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Abstract

The Arctic Ocean’s Beaufort Gyre is a dominant feature of the Arctic system,
a prominent indicator of climate change, and possibly a control factor for
high-latitude climate. The state of knowledge of the wind-driven Beaufort
Gyre is reviewed here, including its forcing, relationship to sea-ice cover,
source waters, circulation, and energetics. Recent decades have seen pro-
nounced change in all elements of the Beaufort Gyre system. Sea-ice losses
have accompanied an intensification of the gyre circulation and increasing
heat and freshwater content. Present understanding of these changes is eval-
uated, and time series of heat and freshwater content are updated to include
the most recent observations.
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1. INTRODUCTION

The Arctic Ocean along with its sea-ice cover has a central role in global climate. Situated at the
northern terminus of the atmospheric flows that transport heat and moisture poleward, this ocean
receives a disproportionate amount by area of the global freshwater flux to the ocean through
net precipitation and river runoff. The Arctic is a link between the Pacific and Atlantic Oceans,
through which water circulates, transporting mass, heat, salt, nutrients, and organisms. A distin-
guishing feature of the Arctic Ocean, and one that allows for the formation and persistence of
sea ice, is its halocline stratification, characterized by fresher, low-density waters overlying saltier,
denser waters. Spatial variations in this stratification manifest a complex ocean circulation driven
by the dynamic wind, as well as heat and freshwater forcing, under coastline and bathymetric con-
straints and sea-ice dynamics. Embedded in this complexity is the Beaufort Gyre (BG), one of the
major circulation features of the Arctic Ocean.

1.1. Geographical Setting and Circulation

The wind-driven BG, a clockwise, surface-intensified circulation system centered over the abyssal
plain of theCanada Basin (Figure 1), is the focus of this review.TheBGmay be characterized by its
circulation and distinct temperature and salinity structure.While its center and horizontal extent
can vary on seasonal, interannual, and decadal timescales, it is useful to introduce its broad domain
in terms of geographic boundaries, which play an integral role in its structure and dynamics.

At its southern boundary are the Beaufort and Chukchi shelves off the coast of Canada and
Alaska. The northern Chukchi Sea (over the Chukchi shelf ) marks the southwest boundary of the
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Figure 1

(a) Arctic Ocean basins, marginal seas, bathymetry (colors), and connecting straits integral to the Beaufort Gyre system. (b) Dynamic
ocean topography (colors) averaged over the period 2003–2014 (Armitage et al. 2016, 2017), with schematic arrows indicating the
primary circulation features that are imprinted in the field. The black dotted line bounds the Beaufort Gyre region.
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BG. To the east lies the Canadian Arctic Archipelago, with straits that are transport pathways
from the BG region to the subpolar North Atlantic. Extending northward from the Chukchi
shelf region is the Chukchi Borderland region, with the Northwind Ridge on its eastern flank.
This ridge often marks the western boundary of the BG, although a dynamic ocean topography
characterization of its western extent suggests that the BG can at times extend far west of the
Northwind Ridge, well into the Chukchi Borderland region (Regan et al. 2019). The Alpha Ridge
bounding the Canada Basin to the north might be adopted as a reasonable approximation for the
northern extent of the BG.

The imprint of the BG circulation in context with the major circulation features of the Arctic
Ocean is clearly evident in the pan-Arctic pattern of mean dynamic ocean topography; geostrophic
flowmay be inferred from lateral gradients in dynamic ocean topography (Figure 1b).The highest
dynamic heights in the Arctic Ocean mark the center of the anticyclonic BG. To its north, the
gradient to lower dynamic height,with its axis approximately aligned from Siberia toGreenland, is
associated with the wind-drivenTranspolarDrift,which carries water and sea ice from the Siberian
shelves across the Arctic Ocean toward Fram Strait. In general, a large-scale cyclonic circulation is
present in the Eurasian Basin. To the south of Fram Strait, the cyclonic Greenland Gyre is marked
by low dynamic height, with the northward-directed North Atlantic Current to its east.

1.2. Climate Context for the Beaufort Gyre

The surface-intensified ocean flow influences and is in turn influenced by the sea-ice cover, and
it includes a component that accumulates and stores water that is relatively fresh compared with
water in most other Arctic Ocean regions. For the same reason that it constitutes a freshwater
reservoir, the BG accumulates and stores significant quantities of ocean heat in the form of warm-
water layers found year-round at depth in the BG. The notable sea-ice decline in recent decades
is spatially variable, with the Chukchi Sea and BG sector experiencing the largest losses (Liu et al.
2021). Sea-ice decline has made way for increased solar energy absorption by the surface ocean,
freshwater accumulation and stratification anomalies, and changes in the seasonally varying mo-
mentum exchanges between the atmosphere and ocean.Each of these has important consequences
for ocean dynamics, feedbacks to the sea-ice cover, and ecosystems within the Arctic.

Beyond the Arctic Ocean, it has been put forward that freshwater export from the BG to the
North Atlantic may at times be of sufficiently high volume to influence global climate. For exam-
ple, freshening in the North Atlantic associated with freshwater release from the Arctic Ocean has
been purported to inhibit deep wintertime convection, which in turn may reduce the ocean over-
turning circulation (e.g., Vellinga et al. 2008, Zhang et al. 2021). Whether the influence is local
to the Arctic or global, continued change involving the BG will have important consequences for
global climate in the years and decades ahead.

In this review, we outline and explore the properties and dynamics of the large-scale BG, from
its atmospheric driving to its sea ice and through its system of ocean layers; appraise present
understanding of how the system works; highlight recent physical changes in the BG; and identify
gaps in our understanding.

2. ATMOSPHERIC FORCING: CENTERS OF ACTION
AND THE BEAUFORT HIGH

The Arctic Ocean and sea-ice circulation is controlled largely by surface winds associated with
prevailing low- and high-atmospheric-pressure fields. The climatological Arctic mean sea-level-
pressure field for the Arctic delineates the following main centers of action: In the vicinity of
Iceland and southern Greenland, the semipermanent Icelandic Low is characterized by intense
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cyclone activity (e.g., Serreze et al. 1997, Moore et al. 2018) (Figure 2). In the Pacific sector
near the Aleutian Islands is the Aleutian Low, also a confluence of intense cyclone activity (e.g.,
Overland et al. 1999). The Siberian High, located over northeastern Eurasia, is a seasonal high
associatedwith cold air that is constrained by topography.Lastly, the BeaufortHigh (BH), centered
north of North America, appears as a closed anticyclone in the long-term annual mean (Serreze
& Barry 2014). The surface wind field associated with the BH drives the circulation of the BG.

2.1. Seasonality of the Beaufort High

The seasonal cycle of the BH is as follows.FromDecember to February, the SiberianHigh expands
to eliminate the locally closed isobars evident in the mean BH (Figure 2). A closed BH becomes
apparent inMarch–May, when the Siberian High weakens due to increased solar heating in spring
and a loss of snow over Eurasia (Serreze & Barrett 2011). In summer, the BH and other main
pressure centers become weaker and ill defined. These seasonal transitions have been known for
some time, described as a prominent BH in winter and a weaker, contracted BH (accompanied by
expanded cyclonic circulation in the Eurasian sector) in summer (Gudkovich 1961, Sokolov 1966,
Rigor et al. 2002). In the next section, we describe how similar configurations are identified with
respect to changes on timescales that are longer than seasonal (Rigor et al. 2002).

2.2. Interannual and Longer-Term Variability of the Beaufort High

There are two main modes of atmospheric circulation in the Arctic, distinguishable by the relative
strengths and sizes of the anticyclonic circulation centered over the Canadian sector (i.e., the BH)
and the cyclonic circulation centered over the Eurasian sector (an extension of the Icelandic Low)
(see Gudkovich 1961, Proshutinsky & Johnson 1997). One mode (here termed mode A) has a
prominent BH and a contracted cyclonic circulation, with a Transpolar Drift aligned from the
Laptev and East Siberian Seas to Greenland. The other mode (mode B) has a contracted BH and
an expanded cyclonic circulation, with the Transpolar Drift axis shifted toward North America
(see figure 4 in Proshutinsky & Johnson 1997). These circulation patterns and shifts have been
characterized according to the phase of the Arctic Oscillation index (Thompson &Wallace 1998).
The high-index phase approximately corresponds to mode B described above, while a low-index
phase corresponds to mode A, alternating on timescales of a few years to decades (Rigor et al.
2002).

Variations on timescales even longer than decadal have also been documented in the BH.
Kenigson & Timmermans (2021) showed, for example, that there has been a transition from a
stronger BH during 1948–1988 to a weaker BH during 1989–2019, commensurate with a shift
from weaker to stronger cyclone activity in the Arctic Ocean and Nordic Seas. Zhang et al. (2019)
deduced that a BH weakening since the late 1980s can be linked to ozone depletion in the North-
ern Hemisphere. In particular, they suggested that zonally asymmetric ozone loss leads to a po-
sitional shift of the stratospheric polar vortex, which enhances cyclone activity in the Eurasian
Arctic troposphere; this increased cyclone activity weakens the BH.

Atmospheric forcing is modulated by the presence of sea ice. Translating the broad patterns of
atmospheric pressure and associated surface winds to ocean surface stresses essential for driving
the BG first requires a description of the sea ice.

3. SEA ICE: SHAPING A POLAR WIND-DRIVEN GYRE

The presence of sea ice for most of the year in the BG region relates to all aspects of BG water
properties, dynamics, and climate.
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Figure 2

Maps of sea-level pressure indicating the positions of the Icelandic Low, Aleutian Low, Siberian High, and Beaufort High. The maps
highlight monthly variability, showing the average sea-level-pressure fields over 1948–2021 for (a) December–February,
(b) March–May, (c) June–August, and (d) September–November.
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3.1. Seasonal Cycles and Declining Sea-Ice Cover

Seasonally, the Arctic sea-ice extent reaches a minimum every September (approximately
3.92 million km2 in 2020) and attains a maximum every March (approximately 14.79 million km2

in 2020) (Meier et al. 2021c). The seasonal cycle of sea-ice thickness has been estimated in the BG
from sea-ice draft measurements from 2003 to 2012; these measurements indicate that the mean
sea-ice thicknesses in May (when sea ice is thickest) are approximately 2 m, and the mean minima
are approximately 0.5 m or less in September, when the sea ice is thinnest (Krishfield et al. 2014).

The sea-ice extent has been declining over recent decades, with the losses in sea-ice area most
prominent in the summer and fall; the total extent in recent Septembers is approximately 2.3 mil-
lion km2 smaller than in September 1979 (the start of the satellite record). The median September
ice edge (15% concentration) during 1981–2010 may be compared, for example, with more recent
September sea-ice extents (Figure 3a).

A sea-ice thickness decline has also been inferred from satellite data (although not as well as
for sea-ice extent), with winter (summer) typical values decreasing from approximately 3.6 m
(2.7 m) in the early 1980s to approximately 1.9 m (1 m) in 2008 (Kwok & Rothrock 2009). Mean

a b
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Figure 3

(a) Linear trend in September sea-ice concentration for 1979–2021 in areal percentage of sea-ice coverage per decade. The black
contour shows the median September ice edge (15% ice concentration) during 1981–2010, the green contour shows the mean ice-edge
position in September 2021, and the red contour shows the mean ice-edge position in September 2012 (the smallest extent on record).
(b) Linear trend over 1979–2021 in the flux of solar heat to the ocean, computed as a function of the downward solar irradiance (F), the
sea-ice concentration (SIC), and the ocean albedo (a ≈ 0.07) as F(1 − a)(1 − SIC) (see Perovich et al. 2007). This neglects solar
penetration through thin ice.
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winter thicknesses in the central Arctic Ocean in 2020–2021 were estimated to be approximately
2 m (Meier et al. 2021c). Sea-ice areal extent and thickness reductions amount to considerable
volume losses; in recent summers, for example, total sea-ice volume has been approximately
4,000 km3, which is approximately half the volume of the 1979–2020 average (updated time series
from Schweiger et al. 2011).

3.2. Sea-Ice Losses and Surface-Ocean Heating

As sea ice melts, it exposes the less reflective ocean surface, allowing for increased solar absorption,
which drives further ice melt—a cycle known as ice-albedo feedback (Perovich & Richter-Menge
2009). Since 1979, marked sea-ice losses and heat gains by the surface ocean have been observed
in every marginal sea of the Arctic basin (Figure 3). The most prominent sea-ice losses (in both
extent and thickness) have occurred in the BG region (Serreze & Meier 2019, Meier et al. 2021c)
(Figure 3a).Consequently, the region has seen substantial increases in the amount of solar heating
of the upper ocean (Perovich et al. 2007); linear trends over 1979–2021 in the flux of solar heat
to the ocean are in the range of 2–5 W m−2 per decade (Figure 3b), which may be compared
with typical annual mean solar input fluxes of 10–20 W m−2 in the region. Averaging over 1981–
2010 (often taken as a standard climatological mean period; see Figure 3a) shows that the BG
region experienced an annual mean solar input of approximately 325 MJ m−2. In the last decade
of the record (2012–2021), the annual mean input was approximately 458 MJ m−2. For context,
the difference between these two time periods (133 MJ m−2) equates to approximately 0.6 m of
sea-ice thickness melt (taking the latent heat of melting to be 2.67 × 105 J kg−1 and the density of
sea ice to be 900 kg m−3), demonstrating the importance of the ice-albedo feedback effect in the
BG region.

3.3. Influence of the Freeze/Melt Cycle on the Ocean

During the sea-ice growth season (approximately October–May) the BG can be supplied later-
ally with brine-enriched waters that are produced in the Chukchi shelf regions when open water
is continuously exposed while atmospheric temperatures are below freezing (Weingartner et al.
1998, Winsor & Björk 2000). A region of sustained open water (a polynya) is known to form in
winter on the northeast Chukchi shelf (Weingartner et al. 2017), where ice grows rapidly and
then is continually advected out of the region by winds or melted by warm Atlantic Water that
was upwelled onto the shelf [Pisareva et al. (2019) showed that ice advection by wind is the domi-
nant factor]; this process sets up conditions for sustained formation of cold, salty (brine-enriched)
waters, salinifying the waters of Pacific Ocean origin on their transit to the BG. In this polynya,
sea-ice production can be in the range 9–15 m y−1 (compared with typical ice growth in Arctic
shelf regions of approximately 1.5 m y−1), giving rise to an increase in the salinity of the winter
waters of up to 2 g kg−1 (Winsor & Chapman 2002). A detailed overview of dense water formed
in this region of the Chukchi Sea is given by Williams et al. (2014).

During the melt season (approximately June–September), fresh melt water is returned to the
surface ocean. In the Arctic Ocean as a whole, this input of freshwater does not balance ocean
salinification in the growth season; each year, approximately 14% of the total sea-ice volume is
exported out of the Arctic (see Spreen et al. 2020). In the BG region,Krishfield et al. (2014) showed
that before 2006, sea-ice growth led to a local net salinification, with export of sea ice from the
region removing freshwater, whereas after 2006, the region experienced net freshening as a result
of local sea-ice melt dominating. An ocean and sea-ice state estimate model study corroborated
this general shift to the greater influence of local sea-ice melt (Fukumori et al. 2021).
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3.4. Sea-Ice Modulation of Wind Momentum Transfer

Sea ice,which is constantly inmotion driven by wind forcing and surface-ocean currents, generally
follows a large-scale clockwise circulation in the BG (Figure 4). Typical ice-drift speeds range
from a few to O(10) centimeters per second, while typical surface winds in the region are several
meters per second. The presence of sea ice in low concentrations can increase the transfer of
wind momentum into the ocean (because ice–ocean drag is greater than air–ocean drag), while
higher sea-ice concentrations can suppress momentum transfer when internal ice forces inhibit
pack motion (Martin et al. 2014, Cole et al. 2017). This general behavior has a strong dependence
on sea-ice morphology (e.g., Brenner et al. 2021).

Inferences from hydrography and remote sensing (e.g., Armitage et al. 2016, 2017) indicate
a year-round surface-ocean geostrophic flow on the order of several centimeters per second
(Figure 4e, f ). We use these estimates together with winds and sea-ice concentration/motion to
compute the Ekman pumping that spins the BG up or down. Following the methods outlined
by Meneghello et al. (2018), one can calculate the Ekman vertical velocities for 2003–2021 from
surface-ocean stresses that are a combination of ice–ocean and air–ocean stresses. The available
record of geostrophic currents computed from dynamic ocean topography spans only 2003–2014
(Armitage et al. 2016, 2017); for calculations after 2014, we use the 2014 values of geostrophic
currents under the assumption that variability in these flows is small and does not significantly
affect the overall results.While it is essential to take geostrophic currents into account, variations
in Ekman vertical velocities are influenced primarily by changes in the strength of the wind-stress
curl and sea-ice concentration (e.g., Meneghello et al. 2018).

In summer, there is broad, strong downwelling in the central BG forced by anticyclonic winds
acting directly on the surface ocean and the motion of sea ice in low concentrations (Figures 4c
and 5a). Each winter, sea-ice concentrations increase and the sea-ice pack becomes less mobile in
response to wind forcing (i.e., internal ice stresses dissipate wind input). At the same time, the BG
ocean geostrophic flow remains. Consequently, friction at the ice–ocean interface drives broad
Ekman upwelling in this season that slows the BG (Proshutinsky et al. 2002, Dewey et al. 2018,
Meneghello et al. 2018) (Figure 5b). In this way, the seasonal expansion of sea-ice cover in the
region acts as a dissipative source of wind-energy input, stabilizing the BG such that it does not
spin up indefinitely.

It is notable that downwelling appears to be much stronger in September even though Septem-
ber is generally characterized by weaker anticyclonic wind-stress curl. This is because there is a
stronger cyclonic surface stress in March, due to the influence of anticyclonic geostrophic surface
currents under the relatively immobile sea ice, than in September, when the sea-ice concentra-
tion is at its seasonal minimum. On average, downwelling is typically strongest in September and
October, while the months of January–March are characterized by areal-mean Ekman upwelling
over the region (see figure 3 in Meneghello et al. 2018).

4. WATER MASSES OF THE BEAUFORT GYRE: SOURCES, STRUCTURE,
AND CIRCULATION

The freshwater that maintains the strong halocline stratification is supplied to the BG by three
main sources: sea ice (Section 3), meteoric water, and Pacific Water. We describe the latter two
next.

4.1. Meteoric Water Supply

The difference between precipitation and evaporation over the Arctic Ocean contributes a net
flux of approximately 2,000 km3 y−1 to the ocean ( Jakobson & Vihma 2010, Vihma et al. 2016).
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Figure 4

Mean forcing and flow fields in the Beaufort Gyre region for (left column) September 2003–2021 and (right column) March 2003–2021.
(a,b) Sea-level pressure (colors) and wind stress (arrows). (c,d) Sea-ice concentration (colors) and ice-drift speed (arrows). (e, f ) Dynamic
ocean topography (colors) and ocean geostrophic flow (arrows). Note that panels e and f are only for 2003–2014 because the available
record of geostrophic currents covers only that period.
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Figure 5

Mean vertical Ekman pumping for (a) September and (b) March over 2003–2021.When sea-ice concentrations are low (Figure 4c),
winds drive downwelling (blue) over most of the Beaufort Gyre region, while when sea ice is extensive (Figure 4d), friction between the
geostrophic flow and sea ice gives an upwelling (red) contribution.

In addition, net precipitation over land north of 50°N feeds rivers that drain into the Arctic
Ocean, supplying approximately 4,000 km3 y−1 (see Haine et al. 2015). The circulation pathways
for the river waters entering the BG relate to the configuration of the large-scale wind-driven
ocean circulation (e.g., Timmermans et al. 2011, Morison et al. 2012, Proshutinsky et al. 2019).
The Mackenzie River (Figure 1b), which has an annual discharge of approximately 300 km3 y−1

(Holmes et al. 2019), is believed to be the main contributor of riverine water to the BG over the
period 2003–2018 (Proshutinsky et al. 2019).

4.2. Pacific Water Source

The presence of waters with origins in the Pacific Ocean is a major distinguishing characteristic
of the BG water column. The northward flux of PacificWater through the approximately 85-km-
wide, 50-m-deep Bering Strait is approximately 1 Sv (106 m3 s−1) (e.g.,Coachman&Aagaard 1966,
Aagaard et al. 1985). There is a significant annual cycle in this transport, with values ranging from
approximately 0.4 Sv in winter to 1.3 Sv in summer (Woodgate et al. 2005). The mean northward
current, typically several tens of centimeters per second in strength, is driven by both winds and
pressure forcing (a pressure head) associated with a north–south slope in the sea-surface height
(lower in the north) (Coachman & Aagaard 1966).

Woodgate & Peralta-Ferriz (2021) found that the northward transport via the Bering Strait
increased by approximately 0.1 Sv per decade in the period 1990–2019. The amount of heat en-
tering (relative to −1.9°C) has also increased to approximately 6 × 1020 J y−1 in 2017–2018, com-
pared with approximately 3 × 1020 J y−1 in the 1990s; the most recent years of the record indicate
October/November ocean temperatures up to 6°C, at least several degrees warmer than those in
the early part of the record. This excess heat is responsible for sea-ice melt and, in turn, enhanced
solar warming of the surface ocean (Woodgate et al. 2010). Notably, Woodgate & Peralta-Ferriz
(2021) also found that waters fluxing through the strait in winter (Pacific Winter Waters) have
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freshened significantly over the duration of the record, from values typically saltier than 32.7 in
the 1990s to values fresher than 32.3 since 2015, which they suggested has implications for the
ventilation of the BG halocline.

In winter, waters over the Chukchi shelf are vertically homogenized by cooling, brine rejection
during ice formation, and windmixing. Spall (2007) showed that for temperature, the Bering Strait
influence on the water properties of the Chukchi shelf is limited largely to the southern region
near the strait, local air–sea exchange being increasingly important moving north. This finding
was echoed by Steele et al. (2010), whose seasonal heat budget analysis for waters in the Chukchi–
Beaufort region highlighted the importance of local exchange across the air–sea interface.

The outflow fromBarrowCanyon (off the northwest coast of Alaska, feeding from theChukchi
Sea to the Beaufort Sea) is a key site for delivery of Pacific Water to the shelf break, supplying
shelf-slope currents to the east along the Beaufort shelf break or to the west along the Chukchi
slope, depending on the direction of the local winds (Corlett & Pickart 2017, Boury et al. 2020).
Ultimately, waters at the margins of the Chukchi Sea ventilate the entire BG halocline over the
deep Canada Basin (we refer to this as the interior BG, in contrast to its margins). For example,
Lin et al. (2021) showed that PacificWater originating at Barrow Canyon is transported westward
before leaving the surface north of the Chukchi slope and being transported into the interior BG.
There exists a region of strong time-mean Ekman downwelling in the southwest BG/Chukchi
shelf region (approximately 73°N, 165°W; Figure 5), with downwelling rates (approximately
6 cm d−1) that correspond to a vertical transport of approximately 0.05 Sv (Timmermans et al.
2017, Meneghello et al. 2018). Furthermore, a surface front exists at the southwest boundary of
the BG between surface waters that are relatively warm (in summer and fall) and salty to the south
and the relatively cool and fresh surface BG waters to the north; the position of the front is ap-
proximately along the 300-m isobath (i.e., the southwest boundary of the BG region). The south
side of the front is characterized by a deeper mixed layer; water on this side can be subducted
(by vertical Ekman pumping plus lateral induction) below the mixed layer on the north side (see
Timmermans et al. 2017). Processes that factor in this subduction may include surface buoyancy
forcing, the configuration of local winds, fluid instabilities, and eddy fluxes (e.g., Spall et al. 2008,
Gong & Pickart 2015, Lin et al. 2021).

Seasonally, warm waters are subducted under the BG mixed layer in summer, and waters at
freezing temperature are subducted in winter, with the relatively fresher summer waters effec-
tively being isolated by stratification from being pushed out by cold winter waters (Timmermans
et al. 2017). Once the Pacific Water has left the surface, it is likely transported laterally into the
interior by the anticyclonic BG flow along a broad helical pathway to occupy the BG halocline
(Timmermans et al. 2014).

4.3. Beaufort Gyre Water-Column Structure

Sources of freshwater and heat and dynamical wind forcing set up the BG water-column struc-
ture, which we review here with representative water-column profiles (Figure 6). The freshest
waters are found in the surface mixed layer, typically around the local freezing temperature, which
ranges from a few meters deep in summer up to approximately 40 m deep in winter (Toole et al.
2010, Peralta-Ferriz & Woodgate 2015). Cole & Stadler (2019) found that BG winter mixed lay-
ers generally deepened by approximately 9 m over 2006–2017. The change was accompanied by
winter mixed-layer salinity increases (approximately 1 g kg−1) and weakened stratification across
the mixed-layer base, which were attributed predominantly to reduced surface freshwater input
rather than increases in vertical mixing. Peralta-Ferriz & Woodgate (2015) pointed out that in
the BG region, seasonal sea-ice melt cannot explain the seasonal cycle in mixed-layer salinity, and
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Figure 6 (Figure appears on preceding page)

(a) Map of the Beaufort Gyre region showing the September 2020 sea-ice concentration (colors) and September 2006 sea-ice edge (black
contour). The dotted green line delineates the central Beaufort Gyre, and the yellow diamond shows the location of the profiles in panels
b–g. (b–d) Profiles from March (2006, blue; 2020, red) of potential temperature (panel b); salinity versus depth, with lighter lines (top
x axis) showing the buoyancy frequency (panel c); and potential temperature versus salinity (panel d). (e–g) The same as panels b–d but for
September. In panels b, c, e, and f, the horizontal dashed lines indicate 30-m depth (gray) and the depths of S = 33 (colored red or blue by
profile). In panels d and g, the dot-dashed black lines indicate the freezing temperature at zero pressure, and vertical dashed lines mark
S = 33 (gray) and the salinity values at 30-m depth (colored red or blue by profile).

they referred to the importance of river and Pacific Water sources in setting mixed-layer prop-
erties. Below the base of the mixed layer, a near-surface temperature maximum layer is often a
feature formed during the summer melt period (Maykut & McPhee 1995, Jackson et al. 2010,
Timmermans 2015); a thin near-surface temperature maximum layer is visible in Figure 6e,g.

The most distinctive feature of the BG water column is the warm Pacific Summer Water
(PSW) layer between approximately 30- and 200-m depth (Figure 6). As suggested by the dif-
ferences between 2006 and 2020 profiles (Figure 6), PSW has exhibited prominent warming in
recent decades, which we quantify in Section 6. Below the PSW layer in the BG halocline sits a
saltier, cooler (close to freezing temperature) layer, the PacificWinterWater layer. PacificWaters
are often delineated by their salinities, with PSW generally being in the salinity range of 29–33
(Timmermans et al. 2014) and Pacific Winter Water centered around a salinity of 33.1 (Shimada
et al. 2005).

The Pacific Waters set up a complex stratification that has implications for the dynamics and
distribution of energy in the BGwater column.The strongest buoyancy stratification (Figure 6c,f )
is at the base of the mixed layer, with a secondary peak in stratification in September profiles that is
associated with the summer halocline. At greater depths (between 150 m and 250 m in the profiles
shown in Figure 6), yet another peak in stratification is found at the base of the Pacific Winter
Water layer.Theweakly stratified PacificWinterWater layer is a pycnostad; this layer originates at
the surface in the Chukchi shelf regions, where winter mixing homogenizes the full water column.
Intra-halocline eddies are prevalent in the BG at depths between the two buoyancy stratification
peaks, where water-column kinetic energy is concentrated (Zhao et al. 2016, 2018). The variety of
BG halocline eddies is consistent with both quasi-geostrophic adjustment to a potential vorticity
anomaly in this stratification (Zhao & Timmermans 2015) and results of linear stability analysis
based on this stratification structure (Meneghello et al. 2021).

Water of Atlantic Ocean origin sits below the Pacific Waters in the BG, with a maximum core
temperature at approximately 400-m depth (Figure 6).This AtlanticWater exhibits an assemblage
of sublayers at its top boundary associated with a double-diffusive staircase (Padman & Dillon
1987) and centered on its core, associated with thermohaline intrusions (Carmack et al. 1998).
A discussion of the Atlantic Water is beyond the scope of this review; readers may refer to, for
example, works by Karcher et al. (2007), who examined the circulation of the Atlantic Water layer
as it relates to the circulation of upper BG waters, and Grabon et al. (2021), who explored the
ocean state over the period 2004–2017.We focus our attention here on the circulation of surface
and Pacific Water layers, as they exhibit the most prominent changes with respect to freshwater
and heat content.

4.4. Circulation

Hydrographic measurements in the BG reveal the broad bowl structure of isopycnal (or, equiva-
lently, isohaline) surfaces associated with a surface-intensified anticyclonic gyre. The spatial dis-
tribution of the S = 33 practical salinity surface is shallowest at the margins of the BG region
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and up to 100 m deeper in the interior (central BG) (Figure 7). Representative north–south sec-
tions through the BG along 140°W show this structure in depth and also indicate how the highest
heat content in the PSW layer is found in the central BG on this meridian (Figure 7). Corre-
sponding sections along 150°W show a similar structure. Notably, between the early years and
the later years shown, there is an appreciable deepening of isopycnals manifesting the BG spin-up
during this time, and a significant warming of PSW.

Dynamic heights computed from hydrographic measurements spanning 2008–2011 indicate
surface geostrophic currents as high as 10–15 cm s−1 at the southern periphery of the BG (see
figure 1a in McPhee 2013). Direct velocity measurements indicate that the vertical structure of
the flow field decays with depth such that mean current speeds are only approximately 1 cm s−1

below approximately 300 m, although the record is dominated by energetic mesoscale eddies with
horizontal speeds that can be several tens of centimeters per second (Zhao et al. 2018). Satellite
dynamic ocean topography fields reveal a notable change on the western flank of the BG, where
surface currents (to the northwest; Figure 4e,f ) were generally approximately 2–4 cm s−1 before
2007 and then increased to speeds of approximately 5–8 cm s−1 for the remainder of the record
(through 2014). Also notable in these fields is that the center of the BG circulation shifted north-
westward by a few hundred kilometers over 2003–2014, which was inferred to be related to the
strength and position of the BH (Armitage et al. 2017, Regan et al. 2019).

5. THE BEAUFORT GYRE FRESHWATER RESERVOIR

The BG has long been known as the largest freshwater reservoir of the Arctic Ocean (Aagaard &
Carmack 1989). Freshwater maintains the strong halocline stratification of the BG, which is im-
portant to ocean heat, momentum and nutrient fluxes, and circulation. Ocean freshwater content
is commonly defined relative to a reference salinity and is computed as a depth integral of relative
freshwater from the surface ocean to the depth of the reference salinity. [Schauer & Losch (2019)
criticized this framework, preferring to work with the full salinity estimates.] The choice of refer-
ence salinity is generally taken to be 34.8 (following Aagaard & Carmack 1989), the approximate
value of the Arctic Ocean’s mean salinity; the 34.8 isohaline is at approximately 400-m depth in
the BG (see Carmack et al. 2016).Haine et al. (2015) estimated the 2000–2010 average total Arctic
Ocean freshwater volume to be 101,000 km3, with approximately 25% of that stored in the BG.

Ocean freshwater content in the BG region shows significant interannual variability, with peri-
ods of both rapid change and relative stability (Proshutinsky et al. 2009, 2019, 2020). Yearly hydro-
graphic sampling under the Beaufort Gyre Observing System/Joint Ocean Ice Study has allowed
for a quantification of the year-to-year change in freshwater content since 2003 (Proshutinsky
et al. 2009) (Figure 8). Overall, freshwater content has been increasing; total freshwater content
in 2021 (approximately 22 ± 3 × 103 km3) was approximately 5 × 103 km3 greater than it was in
2003.

5.1. Variability and Trends

Seasonal and longer-term changes in BG freshwater may be broadly attributed to atmospheric
circulation changes (Proshutinsky et al. 2009). Under sustained anticyclonic forcing, for example,
mass is transported laterally in the surface Ekman layer, converging sea ice and low-salinity surface
waters and spinning up the gyre. Waters are pumped down into the halocline at the periphery
of the BG (where isopycnals outcrop at the surface), inflating the gyre (BG potential vorticity
dynamics were described in Timmermans & Marshall 2020).

In the seasonal cycle, freshwater content in the BG region is typically maximal in De-
cember and minimal in April, with a difference between these two periods of approximately
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Figure 7

(a,b) Maps of the Beaufort Gyre region indicating the depth of the S = 33 isohaline for 2003–2006 (panel a) and 2018–2021 (panel b).
(c,d) Depth–latitude sections at 140°W of potential temperature (top) and salinity (bottom) for 2006 (panel c) and 2021 (panel d). The
diamonds at the top indicate station locations.
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Figure 8

(a) Maps of freshwater content (relative to salinity 34.8) for the years indicated. The black dots show the locations of observations taken
sometime from July to October in the respective years, and the black line shows the 22-m freshwater content contour. (b) Time series of
total freshwater content and root mean square error in the Beaufort Gyre region. Freshwater calculations were updated from
Proshutinsky et al. (2009, 2020).
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4,000–5,000 km3 (Proshutinsky et al. 2009). For reference to the average freshwater content per
unit area (Figure 8a), the typical amplitude of the seasonal cycle in the central BG is approximately
2 m. Subtleties emerge on detailed examination of this overall seasonal cycle, with observations
indicating two peaks in freshwater content: the annual maximum in winter, when wind-forced Ek-
man pumping is strongest, and a secondary local peak, dominated by changes in the surface ocean,
in June, when freshwater availability from rivers and ice melt is maximal (Proshutinsky et al. 2009,
Armitage et al. 2016, Proshutinsky et al. 2019).

The largest increase in BG freshwater content was observed between 2003 and 2008
(Figure 8b), driven by anomalous anticyclonic wind forcing and associated wind-stress gradients,
which were particularly strong in 2007 (Proshutinsky et al. 2009). Freshwater content remained
relatively constant between 2008 and 2012, which may be related to a general weakening of an-
ticyclonic wind-stress curl and to a greater role of upwelling under concentrated sea-ice cover in
the winter months (e.g., Meneghello et al. 2018). This is corroborated by moored time series of
isopycnal displacements that indicate a shoaling of isopycnals during this time (Proshutinsky et al.
2019). A freshwater flux out of the region in 2012–2013 (giving rise to the local minimum in fresh-
water content in 2013; Figure 8b) is attributed to even further weakening of the anticyclonic wind
forcing, such that upwelling resulting from anticyclonic geostrophic currents interacting with the
underside of sea ice dominated the (weaker) wind-driven convergence (Proshutinsky et al. 2019).

Understanding BG freshwater accumulation is complicated by the fact that freshwater sources
(i.e., anomalies from sea-ice melt, net precipitation, Pacific inflows, and river influxes) vary tempo-
rally and spatially. Measurements and modeling analyses suggest that waters derived from sea-ice
melt, waters originating in the Bering Strait, and waters from theMackenzie River were the domi-
nant contributions to BG freshwater over 2003–2018, constituting approximately 41%, 35%, and
15% of the total increase, respectively (see figure 11 in Proshutinsky et al. 2019). Local sea-ice
melt contributed less than 10% of the total freshwater accumulation in the BG over that period
(Proshutinsky et al. 2019), with the largest contributions after 2007, coinciding with a shift to-
ward thinner ice in the BG (Krishfield et al. 2014). Fukumori et al. (2021) employed an ocean
and sea-ice state estimate model to conclude that after 2007, the stronger anticyclonic wind stress
intensified the local meltwater contribution via greater convergence of sea ice into the region and
its subsequent melt.

Notably, the observed BG freshwater changes are unlikely to be effectively simulated in the
climate models that are used in IPCC Assessment Reports. For example, Rosenblum et al. (2021)
analyzed model output in the BG region from two versions of the Community Earth System
Model (CESM1 and CESM2), comparing model simulations and observations collected during
1975 and 2006–2012. They showed that simulations produce a saltier and more weakly stratified
water column than indicated by the observations. Rosenblum et al. (2021) related this inconsis-
tency to excessive ocean mixing in the models, which has significant consequences for projections
of sea ice, ocean heat transport, ice-albedo feedback, and primary productivity.

5.2. Stabilization of the Beaufort Gyre

Observations indicate that even under sustained anticyclonic winds, the BG does not increase its
circulation and accumulate freshwater indefinitely; rather, under-ice friction in winter can dissi-
pate energy and stabilize the BG, as described in Section 3.4. Stabilization of the BGmay addition-
ally involve the dissipation of available potential energy by ocean eddies. Ocean eddies resulting
from baroclinic instability of the background flow field are thought to act as a balance on the wind-
driven momentum flux into the BG (e.g., Davis et al. 2014,Manucharyan et al. 2016, Dewey et al.
2018, Armitage et al. 2020). In addition to fluxing potential energy downgradient, eddies transport
freshwater out of the BG, limiting freshwater accumulation. Velocity measurements analyzed to
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quantify eddy diffusivities across the BG reveal that there may be sufficient water-column eddy
kinetic energy to balance the winds (Meneghello et al. 2017); the general theory was reviewed by
Timmermans & Marshall (2020).

Exploring these balances to understand adjustment timescales (i.e., the response of the BG to
a step change in surface forcing) is essential for understanding the accumulation and release of
freshwater as surface forcing changes, as well as the influence of past surface forcing in setting BG
properties. Considering BG equilibration resulting entirely from the negative feedback between
surface-ocean geostrophic currents and ice–ocean stress yields adjustment timescales of approx-
imately 1–2 years. This may be contrasted with timescales on the order of a decade required to
equilibrate when eddy diffusivity acts alone (e.g., Davis et al. 2014, Manucharyan et al. 2016).
Doddridge et al. (2019) presented an analytical theory for BG stabilization that includes dissipa-
tion by both sea ice and mesoscale eddies and a three-way balance among wind stress, ice–ocean
stresses, and eddy diffusivity. They showed that, for typical values of eddy diffusivity and ice-drift
speeds, adjustment timescales are generally somewhere between the two end members above (a
few to 10 years).

5.3. Circulation Regimes

Shifts in the large-scale wind patterns on decadal and longer timescales have been used to ex-
plore variations in the wind-driven BG. For example, Morison et al. (1998) documented a shift
(which they related to the phase of the Arctic Oscillation), beginning in the early 1990s, to an ex-
pansion/intensification of the ocean cyclonic circulation in the Eurasian Basin (this is associated
with the mode B atmospheric circulation pattern described in Section 2.2). Morison et al. (2021)
suggested that this enhanced cyclonic circulation has persisted for approximately the past three
decades, coinciding with a more intense but more confined BG.This is consistent with a generally
intensified and expanded Icelandic Low over these decades (Kenigson & Timmermans 2021).

Past studies of decadal BG variability have invoked its capacity to store and release suffi-
cient volumes of freshwater to have consequences that feed back to the atmospheric circulation
(Proshutinsky& Johnson 1997;Dukhovskoy et al. 2006a,b; Proshutinsky et al. 2015).Proshutinsky
et al. (2015) suggested that a strong BH is conducive to the accumulation of freshwater in the BG
and to a reduction in oceanic freshwater (and, therefore, stratification) in the Nordic Seas (i.e.,
the vicinity of the Icelandic Low) because of commensurate reduced freshwater export from the
Arctic. Under this hypothesis, there is an intensification of Nordic Seas cyclone activity because
reduced stratification there allows for enhanced deep-ocean convection and ocean-to-atmosphere
heat fluxes. In turn, the BH is weakened by this expanded cyclone activity, allowing for a release of
freshwater from the BG, enhanced freshwater in the Nordic Seas, and suppressed deep convection
and cyclone activity there. The entire cycle can repeat in a decadal oscillation (see Proshutinsky
et al. 2015).

6. BEAUFORT GYRE WARMING: INCREASING HEAT CONTENT
IN THE HALOCLINE

Accompanying sea-ice losses, increased solar absorption, and increased freshwater in the BG re-
gion in recent decades, there has been a dramatic increase in upper-ocean heat content. Since at
least the late 1980s, the BG has experienced a significant buildup of heat in its PSW, concentrated
in the central BG in a similar pattern to that of freshwater (see figure 2 in Timmermans et al.
2018). Timmermans et al. (2018) showed that this accumulation of heat in the central BG is con-
sistent with the observed warming of the PSW source waters in the northern Chukchi Sea region
in recent years (with increased solar absorption into the upper ocean there as a result of sea-ice
retreat; see Danielson et al. 2020) (Figure 3).
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To quantify this change in the PSW layer while avoiding spatial variability influencing the
time series, we consider an intensively sampled region of the central BG (shown in Figure 6a). To
minimize the influence of the seasonally varying surface waters (in approximately the upper 30 m)
and potential for aliasing,we calculate the heat content (relative to the freezing temperature) in the
layer between 30m and the depth of the S= 33 isohaline (seeFigure 6b–g).Over the period 2004–
2021, the heat content of the PSW layer in the central BG has approximately doubled (Figure 9).
Contributions to heat content from either the change in layer-averaged temperature or the change
in layer thickness can have varying influences from year to year, but neither dominates the overall
heat content trend (Timmermans et al. 2018). Before the 2000s, typical values of heat content
per unit area in the central BG PSW layer were approximately 2 × 108 J m−2 (Timmermans
et al. 2018). In the most recent years (2019–2021), central BG estimates of heat content per unit
area reach 8 × 108 J m−2 at some locations (Figure 9f ). Notably, the additional heat is enough
to melt approximately 1 m of sea ice, although this would require that it be made available to the
surface waters in direct contact with the sea ice. (We further examined the heat content in the layer
bounded by S = 33 and S = 34.86, a span that defines the layer below the PSW, encompassing
the Atlantic Water core. There is no significant increasing or decreasing trend in heat content,
thickness, or layer-averaged temperature in this layer over the period 2004–2021.)

The heat content between 10-m and 30-m depth (see Figure 9g) exhibits only seasonal vari-
ability over the course of the record. The central BG Pacific Waters do not tend to exhibit vari-
ability on seasonal timescales (e.g., compare March and September 2020 profiles in Figure 6b,e)
because they are too deep to be influenced by local solar radiation and the strong halocline strat-
ification inhibits vertical heat fluxes from the warm PSW layer (Toole et al. 2010).

While strong stratification and weak mechanical mixing at the base of the surface layer inhibit
vertical heat fluxes to the underside of sea ice, there is at least a small fraction of heat lost from the
warm layer by vertical diffusion. Given turbulent diffusivities at the base of the BG mixed layer
in the range of approximately 10−7–10−6 m2 s−1 (Shaw & Stanton 2014), we estimate vertical
heat fluxes into the mixed layer in the range 0.02–0.8 W m−2. For context, an excess of 1 W
m−2 (equivalent to a sea-ice thickness reduction of approximately 0.1 m y−1) in the Arctic energy
budget is sufficient to account for the observed thinning of Arctic sea ice in recent decades (see,
e.g., Kwok & Morison 2011). At the high end of these flux values, the PSW layer would lose
up to half of its heat content in approximately a decade by vertical diffusive fluxes alone (for the
mean value of PSW heat content in Figure 9g). Dosser et al. (2021) deduced an increase in BG
halocline turbulent diffusivities from values of (3 ± 1) × 10−7 m2 s−1 in the 2004–2010 period to
(7± 1)× 10−7 m2 s−1 in the 2011–2019 period, resulting from an increase in internal-wave-driven
turbulent kinetic energy dissipation rate. They showed that between these two time periods, heat
fluxes across the halocline increased by an order of magnitude (from 0.02Wm−2 to 0.21Wm−2)
both because of these larger turbulent diffusivities and because of temperature gradients that were
larger by a factor of three.

7. FUTURE QUESTIONS

Extensive observations of the BG system in recent decades have documented pronounced sea-ice
losses, increased freshwater, and a sizable buildup of ocean heat. There are many open questions
surrounding the future trajectories and implications of these changes.

We have seen how the existence of a concentrated sea-ice cover plays a role in stabilizing the
BG and seasonally regulating freshwater convergence. Under continued sea-ice losses (including
an impending milestone in the shift to a seasonally ice-free Arctic), will sea ice continue to play
this role, or will eddy fluxes be the sole balance for the wind driving? Under a likely scenario
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Figure 9

(a–f ) Maps of heat content relative to the freezing temperature integrated between 30-m depth and the depth of S = 33 for all profiles
(black dots) over all seasons in the central Beaufort Gyre (the region indicated by the green dotted line in Figure 6a) in the periods
labeled. The total heat content in the region is indicated at the bottom of each panel. (g) Time series of mean central Beaufort Gyre
heat content integrated over the layers 10–30 m (yellow, moving average over 30 days) and 30 m to the depth of S = 33 (blue, moving
average over 180 days). Dashed lines indicate one standard deviation based on data variance in moving 180-day windows.
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where eddies become increasingly important in stabilizing the BG, their generation mechanisms,
provenance, and evolution will be key to understand.

Continued sea-ice decline toward an entirely exposed ocean each summer will likely also give
rise to reduced meltwater in the BG. In recent years, the BG has experienced excess meltwater
originating frommultiyear ice, but it is reasonable to anticipate that a seasonally ice-free ocean will
lead to a net loss of this local freshwater source. The nature of this transition and its consequences
remain unexplored.

The summer waters of the Chukchi Sea will likely experience continued warming as the extent
and duration of open water and solar absorption increase. While this might suggest a continued
buildup of heat in the BG halocline, it is unclear how the surface-ocean warming (and feedbacks
to the local atmospheric forcing) will influence the pathways and dynamics for PSW ventilation
of the interior BG. The influence and fate of PSW heat in the BG represent a pressing issue,
particularly given this water’s capacity to entirely melt the overlying sea ice should it be mixed to
the surface. Will its eventual fate be to mix up rapidly under energetic wind forcing (a potential
scenario given the possibility of increased wind-energy input to the surface ocean in the absence
of a thick, concentrated ice pack), or will its heat be diffused by lateral eddy fluxes or more slowly
vertically by weak diffusive fluxes?

Predicting changes in the strength of the BG circulation and its capacity to accumulate fresh-
water and heat relies on our ability to predict the strength and scale of the two main atmospheric
centers of action, the BH and the Icelandic Low. In a warming Arctic, it is unclear which atmo-
spheric circulation patterns or modes may be preferred. For example, will ongoing polar warming
lead to an expanded Icelandic Low and a reduced BH (favoring freshwater release), or might
the suppression of deep convection in the North Atlantic diminish the strength of the Icelandic
Low, allowing for intensification of the BH? Depending on the interplay among this large-scale
atmospheric forcing, sea ice, and eddy fluxes, BG freshwater may continue to accumulate or be
released to the subpolar North Atlantic, where it may in turn influence atmospheric circulation.
Viable climate projections will require understanding the physical forcing and feedbacks as well
as the processes that will dominate BG dynamics and structure under continued global warming.

We have focused only on a dominant set of BG physical processes and properties here, but the
BG is also characterized by a complex and changing set of biological and chemical processes. For
example, the BG is experiencing changes in biological production (e.g., Ardyna & Arrigo 2020),
inorganic carbon fluxes (e.g., DeGrandpre et al. 2019), and ocean acidification (e.g., Zhang et al.
2020), and recent measurements have even indicated the presence of microplastics throughout its
upper water column (Ross et al. 2021). Studies that examine how the physical processes influence
the cycling of carbon, oxygen, nutrients, and other chemical elements will be an essential theme
of future research.

8. APPENDIX: DATA SOURCES

BG hydrographic data were collected and made available by the Beaufort Gyre Explo-
ration Project based at the Woods Hole Oceanographic Institution (https://www.whoi.edu/
beaufortgyre) in collaboration with researchers from Fisheries and Oceans Canada at the
Institute of Ocean Sciences; they are available from the project website (https://www.whoi.
edu/website/beaufortgyre/data) as well as from the National Science Foundation’s Arctic Data
Center (https://arcticdata.io). The Ice-Tethered Profiler data were collected and made available
by the Ice-Tethered Profiler program (Krishfield et al. 2008,Toole et al. 2011) based at theWoods
Hole Oceanographic Institution (https://www.whoi.edu/itp); data are also archived at the Na-
tional Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental
Information (https://doi.org/10.7289/v5mw2f7x). Additional hydrographic data are from the
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World Ocean Database 2018 (https://www.ncei.noaa.gov/products/world-ocean-database),
augmented with other publicly available sources. Sea-level-pressure and wind-stress fields were es-
timated from theNational Center for Atmospheric Research (NCAR)/National Centers for Envi-
ronmental Prediction (NCEP)Reanalysis 6-hourly fields.Arctic dynamic topography/geostrophic
currents data were provided by the Centre for Polar Observation and Modelling, University Col-
lege London (http://www.cpom.ucl.ac.uk/dynamic_topography) (Armitage et al. 2016, 2017).
Estimates of radiative fluxes were obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim reanalysis twice-daily product obtained from the
ECMWF data server (https://apps.ecmwf.int/datasets). Sea-ice concentration data are from
the NOAA/National Snow and Ice Data Center (NSIDC) Climate Data Record of Passive Mi-
crowave Sea Ice Concentration, Version 4 (https://nsidc.org/data/g02202) and the Near-Real-
Time NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration, Ver-
sion 2 (https://nsidc.org/data/g10016) (Meier et al. 2021a,b). Ice-drift speeds are from the Polar
Pathfinder Daily 25-km EASE-Grid Sea Ice Motion Vectors, Version 4 (Tschudi et al. 2019).
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David A. Siegel, Timothy DeVries, Ivona Cetinić, and Kelsey M. Bisson � � � � � � � � � � � � � � � � � 329

Carbon Export in the Ocean: A Biologist’s Perspective
Morten H. Iversen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 357

Novel Insights into Marine Iron Biogeochemistry from Iron Isotopes
Jessica N. Fitzsimmons and Tim M. Conway � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 383

Insights from Fossil-Bound Nitrogen Isotopes in Diatoms,
Foraminifera, and Corals
Rebecca S. Robinson, Sandi M. Smart, Jonathan D. Cybulski,

Kelton W. McMahon, Basia Marcks, and Catherine Nowakowski � � � � � � � � � � � � � � � � � � � � � 407

Microbial Interactions with Dissolved Organic Matter Are Central to
Coral Reef Ecosystem Function and Resilience
Craig E. Nelson, Linda Wegley Kelly, and Andreas F. Haas � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 431

Prokaryotic Life in the Deep Ocean’s Water Column
Gerhard J. Herndl, Barbara Bayer, Federico Baltar, and Thomas Reinthaler � � � � � � � � � � � � 461

Lipid Biogeochemistry and Modern Lipidomic Techniques
Bethanie R. Edwards � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 485

Rhythms and Clocks in Marine Organisms
N. Sören Häfker, Gabriele Andreatta, Alessandro Manzotti, Angela Falciatore,

Florian Raible, and Kristin Tessmar-Raible � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 509

Errata

An online log of corrections to Annual Review of Marine Science articles may be found at
http://www.annualreviews.org/errata/marine

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:2

23
-2

48
. D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 Y

al
e 

U
ni

ve
rs

ity
 - 

Li
br

ar
ie

s o
n 

05
/3

0/
23

. S
ee

 c
op

yr
ig

ht
 fo

r a
pp

ro
ve

d 
us

e.
 


