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Understanding ocean
stratification and its interannual
variability in the northeastern
Chukchi Sea
Jiaxu Zhang1,2*, Wei Cheng1,2, Phyllis Stabeno2,
Milena Veneziani3, Wilbert Weijer3 and Ryan M. McCabe2

1Cooperative Institute for Climate, Ocean, and Ecosystem Studies, University of Washington, Seattle,
WA, United States, 2National Oceanic and Atmospheric Administration (NOAA) Pacific Marine
Environmental Laboratory, Seattle, WA, United States, 3Los Alamos National Laboratory, Los Alamos,
NM, United States
Ocean stratification on Arctic shelves critically influences nutrient availability,

essential for primary production. However, discerning the changes in

stratification and their drivers is challenging. Through the use of a high-

resolution ocean–sea-ice model, this study investigates the variability in

stratification within the northeastern Chukchi Sea over the period from 1987 to

2016. Our analysis, validated against available observations, reveals that summers

with weak stratification are marked by a warmer water column that features a

saltier upper layer and a fresher lower layer, thereby diminishing the vertical

density gradient. In contrast, summers with strong stratification are characterized

by a cooler columnwith a fresher upper layer and a saltier lower layer, resulting in

an increased density gradient. This variability is primarily driven by the timing of

sea-ice retreat and the consequent variations in meltwater flux, with early retreat

leading to less meltwater and saltier surface conditions. This factor significantly

outweighs the influence of changes in circulation and associated lateral

freshwater transport driven by the Bering Strait inflow. We also find that the

synchronization of sea-ice retreat and Bering Strait inflow intensity is linked to

the timing and strength of the Aleutian Low’s westward shift from the Gulf of

Alaska to the Aleutian Basin in the early winter. These insights are crucial for

understanding nutrient dynamics and primary production in the region.

Furthermore, monitoring sea-ice retreat timing could serve as a useful proxy

for predicting subsequent summer stratification changes.
KEYWORDS

forced ocean-sea-ice (FOSI) model, hydrography, sea ice, vertical mixing, nutrient
availability, Bering Strait inflow, Aleutian Low
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1 Introduction

The Chukchi Sea stands as a remarkably productive region,

representing the largest oceanic CO2 sink in the marginal coastal

seas adjacent to the Arctic Ocean (Bates, 2006). Productivity in this

region is intricately linked to the availability of light and nutrients,

with the latter primarily supplied by the Pacific water inflow

through the Bering Strait. The relatively cold and fresh Pacific

Winter Water (PWW) is enriched in nutrients and supports under-

ice production in early spring (Arrigo et al., 2014; Lowry et al.,

2014), followed by a brief spring phytoplankton bloom after ice

retreat. Recent studies have shown that the net primary production

of the Chukchi Sea has almost doubled from 1998 to 2018 (Lewis

et al., 2020), primarily due to an ∼50% increase in the advection of

the Pacific water (Woodgate, 2018) that provides additional

nutrients. However, the question of whether this growth in

primary production will persist into the future remains a subject

of debate, primarily due to the uncertainty of nutrient availability

linked to the strength of water column stratification. On one hand,

the continual freshening of the upper layer, driven by increased

precipitation, river and glacier runoff, and sea-ice melt, reinforces

stratification, thereby hindering the vertical mixing of nutrients

from the lower layer that are vital for sustaining phytoplankton

growth (Nummelin et al., 2016; Randelhoff et al., 2020). On the

other hand, the projected expanding open water season as well as

areas and an increase in storm frequency could result in wind events

that upwell nutrients, supporting short summer blooms (Stabeno

et al., 2020). Hence, achieving a comprehensive understanding of

stratification is a critical component in predicting the future

changes of primary production in the Chukchi Sea.

In addition to influencing primary production, the Chukchi Sea

stratification plays an important role in shaping the thermohaline

structure and freshwater budget downstream in the western Arctic

basin (Pickart et al., 2019; Lin et al., 2021; MacKinnon et al., 2021;

Zhang et al., 2023). After crossing the Bering Strait, the majority of

the Pacific water masses enter the Canada Basin via Barrow Canyon

at the northeastern end of the Chukchi Sea (NE Chukchi; Spall et al.,

2018). They ventilate the upper halocline of the western Arctic

Ocean with relatively warm and fresh Pacific SummerWater (PSW)

during the summer, and the lower halocline with relatively cold and

fresh PWW during the winter (Steele et al., 2004; Timmermans

et al., 2017; Zhong et al., 2019). During the ice-covered season from

November to June, the water column in the Chukchi Sea is single-

layered, with cold and saline water, due to continuous ice formation.

As the ice retreats from early to mid-July, the water column

transitions to a two-layered structure, with cold and saline water

remaining at the bottom and warmer, fresher waters overlying it

(Woodgate et al., 2015; Stabeno et al., 2018). The water column

returns to a single-layered structure from October to November

with the reformation of ice. Both the seasonal and interannual

variations in the stratification over the Chukchi Sea are partially

controlled by the variability of the Pacific water from the source

region and the modifications that occur as it traverses the Chukchi

shelf (Danielson et al., 2014; Woodgate et al., 2015; Stabeno et al.,

2018). The recent increase in Pacific water inflow and extended ice-

free season has led to significant warming in the Chukchi Sea,
Frontiers in Marine Science 02
particularly in the summer (Danielson et al., 2020), which has

caused a thicker and warmer PSW layer in the western Arctic Ocean

(Timmermans et al., 2018), posing a threat to the Arctic sea ice.

Furthermore, as one of the freshwater sources of the western Arctic

Ocean, the enhanced Pacific water inflow has contributed to the

increase in freshwater content in the Beaufort Sea, which may have

implications for global ocean circulation through its transport into

the Atlantic Ocean (Proshutinsky et al., 2019; Zhang et al., 2021).

Despite significant progress in understanding the Chukchi Sea’s

circulation pattern and water mass distributions in the past decade,

considerable uncertainties remain regarding hydrographic changes

that determine stratification, particularly on interannual scales, and

their associated controlling processes. For instance, a shelf-wide

warming was identified between 2014 and 2018 compared to earlier

years, yet salinity changes during the same period did not follow a

clear trend, though they exhibited organized spatial patterns

(Danielson et al., 2020). In the eastern nearshore shelf, a

freshening effect has been observed, likely associated with an

increased freshwater transport from heightened Bering Strait

inflow (Woodgate, 2018). Conversely, farther offshore in the

northeast, central, and southwest portions of the shelf, near-

surface salinities have been reported to be considerably higher

than the climatology, a phenomenon that remains unexplained

(Danielson et al., 2020). Another area of uncertainty relates to the

relationship between the transport at the Bering Strait and the

downstream NE Chukchi. Long-term moorings have shown that

while the transport estimated at the Icy Cape section of the NE

Chukchi correlates well with the Bering Strait transport seasonally,

the interannual correlation is low (Stabeno et al., 2018). Even on

seasonal timescales, an empirical orthogonal function analysis of

mooring data shows a dominant mode of coherent transport

between Barrow Canyon and the Bering Strait, while the second

mode displays opposing flow between these two locations (Ovall

et al., 2021). Finally, the role of winds in regulating the circulation

and associated water mass transports over the Chukchi shelf and

towards Barrow Canyon also remains uncertain. Multiple regional

ocean models suggest that advection of the Pacific water dominates

the circulation over the Chukchi shelf and through Barrow Canyon

while local winds play a minor role (Winsor and Chapman, 2004;

Spall, 2007; Spall et al., 2018), but others indicate that local winds

play a more significant role. For example, Okkonen et al. (2019)

suggest that the Barrow Canyon transport is correlated with

seasonally-averaged regional winds through timing and pattern of

sea ice retreat. Lu et al. (2022) suggest that short-term wind events

could alter the salinity of the meltwater plume through similar

mechanisms. Periodic upwelling of Atlantic Water onto the shelf

interior through Barrow Canyon under southwestward winds,

particularly during winter months, has also been well observed

(Aagaard and Roach, 1990; Pickart et al., 2010; Ladd et al., 2016; Li

et al., 2022).

A thorough investigation of the hydrography and stratification

in the Chukchi region is impeded by limitations in existing

observations. Ship-based surveys are restricted to a short season

between July and September, while moorings, although able to

provide year-round data, are sparse and often have no

instrumentation in the top layers to avoid damage by sea ice
frontiersin.org
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(Stabeno et al., 2018). Moreover, the majority of existing

observations only span the past decade, and long-term data is

limited. High-resolution ocean-sea ice model simulations could

provide complementary information. In this study, we use a

global forced ocean and sea-ice model, Energy Exascale Earth

System Model (E3SM), with regionally refined resolution over the

Arctic and subarctic to study Chukchi Sea water mass properties

and their seasonal to interannual variability. The model has 10 km

horizontal resolution in the pan-Arctic region and 10–60 km

resolution elsewhere. Compared with traditional regional high-

resolution models (e.g., Spall et al., 2018), regionally refined

models use unstructured meshes to focus resolution in regions of

interest while allowing for the simulation of the global Earth System

at the same time (Wang et al., 2018; Veneziani et al., 2022).

To understand the seasonal and interannual changes in ocean

stratification on the Chukchi shelf, we analyze the variability of

summer stratification and its associated hydrographic

characteristics, as well as their controlling factors, using a high-

resolution ocean-sea ice model. Our focus is on the Icy Cape area of

the NE Chukchi Sea, which is downstream of the Bering Strait

inflow and near Barrow Canyon, where the majority of Pacific water

enters the basin. We begin by detailing the model and validating its

simulation against available observations in Section 2. Next, we

describe the hydrographic features of summers with weak and

strong stratification compared to their climatology in Section 3,

followed by the spatial patterns of these water mass signatures in

Section 4. In Section 5, we investigate the controlling factors of these

variations. We conclude our study with discussions in Section 6.
2 Methods

The model used in this study is the E3SM with active ocean and

sea ice components and a regionally refined mesh over the pan-

Arctic region, referred to as E3SM-Arctic-OSI (Veneziani et al.,

2022). The model components include MPAS-Ocean and MPAS-

Seaice, which are based on an unstructured horizontal mesh with

horizontal resolution varying between 10 km in the pan-Arctic

region and 10–60 km elsewhere (Supplementary Figure S1).

Mesoscale eddy effects in the global domain are accounted for by

using the Gent–McWilliams eddy parameterization (Gent and

McWilliams, 1990), which has been made cell-size adaptive using

a ramp-like function (resulting in the parameterization not being

applied in the pan-Arctic and subpolar North Atlantic region). The

vertical grid of MPAS-Ocean is structured and consists of 80 z-

levels, with varying vertical resolutions from 2 m in the upper 10 m

of the water column to 200 m at the ocean bottom. Over the

Chukchi shelf, 13 vertical levels are used in the upper 46 m to

provide a refined representation of the summer halocline. Vertical

mixing is parameterized using the K-profile parameterization

(Large et al., 1994), and no background vertical diffusivity

is utilized.

To initialize the ocean model, we use the Polar Science Center

Hydrographic Climatology (PHC3.0) January temperature and

salinity field (updated from Steele et al., 2001). For the sea ice

initial condition, we use a 1 m thick disk extending poleward of 60°
Frontiers in Marine Science 03
latitude. Our simulation covers the period from 1958 to 2016 and is

forced by the Japanese atmospheric reanalysis product, JRA55-do

v1.3 (Tsujino et al., 2018). We restore sea surface salinity (SSS) to

the monthly climatological values of PHC3.0, with an equivalent

restoring timescale of 1 year. This 1-year timescale was chosen to

benchmark the Atlantic Meridional Overturning Circulation

(AMOC) strength, based on sensitivity tests with various

restoring timescales, which indicated that a 1-year timescale

provided the most reasonable AMOC strength. In a previous

study, Veneziani et al. (2022) performed a global and pan-Arctic

evaluation of E3SM-Arctic-OSI and found that many key metrics,

such as sea ice, freshwater content, and Arctic gateway transports,

were satisfactorily represented, though some aspects, like the upper

100 m ocean stratification within the deep Arctic basin interior,

exhibited biases. While acknowledging the existence of mean biases

in all model simulations, our study focuses on interannual

variations and the characteristics of extremely weak and strong

stratification cases, where mean states are removed. By comparing

and contrasting these anomalies, we aim to provide insights into the

mechanisms driving stratification changes in the NE Chukchi Sea.

For the rest of the study, we analyze the last 30 years of the

simulation from 1987 to 2016.

Our evaluation of the model’s performance in the Chukchi Sea

begins by analyzing its circulation patterns (Figure 1B). We

compare the model’s mean velocity field at 30 m with satellite-

tracked drifter data, which were drogued at a depth of 25–35 m

between 2012 and 2020 by the NOAA EcoFOCI program (Stabeno

and McCabe, 2023). Despite the drifter data being seasonally

skewed (only data in ice-free months from July to October are

used), the model’s velocity field aligns well with the observed flow

directions and strengths. Additionally, within the Icy Cape region of

the NE Chukchi Sea (as indicated by the black box in Figure 1B), the

model accurately captures the northeastward nearshore flow

characteristic of the Alaska Coastal Current (ACC) and a

generally clockwise flow further offshore at 30 m below the

surface mixed layer, consistent with previous findings in

observations (Stabeno et al., 2018; Lin et al., 2019).

We next focus on the Icy Cape region’s surface conditions by

comparing sea surface temperature (SST) and sea ice concentration

with the 1/4° monthly NOAA Optimum Interpolation SST

(OISSTv2) reanalysis product (Reynolds et al., 2007) in Figure 2.

The model adeptly reproduces monthly SST and sea ice

concentration anomalies (with their mean annual cycles

removed), showing a strong correlation with observed interannual

variations (r = 0.83 for SST and r = 0.78 for sea ice concentration).

However, the simulated variabilities in both SST and sea ice

concentration are slightly more pronounced than observed, as

suggested by the fitted regression lines having slopes less than 1

(Figures 2C, D).

We further compare the simulated near-bottom (46 m)

temperature and salinity against data obtained from the NOAA

EcoFOCI moorings along the Icy Cape section since 2010 (C1, C2,

and C3, indicated by the red triangles in Figure 1A; Stabeno et al.,

2018). Monthly anomalies are computed by removing the respective

annual cycles of the period of 2010–2016. The model overall

captures the observed interannual variability of the near-bottom
frontiersin.org

https://doi.org/10.3389/fmars.2024.1415021
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2024.1415021
A

B D

C

FIGURE 2

Comparison of monthly anomalies of sea surface temperature (SST; A and C) and sea-ice concentration (B, D) between the model and OISSTv2
reanalysis, averaged over the Icy Cape region. Anomalies are computed by removing individual climatological annual cycles from the monthly mean
data. The left panels display time series, while the right panels depict point-to-point comparisons. In the right panels, the 1:1 line is depicted in solid
gray, accompanied by statistical indicators including the correlation coefficient (R), fitted slope (shown by the dashed gray line), and root-mean-
square error (RMSE).
A B

FIGURE 1

Map of the Chukchi Sea displaying bathymetry (A) and annual mean flow at 30 m (B), derived from the E3SM-Arctic-OSI simulation. (A) Thin gray
contours denote isobaths at 40, 50, and 80 m. The red triangles represent the locations of the NOAA EcoFOCI Icy Cape moorings (C1–C3). The
black box indicates the Icy Cape region, which is the focus area for mean calculations throughout this paper. The inset plot shows the locations of
CTD casts conducted in August (blue dots) and September (orange dots) from 2010 to 2016 (see text for details). (B) Black vectors indicate simulated
flow averaged over the period from 1987 to 2016. Red vectors indicate the mean Lagrangian velocity of drifters in each 1° latitude × 3° longitude box
during ice-free seasons (Stabeno and McCabe, 2023).
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temperatures (r = 0.74, p< 0.05), although it tends to slightly

underestimate the variability at C1 (blue dots in Figure 3C).

Additionally, summer peak temperatures at C1 is generally

underestimated in the model, in agreement with Veneziani et al.

(2022) where the model is found to underestimate the heat flux

across Bering Strait with respect to observations. This coastal cold

bias may stem from the model’s limited capability at the 10-km

resolution to fully capture the warm ACC during summer, when the

ACC can be very narrow and intense. But the model effectively

replicates the interannual variability of the near-bottom salinity (r =

0.76, p< 0.05) (Figures 3B, D), indicating its ability to represent sea

ice formation/brine rejection and retreat processes.
3 Seasonal and interannual variations
in stratification

To gain insight into the seasonal variations in stratification in

the NE Chukchi Sea, we examine the monthly climatological

vertical profiles of temperature, salinity, and buoyancy frequency

in the Icy Cape region (Figure 4). The buoyancy frequency,

defined as

N =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−(ɡ=ro) ∂ r= ∂ z

p
, where r is the potential density of

seawater, ro is the reference seawater density of 1026 kg m−3 as
Frontiers in Marine Science 05
used in the model, and ɡ is the gravitational acceleration, serves as

our key metric for quantifying stratification.

Our analysis begins with examining seasonal changes from the

model (Figure 4). The cold and frozen season in the NE Chukchi

Sea shelf, extending from December to May, is characterized by

temperatures near the freezing point of seawater and a well-mixed

water column. Salinity gradually increases by about 1.3 psu during

this period, indicative of the continuous formation of sea ice and

brine rejection. Buoyancy frequency remains close to zero,

reflecting the well-mixed nature of the water column. Starting in

June, as sea ice melts and solar radiation intensifies, the upper layer

warms and freshens more rapidly than the lower layer, leading to

the formation of a two-layer structure. The upper layer reaches its

maximum temperature and minimum salinity in August, after

which it gradually undergoes cooling and salinification.

Meanwhile, the lower layer continues to warm and freshen until

October. Following these changes, the buoyancy frequency attains

its maximum subsurface peak in July, which subsequently decreases

while deepening over time. Starting in October, the water column

undergoes cooling and salinification with thorough vertical mixing,

eventually returning to its winter state.

We validate the model’s buoyancy profiles using available

Conductivity, Temperature, and Depth (CTD) casts from the Icy

Cape region, with 162 casts conducted between 2010 and 2016 and
A

B D

C

FIGURE 3

Comparison of monthly-mean near-bottom (46 m) temperature and salinity at the Icy Cape mooring locations, as indicated by triangles in Figure 1A.
(A, B) Time series of C2, showcasing the best observational coverage. (C, D) A comparison of all available observational data from the three sites
with corresponding model output spanning from 2010 to 2016. Monthly temperature and salinity anomalies are computed by removing the
respective annual cycles of the 2010–2016 period.
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provided by NOAA’s EcoFOCI program (Mordy et al., 2023). Since

these CTD observations predominantly cover the late summer,

our comparison focuses on August and September profiles (see

Figure 1A for locations). Although the CTD profiles are not evenly

distributed temporally and spatially, with more frequent sampling

nearshore than offshore, the observed maximum buoyancy

frequency, where the pycnocline is defined, is generally centered

around 15–20 meters in August and shifts deeper to 20–25 meters

in September, aligning approximately with the model’s results

(Figure 4F). This agreement in the vertical structure of

stratification suggests that the model captures the basic

characteristics of seasonal transitions in stratification. Therefore,

we use it to further study the seasonal and interannual variability of

these dynamics. We refer to the period from June to November,

characterized by the two-layer structure, as the “summer” period

and focus on this season for the rest of the paper.
Frontiers in Marine Science 06
We subsequently examine the interannual variability of the

summer stratification and its associated hydrographic

characteristics. We determine the annual maximum buoyancy

frequency (Nmax) by first identifying the subsurface peak of N for

individual months and then averaging these values over the summer

season for each year. A higher value of Nmax indicates stronger

stratification. We also calculate the depths at which Nmax occurs,

namely the pycnocline depth, in a similar fashion. Figure 5 presents

the time series of Nmax (red curve with an inverted y-axis) and the

pycnocline depth (blue curve). It also includes time series of

summer mean temperatures and salinities at both the surface and

near-bottom (40 m) depths.

Notably, there is a negative correlation between the intensity of

stratification Nmax and its depth (rN,D = −0.77, p< 0.05). Nmax is also

negatively correlated with sea surface temperature and salinity

(−0.81 and −0.85, respectively, both p< 0.05). In contrast, Nmax is
A B

D E F

C

FIGURE 4

(A–C) Simulated climatological (1987–2016) profiles of temperature (A), salinity (B), and buoyancy frequency (C) averaged over the Icy Cape region.
In temperature and salinity profiles, the markers along the lines indicate the depth corresponding to the bottom of grid cells, while for buoyancy
frequency, the markers represent the grid centers used in calculations. (D, E) Averaged August and September profiles of temperature (D), salinity (E),
and buoyancy frequency (F) derived from CTD casts conducted in this region between 2010 to 2016, with locations shown in Figure 1A.
A compilation of 162 profiles has been employed to create these averages.
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negatively correlated with near-bottom temperature but positively

correlated with near-bottom salinity (−0.75 and 0.61, respectively,

both p< 0.05; note the inverted y-axis for bottom salinity). These

results indicate that in the Icy Cape area, summers with weak

stratification are associated with a warmer water column with a

deeper pycnocline, featuring salty anomalies in the upper layer and

fresh anomalies in the lower layer. Conversely, summers with

strong stratification are characterized by colder temperatures

across the water column and a shallower pycnocline, alongside

fresh anomalies in the upper layer and salty anomalies in the

lower layer.
4 Anomalous patterns in weak vs.
strong stratification scenarios

The findings discussed previously might seem counterintuitive,

as one would typically anticipate fresh upper-layer anomalies

during warmer summers characterized by a greater influx of

freshwater from melted ice and runoff (Woodgate et al., 2005). To

further explore these hydrographic characteristics, we extend our

analysis across the Chukchi Sea. We begin by reviewing

climatological monthly maps of Chukchi Sea temperatures and

salinities, superimposing the mean flow (see September as an

example in Figure 6, and the entire summer in Supplementary

Figure S2, S3). We find that, from June to November, the Chukchi

Sea waters gradually warm from June to September, starting from

the south and extending northward, followed by a cooling phase in

October and November. This pattern of surface temperature

evolution is closely aligned with the seasonal retreat and advance

of sea ice (with a 15% concentration serving as the threshold for sea

ice extent). A noteworthy aspect is the slight phase lag of about one

month in water mass changes between the bottom and surface

layers (Supplementary Figure S2).

However, the patterns of salinity are more intricate and

intriguing (Supplementary Figure S3). Toward the end of winter

(April–May), the entire shelf experiences thorough vertical mixing

and its salinity reaches its annual maximum. Concurrently, the

Bering Strait inflow and the waters along its pathways maintain

relatively lower salinity, as ice formation is less active in the

northern Bering Sea (except in polynias). As summer starts

(June–July), the local melting of ice significantly freshens the

upper layer across the shelf, while the lower layer preserves

characteristics of cold, salty winter water. This process establishes

a pronounced salinity gradient, creating a distinct two-layer

structure. The Bering Strait inflow, with salinity levels

intermediate between these two extremes, introduces relatively

saline water to the upper layer and fresher water to the lower

layer (Figures 6B, D), moderating the vertical salinity gradient along

its path and consequently weakening stratification during summer.

This finding is in line with the synthesized T-S diagram over the

DBO5 section close to the head of Barrow Canyon in Pickart et al.

(2019), their Figure 3), which illustrates that the salinity of Pacific-
FIGURE 5

Time series showing simulated summer-mean stability and
corresponding hydrographic properties in the Icy Cape region from
1987 to 2016. From top to bottom, the series includes maximum
buoyancy frequency of the water column (Nmax); sea surface
temperature; sea surface salinity; depth of the pycnocline; near-
bottom temperature at 40 m; near-bottom salinity at 40 m;
freshwater flux resulting from local sea ice melt; Bering Strait
volume flux averaged from March to August. All summer-mean
curves encompass the ice-free season from June to November
except for the Bering Strait flux. Nmax is computed by first identifying
the peak value of the water column for individual months and then
averaging over the summer months for each year. The mean value
of Nmax is represented by a dashed horizontal line, while the ±1s
range is indicated by the shaded band. These metrics have been
used to define the years with weak versus strong stratification (as
detailed in the text), which are highlighted by vertical yellow and
blue shades, respectively. For ease of visual comparison, the y-axes
of Nmax, near-bottom salinity, and sea-ice freshwater flux are
inverted. Correlation coefficients between Nmax and individual
curves are labeled. Vertical yellow shadings indicate weak
stratification years, while vertical blue shadings indicate strong
stratification years.
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sourced water masses, including Alaskan Coastal Water and Bering

Summer Water, is between those of the Melt Water and Winter

Water masses.

To investigate the differences in hydrographic properties under

weak and strong stratification conditions, we calculated the

composite mean of upper layer temperature and salinity for years

categorized by weak or strong summer stratification in the Icy Cape

region. Weak stratification years are those where the maximum

buoyancy frequency (Nmax) is more than one standard deviation

(1s) below its long-term mean (1987–2016) as shown in Figure 5

(specifically, years 1997, 2004, 2005, 2009, 2011 indicated by vertical

yellow shading). Conversely, strong stratification is defined by Nmax

exceeding the long-term mean by more than 1s (namely, 1988,

1994, 2012, 2013, 2016 indicated by vertical blue shading).

Figures 7 and 8 display the deviations in composite mean sea

surface temperature and salinity relative to their respective long-

term averages. Results suggest that in conditions of weak

stratification, there is a prevalent occurrence of warm and saline

anomalies in the upper layer across the Chukchi shelf (Figure 7),

despite Nmax being computed specifically for the NE Chukchi area.

In contrast, strong stratification conditions are characterized by

cooler and fresher anomalies (Figure 8). Interestingly, in both

scenarios, the patterns of temperature and salinity anomalies
Frontiers in Marine Science 08
exhibit a significant month-to-month consistency spanning across

the Chukchi shelf towards the Arctic basin.

In the lower layer, the temperature and salinity anomalies are of

smaller magnitudes compared to the upper layer, showing warm,

fresh anomalies during weak stratification conditions and cold,

saline anomalies during strong stratification conditions

(Supplementary Figures S4, S5). These results align with the

findings presented in Figure 5, where warmer summers are

associated with a saltier upper layer and a fresher lower layer,

while cooler summers correspond with a fresher upper layer and a

saltier lower layer.

Next, we overlay sea-ice extent and anomalous ocean currents

on the maps of temperature and salinity anomalies (Figures 7, 8).

We notice that changes in sea-ice extent, as indicated by the band

between the composite mean (green contour) and the climatological

mean (magenta contour) in each subfigure, coincide with the

strongest temperature and salinity anomalies. This consistency is

most noticeable from July to October when the melting of sea ice is

most significant. This alignment leads us to hypothesize that the

timing of the sea ice retreat and associated meltwater flux could be

an important factor that impacts changes in ocean stratification.

Additionally, the intensity of the Bering Strait inflow varies between

these two stratification scenarios. During periods of weak
A B

DC

FIGURE 6

Climatological September temperature (left) and salinity (right) at near-surface (2 m; (A, B) and near-bottom (40 m; (C, D) depths. Vectors depict
September mean flow at corresponding depths, subject to a minimum velocity threshold of 4 cm s−1. The white box in each subplot indicates the
Icy Cape region.
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stratification, there is an enhanced influx from June to August, as

evidenced by the anomalous northward surface flow vectors near

the Bering Strait (Figure 7). In contrast, during strong stratification

years, the northward transport around the Bering Strait is

noticeably reduced (Figure 8). The roles of sea ice and Bering

Strait inflow in these different scenarios will be explored in the

next section.
5 Controlling processes

In previous sections, we demonstrated a negative correlation

between summer stratification in the NE Chukchi Sea and both SST

and SSS (Section 3). Our findings indicate that periods of weak

stratification are typically associated with unusually warm and

saline conditions at the surface, while strong stratification

corresponds with cooler and less saline conditions. Furthermore,

we found that during weak stratification periods, the lower layer
Frontiers in Marine Science 09
tends to exhibit warm and fresh characteristics, opposite to what

happens during periods of strong stratification. Our investigations

also uncover consistent, shelf-wide temperature and salinity

anomaly patterns over time, including distinct sea-ice extent and

flow patterns (Section 4). This section aims to explore the physical

processes driving the seasonal and interannual variations in the

stratification of the NE Chukchi Sea. We examine impact of the

timing of sea-ice retreat and the resulting changes in freshwater

flux, as well as changes in circulation and the associated transport of

Pacific water.
5.1 Sea ice

We first investigate the dynamics of local sea ice and its direct

impact on upper-layer salinity through meltwater contribution.

Typically, sea-ice concentration and volume in the region starts to

diminish in May and reaches its minimum in September
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FIGURE 7

Composite map of sea surface anomalies in temperature (A–F) and salinity (G–L) during summers with weak stratification in the Chukchi Sea,
relative to the 30-year climatology. Summers with weak stratification are defined as those instances when the buoyancy frequency Nmax is less than
1s below the long-term mean based on Figure 5. For temperature and salinity values, refer to the colorbars located in the upper right and lower
right, respectively. In each subplot, vectors indicate anomalous surface flow patterns, subject to a minimum threshold of 2 cm s−1. The magenta
contour represents the average sea-ice extent (corresponding to 15% sea-ice concentration), while the green contour shows the sea-ice extent
during summers with weak stratification.
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(Supplementary Figure S7). In years characterized by weaker

stratification, sea-ice concentration and volume decline faster,

consistent with higher SSTs during these periods. This warmer

ocean state would, on average, necessitate more time to reach the

freezing point in the fall. In periods with weak stratification, the NE

Chukchi Sea experiences a prolonged duration of ice concentrations

below 20%, with up to three months ice-free conditions in August to

October. By contrast, years of strong stratification exhibit a slower

retreat and earlier formation of sea ice in the fall, leading to just one

month with less than 20% ice concentration.

Despite the rapid decline of sea ice in the early summers of years

with weak stratification, this phenomenon does not translate into an

increased meltwater flux in the region. Rather, it causes a reduction

in meltwater input, leading to a saltier upper layer. This is evidenced

by the positive correlation between stratification strength and local

sea-ice meltwater flux (purple curve in Figure 5; r = 0.76, p< 0.05)

and elevated SSS (gray curve in Figure 5). This pattern implies that

during years characterized by weak stratification, the early retreat of

sea ice leads to a lack of ice available for melting during the peak

warmth of July and August, likely due to the northward transport of

sea ice prior to local melting. Conversely, in years marked by strong

stratification, the delayed retreat of sea ice increases meltwater
Frontiers in Marine Science 10
availability in the Icy Cape region, contributing to a fresher upper

layer that amplifies the water column’s density gradient.
5.2 Bering Strait inflow

To investigate the variability of the Bering Strait inflow, we first

compute its volume and freshwater flux and compare it to

observational estimates derived from year-round moorings

located at the Bering Strait (Woodgate and Peralta-Ferriz, 2021;

Supplementary Figure S6). The simulation produces a long-term

mean Bering Strait volume influx of 0.99 Sv (1 Sv ≡ 106 m3/s),

closely aligning with observational estimates (0.97 ± 0.12 Sv). The

mean freshwater flux is 75 mSv, within the observed range of 63–95

mSv (the higher estimate accounts for corrections for the ACC and

surface layer/stratification). The model also shows notable

consistency with observed interannual variability. However, it

does not replicate the recently observed positive trend, a

limitation also reported in other modeling studies (Clement

Kinney et al., 2014).

Furthermore, we calculate a six-month running mean of the

monthly Bering Strait volume flux for each year from 1987 to 2016,
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FIGURE 8

Same as Figure 7, but for summers with strong stratification. Summers with strong stratification are defined as those instances when the buoyancy
frequency Nmax is greater than 1s above the long-term mean based on Figure 5.
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creating a time series of 30 points. This calculation is repeated six

times, each time shifting the six-month window by one month,

thereby producing six distinct time series. These series are

correlated with the summer Nmax presented previously. The most

pronounced correlation is found when the Bering influx precedes

the summer Nmax by three months (the brown curve in Figure 5),

yielding a correlation coefficient of r = −0.70 (p< 0.05). The three-

month delay between the Bering Strait transport and its influence

on the stratification at Icy Cape aligns with both observations

(Stabeno et al., 2018) and prior modeling studies (Spall, 2007).

Such a negative correlation is consistent with the composite results

in Section 4, where years with weak stratification are associated with
Frontiers in Marine Science 11
a robust Bering Strait inflow in early summer (Figure 7), and the

opposite is true for years with strong stratification (Figure 8).
5.3 Heat and freshwater fluxes

Up to this point, we have found that interannual fluctuations in sea-ice

meltwater flux and Bering Strait flux are closely linked to variations in

stratification at the Icy Cape. To further assess their respective contributions

to stratification, we have calculated the heat and freshwater fluxes within the

Icy Cape domain. The surface heat flux comprises the combined effects of

shortwave, longwave, latent, and sensible heat fluxes, alongwith the heat flux
A B

D

E F

C

FIGURE 9

Annual cycles of heat and freshwater fluxes. (A, B) Total heat and freshwater flux of climatological mean (dark solid), years of weak stratification
(dashed), and years of strong stratification (light solid). (C, D) Breakdown of the total heat and freshwater fluxes into their surface and lateral
components. (E) Further breakdown of the surface heat flux into shortwave, longwave, latent, and sensible heat flux, as well as heat flux attributable
to sea ice melting. (F) Further breakdown of the surface freshwater flux into contributions from evaporation, precipitation, river runoff, sea-ice
freshwater flux, and the effect of restoring of surface salinity to observational values.
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resulting from sea-ice melting. Similarly, the surface freshwater flux is

diagnosed as the sum of evaporation, precipitation, runoff, meltwater from

sea ice, and the flux required to restore SSS to observed values. The lateral

heat and freshwater fluxes are diagnosed as

FH =
Z
x

Z H

0
T   v   dz   dx

and

FFW =  

Z
x

Z H

0
(1 − S=Sref )   v    dz   dx;

respectively. Here, v represents the normal velocity, including both

the mean flow and bolus velocity to account for eddy effects, T and S

are temperature and salinity, Sref is the reference salinity of 34.8 psu

(Aagaard and Carmack, 1989; Woodgate et al., 2005), and H is the

depth of the water column. All diagnoses are based on monthly

outputs from the model.

The climatological annual cycle of heat flux in the Icy Cape

region reveals a net heat gain from May to September, with a loss

during the remaining months (solid curve in Figure 9A).

Decomposition shows that this heat gain stems from both surface

and lateral inputs, while heat loss primarily occurs through surface

processes in the fall (solid curves in Figure 9C). Further analysis of the

surface heat flux reveals that incoming shortwave radiation drives the

slight heat gain in summer, while sensible, latent, and longwave

radiation, along with heat used for sea-ice melting, contribute to

significant heat loss in the fall (Figure 9E). In years with weak

stratification, the system gains approximately 7.6 EJ (1 EJ ≡ 1018

Joules) more heat compared to the climatological mean (heat flux

integration from May to September). About 60% of this increase is

attributed to surface fluxes and 40% to lateral heat transport. This

enhanced heat gain corresponds with higher summer temperatures at

both surface and near-bottom levels (Figure 5). Conversely, during

years with strong stratification, the system gains 10.7 EJ less heat than

climatology, mostly due to diminished lateral heat transport. This

results in cooling throughout the water column (Figure 5).

Regarding the climatological annual cycle of freshwater flux, the

domain generally gains freshwater from May to September and loses

it for the remainder of the year (solid curve in Figure 9B). This

seasonal cycle is predominantly driven by surface flux, while lateral

flux tends to lose freshwater (gain salt) and exhibits a milder seasonal

variation (solid curves in Figure 9D). The primary contributor to the

surface freshwater flux is sea-ice meltwater (Figure 9F).

During weak stratification years, the system experiences a

reduction in total freshwater transport by 8.3 km3 from May to

September relative to the climatological mean, with a 21.3 km3

decrease from surface transport partly offset by a 13.1 km3 increase

in lateral transport. This decrease in total freshwater transport leads

to higher salinity in the upper layer (evidenced by higher SSS in

Figure 5). As the density gradient is more influenced by salinity than

temperature in this region, this increase in upper-layer salinity results

in a reduced vertical density gradient, hence weaker stratification. In

contrast, strong stratification years see a 23.9 km3 increase in

freshwater gain, with 12.1 km3 from surface flux and 11.8 km3

from lateral flux. This additional freshwater enhances the vertical

density gradient, leading to stronger stratification.
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Although it contributes little to the seasonal cycle of surface

freshwater flux (Figure 9F), the surface restoring term affects its

interannual variability. Sea-ice meltwater is the dominant factor in

surface freshwater flux, but its variability is reduced by approximately

25% due to the restoring term (Supplementary Figure S8). This

suggests that while the freshening effect from excess sea-ice meltwater

during strong-stratification summers is somewhat mitigated by

surface restoring, it remains the primary cause of strong

stratification, and vice versa for weak-stratification summers.

In summary, our flux calculation suggests that the timing of sea-

ice retreat and the consequent variations in meltwater flux are the

primary factors driving interannual changes in stratification in the Icy

Cape region. These findings highlight the predominance of meltwater

flux in influencing stratification, overwhelming the effects of changes

in circulation and associated lateral freshwater transport.
5.4 Surface winds

A natural follow-up question is: What factors drive the

systematic changes in the timing of sea-ice retreat and Bering

Strait inflow? In other words, why does an early sea-ice retreat

typically coincide with enhanced Bering Strait inflow, and vice

versa? To address this question, we next examine the surface

winds over the Bering and Chukchi seas, which are notably

influenced by the strengths and positions of the Siberian High,

Beaufort High, and Aleutian Low pressure systems (Overland and

Wang, 2010). From November through May, this region typically

experiences strong south-to-southwestward winds, which are

driven by a robust pressure gradient (Figure 10A). The Aleutian

Low shifts westward from the Gulf of Alaska in November to the

Aleutian Basin in December and subsequently intensifies

(Supplementary Figure S9).

In years characterized by weak stratification in the NE Chukchi

Sea, an underdeveloped Aleutian Low is observed in November, with a

delayed westward shift until January (Supplementary Figure S9). This

results in a significantly reduced pressure gradient and anomalous

north-to-northeastward winds (Figure 10B), which advect warmer air

from the south and facilitate a faster northward retreat of sea ice in

spring and simultaneously promote a stronger northward flow

through the Bering Strait. Conversely, during years with strong

stratification, the Aleutian Low remains abnormally strong

throughout the winter (Supplementary Figure S9), leading to more

intense south-to-southwestward winds (Figure 10C) that advect cold

air from the north and delay sea-ice retreat in spring and meanwhile

hinder the northward Bering Strait transport. These findings align with

previous research suggesting that the annual transport through Bering

Strait is primarily set by the longitudinal displacement of the Aleutian

Low and the associated changes in wind stress (Danielson et al., 2014).

6 Conclusions and discussions

To better understand the seasonal and interannual variability in

stratification within the NE Chukchi Sea, an area crucial for

supporting a rich marine ecosystem, we conducted an analysis

using a hindcast simulation from a global ocean-sea ice model
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forced by JRA55-do. This model, featuring a refined 10 km

resolution in the Arctic region and a 60 km resolution for the rest

of the globe, covered the period from 1958 to 2016, and its last 30

years were used in our study. Our analysis, which included a

comparison with available observations, focused on the Icy Cape

region of the NE Chukchi Sea.

In our simulation, the NE Chukchi Sea exhibits pronounced

seasonal hydrographic shifts, transitioning from a well-mixed state

in winter (December to May) to a stratified two-layer structure in

the warmer months (June to November), with peak stratification

typically occurring in July. We found substantial interannual

variability in stratification strength, which shows a strong

negative correlation with both surface temperatures and salinities.

During summers with weak stratification, the water column is

generally warmer, featuring a saltier upper layer and a fresher

lower layer, leading to a diminished vertical density gradient. In

contrast, during summers with strong stratification, the water

column is cooler, marked by a fresher upper layer and a saltier

lower layer, resulting in a more pronounced density gradient.

Upon extending our analysis across the entire Chukchi shelf, we

found that temperature and salinity anomalies exhibit significant

consistency month-to-month, highlighting their links to both sea

ice retreat and the intensity of Bering Strait inflow. Further

quantification of heat and freshwater fluxes identified key factors

influencing these variations. Notably, the interannual shifts in

summer stratification within the NE Chukchi Sea are primarily

driven by the timing of sea ice retreat and subsequent changes in

meltwater flux. Specifically, an earlier retreat of sea ice leads to

diminished meltwater influx during summer, engendering a saltier

upper layer and consequently weaker stratification. This effect is

more pronounced than any resulting from alterations in circulation

(including an enhanced Bering Strait inflow) and the associated

lateral freshwater transport. Furthermore, we found a concurrence

between earlier sea ice retreat in the NE Chukchi and enhanced

Bering Strait transport, and vice versa. This synchronized behavior

is associated with the strength and location of the Aleutian Low

pressure system, and timing of its westward shift from the Gulf of
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Alaska to the Aleutian Basin in early winter. The key findings have

been summarized in Figure 11.

This study’s findings have profound implications for marine

biology and ecosystems in the NE Chukchi Sea. On one hand, weak

stratification promotes robust vertical mixing, which, during

summers of weak stratification, enhances the upward transport of

nutrients. Given that primary production in the Chukchi Sea is

largely nutrient-driven, an increase in nutrient supplies could

significantly bolster primary production. This correlation has

been underscored by observational studies that link primary

production in the Chukchi Sea directly to freshwater content

variability (Yun et al., 2016). Moreover, weak stratification

facilitates the influx of nutrient-rich Pacific water into the region,

further enhancing the nutrient availability essential for primary

production. On the other hand, our research also suggests that weak

stratification corresponds with a deeper mixed layer and

pycnocline, which could restrict light availability. Considering

that various phytoplankton taxonomic groups (such as diatoms,

cyanobacteria, cryptophytes) exhibit distinct responses to shifts in

light availability, nutrients, and ambient temperatures (Finkel et al.,

2016; Kremer et al., 2017), the interplay of weak stratification and a

deeper mixed layer might favor certain phytoplankton groups (e.g.,

larger-sized phytoplankton) to thrive and possibly sustain a

subsurface bloom beyond the spring bloom.

Our study underscores the controlling role of sea-ice retreat

timing and its associated meltwater flux in dictating ocean

stratification in the NE Chukchi Sea. Therefore, the timing of sea-

ice retreat emerges as a valuable indicator for forecasting changes in

summer stratification over seasonal time scales. However, future

projections of stratification patterns in this region under climate

change scenarios present a complex challenge. As the climate

continues to warm, especially under the most aggressive

greenhouse gas emission scenarios, we anticipate an earlier retreat

of sea ice (Stroeve et al., 2007), a phenomenon likely to lead to

relatively weak summer stratification. However, complicating this

outlook is the expected intensification of the Aleutian Low under

such warming conditions (Gan et al., 2017). An intensified Aleutian
A B C

FIGURE 10

Sea level pressure (SLP) and 10-m wind patterns in the northern Bering and Chukchi seas, derived from the JRA55-do v1.3 dataset that was used to
drive the model. (A) The climatological SLP and wind patterns for winter (November to May). (B) Composite map showing the anomalous SLP and
wind patterns during winters of years with weak stratification, as defined in Section 4. (C) Similar to (B), but for years with strong stratification.
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Low could delay sea-ice retreat and reduce Bering Strait inflow, as

shown in our study, potentially resulting in stronger summer

stratification in the region. These complexities highlight the need

for continued research to refine our understanding and predictions of

stratification dynamics in the rapidly changing Arctic environment.
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FIGURE 11

Schematic plot summarizing the hydrographic differences between weak and strong stratification summers in the NE Chukchi Sea and the
associated controlling processes. During weak stratification summers, the water column is warmer with a saltier upper layer and a fresher lower
layer, resulting in a diminished vertical density gradient. The opposite is observed during strong stratification summers. These differences are
primarily driven by the timing of sea ice retreat and subsequent meltwater flux changes. An earlier sea ice retreat reduces meltwater influx, leading
to a saltier upper layer and weaker stratification. This effect outweighs changes in circulation, including Bering Strait inflow. Additionally, the
synchronization of early sea ice retreat and enhanced Bering Strait transport is linked to the strength and timing of the Aleutian Low’s westward shift
from the Gulf of Alaska to the Aleutian Basin in early winter.
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