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ARTICLE INFO ABSTRACT

Keywords: The biologically productive Northern Gulf of Alaska (NGA) continental shelf receives large inputs of freshwater

River plumes from surrounding glaciated and non-glaciated watersheds, and a better characterization of the regional salinity

EreSh‘_’vater spatiotemporal variability is important for understanding its fate and ecological roles. We here assess synoptic to
ntrainment

seasonal distributions of freshwater pathways of the Copper River discharge plume and the greater NGA con-
tinental shelf and slope using observations from ship-based and towed undulating conductivity-temperature-
depth (CTD) instruments, satellite imagery, and satellite-tracked drifters. On the NGA continental shelf and
slope we find low salinities not only nearshore but also 100-150 km from the coast (i.e. average 0-50 m salinities
less than 31.9, 31.3, and 30.8 in spring, summer, and fall respectively) indicating recurring mid-shelf and shelf-
break freshwater pathways. Close to the Copper River, the shelf bathymetry decouples the spreading river plume
from the direct effects of seafloor-induced steering and mixing, allowing iron- and silicic acid-rich river outflow
to propagate offshore within a surface-trapped plume. Self-organized mapping analysis applied to true color
satellite imagery reveals common patterns of the turbid river plume. We show that the Copper River plume is
sensitive to local wind forcing and exerts control over water column stratification up to ~100 km from the river
mouth. Upwelling-favorable wind stress modifies plume entrainment and density anomalies and plume width.
Baroclinic transport of surface waters west of the river mouth closely follow the influence of alongshore wind
stress, while baroclinic transport east of the river mouth is additionally modified by a recurring or persistent
gyre. Our results provide context for considering the oceanic fate of terrestrial discharges in the Gulf of Alaska.
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1. Introduction

The northern Gulf of Alaska (NGA; 140° and 155° W and between
57° N and the Alaskan mainland) is surrounded by steep glaciated and
nonglaciated terrain that outputs large quantities of freshwater into the
marine environment. Salinity organizes the NGA water column density
and mediates nutrient fluxes into the euphotic zone (Whitney et al.,
2005) in this productive ecosystem, which sustains commercial, recre-
ational, and subsistence fish harvests important for the socioeconomic
well-being of coastal Alaskan communities (Himes-Cornell & Kasperski,
2016; McDowell Group, 2020; Sumaila et al., 2011). In this study, we
examine the NGA hydrographic structure with particular focus on
spatial and temporal salinity variability as resolved by spring, summer,
and fall shipboard surveys. The in situ data depict seasonally varying
pan-NGA salinity distributions and pathways, allowing us to examine
factors that control the fate of riverine freshwater entering the marine

Abbreviations: NGA, Northern Gulf of Alaska; FWH, Freshwater height.
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environment and its spatial and temporal structure. Twenty-five years of
data collected along a repeat cross-shelf transect contribute to analysis
of low salinity anomalies at key monitoring stations, while recent
shipboard surveys provide along-shelf context, including from high
resolution CTD surveys in the vicinity of the Copper River (CR)
discharge plume.

Salinity is the main driver of seawater density over most of the water
column in the NGA and other high latitude oceans, while temperature is
often a secondary controller (Carmack, 2007). Variations of NGA
salinity over the continental shelf derive in part from a massive annual
fresh water discharge from land, estimated at ~ 725 km®™ (Royer,
1982) for the coast of Alaska between 130° W to 150° W. Subsequent
studies for similar spatial extents have estimated terrestrial runoff to be
in the range of 728-870 km®y’! (Wang, 2004; Neal et al., 2010; Hill
et al., 2015; Beamer et al., 2016). If we restrict our consideration to the
NGA bounded by 140° W to 155° W and north of 57° N to the coast,
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annual freshwater output is ~ 249 krl13y'1 (Beamer et al., 2016) with the
CR in south central Alaska (Fig. 1) accounting for over one fifth of this
total. We here examine linkages between the CR discharge plume and
the greater NGA, as well as the sensitivity of the plume to discharge rate
and wind direction within 50 km of the river delta.

1.1. Oceanographic setting

Oceanic hydrographic and flow field structure of the NGA is shaped
by frequent North Pacific storms associated with the Aleutian Low sea
level pressure cell (Rodionov et al., 2007). These storms drive
downwelling-favorable cyclonic winds in the NGA for much of the year
and help maintain a coastally trapped “wedge” of low salinity waters
that characterizes the NGA coastal region (Livingstone and Royer,
1980). However, solar heating, reduced downwelling and even weak but
persistent upwelling conditions during summer months help maintain a
relatively shallow surface mixed layer and potential for offshore-
directed near-surface flows (Livingstone & Royer, 1980; Stabeno et al.,
2004; Williams et al., 2007). Wind orientation along the NGA coast is
primarily bimodal and aligned parallel to the coast; alongshore winds
near the coast can be strengthened by barrier jets (Loescher et al., 2006).
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Coastal runoff also contributes to the seasonal density structure,
which for some purposes can be approximated as a two-layer system
divided at ~100 m (Royer, 2005). Minimum upper layer salinities occur
in October and maximum lower layer salinities in August (Childers et al.,
2005; Royer, 2005). The lower layer responds as downwelling relaxes
throughout summer months, causing near-seafloor and interior flows to
compensate the offshore surface transport by drawing high salinity
water from the outer shelf (Weingartner et al., 2005). In the summer
upper layer, coastal freshwater discharge spreads cross-shelf during
weak and upwelling-favorable wind conditions, but downwelling winds
and geostrophy attempt to counteract the spreading tendency. As the
dominant density control over most of the water column, salinity
generally increases with depth in all seasons. Shelf-wide hydrographic
structure begins to reset in fall, when winds increase, downwelling
strengthens, ocean-atmosphere heat fluxes switch from oceanic heat
gain to heat loss, and coastal freshwater discharge declines as precipi-
tation begins to fall as snow at high elevations while the rate of low
elevation snowpack melt declines.

The NGA hydrography as a whole and the Alaska Coastal Current
(ACQ) in particular are driven and structured by downwelling-favorable
winds, freshwater runoff, and the underlying seafloor topography. The
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Fig. 1. Locations of stations for the Kodiak (KOD), Seward (GAK), Middleton (MID) and Prince William Sound (PWS) sampling stations. Kodiak and Middleton Lines
were surveyed 2018-2021. The Seward Line was surveyed 1997-2021. The upshelf direction is nominally eastward; downshelf is to the west. Also shown are the
cruise track for the July 2020 Acrobat tow, July 2019 drifter deployment locations, and the ERA-5 wind reanalysis bounding box. Place name abbreviations include
Copper River (CR), Kayak Island (KI), Kayak Trough (KT), Middleton Island (MI), Hinchinbrook Island (HI), Hinchinbrook Sea Valley (HSV), Montague Island (Mol),
Chiswell Islands (CI), Gore Point (GP), Kennedy-Stevenson Entrance (KSE), and the western tip of Kodiak Island (KolI). Bathymetry contours from light grey to black

delineate 175, 250, 325, 1000, 2000, and 3000 m depths.
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ACC buoyant coastal current is typically confined within ~ 50 km of the
coast and comprised of lower salinity water than that found farther
offshore (Royer, 1982; Weingartner et al., 2005). Baroclinic flow is
maintained by the horizontal density front and onshore Ekman trans-
port, carrying an annual mean of ~ 2.8 x 10% m® s™! of freshwater
westward along the Kenai Peninsula, some of which is lost offshore via
eddy fluxes (Weingartner et al., 2005). Topographic steering at sharp
promontories like Kayak Island (Fig. 1), the Chiswell Islands, and
Montague Island are thought to occasionally divert low salinity ACC
water away from the coast and onto the mid and outer shelf (Klinger,
1994; Stabeno et al., 2016). Satellite-tracked drifters deployed over the
continental shelf upstream of Kayak Island suggest that ACC waters can
be diverted along the continental slope near Kayak Island, indicating a
splitting, redirection, or at least temporary interruption to the coastally
confined ACC flow (Stabeno et al., 2016). The ACC continues or re-forms
northwest of Kayak Island (Stabeno et al., 2016), fed by the CR outflow
and other smaller river inputs. Alongshore winds and freshwater input
control the baroclinic transport of the ACC (Weingartner et al., 2005;
Stabeno et al., 2016), which is sensitive to temporal and spatial vari-
ability in either control. The relative contribution of each driver to the
baroclinic transport is in part a function of local setting. For example,
alongshore wind contributes more to baroclinic transport at Gore Point
(Stabeno et al., 2016) than at the Seward Line (Fig. 1) where freshwater
discharge is an important factor (Weingartner et al., 2005), because the
inner shelf region of the Seward Line is closer to large sources of coastal
freshwater runoff such as the outflow from Prince William Sound (PWS)
and the CR.

As it circumscribes the NGA, ACC continuity can be interrupted by
gap winds, upwelling-favorable winds, and topographic steering, all of
which can detach low salinity ACC water from the coast. Gap winds at
Kennedy-Stevenson Entrance (Fig. 1) cause occasional locally offshore-
directed currents, but such winds are thought to have little influence
on the ACC near the Seward Line (Ladd et al., 2016). Gap winds also
occur in the CR delta (Loescher et al., 2006; Macklin et al., 1988) and
may modify low salinity plumes there. Due to the geometry of cyclonic
wind systems, upwelling-favorable winds are more likely to occur in the
western NGA than in the east, where storms tend to stall and dissipate
(Mesquita et al., 2010; Stabeno et al., 2004). If upwelling-favorable
winds are sufficiently sustained (e.g., more than one or two inertial
periods) they can drive an Ekman transport response, advecting low
salinity water away from the coast (Fong & Geyer, 2001; Williams et al.,
2007).

1.2. The Copper River

Numerous glaciers feed the CR, which discharges ~ 51 km®> year ! of
freshwater and ~ 63 x 10° tonnes year ! of suspended sediment
(Brabets, 1997). This sediment load is similar to that of the Yukon River,
which has an average annual volume discharge about four times that of
the CR (Brabets, 1997). Sediments are visible in true-color satellite im-
agery and have been used as coastal water tracers both near the CR
(Ahlnas et al., 1987) and in other rivers with high sediment loads, such
as the Mississippi River (Salisbury et al., 2004; Walker, 1996; Walker
et al., 2005) and the Fraser River (Pawlowicz et al., 2017).

The CR outflow encounters a relatively short estuarine mixing zone
(Brabets, 1997) and the subsequent effects of this geomorphology helps
structure the character of its plume farther offshore. The CR delta,
comprised of shallow (< 2 m) tidal mudflats inside a series of barrier
islands, spans an area of approximately 500 km? but extends only 10 km
cross-shore (Powers et al., 2002). Many other regions of freshwater in-
fluence (ROFIs), such as the low salinity plumes that advect from
Chesapeake Bay and the conglomeration of bays at the Hudson River
mouth, have more extensive mixing zones (Choi & Wilkin, 2007; Lentz,
2004; Rennie et al., 1999), allowing these other discharges greater op-
portunity to blend with shelf waters. With a short mixing zone we expect
the CR plume to have buoyancy gradients that make it particularly
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susceptible to wind stress forcing (Lentz, 2004). Under sustained
upwelling-favorable winds, highly buoyant plumes not only advect
offshore (Fong & Geyer, 2001) but may also extend upshelf under suf-
ficient forcing (Houghton et al., 2004; Kourafalou et al., 1996). The shelf
orientation is defined by the Kelvin wave propagation direction (coast to
the right for downshelf progression in the Northern Hemisphere), so the
upshelf direction is nominally eastward along the Copper River and NGA
coastlines.

A 3D ocean circulation model hindcast integration suggests that the
CR plume generally follows the course of the ACC (Wang et al., 2014). In
the model, variability in a passive tracer defines the CR plume’s spatial
and temporal evolution and reflects a balance between freshwater
discharge buoyancy and wind stress. The modeled plume develops as a
surface-trapped feature with a mean depth of ~ 10 m, although con-
trasting seasonal wind patterns result in similarly contrasting plume
characteristics. Downwelling-favorable winds constrain the plume
within 25 km of the coast, while calm winds lead to the development of a
larger bulge with a 60 km cross-shelf extent (Wang et al., 2014). The
Wang et al. (2014) results are in accordance with an Ekman driven
downwelling response (Moffat & Lentz, 2012) and bulge development
(Kourafalou et al., 1996). When exiting the CR region, about two-thirds
of the water coming from the CR moves westward past Montague Island,
bypassing PWS; one-third enters the Sound before eventually exiting
back to the shelf via Montague Strait; and a small fraction is lost to the
cross-shelf direction (Wang et al., 2014). Jaeger et al. (1998) inferred
similar flow pathways from the secondary deposits of CR sediments
along Kayak Trough, Hinchinbrook Sea Valley, and the eastern en-
trances of PWS.

1.3. Approach

The work presented herein is part of the Northern Gulf of Alaska
Long Term Ecological Research (NGA LTER) site, which supports an
interdisciplinary effort to better understand the ecological functioning
of the NGA marine system, including the importance of resilience in
setting key NGA emergent ecological properties via physical and
chemical dynamics, carbon cycling, biological community structure and
species interactions (Hopcroft et al., 2016). Here ecological resilience is
defined as the maintenance of ecosystem function following disturbance
(Holling, 1973; Levin & Lubchenco, 2008). For example, coastal runoff
increases the nearshore water column stability in the NGA (Henson,
2007), which helps mediate the vertical distribution of nutrients. The
ecological properties in the context of freshwater pathways include
those influencing the CR plume: wind forcing, stratification, and
entrainment all likely play important ecological roles through their in-
fluence on nutrient supply (Lohan & Bruland, 2006), phytoplankton
growth (Lohrenz et al., 1999), and light availability and grazing
(Harrison et al., 1991). Nitrate and iron have a riverine source and often
function as limiting nutrients that influence phytoplankton community
structure in the NGA (e.g., Aguilar-Islas et al., 2016; Strom et al., 2006).
The CR is also a source of other nutrients including silicic acid (Brown
et al., 2010).

This study is focused on better revealing the regional physical
structure of the NGA and factors that mediate the advection and mixing
of low salinities in the upper water column (<50 m). We investigate
locations of recurring low salinity sites along the Seward Line, and the
physical dynamics of the Copper River plume driven by wind and river
discharge. Previous studies have concentrated on the ACC, with a focus
on mass transport parameters, physical drivers, and continuity (e.g.
Stabeno et al., 2016; Weingartner et al., 2005; Ladd et al., 2016), while
the Copper River plume has mostly been examined through a single two-
year model simulation validated by CTD profiles (Wang et al., 2014).
Using in situ data we provide evidence of freshwater pathways beyond
the ACC out to the slope, and we assess drivers that contribute to these
freshwater pathways. We study interactions between freshwater
discharge, wind and hydrographic structure using ship-based
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hydrography, towed undulating CTD instruments, satellite imagery,
satellite-tracked drifters, river discharge data, and atmospheric rean-
alysis products.

Section 2 of this paper describes the data and data handling methods;
Section 3 presents our results for freshwater pathways across the NGA
and within the CR region; Section 4 provides discussion of results and a
summary.

2. DATA and methods
2.1. Shipboard Hydrography

NGA LTER sampling transects consist of the Seward Line (GAK sta-
tions), the Middleton Line (MID stations), the Kodiak Line (KOD sta-
tions), and stations in PWS (Fig. 1). Seward Line hydrographic data were
collected 2-7 times per year from 1997 to 2021. These one- to three-
week research cruises typically consist of 40-80 sampling stations that
include up to 15 core Seward Line stations and stations within PWS;
sampling on the Middleton Island and Kodiak Island transects began in
2018. From 2018 to 2021 NGA LTER cruises were conducted in April-
May, July and September, corresponding to mid-spring, mid-summer
and early-fall. Shelf stations are spaced 15-17 km apart. Inclement
weather occasionally inhibits sampling, during which times the Seward
Line station set is prioritized (Table 1).

Temperature and conductivity data were logged with a SBE9/11
system (24 Hz sample rate) outfitted with dual SBE 3plus and SBE 4
probes, respectively. Conductivity-temperature-depth (CTD) data were
processed in the SBE Data Processing scripting and computational
toolbox (Sea-Bird Scientific, 2017) and then edited using custom MAT-
LAB software for removing data spikes associated with surface bubbles,
planktonic biofouling of the conductivity cell and other obvious outliers.
Data deemed erroneous were replaced with values obtained by linearly
interpolating between adjacent good data, or if in the upper few meters
of the water column, extrapolating the shallowest good data point to the
sea surface.

Freshwater height (FWH) for the upper 50 m of the water column
was calculated using the difference between the in situ salinity and a
reference value (S, = 33.8), which represents the base of the NGA’s
permanent halocline (Dodimead et al., 1963; Musgrave et al., 1992). The
FWH relation is:

FWH= ((S,*p,*d)/Ssxp,) —d 1)

where S is practical salinity, p is density, subscripts r and s designate
reference and station, respectively, and d is the integration depth. S; is
calculated as the average practical salinity between the surface and
depth d. For the few stations with water depth < 50 m (~0.05 % of
stations), the deepest depth available was used. Results presented here
are insensitive to other integration depths (e.g., 75 m and 100 m). FWH

Table 1

Number of occupations per month (April to October) for the entire study
duration for the Seward Line (1997-2021), Middleton and Kodiak Lines
(2018-2021) and Prince William Sound (2018-2021).

Month Number of Number of Number of Number of
Occupations Occupations Occupations Occupations
Seward Line Middleton Kodiak Line Prince

Line William
Sound

April 1 3 2 3

May 24 0 1 1

June 1 0 0 2

July 8 4 3 2

August* 0 0 0 0

Sept. 17 3 2 4

Oct. 8 0 0 0

* No sampling occurred during August.

Progress in Oceanography 229 (2024) 103373

was calculated for the Middleton and Kodiak lines from 2018 to 2021.
FWH along the Seward Line was calculated for 59 Seward Line CTD
transects (1997-2021) across stations GAK1 through GAK13. The data
were subset into spring (April 19 — May 27), summer (June 30 — July 24),
and fall (September 1 — October 14), see Table 1 for the distribution
between these months.

A bootstrap analysis was applied to the Seward Line salinity data (59
cruises from 1997 to 2021; Table 1) to assess the structure of cross-shelf
salinity gradients, which may be less susceptible than salinity to inter-
annual variation in freshwater output from the coast (Thomson &
Emery, 2014b). The data were subset into the same date limits as the
FWH analysis, and salinity was averaged at each station across the
0-100 m depth interval prior to sequentially applying forward de-
rivatives, starting with the nearshore station. Significant differences
between adjacent salinity gradients were ascribed when 95 % confi-
dence intervals for bootstrapped distributions of the differences between
adjacent-station-set salinity gradients did not contain zero (Greenland
et al., 2016). Bootstrap analyses were run 10,000 times to generate
normalized distributions. Standard statistical metrics of mean (p),
standard deviation (c), Pearson’s correlation (r) and p-values are used
herein to quantitatively summarize and assess our findings.

2.2. Towed CTD

We towed an Ocean Sciences Inc. Acrobat® undulating vehicle
across the CR region over 4-8 July 2019, 27 July 2019, and 11-14 July
2020. The instrument sampled to a maximum depth of 65 m and mini-
mum depth of 1 m, moving with a vertical speed of approximately 1 m/s.
It was towed ~ 200 m astern of the ship, which traveled at 3-3.5- m/s
through the water. The Acrobat was equipped with a SBE 49 FastCat
CTD sampling at 16 Hz and positional information came from the
shipboard GPS system logged at 1 Hz.

Using in-house MATLAB scripts (Martini et al., 2023), the Acrobat
CTD data was initially gridded to 0.5 dbar bins vertically and corrected
for thermistor thermal response, time lag due to the physical separation
of the temperature and conductivity sensors, and conductivity sensor
thermal lag following Johnson et al. (2007). Changes in the temporal
gradient of pressure were used to identify turning points in the towed
data. Pairs of upcasts and downcasts connected by a surface turning
point were averaged to form a single vertical profile and assigned a
position that matched the surface turning point coordinates. Surface
turning points occurred along the transects typically every 0.5 km. The
GPS and CTD were merged into two datasets that were horizontally
gridded with 1 km and 5 km bins.

Additional in-house MATLAB scripts were used for final quality
control and missing data interpolations (commonly needed near the
surface). Corrections included the following: removal of casts that either
don’t reach 33 m depth in deep water or 50 % of the target depth range
in shallow water; filling missing surface (< 10 m depth) data; and
additional interpolations. Final data was then binned to 1 dbar levels
down to 65 dbar.

The 4-8 July 2019 and 11-14 July 2020 Acrobat datasets had similar
spatial coverage and were used to compare the inner shelf hydrographic
structure of those two years. To facilitate the comparison, the two
datasets were spatially interpolated onto a 2.3 km by 2.7 km 3D grid
bounded by 59.2 to 60.4 °N and 147.6 to 143.5 °W, and across O to 45
dbar in 1 dbar increments. Transects were defined that started at the
nearshore grid points where the two datasets overlapped and extended
35 km offshore following the orientation of the 2020 cross-shore cruise
tracks (Fig. 1).

Baroclinic geostrophic velocities for Acrobat CTD datasets were
based on the thermal wind relation with an assumed level of no motion
at H = 45 dbar (the deepest depth consistently shared by July 4-8, 2019
and July 11-14, 2020 surveys). Reference levels for nearshore bottom
depths shallower than the level of no motion used the deepest common
depth between each adjacent station pair. The reference velocity for the
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shallower station pair was then obtained from the next-adjacent offshore
(deeper) velocity profile (Helland-Hansen, 1934). Reference velocities
are approximated as the alongshore baroclinic geostrophic current
derived from the geopotential anomaly along a transect of practical
salinity and temperature. The alongshore baroclinic component of the
mass transport (Mp,) is:

L, 0
Mie = / / Use(y, 2)dedy @
0 —-H

For the interpolated Acrobat data, the length of cross-shore transect
Ly = 35 km, H = 45 m, and Up(y,2) is the alongshore baroclinic
geostrophic current component at depth z and offshore distance y. For
other applications of Equation (2) H is specified in the results.

For computing alongshore near-surface baroclinic geostrophic cur-
rents, the reference level for the Acrobat data was limited to 45 dbar due
to the profiling range of the instrument. Current velocity data from a
Teledyne RDI Workhorse Sentinel 300 kHz acoustic Doppler current
profiler (ADCP) were collected in July 2019, 2020, 2022, and 2023.
These data were acquired with the University of Hawaii Data Acquisi-
tion System (UHDAS) and post-processed with the Common Ocean Data
Access System (CODAS) (Firing et al., 2012). Strong tides on the NGA
shelf preclude applying ship-measured ocean currents to form uncon-
taminated subtidal absolute geostrophic velocity estimates, but the ve-
locity data do allow us to compare the instantaneous flow field speeds
with the computed baroclinic current magnitudes. After rotating the
dataset, average alongshore (u.) and cross-shore (v.) components from
50-75 m were obtained along the 2020 Acrobat grid pattern (Fig. 1). The
mean u, for all data combined (615 sample points) was —0.02 + 0.09 m/
s and the mean v, was —0.01 + 0.13 m/s where negative values
respectively indicate downshelf and onshore directions. The absolute
value of the mean ADCP current velocities plus the standard deviation
are about a quarter of the magnitude of the CR plume’s alongshore
baroclinic jet (~0.3-.4 m/s).

2.3. Coastal discharge data

The USGS Million Dollar bridge streamflow gauge (station
15214000) provided CR discharge data from 2005 to 2021, except for
2008 when it was out-of-service. The gauge is located at the outflow of
Miles Lake, ~45 km inland of delta’s tidal mudflats and at an elevation
of 38 m above sea level. The gauge station consistently logged data from
May to September but often became inoperable in other months due to
ice and equipment malfunction (Conaway, pers. comm.). May to
September discharge data was recorded at 15-minute intervals. We
averaged the raw data by hour and day; a seasonal median was also
computed from monthly averages of the discharge data (Fig. 2). A spe-
cific comparison of the plume response to wind direction was made
under high discharge conditions, which were determined by limiting the
discharge data to values above two-thirds of the seasonal median in
July. From Brabets (1997) assessments of river areal cross-sections and
flow rates, we estimate a time lag of 31-44 h for water to transit between
the Million Dollar bridge and the CR delta barrier islands from May to
September; (see supplementary text for more details). Based on those
estimates we applied a 38-hour lag to the river discharge dataset, then
constructed 24-hour daily river discharge averages beginning at 13:00
UTC to match satellite imagery with coincident river discharge
conditions.

2.4. Wind data

We use the European Climate Model Weather Forecast (ECMWF)
reanalysis version 5 (ERA-5) (Hersbach et al., 2020) for estimates of
hourly eastward and northward 10 m wind velocity components (u and
v, respectively) for 2002-2021. ERA-5 is computed at a spatial resolu-
tion of 0.25°. From 12 model grid points just south of the CR delta we
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Fig. 2. Fresh water discharge recorded at the Copper River’s Million Dollar
bridge. Thin lines show daily average discharge for 2005-2021 (gray), 2019
(black), and 2020 (blue); the thick red line is the median of the monthly av-
erages from all years. Colored markers indicate the Acrobat transects across
stations MID1-MID6 (circles) and satellite image (cyan square).

formed a 2290 km? spatial average centered at 59.975 °N, 145.250 °W
(Fig. 1). Principal component analysis determined that the highest
variance in wind velocity is nominally alongshore, oriented at an angle
of 18.5° clockwise from east. My, is controlled by density gradients,
which in turn are shaped by wind driven Ekman dynamics; we anticipate
a time lag between wind changes and the My, response. By assessing a
range of lags (0-30 h) and smoothing via a moving mean window (range
1-50 h) we found that the strongest correspondence (r2 = 0.47) coin-
cided with a lag of 12 h (local inertial period = 14 h) and a 13-hour
centered moving mean window. To match satellite imagery with coin-
cident wind conditions, 24-hour daily wind vector averages beginning at
13:00 UTC were constructed using the same grid points.

2.5. Satellite tracked drifter data

One Pacific Gyre Microstar and two Oceanetic Measurement SCT
drifters were deployed during the July 2019 process study at each of the
four locations shown in Fig. 1. SCT drifters provided usable data be-
tween 4-20 July before losing signal or beaching, while Pacific Gyre
Microstar drifters provided usable data between 4-27 July, after which
they either ceased transmitting, entered PWS, or advected 100 km
downshelf and beyond the range of our analysis. The two SCT drifters at
MID1 beached almost immediately and are excluded from the analysis.
GPS location accuracy of the SCT and Microstar drifters are 5 m and 2.5
m, respectively. Drifter velocities were determined using time elapsed
between consecutive GPS fixes. Drifter data was binned hourly and
paired with coincident wind data from the ERA-5 spatial average. Wind
and surface current velocities can be related by the function:

u=aV 3

Where u and V are complex vectors of surface current and wind
velocities respectively and a is a complex coefficient determined by least
square regression (Thomson & Emery, 2014a).

2.6. True-color satellite data

Twenty years of true-color satellite imagery revealed snapshots of
the CR plume spatial structure on cloud-free days. Moderate Resolution
Imaging Spectroradiometer (MODIS) true-color images at 250 m reso-
lution (2048 x 2048 pixels) using the 620-670 nm wavelengths (MODIS
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Science Team, 2017) and collected by NASA’s Terra and Aqua satellites
between 2002 and 2021 were downloaded using the EarthData portal
(Earth Science Data Systems, 2023). The satellites passed over once per
day at ~ 10:00 UTC (Terra) and ~ 13:00 UTC (Aqua). The images show
light green and muddy brown waters due to the CR mud and glacial flour
discharging from the river mouth.

Images with appreciable cloud cover were discarded using the
following filtering techniques. We required that the MODIS cloud frac-
tion be < 50 % and we then selected the daily image registering the
lowest proportion of cloud cover. A land mask was applied, along with
an additional cloud filter of the red channel using a pixel intensity cutoff
value of 125 (range 0 to 255). Images with faint cloud contamination,
wildfire smoke, or aeolian dust from the CR delta were removed by
manual inspection. An initial dataset of 402 usable images was assem-
bled from March-October after also removing November-February im-
ages that were unusable due to low sun angle color tints. A subset of 56
images coincided with high river discharge events (Section 2.3). Ana-
lyses were based on green channel intensities normalized to a dynamic
range of 0 to 255 in all images.

We use the manipulated green channel data as a proxy for sediment
and freshwater distributions in the CR plume region, although this
relationship is complicated due to differences in freshwater dispersal
versus particle motions. Some of the sediment load settles out of the
plume prior to mixing with ambient salt water, adding uncertainty to the
sediment-freshwater relationship; however, clays can remain in sus-
pension for the time/length scales associated with this study (see sup-
plementary text), based on total suspended material (TSM)
concentrations in the Copper River plume (Feely et al., 1979), the op-
tical depths of remote satellite sensing (Loos & Costa, 2010), and the
time scale for clay sized particles (diameter less than 4 um) to sink
beyond the depth of optical penetration. Using Stoke’s Law a 4 pym
spherical particle requires roughly 1 day to sink 1 m; the optical depths
within the plume are ~ 1-5 m near the river mouth and ~ 20 m near the
plume edge. Near the river mouth a reduction in pixel intensity is partly
due to particles sinking below 5 m, assuming particles remain there for
5 days. Near the plume edge some particles are still visible to satellite
imagery as the residence time of the plume in the CR region is likely less
than 14 days (estimated from our drifter data) and particles can be
detected by satellites down to ~ 20 m. We assume that the dilution of
mud and glacial flour in the CR region and far (>40 km) from the river
mouth in summer and fall is primarily due to mixing with ambient
saltwater rather than local particle sinking and deposition. Nearer to the
river mouth (<40 km) the dispersal of mud and glacial flour is due to
both mixing and particle sinking.

A Self Organizing Map (SOM) algorithm using the MATLAB SOM
Toolbox (Vesanto et al., 1999) was applied to the subsampled,
normalized, green channel datasets (128 x 128 pixels). SOMs are
pattern recognition and classification tools (Kohonen, 1982) that have
been applied to many fields of study, including oceanography (Chen
et al., 2006; Fang et al., 2017; Liu, 2005; Sandy et al., 2022; Tennant,
2004). They are ordered, nonlinear, artificial neural networks that do
not require user-specified target training sets but do rely on iteratively
determined user-defined parameters. A desired number of map elements
is specified, and the SOM follows a learning rule to iteratively modify
weights as the map set emerges. Data is classified according to the best-
matching map element as determined by Euclidian distances between
each satellite image and the map set (Thomson and Emery, 2014c). The
Euclidian distance provides a measure of the error associated with each
pattern’s fidelity across the whole suite of images. Each pattern is thus
associated with a compilation of satellite images, the main features of
which are depicted by the pattern. A four-element map set was specified
in the SOM algorithm for the full 402-image dataset used to describe
seasonal plume patterns and then again for a second analysis based on
the 56-image high streamflow dataset.

Despite the uncertainties associated with sediment dynamics, MODIS
images from 29 June 2019 and 15 July 2020 were used to find a
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statistically significant relation between remotely sensed color and ship-
measured salinity.

2.7. Tides

Near to the Copper River, the average NOAA predicted diurnal tidal
range at Hinchinbrook Entrance (station 9454329) is ~ 3.4 m. This tidal
range suggests that tides are likely an important factor in mixing and
stratification in the CR region given the tidal influence apparent at other
ROFI systems (e.g. De Boer et al., 2009; Verspecht et al., 2009). Using
the M2 and S2 constituents from the NOAA tidal predictions (NOAA,
2024) we constructed a spring-neap tidal cycle for a basic assessment of
tidal influence. The spring-neap cycle was compared to the average pixel
intensity calculated within a 40 km square bounding box centered at
60.23 °N, 145.23 °W near the CR mouth for each March-October sat-
ellite image. The resulting linear regression had no significant rela-
tionship and including the next two largest tidal constituents (K1 and
01) did not change these results. A high resolution ROMS model shows
that within the CR region the M2 tidal ellipses decline from ~ 20cm/s
between the barrier islands to ~ 5 cm/s at 10 km offshore (Danielson
et al., 2016) where our study took place. These factors suggest that the
spring-neap tidal influence is at least secondary to wind conditions and
river discharge in determining the CR plume’s color, position and bar-
oclinic current velocities in July within our study region. Concerning
daily tidal oscillations, a half tidal cycle advective scale of about 0.2 m/s
* 6 hr * 3600 s gives a 4-km semidiurnal length scale, which is smaller
than the distance between our main survey stations and between our
Acrobat survey grid lines. Thus, we are incapable of well resolving the
local effects of tidal straining. Our surveys alias the semidiurnal and
diurnal tides but their influence tends to average out over multiple oc-
cupations of the same transect.

2.8. Assessing plume front dynamics

The effect of an upwelling wind stress on the CR plume was esti-
mated using theory developed by Fong and Geyer (2001) and modified
by Lentz (2004). The approach relates observed initial plume conditions
prior to an upwelling wind stress to theoretical advection and mixing
during an upwelling wind stress. This two-dimensional model assumes
plume processes are determined by a competition between buoyancy-
driven geostrophic adjustment and wind driven mixing, and is based
on estimates of an initial plume state, alongshore wind stress, Coriolis
parameter (at 60°N), and a bulk Richardson number (Lentz, 2004). In
our case, initial conditions were taken from the Middleton Line Acrobat
transect on 11 July 2020. The plume boundary, defined by the 29 iso-
haline in both the vertical thickness and horizontal extent, was used to
calculate a thickness of 10 m and a cross-shore width of 16 km. The 29
isohaline was selected because it outlines the mid-lower portion of the
plume pycnocline and approximately bounds the modelled CR plume
shown in Wang et al (2014) that was defined by tracer concentrations.
An ambient density (p,) was calculated from a section bounded by the
10-20 m depth range and 6-26 km from station MID1; a density
anomaly of 5.9 kg/m® was computed between the plume density (py)
and the ambient density.

A plume front driven by upwelling wind stress may contribute to
vertical and horizontal nutrient fluxes that promote phytoplankton
production and influence community structure. We seek a simple rela-
tion for silicic acid concentration changes in the CR region. The rate at
which the plume area increases is described in Lentz (2004) using the
relationship:

‘j)_’;‘ ~ ;Taf Riy @

Where Rij, is the bulk Richardson number, ty is the alongshore wind
stress, A denotes the area under consideration, and f is the Coriolis
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parameter. The bulk Richardson number can be calculated from Ri, =
((8/pa)*(Pq —pp))/ (Au)2 where g is gravity and Au is the velocity dif-
ference between ambient waters and the plume (Fong & Geyer, 2001).
Based on our calculations of geostrophic currents and drifter velocity
observations, we estimate that the velocity difference is between
0.2-0.3 cm/s and find Ri, to have a range of 0.63-1.4 so select a value of
1. Wind stress is estimated from ERA-5 wind velocities following Large
and Pond (1981). Entrainment occurs initially at the seaward plume
front (Fong & Geyer, 2001; Lentz, 2004) after which we assume property
concentrations are mixed into the entire plume volume as the entrained
fluid circulates (Houghton et al., 2004). If we ignore non-conservative
transformations we can use a simple mixing relationship to estimate
the modified concentration of a nutrient or salt:

(Cp xAp) + (Ca * Ac)

Cr =
! A, + A,

)

Where C is a nutrient concentration or salinity, and the subscripts f,
D, a and e refer to final, plume, ambient, and entrained respectively. A,
and A, represent the plume volume and entrained volume, respectively,
given by a time integral of Eq. (4), (i.e. A, = [ dt) using hourly steps.
Equation (5) was iterated for the duration of upwelling wind stress with
a time step of 1 h. Negative gradients in wind stress were assumed to add
zero areal extent and leave plume concentrations unchanged.

All initial plume state parameters were estimated from the 2020
process study. The greatest source of error in Eq. (5) is likely the un-
known variability in entrainment depth. Model sensitivity is assessed
using concentrations from 10 m and 20 m depths within the ambient
section. Ambient concentrations were calculated from the horizontally
averaged 10 m and 20 m Acrobat salinity observations (29.8 + 0.8; 31.1
+ 0.2, n = 21 for each depth) between MID2-4, and silicic acid CTD
bottle samples from 10 m and 20 m depths (4.6 uM + 0.1; 4.9 uM + 0.6,
n = 3 for each depth). The initial plume values were calculated inside
the 29 isohaline plume boundary for salinity (23.5 + 4.6, n = 127), and
as the mid-point of near surface (~3 m) and 10 m bottle depths at MID1
for silicic acid (19.6 uM, n = 2). The model output was compared to
Acrobat salinity observations (28.2 + 0.6, n = 149) from the 4-8 July
2019 plume also bounded by the 29 isohaline, and silicic acid (9.5 uM +
1.6, n = 6) by the averaged MID2-4 near surface and 10 m bottles. Error
in Acrobat CTD tow measurements also accounted for potential baro-
clinic semi-diurnal tidal advection by shifting the sections defined above
+ 2 km (maximum possible displacement over a half tidal cycle given
tidal current speeds). The collection and analysis of silicic acid followed
GO-SHIP Repeat Hydrography procedures (Becker et al., 2020) during
both process studies. Further details can be found in Ortega et al. (in
review).

3. Results
3.1. NGA fresh water distributions

Using ship-based CTDs, we assessed the upper ocean seasonal
freshwater cycle across the NGA study region (Fig. 1). For the upper 50
m of the water column, over the entire domain, we observed seasonal
shifts in FWH, which increased from p = 2.83 m (6 = 0.88 m), to p =
3.73m (6 =1.92 m) and p = 5.27 m (6 = 2.97 m) for spring, summer,
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and fall, respectively (Table 2). A fall peak in FWH is expected for the
NGA shelf, when the seasonally accumulated coastal runoff in the water
column contributes the most to FWH (Royer, 1982). The FWH was also
highest in fall when considering each of the four individual focal study
areas (Seward Line, Middleton Line, Kodiak Line, and PWS), (Table 2).
PWS had the highest FWH on average throughout the year and experi-
enced the greatest seasonal increases in FWH from spring to fall (p =
4.03 m to 9.54 m) due to a combination of coastal discharge from sur-
rounding glaciated terrain and topography that constrained exchange
with the open ocean. In contrast, the three shelf transects, had similar
mean FWH in spring, p ~ 2.5 m (Table 2), and only the Seward and
Middleton lines appreciably freshened from spring to summer, although
all three lines freshened from summer to fall (Table 2). Freshening along
the Seward and Middleton lines was mainly due to changes at coastal
stations, which are more directly impacted by freshwater increases from
adjacent melting snowfields and glacial ice (Beamer et al., 2016), while
the increased FWH along the Kodiak Line in fall was due to the advection
of low salinity waters carried at least in part by the ACC from the central
and eastern sections of the NGA (Stabeno et al., 2016). The greatest
seasonal increase in FWH for the three shelf transects was observed
along the Middleton Line from spring to summer, and from summer to
fall, with an increase of ~ 1.1 m (Table 2), likely due to its proximity to
the large CR discharge source and other fluvial inputs southeast of the
study area. This proximity to the CR heavily influenced the FWH at
station MID1 (nearest to the river mouth), which peaked in summer
(Fig. 3) rather than in fall reflecting the fact that the CR typically ex-
periences peak discharge in July and its streamflow decreases by at least
50 % by September (Fig. 2). However, mid-shelf stations along the
Middleton Line (e.g., MID4 and MID5) appeared to be less directly
affected by the CR discharge cycle, and experienced FWH maxima in fall
(Fig. 3) influenced by low salinity ACC water advecting northwest from
Kayak Island, (Royer et al., 1979; Stabeno et al., 2016) combined with
CR water that accumulates on the shelf throughout the summer.

Fig. 3 highlights seasonal cross-shelf FWH distributions showing that
the system is more complex than a simple 2D dispersion of low salinity
water, with gradients in FWH reflecting the combined effects of cross-
shelf dispersion and along-shelf advection. For example, the Kodiak
Line had a broadly dispersed fall FWH with a cross-shelf gradient of only
—0.17 m over the first 50 km, whereas the Seward Line and Middleton
Line had values of —1.75 m and 0.56 m, respectively, for the same dis-
tance and season. The Kodiak Line also often had less FWH than the
Seward Line at similar distances from shore in summer and spring
(Fig. 3), suggesting enhanced seaward transport of freshwater near the
Seward Line compared to the Kodiak Line during these seasons. In fall
along-shelf advection of low salinity water from the Seward Line, carried
in part by the ACC, influenced cross-shelf distributions of FWH along the
Kodiak Line. Some points of along-shelf freshwater advection on the
Middleton Line persist throughout spring to fall, as shown by mean
spring-fall FWH at station MID7 (p = 3.93 m, 6 = 1.70 m), which was
consistently higher than FWH at station MID6 (p = 2.93 m, 6 = 1.50 m);
a t-test (alpha = 5 %) indicates a significant difference (n =1.00 m, 6 =
1.04 m) (t(8) = 2.85, p = 0.01) between the two that implies along-shelf
advection of freshwater from southeast of the study region influencing
FWH at MID7.

The density-driven velocity field contributed to the freshwater

Table 2
Freshwater height (m) as the mean (p) +/- standard deviation (o) for all stations on the indicated transects, Prince William Sound, and across the NGA domain.
Date Range Seward p + ¢ Middleton p + ¢ Kodiak PWS NGA A Seward A Middleton A Kodiak
H+o n+o pto
4/19-5/9 2.55 £+ 0.45 2.60 + 0.43 2.41 £ 0.23 4.03 £ 0.57 2.83 £ 0.88 1.69 -0.28 0.39
6/30-7/17 2.92 £ 0.84 3.71 £1.59 2.55 £ 0.17 6.81 + 1.67 3.73 £1.92 2.98 5.08 0.51
9/1-9/26 3.38 £1.69 4.85 £ 1.50 3.43 £1.00 9.54 £+ 1.47 5.27 £2.97 6.28 2.48 2.70

* Difference (A) columns show the freshwater height range between the most nearshore station and the most offshore station. Rows denote seasons. Statistics here

represent data from 2018 to 2021.
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Fig. 3. Top row: Mean freshwater height computed over the upper 50 m of the water column for Middleton, Seward and Kodiak stations in April-May, June-July, and
September-October for all available years of each transect. Middle row: Standard error for Middleton and Seward lines and range of observations for the Kodiak Line
(the latter because the Kodiak Line was less frequently sampled than the others). Bottom row: Mean freshwater height distributions for the Northern Gulf of Alaska for
April-May, June-July, and September-October (2018-2021). Bathymetric contours from light grey to black depict the 175, 250, 325 and 1000 m depths. Note that top
and middle rows for the Seward Line include data from 1997 to 2021, while the bottom row only includes 2018-2021 station data for all three transects.

distribution along the Middleton Line, where averages of fall hydro-
graphic transects show the accumulation of low salinity water near the
coast and then another buildup in the mid-shelf (Fig. 4). The corre-
sponding geostrophic velocity, referenced to 500 dbar, shows westward
currents located nearshore and at the outer shelf with energetic
maximum speeds of ~ 0.5 m/s to the west and lower speeds in the mid-

shelf region that allow low salinity waters to accumulate. Alongshore
baroclinic mass transports in the nearshore region (8-43 km from MID1)
for all occupations of the Middleton Line were highest in fall of 2019 and
2021 and are westward-directed for the majority of occupations (Fig. 5).
The baroclinic mass transport was also calculated from the Acrobat data
during summer 2019 and 2020. Differences between the Acrobat and
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CTD mass transport estimates may have been due to the time separation
between the transects (~3 days in both years). In 2019 an additional
factor may have been the presence of upwelling-favorable winds.
Seward Line CTD data (1997-2021) reveal recurring locations of
low-salinity anomalies that suggest the existence of a persistent fresh-
water pathway near station GAK5 that appears in summer and fall.
Salinity data over 0-100 m was averaged for April-May, June-July and
September-October and then iteratively run in a bootstrap analysis (see
Methods, Section 2.1). The 95 % confidence interval of the bootstrap
distributions of mean differences between adjacent salinity gradients
were used to assess significance (Fig. 6). The salinity gradient between a

station pair was classified as significant if the gradient was significantly
different from that of the immediately offshore adjacent pair of stations.
In spring (April-May), mean lateral gradients were significantly different
only for the GAK1-2 station pair. By summer (June-July), significantly
different mean gradients were observed between GAK3-4, GAK9-10,
GAK10-11, and in fall (September-October) GAK3-4 was again signifi-
cantly different, as were GAK2-3 and GAK5-6. The changing significance
at GAK1-2 from May to June-July to September-October time periods
likely reflects the spatial breadth of the low salinity lens that accumu-
lates in the nearshore region inside of the ACC front. This analysis shows
that the primary ACC front location migrates seasonally and causes a
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persistent difference between GAK3-4 and GAK4-5. The ACC front may
occasionally deflect offshore here, as the diminished gradient between
GAK4 and GAKS5 relative to adjacent station pairs suggests a freshwater
pathway near GAKS5 in summer and fall. Salinity averages by station also
show this low salinity anomaly at GAKS (Fig. 6 b) exemplified by a fall
hydrographic transect (Fig. 6 ¢). Similarly, recurring salinity gradients
during summer near the shelf break (Fig. 6a and 6d) suggest the pres-
ence of a freshwater pathway along the upper continental slope.

To summarize Section 3.1, hydrographic data from spring, summer
and fall depict strong seasonality in the standing stock of coastal fresh-
water across the NGA. From the Middleton Line downshelf to the Kodiak
Line, salinity field characteristics reflect proximity to freshwater sources
and pathways by which freshwater spreads away from the nearshore
zone. In particular, the Seward Line shows the likely location of fresh-
water pathways that are at times important for the fate of coastal waters
and the offshore NGA stratification field.

3.2. Copper river plume

A key to better understanding freshwater distributions and pathways
in the NGA is the salinity field time evolution, as coastal waters adjust to
ambient shelf waters and the shelf circulation. The CR plume discharge
intersects with shelf waters directly (as opposed to with waters in a fjord
or sound) and highlights how this large surface-trapped low salinity
plume propagates offshore and downshelf. Process studies of the plume
physical, biogeochemical (Ortega et al. in review), and planktonic fields
took place during week-long studies in 2019 and 2020. For the mapping
of the physical hydrography we towed an Acrobat back and forth across

10

the front that separated coastal and shelf waters. To assess synoptic and
seasonal changes we analyzed true-color satellite imagery, river
discharge data, and reanalysis wind products.

3.2.1. Wind conditions

Wind velocities (U) were downwelling-favorable (U < 0) during the
2020 summer process study, while the 2019 summer process study had a
relatively consistent upwelling-favorable (U > 0) wind patten that was
more unusual for the NGA (Fig. 7). The probability density function of
the alongshore wind component (rotated to the principal axis of varia-
tion) during June and July for 2002-2021 shows that upwelling wind
conditions matching or exceeding those observed during the 2019 pro-
cess study occurred only 13 % of the time. Wind velocities matching or
exceeding the downwelling-favorable conditions observed during the
2020 process study occurred 40 % of the time over 2002-2021. Strong
downwelling winds form the typical summer wind pattern: upwelling-
favorable conditions associated with any wind speed (U > 0) occurred
36 % of the time, while downwelling-favorable winds occurred the
remaining 64 % of the time. Weak wind forcing (JU| < 2) occurred one-
third of the time. All wind results were based on ERA-5 reanalysis wind
data from grid points centered at 59.975 °N, 145.250 °W.

3.2.2. Plume patterns and environmental drivers

Patterns of sediment-laden waters in the CR region are extracted
from processed true color satellite imagery using SOM analysis. We
evaluate whether the detected colorations track the presence of low
salinity plume water. Records of wind conditions and river discharge
help link the plume patterns to observed environmental drivers. Finally,
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the analysis is repeated for a dataset with a relatively constant river
discharge to investigate the effect of wind conditions on the plume.

Based on satellite images collected between March and October, a 4-
pattern SOM analysis reveals dominant patterns of sediment-laden wa-
ters in the CR region. Anomaly maps constructed from the four patterns
(Fig. 8 a, bottom row) show pixel intensities relative to the average,
based on the true-color images’ green channel (see Methods, Section
2.6). SOM pattern A depicts sediment-laden waters distributed across
the study area, and a somewhat weaker intensity near the river mouth.
Pattern B shows the plume oriented downshelf toward PWS. Pattern C
suggests elevated concentrations of sediment close to shore west of the
river mouth and entering PWS via Hinchinbrook Entrance, sediment
flowing past Kayak Island, and a notable decrease in plume intensity
offshore and west of the CR mouth. Pattern D suggests less turbid waters
across the study area. All patterns exhibit some seasonality. Pattern A
makes up 50 % and 19 % of March and April, respectively, and < 6 % for
each month from May to August, while pattern B images make up < 6 %
in March and April and > 23 % for each of the remaining months (Fig. 8
b). From inspection and comparison to the original true-color imagery,
the SOM patterns capture common surface expressions of sediment
laden waters in the CR region from March to October.

Towed CTD surface salinity measurements from repeated crossings
of the CR plume boundary suggest that sediment color in the satellite
images provides a useful proxy for salinity and freshwater distributions
near the river mouth (Fig. 9). During the 2020 process study, for each of
the 5 km binned Acrobat data points that were not overlaid by clouds, a
three-by-three set of image pixels was averaged to obtain the corre-
sponding satellite image pixel intensity (Fig. 9 b). Linear regression of
the green channel intensity explained 66 % of the ship-based surface
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salinity variance in 2020 (Fig. 10) in an image that was obtained one day
after the process study hydrographic mapping was complete. The
portion of the plume that is most visible on the western side aligns with
in situ samples taken ~ 48-30 h before the satellite image was captured.
Linear regression to the 2019 sea surface salinity data resulted in a much
weaker relation to green channel intensity (21 % of the variability
explained) reflecting the nearly 5-day gap between a sufficiently cloud-
free true-color image and the in situ measurements (Fig. 9 a). As such, the
2019 data is not collectively considered with 2020 in determining a
pixel intensity to surface salinity relationship (Fig. 10). Based on these
analyses, sediment colored waters can serve as a proxy for freshwater
distribution during summer in the CR region. This relationship may be
extended to fall although contamination from resuspension in the very
nearshore may degrade the relation. Images from spring contain sedi-
ment and ocean color gradations that do not appear to be closely related
to freshwater distribution

To assess the influence of environmental forcing on the plume, we
grouped images based on coincident alongshore wind velocity and river
discharge conditions. Tests for equal variance between pattern group-
ings (A-D) show that variances in wind data are equal between groups,
and the same is true for discharge data (Fig. 11 a). One-way ANOVA tests
assessed the individual importance of alongshore wind velocity and
river discharge on each pattern (Table 3 a). These signifigant relation-
ships depicted in Table 3 indicate that SOM plume patterns can be
ascribed to environmental drivers in the CR region: Pattern A is asso-
ciated with weakly downwelling favorable wind; Pattern B is associated
with high river discharge and upwelling favorable winds; Pattern C is
associated with downwelling favorable winds and Pattern D is associ-
ated with calm winds.
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Fig. 8. a) top row: representative examples of true-color images for each plume distribution pattern in the cr region. middle row: examples of green channel
processing applied to the true-color images in the top row, with colors ranging from yellow (high turbidity) to blue (low turbidity). bottom row: anomaly maps
resolved by theself-organized mapping (SOM) analysis and generated by subtracting the total image collection mean from each of the four resolved SOM patterns.
Frequency of Occurrence (FO) denotes the fraction (%) of images ascribed to each pattern. b) Distribution of images per month for each of the four SOM patterns. c)
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Fig. 9. In situ surface salinity binned to 5 km overlaying near simultaneous satellite imagery for 4-8 July 2019 (a) and 11-14 July 2020 (b) process studies.

While the SOM patterns suggest that wind affects the plume’s loca-
tion, the strong seasonal river discharge of the CR helps determine the
overall presence of freshwater in the CR region. The influence of the
river discharge on sediment color gradations and freshwater presence
can be evaluted using the average pixel intensity of the seasonal set of
images under calm wind conditions (—2 < U < 2 m/s). The average pixel
intensity was calculated within a 40 km square bounding box centered at
60.23 °N, 145.23 °W. By linear regression, the river discharge explained
36 % of the variance in green channel intensity (Figure S1).

A second 4-pattern SOM analysis of the image dataset was con-
strained to dates exhibiting elevated river discharges only. SOM pattern
E shows the plume spreading upshelf toward Kayak Island and extending
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south (Fig. 12). Pattern F shows relatively low amounts of sediment at
the river mouth and across the study area. Pattern G shows high amounts
of sediment at the river mouth and across the study area. Pattern H
shows sediment constrained close to the shore in the downshelf
direction.

Image collection dates were again used to assess coincident envi-
ronmental conditions. Tests for equal variance between pattern group-
ings (E-H) show that variances in wind data are equal between groups,
and the same is true for discharge data (Fig. 11 b). One-way ANOVA
tests (Table 3 b) show pattern G’s high river discharge (p = 5395 mis™h
was significantly different from Pattern F’s somewhat lower river
discharge (u = 4329 m® s™1). Wind velocities exhibited no significant
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Fig. 10. Regression of satellite image green channel pixel intensity versus
surface salinity in 2020 binned to 5 km along-track intervals for the data shown
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relation at p < 0.05, though a weakly significant diffference (p < 0.10) is
found between Pattern E’s upwelling wind velocity (p = 2.3 m/s) and
Pattern F’s weakly downwelling-favorable winds (p = -0.8 m/s).

3.2.3. Baroclinic mass transport

In-situ measurements of the CR plume in summer show how the
plume functions while the CR river discharge and upwelling-favorable
wind conditions are seasonally enhanced. Analysis of Acrobat data
from the 2019 and 2020 process studies show that in both years west-
ward baroclinic transport tended to occur west of the CR mouth and
eastward transport to the east of the mouth (Fig. 13) despite the con-
strasting wind conditions. However, relatively high southwestward
baroclinic transport advected along the slope, past the tip of Kayak Is-
land, only during the net downwelling conditions of the 2020 process
study, compared to very little for the same segment during the upwelling
conditions of the 2019 process study. The eastward volumetric transport
that occurs east of the CR mouth in both years contributes to a quasi-
persistent gyre that tends to form on the shelf northwest of Kayak Is-
land (Royer et al., 1979) and is associated with the eastward baroclinic
current near the coast and on-shelf northward flow past the tip of Kayak
Island (Fig. 14). The eastward flow is distributed between the surface
and 40 m depth. In contrast, to the west of the CR mouth, the plume
creates a westward baroclinic current with higher velocities but is
constrained between the surface and about 15 m depth.

CTD and Acrobat hydrographic transects for 2018-2021 and ERA-5
wind velocities allow us to assess alongshore baroclinic transport rela-
tive to coincident wind conditions. Mean alongshore wind velocities for
the CR region were calculated using the occupation time for transects
1-11 (inset Fig. 13). To constrain our transport estimates to the plume
waters only, we referenced the geostrophic velocitites of these transects
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Fig. 11. (a) Mean values with 95% confidence intervals are shown for seasonal patterns A through D, as well as for all patterns combined (pooled), for wind speed
and river discharge. Samples sizes are listed beside each mean, and p-values for a test of equal variances are shown in the bottom right corner of each plot. (b) Same

format as (a) but using the high discharge patterns E through H.

Table 3
A: seasonal patterns multiple comparisons test for som patterns a-d.Table 3b: High discharge patterns multiple comparisons test for SOM patterns E-H.
Seasonal Comparisons Win Velocity p-Value River Discharge High Discharge Win Velocity River Discharge p-value
p-value Comparisons p-Value
A-B <0.01 <0.01 E-F 0.09 0.39
A-C 0.02 0.99 E-G 0.99 0.49
A-D 0.34 0.69 E-H 0.33 0.92
B-C <0.01 <0.01 F-G 0.30 0.03
B-D 0.07 <0.01 F-H 0.83 0.06
C-D <0.01 0.72 G-H 0.66 0.77

* P-values are for a hypothesis test that the mean difference between two groups is equal to zero.
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Fig. 12. Anomaly maps resolved by the self-organized mapping (SOM) analysis and generated by subtracting the image collection mean from each of the four
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to 15 dbar and calculated the baroclinic transport for 35 km sections.
The results are consistent with our expectation that downwelling-
favorable winds cause steepened isopycnals and lead to higher down-
shelf transport (towards PWS). Demonstrating the role of Ekman dy-
namics in controlling the plume hydrographic structure, we find that
alongshore transport is moderately well correlated with alongshore
wind velocity (r2 = .47, p = <.01) (Fig. 15).

3.2.4. Cross shelf plume tracks

Ten drifters deployed west of the CR plume’s location on the Mid-
dleton Line during July 2019 show the movement of surface water in the
CR region as wind conditions shift from upwelling-favorable to down-
welling favorable. To start, all drifters moved east of the Middleton Line
and remained there for 7-11 days, primarily under the influence of
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upwelling-favorable winds (Fig. 16) and the Kayak Island gyre. Two of
the circulating drifters crossed the shelf break 75 km due south of the CR
mouth, showing a direct pathway of coastal waters into the iron-limited
high nutrient low chlorophyll (HNLC) waters of the adjacent basin.
During July 12-16 four surviving drifters, including one that had
reached the shelf break, return north under the influence of down-
welling winds and were constrained to within 25 km offshore of Hin-
chinbrook Island. Once drifters were west of the Middleton Line, they
moved westward for 3 days at an average speed of 0.31 + 0.05 m/s
before three veered towards Hinchinbrook Entrance; one continued
downshelf beyond the study area.

Drifter data reveal Ekman dynamics associated with the surface flow
field independent of the underlying hydrography, which helps quantify
the relationship between cross-shelf flow and wind conditions. Under
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Ekman’s theory, surface drifter motion is expected at an angle of ~ 45°
to the right (clockwise) of the wind direction in the northern hemisphere
(Ekman, 1905). A histogram of the difference in direction between the
wind and current vectors (Figure S2) reveals a peak between 40 and 50°
for downwelling-favorable wind conditions (U < 0) and a peak between
60 and 70° for upwelling-favorable wind conditions (U > 0). Following a
two-parameter complex function approach to calculate current turning
angles for the upwelling-favorable and downwelling-favorable wind
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conditions, we find angles of 48.3° + 0.8 (U > 0) and 44.6° + 1.8 (U <
0), where error is estimated by the range of angles calculated when
winds velocities relative to the drifter times are offset by two hours. The
range of turning angles measured clockwise from the wind direction for
upwelling-favorable (32.8-58.8°) wind conditions were often slightly
greater than the turning angles for downwelling-favorable (28.7-48.3°)
wind conditions (Table S1), possibly due to directional bias imparted by
the westward background flow of the region.

3.2.5. Plume dynamics

Cross-sections from three July occupations during 2019 and 2020 of
the Middleton Line from stations MID1 to MID6 show that water with
salinity < 29 is constrained to the coast during downwelling-favorable
wind conditions and a typical discharge (Fig. 2; Fig. 17). The plume
spreads out across the shelf during instances of upwelling-favorable
wind conditions and high freshwater discharge relative to the seasonal
median in July. These salinity distributions show the influence of wind
on the low salinity plume waters and on the isopyncal slopes that drive
baroclinic transport.

Applying the model of Lentz (2004) to our presumed initial condi-
tions (see Methods, Section 2.8), we estimate that the alongshore
upwelling-favorable wind stress between 20 June 2019 and 4 July 2019
could extend the seaward plume edge by 11 km, decrease the density
anomaly between plume and ambient waters by 2.5 kg m~3, and in-
crease the plume thickness by 1.7 m. Using the 29 isohaline as the border
of the plume, we observed the plume to extend seaward (Fig. 17),
consistent with the expected relationship in Lentz (2004). The observed
density anomaly decreased by ~ 3.5 kg m~3, and the final plume
thickness decreased by 5 m. The reduced plume thickness is not
consistent with Lentz (2004), a possible consequence of a misalignment
between the 04 July 2019 transect and the plume center.

The change in plume salinity and silicic acid concentrations can also
be analyzed based on Lentz (2004). Given ambient silicic acid concen-
trations of 4.6-5.0 uM pM SiOs, the same period of wind stress used to
predict plume width would cause accumulated plume concentrations of
14.4-14.5 uM SiO3. Ambient salinities of 29.8-31.1 would cause a final
plume salinity of 25.7-26.0. The actual average plume values for the
2019 process study for salinity and silicic acid were 28.2 + 0.6 and 9.5



L. Reister et al.

Progress in Oceanography 229 (2024) 103373

24' 8
Q
12 4 E
60°N 2
09
48' g
©
36' -4 =
<
24' 8
24' 714
i 7/9
60°N 7/11
7/13
48
36' 717
7/19
“ 30' 147°W 30" 146°W 30 445°W 30' 144°W 7121

Fig. 16. a) hourly binned gps tracks for surface drifters, colored by the era-5 alongshore wind velocity. darker colors denote higher intensity winds. stars show the
drifter deployment locations (magenta) and final transmission (cyan). b) same as a) but with discrete periods of upwelling-favorable (red shades) or downwelling-
favorable winds (blue shades) shown in the colorbar. darker colors denote later dates. Fig. 7 b shows alongshore wind velocity for the maximum drifter timespan.

a.
0 'I' N4 \\I’!/ B U oygT u w T T ]
3
220+ 4 (431
=
1]
(7]
o
Q40+~ 04-Jul-2019 Upwelling-Favorable Winds 4 1120
1 1 1 1 1 1 1
b.
0
;' PE————y 7 5
)
3 2
® on | . 0 J
5 20 N 25 £
7] ©
s n
o
Q- 40 Upwelling-Favorable Winds . 23
1 1 1
0 'U i C.
=) 21
3
220 .
?
b4 <19
o
Q40 11-Jul-2020 Downwelling-Favorable Winds -
1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Distance From Start of MID1

Fig. 17. CTD and Acrobat salinity transects of an 80 km section of the Middleton Line starting at station MID1. Coincident wind conditions are noted on each panel.

uM + 1.6 respectively. This suggests that the plume initial conditions
modified by dilution and entrainment due to upwelling-favorable wind
conditions account for about half of the observed average silicic acid and
salinity concentrations.
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3.3. Freshwater pathways in the NGA

Our above results show the seasonal distributions of low salinity
water in the NGA and provide evidence for important recurring fresh-
water pathways mid-shelf (GAKS5) and near Middleton Island. In the CR
region, the combined influences of upwelling and downwelling-
favorable winds, the Kayak Island gyre, and ACC flows bring about a
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temporally and spatially variable current field (Fig. 18). Downwelling-
favorable winds cause currents that are directed generally westward,
while upwelling-favorable winds cause currents near the CR to be
directed upshelf or cross shelf. The gyre west of Kayak Island can be
present during both wind conditions in summer. Our results in the CR
region provide new perspectives on the CR plume’s response to river
discharge and wind conditions and explore how wind conditions alter
the freshwater pathways that originate in or pass through that region.

4. Discussion
4.1. Re-assessing freshwater distributions and pathways

Freshwater height (FWH) tracks the distribution of freshwater
nearshore and on the shelf in the NGA, and drives associated baroclinic
transport. Wind direction and the Kayak Island diversion of low salinity
ACC water modulate the low salinity waters found above 50 m depth
between Middleton Island and the CR mouth (Fig. 3), while the CR
discharge feeds the same area. Baroclinic transport at the Seward Line
increases as low salinity water accumulates nearshore in summer and
fall months. In contrast, low salinity water on the Middleton Line can
more readily disperse across the shelf, the baroclinic transport is less
here than across the Seward Line, and drifter data (Fig. 16) suggest that
the front contains more meanders than farther west on the shelf. This
latter characterization is supported by the drifter trajectories shown
here, by Royer et al. (1979), Stabeno et al. (2016) and the dipole eddies
(Ahlnas et al., 1987) observed in the CR region.

Seasonal changes in FWH along the Middleton Line reflect key pro-
cesses of the regional flow field, including seasonal changes in CR
discharge and alongshore current strength. Higher FWH at station MID1
in summer than in fall is likely related to the CR’s peak discharge in July
(Fig. 2; Fig. 3) but this does not contribute much to baroclinic transport
because the seafloor depth is only ~ 20 m at MID1 and we find here
relatively flat isopycnals. The low salinity river water spreads as a thin
surface-trapped plume in summer. In fall, Kayak Island diverts the
seasonally stronger ACC, contributing to a peak in FWH at MID5. This
results in a baroclinic current that flows eastward between stations
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Fig. 18. Idealized schematic of potential current patterns in the CR region with
mean currents under downwelling-favorable wind velocities (dark blue)
including a weak counter current (dashed dark blue); and mean currents under
upwelling-favorable wind velocities (red) that more often occur in summer,
including offshore spreading during weak upwelling (dashed red). The Kayak

Island gyre (purple) is present under both wind conditions.
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MID3 and MID4. The permanence of this current is unknown, though
Royer et al. (1979) shows three drogued drifters during the month of
September that appear to respond to an eastward current feeding into an
eddy west of Kayak Island. Between station MID5 and station MID9 a
broad westward flowing baroclinic current appears to split around
Middleton Island (Fig. 18). This westward current has also been found
by previous drifter studies (Stabeno et al., 2016) and represents a po-
tential source of nutrient rich basin-origin waters to the shelf.

Kodiak Line freshwater is more deeply mixed into the water column
than the other lines in part because this line is farther from the nearest
large freshwater source and because the coastline lacks continuity from
the mainland. The inherent advective lag time allows the low salinity
water to disperse cross-shelf (Weingartner et al., 2005), or mix into
water layers deeper than 50 m. The lack of change between spring and
summer FWH along the entire Kodiak Line (Fig. 3) likely reflects the
advective time scale and the importance of mixing driven by strong local
tidal currents over Albatross and Portlock banks (e.g., Fig. 8 of Danielson
et al., 2020).

Long term data from the Seward Line help distinguish recurring
freshwater pathways. Mean cross-shelf gradients of salinity in the 0-100
m layer between GAK1-5 trend towards smaller positive values seaward
along the Seward Line, in accordance with increasing salinity offshore
(Fig. 6 a). Sharp deviations to this trend suggest that processes other
than cross-shelf eddy fluxes of freshwater (Weingartner et al., 2005) may
be involved. For example, when salinity (density) gradients shift from
positive to zero, this can indicate the presence of a baroclinically
maintained freshwater pathway (Fig. 6 b). The significant difference
between the gradients of GAK3-4 and GAK4-5 likely indicate a mid-shelf
freshwater pathway near GAKS5, perhaps reflecting a persistent or
recurring deflection of ACC waters from the outer edge of Montague
Island. A hydrographic transect from September 2017 shows a low
salinity bolus near GAKS5 as an example of this feature (Fig. 6 ¢). GAK9-
10 and GAK10-11 during June-July also exhibit a gradient that could be
caused by a low salinity jet at the shelf break. It spans GAK9-10 and
contrasts with higher surface salinities at GAK11 (Fig. 6 d), and may
reflect the development of a shelf break front driven by advective and
diffusive processes (Narayanan & Garvine, 2002). Low salinity surface
waters (30-31 range of salinity) observed southwest of Kayak Island at
the shelf break by an autonomous underwater vehicle during a 2022
along-slope transect from east of Kayak Island to GAK13 (NGA LTER
unpubl. data) suggest that this feature extends well upstream of the
Seward Line.

Despite the deep bottom depths and strong stratification, processes
and hydrographic characteristics shaped by shelf bathymetry are
apparent even in near surface waters. For example, mixing and on-shelf
advection of slope and basin waters likely causes the locally low FWH
that we observed in all seasons at MID6 (the shallowest station along the
Seward Line). The bathymetry west of MID6 starts at 40 m and drops to
over 250 m after 10 km due to a network of steep canyons that incise the
shelf break and slope to below 1000 m depths. It’s possible that tidal
mixing combined with topographic steering of the slope current allows
high salinity, nutrient rich water to flow through MID6, similar to ob-
servations from the banks and canyons near Kodiak Island (Mordy et al.,
2019). The low FWH observed along the Kodiak Line (especially at
station KOD3) are also likely reflective of tidal mixing and bathymetric
steering, though our observations on the Kodiak Line are more limited.

4.2. Fate of the copper river plume

Wind conditions and freshwater discharge rates appear to both
contribute to the fate of the CR freshwater plume. While satellite im-
agery of surface sediment gradations can be a useful tool in tracking the
plume, these sediment distributions must be interpreted with care
because of the different factors that regulate sediment and freshwater
residence times in the water column. The prevalence of pattern A in
spring (Fig. 8 b) and its sediment distribution suggest that the pattern is
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associated with sediments resuspended in shallow waters (within ~ 20
km of the coast) during spring storms, which are then transported to
deeper waters farther offshore. Similar resuspension occurs in the region
west of the Mississippi River outflow (Salisbury et al., 2004).

Some SOM patterns show the utility of our analysis approach in
tracking sediment laden freshwater plumes in summer months. For
pattern B, the high amount of sediment near the mouth of the CR can be
related to low salinities (Fig. 9); the distribution of image dates which
peak in July (Fig. 8 b) indicate that the CR discharge and the summer
wind conditions are key drivers. This is supported by Pattern B’s high
discharge and upwelling-favorable wind conditions that are signifi-
cantly different from many of the conditions associated with other
patterns (Table 3 b). Additionally, prior studies have found that up-
welling wind stress can detach a river plume from the coastline (e.g.
Fong & Geyer, 2001) potentially shown here by the less turbid waters on
the south-facing coasts of Hinchinbrook Island.

Pattern C and Pattern D have a weaker dependance on CR discharge
state as they are less turbid at the river mouth than B and have bimodal
image date distributions with peaks outside of the June-Aug. period
(Fig. 8 b). Pattern C shows the effect of downwelling wind (Fig. 11 b)
wherein we infer sediments (either from resuspension or directly from
the CR) are constrained to the coast by Ekman dynamics. Onshore
Ekman transport can increase the baroclinic transport (Moffat & Lentz,
2012; Rennie et al., 1999) of the ACC and appears to be associated with
high sediment loads that extend southwest past the tip of Kayak Island.
Pattern D associates with relatively calm wind conditions, which may
combine with lower sediment loads passing by the tip of Kayak Island;
waters appear less turbid because less sediment is presumably mixed
into the water column.

A subset of images filtered to remove those obtained during low CR
discharge rates (Fig. 12) better shows the influence of wind across
synoptic timescales. Pattern E (exemplified by Fig. 9 a) had the highest
mean upwelling-favorable wind velocity and shows a response consis-
tent with upwelling. The upshelf plume extension under upwelling is
similar to the Columbia River plume’s response to prevailing upwelling-
favorable winds in summer, which cause the Columbia River plume to
extend southwestward (Garcia Berdeal, 2002; Hickey, 1989; Hickey
et al., 1998). During such conditions, the Columbia River plume travels
against its rotational tendency, and remains detached from the coast
(Hickey et al., 2005). Pattern E shows a similar pattern although Kayak
Island complicates the interpretation. Pattern F is associated with the
lowest river discharge of the resolved SOM patterns. In this case, weakly
downwelling-favorable winds combine with the Coriolis force to
constrain the discharge to the western coast, leaving less turbid waters at
the river mouth.

Pattern G associates with strong river discharge and the second
highest mean upwelling-favorable wind velocity. The associated turbid
water across the study region suggests the plume is spreading offshore or
is in a transitory state of adjustment between a downshelf-directed
plume and an upshelf-directed plume. Previous studies of such transi-
tions in other ROFI systems (Hickey et al., 2005; Kourafalou et al., 1996;
Zhou et al., 2023) indicate that this state is likely short-lived; we find it
accounts for only a modest proportion of the clear sky images (FO =
14.3 %). Pattern H is similar to the 15 July 2020 satellite image (Fig. 9 b)
and suggests that during high discharge and calm wind conditions, the
distribution of sediments follows the expected turning imparted by the
Coriolis force.

Offshore-directed plume water, potentially rich in silicic acid and
iron (Ortega et al. in review), can be mapped using drifter trajectories
and the high-discharge subset of SOM patterns. Offshore-directed flow
from the CR region is most likely to occur in associated patterns E and G,
which together comprise 37.5 % of the images in the subset. However,
we expect the shelf break currents to inhibit continued offshore flow.
The Kayak Island gyre appears to be a fairly permanent feature (Galt,
1976; Royer et al., 1979), and it alters cross-shelf transport, but drifter
trajectories and SOM analyses indicate that surface waters originating at
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the plume are still capable of reaching and extending beyond the shelf
break. CR plume suspended sediments are least likely to reach the shelf
break in associated patterns F and H (62.5 % of the images in the subset),
which are linked to weakly downwelling or calm wind conditions.

Data from the surface drifters deployed on the Middleton Line in July
2019 provide another perspective on the response of surface waters to
alongshore winds and currents. Surface waters in the CR region
entrained by the Kayak gyre were responsive to upwelling-favorable
winds, as indicated by the two drifters that crossed the shelf break.
Downwelling-favorable winds subsequently constrained some drifters to
the coast (in a matter of days) as they simultaneously moved downshelf,
and once past Hinchinbrook Island, surviving drifters diverted into PWS
or continued downshelf past Montague Island, similar to model results
by Wang et al. (2014). The cross shelf extent of the drifter tracks was
comparable to model CR plume trajectories (Wang et al. 2014) under
upwelling- and downwelling-favorable winds. The longest surviving
drifters experienced similar magnitude upwelling-favorable winds near
PWS, as occurred at the start of the deployment, yet did not advect far
offshore, suggesting the reformation and persistence of the ACC near this
location as indicated by Stabeno et al. (2016).

On a synoptic time scale, we found that increasingly negative
alongshore wind (downwelling-favorable) is associated with increased
downshelf transport in the upper 15 m (Fig. 15). An upwelling-favorable
wind of 2.0 m/s is the weakest upwelling-favorable wind found to be
associated with upshelf directed transport and qualitatively agrees with
our interpretation of the SOM analysis. Our determined wind-current
response time of 12 h matches the 12 h lag found in the first mode of
Hickey et al.’s (1998) EOF analysis of regional wind-forced along-shelf
currents near the Columbia River, but is double the 3-6 h response time
the same study found for wind-forced plume current velocities.
Comparing the July 2020 CR plume to the Jan. 1991 Columbia River
plume at equal along-shelf distances (30 km) from their respective river
mouths, the mean vertical practical salinity (Sp) gradient of the CR
plume (1-12 km from MID 1 in Fig. 17) is 3.0 m ! with o of 0.82 versus
the Columbia River plume’s maximum vertical Sp gradient of 1 m™!
during similar downshelf-oriented plume directions. The Columbia
River plume is also wider and deeper in calm wind conditions than the
CR plume given the Columbia River’s higher annual average discharge
(Hickey et al., 1998; Thomas & Weatherbee, 2006). Relative to the CR
plume, less buoyant, wider, and deeper plumes, such as the Columbia
River plume (Hickey et al., 1998) are predicted to be less susceptible to
wind stresses (Whitney & Garvine, 2005). Our results indicate that the
true response time of CR plume’s baroclinic transport to wind forcing
was not captured in our analysis. A stationary CTD or current timeseries
is likely necessary to resolve the response of the plume transport to wind
forcing due to the short timescale of the spatiotemporal processes
involved (e.g. internal tides or wind forcing) (Horner-Devine et al.,
2015).

The Wang et al. (2014) study and our investigation of the Copper
River plume both conclude that downwelling-plumes are typical during
the month of July and that the plume spreads and thins in the offshore
direction during upwelling-favorable winds. Both conclude that some
small but likely non-negligible proportion of the riverine waters can
escape the shelf system and directly interact with the HNLC basin wa-
ters. Our SOM patterns E and F (Fig. 12) approximately match the June-
July Wang et al. (2014) locations of CR plume tracer during 2010 and
2011 (Fig. 7 a,b of Wang et al., 2014), which respectively experienced
similar wind forcing as the SOM patterns E (upwelling-favorable winds)
and H (downwelling-favorable winds). However, the proposed drivers of
offshore transport are different between the two studies. In Wang et al.
(2014) the offshore transport across the 200 m isobath is partly related
to the build-up of plume water throughout August and a resulting frontal
instability. Wind stress was shown to be uncorrelated to offshore
transport across the 200 m isobath in Wang et al. (2014). In contrast, we
show in situ evidence (Fig. 16) that surface waters near the CR mouth can
pass the 200 m isobath in July, though such upwelling-favorable
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conditions are uncommon and the discharge during our process study
was approximately 50 % higher than July 2011. As freshwater in the
mid-shelf region accumulates in July (Fig. 17 b), the potential for frontal
instabilities to cross over the 200 m isobath increases but these were not
observed in our study. While the Wang et al. (2014) study is somewhat
limited by available observations, the high resolution hydrography,
drifter tracks, and SOM analyses introduced herein provide new per-
spectives on the functioning of the Copper River plume. SOM analysis
applied to hindcast numerical model integration results could usefully
form the basis for a study that explicitly links modeled river-origin water
with the turbid satellite-observed sediment plume patterns.

4.3. The role of the Copper River plume

During the 2019 and 2020 process studies the CR plume responded
differently to contrasting wind stress conditions, which in turn affected
stratification in the CR region. The sustained upwelling-favorable winds
of 2019 dispersed the river plume offshore (see Fong and Geyer, 2001)
(Fig. 17) before the river plume settled into an upshelf-oriented position
that matched descriptions of Kourafalou et al. (1996) and circulated
anti-cyclonically in the Kayak Island gyre. The Kayak Island gyre likely
often encroaches on the Middleton Line, complicating the interpretation
of data collected here (Fig. 9); however all the drifters deployed on July
4, 2019 had an eastward drift for at least 2 days indicating that the low
(< 29) salinities (Fig. 17a) in the July 4, 2019 transect were partly a
result of the CR plume remnants extending across the shelf, rather than
recirculated water from the gyre.

Despite differences in discharge between the 4 July 2019 and 11 July
2020 Acrobat transects of the Middleton Line (Fig. 2; Fig. 17), the
change in isohalines between the two transects indicates that the plume
is sensitive to the upwelling (2019) and downwelling (2020) conditions.
Downwelling tends to cause the foot of the plume to extend to a deeper
isobath as the oceanic-plume front moves closer to shore (Lentz & Lar-
gier, 2006; Moffat & Lentz, 2012) while upwelling conditions enforce
the opposite response (Lentz, 2004). During the 11 July 2020 transect
the 29 isohaline extended from a depth of 11 m to 7 m with a mean slope
of 7 x10"* between 6-16 km offshore from MID1, while on July 4, 2019
the 29 isohaline was flat at a depth of 5 m over the same distance and
had several pools of low salinity water farther seaward.

Based on our understanding of plume response to wind forcing, and
MODIS imagery from mid-June 2019 (NASA Worldview, 2012), in the
following analysis we assume the plume state prior to the start of
persistent upwelling-favorable winds on 20 June 2019 was similar to
that of the 11 July 2020 transect. Assessing the potential influence of the
upwelling conditions from the formulation of Lentz (2004), our esti-
mates of adjusted plume width (27 km) and density anomaly (2.5 kg/
m®) are relatively close to our observations of 27-47 km and 3.5 kg/m?,
while the final plume thickness estimate (12 m) are more than twice the
observed thickness (5 m). The divergent responses of theoretical and
observed plume thickness may be a result of the survey’s spatial and
temporal limitations. The 25 July 2019 transect, which also experienced
an upwelling wind stress prior to the observations, better shows an in-
crease in plume thickness (at 23 km from shore) (Fig. 17 b). Our data are
insufficient to address additional time-varying factors of the salinity
field that relate to the Kayak Island gyre, the proximity of the mea-
surements to the river mouth, or the delta type inflow of the river, but
these topics would be worth targeting in future studies.

Silicic acid and salinity are used as tracers for assessing predictions
by Eq. 5 relative to the observed values in the upwelling state and show
upwelling-favorable wind can modify plume chemical characteristics.
The 4 July 2019 observed concentrations averaged across MID2-MID4
for silicic acid were 9.5 uM =+ 1.6 in the upper 10 m, considerably
lower than the final predicted concentrations of 14.4-14.5 uM. The
MID2-MID4 observed salinities within the plume boundary were 28.2 +
0.6, higher than the predicted range of 25.7-26.0. Recalling that the
initial values obtained from the mean of the upper 10 m of the plume
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were 19.6 uM SiO4 and a salinity of 23.5, the predicted change in silicic
acid and salinity accounted for 50 % and 55 % of the observed changes
in concentration and salinity respectively, indicating the importance of
upwelling-favorable winds in entraining subsurface water as a third
mixing water end-member. Entrainment of subsurface water with higher
salinity and lower silicic acid concentration relative to river water helps
explain the observed water chemical characteristics. Additionally, any
uptake of silicic acid by diatom production within plume waters (Strom,
pers. comm.) would further reduce silicic acid concentrations. This
simple model doesn’t fully account for observed changes given the
sampling limitations and the possibility that the actual entrained area in
this region is greater than that predicted by Eq. 4, due to additional
sources of entrainment mixing energy such as tides and waves (Horner-
Devine et al., 2015); however, the concentration change is in the ex-
pected direction (i.e., higher salinity, lower silicic acid). These bulk
averages also do not address further complexities such as the variability
of light levels within the plume (Lohrenz et al., 1999) or the entrainment
and advection of micronutrients (Ortega et al. in review) which can limit
or enhance diatom production in the plume. These results help bound
the degree to which upwelling-favorable winds establish bulk charac-
teristics of the plume by modifying, for example, silicic acid concen-
trations and salinity.

4.4. Summary

While the Alaska Coastal Current (ACC) is primarily an along-shelf
advective corridor of fresh coastal waters and geochemical tracers, it
is also a leaky conduit that can feed low salinity cross-shelf eddy fluxes
(Weingartner et al., 2005) or be interrupted by wind or topographically
steered redirections (Stabeno et al., 2016). In addition to the ACC, we
find that freshwater pathways recur in the mid-shelf region and at the
shelf break, as evidenced by observations of low salinities at key spots
along the ~ 250 km length of the Seward Line, which extends from the
coast to the NGA basin. Summer discharge from the CR and the summer/
fall along-slope diversion of low salinity ACC water by Kayak Island
(located nearshore) appear to alter the salinity distributions near the
Middleton Line and along the shelf break, particularly near Middleton
Island. A narrow westward baroclinic current develops on the inner shelf
in summer and fall while a broad westward baroclinic current builds
during the same period across the mid to outer shelf. We suggest that
tidal stirring and bathymetric steering at a shelf break canyon near
Middleton Island also locally reduce salinities here.

Summer winds modify the Middleton Island transect hydrography as
downwelling- and upwelling-favorable conditions drive salinity and
suspended sediment distributions. Plume surface sediment patterns, a
proxy for freshwater distribution, covary with river discharge and wind
forcings. Elevated river discharge and upwelling-favorable winds in
summer increase sediment loads just offshore of the CR river mouth,
while downwelling-favorable winds typical of spring and fall drive the
CR plume and sediment along the south-facing coasts of Hinchinbrook
and Kayak islands. River discharge rates are predictably related to the
variability in sediment at the river mouth. Satellite-tracked drifters and
satellite images show that the CR plume is sensitive to Ekman dynamics.
Hydrographic data from west of the river mouth show the ACC westward
baroclinic transport of plume waters, while to the east of the river mouth
an eastward baroclinic transport feeds a recurrent gyre that is located
northwest of Kayak Island. The coastal baroclinic transport exhibits a
significant relationship with alongshore wind velocities.

Process study cruises documented contrasting conditions, including
a plume spreading event, so we applied theory (Lentz, 2004) to explore
effects of wind stress on salinity, stratification, and silicic acid distri-
butions within 50 km of the CR mouth. We found good agreement be-
tween theoretical predictions and observations for plume density
anomalies and plume width, and while plume thickness was not well
reproduced, the 4 July 2019 transect included some aspects beyond the
scope of the theory. Caveats notwithstanding, we found that relative to
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observations, predicted tracer concentrations within the modified plume
were low in salinity and high in silicic acid. Additional processes beyond
those in a simple upwelling-favorable wind analysis are needed to
explain the 2019 Copper River plume salinity and silicic acid concen-
trations, though upwelling-favorable winds could account for half of the
salinity and silicic acid signals.

Our assessment of freshwater pathways in the NGA reveals mid-shelf
and shelf-break low salinities that impact stratification, currents and the
fate of freshwater across this broad region. With perspectives across
multiple length scales and seasons, our analysis of the Copper River
plume helps explain how coastal water can efficiently spread to the
shelf-break and beyond. These results carry implications for the
ecological functioning of the NGA shelf ecosystem and production in the
high-nutrient, low-chlorophyll waters of the adjacent slope and basin.
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