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Abstract The Gulf of Alaska (GOA) receives substantial summer freshwater runoff from glacial meltwater.
The alkalinity of this runoff is highly dependent on the glacial source and can modify the coastal carbon cycle.
We use a regional ocean biogeochemical model to simulate CO, uptake in the GOA under different
alkalinity-loading scenarios. The GOA is identified as a current net sink of carbon, though low-alkalinity
tidewater glacial runoff suppresses summer coastal carbon uptake. Our model shows that increasing the
alkalinity generates an increase in annual CO, uptake of 1.9-2.7 TgC/yr. This transition is comparable to a
projected change in glacial runoff composition (i.e., from tidewater to land-terminating) due to continued
climate warming. Our results demonstrate an important local carbon-climate feedback that can significantly
increase coastal carbon uptake via enhanced air-sea exchange, with potential implications to the coastal
ecosystems in glaciated areas around the world.

1. Introduction

Although the coastal ocean represents a small percentage of the global ocean area, it contributes dispro-
portionately toward global ocean productivity and carbon uptake relative to its size (Cai, 2011).
Quantitative estimates for net carbon uptake remain relatively unconstrained due to difficulties in scaling
up limited observational flux data, different definitions of the coastal zone, and spatial heterogeneity
between coastal shelves and nearshore regions (Chen & Borges, 2009; Laruelle et al, 2014). Current
estimates suggest that continental shelf waters are a weak net sink of 0.19-0.40 PgC/yr (Cai, 2011; Chen
et al., 2013; Chen & Borges, 2009; Laruelle et al., 2014). The Gulf of Alaska is considered to be an annual
average net sink of 14-34 TgC yr ' (Evans & Mathis, 2013). Significant spatial heterogeneity between
the coastal and offshore regions is observed in the GOA, in addition to seasonal periods of both carbon
uptake and carbon efflux. Earth system models (ESMs) project a relatively small increase in CO, uptake
in the GOA over the 21st century (McKinley et al., 2016), but these models are unable to resolve important
coastal biogeochemical processes due to their coarse resolution and lack of riverine inputs of carbon and
nutrients. Regional models that dynamically downscale ESM output provide finer spatial resolution for
robust projections (Hermann et al,, 2015; Marshall et al.,, 2017). One such process that improves with reso-
lution and the addition of regional downscaling is the representation of the freshwater discharge to the
ocean (Beamer et al., 2017).

Approximately 47% of the total freshwater discharge into the Gulf of Alaska is derived from glaciers and
icefields, with 7-10% attributed to glacier volume loss (Hill et al., 2015; Neal et al., 2010). Both tidewater
(i.e., ocean-terminating) and land-terminating glaciers contribute to this glacial runoff, though the relative
contribution of each is difficult to constrain, in part because the majority of the runoff comes from distributed
small streams as opposed to large river basins (Wang et al., 2004). However, aerial surveys and satellite data
can be used to determine the contribution of each glacier type to annual glacier volume loss (as opposed to
seasonal melting). Larsen et al. (2015) attributed only 6% of Alaska glacier mass loss from 1994 to 2013 to
tidewater glacier melting, and McNabb et al. (2015) reported that ablation rates of Alaskan tidewater glaciers
decreased from 1985 to 2013. This decrease in tidewater glacier melting despite an increase in atmospheric
temperature results from the unique lifecycle of tidewater glaciers. Most Alaska tidewater glaciers have
rapidly retreated since the end of the Little Ice Age and are now at a “stable retracted” state, defined by a rela-
tive insensitivity to external climate forcing (Larsen et al., 2015; McNabb et al., 2015; Post, 1975). Thus, while
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the relative contribution of tidewater and land-terminating glaciers to seasonal glacial runoff is uncertain, it is
likely that this composition is shifting toward land-terminating glaciers due to reduced tidewater glacier
melting.

This shift in glacial runoff composition from tidewater to land-terminating glaciers has important implications
for the coastal carbonate chemistry. Previous GOA studies have connected glacial outflow to corrosive water
conditions, defined by relatively lower ratios of total alkalinity (TA)/dissolved inorganic carbon (DIC) (Evans
et al, 2014; Reisdorph & Mathis, 2014, 2015). Lower TA/DIC ratios correspond with greater values of pCO,
and reduced ocean carbon uptake. However, these studies were located in Prince Williams Sound and
Glacier Bay, which are predominately impacted by tidewater glacial outflow. Land-terminating glacial runoff
can have the opposite effect (i.e., increase TA/DIC ratio) by absorbing geochemically active ions from
exposed bedrock, thereby increasing TA (Brown, 2002). This mechanism is particularly strong in streams that
flow over sediment recently exposed in the wake of a retreating glacier (Anderson et al., 2000). The GOA
drainage basin is composed of a spatially complex mix of carbonate and noncarbonate bedrock (Wilson
et al,, 2015); however, Anderson (2007) reported high rates of carbonate dissolution in streams draining
glaciers on bedrock with only trace carbonate mineral concentrations.

The impact of glacier retreat/advance on rates of chemical weathering in relation to climate change on geo-
logic time frames is an active area of research (Torres et al., 2017), but the transient response of the coastal
carbon cycle on much shorter time frames has received relatively little attention. A shift in the composition
of glacial runoff to the GOA may increase TA loading to the coastal environment, thereby generating a local
carbon-climate feedback that can enhance coastal CO, uptake and will likely be applicable to other high-
latitude, glaciated regions. For example, studies in Greenland and Svalbard have observed relatively higher
TA/DIC ratios and undersaturated pCO, values in fjords with significant glacial runoff from land-terminating
glaciers (Fransson et al., 2015; Rysgaard et al., 2012). Earth system models do not currently include this pro-
cess; thus, projections of future carbon uptake within these regions may be underestimated. This will likely
also impact projections of ocean acidification, which are critical to constrain because high-latitude coastal
regions support some of the largest global fisheries and are particularly vulnerable due to naturally low
calcium carbonate concentrations (Fabry et al., 2009; Siedlecki et al., 2017). In this work, we use an existing
high-resolution regional model that includes carbon cycling to identify the role of increasing the TA
concentration of glacial outflow on spatial and temporal trends in the CO, uptake of the GOA, a potentially
important carbon-climate currently unresolved by larger scale models.

1.1. Background Oceanography of the GOA

The Gulf of Alaska (GOA) circulation is dominated by the Alaskan Stream and the Alaska Coastal Current
(Figure S1 in the supporting information) (Stabeno et al., 2004). A continental shelf divides the GOA into
two somewhat distinct systems. The offshore region seaward of the shelf break represents the northern edge
of the oligotrophic North Pacific subtropical gyre and is characterized as a high-nutrient, low-chlorophyll sys-
tem due to iron limitation (Hinckley et al., 2009; Martin et al., 1989). In contrast, the Coastal Gulf of Alaska
(CGOA) shoreward of the shelf break is replete with iron due to wind-blown glacial exports (Crusius et al.,
2011), glacial freshwater outflow (Wu et al., 2009), and sediment resuspension (Cullen et al., 2009). Cross-shelf
transport, curl-driven upwelling, and tidal mixing of nitrate sustain significant productivity within the CGOA,
despite downwelling favorable winds (Fiechter & Moore, 2009; Hermann et al., 2009; Stabeno et al., 2004).
Productivity in the CGOA is also highly seasonal due to light and temperature limitations typical of a subpolar
region. A definitive spring bloom occurs between March-May, with lower but sustained productivity through-
out summer when downwelling conditions are relaxed and peak glacial discharge occurs (Coyle et al., 2012).
On interannual timescales, both atmospheric and hydrographic features of the GOA are significantly
modulated by global patterns such as the El Nifio-Southern Oscillation (Hermann et al., 2009, 2016).

2. Methods

2.1. Model Description
We use the Regional Ocean Modeling System (ROMS) (Shchepetkin & McWilliams, 2005; Haidvogel et al.,

2008) configured to the GOA (Coyle et al., 2012; Dobbins et al., 2009; Hermann, Hinckley, et al., 2009). This
model has a horizontal resolution of 3 km and 42 vertical layers. The physical model is coupled to an
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11-component ecosystem model, also previously developed for the GOA (Coyle et al., 2012) This ecosystem
model contains two phytoplankton groups (small and large), two microzooplankton groups (small and large),
two copepod groups (small and large), and euphausiids. The nutrients traced through the ecosystem model
are nitrate, ammonium, and iron. The larger Northeast Pacific Model (NEP) (Curchitser et al., 2005) supplies
the boundary conditions and the initial conditions of all model state variables except dissolved inorganic
carbon (DIC) and TA. Inclusion of DIC and TA is based on previous implementations within the ROMS
framework (Fennel et al,, 2008), with modifications for ammonium cycling impacts on the carbon cycle
and freshwater influence (Siedlecki et al., 2017).

Lateral boundary and initial conditions for DIC and TA are calculated from empirically derived linear fits to
salinity using ship-based observational data from the GOA and Prince Williams Sound (Evans et al., 2014;
Siedlecki et al.,, 2017). There are no observed estimates for the DIC freshwater end-member for the GOA.
Therefore, freshwater runoff does not directly impact coastal DIC concentrations in our model formulation,
though this simplification neglects additional terrestrial and glacial-derived carbon subsidies. Model sensitiv-
ity tests using a constant freshwater DIC value of 1,000 mmolC/m® produced similar results, though with a
slightly reduced magnitude of change when increasing freshwater TA. This suggests that the model results
are robust despite the uncertainty in freshwater DIC. For our initial model implementation we assume no
seasonality in the freshwater TA since there is insufficient data to constrain this effect for the GOA, although
TA data from different regions (e.g., Columbia and Yukon Rivers) do suggest seasonal variability by a factor of
1.5-2 (Evans et al., 2013; Mathis et al., 2011). A complete description of the model boundary conditions and
additional information regarding model sensitivity and uncertainty is provided in the supporting information
(Butman & Raymond, 2011; Cooper et al., 2008; Devol & Hedges, 2001; Hood et al., 2009; Hunt et al., 2011;
Raymond et al., 2013; Stets et al., 2014; Xue et al., 2016).

2.2. Experimental Setup

We conduct a total of three model simulations that are identical apart from the value of alkalinity present in
the freshwater forcing. The “low-alkalinity” scenario has a freshwater TA value of 650 pmol/kg, calculated
from the freshwater end-member observed in Prince William Sound (Evans et al., 2014), and is comparable
to TA measured near tidewater dominated glacial outflow (Alkire et al., 2015). Thus, we consider this
experiment as the “baseline” most representative of tidewater dominated glacial outflow to the GOA system.
The “intermediate” and “high-alkalinity” scenarios have freshwater TA values of 1,550 umol/kg and
1,950 umol/kg, respectively, and represent the impact of increased TA due to a transition from tidewater
to land-terminating glacial freshwater runoff. There are currently no projections for this TA concentration
in the GOA, so we select two values that are greater than the current end-member estimate, but constrained
to values observed in rivers and glacially fed streams (Table S1). Each model simulation was started from an
identical spin-up state, obtained by running the low-alkalinity scenario for a single year using the 2009
forcing. Initial model development determined that 1 year of spin-up was sufficient to ensure stability in
the DIC and TA fields. Year 2009 is chosen as the study year due to the availability of high-resolution carbon
chemistry data for model validation.

3. Results and Discussion

3.1. Model Performance:

Previous studies have validated physical and biological model variables and identified model biases (Coyle
et al,, 2012; Hermann, Hinckley, et al., 2009; Hinckley et al., 2009). Briefly, stratification on the coastal shelf is
likely too strong, resulting in reduced vertical nutrient flux, an earlier seasonal depletion of nitrate, and
reduced biological productivity. Model salinity is also biased high by 1-2 practical salinity units, possibly
due to initial and boundary conditions from the NEP model. This bias was accounted for when generating
the initial and boundary conditions for TA and DIC (Siedlecki et al., 2017). Model DIC, TA, and pCO, are
compared to observational data collected along the Northeast Pacific Global Ocean Ecosystems Dynamics
Seward line transect (Figure S3). Model DIC, TA, and pCO, compare favorably to the observations, though
TA is consistently biased high, particularly at the surface. Although the overestimate of TA does not currently
lead to a significant low bias in pCO,, any further bias may rapidly generate a bias in pCO, due to
nonlinearity in the carbonate system. The model also tends to simulate reduced variability compared to
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Figure 1. (a) Time series of area-weighted spatial mean model CO, flux for the entire model domain (black solid line) and the coastal domain (blue solid line). The red
tick marks denote climatological values reported by Evans and Mathis (2013). A negative CO, flux value represents a flux of carbon into the ocean. Time series of
area-weighted spatial mean model pCO> (black solid line), pCO,-T calculated from equation (1) (blue line), and surface DIC (green line) for both (b) the entire
model domain and (c) the coastal domain. Also shown is the model value of atmospheric pCO, (blacked dashed line). Annual average surface (d) pCO», (e) CO5 flux,
and (f) Revelle factor. The black outline in Figure 1d represents the 1,500 m isobath that constrains the Coastal Gulf of Alaska. The model output for Figures 1a-1c
was smoothed using a 30 day filter.

the observations. A complete description of model validation is provided in Text S2 (Jolliff et al., 2009; Stow
et al,, 2009).

We find that the Gulf of Alaska was an annual average carbon sink of 2.3 mmolC/m?/d for 2009 (Figure 1a).
The Coastal Gulf of Alaska was an annual average carbon sink of 4.0 mmolC/m?/d, which is identical to the
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climatological observed value reported by Evans and Mathis (2013). Scaling these values to surface area
produces a net carbon uptake of 10.6 TgC/yr for the entire GOA and 5.3 TgC/yr for the Coastal GOA. These
values are lower than the 14-36 TgC/yr range reported by Evans and Mathis (2013) due to the smaller total
surface area of our model domain. Seasonally, the GOA alternates between net carbon efflux from mid-
November through mid-February and net carbon uptake for the remainder of the year. This seasonal cycle
is very similar to the observed climatology despite the substantial difference in spatial and temporal resolu-
tion. For example, climatological CO, flux in May-June is more than twice as great in magnitude compared to
the model (—12 and —13 mmolC/m?%/d observed compared to —2.5 and —4.0 mmolC/m?%/d modeled); how-
ever, these observed data are predominately located near the Kenai Peninsula and southwestern Alaskan
coastline (Evans & Mathis, 2013). This is a region of high-magnitude CO, uptake in the model as well, but this
signal is diluted when averaged across the entire model spatial domain. Similarly, October is a clear outlier in
the observed climatology due to heavy sampling of waters supersaturated with carbon in the Alexander
Archipelago region along the southeastern Alaskan coastline. Elsewhere, CO, flux values remain negative,
suggesting that the climatological value is biased high by the Alexander Archipelago, a region that is not
resolved in the model.

The summer-fall time frame is also when model CO, flux is nearly identical between the GOA and CGOA.
These model values also closely agree with the observed climatology. This suggests that the model coastal
flux values and the observed climatology are a robust estimate of CO, uptake for not only the coastal GOA
but also for the entire GOA during this time frame. Future observational campaigns can exploit this result
by focusing summer sampling locations within coastal regions.

3.2. Seasonal Drivers of pCO,

Ocean carbon uptake occurs when the partial pressure of CO, in surface seawater (pCO,) is less than the
atmosphere. To examine seasonal variability in carbon uptake, we compare the seasonal pCO, cycle with
surface DIC concentrations, and the temperature component of pCO, (pCO,-T) in coastal and offshore
regions (Figures 1b and 1c). The temperature component represents the effect of thermal solubility on
pCO, (i.e., colder seawater has a greater capacity for gas uptake) and is calculated by an empirically derived
formula from Takahashi et al. (2002):

pCO, — T = pCO, x exp[0.0423(T — T)] M

where overbars denote the annual mean. Thus, an increase in temperature generates an increase in pCO; and
vice versa.

For the GOA, area-weighted spatial mean pCO, is strongly correlated with surface DIC (r= 0.93, p-value < 0.01)
but is also seasonally modulated by thermal solubility (Figures 1b and 1c). These two processes are directly
out of phase and have a competing impact on pCO,. During winter and spring months, elevated DIC concen-
trations act to increase pCO, while lower water temperatures decrease pCO,. Conversely, warmer tempera-
tures decreased pCO, during the summer and fall months. Despite the competing impact of temperature,
the pCO, cycle closely mirrors that of DIC, suggesting that surface DIC is the primary driver of the seasonal
carbon cycle. Figure 1c illustrates a similar seasonal cycle in the CGOA for pCO,-T and DIC; however, the
correlation between pCO, and DIC (r = 0.49, p-value < 0.01) is not as strong as for the GOA. This decreased
correlation results from the June-October months, when pCO, increases despite seasonal minimum in
surface DIC. pCO,-T is at a seasonal maximum during these months, so this may be partly responsible for
the decoupling between DIC and pCO,. However, this decoupling is not present for the GOA, despite a
greater pCO,-T component (Figure 1b). This suggests that there may be additional mechanisms that have
a greater impact on summer-fall pCO, in the CGOA.

3.3. Spatial Variability of pCO,

Ocean carbon uptake primarily occurred on the continental shelf (<1,500 m) and the northeastern offshore
basin between 135°W and 148°W (Figures 1d and 1e). The most intense annual negative CO, flux values (i.e.,
net carbon uptake by the ocean) are concentrated along the southwestern Alaskan coastline and are driven
by low pCO, values (50-150 patm lower than the atmosphere). Positive CO, flux values (i.e., net carbon efflux
to the atmosphere) are limited to the southwestern GOA basin and regions surrounding Kodiak Island and
correspond to supersaturated pCO, values and strong wind speeds (Figure S4). The Revelle factor
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(g) the largest magnitude (positive or negative) correlation at each point. Only correlations with a p-value less than 0.05 are shown.

measures the capacity of the ocean to absorb atmospheric CO,, with lower numbers equating to increased
uptake capacity. We calculate the Revelle factor from DIC and TA using the following approximation from
Sarmiento and Gruber (2006):

3-Alk-DIC — 2.DIC?

RF~ 2:DIC — Alk) (Alk — DIC) @

The Revelle factor is lowest in the regions of greatest ocean carbon uptake and highest in regions of net
carbon efflux (Figure 1f). Comparing Figures 1d-1f illustrates that negative CO, flux values occur in regions
with undersaturated pCO, values and a lower Revelle factor. This showcases that the spatial variability in
GOA carbon uptake is driven by the ocean capacity for carbon uptake. The spatial variability in the Revelle
factor is driven by variability in both DIC and TA.
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Annual average DIC is lower in the CGOA compared to the GOA, consistent with a lower Revelle factor
(Figure 2a). TA is also relatively low in these coastal regions, though the impact of DIC on reducing the
Revelle factor is generally greater. In the offshore basin, there is a longitudinal gradient of increasing DIC
and TA when moving east-to-west that is similar to the longitudinal gradient in the Revelle factor and CO,
flux. Sea surface temperature (SST) also displays a longitudinal gradient of decreasing values to the west,
which further supports increased carbon uptake via increased gas solubility (Figure 2c).

Figure 1 suggests that surface DIC is the primary driver of pCO, for the GOA, but that the correlation is not as
strong within the CGOA. Figure 2 shows spatial correlations of pCO, with surface DIC, TA, and temperature, as
well as the greatest magnitude spatial correlation. Consistent with Figure 1, surface DIC has a strongly positive
correlation with pCO, throughout most of the GOA, except for nearshore regions within the 1,500 m isobath.
Here the correlations with DIC range from —0.7 to 0.9. These areas are also negatively correlated with TA and
positively correlated with temperature (Figures 2e and 2f). Thus, the coastal region is defined by an interplay
between DIC, TA, and temperature (Figure 2g). The latter two processes have a much greater impact during
the summer, when coastal pCO, increases due to an increase in temperature and decrease in TA
(Figure S5). The decrease in TA occurs in regions of high freshwater runoff and decreased summer salinity.
The low alkalinity freshwater end-member therefore reduces coastal summer TA, resulting in a reduced
capacity for ocean carbon uptake. A similar process occurs in Glacier Bay, Alaska, and Prince Williams Sound,
where freshwater runoff low in TA reduces buffering capacity (Evans et al., 2014; Reisdorph & Mathis, 2014).
This process is sensitive to the TA of the freshwater end-member, which is derived from a linear relationship
between alkalinity and salinity measurements taken within Prince Williams Sound (Evans et al., 2014). This
freshwater end-member is highly uncertain and may be biased high, based on limited low salinity data that
were excluded from the regression and the relatively greater values of modeled TA compared to observations.
A lower TA freshwater end-member would further suppress summer coastal carbon uptake, though the
current model estimates are consistent with the observed climatology.

3.4. Impact of Alkalinity in the Freshwater End-Member

We ran two additional model experiments with increased alkalinity in the freshwater runoff to simulate the
effect of a transition in glacial contribution to the freshwater flux and determine the net impact of those
changes on CO, flux. The modified freshwater forcing increases coastal TA and decreases pCO,, thereby
generating enhanced ocean carbon uptake (Figure 3). These changes are spatially constrained to the
CGOA. These regions experience a pCO, decrease from winter to summer, and the modified freshwater
forcing reduces and often eliminates this decrease (Figure S5). This results in a significant enhancement of
carbon uptake following increased summer freshwater runoff.

The three simulations have similar average coastal CO, flux values through the first half of the year, but begin
to diverge by early June (Figure 3g). This effect continues to grow through the fall, resulting in a 85% and
118% increase in November coastal CO, flux for the “intermediate-alkalinity” and high-alkalinity respective
simulations and a sign reversal from net efflux to net uptake in December. Annual mean coastal CO, flux is
enhanced from —4.0 mmolC/m?%/d in the low-alkalinity simulation to —54 mmolC/m?%d and
—6.0 mmolC/m?/d in the midalkalinity and high-alkalinity simulations, respectively. This constitutes a
34-48% increase in total carbon uptake of 1.8-2.5 TgC/yr for the CGOA and a 18-25% increase in total carbon
uptake of 1.9-2.7 TgC/yr for the entire GOA. The increase in carbon uptake is not spatially uniform, but rather
concentrated shoreward of the 1,500 m isobath and also east of Prince Williams Sound where modeled and
observed freshwater discharge is greater (Figure S6). June-November mean coastal carbon uptake increases
by 3.3-4.5 mmolC/m?/d for the coastal region east of 148°W, but increases by only 1.1-1.5 mmolC/m?%/d for
the region west of 148°W. Thus, the freshwater alkalinity runoff is acting to reduce and reverse the longitu-
dinal gradient in CO, flux that is present in the 2009 hindcast simulation (Figures 1d and 1e). The region of
most intense carbon uptake shifts from the coastal zone west of 148°W to the coastal zone east of 148°W.
The increase in carbon uptake is approximately linear (~0.1 mmolC/m?/d increase in carbon uptake per
65 pumol/kg increase in TA for both experiments), suggesting that this mechanism is not nearing saturation
in the high-alkalinity scenario, though this may change on longer time frames.

This mechanism is just one of a growing number of important links between the glacial-ocean interface and
the coastal ecosystem (O'Neel et al., 2015). Many of these systems are undergoing rapid changes due to
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(g) Time series of coastal area-weighted spatial mean CO, flux for the low-alkalinity scenario (solid black line) and the intermediate (blue line) and high-alkalinity
(red line) scenarios.

climate change. Glacial runoff is projected to decrease with climate change; however, total freshwater runoff
to the GOA is projected to increase due to an increase in precipitation (Beamer et al., 2017; Larsen et al., 2015).
Increased precipitation along with melting permafrost can mobilize additional terrestrial carbon into Alaskan
streams (O’Donnell et al., 2016; Smits et al., 2017). These processes may generate an increase in terrestrial
carbon export to the coastal ocean, which would counter the glacial runoff export of TA.

4. Conclusions

The Gulf of Alaska was a net carbon sink carbon for 2009, consistent with observed climatological estimates.
Carbon uptake was strongest in coastal regions lying west of 148°W due to enhanced carbon uptake capacity
driven by relatively low concentrations of DIC. The seasonal carbon cycle is strongly correlated with the
seasonal cycle of DIC, except in coastal regions. These areas are also impacted by temperature and
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alkalinity, particularly during the summer when freshwater runoff low in TA reduces coastal carbon uptake.
The model results suggest that a shift from a tidewater to a land-terminating glacier dominated system will
increase coastal ocean CO, uptake. This mechanism constitutes a carbon-climate feedback, similar to the
geologic process of chemical weathering, and is currently not included in global Earth system models. We
provide the first extrapolation of this impact to an entire coastal ocean system. Including this mechanism
increases annual mean carbon uptake by 1.9-2.7 TgC/yr (18-25% increase), with the greatest increase occur-
ring adjacent to heavily glaciered regions of the Alaskan coast. This is consistent with previous studies show-
ing increased carbon uptake near glacial outflow in Greenland and Svalbard. We speculate that our results
may be representative of high-latitude glacial regions outside of the Gulf of Alaska and recommend further
sampling of carbon chemistry variables in glacial outflow. The effects suggested here have a significant
impact on the regional carbon budget as well as implications for regional fisheries sensitive to ocean acidifi-
cation (Siedlecki et al., 2017). This mechanism may therefore be important for projecting coastal ecosystem
impacts associated with the continued oceanic uptake of atmospheric CO,.
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