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Hydrological Cycle Intensification and Permafrost Thaw
Drive Increased Freshwater and Organic Carbon Inputs to
Northern Alaska Estuaries

Michael A. Rawlins'

, Craig T. Connolly? ¢, and James W. McClelland®

lDepaﬁment of Earth, Geographic, and Climate Sciences, University of Massachusetts, Amherst, MA, USA, >Marine
Sciences Institute, University of Texas at Austin, Port Aransas, TX, USA, 3The Ecosystems Center, Marine Biological
Laboratory, Woods Hole, MA, USA

Abstract Understanding how hydrological inflows and climate change influence individual estuaries across
northern Alaska is limited by a paucity of measured data, necessitating the application of suitably scaled
numerical process models. This study uses an updated model to quantify freshwater discharge and dissolved
organic carbon (DOC) export from the North Slope of Alaska (NSA) to coastal waters of the Beaufort Sea and
examines climate-linked temporal changes. The model was applied at 1 km resolution across the 166,483 km?
NSA domain over 1980-2023. Watershed inputs to coastal waters were estimated by routing along river
networks to 1,039 outlets at the land-sea boundary. Key simulation parameters were evaluated to demonstrate
model efficacy, then spatial and temporal patterns were quantified. Exports to specific lagoons, bays, and
sounds demonstrate how landscape composition, terrestrial drainage basin size, and estuary area modulate
watershed influence on coastal ecosystems across the region. Freshwater discharge and DOC export increased
over the greater than four decades, associated with changes in precipitation and permafrost thaw. Surface and
supra-permafrost subsurface fluxes also increased, with pronounced rises in proportional contributions via
subsurface flow during summer and autumn. These changes have the potential to substantially impact salinity
and trophic conditions along Alaska's Beaufort Sea coast. Our study highlights the value of model-data
syntheses that resolve regional-to-local scale fluxes where observational measurements are sparse, and provides
novel quantitative export metrics that will be useful to researchers, resource managers, and other stakeholders
with interests in the climate, hydrology, and biogeochemistry of coastal northern Alaska.

Plain Language Summary Watershed inputs from land drive coastal ecosystem dynamics in the
Arctic, yet understanding of how they vary over space and time is limited by a scarcity of measured and modeled
data. This study applies an updated numerical model that provides estimates of freshwater discharge and
dissolved organic carbon (DOC) export from land to individual estuaries along the Alaskan Beaufort Sea coast.
The model was developed for the North Slope of Alaska, with sufficient resolution and scaling to estimate
watershed inputs to individual lagoons, bays, and sounds between Point Barrow and the US-Canada border.
Model results, covering 1980-2023, show (a) that landscape characteristics drive spatial variability in
freshwater and DOC export to individual estuaries, and (b) a significant increase in freshwater and DOC inputs
to the Alaskan Beaufort Sea over time. These changes manifest in surface and subsurface (groundwater) flow,
but the proportion of subsurface flow also increased. An enhanced water cycle is increasing flows, while deeper
soil thaw in summer is causing more DOC to reach the coast. The changes demonstrated in this study are likely
altering salinity, biogeochemical processes, and food web relationships in the coastal Beaufort Sea.

1. Introduction

Rivers are defining features of the land-ocean system, playing crucial roles as conduits for the transport of water
and water-borne materials from terrestrial landscapes to the marine environment. Their impact on ocean processes
is particularly strong in the Arctic, where 11% of the world's river water is delivered to an ocean basin that
contains about 1% of the world's ocean volume (Aagaard & Carmack, 1989; McClelland et al., 2012). Notably,
Arctic rivers deliver ~34 Tg C of dissolved organic carbon (DOC) and 8 Tg C of particulate organic carbon (POC)
per year to the Arctic Ocean and surrounding seas (Fabre et al., 2024). Respiration of this river-supplied organic
matter is a significant component of the global carbon (C) cycle, amounting to annual atmospheric emissions of
250 Tg C (Liu et al., 2022). Arctic river DOC and POC export also drive local ecosystem processes, serving as
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important sources of energy for microbial and metazoan food webs (Connelly et al., 2015; Harris et al., 2018;
Kellogg et al., 2019). Climate warming is having pervasive effects on high-latitude freshwater and organic matter
export primarily due to hydrological cycle intensification and permafrost thaw (Carmack et al., 2016; Koch &
O’Donnell, 2025; Rawlins & Karmalkar, 2024; Tank et al., 2023). Permafrost thaw can be expected to cause
proportionally more water rerouting through subsurface pathways before entering stream networks (Bense
et al., 2009; Walvoord & Kurylyk, 2016; Wang et al., 2021), potentially causing additional impacts to aquatic
ecosystems. Changes to the Arctic hydrologic cycle and to the heterogeneous landscapes that Arctic rivers drain
will both alter lateral (land-ocean) and vertical (land-atmosphere) carbon fluxes as climate warming continues
(Vonk et al., 2025).

A few large rivers that have been extensively studied over the past 20 years export a majority of freshwater and
land-derived materials from the pan-Arctic drainage basin to the Arctic Ocean (Holmes et al., 2011; McClelland
et al., 2016; Tank et al., 2023). There is, however, increasing recognition that inputs from smaller watersheds are
also regionally important. These watersheds are located relatively close to the land-sea interface (Speetjens
et al., 2023) and often manifest much higher DOC yields because they drain low-gradient terrain and are underlain
by continuous permafrost that constrains water movement to shallow, organic-rich soils in the seasonal active
layer (McClelland et al., 2014; Starr et al., 2023). Beyond their outsized role in DOC transport, small watersheds
that abut the coast may be experiencing different climate change effects such as enhanced warming rates (Vonk
et al., 2023), and greater precipitation and runoff amounts during this century (Rawlins & Karmalkar, 2024).

On the North Slope of Alaska, small-to-medium sized rivers drain into a diverse array of lagoons, bays, and
sounds along the Beaufort Sea coast between Point Barrow to the west and the Alaska-Canada border to the east.
Studies focusing on the Colville, Kuparuk, and Sagavanirktok rivers have fostered foundational understanding of
seasonal fluvial export from the North Slope to the Beaufort Sea (McClelland et al., 2014), while numerous
studies of inland streams and rivers have explored relationships between basin characteristics and associated
fluxes at smaller catchment scales (e.g., Khosh et al., 2017; Shogren et al., 2020, 2024). Our understanding of
seasonal and long-term export from small drainage areas near the coast, on the other hand, is less well developed.

The paucity of field data from these catchments presents a barrier to advancing understanding of Arctic land-
ocean biogeochemical coupling. Numerical models have become increasingly valuable to help fill this void,
but these models are often difficult to develop across spatially and temporally variable regional systems. Nu-
merical models also have the added benefit of generating long-term estimates that can integrate the myriad of
change resulting from climate warming. This is particularly true in the Arctic where the scientific basis for model
parameterization is still growing (Bertin et al., 2023; Clark et al., 2022; Gibson et al., 2022). To meet these
challenges, hydrological and biogeochemical models designed for high-latitude systems need to be suitably
scaled and parsimonious enough to simulate key processes and the complex interactions between seasonality,
water availability, soil freeze-thaw, and carbon mobilization (Kicklighter et al., 2013; Mohammed et al., 2022;
Rawlins et al., 2013, 2021). While these models are being developed for large Arctic rivers, which can leverage
broader (but coarser) spatial data sets (Clark & Mannino, 2021; Song et al., 2025), finer spatial resolution models
with requisite input data are needed to accurately quantify water and DOC export for the many smaller rivers that
influence nearshore coastal environments (Spera et al., 2026). Developing and implementing effective and
efficient physically based process models is all the more challenging. In a recent effort, Rawlins et al. (2021)
described a process model applied at 25 km resolution that was capable of estimating export from individual
medium and large northern Alaska rivers. In a subsequent study, the same model was downscaled to 1 km res-
olution for the coastal catchment draining into Elson Lagoon (Rawlins, 2021), demonstrating that a finer reso-
lution model was needed to investigate terrestrial exports to individual coastal features. We expand on that effort
to refine and employ a process model that accurately quantifies exports across the wide range of stream and river
sizes that drain the entire North Slope of Alaska.

In this study we apply and analyze simulation estimates over 1980-2023 to quantify river discharge and DOC
exports and their temporal trends across the North Slope of Alaska to the Beaufort Sea coast. Using these esti-
mates, we further investigate connections to individual lagoons, bays, and sounds to understand how these exports
and their influence vary across individual coastal features. First, elements of the study spatial domain and river
network are introduced, followed by descriptions of the model process representations, parameterizations and
meteorological forcings. We then discuss model evaluations of key simulation elements supporting model ef-
ficacy in characterizing and quantifying riverine exports. Next, results focused on discharge and DOC spatial and
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Figure 1. Lagoons, bays, and sounds along the Northern Alaska coast into which freshwater flux and DOC exports are estimated. The study domain includes all land
areas draining to the coast from the Clarence River at the easternmost edge of the domain near Demarcation Bay westward to Point Barrow near Utqiagvik, Alaska.

temporal patterns are described. Lastly, a trend analysis is presented to evaluate how aspects of climate change
have affected exports and may be influencing coastal ecosystems.

2. Model Specifications and Forcings
2.1. Spatial Domain and River Network Specifications

The study area (166,483 km?) encompasses all land draining the North Slope of Alaska (NSA) to the Beaufort
Sea. Spatial resolution for the model simulation is 1 X 1 km on the Northern Hemisphere Equal Area Scalable
Grid (EASE-Grid) v2 (Brodzik et al., 2012). The NSA is bounded in the south by the Brooks Range, which
approaches the coast in the eastern part of the region. This physiographic pattern causes rivers to drain propor-
tionally more mountainous terrain in the eastern region of the NSA compared to the west (Connolly et al., 2018).
The most actively studied major rivers draining the NSA are the Colville (basin area 59,647 km?), Sagavanirktok
(13,465 km?), and Kuparuk (9,101 km?). While these three rivers drain nearly half (49.4%) of the NSA, their
fluxes funnel into a concentrated area that makes up only 13% of the Alaska Beaufort Sea coastline. To define
river basin drainage areas and route water and DOC to the coast, we use a digital river network derived from
ArcticDEM 100 m elevation data mapped on the same 1 km? EASE-Grid domain. Exports are calculated for all
land areas draining to the coast from the Clarence River at the easternmost edge of the NSA (69.642883°N,
—140.978058°W) west to Point Barrow near Utqgiagvik, Alaska (Figure 1). A total of 1,039 grid cells represent
outlets along the domain's Alaska Beaufort Sea coast, hereafter referred to as “drainage outlets.” At 1 km res-
olution across the NSA, many of the outlets drain very small coastal catchments, often best represented by a single
grid cell at the land-water interface. The lack of channelized flow and presence of direct groundwater inputs
highlights the importance of capturing accurate surface and subsurface contributions to export on a cell-by-cell
basis.
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Table 1
Data Used in the PWBM Model Simulation and Validation
Variable Period Source
Air temperature Daily Daymet v4
Precipitation Daily Daymet v4
Wind speed Daily ECMWEF Reanalysis v5
Surface water Static U.S. Geological Survey, National Hydrography Dataset (2024)
Landcover Static North American Land Change Monitoring System and National
Land Cover Data set
Soil organic carbon Static Northern Circumpolar Soil Carbon Database v2
Soil organic carbon Static SoilGrids v2
Soil texture Static SoilGrids v2
Active layer thickness (ALT) Average National Tibetan Plateau/Third Pole Environment Data Center
(TPDC); (Rawlins & Karmalkar, 2024)
River discharge Daily U.S. Geological Survey
DOC concentration Average Various sources

Note. Daily model forcings are for the period 1980-2023. Static model parameterization data are time-invariant in the
simulation. Average listed for ALT and DOC concentration time period are calculated over several years. Sources are listed in
the Data Availability statement.

2.2. Model Process Representations, Parameterizations and Forcings

Estimates of river discharge and DOC export were derived from a model simulation of the Permafrost Water
Balance Model (PWBM) that was calibrated and validated using measured concentrations of DOC from a variety
of northern Alaska streams and rivers reported by McClelland et al. (2014), Khosh (2015), Connolly et al. (2018),
and Beaufort Lagoon Ecosystems LTER (2025). We use the PWBM version 4 (Rawlins et al., 2021; Rawlins &
Karmalkar, 2024) to obtain outputs of runoff and DOC leaching and loading to river network segments for each of
the N = 166,483 domain grid cells. The PWBM is an implicit daily time step model that includes physical process
representations for snow accumulation and melt, soil active-layer development, DOC production and leaching,
and other key processes that influence river discharge and DOC export. Subsurface runoff is modeled using a
linear reservoir method, wherein the reservoirs are individual soil layers, with 10% of any amount above field
capacity contributing to subsurface runoff. The sum total of subsurface and surface runoff enters the river
network and becomes river freshwater volume. Additional details of model parameterization and configuration (e.
g., vertical water fluxes, soil freeze-thaw and active layer dynamics) are described in Rawlins et al. (2021);
Rawlins and Karmalkar (2024) and the technical description (Supporting Information S1).

The DOC parameterization routines within the PWBM were first described in Rawlins et al. (2021). Updates to
extend the model to the finer 1 km spatial resolution are detailed in Supporting Information S1. Comprehensively
simulating soil DOC production and desorption process is crucial in areas where water availability is substantial
(Wei et al., 2024). In the PWBM, the leaching of DOC from soil occurs from a soil water DOC pool that is
modulated by DOC production and decomposition as a function of soil organic carbon (SOC) density, soil
temperature, and soil moisture. Production of DOC in a model soil layer or at the surface is influenced by the
amount of available soil carbon and the temperature and moisture of each soil layer. The PWBM simulation
analyzed in this study includes new data sets and associated parameterizations for soil and vegetation properties
(Table 1).

Discharge volumes (from runoff) and DOC mass flux estimates for each grid cell are obtained from the core
PWBM model, with routing performed in an “offline” model run outside of the core PWBM simulation. We
found through testing and visual analysis of the simulated hydrographs that subdaily time steps are needed to
move water and DOC mass through the relatively small 1 km? cell size network. In other words, water moves
across several grid cells each day on its way downstream to the coast. Water volume and DOC mass movement
across a constant N = 14 grid cells was chosen to simplify model calibration and validation. Efficacy in the
simulated hydrographs is demonstrated through comparisons with observed data in Section 3.1. Simulated daily
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DOC concentration is estimated as the product of DOC mass (milligrams) and water volume (liters), and is
primarily used here for model evaluation against available data sampled from rivers. Lastly, inputs to coastal
features, such as lagoons, bays and sounds are estimated from the quantities exiting each of the 1,039 drainage
outlets bordering the northern coast.

Time varying meteorological data for precipitation, air temperature, and wind speed at standard 2 m height for the
44-year period 1980-2023 represent the primary controls on snow accumulation and melt, and the subsequent
river discharge flux to the northern coast. We use Daymet version 4 data for daily precipitation and air tem-
perature (Thornton et al., 2021) and ERAS data for wind speed (Hersbach et al., 2020) (Table 1). Daymet is a 40-
year daily meteorological data set on a 1 km grid for North America, Hawaii, and Puerto Rico and provides
temperature, precipitation, shortwave radiation, vapor pressure, snow water equivalent, and day length. Version 4
represents several improvements from previous versions. The relatively coarse 31 km resolution ERAS wind data
were downscaled to each 1 km grid using nearest cell assignments, and we note that the lower spatial resolution
potentially influences modeled snow densities (Rawlins et al., 2013). Landcover parametrizations were specified
from the North American Land Change Monitoring System, with surface water from the United States Geological
Survey's National Hydrography Data set.

2.3. Evaluation Data

To assess model performance, simulated active-layer thickness (ALT), river discharge, and river DOC con-
centrations are evaluated against independent data sets. Model estimates of river discharge are compared to
measured data from United States Geological Survey (USGS) gauges. Among the large NSA rivers, only the
Kuparuk River (USGS ID 15896000) has discharge data available for the entire study period. More limited data
for the Canning River (USGS ID 15955000) from 2009 to 2012 and the Colville River (USGS ID 15875000) since
2003 are also available and are used to validate simulated river discharge. The gauge site on the Kuparuk is near
the coast. The site on the Canning is approximately 40 km from the coast, while the site on the Colville is at Umiat,
AK, well upstream (170 km). The Canning and Colville sites capture flow from 92.4% to 60.4% of each river's full
contributing area, respectively.

Simulated end-of-season ALT estimates are evaluated against data derived from field measurements (Ran
et al., 2022) and prior PWBM simulations (Rawlins & Karmalkar, 2024). The ALT data from Ran et al. (2022)
represent an integration of large amounts of ground and multisource geospatial data, especially remotely sensed
data, synthesized through statistical learning modeling with an ensemble strategy. The prior model estimates are
derived from simulations forced with three reanalysis data sets and the outputs from two global climate models.
Gridded data from model output fields of the simulations forced with the six data sets represent a range of ALT
that we compare to the simulation in this study. To accomplish this we extracted the grid cells over the NSA from
the pan-Arctic simulation outputs described in Rawlins and Karmalkar (2024).

For model DOC validation we leverage field-collected measurements of DOC concentration gathered from a wide
range of streams and rivers across the NSA. Downstream DOC data sets are most extensive for the Colville,
Kuparuk, and Sagavanirktok rivers, but this study also takes advantage of several smaller data sets from other
river outlets that expand the spatial extent and provide seasonal snapshots that can be validated across the NSA. In
addition, a plethora of DOC data from river subbasins are included for model validation at smaller catchment
scales (Connolly et al., 2018; Khosh et al., 2017; Koch et al., 2024).

3. Evaluation of Simulated Dynamics

The PWBM simulates an array of fundamental elements of the Arctic hydrological cycle. We focus our evaluation
on river runoff, ALT, and DOC concentration given their importance in accurately estimating river discharge and
DOC export magnitudes and temporal changes. Surface and subsurface runoff integrated across drainage areas
via river routing becomes the estimate of river discharge at the coast. The seasonal progression of ALT has a
bearing on the availability of SOC at various depths in the soil profile, and its trend over time influences the
amount of SOC that can potentially be mobilized and transported through river networks to the coast. The
concentration of DOC leached from soils and carried by rivers is fundamental to the estimation of DOC mass
export. Through examination of the amounts and dynamics of these model variables, we establish the model's
ability to capture key processes essential to simulation estimates of river discharge volumes and DOC export mass
totals.
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Figure 2. Monthly simulated precipitation, simulated runoff, and observed runoff as long-term averages over the Colville, Kuparuk, and Canning river basins. Simulated
precipitation and runoff averages are for the period 2000-2023. Observed values are for the observational period of record for each gauge location.

Table 2

Annual Total Simulated and Observed Runoff (mm yr~') for the Colville,

Kuparuk, and Canning River Basins

3.1. River Runoff

Simulated river runoff is compared to measured records for the Colville, Kuparuk, and Canning rivers to ascertain
model efficacy in estimating the magnitude and temporal variations in land-ocean river discharge flux. Observed
and simulated runoff is derived from discharge volume by normalizing to (dividing by) basin area. Measured
runoff is obtained from published discharge volume. For the validation comparisons we derive simulated runoff
from simulated routed discharge, rather than simple average basin runoff, as it better captures the timing of peak
discharge at the coast. Our analysis reveals that the model broadly captures the timing and magnitude of the spring
freshet and summer baseflow conditions (Figure 2). Annual total runoff is within 11% for each of the three rivers
(Table 2). Simulated and measured annual runoff for the Colville is 256 and 233 mm yr~! respectively, a dif-
ference (simulated minus observed) of —9.9%. Percent differences for the Kuparuk and Canning are +10.9% and
—0.9% respectively. Peak discharge is slightly overestimated for the Colville and underestimated for the Kuparuk
and Canning, suggesting an unbiased simulation for the NSA as a whole. This result is well supported by the
relatively good performance for annual total runoff across the three rivers.

3.2. Active Layer Thickness

Simulated end-of-season ALT exhibits a spatial gradient with shallower ALT near the coast and deeper ALT in
the Brooks Range, a pattern largely attributable to model parametrized thermal conductivities of soils, with more
organic matter in the coastal plain tundra linked to lower conductivities and shallower ALT, and thinner organic
soils in the mountains associated with higher conductivities and deeper ALT. Simulated ALT ranges from
approximately 30 cm across the coastal plain tundra areas to just over 125 cm over parts of the central Brooks
Range (Figure 3a). An isolated area of terrain in the easternmost region of Alaska has ALT reaching 150 cm.
Deeper thaw depths across higher elevation terrains are attributable to less organic soil mass (e.g., peat), asso-
ciated higher thermal conductivities, and thus more efficient downward propagation of surface energy.

Model simulated ALT is compared to ALT from a suite of data to assess
model efficacy in capturing the magnitude of long-term average ALT across
the NSA. A gridded product from the National Tibetan Plateau/Third Pole

Environment Data Center (TPDC) (Ran et al., 2022) is used here, and rep-

River Simulated Observed Difference  resents a synthesis of observations. Based on this data, a majority of the re-
Colville 256 233 99 gion (50% between the 25th and 75th percentiles) has ALT between 45 and
Kuparuk 180 162 10.9 73 cm (TPD?, Figure 3b). For ALT simulated in this study (Daymet. ), 50%

. of the cell estimates are between 47 and 67 cm. Close correspondence is noted
Canning 284 286 -0.9

between the TPDC data and PWBM simulated estimates. The median of the

Note. Percent differences are calculated as PD = (simulated minus observed

runoff)/observed runoff.

TPDC observed and PWBM simulated distributions are 50 and 52 cm,
respectively, and the means are 59 and 62 cm, respectively. The model
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Figure 3. (a) End-of-season active-layer thickness from the PWBM simulation mapped as an average for the period 2000—
2023. (b) Distributions of grid cell ALT across the NSA. Labels identify ALT drawn from observed data and PWBM
simulations described in Rawlins and Karmalkar (2024) and this study, with the latter identified by forcing data set
“Daymet*.” TPDC is a gridded data set based on ALT observations (Ran et al., 2022). Forcings W5ES, ERAS, MERRA are
reanalysis data sets, and forcings IPSL and MPI represent outputs from global climate models (Rawlins & Karmalkar, 2024).
Gridded ALT from TPDC are averages over the period 2000-2016, while the remaining estimates are averages for the period
2000-2019. Boxplot rectangles bracket the 25th and 75th percentiles. Whiskers extend to the 5th and 95th percentiles. Thick
and thin horizontal lines mark the distribution mean and median respectively.

simulations from Rawlins and Karmalkar (2024) with five different forcings also provide a range of estimates to
compare with the current Daymet* simulation. With the exception of the MERRA simulation, each has half of the
distribution ALT values between 40 and 60 cm, comparable to the 44 and 58 from the present simulation. The
PWBM has demonstrated efficacy in accurately replicating soil freeze-thaw dynamics and permafrost distribution
at 1 km resolution in a Tibetan permafrost watershed characterized by a diverse range of soil properties including
high gravel content and organic-rich mineral soils (Jiang et al., 2020, 2024). For example, simulated permafrost
coverage was 75.9%, with coverage of 80.5% and 79.1% from two validation data sets, while simulated soil frozen
ground coverage was 22.6%, with coverage of 19.3% and 20.9% in the validation data (Jiang et al., 2024).
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Figure 4. Simulated daily runoff, DOC concentration, and DOC loading as long-term averages over the Sagavanirktok, Kuparuk, and Colville rivers. The y axes are

different in each figure panel.

Table 3

Simulated ALT was also found to be unbiased in assessments against a series of field measurements in Alaska
(Rawlins et al., 2013) and a gridded data set derived from observations ((Ran et al., 2022) used in this study) in an
analysis spanning the pan-Arctic drainage basin (Rawlins & Karmalkar, 2024).

3.3. DOC Concentration

Simulated DOC concentrations for NSA subbasins and river outlets near the coast are compared to observed data
to evaluate model efficacy in capturing DOC magnitudes, temporal dynamics, and spatial variations. We examine
DOC concentrations and temporal dynamics here to assess model performance, particularly given the much finer
spatial resolution applied in this study.

In recent years, estimates of DOC concentration for several of the region's larger rivers have been obtained
through in situ sampling (Connolly et al., 2018; McClelland et al., 2014). Concentrations are highest during the
spring, when water is constrained to shallow organic-rich flow paths, and decrease as the active layer extends into
soils with greater mineral content and lower organic matter stocks (Khosh et al., 2017). Daily basin average
simulated DOC concentrations for the Sagavanirktok, Kuparuk, and Colville rivers show this familiar pattern
(Figure 4). Among the three rivers, the Sagavanirktok has the lowest DOC concentration, peaking at 6—7 mg C L™!
during the freshet and averaging 2-3 mg C L~! through summer. Seasonal patterns in simulated DOC concen-
trations are similar for the Kuparuk and Colville, with average concentrations exceeding 15 mg C L™! in just a few
days during the freshet. Summer values for the Colville and Kuparuk decrease to 5 mg C L™!. These estimates are
broadly consistent with measured data for the three rivers (McClelland et al., 2014) that also exhibit peak values
during the freshet. The observations of McClelland et al. (2014) revealed freshet values for the Sagavanirktok of
8 mg C L~! and summer values of 1-3 mg C L~". For the Kuparuk, the measurements captured freshet values of
around 14 mg CL™!, 6 mg C L™! 40 days after peak freshet flow, and a few values of 3—4 mg/L 80 days after the
freshet. Observations for the Colville showed concentrations at 2-3 mg C L™ a week before peak flow, rising to
11 mg C L™! at peak, and declining to 3-5 mg C L™! through summer.

The model's ability to capture spatial variations in DOC concentration across
a broader extent of the NSA is assessed by comparing observational data for
several dozen NSA subbasins and river outlets near the Beaufort Sea coast (35

Correlation Coefficient for Simulated and Observed DOC Concentrations
for All NSA River Subbasins With Observed Seasonal Concentration Data
and for the Subset of River Outlets, and Partitioned by Spring and Summer,
the Average Error (AE, mg C Lfl), Mean Absolute Error (MAE, mg C Lfl)
and Median Absolute Percentage Error (MPE, %)

Spring Summer
R AE MAE MPE AE MAE MPE
All subbasins  0.51 —0.14 1.9 672 -129 29 46.2
Coastal outlets  0.75 172 24 23.7 1.06 22 36.6

Note. Statistics are derived from the data values shown in Figure 5.

with spring data, 81 summer data). A subbasin is defined here as an upstream
contributing drainage area of a given river defined by a sampling site on that
river network. Over all available subbasins, simulated DOC concentrations
for spring (May—June) and summer (July—September) reveal a significant
(p < 0.001) correlation with observed concentrations, with a Pearson's cor-
relation coefficient of r = 0.51 (Table 3, Figure 5a). Many of the subbasins are
relatively small: 37% of catchments with summer DOC data have a
contributing area <100 km?. The average error (simulated minus observed)
for spring is —0.14 mg C L™! and the average error for summer is —1.29 mg C
L~!. For the outlet sites, the correlation is r = 0.75, the average error in spring
is 1.72 mg C L™, and the average error in summer is 1.06 mg C L™
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Figure 5. Spring (red) and summer (blue) simulated and observed DOC concentrations for (a) all NSA river subbasins with observed seasonal concentration data and
(b) the subset of river outlets from (a). Spring and summer are defined as the average values for May—June and July—September respectively. Averaging periods for the
observations vary (see methods). Simulated concentration averages are for the period 2000-2023. For observations with sufficient data, the horizontal line spans the 1
standard deviation range across each average value. Errors for (c) all subbasins and (d) the river outlets plotted against drainage basin area.

(Figure 5b). The residual between simulated and measured DOC concentrations are clearly highest for small basin
sizes (Figures 5c and 5d). Put another way, errors are inversely proportional to catchment area, where most
catchments with areas greater than 100 km? have errors less than 2 mg C L™ (47.6% of observed mean). For basin
areas >3,000 km?, the residual is less than 2 mg C L™! for all rivers. When comparing concentrations for river
outlets at the coast, the clear outliers are four rivers with relatively small basin sizes of 5, 41, 203, and 549 km?.
River sampling was typically not made continuously throughout a season, with exception of six subbasins in the
headwaters of the Kuparuk and Sagavanirktok (Khosh et al., 2017). In addition to basin size, errors may also be
influenced by the number of repeated measurements averaged for a given site and season. In some cases, only a
single measurement was used to compare to the simulated seasonal average. Thus, our validation of DOC at the
subbasin scale is not expected to be as robust compared to the basin outlet evaluation that integrates larger
drainage areas, and may include more seasonally explicit measurements with average values that better capture
true seasonal means.

RAWLINS ET AL.

9 of 22

85UB017 SUOWILLIOD BAIeR1D 3|qeol|dde aupy Aq peusenob ae sejolie YO @SN JO S3|n. 1o} Akeiq1 T 8UlUO AB|IM UO (SUOHPUOD-PUe-SWLB)ALIOD A8 | A1 1[ul JUO//SdNY) SUORIPUOD Pue swie 1 ay) 88S *[9202/70/90] Uo Aridiauliuo Ao (1M ‘shesnydesse | JO AIseAIIN Ad 2Z88009DS5202/620T 0T/I0p/W00 A8 im Areiqiputjuo'sgndnBe//sdny woly pepeo|umod 't ‘9202 ‘v226vieT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2025GB008822

Table 4
Simulated Annual Total River Discharge (km® yr™"), DOC Export (Mg yr™'), Discharge Yield (mm yr~'), and DOC Yield (g
m~2 yr~!) for the 10 Largest NSA Rivers (by Contributing Drainage Area) and for the Remaining NSA Terrestrial Drainage

Areas

Contributing area River discharge® DOC export” River yield® DOC yield?
River km? km?® yr! Mg yr~! mm yr~! gm™ 2 yr!
Colville 59,647(36) 15.93(37) 50,997(31) 267.1 0.9
Ikpikpuk 15,215(9) 2.56(6) 19,287(12) 168.3 1.3
Sagavanirktok 13,465(8) 5.69(13) 8,515(5) 422.6 0.6
Meade 11,101(7) 2.81(7) 18,111(11) 253.1 1.6
Kuparuk 9,101(5) 2.23(5) 11,667(7) 245.0 1.3
Canning 5,414(3) 1.84(4) 2,164(1) 339.9 0.4
Fish 4,784(3) 0.61(1) 7,200(4) 127.5 1.5
Shaviovik 4,212(3) 1.02(2) 4,436(3) 2422 1.1
Kongakut 3,875(2) 2.13(5) 1,087(1) 549.7 0.3
Topagoruk 3,199(2) 0.59(1) 4,327(3) 184.4 1.4
Other drainage areas 36,470(22) 7.40(17) 34,243(21) 185.0 1.1
Top 10 total 130,013(78) 35.42(83) 127,790(79) 272.4 1.0
All NSA total 166,483 42.82 162,033 257.2 1.0

Note. Totals are averages for the most recent 5-year period 2019-2023. Percentages (rounded to nearest integer) for each river
contributing area and the percent contributions for river discharge and DOC export relative to the respective NSA totals are
shown in parenthases ( ). “River total discharge volume. "River total DOC mass export. “River discharge divided by
contributing drainage area. “River DOC export divided by contributing drainage area.

4. Results and Discussion
4.1. River Discharge and DOC Spatial and Temporal Dynamics

Total simulated river discharge from the NSA to the Beaufort Sea from 2019 to 2023 is 42.8 km® yr~! (Table 4).
As noted in previous studies, discharge from the Colville River is dominant: it accounts for ~37% of the total NSA
river discharge, while the nine next largest drainage areas account for a combined ~46% of the total NSA
discharge. Numerous smaller drainage areas account for the remaining 17%. DOC export from NSA rivers mirror
their river discharge magnitudes, but variations in individual DOC yields due to differing amounts of mountain
versus coastal plain terrain lead to some disproportionate DOC exports (Table 4). For example, the Ikpikpuk and
Meade rivers each export roughly twice as much DOC as the Sagavanirktok River even though discharge from the
Sagavanirktok is twice as high. Spatial patterns in DOC yield across the NSA reflect a west-east shift in drainage
from greater landscape proportions of organic-rich foothills-tundra and coastal plain terrain (e.g., the Ikpikpuk,
Meade, and Colville) to drainage from predominantly mountainous terrain (e.g., Sagavanirktok, Canning, Jago,
and rivers to the east).

Simulated river DOC concentrations across the NSA reveal spatial variations that further elucidate patterns in
DOC exports across the region. Concentrations are relatively low in the mountains and higher in the coastal plain
(Figure 6). Peak (2-week) freshet DOC concentrations are less than 2 mg C L™! in river sections draining higher
elevation catchments in the Brooks Range, and exceed 15 mg C L™ in river sections draining coastal plain tundra
in northwestern catchments of the NSA (Figure 6a). The simulation captures the broad east-west gradient
(east < west) and seasonal variations in concentrations (spring > summer) described in previous studies (Con-
nolly et al., 2018; Rawlins et al., 2021) (Figure 6). The simulation also captures interesting spatial variations at
smaller scales. For example, the simulation resulted in lower DOC concentrations locally in river corridors, a
reflection of lower SOC amounts. Focusing in on areas that drain directly to coastal waters of the Deadhorse/
Prudhoe Bay region (Figure 7), the simulation shows that DOC concentrations are much higher between the
Colville and Kuparuk deltas than east of the Kuparuk to the Sagavnirktok. The lowest concentrations in this
region are within the Sagavanirktok delta, a reflection of the delta's low SOC amounts parameterized from model
input data. DOC-poor water in the east branch of Sagavanirktok, which accounts for a majority of its river
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Figure 6. DOC concentrations of NSA river segments for (a) the maximum 2 weeks average during the freshet period (May—June) and (b) the July—August period
average for the simulation. Soil SOC is parametrized with NCSCD v2 data (Hugelius et al., 2014). Values show are the climatological averages over years 2000-2023.

discharge, is attributable to its contributing basin draining a large proportion of the Brooks Range that contains
relatively low SOC densities.

Although river discharge and DOC exports from the NSA as a whole can be accounted for by a few larger rivers,
the biogeochemistry and ecology of individual estuaries along Alaska's Beaufort Sea coast are strongly influenced
by local inputs they receive. Thus, simulated inputs to select coastal water bodies were estimated to illustrate how
DOC exports can be linked to and compared across coastal systems (Table 5). These include major named

Average Two Week Peak DOC Concentration at Drainage Outlets

Simpson Lagoon

Y -

. (]

. . 0% °,
()

Stefansson Sound

Figure 7. Maximum 2 weeks average (2000-2023) export DOC concentrations (colored circles, mg C L™!) at drainage outlets in the Deadhorse/Prudhoe Bay region.
Circle sizes scale by the respective river drainage area. Values below river names indicate river discharge (km® yr~!) and DOC export (Mg yr~") totals as averages for
the period 2019-2023 (Table 4). For the Sagavanirktok, values represent the total flux for the east and west branches and the drainage areas between them.
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Table 5

Simulated Annual Total River Discharge and DOC Export to Select NSA Coastal Features

Feature area  Contributing area  River discharge® River yield® DOC export® DOC yield! Discharge normalized® DOC normalized"

Coastal feature km? km? km? yr~! mm yr~! Mg yr~! gm 2 yr! km® km=2 yr~! Mg km~2 yr~!
Elson Lagoon 239.3 478 0.10 209 923 1.9 0.0004 3.7
Admiralty Bay 638.5 20,515 4.53 221 31,742 1.6 0.0071 49.7
Simpson Lagoon 273.6 10,415 242 232 13,851 1.3 0.0088 50.6
Stefansson Sound 883.8 20,295 7.20 355 16,313 0.8 0.0081 18.5
Kaktovik Lagoon 25.2 246 0.04 163 282 1.2 0.0016 11.2
Jago Lagoon 385 2387 0.66 277 1505 0.6 0.0171 39.1
Tapkaurak Lagoon 25.0 53 0.01 189 57 1.1 0.0004 2.3
Angun Lagoon 7.0 430 0.07 163 306 0.7 0.0100 43.6
Nuvagapak Lagoon 30.6 1983 0.75 378 535 0.3 0.0245 17.5
Demarcation Bay 46.0 405 0.11 272 493 1.2 0.0024 10.7

Note. Export totals are averages for the 5-year period 2019-2023. Coastal features are ordered west to east. “River discharge volume from contributing drainage area into
coastal feature. "River discharge volume divided by contributing drainage area. “DOC mass export from contributing drainage area into coastal feature. “DOC mass
export divided by contributing drainage area. °River discharge volume entering coastal feature divided by feature area. 'DOC mass export entering coastal feature

divided by feature area.

lagoons, bays, and sounds along the coast, several of which are focal study areas of the Beaufort Lagoon Eco-
systems (BLE) Long Term Ecological Research program (https://ble.lternet.edu) and have been investigated as a
part of previous studies (Connelly et al., 2015; Dunton et al., 2012; Harris et al., 2018).

Discharge and DOC inputs to these receiving water bodies span roughly two orders of magnitude (Table 5). This
wide range reflects differences in the size and geographic location of the land areas draining into them. Water and
DOC inputs generally increase with contributing drainage area size, but DOC input yields (mass inputs divided by
drainage area) decrease as proportional contributions from mountainous terrain increase. This pattern is attrib-
utable to landscape-linked variations in soil organic carbon content of the contributing areas draining to each
estuary (Figure 8). Among the BLE focus estuaries, Elson Lagoon, which only receives drainage from the coastal
plain, has the highest DOC input yield. Jago Lagoon, which receives most of its drainage from the Brooks Range,
has the lowest DOC input yield. When normalized by the area of the receiving water body, on the other hand,
discharge inputs are greatest to Nuvakapak and Jago lagoons, whereas DOC inputs are greatest to Simpson
Lagoon and Admiralty Bay.

While these results highlight geographic differences in water versus DOC yields across the NSA, they also remind
us that the relative size of a receiving water body and associated drainage area matters. Terrestrial inputs have the
greatest potential to influence coastal ecosystem processes where water from relatively large drainage areas is
being funneled into relatively small receiving water bodies, and/or, where DOC yields are highest due to greater
watershed proportions of SOC-rich terrain. Although not quantified in this study, differences in connectivity
between estuarine water bodies and the open ocean also need to be considered. Greater connectivity and asso-
ciated mixing between semi-enclosed estuaries and the open ocean reduces terrestrial influence potential, while
the framing of barrier islands and the presence of narrow or few channels to the open ocean increases the residence
time of terrestrial material.

4.2. River Flux Trends and Drivers of Change

Soil freezing and thawing influences the timing of DOC production, decomposition, and leaching in soils and its
subsequent loading to river networks. The PWBM simulates soil freeze-thaw dynamics in detailed process
representations, and in doing so facilitates an assessment of changes which influence river discharge and DOC
exports. Simulated ALT exhibits trends over the simulation period that span an order of magnitude, from just
under 0.05 cm yr~! to slightly over 0.5 cm yr~! across the NSA (Figure 9a). Higher thaw rates are evident in the
Brooks Range and are modestly higher in the western as compared to the eastern part of the region. Enhanced
thaw in mountainous terrain is attributable to a thinner organic layer, and thus higher thermal conductivity
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Figure 8. Ecoregion type (%, green = tundra, blue = foothills, brown = mountainous), soil organic carbon density (kg m™?2),
and DOC yield (g m™2 yr~!) for BLE lagoons (and Stefansson Sound). Yield calculations are defined in Table 5. Values are
averages across the contributing area draining to each water body for years 2019-2023. Water bodies are arranged from west to
east (left to right).

between the surface and deeper mineral soils (Rawlins et al., 2019). Thawing has accelerated recently, with NSA
domain median and mean ALT exceeding 68 and 86 cm, respectively, in both 2019 and 2023, compared to 46.6
and 54.7 cm, respectively, as averages over the years 1980-1989.

Permafrost thaw has the potential to mobilize previously frozen SOC and, in turn, contribute to increased DOC
leaching and loading to river networks (Koch & O’Donnell, 2025). We used the time change in ALT for each
domain grid cell, estimated by the linear least squares (LLS) fit over the simulation period, to estimate the amount
of newly thawed SOC. The total mass of SOC thawed over the 44-year period was estimated by applying the
vertical thickness of thawed soil onto the model parameterized (NCSCD) SOC. For example, if the LLS fit
showed ALT deepening from 30 to 40 cm, the parameterized SOC in that depth range was calculated as the
thawed C mass. We also estimated the total mass of thawed SOC using data from a second product (SoilGrids v2)
(Poggio et al., 2021). The estimated thawed C mass ranges from 2 kg C in river valleys to as much as 20 kg C,
primarily across the northern foothills of the Brooks Range (Figure 9b). Lower thawed C in river valleys are
attributable to relatively low SOC densities, similar to their relatively low DOC concentrations (Figure 6). Higher
thawed C amounts are attributable to higher SOC densities and/or greater rates of thaw. Intermediate thawed C
amounts are evident across more northerly tundra areas, outside of the river valleys, due to both moderate
permafrost thaw and higher SOC densities. Broadly speaking, the higher elevations of the Brooks Range have
much lower thawed C mass compared to more northern areas. Similar amounts of thawed C mass are calculated
when the ALT trend is applied to SoilGrids SOC data, with generally higher amounts over the northern Brooks
Range foothills (Figure 9¢). Notably, SoilGrids SOC data has non-zero SOC values across much of the Brooks
Range, whereas the NCSCD data has many grid cells containing no SOC in those areas, and the thawed C amounts
estimated from each data set reflect these differences.

Changes in monthly average runoff and DOC loading to rivers from both surface and subsurface contributions
provide important insights into the seasonality of the river flux trends described below. Runoff in May more than
doubled between the first 5 years (1980-1984) and the last 5 years (2019-2023) of the simulation period
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Figure 9. (a) Grid cell trend in active-layer thickness (ALT) from the simulation over the full simulation period 1980-2023. (b) Mass of SOC thawed over the same
period for the baseline simulation parameterized with NCSCD SOC data. Thawed mass is estimated at each grid cell using ALT in the first and last years of the
simulation as determined by the linear least squares regression fit to annual ALT. White shading represents areas with no valid SOC data, including water bodies and
mountains. (c) Thawed mass as estimated by applying the simulated ALT trend to SoilGrids v2 SOC data.

(Figure 10a). This change is attributable to both an increase in simulated spring snow water equivalent, via
hydrological cycle intensification, and a shift toward earlier snow melt from climate warming. June runoff
decreased, due largely to the shift toward earlier snowmelt. In contrast, subsurface flow (supra-permafrost
groundwater) during May was largely unchanged between the two periods. Capacity for subsurface flow is very
limited during this time of year because the active layer is still largely frozen. Runoff increased during summer
and autumn (July—October) through a rise in subsurface flow. DOC leaching and loading to river network seg-
ments increased in each month except June (Figure 10b). Loading in May increased by approximately 50%,
primarily from DOC leaching and loading in surface flow, and a small subsurface contribution in the soil active
layer. Sharp rises in DOC loading have occurred in late summer and autumn, with increases of 52%, 163%, 570%
in August, September, and October respectively, attributable to increasing water availability (Arp et al., 2020;
Rawlins, 2021) and increased loading via subsurface flow as a consequence of deepening ALT (Rawlins, 2021;
St. Jacques & Sauchyn, 2009). This analysis highlights how inflows from surface runoff are the primary source of
DOC, and likely, other river-bourne nutrients to lagoons during spring (Grandi et al., 2025), with inputs from
supra-permafrost groundwater becoming more important sources in summer and early autumn (Connolly
et al., 2020; Demir et al., 2024).

Supra-permafrost groundwater flow at the land-sea interface supplies substantial quantities of DOC and nutrients
directly to coastal waters, and thus represents an important energy source for coastal ecosystems (Connolly
et al., 2020; Demir et al., 2024). Mean supra-permafrost groundwater flow rates were less than ~55,000 L yr~!
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Figure 10. (a) Monthly average (red) supra-permafrost subsurface groundwater and (blue) total runoff (km® yr=') to NSA river segments summed over all domain grid
cells for the periods (hatched) 1980-1984 and (solid) 2019-2023. (b) Monthly average (red) supra-permafrost DOC flux and (blue) total DOC flux loaded to NSA river

segments for the two 5-year periods.

(SD = 490 L yr~!) before 1989, and have increased substantially over time, averaging ~73,000 (£332) li-
ters yr~! from 2017 to 2023 (Figure 11). Supra-permafrost groundwater flow manifests greater interannual
variability in recent years, with mean rates as high as ~119,600 (£343) liters yr~! in 2019 and as low as ~23,500
(+307) liters yr~! the following year. This increased variability may be related to hydrological cycle intensi-
fication (Arp et al., 2020; Magritsky et al., 2025; Rawlins et al., 2010) and permafrost thaw (Guimond
et al., 2022; Rawlins, 2021; St. Jacques & Sauchyn, 2009). As the active layer deepens, the capacity to store and/
or transport groundwater increases, leading to higher groundwater fluxes (less storage) in wet years and lower
fluxes (more storage) in dry years. Accompanying this increase in freshwater flow, supra-permafrost DOC
export to the Beaufort Sea has also increased. Mean rates were typically less than ~500 kg C yr~! in the early
1980s and were more than ~845 kg C yr~! in 2017, 2019, and 2023. Again, combined effects of hydrological
cycle intensification and permafrost thaw could explain this trend. Corroborating our model results, simulated
yields per kilometer of coastline are comparable to measured data from recent field sampling along shorelines of
Kaktovik and Jago lagoons (Connolly et al., 2020).

Simulated river discharge and DOC export integrated across all NSA coastal outlets provide a means to synthesize
changes that influence Beaufort Sea estuaries. River discharge increased significantly (p < 0.01) since 1980,
rising from ~30 km® yr~! in the early 1980s to just over 45 km® yr~! in the early 2020s (Figure 12). Three recent
years—2018, 2019, 2023—have river discharge exceeding 60 km® yr~!, roughly double the flow that occurred
during the early 1980s. DOC export also increased significantly, from ~120 Gg C yr~! in the early 1980s to
~170 Gg C yr~! in the early 2020s. DOC export exceeded 200 Gg C yr~! in 2019 and 2023. Based on the LLS
trend, river discharge increased at a rate of 0.33 km® yr=2, while DOC export increased by 1.15 Gg C yr—2. The
close coupling between annual discharge and DOC export is driven by the strong influence that water exerts on
both DOC production in soils and the flushing events that load DOC to river networks (Connolly et al., 2018;
Finlay et al., 2006; Kicklighter et al., 2013). The trend in DOC export is consistent with increased particulate
organic carbon fluxes from pan-Arctic rivers between 1985 and 2022 attributed to increased precipitation and
permafrost thaw (Sun et al., 2026).

Estimates of terrestrial DOC export reported in this study are essential for inventory assessments of carbon
amounts in the Arctic Ocean (Kong et al., 2025), where limited observations render ocean CO, uptake rates highly
uncertain (Dutch et al., 2025). Our focus on smaller coastal catchments is particularly important, as these systems
are warming faster than the larger more southern-extending basins (Speetjens et al., 2023) which, in turn, is
causing ground ice to melt in these flat coastal systems, sharply increasing hydrological drainage and further thaw
(Liljedahl et al., 2016). Relatively high soil carbon stores in Arctic coastal catchments, along with the likelihood
of future hydrological cycle intensification (Rawlins & Karmalkar, 2024), portends significant alterations to the
biogeochemistry of coastal waters (Vonk et al., 2023). The increasing DOC exports may provide additional
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Figure 11. Annual total (red) supra-permafrost groundwater flux and (blue) supra-permafrost DOC flux for the 1,039 coastal
drainage outlet cells. Simulated coastal supra-permafrost flows at the land-sea boundary are computed from daily subsurface
runoff and DOC loading for each of the 1,039 drainage outlet cells.
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Figure 12. Annual total river discharge (km> yr~!) and DOC export (Gg C yr~") from all NSA drainage areas for the
simulation period 1980-2023. Annual total river fluxes are sums from routed discharge and DOC mass and represent flows
exiting from the domain's 1,039 coastal drainage outlets.
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subsidies for food webs in Arctic coastal waters (Dunton et al., 2012; Harris et al., 2018; Stanek et al., 2024),
while also potentially contributing to increased greenhouse gas emissions (Spera & Lougheed, 2025). Our
analysis quantifies the amount of previously frozen SOC exposed through permafrost thaw (Schwab et al., 2020),
a result with applicability in future modeling efforts, as recent studies have connected DOC age, its lability, and
carbon respired by microbes in coastal waters (Mann et al., 2015; Rieb et al., 2024). Terrestrial fluvial models also
hold the potential for offline and/or explicit connections to ocean biogeochemical models (Le Fouest et al., 2018;
Undzis et al., 2025) that are a vital component of interdisciplinary synthesis efforts focused on this sensitive
region.

5. Conclusions

This study quantifies river discharge and DOC exports from NSA rivers to the Beaufort Sea coast and charac-
terizes effects of climate change through the application of numerical process modeling. Runoff and DOC loading
for the domain's 166,483 1 km? cells was routed through a digital river network to estimate the fluxes for 1,039
individual coastal outlets. Our modeling results reveal novel spatial and temporal patterns in river discharge,
groundwater flow, and DOC export to estuaries that span the Alaskan Beaufort Sea coast in an environment where
sparse observational data limits extrapolation to regional inputs.

Simulated daily climatological runoff and DOC concentrations for three NSA rivers reveal dynamics that have
been shown in observational studies, namely high peak runoff and DOC concentrations during the spring freshet,
lending confidence to the simulated flux totals across the domain. Estimates of contemporary inputs to specific
coastal water bodies provide essential information that supports studies of ecosystem structure and function at the
scale of individual lagoons, bays, and sounds along Alaska's Beaufort Sea coast. DOC inputs to lagoons near the
western end of Alaska's Beaufort Sea coast are considerably higher than DOC inputs to lagoons at the eastern end,
a pattern that reflects shifts in drainage from organic-rich tundra landscape in the west to mineral-soil-dominated
alpine terrain to the east. The results demonstrate interplay between the size of a receiving water body and the size
of the watershed draining into it. Terrestrial inputs have the greatest potential to influence coastal ecosystem
processes when relatively large drainage areas funnel water and organic matter into relatively small lagoons.
Consistent with previous studies (Arp et al., 2020; Rawlins et al., 2019), our results show that river discharge from
the NSA to the Beaufort Sea is increasing and, moreover, point to rising supra-permafrost groundwater flows,
mainly in late summer, and increasing DOC export to coastal waters.

Future modeling studies are needed to assess connections between river discharge, DOC export, and carbon
cycling within coastal waters, particularly in lagoons and bays where barrier islands limit exchanges with the open
seas. Model advances in partitioning between surface and subsurface contributions to DOC leaching would help
to better understand how organic matter quality influences coastal ecosystems and their food webs. Adaptations of
the PWBM that include other nutrient export modules (e.g., nitrogen) would also be valuable for evaluating
linkages to coastal ecosystem dynamics. Future modeling efforts would benefit from investigations of the vertical
movement of soil DOC and how it can be transformed during transport (He et al., 2025), as well as new data sets
of temporally varying surface carbon parameterizations that account for changes in surface stocks and associated
effects of climate warming. Field campaigns and remote-sensing approaches that quantify biogeochemical
components of northern Alaska's coastal receiving bodies and adjacent waters will facilitate studies on the in-
fluence of river fluxes, climate change, and coastal ecosystems. For example, NASA's Arctic Boreal Vulnerability
Experiment has produced a wealth of data useful for investigations of changing permafrost dynamics, disturbance
regimes, and freshwater and DOC exports (Fisher et al., 2018; Miller et al., 2019). Our results demonstrate the
importance of developing parsimonious, processed-based models that simulate seasonal river discharges and
DOC exports at the scale needed to create individual land-coastal system assessments. Furthermore, they high-
light the variations in river discharge and DOC exports to northern Alaska's coastal estuaries, the effects of
climate warming and change on the fluxes, and emphasize the need for dedicated field sampling activities, remote
sensing observations, and model development efforts that will help to advance understanding of land-ocean
connections in remote Arctic regions.
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