Chapter 5

The Large Scale Ocean Circulation
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Pacific-Arctic Interactions
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Abstract Understanding oceanic effects on climate in the Pacific-Arctic region
requires knowledge of the mean circulation and its variability in the region. This
chapter presents an overview of the mean regional circulation patterns, spatial and
temporal variability, critical processes and property fluxes from the northern North
Pacific into the western Arctic Ocean, with emphasis on their impact on sea ice.
First, results from a high-resolution, pan-Arctic ice-ocean model forced with realistic
atmospheric data and observations in the Alaskan Stream, as well as exchanges
across the Aleutian Island Passes, are discussed. Next, general ocean circulation in
the deep Bering Sea, shelf-basin exchange, and flow across the Bering shelf are
investigated. Also, flow across the Chukchi Sea, pathways of Pacific summer water
and oceanic forcing of sea ice in the Pacific-Arctic region are analyzed. Finally, we
hypothesize that the northward advection of Pacific Water together with the excess
oceanic heat that has accumulated below the surface mixed layer in the western
Arctic Ocean due to diminishing sea ice cover and subsequent increased solar insolation
are critical factors affecting sea ice growth in winter and melt the following year.
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We argue that process-level understanding and improved model representation of
ocean dynamics and ocean-ice-atmosphere interactions in the Pacific-Arctic region
are needed to advance knowledge and improve prediction of the accelerated decline
of sea ice cover and amplified climate warming in the Arctic.

Keywords Ocean circulation * Alaskan Stream ¢ Bering Sea « Western Arctic
* Ice-ocean modeling

5.1 Introduction

This chapter focuses on the physical oceanography of the Pacific-Arctic Region
(PAR). For our purposes, PAR is defined to include the Gulf of Alaska, northern
North Pacific, and the Bering, Chukchi, Beaufort, and East Siberian seas. Figure 5.1
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Fig. 5.1 Bathymetry (m) of the Pacific-Arctic Region
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Fig. 5.2 The NAME model domain and bathymetry (m)

shows the bathymetry and geographic place names for the PAR region. To our
knowledge, there has been no recent physical oceanography review of this region.
Stabeno et al. (1999) reviewed the physical oceanography of the Bering Sea and
described observational results on the flow through the Aleutian Island Passes
and the general circulation throughout the Bering Sea. They stated a need for more
information on: (1) the transport variability and magnitude of the flow through the
Aleutian Island Passes, (2) deep Bering Sea circulation, and (3) mechanisms that
provide nutrients to the euphotic zone along the Bering Slope. Results presented in
this chapter and in Chap. 6 by Williams et al. (2014, this volume) provide more
information in these three areas.

Along with observational results from several authors, we will discuss results
from the Naval Postgraduate School (NPS) Arctic Modeling Effort (NAME)
coupled sea ice-ocean model in this chapter. The model has a horizontal grid
spacing of 1/12° (or ~9 km) and 45 vertical depth layers. At this horizontal resolu-
tion the model is considered eddy permitting, as mesoscale features down to ~37 km
in diameter (four grid points) can be resolved (Maslowski et al. 2008b). In the
vertical direction, eight levels are in the upper 50 m and 15 levels in the upper
200 m. The high vertical resolution, especially in the upper water column, allows
for more realistic representation of the shallow Arctic and sub-Arctic shelves than a
lower vertical resolution typical in many ocean models. The model domain contains
the sub-Arctic North Pacific and North Atlantic Oceans, the Arctic Ocean, the
Canadian Arctic Archipelago (CAA) and the Nordic Seas (Fig. 5.2). The choice of
model domain was in part dictated by the need for realistic prediction of the net
northward transport of water mass and properties through Bering Strait and conse-
quently the circulation and variability in volume and heat fluxes entering the
Beaufort Sea from the Chukchi Shelf. Additional details of this model are discussed
by Clement Kinney et al. (2014, this volume), Maslowski et al. (2004) and
Maslowski et al. (2008a, b).
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5.2 The Northern North Pacific, Gulf of Alaska,
and Alaskan Stream

The Alaskan Stream is the primary circulation feature of the southern Pacific-Arctic
Region. It is an intense, narrow (~50-80 km) and deep (>3,000 m) current, which
flows westward from the head of the Gulf of Alaska to the westernmost Aleutian
Islands (Stabeno and Reed 1992; Reed and Stabeno 1999). Its highly variable transport
(e.g. Onishi 2001) reflects the complex air-sea-topographic interactions in the
northern North Pacific and strongly influences the exchanges with the Bering Sea
(Maslowski et al. 2008a; Clement Kinney and Maslowski 2012), which occur
through the straits and passes of the Aleutian-Komandorskii Island Arc.

The transport estimates of the Alaskan Stream based on observations (Thompson
1972; Favorite 1974; Reed 1984; Stabeno and Reed 1992; Reed and Stabeno 1993,
1997) are generally limited by coarse or intermittent temporal and/or spatial sampling.
Such limitations hinder investigations of local dynamics, long-term mean total volume
and property fluxes and relationships between climate change and transport variability.
The deep baroclinic structure and the westward intensification (between 150°W and
180°W; Reed 1984) of this boundary current flowing along the slope of the Aleutian
Trench present further challenges for transport estimates based on spatially limited
measurements using geostrophic velocity calculations, where an assumption of no
motion at depth (e.g. at 1,000 or 1,500 m compared to the total depth of over 6,000 m)
is made. For example, Reed (1984) computed a typical transport in the Alaskan
Stream (referred to 1,500 dbar) at 12 Sv (1 Sv=10° m? s7!) and at 15-20 Sv when a
correction for its baroclinic structure below 1,500 dbar is included. Other commonly
reported transports (Royer and Emery 1987; Reed 1984; Reed and Stabeno 1999)
are all estimated below 25 Sv, including corrections for the deep baroclinic
flow. However, accurate assessment of the total volume transport at any cross section
in the Alaskan Stream is still daunting, as it requires knowledge of the absolute
velocity structure down to the bottom.

The chain of the Aleutian Islands forms the natural southern boundary of the Bering
Sea. The numerous passes between islands play a primary role in determining both
circulation and distribution of water properties in the Bering Sea (Stabeno et al.
1999). The variability of the inflow/outflow rate through the southern boundary has
a twofold impact on Bering Sea oceanic conditions and ecosystem changes. First,
inflow through Aleutian passes is an important source of Bering Sea ecosystem
nutrients (Stabeno et al. 1999). Second, strong inflow through the Amchitka,
Amukta, and other Aleutian passes may enhance instability of the Aleutian North
Slope Current (ANSC) and thus affect Bering Sea eddy formation.

Although the eastern passes are shallow, with depths less than 300 m, the long-term
velocity observations in several passes indicate strong and persistent northward
flow. For example, Stabeno et al. (2005) reported approximately 4 Sv of mean inflow
into the Bering Sea through Amukta Pass during a period of 3 years (2003-2005),
which is approximately five times larger than geostrophic estimates (Stabeno et al.
1999). Thus, recent estimates indicating higher exchange rates between the



5 The Large Scale Ocean Circulation and Physical Processes Controlling. .. 105

Bering Sea and Pacific Ocean require extended studies of the robustness of these
estimates and, possibly, revising our view on the mechanisms controlling Bering
Sea circulation.

Modeling the Alaskan Stream and the inter-basin exchanges between the North
Pacific and the Bering Sea has been challenging, as well. Ocean general circulation
models (OGCMs) have demonstrated a rather limited ability to realistically
represent circulation and inter-basin exchanges of water mass and properties
between the North Pacific and the Bering Sea/Arctic Ocean. While global models
have commonly lacked the needed horizontal and/or vertical resolution (e.g. Goosse
etal. 1997; Xie et al. 2000) regional models of this region have often used closed or
fixed (prescribed) boundary conditions in the Bering Sea and/or North Pacific
(Overland et al. 1994; Hurlburt et al. 1996; Stabeno and Hermann 1996; Okkonen
etal. 2001; Hermann et al. 2002; Ladd and Thompson 2002). Additionally, only few
of those models have realistically accounted for the net northward transport
(0.8 Sv+0.2 Sv; Clement Kinney et al. 2014, this volume) through Bering Strait
(e.g. Goosse et al. 1997).

The NAME model has been developed to address the above limitations and to
allow focused studies of the circulation, relevant dynamics and exchanges between
the sub-arctic and arctic basins (Maslowski et al. 2004, 2008a; Clement et al. 2005;
Clement Kinney et al. 2014, this volume). The pan-Arctic domain of this model,
(Fig. 5.2) configured at horizontal resolution of 1/12° and 45 depth levels allows for
realistic flow through the many narrow passages in the Aleutian Islands and the
northern Bering Sea.

Figure 5.3 shows the 26-year (1979-2004) mean circulation in the upper 100 m
based on NAME model results (Clement Kinney and Maslowski 2012), in which
the Alaskan Stream is clearly the strongest feature. The Alaskan Stream is the
primary source of warm and relatively fresh water for mass and property fluxes
through the Aleutian passes and, therefore, has a significant influence on the Bering
Sea (Reed 1990; Reed and Stabeno 1999).

NAME model results (not shown) in the upper 100 m of the Alaskan Stream
show that maximum speeds close to 90 cm s™!' occur in winter (i.e. January,
February, March), with a decrease to around 75 ¢cm s~! in summer and autumn,
suggesting up to 14 % speed variability due to the seasonal cycle. According to
observations, Reed and Stabeno (1997) report 70-125 cm s~! speeds in the upper
100 m across 173.5°W measured during summer 1995. Reed (1984) obtained
similar peak speeds (90-110 cm s7') in the upper ocean across 170°W during
winter 1980 and summer 1981. Reed and Taylor (1965) measured velocities of
80 cm s7! around 175°W in June 1959. The above comparison of modeled and
observed velocities in the upper 100 m of the Alaskan Stream suggests the model
realistically represents this flow.

The modeled 23-year mean westward transport of Alaskan Stream computed
over the total water depth ranges from 44.6 Sv to 55.8 Sv, of which 12-18 Sv is
below 1,000 m and 7-12 Sv is below 1,500 m. These transports appear rather high
compared to the previously reported estimates based on measurements; however
some observational evidence exists in support of higher model results. Warren and
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Fig. 5.3 The 26-year mean (1979-2004) upper 100 m modeled circulation (vectors shown every
4th grid cell in each direction; cm s7') and total kinetic energy (shading; cm? s7). Black contour
lines represent bathymetry (m). Please note that the velocity vectors are not scaled in a linear fash-
ion (for figure clarity) and their magnitude can be derived as Ivl=(2x TKE)'?

Owens (1988) reported 28 Sv based on geostrophic calculation but referred to
current meter measurements from a single mooring. Hydrographic measurements
by Roden (1995) near 180°W indicate transport of 38 Sv above 6,000 m with
14 Sv below 1,000 dbar and 9 Sv below 1,500 dbar in July 1993. Onishi and
Ohtani (1999) computed the Alaskan Stream transport ranging from 21.8 Sv to
41 Sv along 180°W during 1990-1997. Finally, Onishi (2001) estimates the trans-
port referred to 3,000 m ranging from 14.8 Sv to 41.0 Sv along 180°W over
9 years, from 1990 to 1998.

Major disturbances created by southward shifts in the Alaskan Stream and eddies
propagating along the Aleutian Island Arc can produce large deviations, which have
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been explored in multiple studies (e.g. Musgrave et al. 1992; Stabeno et al. 1999;
Crawford et al. 2000). In Crawford et al. (2000), 6 years of TOPEX/Poseidon (T/P)
data measured the presence of six anticyclonic eddies in the Alaskan Stream. Of the
six eddies, some formed near the Alaskan panhandle, while others began propagat-
ing just south of Shelikof Strait with an estimated phase speed of ~2.5 km/day. The
sea surface height anomalies and eddy diameter approached 72 cm and averaged
160 km, respectively. Because the Alaskan Stream represents the largest source of
transport into the Bering Sea, these long-lived eddies (mean lifespan of 1-3 years;
Crawford et al. 2000) may significantly alter both the physical and biological struc-
ture of the Bering Sea (Okkonen 1992, 1996).

Recent model results (Maslowski et al. 2008a) provided an in-depth examination
of the anticyclonic eddies found in the Alaskan Stream and their effect on the
strength and location of the stream, as well as their influence on flow through
Amukta and Amchitka Passes. For example, sea surface height anomaly (SSHA)
and circulation (Fig. 5.4a) indicate the presence of an anticyclonic eddy south of
Kodiak Island during January 1993. By December (Fig. 5.4b), the eddy has moved
to a position that is just southeast of Amukta Pass. Figure 5.5 shows modeled
monthly mean distributions of velocity as the eddy passes by EAS1 during January
1993 and EAS4 during December. In both cases, the velocity core is shifted southward
when the eddy is present. The southward shift is strongest at EAS4 by a distance
of more than 140 km. Over the course of the entire model simulation (1979-2003),
the number of eddies crossing the EAS4 line was calculated (Maslowski et al.
2008a). Twenty “weak” eddies (0.3 m<SSHA <0.5 m) crossed the line for an average
of 0.8 per year and 12 “strong” eddies (SSH>0.5 m) were identified for an average of
0.5 per year.

Using a combination of these model results, additional model results from
Maslowski et al. (2008a), and observational results by Reed and Stabeno (1989,
1999) and Crawford et al. (2000), we conclude that the Alaskan Stream remains
relatively intact during the periods of southward shifts. It is also believed that the
formation and propagation of eddies along the Alaskan Stream is the main cause of
these deviations in the westward flow. Any stationary attempt to monitor the flow of
the Alaskan Stream (e.g., moored Acoustic Doppler Current Profiler (ADCP))
would benefit from including instrumentation at least 200 km southward of the
mean position of the Alaskan Stream, in order to capture these shifts.

Investigation of eddy effects on exchanges between the Gulf of Alaska and the
Bering Sea revealed significant increases in net northward fluxes as an eddy moves
along a pass within the Aleutian Islands (Maslowski et al. 2008a). Analysis of
modeled time series through the two main passes in the eastern and central Aleutian
Archipelago, i.e., Amukta Pass and Amchitka Pass, showed that peaks in the
monthly mean anomalies of volume and property transport were often associated
with the presence of nearby eddies in the Alaskan Stream (e.g. see Fig. 5.9 in
Maslowski et al. 2008a).

Another dynamical aspect of the Aleutian throughflow, which should be taken
into account, is tidal mixing and rectification. Tidal currents between the Aleutian
Islands are generally strong (100—150 cm/s) and produce a total 70 GW energy flux
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Fig. 5.4 Modeled sea surface height anomaly (m) and 0-477 m circulation during (a) Jan. 1993
and (b) Dec. 1993. Every 3rd vector in each direction shown

into the Bering Sea (Foreman et al. 2006). The most important are the M2 (31 GW),
K1 (24.5 GW) and O1 (13 GW) tidal constituents (Foreman et al. 2006). The largest
energy conduits into the Bering Sea are via Amukta and Samalga passes (M2)
and Amchitka Pass (K1). Modeling studies (e.g. Kowalik 1999) show that tides
significantly impact local mixing and generate a northward residual tidal current
of 5-15 cm/s between the Aleutian Islands. Recently, Stabeno et al. (2005) hypoth-
esized that tidal rectification may be one of mechanisms responsible for such a high
new mean inflow through Amukta Pass.
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Fig. 5.5 Modeled monthly mean vertical profiles of velocity (both shading and contours; cm s™)
for cross sections EAS1 (left), EAS4 (right). Positive velocity is directed westward. Inward-facing
triangles above each figure indicate the position of the original sections (AS1 on left; AS4 on
right). The black line represents the horizontal position of the velocity core

5.3 Western Subarctic Gyre

Focusing on the deep western passes, we know that inflow from the northwestern
North Pacific into the Bering Sea occurs primarily through Near Strait, while outflow
occurs largely through Kamchatka Pass (Stabeno and Reed 1994). Multi-year
continuous observations of the flow through the western Aleutian Island Passes are
not available. Available observations include data from satellite-tracked drifters
(Stabeno and Reed 1994) and short-term CTD measurements (e.g. Stabeno and
Reed 1992; Reed and Stabeno 1993), along with historical datasets (e.g. Arsen’ev
1967; Ohtani 1970; Hughes et al. 1974; Favorite 1974). Observed estimates of the
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net volume transport through Near Strait are northward and range from ~5 Sv (Reed
and Stabeno 1993) to ~10 Sv (historical measurements by Favorite 1974). The long-
term mean model result from NAME (5.06 Sv) compares well with the observations
from Reed and Stabeno (1993).

Observed estimates of the net volume transport through Kamchatka Strait are
southward and range from ~6 to 15 Sv (Ohtani 1970; Verkhunov and Tkachenko
1992; Stabeno and Reed 1992). The long-term mean model result from NAME
(8.9 Sv) is within the observed range, however it is much less than recently published
results from Panteleev et al. (2006). Panteleev et al. (2006) fulfilled variational analysis
of the summer climatological circulation in the major part of the Bering Sea. They
estimated the volume transport through Kamchatka Strait to be 24 Sv, which is
significantly larger than most of the traditional dynamical method estimates (Ohtani
1970; Verkhunov and Tkachenko 1992; Stabeno and Reed 1992). On the other
hand, the Panteleev et al. (2006) transport estimate agrees well with an estimate by
Hughes et al. (1974) of 20 Sv, obtained through dynamical calculations referenced
to the surface velocities taken from surface drogued floats.

High-resolution and large scale modeling of the Bering Sea basin and the Western
Subarctic Gyre has been limited. Previous modeling work by Overland et al. (1994)
realized general circulation features (e.g., complex cyclonic flow in the Bering Sea
basin) similar to observations. However, they were not able to simulate the meanders
in the Kamchatka Current that were identified by Stabeno and Reed (1994), nor
were they able to show enough interannual variability in the flow through Near
Strait to account for observations by Stabeno and Reed (1992) or Reed et al. (1993).
The prescribed boundary condition for the Alaskan Stream and the climatological
atmospheric forcing that was used may have prevented Overland et al. (1994) from
simulating realistic variability in the flow through Near Strait. While observations
before 1994 (e.g., Reed 1984; Stabeno and Reed 1992) showed little eddy energy of
the Alaskan Stream near 166°W (i.e. the lateral boundary of the Overland et al.
(1994) model domain), more recent observations (e.g. Crawford et al. 2000) are in
stark contrast.

Recent modeling work by Clement Kinney and Maslowski (2012) shows how
the numerous eddies and meanders of the Bering Sea and within the Alaskan Stream
play a critical role in determining the flow through the western Aleutian passes and
straits. For example, modeled time series of volume flux through Near Strait over
26 years showed seven time periods when the transport was near-zero or even
reversed (Clement Kinney and Maslowski 2012). These anomalies lasted from
3 months to almost 2 years. Based on satellite-tracked drifters released throughout
the region, Stabeno and Reed (1992) noted an anomalous lack of inflow through
Near Strait that began in summer 1990 and persisted at least through fall 1991.
While the model results did not show a lack of inflow at exactly the same time
period as Stabeno and Reed (1992), the processes underlying the anomaly appear to
be the same. The modeled flow reversals and maxima were related to the presence
of eddies and meanders both north and south of the strait. There did not appear to be
a consistent circulation regime responsible for inducing a reversal (see Clement
Kinney and Maslowski (2012) for further discussion and figures). Instead, flow
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reversals occurred when mesoscale features were in the proper alignment with the
axis of the strait. Therefore, it is believed that short-term observations (months to
years) may not be representative of the actual mean flow. This indicates a need for
continuous monitoring of the flow through Near Strait, as well as other passes and
straits in the Western Aleutian Islands to determine both the mean flow and its
variability.

5.4 Bering Sea

The general circulation within the Bering Sea basin is typically described as cyclonic
in the long-term mean. However, transport within the gyre can vary by more than
50 % (Stabeno et al. 1999). Causes associated with this variation have been
identified as either changes in the Alaskan Stream inflow (Overland et al. 1994)
and/or variability of the wind-driven transport within the basin (Bond et al. 1994).
Mesoscale eddies within the basin have been identified in observations published by
Cokelet et al. (1996) and Stabeno and Reed (1994), among others (e.g., Solomon
and Ahlnis 1978; Kinder et al. 1980; Paluszkiewicz and Niebauer 1984). Instabilities
along the Bering Slope and Kamchatka Currents and interactions with canyons and
embayments at the landward edge of these currents and inflows through the Aleutian
Island Passes may be responsible for eddy generation (Cokelet et al. 1996). Stabeno
and Reed (1994) observed several eddies and meanders within the Kamchatka
Current and the eastern Bering Sea by utilizing satellite-tracked drifters. Several
anticyclonic eddies were observed in the western side of the basin and resulted from
the interaction of the Kamchatka Current with topographic features. Stabeno and
Reed (1994) suspect that these features are semi-permanent, since they appeared in
drifter trajectories for more than 1 year. Stabeno and Reed (1994) observed a large
anticyclonic eddy west of Bowers Ridge that had a diameter of approximately
200 km and velocities of 3040 cm/s, which is similar in size and velocity to those
from the NAME model.

Animations of monthly mean NAME model results over the 26-year simulation
show frequent and complex eddy activity throughout the Bering Sea basin. For
instance, at least 14 mesoscale eddies are present in June 1987 (Clement and
Maslowski 2008), as shown in Fig. 5.6. Half of these are anticyclonic and the other
half are cyclonic. Diameters of these eddies are 120 km and greater and velocities
are up to 40 cm/s. Lifetimes of these eddies are typically a few months. The 9-km
horizontal resolution of the model makes it possible to resolve eddies with diame-
ters as small as ~37 km, however, the smallest eddies are likely not resolved, recall-
ing that the Bering Sea has a Rossby radius of deformation of ~12-20 km according
to Chelton et al. (1998).

During the 26-year model simulation, meanders and eddies are continuously
present throughout the deep Bering Sea basin. This is consistent with results from
Cokelet and Stabeno (1997), which show that the background flow in the interior
of the Bering Sea is dwarfed by the energetic eddies which populate the region.
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Fig. 5.6 The June 1987 upper 100 m mean modeled circulation (vectors) and total kinetic energy
(shading; cm? s72). Magenta contour lines represent bathymetry (m). Every 3rd vector in each
direction shown

Our results indicate that these eddies are important in redistributing temperature
and salinity (Clement Kinney and Maslowski 2012), which may have an effect on
biological species in the region by altering environmental conditions.

Numerical model results (Clement Kinney and Maslowski 2012) also show very
frequent and complex eddy activity present along the Bering Sea Slope. In fact, the
Bering Slope Current (BSC) appears to be more a system of eddies rather than a
continuous feature (Okkonen 1993; Clement Kinney et al. 2009). The energetic
anticyclonic eddy activity of the BSC is a well-known characteristic of Bering Sea
circulation. Analysis of the mooring velocity measurements along the eastern
Bergin Sea continental slope between Pribilof and Zhemchug canyons (Schumacher
and Reed 1992; Cokelet and Stabeno 1997) showed that mesoscale currents have
amplitude >80 cm/s, i.e. 10-15 times higher than the long-term mean BSC velocity.
The BSC eddies penetrate to a depth of at least 500 m and transport nutrients from
deep regions onto the eastern Bering Sea shelf (Stabeno et al. 1999). Eddy-induced
cross-shelf mixing is not well studied, but high-intensity mesoscale variability in
the region indicates the importance of this mechanism. Recent climatological
studies reveal the linkage between long-term variability of the large-scale dynamic
and oceanic eddy activity (Hogg et al. 2005). Currently the mechanisms of this linkage
are not clear.

The eddy activity along the Bering Sea slope seems to have an important effect
on shelf-basin exchange, especially in canyons such as Zhemchug Canyon (Clement
Kinney et al. 2009). A cyclonic eddy located just south of the canyon was shown to
greatly increase the on-shelf salt flux during a 3-month period via upwelling of relatively
salty water and on-shelf flow. Upwelling of salty and nutrient-rich deep Bering Sea
water due to eddies and shelf-basin exchange, in general, could enhance biological
production in this region (Clement Kinney et al. 2009). Overall circulation over the
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Bering Sea shelf is mainly wind-driven and geostrophic year around, with reversals
of both across and along shelf flow and local accelerations due to increased wind
stress and bottom friction in response to changing winds between northwesterly and
southwesterly (Danielson et al. 2012a, b).

Modeled eddy kinetic energy (EKE) fields show that the northern Bering Sea
maintains year-round high energy and mixing, especially in Bering and Anadyr
straits (see Figs. 5.16-5.19 of Clement et al. 2005). Notably, these regions of high
EKE are found just upstream of highly productive areas in the Bering Sea (e.g., the
Chirikov Basin and the region just north of Bering Strait) that have been identified
in previous studies such as Grebmeier et al. (1988), Springer and McRoy (1993),
and Grebmeier and Dunton (2000). This suggests that high-nutrient Anadyr Water
is mixed into the euphotic zone as it flows generally northward and, upon encoun-
tering a region of lower EKE, can support water column primary production and the
settling of organic matter to the benthos.

5.5 Chukchi Sea

The Arctic receives water from the Pacific through the Bering Strait. The Chukchi
Sea connects the Bering Sea to the Arctic Ocean and is, therefore, the Pacific gateway
to the Arctic. Three primary water masses enter the Chukchi Sea via Bering Strait,
including Alaskan Coastal Water, Bering Shelf Water, and Anadyr Water (Coachman
et al. 1975). Alaskan Coastal Water, as its name implies, is found near the coast of
Alaska and tends to be the warmest and freshest of the three. Anadyr Water is found
in the west, nearer to Siberia and is usually colder and more saline than the others.
Bering Shelf water lies in the middle and has more moderate temperature and salinity
properties. Analysis of a year long time series of mooring data in 1990-1991 by
Woodgate et al. (2005) indicates a fourth branch of water inflow through Bering
Strait which exits northwestward through Long Strait. Its content of water originating
from the Pacific is less than that contributed by the other three branches, as it is modi-
fied by the seasonally occurring Siberian Coastal Current (Weingartner et al. 1999).
A number of important bathymetric features, such as Herald Shoal, Hanna Shoal,
Barrow Canyon, Herald Canyon, the Chukchi Rise, and the Chukchi Cap influence
the circulation on this shallow (mostly <60 m deep) and wide continental shelf.
Previous numerical modeling efforts for the Chukchi and Beaufort seas include
Overland and Roach (1987), Winsor and Chapman (2004), and Walsh et al. (2004),
with the latter based on results from the same model discussed in this article. In
addition, all of the models participating in the Arctic Ocean Model Intercomparison
Project (AOMIP; e.g. Proshutinsky et al. 2007; Holloway et al. 2007) as well as a
recent study by Watanabe (2011) include the Chukchi Sea. However, many of those
models prescribe climatological lateral boundary conditions at or near Bering Strait.
As for global climate models, their spatial resolution in ocean models is commonly
too coarse to realistically represent exchanges through Bering Strait, and they
have to be parameterized (e.g. Goosse et al. 1997). An improvement of the NAME



114 W. Maslowski et al.

model is the ability to simulate the net northward transport and variability of water
mass and properties through Bering Strait (Clement et al. 2005; McClean et al.
2001). Model results from the simulation discussed here have been compared with
observations of volume transport, temperature and salinity in Bering Strait. For
example, the modeled 1979-2004 mean volume transport of 0.65 Sv compares well
with the observed mean of 0.83 Sv estimated for 1990-1994 (Clement et al. 2005;
Roach et al. 1995). Please see Clement Kinney et al. (2014, this volume) for a com-
prehensive discussion of the flow through Bering Strait.

The 26-year (1979-2004) mean circulation from the NAME model in the upper
100 m is shown in Fig. 5.3. Generally northward velocities, as high as 50 cm/s, are
found in Bering Strait with three main branches and two coastal flows forming north
of the strait. Model results are in agreement with observations at 12 locations within
the Chukchi Sea made by Woodgate et al. (2005) that show four northward outflows
on the Chukchi Shelf. The main western branch (Herald Valley flow) is found
between the 50-m isobaths and flows between Herald Shoal and Wrangel Island.
The main eastern branch is directed primarily northward to the east of Herald Shoal
and west of the 25-m isobath. This is the “Central Channel” flow identified by
Weingartner et al. (2005) based on moored and shipboard data collected in the early
1990s. An offshoot of the western branch flows through Long Strait (between
Wrangel Island and Siberia), most of which encircles the island in an anticyclonic
fashion and eventually joins the Central Channel flow, however a small portion of
the current continues along Siberia to the northwest near the coast. The seasonal,
eastward-flowing Siberian Coastal Current (Weingartner et al. 1999) is not clearly
showing in the 26-year mean circulation; however, velocity vectors nearest the coast
are oriented eastward and snapshots of the ocean circulation (not shown) in early
summer (i.e. June—July) have an evident narrow eastward flow. The other seasonal
coastal current, modeled with relatively higher skill, is the Alaskan Coastal Current
(ACC), which is fresh, warm (with measured temperatures up to 11 °C in August
2007) and narrow (10-40 km; Okkonen et al. 2009; Spall et al. 2008). Still, a more
realistic representation of winds and local fresh water discharge from the Siberian
and Alaskan coasts as well as higher spatial resolution would further improve model
skill in simulating both of these coastal currents (Maslowski and Walczowski 2002;
Newton et al. 2008). It is important to note, that observations made by Paquette and
Bourke (1974) and Ahlnis and Garrison (1984) show that the ACC is enhanced by
solar-heated waters in Kotzebue and Norton sounds and it impacts the local ice edge
position downstream.

Measurements of the oceanic impact on the marginal ice zone and ice edge position
in the Chukchi Sea are limited and insufficient to quantify those effects. To address
this, a series of cross-sections were established in the NAME model to obtain
volume and relative heat flux values from the 26-year long integration (Fig. 5.7).
The blue ACC sections were intended to capture the coastal flow, while the CL sec-
tions capture the north-south flow across the width of the Chukchi shelf. The CP
sections, along with CL4, form a closed polygon surrounding the Chukchi Plateau.
Table 5.1 shows the mean volume transport, heat flux and temperature across each
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Fig. 5.7 Bathymetry (shading; in meters) with the locations of a series of cross-sections (black
and blue lines). Labels corresponding to the cross-sections are either shown in black for longer
sections or green for shorter sections. Place names are shown in italics

section. The main purpose of this is to determine relative contributions of heat flux
across a given section or depth range relative to the total heat divergence/convergence
from/into a specified region or basin and its relative change in time. In particular,
the heat fluxes calculated here through a single section are not meant to estimate the
change of heat in a closed volume as proposed by Schauer et al. (2008).

The coastal flow through ACC1 and ACC2 makes up almost half of the volume
transport through the respective CL sections. More than half of the heat flux through
CL1 and CL2 is found in the coastal sections (55 % and 71 %, respectively). The
relative increase of heat flux between ACC1 and ACC2 supports the finding of
Ahlnis and Garrison (1984) that the solar-heated waters in the Kotzebue Sound and
along the coast are some of the main sources of heat in the Alaskan Coastal Current.
However, as one moves farther north, little of the heat or volume flux across CL3 is
found in the shorter coastal section ACC3. Instead, the majority of the flow is bathy-
metrically steered away from the coast and to the west of Herald Shoal (Fig. 5.3).
Some mixing and convergence of the Herald Valley flow and the Central Channel
flow occurs north of Herald Shoal, where the flow becomes bathymetrically steered
eastward as observed by Weingartner et al. (2005). Upon reaching Barrow Canyon,
much of the heat (~63 % of the CL4 value) is again found near the coast, within
section ACC4 (Fig. 5.8). It is also worth noting that both in the modeled coastal flow
as well as across the entire CL4 two to three times more heat is transported below
10 m depth relative to the upper 10 m. We argue that over the Chukchi shelf, heat
associated with summer Pacific water is partially lost to sea ice melt and to the
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Table 5.1 Twenty-six year mean (1979-2004) and standard deviation (in parenthesis) for volume
transport, heat flux and mean temperature across selected sections

Section Volume transport (Sv) Heat flux (TW) Mean temperature (°C)
ACCl1 0.302 2.315 —-0.098
(0.099) (3.440) (2.063)
ACC2 0.285 2.344 -0.450
(0.151) (3.735) (1.688)
ACC3 0.014 0.170 —-0.653
(0.032) (0.464) (1.519)
ACC4 0.300 0.736 -1.273
(0.172) (1.192) (0.400)
CL1 0.654 4.172 -0.364
(0.228) (5.695) (1.656)
CL2 0.643 3.288 —-0.983
(0.225) (4.793) (0.823)
CL3 0.520 1.416 -1.138
(0.221) (1.906) (0.515)
CL3W 0.196 0.305 —-1.345
(0.067) (0.255) (0.226)
CL4 0.678 1.167 -1.092
(0.216) (1.271) (0.101)
CP1 0.526 2.509 -0.902
(0.177) (0.759) (0.058)
CP2 —-0.206 -0.447 -1.059
(0.095) (0.229) (0.038)
CP3 -0.927 -2.719 -1.052
(0.309) (1.674) (0.087)

Positive direction is north for all sections except CP1 (East), CP2 (South) and CP3 (West). Salinity-
dependent freezing temperature was used as a reference temperature for heat flux calculations.
Section locations are shown in Fig. 5.7

atmosphere, while it is gained as a result of the ice-albedo effect, as sea ice retreats,
allowing increased absorption of solar insulation (as shown in Fig. 5.8). These pro-
cesses, combined with the complex flow pattern between CL1 and CL4, provide at
least a partial explanation for the relatively low correlation of interannual variability
between the heat fluxes through Bering Strait and those entering the Beaufort Sea
between Barrow and Barrow Canyon (Shimada et al. 2006). Correlation coefficients
for modeled monthly mean heat flux anomalies (after removing the mean annual
cycle) between ACC1/CL1 and ACC4/CL4 are 0.24/0.38 (Tables 5.2 and 5.3). The
fact that the highest correlations for all sections are at no lag implies that atmospheric
forcing, including winds, radiative and sensible heat fluxes, is the dominant factor
moving and affecting water mass properties and their variability across the Chukchi
Sea. These model results also suggest that the oceanic heat flux from Bering Strait
has a direct impact on sea ice melt and advancement of the ice edge northward over
the Chukchi shelf, but not on the oceanic heat flux farther downstream over the
outer shelf, slope, and into the Beaufort Sea.
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Fig. 5.8 (a) Sea surface temperatures (°C) from MODIS for 10 August 2007, 2335UT (Adapted
from Okkonen et al. 2009); (b) temperature (shading; °C) and velocity (vectors; cm s7') at the
surface layer (0-5 m) from the NAME model configured at 1/48° (or ~2.3 km) horizontal resolu-
tion on 15 August, 1988. The depth contours of 50, 100 and 1,000 m are shown in both panels.
Every 10th vector in each direction shown in (b)

5.6 Beaufort Sea

Continuing downstream from the Chukchi Shelf, we find a model mean of 0.3 Sv
flows northeastward through Barrow Canyon with monthly mean velocities up to
25 cm s! (Fig. 5.3, Table 5.1). Annually, the warmest waters exiting Barrow Canyon
into the Beaufort Sea are typically observed in August—October (Spall et al. 2008;
S. Okkonen unpublished data; K. Shimada personal communication). Similarly as
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Table 5.2 Correlation matrix for selected ACC sections

ACCl1 ACC2 ACC3
Section Absolute Anomaly Absolute Anomaly Absolute Anomaly
ACC2 0.69 0.79 * * * *
0.94 0.90
ACC3 0.57 0.42 0.55 0.44 * *
0.76 0.58 0.75 0.65
ACC4 0.73 0.61 0.56 0.43 0.83 0.73
0.59 0.24 0.62 0.33 0.76 0.67

Correlations are provided for the monthly mean values (absolute) and the anomalies (after removing
the annual cycle). The upper number in each cell is the correlation coefficient for volume transport
and the lower number represents the correlation coefficient for heat flux. The lag time of 0 months
produces the highest correlation in all instances

Table 5.3 Correlation matrix for selected sections

CL1 CL2 CL3 CL3W
Section Absolute Anomaly Absolute Anomaly Absolute Anomaly Absolute Anomaly
CL2 0.99 0.99 * * * * * *
0.94 0.93
CL3 0.94 0.90 0.94 0.90 * * * *
0.75 0.75 0.85 0.83
CL3W 0.73 0.64 0.73 0.64 0.76 0.68 * *
0.26 0.43 0.33 0.45 0.54 0.58
CL4 0.93 0.89 0.93 0.89 0.95 0.93 0.76 0.68
0.70 0.38 0.68 0.45 0.72 0.64 0.41 0.58

Correlations are provided for the monthly mean values (absolute) and the anomalies (after removing
the annual cycle). The upper number in each cell is the correlation coefficient for volume transport
and the lower number represents the correlation coefficient for heat flux. The lag time of O months
produces the highest correlation in all instances

in the Chukchi Sea, hydrographic observations off Barrow describe the cold and
fresh surface layer due to ice melt with relatively warmer water below (Fig. 5.9).
Pacific summer water (PSW) is typically defined by a temperature maximum within
salinity range 31<S <33 (Steele et al. 2004; Sumata and Shimada 2007). As this
water leaves the Chukchi shelf it converges with water of the boundary current
(Rudels et al. 1994; Woodgate et al. 2001; Nikolopoulos et al. 2009) along the shelf-
break and flows along the northern coast of Alaska to the east. A portion of PSW
enters the basin and moves northward towards and along the eastern flank of the
Northwind Ridge (Shimada et al. 2006; Sumata and Shimada 2007) with mean
velocities up to 1.6 cm s7! and the highest subsurface temperatures observed in
January (Shimada et al. 2001). The importance of this outflow is clearly demon-
strated in Fig. 5.8, where observed surface temperatures within the ACC in August
2007 are almost twice as high as the temperatures of ambient water throughout the
northern Chukchi and southern Beaufort seas. While ocean surface temperatures
increase due to the ice-albedo effect, in absence of organized currents such as the
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Fig. 5.9 (a) Section of observed temperature (°C) along the line from Eielson Lagoon toward the
end of Barrow Canyon in the Beaufort Sea on 23 August 2006; (b) towed ADCP-measured surface
(3-20 m averaged) current vectors along the same section in the Beaufort Sea as in (a) (Adapted
from Okkonen et al. 2009). The ‘v’s identify locations of individual CTD casts. The solid line
identifies the latitudinal extent of sampling by a CTD mounted on a towed undulating vehicle

ACC, their impact on sea ice remains relatively limited. This northward-spreading
water, along with associated eddies, is important for introducing relatively warm
water into the Canada Basin, which is further discussed below.

The mean ocean circulation in this region is controlled by synoptic, seasonal and
interannual atmospheric variability. Okkonen et al. (2009) identified four generalized
wind regimes and associated circulation states based on August—September
2005-2007 observations near Barrow, Alaska, combined with numerical simula-
tions for large-scale and long-term context. They found that when winds are weak
or from the southwest, PSW intrudes onto the shallow western Beaufort shelf with
the majority of PSW flowing eastward along the Beaufort shelf break, while easterly
winds favor a more diffuse flow of PSW to the north and northwest, possibly via
mesoscale eddies. Moreover, large seasonal variability exists in both water properties
exported from the Chukchi Sea and their distribution in the Beaufort Sea (e.g.
Miinchow and Carmack 1997; Weingartner et al. 1998; Pickart et al. 2005; Spall
2007). In particular, winter-transformed Pacific water is critical to the maintenance of the
cold halocline in the Arctic Ocean (Aagaard et al. 1981; Cavalieri and Martin 1994,
Chapman and Gawarkiewicz 1995), however its formation and circulation in the
western Arctic are not discussed in detail here, as this water mass does not have a
direct impact on sea ice.

Recent studies (Spall et al. 2008) estimate that at any time there could be 100-200
eddies in the western Arctic and they could distribute waters originating from the
Chukchi shelf (Pickart et al. 2005). Zhang et al. (1999), using an 18-km ice-ocean
model, demonstrated that mesoscale ocean eddies play a role in reducing ice
concentration and thickness in the western Arctic, in particular along the Chukchi
shelf break and the Northwind Ridge. Coincidently, Maslowski et al. (2000) using
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Fig. 5.10 Modeled September monthly mean heat content (TJ; shading) at depth 50-120 m and
ice thickness contours (m; black) for (a) 26-year mean, (b) 1985 and (c¢) 2002. Bathymetry (m)
contours are shown in blue

the same model simulated a cyclonic shift in the distribution of Pacific-origin water
that accumulated in excess over the Northwind Ridge and along the Chukchi/Beaufort
slope between the positive and negative phases of the Arctic Oscillation (AO).

Although the NAME model with horizontal resolution of 9-km does not resolve
the smallest eddies (with radius of 10-km or less), larger eddies (with radius of
25 km or more) are commonly simulated in the Canada Basin (Fig. 5.10; Maslowski
et al. 2008b). In addition, this limitation is currently being further investigated using
the NAME model configured at horizontal resolution of 1/48°. Results from the
ongoing model spinup show that at this resolution the model simulates the boundary
current around 70 km wide, the ACC between 20 and 30 km wide as well as eddies
with radius less than 10 km (Fig. 5.8b). The modeled eddies have variable sizes and
origins, however there is a tendency for anticyclonic warm core eddy generation
at the mouth of Barrow Canyon and along the Northwind Ridge. The mean core
temperature of these eddies at depths of 60—120 m is as much as 1.65 °C above the
freezing temperature. The frequency of their occurrence and properties including
rotational speeds and temperature are commonly underestimated due to both the
spatial resolution limitations and the realism of prescribed atmospheric forcing.
However, we believe that the model realistically approximates physical processes
that provide sources of heat to the Canada Basin. Based on Figs. 5.8, 5.9 and 5.10,
we argue that ocean currents, including mesoscale eddies and topographically
driven flow, are important means for distributing warm water and basal melting of
the ice pack in the western Arctic.

It is important to note that heat can also be accumulated below the surface mixed
layer locally in the Canada Basin, as the sea ice cover continues to retreat farther
north and allows increased radiative fluxes into the upper ocean. This is due to the
fact that the sunlight can penetrate below the ocean surface. The depth to which
the upper ocean can receive heat from the sun depends on the rate at which sunlight
is attenuated. It also depends on the wavelength with short wavelengths able to
penetrate deeper in the water. Ultimately, in the absence of sea ice, sunlight can often
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penetrate below the depth of the surface meltwater layer, typically of order 10-15 m
thick. Data from summer CTD surveys by icebreaker and from Ice Tethered Profilers
(ITP) during 2005-2010 suggest that a near surface temperature maximum (NSTM)
can develop in June—July, when solar radiation is at maximum, as a result of trapping
heat below the surface mixed layer due to the onset of summer halocline with ice
melt (Jackson et al. 2011, 2012). Given the generally insufficient model spatial
resolution and limited observations of eddy generation and transport, estimates of
eddy-driven shelf-basin heat transport and its redistribution in the western Arctic
Ocean are not available at present. We argue that a quantification of this heat source
and understanding of its impact on sea ice are needed to explain the regional differ-
ences in arctic sea ice decline and to constrain global climate model simulations and
predicted scenarios of future arctic climate change.

5.7 Heat/Freshwater Content and Sea Ice

The outflow of warm summer water from the Chukchi and East Siberian shelves
plus local absorption of solar radiation, ocean circulation and mixing contribute to
the upper ocean (defined above 120 m) heat content in the western Arctic (west of
the Lomonosov Ridge). The heat accumulation in the region has significantly
increased since the late 1990s according to observations (Shimada et al. 2001, 2006;
Jackson et al. 2012) and the NAME model. In Fig. 5.10 we show modeled heat
content at depth 50-120 m and ice thickness in the western Arctic for September
26-year mean, September 1985 (for a typical past cold summer) and September 2002
(a warm summer) to determine potential coherence between these two parameters.
The 26-year mean modeled ice thickness in September is about 2.0 m between 72
and 73°N in the Beaufort and Chukchi seas and it extends as far south as 71°N in
the East Siberian Sea. The ice becomes thicker than 2.5 m roughly 200-300 km
farther north. The 26-year mean oceanic heat content is largest (>30 Tera-Joules (TJ))
over the continental slope and it appears to be associated with the cyclonic boundary
current flow carrying summer waters from the Chukchi, East Siberian and Laptev
shelves and possibly some contribution of Atlantic water (Polyakov et al. 2010). This
heat content maximum spreads eastward towards the Barrow Canyon and northward
over the Chukchi Rise and Northwind Ridge and, as shown below, roughly coincides
with regions in which the changes in mean ice thickness are greatest.

In September of 1985 (i.e. during a cold summer; Fig. 5.10b) ice was present
farther south and thicker in the region (0.5-1.0 m thicker or on average 2.5-3.0 m
and up to 3.5 m in the East Siberian Sea) compared to the modeled ice thickness
climatology. The modeled heat content during that time was respectively lower,
with the maximum over the Chukchi Rise and Northwind Ridge around 5 TJ lower
compared to modeled September climatological heat content. Note that even during
this cold summer, eddy-like mesoscale features with higher heat content can be
seen over the Chukchi Cap and close to the Alpha and Northwind (not labeled in
any figure) ridges.
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Fig. 5.11 Modeled changes in (a) heat content (TJ) at depth 33—120 m and (b) sea ice thickness
(m) between the mean of 1979-1998 and the mean of 1999-2004

In contrast, 2002 was a relatively warm year with little and thinner sea ice found
in the region (Fig. 5.10c). In particular, the thick sea ice over the East Siberian Sea,
evident in 1985, has almost disappeared in 2002 leaving open water west of Wrangel
Island. Ice thickness between 72 and 73°N is 0.5-1.0 m and only 1.5 m up to 80°N.
Coincidently, upper ocean heat content is >30TJ all over that region with a maximum
exceeding 40TJ over the continental slope. Recent observations (K. Shimada, personal
communication; Jackson et al. 2012) suggest continuing increase of heat content in
the western Arctic Ocean, at least through 2010.

A comparison of changes in sea ice thickness and heat content above 120 m
between the 20-year mean (1979-1998) and the recent past 5-year mean (1999-2004)
is shown in Fig. 5.11. The most striking features in the comparisons of changes
in sea ice thickness and heat content above 120 m between the 20-year mean
(1979-1998) and the recent past 5-year mean (1999-2004) (Fig. 5.11) are the
maximum differences in both sea ice thickness and heat content in the southern
Beaufort Sea (140°W-155°W and 71°N-74°N). The reduction in ice thickness of
over 1.3 m is co-located with the heat anomaly >15 TJ. In addition, high eddy
kinetic energy is simulated in this area both in the 9-km (Maslowski et al. 2008b)
and in the 2.3-km (not shown) NAME models. Coincidently, this is also the area
where multi-year sea ice has been disappearing and ice cover retreating in summer,
despite the increased import of thick and old ice from the region to the north
of the Canadian Arctic Archipelago (Stroeve et al. 2011). Finally as discussed
below, the maximum freshwater content is co-located in the same region of the
Beaufort Sea.
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Fig. 5.12 Modeled monthly mean time series of heat content anomaly (TJ) at 0-50 m and
50-120 m and mean ice thickness anomaly (m) in the Western Arctic Ocean (region between
145°E and 135°W and between 70°N and 78°N). Anomaly values equal the annual cycle value
subtracted from the monthly mean

The largest sea ice reduction occurring over the East Siberian shelf is associated
with a relatively smaller increase in heat content, in part because of its shallow
location where long-term heat accumulation is significantly restricted. However,
even there increased heat content in the range of 5-10 TJ above the 1979-1998
mean is present on the outer shelf northward of the 100-m isobath and positive heat
content anomaly exists southward to the 25-m isobath.

Based on the above results we argue that ocean currents, including mesoscale
eddies and topographically driven flow, are important agents for distributing warm
water and melting of the overlying ice pack. Next, we analyze time series of heat
content in the upper 50 m and at 50—120 m and quantify its negative correlation with
sea ice thickness in the Western Arctic Ocean (Fig. 5.12 and Table 5.4). Two depth
ranges are defined for these analyses representing the upper ocean (0-50 m) including
the surface mixed layer and the pycnocline below and the upper halocline layer
(50-120 m). In addition, the surface layer (0—10 m) is considered separately
(Table 5.4) as it is most affected by sea ice melt and solar radiation. All correlations
between heat content and sea ice thickness shown in Table 5.4 are significant at
the 95 % confidence level. For the purpose of this calculation, the Western Arctic
Ocean is defined as a region between 70 and 78°N and 145°E—135°W. The region
includes the Beaufort, northern Chukchi, and East Siberian seas and accounts for
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Table 5.4 Lagged Monthly Summer (JAS)
correlation coefficients of

heat content anomalies in the

Depth range(m) Mean (lag) Mean (lag)

top 120 m of ocean with the 0-10 -0.65 (1) -0.94 (0)

mean ice thickness anomalies 0-50 -0.56 (1) -0.91 (0)

in the western Arctic Ocean 0-120 —-0.69 (50) -0.87 (37)
50-120 —-0.74 (50) -0.95 (42)

Anomaly values equal the annual cycle value
subtracted from the monthly mean. Positive value
(in months) of lag is for heat content anomalies
leading ice thickness anomalies. Summer months
are July, August, and September (JAS). All correlations
shown in this table are significant at the 95 % confi-
dence level

the majority of observed sea ice reduction in the western Arctic over the past decade.
The heat content time series (Fig. 5.12) indicate that the heat contents were anoma-
lously low prior to ~1990 but increased since the mid-1980s, which was followed
by the loss of excess ice thickness (> 0.5 m) down to more average values through
mid-1990s. Heat contents below 10 m (not shown) increased to above normal since
the early 1990s and have remained elevated with strong summertime peaks in recent
years. It is important to note that especially heat content below 50 m depth has
remained anomalously high, including during winter, since the mid-1990s. In contrast,
waters in the upper 50 m have been releasing all the excess heat every fall/winter.
This implies that the upper halocline layer (roughly 50-120 m) in the western Arctic
has been accumulating heat in winter and making it potentially available for melting
ice from below during the following spring and summer.

Ice thickness shows an overall decreasing trend during the period 1979-2004;
from over 0.5 m above the mean in the second half of the 1980s and in 1996, with a
steady decline below the mean since 1998. Ice thickness anomalies over that region
reached —1 m in winter and —1.5 m in summer during the recent years. It is possible
that a portion of those ice thickness anomalies can be explained by mechanical
redistribution (Holloway and Sou 2002). However, the presence of a heat source
below the ocean’s surface (Shimada et al. 2001) must play a role as well. Recently,
Perovich et al. (2008) used autonomous buoys for monitoring thermodynamic mass
balance of the ice and estimated that on average bottom ablation in the Beaufort
Sea ranged from 0.6 to 1.2 m, and in one case reached ~2 m. They concluded that
the positive ice-albedo feedback accelerated the melt of sea ice during the summer
of 2007; however they left an open question as to what triggered the increase of
open water area at the melt onset.

As already mentioned, there is a strong (at the 95 % confidence level) negative
correlation (at positive lag, i.e. heat content anomalies lead ice thickness anomalies)
between upper ocean heat content and ice thickness anomalies (Table 5.4). The cor-
relation coefficients are smaller for all monthly means than for summer months
only. However, correlations of all monthly means might be hard to interpret due to
the fact that heat content anomalies at 0-50 m are reset to zero every winter while
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ice thickness anomalies are not reset to any values. For this reason we argue that
correlation of summer (July—September) anomalies only allows more accurate
depiction of relation between the two variables. In this case, much higher correlations
are obtained, ranging from —0.87 in the upper 50 m to —0.95 in the 50—120 m layer,
with no lag (0 months) for the upper and 37—42 month lag for the lower layer. While
no lag in the upper 50 m can reflect simultaneous effects of summer ocean warming
and sea ice melting, we note that the lower layer excludes the Chukchi and East
Siberian shelves so a positive interannual lag is conceivable. Overall, this relation
suggests that a large part of the variance in summertime ice thickness anomalies
can potentially be explained by changes in the upper ocean heat content. However,
more observations are needed from the evolving marginal ice zone in the Beaufort
Sea to confirm this direct relationship between increased subsurface heat content
and reduced sea ice thickness. On the modeling side, improvements are necessary
toward eddy-resolving models able to accurately represent the magnitude of eddy-driven
mass and heat transports and their impact on sea ice.

The overall correlations of heat content and ice thickness anomalies with AO and
Pacific Decadal Oscillation (PDO) indices are quite low (below 0.2 for AO and
below 0.3 for PDO). It is possible though that the increase of the upper ocean
heat content and the associated thinning of sea ice in the western Arctic through the
mid-1990s could be related to the combination of high PDO in the 1980s followed
by the high AO through the mid-1990s. However, the warming and loss of sea ice
during 1996-2004 is much harder to directly connect to the atmospheric forcing
(Overland and Wang 2005) and, as such, points to the oceanic role in forcing the
recent precipitous decline of sea ice in the western Arctic Ocean.

We finish this review with an analysis of recent freshwater accumulation in
the Beaufort Gyre in response to warming climate and increased melt of sea ice.
Freshwater content in the Arctic Ocean is usually calculated relative to a salinity of
34.8 for all water above the 34.8 isohaline (the salinity of incoming Atlantic Water
through Fram Strait; Proshutinsky et al. 2009), and as such includes the waters of
the halocline, formed by influx of Pacific origin water through Bering Strait and
large amounts of freshwater from Eurasian and North American rivers. Anticyclonic
wind forcing from the Beaufort high pressure system over the Canada Basin then
leads to accumulation of the fresh Arctic surface waters via Ekman convergence and
transport (Proshutinsky et al. 2009), promoting increased stratification (McLaughlin
and Carmack 2010) and enhanced circulation of the anticyclonic Beaufort Gyre. While
Ekman convergence is a local phenomenon, the overall accumulation of freshwater
in the Beaufort Gyre is thought to be a result of Ekman transport at its periphery
(large scale Ekman convergence), thus the freshwater for the Beaufort Gyre can be
drawn from elsewhere in the Arctic. However, as discussed earlier, water derived
from local ice melt combined with a stronger gyre circulation (e.g. Shimada et al.
2006) might be an increasingly important source of freshwater.

Figure 5.13 shows the summer freshwater content in the Beaufort Gyre from
2003 to 2010. Overall, strong anticyclonic forcing has led to a monotonic increase
of the total freshwater content with by far the largest increase occurring in the winter
between the 2007 and 2008 surveys when the Beaufort High was exceptionally strong.



126 ‘W. Maslowski et al.

Fig. 5.13 Freshwater content in meters for the Beaufort Gyre region relative to a salinity of 34.8
psu from 2003 to 2010. The numbers at the botfom of each plot are the average over the area grid-
ded and show the overall change from year to year. The largest change occurred during the winter
between the 2007 and 2008 (Figure courtesy of Rick Krishfield, WHOL.)

The increase in freshwater also occurred during a time period of rapid summer
ice retreat and ice melt; large amounts of thick, multi-year ice from the Canadian
Arctic Archipelago melted in the southern Canada Basin and extensive summer sea
ice retreat occurred in the western Beaufort and over the Northwind Ridge. Additional
sources may also include reduced salt or increased freshwater fluxes through
Bering Strait.

5.8 Summary

In this chapter, we presented an overview of the model-based mean regional ocean
circulation in the Pacific-Arctic region, with emphasis on volume and heat transports
into the western Arctic and their impact on sea ice. In particular, we discussed
spatial and temporal variability of ocean currents and critical processes controlling
northward flow of water. Model analyses and historical observations suggest that
mesoscale eddies and meanders are dominant drivers controlling transport and
variability of the Alaskan Stream, as well as mass and property fluxes across both
the central and eastern Aleutian Island Passes and the western Aleutian Island Passes,
between the Western Subarctic Gyre and the deep Bering Sea. Tidal mixing and
rectification are also important, especially in shallow passes and on shelves; however
their relative role is yet to be determined with eddy- and tide-resolving models.
We made a compelling case for multi-year continuous and high spatio-temporal
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observations in the western passes to validate and constrain modeled estimates of
the long-term mean and variability of mass transports. Mesoscale eddies appear to
be also important in shelf-basin exchanges, ice-ocean interactions and the expansion
of the marginal ice zone (MIZ) in the Bering, Chukchi and Beaufort seas.

In addition, we argue for a number of particular model improvements to advance
the realism and skill of simulation in the Pacific-Arctic region, consistent with the
pan-Arctic advancements discussed by Maslowski et al. (2012). In particular, we
discuss the importance of resolving eddies, tides and air-ice-ocean interactions.
Higher horizontal and vertical resolution is required to address some of the present
model limitations in representing small scale processes, such as mesoscale eddies,
coastal and boundary currents or surface and bottom mixed layers, and to more
realistically represent shelf and slope bathymetry, submarine canyons and narrow
passes. Spatial resolution sufficient to resolve eddies and mixed layer processes will
also likely improve our ability to estimate the on-shelf transport of nutrient-rich,
deep Bering Sea water along the Bering Sea slope, which is important for downstream
ecosystems throughout the northern Bering, Chukchi, and Beaufort seas. Future eco-
system, biogeochemistry and physical models will also need to be eddy-resolving
to simulate small scale processes and quantify their impacts on Arctic-wide budgets
of heat, freshwater, nutrients, and carbon.

Based on our model results and limited observations, we found that heat content
of the Western Arctic ocean in the top 120 m has been increasing since the late
1990s and appears to be contributing to the rapid sea ice decline there. Our model
analysis implies that the advection of warm water from Bering Strait regulates
the retreat of sea ice and contributes to the relatively high surface air-sea fluxes over
the Chukchi shelf. Earlier ice melt in the Chukchi Sea allows increased absorption
of solar radiation and warming of water over the shelf, before it is exported into the
Beaufort Sea where it can further contribute to sea ice melt. Based on evidence
from observations and from our model, we argue that not all the heat content in
the western Arctic Ocean gets removed back to the atmosphere every year before
freezing in fall and early winter. We hypothesize that instead the remaining heat
above the halocline and below the mixed layer acts to reduce sea ice growth in winter
and preconditions an earlier ice melt each year, which further increases heat content
in the region, thus resulting in a positive feedback accelerating summer reduction
of the sea ice cover. The presence and spreading of a subsurface heat source in the
western Arctic Ocean and the large-scale sea ice drift of the Beaufort Gyre help
explain why the sea ice has continued to decline most dramatically in that part of the
Arctic Ocean, even when large-scale atmospheric conditions were not always most
favorable to such a decline (i.e. when the Arctic Oscillation Index was neutral or
extremely negative).

Finally, we show that freshwater content of the Western Arctic Ocean increased
during the 2000s. The coincidence of the locations in freshwater accumulation and
in maximum sea ice thickness anomaly in the Beaufort Sea suggest an increased
local freshwater contribution due to ice melt and an intensified circulation within
the Beaufort Gyre.
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