 1981). This sequence is
limited to the coast by Nikiski and does not reach
the study basin. It is associated with the westernmost
moraine from the Killey stade when ice advanced
from the west to the Kenai coast. This discontinuous
upper confining unit was not included in the
MODFLOW 6 model.

Stratigraphic information from a database of boreholes
from across the area (AKDNR, 2022) was used to interpret the
depths and thicknesses of the subsurface hydrostratigraphic
units in the study area. Based on the borehole data and glacial
history, the upper aquitard unit was assumed to occur beneath
the Killey stade moraine and outwash, Beaver Creek alluvium,
and the glaciolacustrine unit. This confining layer was not
included under the undifferentiated glacial deposits to the
east. Top of fine contacts in the borehole data were used to
create a surface raster of the top elevation of the confining silt/
clay aquitard unit. The borehole data were plotted in several
cross-sections across the study area to assess the spatial
distribution of this confining unit as well as spatial patterns in
the lithologies of the surficial units.
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Few data were available on units below the top of the
upper aquitard. The bottom elevation of the upper aquitard
was assigned using a uniform thickness of 10 meters based
on the range of thicknesses observed in the few boreholes
that extended across the aquitard. Anderson and Jones (1972)
only described one borehole that reached depths where
the lower aquitard should occur, assuming a 91.4-meter
combined maximum thickness for the upper aquifer, upper
aquitard, and lower confined aquifer. This well log showed
no thick clay or silt deposits at depth. However, the coarser
sand and gravel ended at an elevation of —84.7 meters and
finer sands and “coal” were logged until the bottom of the
borehole at an elevation of —107 meters where a few feet of
clay were encountered. Based on this reported transition to
finer sands and “coal” layers, a constant aquitard top elevation
of —84.7 meters was assumed across the model. Without
additional data from boreholes or geologic mapping, this lower
aquitard elevation was an estimate and generally appears
to represent a leaky aquitard with some coarser-grained
materials. The aquitard was assumed to extend across the
model area under all surficial geologic units including the
Knik and Eklutna deposits to the east.
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Appendix2. GFLOW Model

Accurate simulation of groundwater discharge to
Beaver Creek requires simulation of the groundwater
contributing area, or “groundwatershed,” which is controlled
by the distribution of recharge and the geometry of distant
“farfield” boundaries such as Cook Inlet and the Swanson,
Kenai, and Moose Rivers, which act as competing sinks. A
steady-state analytic element groundwater flow model was
constructed using the program GFLOW (Haitjema, 1995;
2021) to evaluate regional groundwater flow and the extent
of the Beaver Creek groundwatershed (fig. 2.1). Analytic
element models are advantageous for evaluating the effects
of distant boundaries because they are gridless, allowing for
rapid modification of the model until a satisfactory solution is
achieved (Hunt and others, 1998). A complete set of files for
the GFLOW model is available in the companion data release
(Leaf and others, 2024).

The GFLOW model was constructed from NHDPlus
High Resolution (Moore and others, 2019) data, using the
program Linesink-maker, which automates the production of
linesink elements that represent streams and lakes (Leaf and
others, 2021). The groundwater flow system is represented
in two dimensions using a single layer with a hypothetical
bottom elevation (for example, Haitjema, 1995; Fehling and
others, 2018). Beaver and Bishop Creeks and their tributaries
were represented with routed resistance linesinks, allowing
for simulation of groundwater-derived base flow. To account
for horizontal and vertical resistance to flow through the
heterogenous glacial deposits (appendix 1), the Kenai River
and Cook Inlet shoreline were represented with unrouted
resistance linesinks. In the model farfield, zero resistance
linesinks were used to represent the Swanson and Moose
Rivers (fig. 2.1).

An observation dataset was developed to evaluate the
model output and included the following:

* 471 miscellaneous groundwater level measurements
from the National Water Information System (NWIS;
USGS, 2023) taken between 1962 and 1999.

* Four groundwater levels measured in wells 1, 2, 4, and
5 installed for this study, taken on July 7 and 8, 2022.
Well 3 was affected by a beaver dam at Marathon
Road (that was not reproduced in the model) and
was not used. Well 4 (the deeper well at the same
location) was assumed to be more representative of
ambient conditions in the absence of the beaver dam.

* 11 streamflows measured along Beaver Creek and its
tributaries from July 4 to 7, 2022, following several
months of little to no precipitation.
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* Mean August base flow for Bishop Creek, 1977-79,
determined from base-flow separation of daily data
from NWIS (base-flow index method; Wahl and
Wahl, 1988). During 1977-79, August had the lowest
average monthly flow.

The observation data were assumed to represent a
typical summer low-flow condition, where streamflow is
dominated by groundwater discharge and slow drainage
from surface-water sources such as Beaver Lake and riparian
wetlands.

Following setup of the initial model and observation data,
the GFLOW model was incrementally refined in a step-wise
fashion (Haitjema, 1995) to best match the observation data.
Unneeded elements were deleted, and two inhomogeneity
elements were added to represent undifferentiated Knik and
Eklutna glacial deposits in the eastern part of the Beaver Creek
Basin and the Naptowne glacial deposits beneath the creek and
to the west. Recharge and hydraulic conductivity values for
the two inhomogeneities were adjusted along with the aquifer
base elevation and resistance values for Beaver Creek, Kenai
River, Kenai River Estuary, lower Swanson River, and Beaver
Lake. Following manual adjustments, PEST (Doherty, 2015)
was used for formal parameter estimation.

Parameter estimation was considered complete when
a satisfactory match to the observations was achieved with
reasonable parameter values. Head observations were
matched with a mean error of —0.96 meter and a root mean
square error of 7.2 meters, out of a range of approximately
70 meters across observed values. The July 2022 flows in
the Beaver Creek watershed were well-matched with a mean
error of 196 cubic meters per day and a root mean square
error of 1,102 cubic meters per day, or about 0.74 and 5.6
percent, respectively, of the observed flow at the Kenai Spur
Highway (Beaver Creek near Kenai, Alaska, streamgage [U.S.
Geological Survey site 15266500; hereafter referred to as the
“Beaver Creek streamgage™]). The 1977-79 August average in
Bishop Creek was undersimulated by about 33 percent, which
could be due to flow conditions in July 2022 that were lower
than the 1977-79 August average, or incorrect partitioning
of flow in the model between Bishop Creek and Cook Inlet
owing to oversimplification of the heterogenous glacial
deposits. Summary statistics and plots of the GFLOW model
calibration are available in the companion data release (Leaf
and others, 2024).

Estimated hydraulic conductivity values for the
Naptowne and Knik/Eklutna inhomogeneities, which represent
a bulk average over the entire thickness of the simulated
groundwater flow system down to the estimated hypothetical
aquifer base of —56.3 meters, were 1.81 and 1.14 meters
per day, respectively; estimated recharge values for the
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Figure 2.1. Map showing the extent of the GFLOW model, simulated water table contours, and approximate groundwatershed.



inhomogeneities were 3.12x107* and 1.32x10~* meters per
day (4.49 and 1.90 inches per year). Surface-water resistance
values varied from about 10 days along Beaver Creek to
10% days for Cook Inlet and the Kenai River Estuary. The
parameter estimation files including the results are available in
the companion data release (Leaf and others, 2024).

A rectangular extent for the finite-difference MODFLOW
model (appendix 4) was developed from the GFLOW
model solution. The overall strategy was to encompass the
simulated Beaver Creek groundwatershed while minimizing
groundwater flow across the MODFLOW model perimeter
and therefore the effect of perimeter groundwater fluxes on
the MODFLOW model solution. The east and west edges of
the MODFLOW model domain were positioned to bisect the
groundwater divides simulated by the GFLOW model (where
groundwater flow in the east-west direction is low). The north
and south edges of the MODFLOW model were set to include
the Kenai and Swanson Rivers as natural boundaries, thereby
minimizing the effects of any perimeter groundwater flows
along those edges. Groundwater flows across the MODFLOW
model perimeter were extracted from the GFLOW model
solution at the locations of the MODFLOW model cells by
way of the “MODFLOW extract” feature in the GFLOW
graphical user interface.
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Appendix 3. Soil-Water-Balance Model

A soil-water-balance model was developed using the
Soil-Water-Balance code (SWB), version 2.0 (Westenbroek
and others, 2018) to estimate transient net infiltration to
the groundwater system and surface runoff to streams.
SWB calculates a water balance of the soil zone across
a two-dimensional grid using inputs of climate, soil, and
land-use datasets.

The Beaver Creek SWB model had a regular grid of
250-meter cells covering an area surrounding the Beaver
Creek Basin from Cook Inlet to the west and northwest,
the Kenai River to the south near Kenai and Soldotna, the
Swanson River to the northeast, and the Moose River to
the east (fig. 3.1). The SWB model simulated a period from
January 1, 1965, to September 30, 2023. These dates were
selected to include a spin-up period that started just prior to
the historical 196778 streamflow data from the Beaver Creek
near Kenai, Alaska, streamgage (U.S. Geological Survey
[USGS] site 15266500; hereafter referred to as the “Beaver
Creek streamgage”; USGS, 2023).

This appendix describes the input datasets used to
develop the study SWB model, the manual history matching
process, and the model results. The input and output files
for the Beaver Creek SWB model are included in the
accompanying data release (Leaf and others, 2024).

SWB Model Inputs

The SWB model calculates a water balance for the soil
zone using the following inputs:

* A table of climate data (temperature and precipitation)
from the Kenai airport and Soldotna weather stations
(National Oceanic and Atmospheric Administration
[NOAA], 2023a, 2023c).

e Gridded 2016 land-use data from the National Land
Cover Database (USGS, 2020).

* Gridded soil data, including hydrologic soil group
(HSG) and top 150-centimeter available water
content from the gridded National Soil Survey
Geographic (gNATSGO) database (Natural
Resources Conservation Service, 2020).

* A land-use lookup table with runoff curves, maximum
daily recharge, and rooting depths for the various
land-use type and HSG combinations.

Climate data from a single nearby weather station were
assumed to represent precipitation and temperature conditions
across the basin because of the small basin size and minimal

elevation changes. This assumption was supported by the lack
of substantial spatial trends across the study basin in compiled
gridded precipitation and temperature data representing
averages from 1981 to 2010 (PRISM Climate Group, 2018).
Kenai airport weather station data (NOAA, 2023a) were
pre-processed to fill data gaps and check for extreme values.
Overall, the Kenai airport record was complete with less than
50 missing data days from January 1944 to October 2023.
Missing precipitation was assigned a value of 0 and missing
temperature data were filled using a linear interpolation with
data before and after the gap. The Kenai airport weather
station showed similar weather trends to the nearby Soldotna
weather station (NOAA, 2023b; 8 miles south of the basin)
and Sterling weather station (NOAA, 2023c; 7 miles southeast
of the basin) weather stations until 2020 onward when

the Kenai station recorded less than one-half the annual
precipitation observed at the other two stations. It is unknown
why precipitation at the Kenai airport weather station began
to deviate substantially in recent years but recent streamflow
records at the Beaver Creek streamgage indicate substantially
more precipitation than recorded by the Kenai weather station.
To remedy this bias, the Soldotna weather station (NOAA,
2023b) precipitation data were used for 2015-23. Kenai
airport weather station temperature data did not appear to be
erroneous and were used for the whole model period.

HSG and available water content soil data were
resampled to 45.7-meter (150-foot) grid cells (figs. 3.2 and
3.3). There is a sharp divide in the soil data across the model
domain owing to the area being partially covered by the
SSURGO and STATSGO?2 soil datasets. The gNATSGO
dataset uses the SSURGO data, where available, and fills
in remaining areas with the STATSGO?2 data. Unlike the
continental states where SSURGO coverage is dominant,
SSURGO coverage in Alaska is limited (Natural Resources
Conservation Service, 2020); gNATSGO were the best soil
data available in Beaver Creek Basin at the time of this
study. There were four different mapped HSGs in the model
domain: A, B, C, D; and 3 mixed groups: A/D, B/D, and C/D.
The mixed groups can be treated as D soils under undrained
conditions or the first letter soil type under drained conditions,
typically present in agricultural areas (U.S. Department of
Agriculture, 2009). Because agriculture is sparse across the
domain, it was assumed that these mixed soil areas were
undrained, and they were treated as D soils for the SWB
model. The HSG soil groups represent a continuum of textures
and infiltration potential ranging from porous, coarse A soils
to fine-textured D soils (Westenbroek and others, 2018). The
most common HSGs (fig. 3.4) in the SWB area, excluding the
inactive model area over Cook Inlet, were B (47.7 percent)
and D (50.5 percent) with minor amounts of C and almost no
A soils.
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Figure 3.4. Pie chart of the hydrologic soil groups in the active
soil-water-balance model area.

Land cover was estimated using gridded 2016 data
(fig. 3.5) from the National Land Cover Database (USGS,
2020). Annual land cover datasets were not available for the
period spanning the model simulation and changes between
available years were deemed minimal, so the most recent
land use (2016) was used for the full SWB period. Inactive
portions of this dataset were used to define the active model
area and exclude large open water areas such as Cook Inlet.

A total of 15 different land cover types occur across the
Beaver Creek SWB model area. Land cover is dominated (59
percent) by evergreen, mixed, and deciduous forests (fig. 3.6).
Woody wetlands, emergent herbaceous wetlands, and open
water make up the other common land types (31 percent).
Development makes up less than 5 percent of land cover in the
SWB model area.

Lookup tables are used by SWB to assign properties like
runoff curve numbers, maximum daily net infiltration, and
rooting depths to individual grid cells; the cell’s land use code
and hydrologic soil group are used to assign the appropriate
value to each cell.

Curve numbers for hydrologic soil group “A” were
derived from values in the TR—55 publication (Cronshey and
others, 1986) as a starting point. Curve numbers for urban land
uses are generally unadjusted table values. Curve numbers for
forested, shrub/scrub, and hay/pasture were initially derived
from TR-55 values but were adjusted upward to generate
more runoff, as described in the following section. Curve
numbers for hydrologic soil groups “B,” “C,” and “D” were

determined using the “curve number aligner” equations,
originally developed in graphical form by Viktor Mockus
(Hawkins and others, 2009).

Maximum daily net infiltration values were set to
values that have been used in previous projects. The values
range from a maximum net infiltration rate of 4 inches for
hydrologic soil group “A,” to 0.12 inch for hydrologic soil
group “D.” The maximum net infiltration rate is a coarse
control to ensure that estimated net infiltration rates do not
exceed rates judged to be realistic. There is no physical
process representation in SWB, and substantial professional
judgement is involved in setting parameter values; therefore,
we set parameter values to larger or less restrictive values
unless the comparison of SWB-derived and observed base
flow indicated otherwise.

Rooting depths for hydrologic soil group “A” were
derived loosely from the ranges published by Thornthwaite
and Mather (1957). Rooting depths for hydrologic soil
groups “B,” “C,” and “D” were assumed to be 0.9, 0.93, and
0.96 times, respectively, the value assigned to the “A” soil
groups. The relation between rooting depth and soil texture
is not well established. There seems to be a general inverse
relation between soil texture and rooting depth; that is, “A”
soils (generally sandy soils) may have the greatest rooting
depth, with a minimum relative rooting depth for group “B”
(silt loam) and intermediate relative values for groups “C”
(clay loam) and “D” (clay) (refer to Dwyer and others, 1988),
although there is substantial variability between soil texture
and crop types.

Manual Beaver Creek Streamflow
Comparison

Evapotranspiration often represents the largest water
balance component but can be difficult to constrain.
Evapotranspiration estimates from a nearby eddy covariance
flux site at Lily Lake (Sullivan, 2023) were examined, but
actual evapotranspiration at this location may be enhanced
by perennial groundwater availability. To better constrain
the non-evaporative component (that ultimately runs off to
streams), the combined runoff and net infiltration estimated
by SWB model for the Beaver Creek Basin upstream
from the Beaver Creek streamgage were compared to the
recorded streamflow data at the Beaver Creek streamgage
(USGS, 2023) for 1967-78 and 2022-23. Rooting depths
and runoff curve numbers were manually adjusted to reduce
the misfit between the measured and estimated streamflow.
Groundwater-derived base flow was estimated from SWB
output by taking a zonal sum of the daily results for the
“net_infiltration” variable (Westenbroek and others, 2018),
from all grid cells within the upstream contributing area for
the Beaver Creek streamgage, and aggregating those results
on an annual basis. Similarly, estimates of surface runoff
were generated by adding zonal sums of the daily outputs
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Figure 3.5. Land-use data from the National Land Cover Dataset (U.S. Geological Survey, 2020), resampled to the soil-water-balance
model area. Areas over Cook Inlet were set to inactive. Inactive portions of this dataset were used to define the active and inactive
areas for the whole soil-water-balance model.
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Figure 3.6. Pie chart of the land cover types in the active Beaver
Creek soil-water-balance model area.

for the “rejected net infiltration” and “runoff” variables
(Westenbroek and others, 2018), for all grid cells within the
upstream contributing area for the Beaver Creek streamgage.
The estimates of base flow and surface runoff were combined
to yield a series of annual total flow estimates. Because SWB
provides a result in inches, a conversion is required to convert
these sums into cubic feet per second.

t3
%/86,400& (1)

_in PAY) in
q mdayn (2502)m?2/39.37,,;35.31467 day’

where
g 1isthe daily mean discharge, in cubic feet per
second; and

0.1 percent
24
/0.2 percent

m is the mean of the summed gridded daily
values; and

n is the number of SWB gridcells in the basin
area upstream from the Beaver Creek
streamgage (2018).

The mean daily value for the Beaver Creek streamgage
from 1967 to 2022 is 26.1 cubic feet per second; the total
flow for that same period estimated by SWB is 25.2 cubic
feet per second.

SWB Model Qutputs

The Beaver Creek SWB model produced gridded daily
outputs for each of the soil-water-balance terms across
the study area. The net infiltration output from the Beaver
Creek SWB model was used for the recharge array input
to the groundwater flow model. The Beaver Creek SWB
model estimate of runoff was trimmed to a routing area
assumed to represent the area contributing surface runoff to
Beaver Creek and applied directly to the corresponding SFR
Package reaches as discussed in appendix 4.

The total annual net infiltration for 2021, a
representative year similar to long-term average conditions
in the study period, is shown in figure 3.74. Net infiltration
is highest (68 inches per year [in/yr]) in the upland
northern and eastern portions of the basin, which have
coarser type B soils than the dominant D soils across
much of the lowland areas. Net infiltration is lowest (less
than 2 in/yr) in the wetland-rich Beaver Creek valley and
large wetland complex to the west. The runoff is shown in
figure 3.7B and rejected recharge in figure 3.7C; the area
where this water is routed for the MODFLOW model is also
shown in these figures. The runoff is highest (4-6 in/yr) in
the Beaver Creek valley where the net infiltration is low and
to closed depressions such as lakes. The rejected recharge is
low across the model domain. Average annual potential net

infiltration, rejected recharge, and runoff were plotted across
the Beaver Creek SWB model simulation periods in figure 3.8.
The recent period has been wetter than average, with 2022
being exceptionally wet. Across the Beaver Creeck SWB
simulation period, net infiltration is the largest potential source
of water for Beaver Creek (3.7 in/yr), followed by runoff (2.6
in/yr), and then a nominal contribution from rejected recharge
(0.6 in/yr).

The range in annual net infiltration estimated by the
Beaver Creek SWB model is comparable to previous work,
including (1) 4-15 in/yr estimated by Anderson and Jones
(1972) near Kenai and Soldotna, with 4 in/yr in the Beaver
Creek Basin using base-flow separation of the Beaver Creek
hydrograph; (2) 7.4 in/yr using base-flow separation on the
Ninilchik River (south of the study site and in a slightly
wetter part of the Kenai Lowlands) hydrograph by Nelson and
Johnson (1981); and (3) 4-15 in/yr from a groundwater flow
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Figure 3.7.
Annual rejected recharge simulated by the Beaver Creek soil-water-balance model for 2021.

Map showing spatial distribution of soil-water-balance model outputs. A, Annual net infiltration. B, Annual runoff. C,
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Figure 3.7. Map showing spatial distribution of soil-water-balance model outputs. A, Annual net infiltration. B, Annual runoff. C,
Annual rejected recharge simulated by the Beaver Creek soil-water-balance model for 2021.—Continued
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Figure 3.7. Map showing spatial distribution of soil-water-balance model outputs. A, Annual net infiltration. B, Annual runoff. C,
Annual rejected recharge simulated by the Beaver Creek soil-water-balance model for 2021.—Continued
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Rejected recharge across the Beaver Creek Basin, upstream from the Beaver Creek near Kenai, Alaska, streamgage (U.S. Geological Survey site 15266500; fig. 3.1).
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model of the shallow groundwater system at wetland sites

in the southern Kenai Peninsula lowlands (Haserodt, 2014).
The long-term study average net infiltration of 3.7 in/yr in the
basin is slightly lower than these area studies.
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Appendix4. MODFLOW 6 Model Construction

A numerical groundwater flow model of Beaver Creek
and its groundwatershed was developed using MODFLOW 6
(version 6.4.2; Langevin and others, 2017, 2023). An initial
version of the model was produced using Modflow-setup
(Leaf and Fienen, 2022) and Flopy (Bakker and others, 2016,
2024). This appendix describes the construction and history
matching of the MODFLOW 6 model. Additional details
about model construction, including Python scripts and source
data, are available in the accompanying data release (Leaf and
others, 2024).

Extent and Discretization

The model extent was based on the groundwatershed
defined by the GFLOW model (appendix 2). Within the extent,
the model is discretized horizontally into uniform 50-meter
cells. Vertically the model consists of four layers representing
the hydrostratigraphic units described in table 2 in the
“Hydrostratigraphic Units and Aquifer Properties” section in
the main report. The layer surface elevations were developed
as follows:

» Layers | and 2 represent the Killey stade and
glaciolacustrine deposits in the western part of the
model, and the undifferentiated Knik and Eklutna
deposits in the east. The bottom of layer 1 was set
12 meters below an initial water table elevation or
the land surface (whichever was less), so that the
water table was always simulated in layer 1; this
greatly improved the stability of the model solution.

» Layer 3 represents the upper confining unit. The
top of layer 3 (bottom of layer 2) was based on
interpretation of borehole data (appendix 1). A
uniform thickness of 10 meters was assigned based
on the range of upper confining unit thicknesses
interpreted from the borehole data. Layer 3 is only
present in the western part of the model where
Naptowne deposits are represented. In the eastern
part, where the older Knik and Eklutna deposits are
assumed to extend through the full model thickness,
layer 3 contains vertical pass-through cells (Langevin
and others, 2017) with zero-thickness (figs. 6 and 7).

» Layer 4 represents the lower confined aquifer that
provides water to the City of Kenai.

Temporally, the historical model simulates an initial
steady-state period representing average conditions between
January 1, 2015, and January 1, 2019, followed by transient
7-day periods from January 1, 2019, to October 1, 2023. The
transient time discretization was selected to align with the
stream temperature model (appendix 5). Periods of 1 or 2
days are included at the end of each calendar year so that a
new 7-day period starts on January 1, and the periods within
each year span consistent days of the year (a requirement
for the Stream Network Temperature model; appendix 5).
Scenario models with various future net infiltration, runoff,
and water use forcings were constructed in the same manner
starting January 1, 2019, with the same discretization as the
historical model but continuing the 7-day stress periods out to
October 1, 2050 (appendix 7).

Boundary Conditions

Recharge

Recharge to the groundwater system was estimated as
net infiltration from a Soil-Water-Balance code (SWB) model
of the study area that was run from 1965 to the historical
simulation end date of October 1, 2023 (appendix 3). Daily
net infiltration values were averaged to the 7-day model stress
periods and resampled to the model grid using the nearest
neighbor option in Modflow-setup (Leaf and Fienen, 2022).
Recharge was simulated in the MODFLOW 6 model using
the Recharge Package with array-based input. To account for
uncertainty in the SWB model partitioning of precipitation
into evapotranspiration, surface runoff, and net infiltration,
recharge input to the groundwater model was adjusted globally
in the parameter estimation process with a single multiplier
parameter (appendix 6).

Regional Groundwater Flow

Regional groundwater flow across the MODFLOW 6
model perimeter was simulated using a steady-state analytic
element (GFLOW) model (Haitjema, 1995; appendix 2).
Simulated steady-state groundwater flow representing
conditions in early July 2022 was extracted at the locations
of the MODFLOW model perimeter cells, using the



“MODFLOW extract” feature in the GFLOW software
(Hunt and others, 1998). The vertically integrated GFLOW
fluxes were distributed among the four MODFLOW layers
using transmissivity-weighted averages and simulated in the
MODFLOW model using the Well Package.

Water Use

The City of Kenai has three water supply locations,
including two individual wells and Wellfield 2, which has
five wells. All wells are screened in the confined aquifer
represented by layer 4. In recent years, the city has relied
exclusively on four wells in Wellfield 2. Pumping rates for
2020-22 (the most recent available for this study; AKDNR,
2023) were averaged by month and spatially aggregated
to “north” and “south” groups representing the two model
cells covering Wellfield 2. Pumping rates at these two cells
were simulated using the Well Package. The aggregated
monthly pumping rates for the north and south groups are
shown in figure 4.1. Water use is lowest in the fall and winter
and highest in the warmer summer months when seasonal

populations are highest and outdoor water use likely increases.
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Surface Water

Beaver Creek and its tributaries, including headwater
lakes and wetlands, as well as the Swanson River and other
small streams within the model domain, were simulated
using the Streamflow Routing (SFR) Package. SFR Package
input was developed from NHDPIlus High Resolution data
(Moore and others, 2019) as part of the Modflow-setup build
process (Leaf and others, 2024), which uses SFRmaker (Leaf
and others, 2021). Streambed top elevations were based on
the 3-meter lidar digital elevation models from the National
Map (USGS, 2018). Drainage lakes connected to the stream
network, such as Beaver Lake, were simulated as linear
features using their associated NHDPlus “flowlines.” Given
St. Venant’s Principle (for example, Haitjema, 1995) and the
focus on downstream areas of Beaver Creek, this assumption
was deemed reasonable. Total flow in Beaver Creek was
simulated by including surface runoff estimates from the SWB
simulation (appendix 3). A runoff contributing area where
surface runoff might be expected to reach Beaver Creek was
defined (fig. 15 in the main report), and 7-day average runoff
values from this area were aggregated to each stream reach
using the NHDPIus Catchment polygons, as described by
Leaf (2023).
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Figure 4.1.

Average pumping rate for each month, from the 202022 reported monthly pumping data.
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The Kenai River was simulated with the River Package,
and the Kenai River Estuary was simulated with the General
Head Boundary Package. MODFLOW input for both of these
packages was developed from NHDPlus High Resolution
data as part of the Modflow-setup build, similar to the SFR
Package. Water surface elevations for these two packages were
obtained from the 3-meter lidar digital elevation models.
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Appendix 5. Stream Network Temperature Model Construction

A stream temperature model of Beaver Creek and
its tributaries was developed using the Stream Network
Temperature (SNTEMP; Bartholow, 2010) simulation
code. SNTEMP is a physically based, one-dimensional heat
transport model that predicts daily mean stream temperatures
using a control volume-energy balance (Theurer and others,
1984). Temperature throughout the stream network is
predicted for individual reaches at successive steady-state
timesteps of a day or longer. SNTEMP has been used to
simulate stream temperature in the Midwest (Herb and
others, 2009; Hunt and others, 2013, 2016; Fehling and Hart,
2021) and Western United States (Bartholow, 1991; Golder
Associates, 2005) mostly to understand the effects of basin
management options on protecting or improving cold-water
fisheries.

Simulation Code Description

The SNTEMP energy balance considers heat flux from
long-wave atmospheric radiation, short-wave solar radiation,
convection, conduction, evaporation, streambed friction,
and back radiation from the water, as well as the effects of
vegetation and topographic shading, dust scattering effects,
and “lateral” inflows (combined flow accumulation from
groundwater and surface water). Conceptually, the steady-state
solution in SNTEMP assumes that the input conditions
persist long enough for water to move through the whole
stream network within a simulation period. A stress period
length greater than the travel time in the system from the
farthest upstream headwater to the most downstream point
in the model is therefore recommended (Theurer and others,
1984). Other key assumptions and limitations of SNTEMP
(Bartholow, 2000) include the following:

 Stream flows are constant during each stress period.

* Model boundary conditions are homogenous within
each reach and constant during each stress period.

* When two sources of water are combined, the mixing is
homogenous and instantaneous. The model does not
simulate lateral or vertical temperature distribution
but does simulate longitudinal temperature
distribution from upstream to downstream.

* SNTEMP does not simulate streamflow. Inflows and
outflows to each reach must be specified from a
hydrologic model or field observations. “Lateral”
flow quantities (representing flow accumulation from

groundwater and surface-water sources) are implied
by differences in the specified flows at each node in
the stream network.

SNTEMP requires input data on the geometry and
properties of the stream network, as well as temporal
meteorological and hydrologic data that are preprocessed
to represent average conditions during each time period
(Bartholow, 1989). The stream network is defined by
nodes that represent different locations along the stream.
Enumeration of the SNTEMP network starts at the most
upstream location on the main branch and continues
through incoming tributaries as they are encountered going
downstream (listing the nodes in each tributary sequentially
from headwater to confluence as the tributaries are
encountered). Several node types are specific to reservoirs and
diversions, which are not present in Beaver Creek. The types
of nodes (Bartholow, 2000) potentially relevant to the Beaver
Creek model include the following:

* H nodes—Headwater nodes define locations that are
the starting point of a tributary or the main stem
branch. They are typically placed at the start of the
channel where flow is zero, but inflows from outside
of the model area can also be specified. Flows must
be specified at these locations. If the flow is greater
than zero, a temperature time-series for the inflows
must also be provided.

* B nodes—Branch nodes are specified just above a
confluence with a tributary. Flows must be specified
at these locations.

* T nodes—Terminal nodes define the mouth of a
tributary at the confluence with the main stem. Flow
must be provided at these locations.

* J nodes—Junction nodes are specified just below
a confluence with a tributary and are therefore
colocated with a T and B node. Flows must be
specified at these locations.

* E nodes—End nodes to define the farthest downstream
point in the stream network. There is only one end
node per model. Flow must be specified at these
locations.

* Q nodes—Discharge nodes are used to specify
streamflow (and therefore differences in lateral
inflow rates) at intermediate locations between
confluences, headwaters, or the outlet. In the absence
of Q nodes, a homogenous lateral inflow rate is
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applied, representing the difference in flow between
closest upstream and downstream hydrology nodes.
Flows must be specified at these locations.

* V nodes— Verification nodes allow for specification of
observed stream temperatures for history matching.
Streamflow must also be defined for these nodes.
Verification nodes were not used in this study,
because all history matching was done external to
SNTEMP using PEST++ and associated tools.

* C nodes—Change nodes are used to specify changes
in stream properties (for example, shading, stream
width, Manning’s coefficient) at intermediate
locations between confluences, headwaters, or the
outlet. C nodes were not used in this study; stream
properties were assumed to be homogenous between
headwaters, confluences, and the outlet. Future
work could modify the workflow code provided by
Leaf and others (2024) to incorporate MODFLOW
Streamflow Routing (SFR) Package properties
specified by reach into the SNTEMP network using
C nodes.

* O nodes—Output nodes are used to request stream
temperature output at intermediate locations
between stream network nodes. Because of the fine
resolution used in this study (Q nodes specified about
every 50—100 meters at the start and end of each
MODFLOW SFR Package reach), O nodes were not
needed.

The H, B, T, J, and E nodes constitute “skeleton nodes”
that define the structure of the stream network and the model
input. The following section provides details on the various
input files and source datasets used for the Beaver Creek
SNTEMP model.

Input Structure

SNTEMP requires seven input files (job control
file, study file, stream geometry file, hydrology node file,
hydrology data file, time period file, and meteorological data
file) plus an optional shade file for the internal shading routine.
Together these input files define the routing of the stream
network, the stream characteristics, the model simulation
period, and the meteorological data inputs. A summary of
the input files, the types of information they contain, and
the values used in the Beaver Creek study are provided in
table 5.1. All input files for this study were generated using
Python scripts that are available in the companion data release
(Leaf and others, 2024; refer to the “Beaver Creek SNTEMP
Model Construction” section for additional details). The
following section provides some additional details on the
SNTEMP files.

The job control file is called by the SNTEMP

executable to initiate a model run. This file controls
what output files are generated and contains a
summary of the stream network nodes and model
time periods, user-specified model correction factors
and calibration coefficients, and names of the model
input files.

The study file, stream geometry file, hydrology node

file, and hydrology data file contain node location
information (as distance upstream from the ending E
node) with varying additional information.

The study file contains the stream skeleton nodes (H,

B, T, J, and E nodes) plus any additional O nodes
where a model output is requested.

The stream geometry file has information about the

stream channel including latitude, elevation, a
Manning’s n-value, stream width or width formula
parameters, minimum and maximum stream shading
if a shade file is not used, ground temperature, and

a streambed thermal gradient. The stream geometry
file has a line for each skeleton node plus any C
nodes where different stream properties are specified.

* The hydrology node file contains similar information to

the study file but, in addition to the skeleton nodes,
includes Q nodes where discharge is specified. For
each node discharge, lateral inflow temperatures
and upstream inflow temperatures (for H nodes with
nonzero flows) are specified for each model time
period.

* The time period file contains the model time periods,

which are defined as days of the year that are
repeated for each year of the simulation. For
example, if the model is run monthly for May—
September, every year in the simulation must
include the same months defined by the same days
of the year (regardless of leap years). For each time
period, start and end days of the year are specified
along with a dust coefficient, ground reflectivity, and
optional period-specific calibration coefficients.

» The meteorological data file includes relevant weather

data for each model time period. This file starts
with information on the weather station location
for use with internal routines that compensate for
large elevation changes across a basin; topographic
changes across the Beaver Creek Basin are minimal
so no elevation compensation is needed. Relevant
weather data included for the model simulation
periods are (1) mean air temperature (degrees
Celsius), (2) mean wind speed (meters per second),
(3) mean relative humidity (decimal), (4) mean
percent sunshine (decimal) estimated from the
reported cloud cover, and (5) an optional mean



Table 5.1.
optional.
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Stream Network Temperature model input files, as described in Bartholow (2000). Input files are required unless listed as

[SNTEMP, Stream Network Temperature; SFR, Streamflow Routing Package; J/m?/s/°C, joule per square meter per second per degree Celsius; SNAP, Scenarios
Network for Alaska and Arctic Planning; °C, degree Celsius; m/s, meter per second]

File type

General file information

File information for Beaver Creek

Job control file

Study file

Stream geometry
file

Hydrology node
file

Hydrology data
file

Time period file

This file is called with the SNTEMP executable to initiate
a model run. It contains information about the other
model input files.

This file has all stream network skeleton nodes (H, B, T,
J, and E) plus output (O) nodes. Each line contains the
stream name, node type, and distance (in kilometers)
from the E node.

This file has all the stream network skeleton nodes (H,
B, T, J, and E) plus the C nodes. Each line contains
the stream name, node type, distance from the E node,
latitude, and elevation.
For H and J nodes it also includes a Manning’s n-value,
stream width, minimum and maximum stream shad-
ing, ground temperature below the streambed, and the
streambed thermal gradient.

This file has the stream network skeleton nodes (H, B, T,
J, and E) plus nodes where additional hydrology data
are required (Q and V nodes).

This file has the same information for each node as the
study file as well as time-series data.

This file has the same header line as the hydrology node
file plus discharge, stream temperature (if a V node
or a H node with non-zero flow), and lateral inflow
groundwater temperature (if blank uses average air
temperature).

This file defines values for the repeating successive
steady-state time periods including days of the year,
dust coefficient, ground reflectivity, and air or wind
speed calibration values. Note that a single set of values
is defined for each time period and then repeats during
any additional years (that is, May values are constant
for all May time periods in the simulation).

No user-override parameters, internal calibration coeffi-

cients/constants, or regression factors were used.

This was generated using a python script to build the

SNTEMP network from the MODFLOW SFR stream
network. Distances came from the SFR stream network.

Stream widths were estimated from aerial imagery. It is

possible to use a width power function in SNTEMP

to increase width as discharge increases. However,

for base-flow periods when flows are more constant, a
constant width is adequate.

Elevations came from the SFR network.

Manning’s n-value inherited from the SFR file and is the
same value used for the MODFLOW model of 0.037,
which is between the values of 0.030 for a straight clean
natural stream and 0.040 for a sluggish natural stream
with deep pools (Engineering Toolbox, 2023).
Minimum and maximum shading: Minimum set to 0
and maximum estimated from field measurements and
applied by vegetation community (refer to “Shading”
section in “Field Data Collection” section of the main
text). No shade file was used.

Ground temperature: None assigned so defaults to the
mean annual air temperature provided.

Stream thermal gradient: Used the recommended default
(Bartholow, 2000) of 1.65 J/m2/s/°C

Refer to “Study File” section.

Discharge came from the MODFLOW model and is ap-

plied at constant rate over the reach length in units of
cubic meters per second.

Development of lateral inflow and headwater (H) node
temperatures is described in the “Beaver Creek SN-
TEMP Model Construction” section and appendix 6.

Time periods were defined by a name and day of the year.

Periods were 7 days.

Dust coefficient: This is not a sensitive parameter
(Bartholow, 1989) and was set to 0.06 based on summer
values for Madison, Wisconsin, in table II.1 in Theurer
and others (1984).

Ground reflectivity is also an insensitive parameter
(Bartholow, 1989) and was set to 24 percent based on
the early and late summer vegetation values in table 5 of
Bartholow (1989).

No wind speed or air calibration equations were used.
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Table 5.1. Stream Network Temperature model input files, as described in Bartholow (2000). Input files are required unless listed as
optional.—Continued

[SNTEMP, Stream Network Temperature; SFR, Streamflow Routing Package; J/m?/s/°C, joule per square meter per second per degree Celsius; SNAP, Scenarios
Network for Alaska and Arctic Planning; °C, degree Celsius; m/s, meter per second]

File type General file information File information for Beaver Creek
Meteorological This file contains meteorological data for each model time  Time-constant station data include latitude, elevation, and
data file period as well as time-constant information about the average annual air temperature.
meteorological data station. The Kenai airport (USW00026523; National Oceanic

and Atmospheric Administration, 2023a) and Soldotna
airport (USC00508615; National Oceanic and
Atmospheric Administration, 2023b) weather station
data were used for all meteorological data for the study
period, and SNAP climate projections were used for the
future conditions scenarios.

Time period meteorological data included:

1. Mean air temperature (°C).

2. Mean wind speed (m/s).

3. Mean relative humidity (decimal).

4. Mean percent sunshine (decimal), estimated

from the reported cloud cover.

No mean ground-level solar radiation (J/m?/s) was
available at the Kenai airport station so SNTEMP’s
internal routine was used to estimate this.

Shade data file This file contains information on the topographic angle, This file was not used for Beaver Creek; shade data were
(optional) vegetation height, offset, density, and crown widths for directly input into the stream geometry file using esti-
the east and west banks. mates from field measurements.
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ground-level solar radiation (joules per square
meter per second). Solar radiation data were not
available for the Kenai airport weather station
(NOAA, 2023a), so the default SNTEMP routine
for estimating solar radiation was used. In a study in
Wisconsin, Hunt and others (2016) determined that
the default solar radiation routine produced a better
fit to measured stream temperatures compared to
supplied solar radiation from a local site.

* The shade file is optional and controls SNTEMP’s

internal shading routine to estimate shade using
stream orientation, topographic angle, and vegetation
characteristics (height, density, canopy width, and
offset from the stream channel). Alternatively, a
minimum and maximum percent shade can be
directly supplied in the stream geometry file. The
program then uses the minimum shade for the winter
months and prorates to the maximum shade during
the peak growing season. The model shade proration
process is fixed and likely overestimates vegetation
cover in late spring/early summer for a northern
climate like Alaska, but does allow for declining
shade towards late summer and into fall. Bartholow
(1989) determined shading to be a moderately
sensitive SNTEMP parameter for low-flow and

high width channels, especially in midsummer, and
only recommends collection of detailed shade data
if shading as a management option is a focal point
of the study or if sensitivity testing indicates that

the model is highly sensitive to shading. Fehling

and Hart (2021) and Hunt and others (2016) used
the internal SNTEMP shading routine and provided
generalized vegetation parameters for each SNTEMP
reach in the study basin. Both studies recognized the
vegetation parameters as uncertain and varied some
or all of them during the model history matching.
Fehling and Hart (2021) varied the vegetation
density and left the vegetation geometry fixed; the
density was determined to be insensitive and was
left at the initial values. Fehling and Hart (2021) also
concluded that accounting for differences in shading
between vegetation community types was important
after observing poor model performance in a run
that tested uniform shading input across the stream
network.

» For low topographic relief systems like Beaver Creek

where the stream valleys are wide, topographic
shading is likely minimal and vegetation shading
dominates (for example, Golder Associates, 2005).
A direct estimate of vegetative shading may suffice.
There are several methods to directly estimate
vegetative shading (Bartholow, 1989) including a
densiometer as described by Fitzpatrick and others
(1998) and Golder Associates (2005). For the
Beaver Creek study, right and left bank densitometer

readings from the stream center were made at 15
locations throughout the watershed as part of the
July 2022 fieldwork. These measurement locations
were then categorized into four generalized plant
communities using the National Wetland Inventory
wetland types (U.S. Fish and Wildlife Service,
2017): (1) short emergent vegetation, (2) scrub-
shrub plant communities with vegetation less than

20 feet tall, (3) shrub-scrub dominant area with

some emergent zones, and (4) open water. Table 5.2
summarizes the shading measurement results by
wetland type. Nineteen SNTEMP shading zones
were manually delineated using the dominant
wetland vegetation communities plus the location

of major stream reaches to allow shading to vary by
vegetation community and physical characteristics of
a particular valley. Additional details on how shading
input to SNTEMP was parametrized and estimated
during history matching is available in appendix 6.

Beaver Creek SNTEMP Model
Construction

Input to the SNTEMP model including stream geometry,
time discretization, and stream flow was based on the
MODFLOW model. Initial setup of the SNTEMP stream
network was accomplished by identifying the NHDPIlus
High-resolution “NHDPIusID” (Moore and others, 2019)
associated with each desired SNTEMP headwater (H) node
location, identifying the MODFLOW SFR reaches associated
with the headwater NHDPlusIDs, and then mapping
subsequent downstream reaches to SNTEMP nodes. The
use of NHDPlusIDs to map SFR reaches to SNTEMP nodes
allowed for the SNTEMP network to be rebuilt automatically
following changes to the MODFLOW model (including the
SFR reach numbering). Within the SNTEMP hydrology node
file, MODFLOW SFR reach numbers were recorded in the
header information for each SNTEMP node, to allow for
mapping between the two models in subsequent workflow
steps. SNTEMP nodes were aligned with the beginning of
SFR reaches, so that lateral inflows in SNTEMP (represented
by the differences between specified discharges at successive
SNTEMP nodes) were consistent with MODFLOW SFR
Package discharges (that occur at the reach midpoint). In other
words, the sum of tributary flow from upstream reaches term
(OTRB,;) in the SFR Package budget output (Langevin and
others, 2017) was used to specify discharge at the SNTEMP
node so that headwater SNTEMP (H) nodes coinciding with
headwater SFR reaches had specified discharges of 0.

Stream network distances representing the start of each
SFR reach were computed from SFR reach length information
so that the SNTEMP reaches had equivalent lengths. Reach
lengths varied from 2.5 m (8.2 ft) to 118 m (387 ft). A total of



76 Simulating Present and Future Groundwater/Surface-Water Interactions and Stream Temperatures in Beaver Creek

Table 5.2. Observed shading ranges by wetland vegetation community. Shade was estimated using a densiometer in July 2022.

[n/a, not applicable, NWI, National Wetland Inventory (U.S. Fish and Wildlife Service, 2017)]

Wetland
vegetation
community

Description of vegetation community from
NWI

Number of Observed range

measure-
ments

in shade, in
percent

Range of shade used
in model history
matching for this

wetland vegetation

community

Notes

Emergent

Open water

Shrub-scrub

Shrub-scrub
mixed with
emergent

Characterized by erect, rooted, herbaceous
hydrophytes, excluding mosses and
lichens. This vegetation is present for
most of the growing season in most
years. These wetlands are usually domi-
nated by perennial plants.

Open water wetlands with less than 30
percent vegetative cover.

Includes areas dominated by woody veg-
etation less than 6 meters (20 feet) tall.
The species include true shrubs, young
trees (saplings), and trees or shrubs that
are small or stunted because of envi-
ronmental conditions. Model category
includes both deciduous, conifer, and
mixed areas.

Dominantly shrub-scrub mixed with emer-
gent vegetation communities.

0-29

n/a

21-65

0-39

0-75

0-75

Used measured range
+10 percent.

None measured directly.
Estimated 0—15 per-
cent at a reach scale,
which is one-half the
maximum vegetative
cover in the NWI
definition.

Used measured range
+10 percent and 0 as a
lower value

Because there is only
one measured location
in this category, the
maximum range is
from the shrub/scrub
data to represent areas
with mostly shrub/
scrub cover.
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6,152 reaches were simulated. Figure 5.1 shows the SNTEMP
stream network used for this study with the various tributary
names that are used in the SNTEMP input files.

Other SNTEMP stream geometry inputs such as latitude,
elevation, and Manning’s roughness were also copied from the
MODFLOW SFR Package.

Time Discretization

Bartholow (2000) and Theurer and others (1984)
recommend choosing a model time step that is greater than
the basin travel time. Using the average thalweg velocity from
the July 2022 discharge measurements in tributaries (0.07
meter per second), the main stem (0.25 meter per second), and
the longest flowpath in the basin split into an upper tributary
(6.2 kilometers) and the main stem (21.1 kilometers), an
approximate travel time through the Beaver Creek Basin was
estimated to take at least 2 days. A time discretization of 7
days was selected to exceed the travel time estimate and for
its similarity to other stream temperature studies in the region
that employed 7-day analysis periods (for example, Kyle and
Brabets, 2001; Mauger, 2013; Mauger and others, 2015, 2017;
KPFHP, 2022). It should be noted, however, that most of these
studies evaluated 7-day rolling averages; therefore, the results
in this report could differ. For example, a maximum weekly
average temperature could be lower than a maximum weekly
rolling average temperature if the warm period was split
between 2 weeks.

SNTEMP time discretization was set to align with the
MODFLOW model stress periods. Each year, the SNTEMP
simulation starts on day 120 (April 29 or 30) and ends on day
273 (September 29 or 30). The steady-state assumption means
that each day in the SNTEMP simulation is independent of
previous days.

Instream Flows and Specified Inflow
Temperatures

Instream flows specified in the SNTEMP hydrology
input file were obtained from the SFR Package binary
budget output, and assigned to the corresponding SNTEMP
node. SNTEMP does not distinguish between sources of
streamflow generation; therefore, lateral inflow temperature
inputs represent an average temperature across discharges
from all sources. Lateral inflow temperatures for SNTEMP
were computed as flow-weighted averages of groundwater
and surface runoff temperatures. Groundwater temperatures
were based on two alternative conceptual models: (1) deep
groundwater input that responds slowly to temperature
changes at the land surface (using a constant 4.2 degrees
Celsius average observed in well 4) or (2) shallow
groundwater input where temperatures reflect a lagged and
dampened signal of land surface temperature from some
months prior (refer to appendix 6 for additional details).
Surface runoff temperatures were based on the mean air
temperature for the 7-day model stress period.

SNTEMP requires specification of stream temperature for
any headwater (H) nodes with specified inflows greater than
zero. Temperatures for H nodes with inflows from Beaver,
Ootka, Ermine, and Tern Lakes were based on rolling averages
of previous air temperatures combined with an offset value
to represent the warming effects of solar radiation on these
waterbodies. Additional detail on the parametrization of these
temperatures is available in appendix 6.
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Following model construction, parameters were assigned
to the MODFLOW and Stream Network Temperature
(SNTEMP) models to adjust their inputs at various scales
and express uncertainties in the model inputs. Parameter
estimation was performed via history matching, where
parameter values were systematically adjusted within
reasonable (prior) ranges to improve model fit to field
observations. The overall approach to history matching is
similar to Corson-Dosch and others (2022) and Leaf and
others (2023). Parametrization followed a multiscale approach,
where coarse- and fine-scale parameters were created using
the PstFrom feature in pyEMU (White and others 2016,
2021). Field measurements and model outputs of aquifer
heads, total streamflows, and stream temperatures were
processed into equivalent observations and assembled into an
objective function (phi) that quantified the model misfit. Initial
trial-and-error model runs focused on manual adjustment
of coarse-scale parameters to improve history matching and
gain insight about the key aspects of the system. The iterative
Ensemble Smoother (iES) algorithm implemented in PEST++
(White, 2018; White and others, 2020) was then used to
formally estimate coarse- and fine-scale parameters.

In the iES, an ensemble of models with randomly varying
parameter sets (realizations) is carried through the analysis.
At each step, empirical correlations between differences
in parameter values across the ensemble and the resulting
changes in model output (observation) values are used to
iteratively improve model fit to observations (minimize the
objective function) while constraining the parameter values
(reducing model uncertainty). The iES results therefore
provide estimates of model uncertainty through the parameter
values and observation outputs of the ensemble members. A
“base” ensemble member that approximates the minimum
error variance solution can be used as a “best” model.

Parameter estimation was performed on a composite
model workflow (the forward model run) consisting of the
MODFLOW model execution, updating the SNTEMP model
input to incorporate groundwater discharge and surface runoff
inputs from the MODFLOW model results, execution of the
SNTEMP model, and post-processing of the model results
to compare model outputs to equivalent field measurements.
Parameter estimation files and reproducible workflows
for setting up the parameter estimation are provided in the
companion data release (Leaf and others, 2024).

Observations

Field observation data included groundwater levels
(heads), streamflow, and stream temperatures (fig. 6.1). Raw
field observations and model outputs were processed together
to create equivalent comparisons at the 7-day model stress
periods, and then were further processed into derivative
observations aimed at capturing various aspects of the system.

Observation Data

An observation dataset was developed from the
following sources:

» Miscellaneous groundwater level measurements at 471
sites from the National Water Information System
(NWIS; U.S. Geological Survey, 2023) between
1962 and 1999.

» Continuous water levels measured in wells 1, 2, 4, and
5 (installed for this study) between July 4, 2022, and
September 4, 2023. Well 3 was affected by a beaver
dam at Marathon Road (not reproduced in the model)
and was not used. Well 4 (the deeper well at the same
location) was assumed to be more representative of
ambient conditions in the absence of the beaver dam.

» Streamflows measured at 14 sites along Beaver Creek
and its tributaries on June 8, 2022, and between
July 4 and July 7, 2022.

 Continuous streamflows measured at the Beaver Creek
near Kenai, Alaska, streamgage (U.S. Geological
Survey site 15266500; hereafter referred to as the
“Beaver Creek streamgage”) between June 15, 2022,
and September 30, 2023.

+ Continuous stream temperatures measured at 13 sites
along Beaver Creek and its tributaries between
July 8, 2022, and September 30, 2023.

+ Continuous stream temperatures measured by the
Kenai Watershed Forum at site TL—12 (fig. 6.1)
between June 3, 2019, and September 9, 2023.

Data collection procedures for the continuous water
levels, streamflows, and stream temperatures are described in
the “Field Data Collection” section of the main report.
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Observation Processing

Raw observation data were preprocessed into daily
(average) values in a tabular, comma separated variable (CSV)
format. Within the forward model run, model output and the
pre-processed field observations were processed further into
equivalent values as follows:

* At the finest timescale, model outputs and field
observations were averaged to the 7-day model stress
periods.

» The observations for each 7-day stressed period were
then further processed to develop monthly mean,
mean monthly, and annual mean values that capture
the system state at different timescales.

» Temperature observations for each model stress period
were also processed into exceedance statistics
measuring the number of 7-day periods in which
the 18 AAC 70 Alaska Water Quality Standards
(Alaska Department of Environmental Conservation,
2024) for stream temperature of 13 degrees Celsius
(°C) and 15 °C were exceeded, and the longest
consecutive duration of 7-day periods where those
standards were exceeded each year.

* Transient head observations from the four study wells
were also processed into displacements, where the
head for the model stress period including July 4,
2022, was subtracted from each subsequent 7-day
value to obtain a change relative to the initial value.

* Miscellaneous groundwater levels from NWIS
(U.S. Geological Survey, 2023) were compared to
simulated heads from the initial steady-state period.

» Miscellaneous streamflow measurements taken for this
study were compared to the model output from the
stress period containing the measurement date.

Observation Groups and Weighting

Processed observations were grouped by measurement
type (head, flow, temperature), and processing category. The
miscellaneous head observations were additionally subdivided
into a nearfield group of observations located within the
Beaver Creek watershed and a farfield group of observations
located outside of the watershed. The various observation
groups are described in table 6.1.

Observations were assigned initial weights based on
measurement uncertainty and an estimated ability of the
model to fit the observations. Initial weighting based on
uncertainty was computed following the methods of Hunt
and others (2013). The model was then run using PEST++,
and an objective function consisting of the sum of squared,
weighted residuals was computed. The contribution of each
observation group to the objective function was evaluated and
adjusted if needed by multiplying the weights in each group to
achieve a desired balance in the objective function that would
convey the important aspects of the system to the parameter
estimation algorithm (Doherty and Hunt, 2010, p. 12).
Observation weights, and the workflows for preprocessing and
processing the observations are available in the companion
data release (Leaf and others, 2024). To avoid overfitting
and collapse in the diversity of parameter estimates during
the iterative iES process, observation noise was assigned.
Observations for each ensemble member were drawn from a
normal distribution with a mean of the observation value and
standard deviation of the estimated uncertainty (White, 2018;
Leaf and others, 2024).
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Table 6.1. Summary of weighted field data observations used for history matching.

[NWIS, National Water Information System (U.S. Geological Survey, 2023); USGS, U.S. Geological Survey; KWF, Kenai Watershed Forum; °C, degree

Celsius]

Observation group name

Description

Groundwater elevation

head_farfield

head monthly-mean
head annual-mean
head mean-monthly
head ss

head

head sdiff ss

Miscellaneous head measurements from NWIS outside of the Beaver Creek watershed,
compared to simulated steady-state heads.

Monthly mean groundwater elevation for study wells 1, 2, 4, and 5 for a given month and
year in 2022 and 2023.

Annual mean groundwater elevation for study wells 1, 2, 4, and 5 in 2022 and 2023.

Mean monthly groundwater elevation for study wells 1, 2, 4, and 5 for a given month
across all study years. For example, the July target is the mean from the July 2022 and
2023 data.

Miscellaneous head measurements from NWIS within the Beaver Creek watershed,
compared to simulated steady-state heads.

Groundwater elevations from the study wells 1, 2, 4, and 5 for each 7-day stress period
from July 2022 to September 2023.

Difference between select miscellaneous heads that are thought to span appreciable
vertical hydraulic gradients, compared to equivalent differences in steady-state heads.

head_disp Change in groundwater elevation in study wells 1, 2, 4, and 5, relative to the week of
July 4, 2022.
Streamflow at the Beaver Creek near Kenai, Alaska, streamgage (USGS site 15266500)'
flow Streamflow for each 7-day stress period.

flow_mean-monthly

flow_monthly-mean
flow_annual-mean

flow-misc

Mean monthly streamflow for a given month across all years. For example, the July target
is the mean from the July 2022 and 2023 data.

Mean monthly streamflow for a given month and year.
Annual mean streamflow.

Streamflow measurements from the June and July 2023 synoptic flow surveys at various
locations across the basin, compared to streamflows simulated at the respective
locations and time periods.

Stream water temperature for 2022-23 at study temperature sites (kwf) and the streamgage (NWIS)?

stream-temp-{data source}
stream-temp-{data source} mean-monthly
stream-temp- {data source} monthly-mean

stream-temp- {data source} annual-mean

stream-temp-{data source} annual-

exceedances

stream-temp-{data source} annual-longest-

exceedance

Mean stream temperature for each 7-day stress period, grouped by the data source (NWIS
or KWF).

Mean monthly stream temperature for a given month across all years. For example, the
July target is the mean from the July 2022 and 2023 data.

Mean monthly stream temperature for a given month and year. For example, there is a
January 2022 and January 2023 value.

Annual mean stream temperature for each simulation year (May through September).

Total number of 7-day stress periods each year that exceed the 13-°C and 15-°C
temperature thresholds.

Longest number of consecutive 7-day stress periods each year that exceed the 13-°C and
15-°C temperature thresholds.

1June 2022 to September 2023 data unless other times or locations specified.

2Note the study site TL—12 is a long-term KWF monitoring site and had a measurement record from 2019 to 2023.
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Parametrization

Parameters were assigned to the MODFLOW and
SNTEMP models to allow for systematic adjustment of model
inputs at different scales. A basic description of the input
parameter types is provided in table 6.2; additional description
including starting and ending values and bounds is provided in
the companion data release (Leaf and others, 2024).

MODFLOW inputs that were parametrized included
aquifer storage and hydraulic conductivity properties and
conductance inputs that control groundwater/surface-water
interactions at boundaries such as Beaver Creek and the Kenai
River. SNTEMP inputs that were parametrized included lateral
inflow temperatures, headwater inflow temperatures, shading
percentages, and stream width. Manning’s n (roughness
coefficient) was fixed at the global value of 0.037 used for
the MODFLOW Streamflow Routing (SFR) Package (for
example, Leaf, 2023) because it is only used by SNTEMP
to estimate heat flux from fluid friction, which is typically
insignificant, especially in warmer months in low-gradient
systems (Theurer and others, 1984). Stream width was
included because it dictates the surface area across which
most heat fluxes occur (Bartholow, 2000). Parameterizing
widths reflects uncertainty from natural variability in the

channel width, which is often ill-defined, especially in marshy
upstream areas where channel water may mix with warmer
stagnant or slow-moving water in adjacent wetlands.

Aquifer Properties

Parameters to adjust aquifer property inputs at two
scales were set up using the automated parametrization
routines in the pyEMU PstFrom module (White and others,
2021). At the coarsest level, piecewise-constant, “direct” or
absolute values of horizontal hydraulic conductivity (Kh),
hydraulic conductivity vertical anisotropy (Kvani), specific
yield (Sy), and specific storage (Ss) were estimated for zones
corresponding to the units described in the “Hydrostratigraphic
Units and Aquifer Properties” section in the main report, in
each layer (tables 6.3 and 6.2).

Use of the zone-based parameters allowed mean
aquifer property values to be estimated by unit and for the
estimated means to vary by model layer. Within each layer,

a uniform network of pilot point (Doherty, 2003) multiplier
parameters spaced every 1 kilometer (20 cells) allowed for
more local-scale adjustment of aquifer property values within
each unit and layer. Multiplier values were estimated for

each pilot point (starting with an initial value of 1); kriging

Table 6.2. Summary of model parameters adjusted by PEST++ during history matching.

[SFR, Streamflow Routing; SWB, soil-water-balance; SNTEMP, Stream Network Temperature; GHB, General Head Boundary; RIV, River]

Parameter group name

Description

sfrkv-mult-zone
sfrrunoff-mult-const

kvani_pp_layer{x}
k_pp_layer{x}
ss_pp_layer{x}

sy _pp_layer0
sntemp-width

{property}-direct-zone

hw-window-days

hw-offset-c

shade-max

ghbcond-mult-constant

gw-eff-depth

recharge-mult-constant

rivcond-mult-constant

Multipliers on the vertical hydraulic conductivity of the SFR Package reaches, for NHDPlus lines, which
generally correspond to sections of stream between headwaters, confluences, and the outlet.

Global multiplier (for all SFR Package reaches and stress periods) on SWB runoff that is routed to the
stream.

Pilot points for the vertical anisotropy for model layer x, where x is model layers 1, 2, 3, or 4.

Pilot points for the horizontal hydraulic conductivity for model layer x, where x is model layers 1, 2, 3, or 4.
Pilot points for the specific storage for model layer x, where layer x is model layers 1 or 2.

Pilot points for the specific yield for model layer 1.

Channel widths for SNTEMP nodes representing the start and end of tributaries and portions of the main
stem between tributaries (H, T, B, J, and E nodes).

{k, horizontal hydraulic conductivity; kvani, vertical anisotropy; ss, specific storage; and sy, specific yield}
spatially homogenous absolute values for the aquifer property zones listed in table 6.3. Multiplier param-
eters for pilot points are applied on top of these values to allow for heterogeneity within zones.

Number of prior days incorporated in rolling average of air temperatures applied to inflows at nonzero flow
H nodes.

Scaler to offset the average of previous air temperatures applied to inflows at nonzero flow H nodes.

Growing season shade for each SNTEMP vegetation zone (see “Shading” section of this appendix for zone
descriptions), as a decimal.

Multiplier on the GHB Package conductance for the tidally influenced part of the Kenai River.

Effective depth from which the discharging groundwater is coming, in meters. This is used to estimate the
groundwater inflow water temperature for SNTEMP.

Global multiplier (for all values and stress periods) on SWB net infiltration.

Multiplier on the RIV Package conductance for the Kenai River upstream from Beaver Creek outlet.
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Table 6.3.

Description of model aquifer property zone numbers.

Unit Model layer Zone number
Glaciolacustrine deposits 1 1
Kenai River alluvium 1 2
Killey stade braidplane outwash 1 3
Killey stade moraine 1 4
Undifferentiated Knik and Eklutna tills 1 5
Beaver Creek Alluvium 1 6
Glaciolacustrine deposits 2 7
Kenai River alluvium 2 8
Killey stade braidplane outwash 2 9
Killey stade moraine 2 10
Undifferentiated Knik and Eklutna tills 2 11
Beaver Creek Alluvium 2 12
Silt/Clay upper aquitard 3 13
Silt/Clay upper aquitard 3 14
Silt/Clay upper aquitard 3 15
Silt/Clay upper aquitard 3 16
Undifferentiated Knik and Eklutna tills 4 17
Kenai River alluvium 4 18
Lower semi-confined aquifer 4 19

was then used within the model forward run to interpolate
multiplier values between the pilot points to each model

cell. The resulting array of multipliers was then applied to
the array of aquifer property estimates from the direct zone
parameters to produce a composite array of aquifer property
estimates in each cell. To account for spatial correlation in
aquifer properties, pilot point parameter values were drawn
from a prior spatial covariance matrix, using an exponential
variogram with a range of three pilot point spacings (for
example, White and others, 2021; Leaf and others, 2024). To
avoid unreasonable parameter values, “ultimate” upper and
lower bounds were set for each property type; any resulting
property values outside of these bounds were reset to the
bound value (for example, White and others, 2021). Hydraulic
conductivity vertical anisotropy estimates were converted to
vertical hydraulic conductivity input to MODFLOW using a
custom python script within the forward model run workflow
(Leaf and others, 2024).

Boundary Conditions

Boundary condition input to the groundwater flow
model was generally parametrized by assigning global
multipliers to the MODFLOW package input, except for
SFR Package streambed vertical hydraulic conductivities
that were parametrized by NHDPlusID, which generally
encompasses a section of stream between a confluence,
headwater, or outlet. Recharge, General Head Boundary

cell conductances (representing groundwater interactions
with the Kenai River Estuary), and River cell conductances
(representing groundwater interactions with the Kenai River)
were all parametrized using the PstFrom routines in pyEMU.
Nontabular input structures in the SFR Package required
custom python code for the setup and forward run application
of the multiplier parameters for streambed vertical hydraulic
conductivity and a global multiplier for surface runoff (Leaf
and others, 2024).

Groundwater Temperature

As noted in the “Conceptual Model” section in the
main report, the temperature of discharging groundwater can
be an important factor in determining stream temperature.
Conceptually, the sensitivity of groundwater discharge
temperature to changes in land surface temperature can be
represented by an “effective depth” parameter that integrates
the depths of the various flowpaths contributing discharge
to the stream (with greater depths experiencing more lagged
and dampened changes in temperature compared to the land
surface; Kurylyk and others, 2015). A key question for the
future sustainability of salmon habitat in Beaver Creek is the
extent to which base flow is dominated by groundwater and
the sensitivity of groundwater temperature to future changes in
air temperature. The latter part of this question was addressed
by creating an effective groundwater depth parameter. An
effective depth (z.;) was estimated by PEST++, and then a



time series of groundwater discharge temperatures (for all of
Beaver Creek and its tributaries) was developed within the
forward model run based on the assumption that groundwater
temperatures reflect an average temperature condition at

the land surface plus a sinusoidal seasonal fluctuation that
decreases in amplitude exponentially with depth and is lagged
by a time that increases linearly with depth (for example,
Suzuki, 1960; Kurylyk and others, 2015). An average air
temperature condition (7, ) was developed from recorded
temperatures at the Kenai airport weather station (National
Oceanic and Atmospheric Administration [NOAA], 2023a),
by applying a 365-day centered rolling window to remove
seasonal variability:

_ 15
L= k1 2, X 2)
=k
where
T, is the (rolling) average temperature,
k  is the number of days on either side of

the window center (182 days for a
365-day window),

Jj s the index position of each measurement
x being included in the average (ranging
from -182 to +182 days in this case), and

t is the time (day) at the center of the window.

A second time series of smoothed air temperatures
with daily and weekly variability removed was then created
by applying a 30-day centered rolling window to the Kenai
airport weather station temperatures. In both cases, the rolling
method in the Pandas Python package (Pandas Development
Team, 2024) was used to compute the rolling windows. Note
that for even numbered window sizes, equation 1 can be
computed on either side of the window center and the results
averaged. A time series of smoothed seasonal temperature
deviations from the mean (7,,,) was then developed by
subtracting the 365-day rolling mean from the smoothed
(30-day rolling mean) air temperatures. From the effective
groundwater depth estimate, values for the lag time (/ag )
and the exponential dampening factor (2; dimensionless) were
computed (based on Kurylyk and others, 2015):

lag(days) = L« Zyr 3)
Q=exp(-d=*z eff) @)
where
L is the additional time lag per meter of depth,
in days per meter;
z; s effective depth; and
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d
amplitude with depth, in meters.

The L and d terms were determined experimentally by
comparing the Kenai airport weather station temperatures to
groundwater temperatures measured in the study wells. For
example, in well 4, which is screened at a depth of 4.3 meters,
groundwater temperatures lagged air temperatures by about
170 days (L=40 days per meter) and had an amplitude (Q2) of
about 3 percent of the air temperatures (d=0.8 per meter).
Finally, an offset term 7, ., is needed to account for
the insulating effects of snow (for example, Zhang, 2005;
Kurylyk and others, 2015). An offset of 1.9 °C was estimated
from comparison of temperatures in well 4, which averaged
4.2 °C, and the mean air temperature from 2010 to 2023,
which averaged 2.3 °C.

Putting this together, a time series of estimated
groundwater temperatures (7,,, ) can be computed for any

time (¢) greater than lag

Tgwm: (Tdev * Q + Tm365)t—lag(days) + Tgworrscl (5)
_ Tg»t;est f or Tgwiest > 0 ’
T, aw est . (6)
0 otherwise

The estimated groundwater temperatures, and
corresponding air temperatures assumed to represent surface
runoff temperatures, were averaged to the 7-day model
stress periods and then combined by way of flow-weighted
averaging to develop lateral inflow temperatures to SNTEMP
(appendix 5).

This approach is limited in that only shallow groundwater

depths (of a few meters) with subannual lag times can be
estimated. Evaluation of groundwater thermal sensitivity

at decadal timescales would require multidecadal datasets
of stream temperature and groundwater temperature. To
address this limitation, history matching was also performed
on a second end-member simulation where groundwater
temperature was assumed to be fixed at the observed 4.2-°C
average temperature. Similar to other SNTEMP parameters,
effective groundwater depth was included in the formal
parameter estimation by way of tabular input to the PstFrom
feature in pyEMU.

Headwater Inflow Temperatures

The SNTEMP model contains numerous headwater nodes

where instream flows into the stream network at specified

temperatures may be assumed (fig. 5.1). Most of the headwater

nodes coincide with headwater reaches in the MODFLOW

model SFR package and therefore have no inflows. Headwater

nodes at or near the outlets of Beaver, Ootka, Ermine, and
Tern Lakes coincide with MODFLOW SFR Package reaches
that are downstream from the headwaters. In these nodes,

is the rate of exponential decay of temperature
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headwater inflows were assigned from instream inflows
computed by the MODFLOW simulation. In the MODFLOW
simulation, Beaver, Ootka, Ermine, and Tern Lakes were
represented by their NHDPIus flowlines (linear features that
run down the center of the lake, connecting it to the stream
network); instream flows at these headwater points represent
groundwater discharge and surface runoff to these lakes that
ultimately flow downstream.

Beaver Lake has a clearly defined outlet with appreciable
flow; flow from the remaining lakes may enter the stream
network after passing slowly through wetlands with no
defined channel. Inflow temperatures at these headwaters
may therefore reflect an average temperature condition during
some time period, as well as additional warming from solar
radiation. To incorporate this into the model, a rolling average
of the previous & days plus an offset term (7,,,) to account for
warming from solar radiation was used:

_1 ¢
Thwﬁir;ﬂow_ le/Z:OX t—j+ T::ﬁ&et (7)
where
Tyw iniow 18 the estimated headwater inflow

temperature.

J is the index position of each measurement
x being included in the average (ranging
from O to & days), and

t  1isthe time (day) for the average (at the right
side of the window).

For each headwater, the rolling window size (k) and
temperature offset (7,,,) were included in the formal
parameter estimation using tabular input to the PstFrom
feature in pyEMU to facilitate automated setup of the
parametrization. At site TL—2 near the Beaver Lake outlet
(fig. 10 in main report), a window size of about 5 days and
temperature offset of about 2 °C produced a good match to
observed temperatures (see the “History Matching Results”
section).

Shading

Minimum and maximum shading parameters were
developed for the direct shading input to SNTEMP for
each of the four wetland types listed in table 4 in the main
report. Maximum shading (representing peak growing
season conditions) parameter upper bounds were based on
densiometer values measured in the field plus a 10-percent
buffer to account for unmeasured conditions and potential bias
in the densiometer method, which estimates overhead shading
and not angled sunlight paths through vegetation and various
hours (Bartholow, 1989). Maximum shading lower bounds
were set to 0. Initial values for maximum shading were based
on averages of field densiometer measurements for the various

communities and the results of initial history matching model
runs. Minimum shading (representing nongrowing season
conditions) was fixed at 0. This assumption was considered
appropriate given the generally unshaded condition of Beaver
Creek and the focus on the growing season peak when stream
temperatures are warmest. Additional discussion about
shading input to SNTEMP is available in appendix 5.
Shading information was listed in a model input file
by stream reach and wetland type and input to the PstFrom
routine in pyEMU to facilitate automated setup of the
parametrization.

Stream Channel Width

Stream channel width input to SNTEMP was
parametrized by stream name, which encompasses each group
of reaches between a confluence, headwater, or the outlet in
this report. Initial widths based on satellite imagery and the
potential for mixing with slow or stagnant riparian water
were entered manually to the same table used for shading
information and then input to PstFrom. Multiplier parameters
were assigned to each stream name and allowed to vary during
parameter estimation between 0.5 and 2.0 (from an initial
value of 1).

History Matching

Following manual trial-and-error runs, history matching
with the iES followed an iterative, stepwise approach in which
the iES was run; the results were evaluated by assessing if the
solution was hydrologically reasonable and what observations
had the greatest misfit between the measured and modeled
values; and then the model structure, parametrization,
observations, or observation weighting were adjusted (often
with additional trial-and-error runs) in response to the results.
In particular, much of the history matching effort focused
on improving the model fit to poorly matched streamflows
at the Beaver Creek streamgage, which ultimately led to the
discovery of erroneous precipitation records from the Kenai
airport weather station (NOAA, 2023a) and substitution of
Soldotna weather station precipitation data (NOAA, 2023b;
refer to “Climate” section in in main report). The trajectory of
ensemble member objective function values in the final iES
run are shown in figure 6.2. A “base” member, which starts
with the specified initial parameter values and is typically
considered to be the most representative member when a
single realization is desired, is also shown in figure 6.2 (White
and others, 2020). The second iteration was selected as the
definitive ensemble because it had a base realization with a
low objective function (phi) value (good fit to observations)
and appreciable spread (representation of model uncertainty)
in the ensemble objective function values. Subsequent
realizations with narrower spreads in ensemble phi may be
overfit.
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A. Ensemble phi by iteration
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Figure 6.2. Summary of objective function trajectory and variability. A, Ensemble phi
by iteration. B, Iteration 2 phi distribution.
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History Matching Results

A comparison of model outputs to equivalent field
observations is shown in figure 6.3. Poor fit to some of the
miscellaneous heads (including the vertical head gradients)
may be due to high levels of uncertainty in well construction
reports, as well as limited understanding of subsurface
heterogeneity and the presence of vertical hydraulic gradients
that cannot be reproduced well with the relatively coarse
model layering. Time series of ensemble output for heads
at the four study wells and temperatures at the instream
sites compared to average observed values for the 7-day
model periods are shown in figures 6.4 and 6.5. Results for
streamflow at the Beaver Creek streamgage and temperature at
TL-12, the Kenai Watershed Forum long-term monitoring site
(fig. 11 in main report), are shown in figures 17 and 18 in the
main report. The spread of ensemble values provides a sense
of how uncertainty in the parameter values (conditioned on the
observation data through history matching) affects uncertainty
in the model outputs.

Parameter Estimation Results for Base
Realization

This section describes parameter estimation results
for the base realization that was used for the future climate
scenarios. Full details of the parameter estimation results,
including maps of aquifer property estimates for the base
realization, are available in the associated data release (Leaf
and others, 2024).

Aquifer Properties

Aquifer property estimates are summarized in table 6.4.
Few data exist about hydraulic conductivities in the
quaternary deposits beneath Beaver Creek, and the previous
measurements summarized in table 5 (in the main report)

are not necessarily comparable to groundwater model inputs
owing to differences of scale and inherent uncertainties in
ex-situ measurement techniques that disturb the original pore
structure. The results in table 6.4 are mostly consistent with
literature values for heterogeneous unconsolidated deposits
(for example, Schwartz and Zhang, 2003). Extreme values
at the “ultimate” upper or lower bounds for a given unit

may indicate misspecification of the unit in those areas; for
example, high hydraulic conductivity estimates within the
upper aquitard zone may indicate the absence of the aquitard
in those areas.

Groundwater Effective Depth

The effective groundwater depth for the base realization
was estimated to be 1.6 meters. Using values of =40 days
per meter and d=0.8 per meter (refer to the “Parametrization”
section) would correspond to a thermal response in
groundwater discharge that is on average lagged 64 days
behind land surface temperatures and dampened 72 percent.
Although this result was mostly consistent across many
parameter estimation runs, another experimental run with
groundwater temperature fixed at the 4.2 °C observed in well
4 (implying a large effective depth) produced similar history
matching results, which indicates that the history matching
dataset does not have enough information to constrain
groundwater thermal sensitivity.

Groundwater Recharge and Runoff Multipliers

Global multipliers of 0.61 and 1.7 were estimated for
recharge and surface runoff, indicating less net infiltration
and more surface runoff compared to the Soil Water Balance
Simulation. This result was also consistent across many
parameter estimation runs and may reflect infiltration
being limited by shallow water table conditions in many
areas—a process not accounted for in the Soil Water Balance
simulation.
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Figure 6.3. One-to-one comparison of model outputs to equivalent field observations.
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Table 6.4. Summary of aquifer property estimates for the base realization.

[Kh, horizontal hydraulic conductivity; m/day, meter per day; Min, minimum; Max, maximum; Sy, specific yield; Ss, specific storage]

. . Prior Kh Posterior Kh Prior vertical Posterior vertical
I"thOIS:g'c (m/day) (m/day) anisotropy anisotropy
uni
Min Mean Max Min Mean Max Min Mean Max Min Mean Max

Beaver Creek

alluvium 2 7 12 1.15 20.21  100.00 300 300 300 29 1,787 11,575
Glaciolacustrine

deposits 2 2 2 0.06 0.45 3.71 300 300 300 9 67 557
Kenai River

alluvium 2 2 2 0.06 32.02  100.00 300 300 300 8 4,803 15,000
Killey stade

braidplane and

outwash 2 2 2 0.12 13.17  100.00 300 300 300 18 1,975 15,000
Killey stade

moraine 2 2 2 0.30 1.96 5.77 300 300 300 44 294 866
Lower semi-

confined aquifer 2 2 2 1.14 4.61 10.93 300 300 300 171 692 1,640
Silt/clay upper

aquitard 2 2 2 0.11 1.71 10.57 300 300 300 17 256 1,585
Undifferentiated

Knik and

Eklutna tills 2 2 2 0.32 6.55 93.02 300 300 300 48 982 13,952
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Table 6.4. Summary of aquifer property estimates for the base realization.—Continued

[Kh, horizontal hydraulic conductivity; m/day, meter per day; Min, minimum; Max, maximum; Sy, specific yield; Ss, specific storage]

Prior Sy Posterior Sy Prior Ss Posterior Ss
(unitless) (unitless) per meter per meter

Min Mean Max Min Mean Max Min Mean Max Min Mean Max

0.32 0.32 0.32 0.09 0.27 0.35 1.00E-04 1.00E-04 1.00E-04 1.1E-05  6.8E-05  3.0E-04
0.32 0.32 0.32 0.06 0.31 0.35 1.00E-04 1.00E-04 1.00E-04 7.7E-06  9.0E-05  3.7E-04
0.32 0.32 0.32 0.12 0.28 0.35 1.00E-04 1.00E-04 1.00E-04 1.1IE-05  2.9E-04 1.0E-03
0.32 0.32 0.32 0.11 0.31 0.35 1.00E-04 1.00E-04 1.00E-04 2.3E-05 4.1E-04 1.0E-03
0.32 0.32 0.32 0.15 0.34 0.35 1.00E-04 1.00E-04 1.00E-04 9.0E-06  7.0E-05  4.3E-04
0.32 0.32 0.32 0.31 0.31 0.31 1.00E-04 1.00E-04 1.00E-04 1.7E-05 1.7E-05 1.7E-05
0.32 0.32 0.32 0.27 0.30 0.35 1.00E-04 1.00E-04 1.00E-04 1.6E-05  3.5E-05  7.8E-05
0.32 0.32 0.32 0.06 0.26 0.35 1.00E-04 1.00E-04 1.00E-04 4.6E-06 6.8E-05 6.8E-04
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Figure 6.4. Time series of simulated heads and average observed head for each model stress period.



A. Temperature at TL-3 (Beaver Creek West Fork near TL-4)
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B. Temperature at TL-4 (Beaver Creek West Fork upstream tributary)
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Figure 6.5. Time series of simulated stream temperatures and observed stream temperatures for each model stress period, in
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Appendix 7. Future Climate Scenarios
Potential future climate scenarios for the period of
October 1, 2023, to September 30, 2050, were developed
as inputs to the linked Soil-Water-Balance code (SWB),
MODFLOW, and Stream Network Temperature (SNTEMP)
model. Five climate scenarios were developed from daily and
monthly Scenarios Network for Alaska and Arctic Planning
(SNAP) climate projection data. The five climate scenarios
were each evaluated with alternative conceptual models
of “shallow” or “deep” groundwater temperature inputs to
the SNTEMP model (making 10 scenarios total). An 11th
scenario evaluated the potential effects of a 0.44-percent
annual increase in groundwater pumping for the City of Kenai
in response to projected population growth (table 7.1). This
section describes the details of the future climate scenario
development and includes results not presented in the main
body of the report.

Future Climate Forcings

Daily climate inputs were developed from the SNAP
downscaled climate projections (Bieniek and others, 2016;
SNAP, 2022). SNAP provides daily downscaled projections
at a 20-kilometer spatial resolution for two general circulation
models (GCMs; for example, Flato and others, 2013):
the Geophysical Fluid Dynamics Laboratory (GFDL)

Table 7.1. Summary of future scenarios.

GFDL-CM3 model, and National Center for Atmospheric
Research (NCAR) NCAR-CCSM4 model. Both sets of daily
downscaled data simulate the Representative Concentration
Pathway (RCP) 8.5 scenario, which assumes high emissions
(Moss and others, 2010; Intergovernmental Panel on Climate
Change, 2014). Additional projections of period-average
monthly temperature and precipitation for 2030-39, 2060-69,
and 2090-99 are available by community for the RCP 4.5,
6.0, and 8.5 scenarios (SNAP, 2023). All downscaled climate
information used in this study is based on the Coupled
Model Intercomparison Project 5 (CMIPS) versions of the
source GCMs.

Given inherent uncertainty about the future climate
and differences across GCMs that may constitute bias or
make individual models more or less suitable for particular
area, an ensemble approach to future climate projections in
hydrologic models has often been taken (for example, Hunt
and others, 2013; Leaf and others, 2023). More recently, some
have advocated for careful selection of GCMs that best suit
a particular area based on reproduction of known dynamics
and historical measurements (for example, Saravanan, 2023).
In this report, we used both sets of available downscaled
daily projections (from GFDL-CM3 and NCAR-CCSM4)
and added additional scenarios based on historical time series
of climate variables with linear increases in temperature
added to the historical temperatures based on the 2030-39

[RCP, relative concentration pathway; CCSM, Community Climate System Model; RCP, Representative Concentration Pathway; GFDL, Geophysical Fluid

Dynamics Laboratory; SNAP, Scenarios Network for Alaska and Arctic Planning]

Scenario name Climate Data source Emlssm_ns Groundwa_t(?r_thermal Water use
scenario sensitivity
ccsm4 Daily downscaled results from the RCP 8.5 High (shallow groundwater) Historical (2020-22)
ccsm4-pop-growth NCAR-CCSM4 mOd‘?l (National High (shallow groundwater) Increased by 0.44
Center for A.tmospherlc Research percent each year
CCSM, version 4) after 2023
ccsmé-steady-gwtemp Low (deep groundwater) Historical (2020-22)
gfdlI3 Daily downscaled results from the RCP 8.5 High (shallow groundwater) Historical (2020-22)
gfdl3-steady-gwtemp GF DL*CM? model (GFDL Climate Low (deep groundwater) Historical (2020-22)
Model, version 3)
snap-mean-45 Repeated historical (October 1, 2014— RCP 4.5 High (shallow groundwater) Historical (2020-22)
snap-mean-45-steady-gwtemp Sf?ptember 30,2023) chmgte data Low (deep groundwater) Historical (2020-22)
with monthly temperature increases . L
snap-mean-60 based on SNAP community projec- RCP 6.0 High (shallow groundwater) Historical (2020-22)
snap-mean-60-steady-gwtemp tions (which average the CCSM4, Low (deep groundwater) Historical (2020-22)
snap-mean GFDL-CM3, GISS-E2-R, IPSL-  RCP 8.5 High (shallow groundwater) Historical (2020-22)

CMS5A-LR, and MRI-CGCM3

SO MG D models; Walsh and others, 2018)

Low (deep groundwater) Historical (2020-22)




to 2060—69 monthly temperature changes projected in the
SNAP community charts for Kenai, Alaska (SNAP, 2023; for
example, Bieniek and others, 2016; Hunt and others, 2016).
The SNAP community projections average results from five
GCMs for the RCP 4.5, 6.0 and 8.5 scenarios (Walsh and
others, 2018). The applied monthly temperature changes
ranged from 1.4 degrees Celsius (°C) in the spring and fall to
as much as 2.5 °C in the winter months.

Development of Precipitation and
Temperature Inputs

Data were queried at the Kenai airport weather station
(National Oceanic and Atmospheric Administration [NOAA];
NOAA, 2023a) latitude and longitude to maintain a single
station input configuration for SWB. Comparison of the
downscaled daily SNAP data with Kenai airport and Soldotna
(NOAA, 2023b) weather station records for 2010-23 revealed
a wet bias in annual precipitation for the NCAR—CCSM4 and
GFDL-CM3 climate models (fig. 7.1). Bieniek and others
(2016) also observed a wet bias in the SNAP downscaled data
for Alaska, especially in areas of higher precipitation gradients
such as the Kenai Mountain rain shadow that includes Beaver
Creek. The wet bias in the downscaled SNAP projections was
consistent throughout the decade from 2010 to 2019 (fig. 7.2).
The 2010-19 period was used to estimate a precipitation
correction factor of 1.7 for the GFDL-CM3 precipitation and
1.9 for the NCAR—CCSM4 precipitation. The GCM-based
precipitation used for the SWB model was divided by this
correction factor to remove the wet bias. If wet bias had
not been corrected, it would have resulted in a simulated
100-percent increase in the base flow in Beaver Creek, which
would confound any analysis of future stream temperatures.

Comparison of the downscaled daily SNAP data with
Kenai and Soldotna airport weather station records for
2010-23 also revealed a bias and lack of seasonality in
the frequency of precipitation events (fig. 7.3). Overall,
precipitation is more frequent in the SNAP projections, and
the frequency of events is uniformly distributed throughout
the year. In reality, precipitation is most frequent in late
summer and early fall, and least frequent in the mid to late
winter (fig. 7.3). “Undercatch,” where weather stations
record less than actual precipitation, especially for small
events (for example, Yang and others, 1998) could account
for some of this discrepancy. Regardless, an unrealistically
high frequency of smaller precipitation events could affect
simulated net infiltration by reducing the portion of water that
runs off during more intense rain events (thereby increasing
net infiltration) or by increasing the portion of water that is
lost to leaf interception and evapotranspiration (which would
reduce net infiltration). We considered substituting observed
storm events from 2010 to 2020 for the future climate periods
but concluded that doing so would unrealistically decouple
the precipitation from other correlated climate variables used
in SNTEMP, including relative humidity and cloud cover
(appendix 5), with unknown implications for the projected
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stream temperatures. Therefore, the storm distribution in the
SNAP data was accepted as a model limitation of using this
product for the future climate scenarios.

A third limitation identified with the SNAP data is a
compressed range in simulated daily minimum and maximum
temperatures, with projected minimum daily temperatures
being higher than observed (fig. 7.4). The positive bias in
minimum daily temperatures is greater in the GFDL-CM3
projection data than NCAR-CCSM4. A reduced difference
in daily minimum and maximum temperatures would result
in lower than actual simulated evapotranspiration, because
the SWB model uses the daily temperature amplitude to
estimate evapotranspiration. In lieu of a coherent approach
for correcting daily temperature amplitudes, the SNAP
temperatures were used as is.

In recognition of the daily SNAP climate projection
limitations for precipitation and temperature, an alternative
set of scenarios was developed based on historical time series
of climate variables. Nine years of historical daily climate
data, including minimum and maximum temperature from
October 1, 2014, to September 30, 2023, were repeated three
times to develop a time series of realistic weather variability
out to September 29, 2050. Average daily rates of temperature
change were computed for each month of the year by dividing
the 2030-39 to 2060—-69 monthly temperature changes in the
SNAP community charts for Kenai, Alaska, (SNAP, 2023)
by 30 years. The repeated historical minimum and maximum
temperature daily temperatures were then incremented by
the daily rates of change computed for each month to derive
future temperature time series representing the RCP 4.5,

6.0, and 8.5 scenarios. No future rate of change was applied
to precipitation or other variables (the historical data were
used as is).

Comparison of Other Downscaled General
Circulation Model Outputs to Historical Data

The SNAP data are available as gridded data in NetCDF
files (SNAP, 2022). The grid cells are large (20 kilometers)
relative to the Beaver Creek Basin, so data were pulled from
a single point representing the Kenai airport weather station
where the study period weather data are recorded. From 2010
to 2022, SNAP climate projections and observed data from
the Kenai airport weather station were used as a comparison
period to check for notable biases in the projected data. A
summary of that comparison for each of the input climate
datasets needed for SNTEMP, in addition to the precipitation
and temperature discussed previously in the section, are shown
in figures 7.5-7.7.

Projected average monthly wind speed (fig. 7.5) and
relative humidity (converted from the available specific
humidity using the SNAP pressure dataset; fig. 7.6) were
close to the observed data during the growing season with
larger deviations in the winter months, which are outside
the SNTEMP model period. The average sunshine fraction
(fig. 7.7) was biased notably high for both climate projections
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Figure 7.1. Comparison of 2010-22 annual precipitation measured at the Kenai airport and Soldotna weather stations (National
Oceanic and Atmospheric Administration [NOAA], 2023a, b) with 2010-50 projected annual precipitation. A, NCAR—-CCSM4 projected
annual precipitation. B, GFDL-CM3 projected annual precipitation.
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Figure 7.2. Ratios of projected to measured annual precipitation A, NCAR-CCSM4 projected annual
precipitation vs measured precipitation at the Kenai airport and Soldotna weather stations (National
Oceanic and Atmospheric Administration [NOAA], 2023a, b). B, GFDL-CM3 projected annual precipitation
vs measured precipitation at the Kenai airport and Soldotna weather stations (2023a, b)
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Figure 7.3. Graphs of the average number of days with observed precipitation events (greater than
0.005 inch) by month for 2010-22. A, NCAR-CCSMA4 projected precipitation dataset. B, GFDL-CM3
projected precipitation dataset.



Temperature, in degrees Celsius

15

25

-25

Appendix 7.

Future Climate Scenarios 103

EXPLANATION

Average maximum daily
temperature from climate
projection NCAR-CCSM4

| model, RCP 8.5 scenario

Average minimum daily
temperature from climate
projection NCAR-CCSM4
model, RCP 8.5

o Average maximum daily
temperature observed
at Kenai airport weather
station

o Average minimum daily

— temperature observed

at Kenai airport weather
station

— NCAR, National Center for

Atmospheric Research

RCP, Representative Concentration
Pathway

EXPLANATION

Average maximum daily
temperature from climate

] projection GFDL-CM3 model,

RCP 8.5 scenario

Average minimum daily
temperature from climate
projection GFDL-CM3 model,
RCP 8.5

« Average maximum daily

| temperature observed

at Kenai airport weather
station

o Average minimum daily

— temperature observed

at Kenai airport weather
station

GFDL, Geophysical Fluid
Dynamics Laboratory

RCP, Representative Concentration
Pathway

2010

Figure 7.4.

NCAR-CCSM4 projected temperatures. B, GFDL-CM3 projected temperatures.

2015 2020

2025

2030
Year

2035

2040

2045

2050

Graphs of the 2010-22 observed annual average minimum and maximum daily temperature with 2010-50 temperatures. A,



104 Simulating Present and Future Groundwater/Surface-Water Interactions and Stream Temperatures in Beaver Creek

A
6 |
5 — —
EXPLANATION
I Climate projection
NCAR-CCSM4 model,
4 — — RCP 8.5 scenario
I Observed at Kenai airport
weather station
3 — — NCAR, National Center for
Atmospheric Research
RCP. Representative Concentration
Pathway
=
S 2+ _
(<5
1%}
=y
o
4
D
® 1 —
IS
£
N
q
o
S0
o
= B
o
£
8
=)
(<5
25 - _
w
= EXPLANATION
2
2 I Climate projection GFDL-CM3
© s N model, RCP 8.5 scenario
2 -
< I Observed at Kenai airport
weather station
3 - | GFDL, Geophysical Fluid Dynamics
Laboratory
RCP. Representative Concentration
Pathway
2 — —
‘| — —
0 N
Q Q R Q N & N S & & &> &
PN @b‘ W \ N DA N & &
Sb QQ’Q * QQ) QC) @% Q;(’Q’
P = Q
Month

Figure 7.5. Graphs of the average wind speed by month for 2010-22. A, NCAR-CCSM4 projected average monthly wind speed. B,
GFDL-CM3 projected average monthly wind speed.
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despite the SNAP projected data showing more frequent
storm events (fig. 7.3). Cloud cover (and the related sunshine
fraction) has long been a large source of uncertainty in climate
models (Pearce, 2020) and may be poorly constrained in the
climate projections. The effect of the cloud cover bias may

be minimal—Bartholow (1989) found SNTEMP stream
temperature prediction to be insensitive to cloud cover relative
to other SNTEMP parameters.

Scenario Model Construction

Eleven scenario models were created from the five sets
of future climate forcings, alternative end-member scenarios
of groundwater sensitivity, and a scenario that evaluated
the potential effects of increased groundwater pumping
from population growth (table 7.1). Five SWB models
were constructed for each of the GFDL-CM3 and NCAR—
CCSM4 daily SNAP datasets and the historically based input
developed from the monthly SNAP community projections for
the RCP 4.5, 6.0, and 8.5 scenarios. Land use, soil properties,
and the look-up table parameters were assumed to be
unchanged from the historical simulations.

Net infiltration and surface runoff results from the
SWB models were processed into Recharge and Streamflow
Routing (SFR) Package input for the MODFLOW models.
For 2019 through September 2023, the historical SWB model
outputs (driven by observed precipitation and temperatures)
were used. From October 1, 2023, to the end of the scenario
period on October 1, 2050, the future SWB model outputs
were used. Use of historical forcings for the historical period
ensured consistent initial conditions across all of the scenario
groundwater flow models and allowed for comparison of phi
(model fit to observations) between the scenario models and
historical models to ensure consistency.

The scenarios included six different MODFLOW models,
one for each SWB simulation, and a second model driven with
the NCAR-CCSM4-based input that incorporated reoccurring
pumping increases of 0.44 percent per year for the City of
Kenai based on a projected 13.3-percent increase in population
from 2015 to 2046 (Alaska LNG, 2017). Each of the five
MODFLOW models was included in two scenarios—one with
thermally sensitive (shallow) groundwater discharge to Beaver
Creek using the estimated effective depth of 1.6 meters (refer
to the “Parametrization” section), and the other with thermally
insensitive groundwater discharge at a constant 4.2 °C through
2050 (table 7.1).

In the GCM-based scenarios, the SNTEMP model was
driven by GCM-based climate inputs for the entire period
0f 2019 through 2050. This allowed for comparison of
temperature changes between “current” and future conditions
without any artifacts of bias between historical observed
temperatures and GCM-based temperatures simulated for
the historical period. In the “snap-mean” scenarios that
repeated historical climate, the SNTEMP model was driven
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by observed climate inputs during the historical period and
the repeated historical climate with the applied temperature
increases during the future period (refer to the “Development
of Precipitation and Temperature Inputs” section). With

the successive steady-state assumption, each time period
simulated by SNTEMP is independent of previous periods.
Stream characteristics such as shading and geometry were
assumed to be unchanged from the historical model.

The scenario models were run using PEST++ in a single
forward run (NOPTMAX=0) context (White and others, 2020)
using the composite model workflow from the parameter
estimation analysis. This allowed estimated parameter values
from the history matching process to be easily applied to
the scenario models in a repeatable manner. Only the base
parameter ensemble realization was used for the scenarios.
The composite model workflow involved the following steps:

1. Apply the parameter values.

2. Run MODFLOW and postprocess the results to the
observation values.

3. Update the SNTEMP hydrology data file with instream
flow values from the MODFLOW SFR Package binary
output and flow-weighted average temperatures for the
lateral inflows in the SNTEMP simulation. Simulated
groundwater discharge and surface runoff from the SFR
Package results were used to develop the flow-weighted
averages.

4. For the groundwater component of the lateral
inflows, the sensitive (shallow) and insensitive (deep)
groundwater discharge temperature conceptualizations
were incorporated for each climate scenario (table 7.1).

5. Run SNTEMP and postprocess the results to the
observation values.

Scenario Water Balance Results

The summed Beaver Creek SWB model output for annual
net infiltration, surface runoff, and evapotranspiration were
plotted together for the historical period and the snap-mean,
ccsm4, and gfdI3 model scenarios in figure 7.8. Together these
terms sum to the annual precipitation. These budget terms
were averaged for a recent period (2015-22) and a future
period (2042-49). The averaging periods were selected so
that the recent and future periods reflected the same climate
input in the snap-mean scenarios (refer to the “Development
of Precipitation and Temperature Inputs” section). The goal
was to evaluate the effects of the anticipated temperature
increases on the water balance without additional artifacts
from interannual variability.

The historical SWB model outputs show a notable rise
in net infiltration, surface runoff, and evapotranspiration
between the 1970s and the recent period, driven by a rise in
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Figure 7.8. Simulated partitioning of precipitation into evapotranspiration, surface runoff and net infiltration past the root zone, from
1965 to 2050.



average precipitation. The ccsm4 and gfdl3 scenarios show
slight increases in evapotranspiration and slight decreases in
surface runoff. Net infiltration remains stable for gfdI3 and
decreases slightly under ccsm4. Minimal changes to the water
balance terms are seen in the snap-mean scenario between the
current to future periods. The RCP—4.5 and RCP-6.0 versions
of the snap-mean scenario produced almost identical results
to the RCP—8.5 version shown here; results for the RCP-4.5
and RCP-6.0 snap-mean scenarios are included in the data
release (Leaf and others, 2024). The snap-mean scenarios
may underestimate evapotranspiration because the daily mean
temperature slowly rises but the difference between the daily
minimum and maximum remains the same as the repeating
historical period because both are increased by the same
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amount. The assumption that daily temperature amplitude
will remain unchanged from the recent period is potentially
problematic for the SWB model, which, in addition to daily
mean temperature, uses the difference in daily minimum
and maximum temperature to estimate evapotranspiration
(Westenbroek and others, 2018).

Simulated net infiltration for the historical and future
model scenarios is shown in figure 7.9. Net infiltration is
projected to remain relatively steady in the future periods. The
model scenarios predict 5-year average net infiltration that is
similar to the 2010-20 historical period and higher than the
1965-85 historical period. Steady net infiltration indicates
some resilience in future streamflows, particularly base flows,
under projected climate change scenarios.

Historical and projected future 5-year average net infiltration in the Beaver Creek Basin
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Figure 7.9. 5-year average annual net infiltration simulated by the Beaver Creek soil-water-balance model, for the three climate

scenarios and the observed weather data.
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