'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

Woater Resources Research -

RESEARCH ARTICLE
10.1029/2023WR034912

Key Points:

e We compare two water balance
approaches to estimate fresh
submarine groundwater discharge to
the Gulf of Alaska

e Mean annual flux of fresh, terrestrial
groundwater ranges from 26.5 to
86.8 km?, or 3.5%—11.4% of the total
annual freshwater discharge

e We identify fresh submarine
groundwater discharge hotspots from
an extensive remote high-latitude
coastline

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

A. A. Russo,
arusso3 @alaska.edu

Citation:

Russo, A. A., Boutt, D. F., Munk, L. A.,
& Jenckes, J. (2023). Contribution of
fresh submarine groundwater discharge
to the Gulf of Alaska. Water Resources
Research, 59, €2023WR034912. https://
doi.org/10.1029/2023WR034912

Received 20 MAR 2023
Accepted 2 JUL 2023

Author Contributions:

Conceptualization: A. A. Russo, D. F.
Boutt

Data curation: A. A. Russo

Funding acquisition: D. F. Boutt, L.

A. Munk

Investigation: A. A. Russo
Methodology: A. A. Russo, D. F. Boutt,
J. Jenckes

Project Administration: D. F. Boutt, L.
A. Munk

Resources: L. A. Munk

Supervision: D. F. Boutt, L. A. Munk
Validation: A. A. Russo

Visualization: A. A. Russo, J. Jenckes

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

Contribution of Fresh Submarine Groundwater Discharge to
the Gulf of Alaska

A. A. Russo'? (2, D. F. Boutt?> ), L. A. Munk! ‘2, and J. Jenckes!

'Department of Geological Sciences, University of Alaska Anchorage, Anchorage, AK, USA, *Department of Geosciences,
University of Massachusetts Amherst, Amherst, MA, USA

Abstract High latitude mountain environments are experiencing disproportionately adverse effects from
climate change. The Gulf of Alaska (GoA) region is an embodiment of this change, particularly concerning a
shifting hydrologic balance. Even so, the magnitude and contribution of fresh submarine groundwater discharge
(fresh SGD) remains virtually unexplored within the region, though it has gained increasing attention globally
due to its chemical significance and influence on coastal ecosystems. Here we provide the first regional
estimates of fresh SGD to the GoA using two established water balance approaches. This is an effective way
to distinguish the contribution of terrestrially derived fresh SGD, rather than the more commonly quantified
total SGD which includes discharge that is driven by marine forces such as sea-level oscillations and density
gradients. We compare the approaches and assess their capabilities in computing the magnitude of fresh SGD
over a large regional scale. Mean annual fresh SGD flux ranges between 26.5 and 86.8 km? yr~! to the GoA,
equivalent to 3.5%—11.4% of the total freshwater discharge. Contributions are highest in the Southeastern
panhandle and lowest in the Cook Inlet basin, with the highest area normalized contribution occurring in

the Prince William Sound. Fresh SGD exhibits high spatial and temporal variability throughout the region.
Although freshwater discharge to the GoA is investigated considerably, the importance of fresh SGD has, thus
far, been overlooked.

Plain Language Summary Mountainous regions are highly susceptible to the impacts of climate
change. This is especially evident in the Gulf of Alaska (GoA), where freshwater systems flowing from
mountainous coastlines are experiencing a rapid shift in the timing, quantity, and chemical composition of their
waters as they outflow to the ocean. Fresh submarine groundwater discharge (fresh SGD) is one such pathway
that water travels where water below the ground surface empties into the ocean underneath the ocean's surface.
This type of water flow is known to have elevated nutrients and solutes, thus making it important for near shore
marine life. We estimate fresh SGD to the GoA using two mathematical models and compare the results from
each. We find that fresh SGD is between 3.5% and 11.4% of the total amount of freshwater that flows to the
ocean from the GoA, which is a significant portion.

1. Introduction

Coastal mountain ranges at high-latitudes harbor critical environments and productive ecosystems that provide
unique resources to both local and global communities (Bunn et al., 2007; O’Neel et al., 2015). Rugged terrains
rising abruptly from the ocean possess the capability to harness and recruit large volumes of water to the terres-
trial domain. Representative features, such as a low-temperature climate regime and higher elevations, also enable
the development of the cryosphere where large reserves of freshwater may be stored, allowing these distinct
settings to hold a substantial influence over global-scale processes (Chiang & Bitz, 2005). Unfortunately, these
highly active coastal landscapes are experiencing disproportionately enhanced physical and ecological changes
in a currently warming climate (Arp et al., 2020; Portner et al., 2019). Such changes are particularly pronounced
in the Gulf of Alaska (GoA), where dramatic shifts in precipitation patterns, temperature, and glacier volume loss
are well underway (Arendt et al., 2002; Arp et al., 2020; Beamer et al., 2017; O’Neel et al., 2015).

The freshwater flux driven by rainfall and the melting of snow and ice from the GoA is receiving increasing atten-
tion from both the scientific community and the public. This should come as no surprise for a regional basin that
only encompasses 1.7% of the total land area of North America, and yet yields over 12% (Beamer et al., 2016; Hill
etal., 2015; Neal et al., 2010; Royer, 1982; Wang et al., 2004) of the total continental discharge (Syed et al., 2009).
The freshwater flux will only continue to increase in magnitude in the coming decades due to rapid glacier
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retreat that rivals among the largest volumetric losses observed globally (Arendt et al., 2002; Beamer et al., 2017,
Gardner et al., 2013). Additionally, forecast modeling predicts that the current rise in temperatures will result in
increasing precipitation, most notably in the form of fall and winter rains (Beamer et al., 2017). This immense
hydrologic discharge transports with it an abundance of terrigenous materials, including sediments, solutes and
nutrients, that mediate marine ecosystems (Edwards et al., 2021; Hood et al., 2009; Jenckes et al., 2021) and retain
a dominant influence on local and regional oceanographic processes (Weingartner et al., 2005). Consequently,
considerable efforts have been made on estimating both the freshwater (Beamer et al., 2016; Neal et al., 2010) and
chemical (Brennan et al., 2014; Brown et al., 2010; Hood et al., 2015; Jenckes et al., 2021; Schroth et al., 2011)
flux from rivers to the GoA. However, there is one major component of the freshwater and nutrient flux to the
GoA that remains virtually unexplored. The missing piece is coastal groundwater.

Coastal aquifers are especially vulnerable to the impacts of a warming planet (Ferguson & Gleeson, 2012).
Groundwater may act as a temporary buffer against climate-mediated alterations to the hydrologic budget
within mountain belts (Mackay et al., 2020; Somers et al., 2019). When compared with proximal surface waters,
groundwater within coastal aquifers is chemically enriched (Beck et al., 2013; Mayfield et al., 2021; Rahman
et al., 2019; Slomp & Van Cappellen, 2004). Subterranean estuaries, a coastal aquifer in which meteoric ground-
water mixes with infiltrating seawater, are known to be biogeochemical reaction hotspots (Moore, 1999). These
nutrient-laden waters eventually enter the ocean through the porous media of the seafloor via diffuse, non-point
pathways. This flux is termed submarine groundwater discharge (SGD) and includes the flow of any water,
regardless of the origin or chemical composition, that discharges to the ocean from below the oceanic surface
(Burnett et al., 2006). This definition includes both seawater that is recirculated by oceanographic processes, such
as wave set-up and tidal pumping, and meteoric groundwater driven by the terrestrial gradient. The latter is also
known as fresh SGD (fresh SGD). Local, regional, and global estimates of fresh SGD are highly variable, though
they typically range from 1% to 10% of river discharge to the ocean (Taniguchi et al., 2019). Zhou et al. (2019)
estimate that high latitude, active margins have fresh SGD rates approximately double that of the global average.
Additionally, islands have been observed to have higher groundwater discharge rates per unit area than continents
(Hajati et al., 2019). If these findings prove to be accurate, higher fresh SGD rates are expected from the moun-
tainous, high latitude coast of the GoA which is occupied by an abundance of island archipelagos. Few studies
have estimated this flux in high latitude mountain regions, much less within the subpolar domain. Further, fresh
SGD estimates have mainly been provided for relatively short time periods or calculated as a long-term mean.
This limits our understanding of how this flux is trending both locally and globally.

Developing a complete understanding of the freshwater and geochemical budgets in the GoA, as well as their
sensitivities to climate-mediated changes, must include SGD as a vital component. SGD plays an influential role
across marine biota in a range of coastal ecosystems (Lecher & Mackey, 2018), with positive impacts observed on
primary productivity (Lecher et al., 2017), denitrification (Erler et al., 2014), enhanced growth rates in mussels
and oysters (Andrisoa et al., 2019; Chen et al., 2018; Spalt et al., 2020), and enhanced productivity and abundance
observed in fisheries (Fujita et al., 2019; Pisternick et al., 2020; Starke et al., 2020). SGD may also contribute to
unfavorable impacts, such as eutrophication (Beusen et al., 2013), harmful algal blooms (Hu et al., 2006), deox-
ygenation (Peterson et al., 2016), and pollutant loading (Knee & Paytan, 2012). Nitrogen fluxes associated with
SGD exceed river inputs in ~60% of the cases in a recent review from Santos et al. (2021). Higher alkalinity asso-
ciated with groundwater may also enlist fresh SGD as an important buffer against ocean acidification (Cyronak
et al., 2013). The coastal margins of the GoA offer an extensive passageway for these nutrients and solutes to
enter the ocean by means of SGD. Groundwater is likely a critical element in the robust coastal ecosystems and
wild fisheries within the GoA, thus quantifying the nutrient and freshwater flux driven by SGD is of great impor-
tance to coastal water management (Robinson et al., 2018). However, while surface waters can be more accessible
to sample and evaluate, it remains a challenge to quantitatively constrain the rate and timing of SGD as this flux
varies significantly in both time and space in this remote region.

Methods to detect and evaluate SGD have enrolled a suite of multidisciplinary approaches (Taniguchi
et al.,, 2019). These include thermal imaging to identify SGD hotspots (Tamborski et al., 2015; Wilson &
Rocha, 2012), electromagnetic sensing to discern the saltwater-freshwater interface (Swarzenski, Simonds,
et al., 2007), instrumentation that measures discharge directly (e.g., seepage meter; Taniguchi, 2002; Ronayne
et al., 2012), tracer techniques (Michael et al., 2011; Rodellas et al., 2015; Santos et al., 2009; Swarzenski,
Reich, et al., 2007; Swarzenski, Simonds, et al., 2007) and hydrologic models, such as water balance calculations
(Sawyer et al., 2016; Sugimoto et al., 2016) and dual-density numerical flow models (Heiss & Michael, 2014;
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Kuan et al., 2012; Michael et al., 2016; Xin et al., 2010). Currently, the only estimates of SGD in the GoA region
are from two small gravel-dominated beaches where it was identified to be a significant source of carbon, nitro-
gen, silicon, iron, and nickel (Dimova et al., 2015; Lecher et al., 2016). These studies reported SGD rates ranging
from 39 + 54 m® m~! day~! to 120 + 50 m® m~' day~! estimated using radon and radium activity, respectively
(Dimova et al., 2015; Lecher et al., 2016). The authors were unable to isolate fresh SGD from total SGD with
the tracer methods they employed. The current study focuses on regional fresh SGD to the GoA, which has not
previously been explored. As mentioned earlier, two common approaches to estimate fresh SGD are water budg-
ets that apply lumped parameters to model domains and groundwater flow models with high resolution input.
Zhou et al. (2018) compared these two generalized approaches over the large domain of the U.S. Atlantic and
Gulf Coasts. The water balance model, although computationally inexpensive, is unable to resolve flow paths
or continuous distributions. The numerical flow model allows for the incorporation of heterogeneous geologic
features but comes at the price of long model run times. Additionally, numerical groundwater simulations cannot
be applied to areas that lack geologic and hydrogeologic observations (Zhou et al., 2018). Further, the majority
of fresh SGD models are steady state and do not account for seasonal variability. Previous studies have identified
high temporal variability associated with the seasonality and lag time of fresh SGD (Charette, 2007; Klammler
et al., 2020; Michael et al., 2005; Smith et al., 2008).

This study is the first to calculate the flux of regional fresh SGD to the GoA by applying two distinct lumped
parameter water balance approaches. Both approaches calculate this flux for individual, unmonitored coastal
catchments across the entire GoA domain. These types of approaches allow us to discern the contribution of fresh
SGD from that of the more commonly quantified total SGD. This is important to distinguish when the quantity of
freshwater delivered to the coast is essential information, such as for oceanographic and ecological models. The
first model partitions each coastal catchment into a three-layer system that accounts for topsoil-subsoil-aquifer
interactions with lumped daily hydrologic inputs and hydrogeologic parameterization derived from modeled or
remotely measured regional and global datasets. Fluxes are provided at a daily timestep. Computational time is
greatly reduced by leveraging an existing high-resolution, long-term hydrologic model that accounts for region-
ally specific hydrologic processes that have not been considered in previous water balance approaches. The
second model approximates net recharge using rates derived from global land surface models acquired from
NASA's Global Land Data Assimilation System (GLDAS) and distributes them over individual coastal catchment
recharge zones. Using two unique computational approaches allows for inter-model comparisons and estimations
of uncertainty in the absence of appropriate validation datasets. We compare the simplifying assumptions in each
computational method and the subsequent fresh SDG estimates. Both models provide the first regional estimates
for fresh SGD to the GoA and identify the locations of hot spots. We also present daily, seasonal, and annual
variations in fresh SGD to the GoA over the 35-year model period.

2. Study Area

The GoA is an important region to study SGD due to its steep topographic gradient, extremely wet climate,
presence of glaciers, minimal anthropogenic extraction or influence, and favorable geologic media in the form
of highly fractured bedrock and coarse, proglacial sediments. These conditions typically lend themselves to high
groundwater, and thus nutrient and solute, fluxes (Adyasari et al., 2019; Zhou et al., 2019). The GoA watershed
occupies an area of 419,127 km? stretching from Cape Igvak on the Alaska Peninsula and Kodiak Island to
the border with British Columbia, Canada at the Portland Inlet. This landscape is home to the northern Pacific
Coastal Temperate Rainforest, the northern-most rainforest on Earth (O’Neel et al., 2015). Additionally, four
major snow and ice covered mountain ranges span the coastline and encompass extensive estuaries, fjords, and
glaciofluvial deltas. This influences the GoA region to be largely remote and inaccessible, with a total population
of 433,179 predominately located in dense population centers and economic regions (live.laborstats.alaska.gov/
pop/index.cfm, last accessed 21 December 2022) but also including many Alaska Native villages that have a high
dependance on coastal regions and resources for subsistence.

We divide the GoA drainage basin into five geographic subregions due to the distinct ecological zones and
hydrogeologic properties and inputs therein (Figure 1). From west to east, these subregions are Kodiak Island
and the Alaskan Peninsula along the Shelikof Straight, the Cook Inlet Basin, Prince William Sound, the Central
Coast, and the Southeast panhandle. Each region holds a combination of unique streamflow patterns that reflects
varying contributions from rain, snow, and glacial ice (Sergeant et al., 2020). Further, we focus this study on
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Figure 1. Regional distribution of major lithologic classes across the Gulf of Alaska drainage basin. Rock units provided by the USGS Geologic Map of Alaska
(Wilson & Labay, 2016) are grouped using custom Python scripts. Lithologic units are not provided for areas within Canada. The Gulf of Alaska drainage basin is
further separated into five geographic subregions.

the coastal catchments, the wedges of land in between watersheds draining to streams and rivers, within each
subregion. The coastal catchments along the GoA coastline are generally characterized by steep topography,
lush vegetation, and abundant wildlife. These are economically important regions due to the richness of their
fisheries and attractiveness for tourism and adventure travel (Munro & Gill, 2006; Stopha, 2017). The coastal
catchments are mostly zoned in a wet and mild maritime climate (Bieniek et al., 2014). The majority of their
precipitation arrives in the autumn as rain and continues through the winter as snow, with notable variation
across the major subregions (McAfee et al., 2013). The Cook Inlet Basin and Kodiak Island/Shelikof subregions
receive far less precipitation than the subregions to the west, with Central Coast receiving the greatest precip-
itation with yearly means of around 3 m (Table 1). These coastal catchments are extensive, spanning a total of
28,069 kms of coastline and containing 9.2% of the total contributing land area of the GoA (Table 1). The steep
terrain produces mean slopes in excess of 30% in the Southeast subregion, and averages 5.7% across all coastal
catchments. Elevations range from sea level to a maxima of 3,048 m in the Prince William Sound, with a mean
elevation of 176 m. The land cover of coastal catchments along the GoA is mostly forested (47.1%), with an addi-
tional mixture of grassland/shrub (26.4%), bare soil/rock (24.8%), and snow/ice (1.6%), derived from the North
America Land Cover Characteristics Data Base, version 2.0 (https://www.usgs.gov/media/images/north-ameri-
ca-land-cover-characteristics-data-base-version-20, last accessed 13 December 2022). Land described as urban
and built-up covers less than 0.06% of the coastal catchments. An overview of coastal catchment characteristics
divided by subregion are provided in Table 1.

Temperate, active coastal margins are proposed to supply the largest provenance of terrigenous materials to the
oceans globally, with the GoA being considered as the greatest contributor of sediment to the Pacific Ocean
from either North or South America (Jaeger et al., 1998). Coarse hydrostratigraphic units like colluvium, alluvial
fans, outwash plains and glaciofluvial deltas provide important reservoirs and efficient flowpaths for mountain
groundwater (Mackay et al., 2020). These environments can deposit facies that are hundreds of meters thick and
extend tens of kilometers laterally (Maizels, 1993). The input to fresh SGD from these unconsolidated units are
coupled with the complex bedrock geology of the region, with shallow, weathered, and deep fracture networks,
all of which have been further enhanced by rapid isostatic depression and rebound from multiple glaciations
(Bradley & Kusky, 1990; Larsen et al., 2005). These are the effective mediums through which fresh SGD travels
to the GoA from the coastal catchment domain of this study. A generalized geologic map of the region modified
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giz?;all Catchment Characteristics and Summary Statistics Listed by Subregion
Coastal catchment variable Southeast Central Coast Prince William sound Cook inlet Kodiak Island/Shelikof Goa total
Count 6594 727 2494 1105 1,976 12,896
Mean annual precipitation (mm) 2550.4 2989.2 2576.8 872.4 1,539.4 2181.0
Area (km?) 19,861 2429 6897 3714 5,749 38,650
Percent regional area 12.2% 4.2% 7.8% 3.6% 30.4% 9.2%
Coastline length (km) 14,448 1550 5751 2153 4167 28,069
Mean drainage length (m) 1763.6 2022.9 1575.2 2162.1 1762.9 1857.3
Mean slope (%) 59 3.6 6.2 4.6 5.3 5.1
Mean elevation (m) 179.9 118.0 202.5 146.6 165.1 162.4
Max elevation (m) 2072.0 2072.0 3048.0 1339.0 1164.0 3048.0
Land Use Land Cover (%):
Forested 73.6% 41.4% 15.2% 33.9% 13.9% 47.1%
Grassland/Shrub 5.8% 9.4% 28.8% 45.8% 83.3% 26.4%
Bare Soil/Rock 19.7% 44.2% 51.8% 19.7% 2.6% 24.8%
Snow/Ice 0.06% 5.05% 4.21% 0.06% 0.20% 1.62%
Developed 0.01% 0% 0% 0.48% 1.02% 0.06%

from the USGS Geologic Map of Alaska (Wilson & Labay, 2016) is given in Figure 1 and classifies units
into major lithologic classes. Coastal catchments of Kodiak Island/Shelikof and the Prince William Sound are
dominated by siliceous sedimentary facies, Cook Inlet and the Central Coast are dominated by unconsolidated
deposits, and the Southeast exhibits the highest variability in rock types along the coast. Karst facies are the least
represented, and are only extant along the coastline of the Southeast and the western Cook Inlet.

3. Data and Methods
3.1. General Overview and Conceptualization

We calculate historical fresh SGD using two previously adopted water budget approaches (Hajati et al., 2019;
Sawyer et al., 2016; Zhou et al., 2018, 2019) for 35 years between 1979 and 2014 for 12,896 coastal catch-
ments of the GoA watershed. Here we describe coastal catchments as the land areas that remain after water-
sheds draining to stream networks have been delineated (Figure 2). These medial land areas outside of surface
water catchments act as the recharge zones from which fresh SGD flows diffusely to the coast, whereas streams
and rivers discharge water from discrete, observable outlets. Following extensive manual comparisons between
1:24,000-scale hydrography maps and satellite imagery, we chose a contributing area threshold of 20 km? to
isolate coastal catchments. Coastal land areas beneath this threshold are observed in aerial imagery to be the
wedge-shaped stretches of coastline that are devoid of streams between watersheds that flow to streams. The
larger watersheds containing streams likely contribute to fresh SGD (Yu et al., 2021), but research estimating
their influence is limited and impractical for the scale of this study. By eliminating these larger watersheds that
contain streams, we may apply the simplifying assumption that all water recharged to the coastal aquifer will
become fresh SGD along the coast. Furthermore, this threshold almost entirely eliminates the influence from
the 49 tidewater glaciers along the GoA coastline, although they are also likely to contribute additionally to the
groundwater flux (Boulton & Caban, 1995; He et al., 2022). Our threshold is similar to previous studies that use
HydroSHEDS (Lehner et al., 2008) to define coastal recharge zones (Zhou et al., 2018, 2019), and is smaller
than the majority of recharge areas applied to regional fresh SGD estimates, which can be as high as 81 km?
(Hajati et al., 2019). The GoA coastline is occupied by 13,017 of these coastal catchments. Datasets that apply
lumped aquifer parameters to each coastal catchment do not have complete coverage, resulting in the removal of
120 coastal catchments from model calculations. We use the USGS HydrolK North America digital elevation
model (https://earthexplorer.gov/; DEM) to generate the stream network, calculate the slope and the mean and
max elevations of the catchments, and to delineate the coastline. Using a higher resolution DEM would reduce
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Figure 2. A graphical representation of coastal catchment geology, geometry, and freshwater dynamics in the Gulf of Alaska margin. (a) Representative example of
the regional coastline. Watersheds draining to streams are shaded in gray to expose the coastal catchments that remain between. Unconsolidated deposits are shown

in beige. A generated hillshade model represents the undivided bedrock geology. SGD zones in the shallow ocean are shaded in turquoise; (b) conceptual model

of groundwater recharge, flow, and discharge along geologic cross section from mountains to sea. Fresh meteoric groundwater is discharging to the ocean from
unconsolidated sediments in this example, but fractured bedrock aquifers are also depicted as they are represented and distributed throughout the domain of the models;
(c) schematic plane view (inset from (a)) of water flow and SGD from a coastal catchment.

the uncertainty of catchment delineation, however, we are constrained to use the same DEM as the hydrological
model that we use during the first step of our calculations, which is discussed in Section 3.2.1.

Within each coastal recharge area, rain, snow- and ice-melt that does not become lost due to evapotranspiration
or sublimation infiltrates the soil. If the pore space of the top soil is suffused and the hydrologic input surplus is
greater than the recharge to the subsoil, water will be lost as overland flow. Water that is not lost to surface runoff
will eventually recharge the aquifer. Once in the aquifer, all water exits the coastline as fresh SGD. In reality,
some meteoric groundwater may discharge above mean sea level as near-shore terrestrial groundwater discharge
(NGD; Luijendijk et al., 2020). Our calculations provide fresh SGD and NGD as one combined term, which we
will continue to term fresh SGD (Figure 1). Coastal aquifers are further partitioned into five main lithologic
classes derived from regional geologic maps to apply necessary aquifer parameters from Gleeson et al. (2014)
and to assess relative contributions from each class. In the absence of suitable hydrogeologic datasets for the
region, both models rely on regional and global datasets to assign hydrologic, geologic, soil, and aquifer inputs
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and parameters to each coastal catchment. Interbasin flow, water originating from outside the catchment bounda-
ries, is neglected. The results present fresh SGD estimates as volumes of water per time that a coastal catchment
discharges to the ocean.

3.2. Model Structure, Forcing, and Flux Calculation

3.2.1. Lumped Parameter Coastal Catchment Regional Fresh SGD Model

The first approach applies a lumped parameter regional model (LPRM) modified from Hajati et al. (2019) and
accounts for water volumes of the top soil .S () (mm), sub soil S, () (mm), and the aquifer S5(¢) (mm) to represent
the main processes of soil and aquifer interactions therein. Hajati et al. (2019) validated their model results with
averaged groundwater flows from seven globally available models. They found that their model predicts similar
groundwater fluxes to those from the global model results, with the majority of catchments falling within the
calculated range. Our implementation of the model is tested using the same input from Hajati et al. (2019), which
provided model results with minimal variation from the original work.

Output for the LPRM is performed at a daily timestep, ¢, which corresponds to the resolution of the hydrologic
input data. The water balance for the top soil for each coastal catchment of the GoA drainage basin is given by:

%=P+M+CR—(ET+SU)—OF—R1 @)
where S, is the volume of water stored in the catchment topsoil, and the precipitation input P, snow- and ice-melt
input M, capillary rise to the top soil CR, evapotranspiration E7, snow sublimation SU, surface runoff OF, and
subsoil recharge R, are all taken in rate form (mm/day). The top soil is separated from the aquifer by the sub soil.
The water balance for the sub soil S, is given by:

ds,
— =R —-CR-R 2
ar ? @
where aquifer recharge R, is taken to be in rate form. The aquifer is represented by the last reservoir, which has

no maximum storage threshold. The water balance for the aquifer is given by:

dS;
— =R, -SGD 3
T 2 3)
where fresh SGD is taken to be in rate form. The model compares the stored water in the aquifer reservoir on the
final day of the model run (31 August 2014) with the first day (1 September 1979) and ends the model spin up if
those aquifer levels are within 1 mm of each other. This results in high variability for the number of model runs

it takes to reach a water balance in each catchment.

The initiating step fills up the top soil with precipitation and meltwater and then reduces the water content
via evapotranspiration and sublimation from snow. Rather than repeating computationally expensive physically
based water and energy balance models for this input, our study leverages an existing hydrological model for the
GoA (GoA HM; Beamer et al., 2016) that solves for the required input. Beamer et al. (2016) provide high spatial
and temporal resolution (1 km X 1 km; daily time step) discharge data for the entire domain. The GoA HM uses
a collection of physically based models that drive runoff to 14,052 discharge outlets. Meteorological forcings are
interpolated to the resolution of the elevation and land cover data (MicroMet; Liston & Elder, 2006a), runoff from
rainfall and the full evolution of the snow water equivalent from snow and ice are calculated (SnowModel; Liston
& Elder, 2006b) along with actual evapotranspiration, surface and baseflow runoff (SoilBal; Beamer et al., 2016),
and runoff is routed from cell to cell, down-gradient (HydroFlow; Liston & Mernild, 2012). The GoA HM lumps
all freshwater discharging to the ocean into a singular runoff term and does not distinguish stream discharge from
groundwater discharge. For this study, we assume that the discharge outlet of the GoA HM represents the net
hydrologic forcings of a coastal catchment for 1 day and we redistribute that value over each coastal catchment to
perform the water balance. This assumption is valid for the small control areas we use for our coastal catchments
since water traveling over such short, steep drainage lengths typically takes much less time than the timestep at
which the model is forced. By using the GoA HM as input, we may reduce the water balance for the top soil to:
ds,

“=HlLu+CR-OF - Ry @)
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where the net hydrologic input HI,, is also in rate form.

Surface flow is generated if the water content of the top soil exceeds the input in the first step:

0 lf Sl(t) S Smax,l
OF(t) = ®)
Sl(t) - Smax,l lf Sl(t) > Smax.l

where S, .., is the maximum available water volume of the top soil. This parameter is supplied by the Global Land
Cover Characteristics database (Loveland et al., 2000), which delineates the global surface into 99 classes, each
of which are given water-holding capacities W, (mm) by Hagemann (2002).

The following step sees a reduction in the water content of the top soil through sub soil recharge R, (). The
pressure head 4 necessary to calculate the unsaturated hydraulic conductivity is calculated using the effective
saturation © by:

0 l(t ) - eres

0N = p——p= =+ (ah)™)™ 6)

where 6

sat res

(mm) and 6, (mm) are saturated and residual contents, respectively, and a, (mm~'), N,, and m, = 1-1/
N, are top soil van Genuchten curve-fitting parameters that are empirically derived to describe soil water reten-
tion curves (Van Genuchten, 1980). The a parameter in this model is related to the inverse of the air entry suction
while the N parameter is the measure of the pore size distribution. The water content of the reservoir (z) is the
volume of water within the reservoir S,(z) divided by the total volume of the reservoir V, , where V, =S, /e,
and e, = 6,
tivity K, (cm/day) are provided by the HiHydroSoil v2.0 data set at a resolution of 250 m worldwide (Simons
et al., 2020). This data set gives values for the top soil and sub soil at 0-0.3 m and 0.3-2.0 m depth, respectively.
Recharge to the sub soil R(?) is equal to the unsaturated hydraulic conductivity K, . (t) of the top soil given by

(Van Genuchten, 1980):

— 6. For both the top soil and sub soil reservoirs, N, a, 8, 0

sar’ “res’

and saturated hydraulic conduc-

—my 2
[1 — (@h )M 1+ (@b ()™ ]

Kunsnt.l = Ksat,l (7)

1+ (o (0)M1]™"

The water lost from the top soil via recharge R, is added to the sub soil. If the sub soil is full, the excess water
is added back to the topsoil. If this results in filling up the top soil, additional surface runoff OF{(?) is generated.
Additionally, the sub soil loses water to the top soil via capillary rise CR(?) by:

CR(t) = Kyu2(1) - ( ; 1) ) @)

max,1

Greater amounts of water are transported to the top soil when water content is lower within the top soil. Again, if
this generates excess water within the top soil §,(7) it is added to surface runoff OF(t).

The sub soil loses water to the aquifer reservoir via recharge R,(¢), which is equal to the unsaturated hydraulic
conductivity of the sub soil K, .
to the storage volume within the aquifer S, multiplied by the recession parameter R, as defined by (Kraijenhoff

Van de Leur (1958)):

, (Equation 7). This water then exits the aquifer as fresh SGD which is equal

ﬂ'szar3D3
Ry = ———— 9
= ©

where K, is the saturated hydraulic conductivity of the aquifer (mm/day), D, is the aquifer thickness (mm),
&, is the aquifer porosity, and L is drainage width of the aquifer (mm). Coastal catchments are divided into five
main lithologic classes as determined by the dominant rock type within each catchment from the Geologic Map
of Alaska (Wilson & Labay, 2016). Gleeson et al. (2014) assign porosity and permeability values for each lith-
ologic class, which are then converted to saturated hydraulic conductivity (Kozeny, 1927) using standard values
for water at 20 °C. D, is provided by the global 1-km gridded thickness of soil, regolith, and sedimentary deposit
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Table 2

Summary of Number, Averaged Catchment Properties, Averaged Hydrologic Input, and Averaged Model Parameters for Coastal Catchments Separated by Main

Lithologic Classes

Catchment properties Hydrologic input Input parameter

Area GW flow Beamer et al. (2016) GLDAS (avg.) K Kin K3 S 1 Spaxz D3
Lithology Count [km?] width [m] [mm/yr] [mm/yr] [mm/day] [mm/day] [mm/day] [mm] [mm] [m]
C.g. unconsolidated 2,200 3.5 1,075 2,454 526 275.5 171.1 10,671 206.9 369.4 184
Sil. sedimentary 5,855 2.9 859 3,070 643 499.1 138.6 1 195.1 374.2 49
Crystalline 3,608 2.9 855 3,265 810 190.4 134.9 7 195.1 372.6 5.0
Volcanic 819 3.0 841 3,020 816 159.4 107.1 268 192.4 373.3 5.7
Carbonate 414 25 668 3,592 827 145.4 90.5 1,343 180.9 370.1 6.0
Model Domain 12,896 3.0 887 3,033 687 206.8 139.2 1,883 196.5 372.7 7.3

layers data set from Pelletier et al. (2016). Top soil and sub soil thickness are subtracted from these provided
values to determine the thickness of the aquifer layer, which is > 5 m. Assuming a roughly triangular shape
for each coastal catchment, the average groundwater flow width L is half the orthogonal distance between the
furthest inland point and the coastline (Van de Leur, 1958).

Model parameters are extracted for each coastal catchment using workflows in ArcGIS Pro 3.0.2. A complete list of
the data necessary for the model input is provided in Table S1 in Supporting Information S1. Aside from the vector-
ized geologic map, all of the input variables for this model are available in raster format. Due to the spatial location
of coastal catchments, which are on continental margins, the available raster data often has incomplete or missing
coverage over their domain since these data represent continental features. Missing coverage from input raster data
sets ranges from 0.2% to 6.8% of the coastal catchments. We expand the coverage of these data sets by performing
focal statistics over a 3 X 3 rectangular neighborhood where the mean value is applied to center of that neighborhood.
We avoid altering the original dataset by mosaicking the original raster to the newly generated raster, which uses the
original raster as the preferred mosaic operator. This is performed a maximum of four times for each model parame-
ter which allows for a more complete coverage over coastal catchment domains. We note that this may lead to addi-
tional uncertainty within this small percentage of catchments, which we explore in detail in the discussion. Model
parameters are then extracted for each coastal catchment using zonal statistics, which applies mean values to each.

Geologic units provided by the USGS Geologic Map of Alaska (Wilson & Labay, 2016) are grouped into five
main lithologic classes to apply aquifer permeability and porosity for each class from Gleeson et al. (2014). We
extract the dominant rock type for each coastal catchment using standard GIS techniques. Gleeson et al. (2014)
provides sublithologies that account for grain size for both unconsolidated and silicious sedimentary units. We
assume that coastal catchments composed of unconsolidated deposits have permeability and porosity values
associated with coarse-grained sediments. We consider this to be a valid assumption in the mostly high-energy
depositional environments in which these sediments are deposited. Further, the effective permeability is more
likely to reflect the most permeable sub-unit in layered unconsolidated deposits. We also choose not to separate
silicious sedimentary units based on grain size. Although much of the sedimentary geology along the GoA is
dominated by fine-grained units such as shale, these units are also highly fractured, shifting the associated perme-
ability and porosity toward those observed in coarse-grained deposits. Thusly, we use median values for siliceous
sedimentary hydrolithologies to describe this unit.

Partitioned by geology, coastal catchments composed of unconsolidated deposits contain the largest averaged
areas and groundwater flow widths, while carbonate coastal catchments contain the smallest (Table 2). The high-
est averaged saturated hydraulic conductivities of the top soil are observed in silicious sedimentary environments,
whereas the highest averaged saturated conductivities of the subsoil and aquifer containers are seen in unconsoli-
dated deposits. Maximum averaged storage volumes of the topsoil are also recognized in unconsolidated deposits,
along with the largest averaged aquifer thickness, while the subsoil has a similar maximum averaged storage
volume across lithologic classes (Table 2).

3.2.2. Global Land Surface Models Water Budget Approach

Fresh SGD is also estimated using the simple water budget approach from Sawyer et al. (2016), and Zhou
et al. (2018, 2019). This method uses the same coastal catchment recharge areas as described previously.
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Recharge across these coastal catchments is the surplus of precipitation and meltwater that infiltrates the surface.
This recharge would eventually discharge to a stream if one were present, but by isolating coastal catchments
as areas lacking streams, we may assume that all recharge to these systems eventually discharges to the coast as
fresh SGD. We assume a small net imbalance between groundwater injections and withdrawals, which is very
reasonable in such a remote and sparsely populated landscape. We also assume that the net imbalance between the
import and export of groundwater between catchments, or interbasin flow, is negligible. Under long-term steady
state conditions, these assumptions allow the calculation for annual volumes of fresh SGD to simply be the linear
average net recharge r integrated across coastal catchment areas A (Zhou et al., 2018):

OfreshsGp =71 + A 10)
where Q. ;p and r are in rate form. The calculation may also be made as annual volumes of fresh SGD per unit
length in coastline by:

(r-4)

CL (i

ereshSGD =

where CL is the coast length for each coastal catchment.

We use values calculated from two global land surface models provided by NASA's Global Land Data Assimilation
System (GLDAS, Rodell et al., 2004) to approximate the average net recharge rate for each coastal catchment. There
are three land surface models currently driven by GLDAS: NOAH, Catchment (CLSM), and the Variable Infil-
tration Capacity (VIC). All three aim to generate variables of states and fluxes occurring at the land surface using
advanced modeling and data assimilation techniques (Rodell et al., 2004). Although there are three components to
GLDAS, our study relies exclusively on GLDAS-2.0 which is the sole option that supplies a temporally consistent
time series during our historical model period (1 September 1979 through 31 August 2014). Doing so allows for
intermodel comparisons with our approach in the previous section. The simulations of GLDAS 2.0 are forced by
Princeton meteorologic input data to drive model outputs (Sheffield et al., 2006). The three land surface models
provide data products that contain 34-38 output parameters. One of these parameters is baseflow-groundwater
runoff (kg/m?/t), which is what we use to generate our recharge term for the coastal catchment domains (Equa-
tion 10). The models do not explicitly solve for lateral groundwater flow, but rather provide a one-dimensional
vertical component for groundwater runoff. Conceptually this is similar enough to groundwater recharge as it solves
for the flux of water from the surface to deeper components of the soil. We only apply data products from NOAH
and CLSM as they are provided at a higher spatial resolution (0.25° X 0.25°) than those from VIC (1.0° X 1.0°).

The baseflow-groundwater runoff data product from the NOAH and CLSM land surface models are accessed
through NASA's Giovanni online web environment (Acker & Leptoukh, 2007). We averaged the data product time-
series for each pixel over the domain of our model for both NOAH and CLSM. Coastal catchments are assigned
recharge rates from both models by extracting values from the pixel with the closest centroid to each catchment.
This approach is valid for our purposes since all of the coastal catchments are significantly smaller than the GLDAS
data products resolution (<20 km? vs. 0.25°). The extraction of NOAH and CLSM data products resulted in the
12,896 coastal catchments along the GoA being represented by 319 and 321 pixels, respectively. This is much less
than the input used in the previous method, which has a unique net hydrologic input for each individual catchment
(Figure 3). Data products are multiplied by the catchment area (Equation 10) and converted to annual volume rates
of fresh SGD for each coastal catchment. We average the two results to compare with our previous approach.

4. Results
4.1. Lumped Parameter Regional Model Estimates

Along the coastal margin of the GoA, 12,896 coastal catchments generate a mean fresh SGD flux of 86.8 km3/
yr, or 11.4% of the total freshwater discharge (FWD) as provided by Beamer et al. (2016). Integrated over the
28,069 km of coastline, the total contributing recharge area of these coastal catchments is 38,650 km?, or 9.2% of
the entire drainage basin. The average stretch of the GoA shoreline offers 8.47 m?/day per meter of coast of fresh
SGD, which is just under 1 cm?/s. While the total daily FWD varies considerably over the course of a year, daily
fresh SGD remains relatively sustained (Figure 4). Over the 35-year period of our model run, total daily fresh SGD
never drops below 0.23 km?/day, which is only 4.7% off from the mean daily value of 0.241 km?/day. Peak daily
fresh SGD observed in any given year is not far off from the lowest yearly contributions, whereas FWD approaches
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Figure 3. Baseflow-groundwater runoff along the GoA margin from CLSM (top) and NOAH (bottom) data products used in
our calculations for annual volumes of fresh SGD. The net hydrologic input for each coastal catchment in our method in the
previous section are displayed as green circles.

zero at the beginning of each calendar year and has an annual variability that consistently spans over two orders
of magnitude. Additionally, the highest fresh SGD peaks over the course of the model period do not coincide with
peaks observed in total FWD. This indicates that fresh SGD to the GoA may be a sustaining contribution with
respect to both freshwater and nutrient delivery regardless of season, as well as during relatively low flow years.

Fresh SGD is highly variable throughout the region, with the highest input from the Southeast subregion, and
the lowest input occurring in the Cook Inlet basin (Figure 4). Basin wide median peak daily fresh SGD flux
occurs during the month of May, while the lowest median daily values occur in August (Figure S1 in Supporting
Information S1). This observation holds true for the Cook Inlet and Southeast subregions, however, this is not
characteristic for the Kodiak Island/Shelikof, Prince William Sound, and Central Coast. The Prince William
Sound and Central Coast subregions reach a median daily maxima during the month of October, while peak
median values for Kodiak Island/Shelikof occur in January. This suggests that the coastal catchments within these
subregions receive much of their recharge from fall and winter rains, whereas the basin as a whole achieves peak
discharge due to snow melt. Dissimilarly, total daily FWD is relatively low during the winter months, reaching a
minima during the month of February. This is 6 months from the median daily minima for total fresh SGD, and
also occurs during a time where mean values of fresh SGD exist. Over the model period, total daily fresh SGD
reached a maximum contribution of 0.273 km? in May of 2012.

The spatial variability of fresh SGD along the GoA margin depends on both the contributing area of coastal catch-
ments and the water availability necessary to recharge the coastal aquifers. In the top panel of Figure 5, annual
fresh SGD volumes and coastal catchment area are grouped into 0.1° longitudinal bins and smoothed to observe
trends along the shoreline. Both coastal catchment area and discharge achieve a broad peak in the east, providing
a premise for why the overwhelming majority of fresh SGD results from the Southeast subregion. Moving to
the west, coastal catchment area falls dramatically until reaching the Prince William Sound, apart from a small
increase seen in Yakutat Bay. Both coastal catchment area and fresh SGD increase substantially within the Prince
William Sound, effectuating the greatest specific discharge, or discharge normalized by recharge area, observed
along the coastline. To the contrary, the lowest specific discharge is observed in the Cook Inlet and Kodiak
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Figure 4. Multidecadal trends in daily modeled freshwater discharge (FWD) and fresh submarine groundwater discharge
(SGD) to the Gulf of Alaska. (a) Daily modeled total freshwater discharge from Beamer et al. (2016); (b) daily modeled fresh
SGD from the lumped parameter regional model approach; (c) fresh SGD broken down by subregion. Subregions, from west to
east, are Kodiak Island/Shelikof (KIS), Cook Inlet (CI), Prince William Sound (PWS), Central Coast (CC), and Southeast (SE).

Island/Shelikof subregions when moving to the west. Coastal catchment area remains relatively similar to the
areas observed within the Prince William Sound, suggesting that water availability is the stronger driver of fresh
SGD in these regions. On the other hand, the high density of coastal catchments areas in the Southeast and Prince
William Sound subregions are a strong driver of fresh SGD volumes. This offers an insight that high-latitude
island chains and archipelagos may disproportionately contribute to the overall fresh SGD flux. We provide a
map of fresh SGD hotspots along the GoA margin derived from the LPRM approach in Figure 5.

4.2. GLDAS Water Budget Estimates

The water budget approach using GLDAS data products for the recharge input predicted a total mean annual
fresh SGD volume of 26.5 km?>. This is about one third less than those estimated from the LPRM method, and
represents 3.5% of the total FWD to the GoA (Table 3). This contribution is the average from the values derived
using the two discrete inputs from the CLSM and NOAH land surface models. Results between the two inputs
are typically within a factor of two of each other. The estimates using the CLSM data products generally provide
lower estimates than those from NOAH, with total mean annual contributions of 18.9 and 34.0 km?, respectively.
Estimates using CLSM products as inputs do provide higher input than those from NOAH for some coastal
catchments within the PWS and CC subregions. Averaged between the two, the mean daily input of fresh SGD
per meter of coastline is 3.3 m?, or 0.4 cm?/s.

Spatial variability of annual mean fresh SGD using GLDAS data products show similar patterns across the GoA
landscape to the estimates obtained from the LPRM approach. The top panel of Figure 5 presents fresh SGD
volumes as a function of longitude for the averaged results from GLDAS data products in green. Coastal catch-
ment recharge areas are held constant between both estimation methods. The greatest input of fresh annual SGD
is observed with the same distinctive broad peak over the SE subregion. Similar peaks are also recognized within
the center of the CC and across the PWS. The lowest contributions are found in the western portion of the CC.

This method also results in similar patterns to those of the LPRM when discharge volumes are parsed by coastal
catchment lithology. This may benefit future analyses that estimate the geochemical contribution of groundwaters
across the region. The overwhelming majority of fresh SGD is sourced from catchments dominated by siliceous
sedimentary rock units, while the lowest contribution discharges from carbonate geology (Figure 6). This is
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Figure 5. Map of mean annual fresh submarine groundwater discharge volumes from the lumped parameter regional model (LPRM) along the Gulf of Alaska
coastline. Fresh submarine groundwater discharge from the LPRM (red) and GLDAS (green) are plotted with coastal catchment area as a function of longitude along
the top of the map. The inset map corresponds to subregions with the lowest (left side) and highest (right side) specific discharges. The stream network of the GoA is
depicted as blue lines and the Gulf of Alaska drainage basin is highlighted in light gray.

expected when considering the occurrence of these lithologies over this predominately rocky coastline, where
sedimentary and carbonate units constitute around 44% and 2.7% of the coastal catchment domains, respectively.
Sedimentary catchments also have a much higher average top soil saturated hydraulic conductivity K, than other
lithologies (Table 2). On the other hand, the aquifers of sedimentary catchments have the lowest saturated hydrau-
lic conductivity, allowing the media more influence over the constituents of freshwater (Table 2). Catchments
composed of unconsolidated deposits have the lowest area normalized fresh SGD contribution. A major portion
of these deposits are located in the CI basin, which has a lower water availability when compared to the rest of the
region. Annual fresh SGD volumes using CLSM and NOAH data products as inputs are most similar within these
unconsolidated catchments, and have the greatest difference within carbonate catchments (Figure 6).

5. Discussion
5.1. Comparison of Approach

Fresh SGD flux estimates over this expansive region are relatively consistent considering the complex land-
scape and hydrology of the domain. Both methods provide results with comparable assumptions and limitations,

Table 3
Annual Fresh SGD Results Across Methods
Hydro-climate data Model Mean fresh SGD flux (m?/year)  Median fresh SGD flux (m?/year) Total fresh SGD (km?*/year)
GLDAS Water Budget-NOAH v2.0 1,543.1 767.1 34.0

Water Budget-CLSM v2.2 864.9 4329 18.9

Average: 1,204.0 600.0 26.5
Beamer et al. (2016) Lumped Parameter Regional Model: 4,091.3 2,541.3 86.8
RUSSO ET AL. 13 of 21
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as well as benefits for each. Our annual flux estimates all agree within a
factor of 2.5-5 when summed over the entire coastline, regardless of differ-
ences between the hydrologic input data or computational method. At the
catchment-scale, agreement between the approaches is highly variable with
only 3% of 12,896 coastal catchments falling within a range of £50% of one
another (Figure 7a). The LPRM approach yields consistently higher fresh
SGD rates for the majority of cases. This is likely due to the coarse resolution
used by the GLDAS results which may be more representative of dryer, conti-
nental domains. Even so, catchment-specific estimates are well within an
order of magnitude from one another when catchments with zero discharge
from GLDAS inputs are excluded. This is an acceptable range given that
global estimates range over about three orders of magnitude, or from approx-
imately 0.1% to 10% of river flow (Taniguchi et al., 2002). Both models also
highlight the importance of smaller catchments distributed throughout the

uncon. carb. cryst. sed. volc. model domain. In Figure 7b, coastal catchments are ordered from smallest to

Lithology largest to assess the relative contribution of fresh SGD based on contributing

area. The majority of fresh SGD proceeds from coastal catchments that are

Figure 6. Mean annual fresh SGD results from multiple methods, separated less than 5 km? in area, even more so in the LPRM approach than from the
by lithologic mediums. Abbreviations are for unconsolidated deposits water budget using GLDAS inputs.

(uncon.), carbonate (carb.), crystalline (cryst.), siliceous sedimentary (sed.),

and volcanic (volc.).

The major benefit of using GLDAS data products in a water balance approach

is that the recharge term has already been solved for by multiple global land

surface models. This greatly reduces the computational time and effort for
estimating fresh SGD over large regional or global domains. Further, the recent availability of web based appli-
cations, such as Giovanni, allows for the condensation of data discovery, query, manipulation, visualization, and
download into one fluid process. This efficiency comes at the cost of spatial resolution, which may misrepresent
the site specific processes occurring within our significantly smaller domain boundaries. Discharge from indi-
vidual coastal catchments may be more representative of those from larger, more inland tracts of land, which
typically acquire decreased hydrologic input when compared to coastal areas in the GoA (Bieniek et al., 2014).
Additionally, fresh SGD fluxes from GLDAS are more consistent than those from the LPRM estimates that use
high-resolution hydrologic input. This diminished variability is due to the coarser resolution (0.25° X 0.25°) of
the GLDAS data products, which represent all 12,896 coastal catchments with only 319-321 pixels (Figure 3).
GLDAS data products have modeled some of the pixels within our domain as having zero recharge, likely due to
the majority of the cell being occupied by ice. The occurrence of these cells is highly variable between the NOAH

1.0
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Figure 7. Comparison plots of modeled fresh SGD across the GoA. (a) Cross plot of modeled fresh SGD flux for each
catchment using different methods to estimate flux; (b) Plot showing the distribution of fresh SGD by coastal catchment area
ordered from smallest to largest for each method. Line segment colors correspond to a 5 km? range of contributing recharge
area, normalized by the total area of coastal catchments, plotted against the cumulative sum of discharge volume normalized
by the total SGD volumetric flux for each method.
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Figure 8. Stacked plots of mean monthly aquifer recharge, R,, and overflow, OF, normalized by area. Values are calculated from the lumped parameter regional model
results and are representative of the mean water depths across all catchments within a subregion.

and CLSM data products, especially within the PWS and CC subregions (Figure 3). A relatively small portion of
these coastal catchments contain glaciers, and the catchments that are included are primarily representative of the
appointed lithologies from which they drain to the coast. This has led to further catchment-scale discrepancies
between our model results, particularly in areas with partial ice cover (Figure 7a).

The LPRM approach requires the discovery, acquisition, and download of multiple datasets before extensive
manual preprocessing operations may initiate. This results in notably larger file sizes that effect storage, handling,
and processing during modeling operations that are markedly more computationally expensive. A model run-time
of over 216 hr is required for fresh SGD model results to reach a water balance for the 12,896 coastal catchments
along the GoA, despite applying parallel processing practices that initiate the use of all 16 cores on our processor
for parsed model bins. However, there are several advantages associated with this increased computational expend-
iture. First, each individual coastal catchment may be uniquely represented by higher resolution hydrologic input
and soil parameters. This finer degree is important in the assessment of localized contribution and variability, espe-
cially if the results are to be compared with local-scale studies in the future. Additionally, model results may achieve
the temporal resolution of their required hydrologic input. This allows for an in-depth analysis of time-series results
across periods of interest. This is particularly important when characterizing fresh SGD, for this flux has been
shown to demonstrate a high degree of seasonality (Michael et al., 2005). Finally, the LPRM model provides results
for each component of the water balance at the catchment-scale, allowing for localized assessment of the relation-
ships between catchment-specific properties and inputs and the resulting flux over both time and space (Figure 8).
GLDAS models solve for a myriad of components of the water cycle, most of which are not very useful for the
domain of this study. For example, the GLDAS surface runoff data product includes watersheds that house large
river systems, which is much less representative to our coastal catchments than the recharge term. Furthermore,
recharge and fresh SGD are solved separately, whereas they are assumed to be the same in the other approach.

5.2. Current Limitations and Uncertainties in the Water Balance Approach

The different conceptualizations of coastal aquifer dynamics we explore provide a simple means to estimate
fresh SGD over large regional scales. Currently, there are several processes that must be incorporated into future
approaches to allow for a better representation of these systems. This is especially true for the dynamic coastline of
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the GoA. In both approaches, recharge to these systems is assumed to occur solely within topographically defined
boundaries of individual coastal catchments and does not consider interbasin flow from adjacent watersheds. This
may substantially underestimate fresh SGD in the region, especially within unconsolidated coastal catchments that
are part of a larger glacial-fluvial outwash plain containing meltwater streams. Coastal catchments on the peripher-
ies of these predominately coarse deposits potentially source a major portion of their recharge from their streams,
though limited research has explored the magnitude of this flux. Mackay et al. (2020) estimate a meltwater river to
contribute 13%—17% of the total aquifer recharge in a proglacial sandur of Iceland. Concentrated infiltration has been
observed elsewhere as an important agent of groundwater recharge in proglacial environments, even within the GoA
drainage basin (Liljedahl et al., 2017; o} Dochartaigh et al., 2019; Somers & McKenzie, 2020). Further, groundwater
flow occurs through the full thickness of the materials within these infilled valleys and plains occupied by meltwater
streams. Fresh SGD is likely amplified in these environments, where groundwater discharges parallel to the mouths
of rivers to the coast (Yu et al., 2021). In geologic analogs, groundwater flow through a proglacial unconfined aquifer
is estimated to be 9.8% of the mean annual river flow if the full thickness is considered (O Dochartaigh et al., 2019).
This is not only likely to underestimate the fresh SGD estimates, but may have resounding implications for the total
FWD delivered to the GoA. Phelan Creek, one of the sites used for calibration in the GoA RM (Beamer et al., 2016),
was recently observed to lose potentially half of its annual streamflow to groundwater (Liljedahl et al., 2017). Like
Phelan Creek, the majority of gauging sites within the region are located on thick, extensively filled valleys where
subsurface flow is not quantified. Additional sources of fresh SGD may result from sub-glacial groundwater recharge
(Boulton & Caban, 1995; He et al., 2022) or in larger watersheds that contain ephemeral or intermittent streams.

While water balances provide a simple means to estimate the contribution of the fresh SGD flux, groundwater
flow is governed by physically-based processes. The water balance approach is unable to resolve effects that may
result from aquifer heterogeneity or dual-density flow, both of which are inherent to these systems (Robinson
et al., 2018). The two approaches we incorporate into our estimates have both been compared with other external
data sets. Zhou et al. (2018) compared the water balance approach to numerical flow models over the same region
in the Atlantic and Gulf Coast regions of the conterminous United States. They found agreeance between water
budget and numerical modeling approaches to be within a factor of 2-3 when fluxes are summed over the entire
coastline. Hajati et al. (2019) compared their fresh SGD results from the Island of Java using the LPRM approach
with global groundwater model results, most of which solve a water balance that is conceptually and methodi-
cally similar to GLDAS. The comparison highlighted discrepancies that ranged over three orders of magnitude
between the LPRM results and those from global models. Further, the authors found no clear correlations of
daily fresh SGD and the four categories chosen for their sensitivity analyses. In the absence of local and regional
numerical flow models or in-situ studies concerning fresh SGD within the GoA, we chose to focus our analysis
on the comparison between two previously applied water balance approaches that may be validated against future
studies.

The methods of this study are subject to several uncertainties that are worthy of discussion. The largest of these
likely results from our application of the HydrolK North American DEM to delineate the coastal catchments of
our domain. With an average coastal catchment area of 3.0 km?, the input data of 1 km? only provides coverage
over three cells. This basin size may introduce substantial uncertainties to fresh SGD fluxes, particularly in
smaller catchments. Larger coastal catchment areas than the ones represented in our model implementations
would increase the fresh SGD flux in a linear fashion, and vice versa. This likely does not impact our results or
conclusions significantly since the groundwater catchment size is mostly unknown anyway and can differ from
topographically defined catchments. As we stated in the methods, employing the GoA HM as the forcing of the
model constrained us to apply the HydrolK for reliable overlap of the input data. We recommend that future
works consider using newer and higher resolved DEMs as input to delineate coastal catchments. Additionally, the
catchments are located at the coast where some of the input data are not available due to spatial differences and
were thus extrapolated. To assess the additional uncertainties presented by this process, we choose 25 catchments
(~3% of the maximum missing input data) and assess the sensitivity of changing the model parameters S, ., D;,
K1 Ko and K, 5 (Tables S2 and S3 in Supporting Information S1). We find that differences in the saturated
hydraulic conductivity of the top soil and sub soil (K, |, K, ,) have the greatest effect on subsequent mean fresh
SGD fluxes (Figure S2 in Supporting Information S1). A limited amount of data exists for soil properties within
the remote and majority inaccessible domain of our study. The few soil sample data that we discovered within the
larger GoA watershed calculated top soil hydraulic conductivities of 25, 38, and 49 m/day (Gupta et al., 2021;
King et al., 2019), which are two orders of magnitude higher than the average applied by global datasets. As
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such, the global datasets that we deploy in the LPRM likely greatly underpredicts these values. We suggest future
studies rely less on global datasets and attempt to gather and adapt raw data more to the regional and local scale.

5.3. A Call for Localized Research on Fresh SGD Within the GoA and Similar High Latitude
Environments

This study focuses on fresh SGD to the GoA due to its disproportionate importance concerning global scale
hydrology. The magnitude of fresh SGD and its influence remains virtually unexplored within high-latitude
active margins globally. Our model results highlight the potential significance of fresh SGD to the GoA and the
coastal communities and ecosystems therein. Although fresh SGD is estimated to be substantially lower than
the total FWD volumetrically, the enriched nutrient and solute concentrations observed within these coastal aqui-
fers globally could make it a powerful influencer on near-shore marine ecosystems in the region. The GoA system
is undergoing climate mediated alterations at a rapid pace, and understanding how coastal groundwater systems
are responding is not currently a part of this conversation. Improvements in remote sensing, in-situ data collec-
tion, and computing are facilitating readily available opportunities to estimate fresh SGD over a range of spatial
scales within the GoA. Additional data that characterizes the soils and geology of the GoA over large spatial
scales will greatly benefit the understanding of these processes at high latitudes. Here we provide a regional
estimate, but understanding local-scale hydrologic feedbacks and contributions is critical to develop a complete
understanding of nutrient, solute, and freshwater transport within the region, and how they are changing with
accelerated warming. Further, the state of Alaska is markedly lacking in subsurface observations, such as hydrau-
lic head, critical to calibrate and validate groundwater flow models for the region.

6. Conclusion

This study is the first to estimate the regional contribution of fresh SGD to the GoA. We supply estimates from
two accepted water balance approaches and compare the results. Our findings suggest that fresh SGD along the
coast is a significant source of freshwater to the GoA, contributing between 3.5% and 11.4% of the total FWD,
depending on the method applied. Further, we highlight fresh SGD as a sustained delivery of freshwater and nutri-
ents to the coast, even during relatively low surface water discharge years. Both methods of approach result with
an agreement between a factor of 2.5 and 5 when summed along the entire coastline. The spatial distribution of
fresh SGD is largely dependent on regional water availability and the occurrence of recharge areas, with notably
more contribution resulting from areas with abundant islands and archipelagos. The majority of fresh SGD flows
from catchments predominately composed of siliceous sedimentary lithology. The highest and lowest specific
discharge occur in the Prince William Sound and the Cook Inlet, respectively, while the majority is sourced from
the Southeastern pan handle. This study may be used to inform new science and guide future field studies that aim
to assess local distributions and magnitudes, as well as their associated nutrient and solute flux. Such research
is currently severely limited within the region. Fresh SGD is highly variable and difficult to measure but greatly
important from a water resources and coastal ecology perspective. Our findings are especially relevant to identify
where future studies that quantify the contribution of fresh SGD locally should take place.

Data Availability Statement
All data are available at Scholarworks @UA (http://hdl.handle.net/11122/13150).
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