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Introduction to Special Collection on Arctic Ocean
Modeling and Observational Synthesis {FAMOS) 2:
Beaufort Gyre Phenomenon

A. Proshutinskyl =,R.Krishﬁeld1 .,andM.—L.Timmermans2

'Woods Hole Oceanographic Institution, Woods Hole,MA,USA,’Geology and Geophysics Department,Yale University,
New Haven,CT, USA

Abstract One of the foci of the Forum for Artie Modeling and Observational Synthesis (FAMOS) project
is improving Arctic regional ice-ocean models and understanding of physical processes regulating
variability of Arctic environmental conditions based on synthesis of observations and model results. The
Beaufort Gyre, centered in the Canada Basin of the Arctic Ocean, is an ideal phenomenon and natural
laboratory for application of FAMOS modeling capabilities to resolve numerous scientific questions related
to the origin and variability of this climatologic freshwater reservoir and flywheel of the Arctic Ocean. The
unprecedented volume of data collected in this region is nearly optimal to describe the state and

changes in the Beaufort Gyre environmental system at synoptic, seasonal, and interannual time scales. The
in situ and remote sensing data characterizing ocean hydrography, sea surface heights, ice drift,
concentration and thickness, ocean circulation, and biogeochemistry have been used for model calibration
and validation or assimilated for historic reconstructions and establishing initial conditions for numerical
predictions. This special collection of studies contributes time series of the Beaufort Gyre data; new
methodologies in observing, modeling, and analysis; interpretation of measurements and model output; and
discussions and findings that shed light on the mechanisms regulating Beaufort Gyre dynamics as it
transitions to a new state under different climate forcing.

. _____________________________________________________________________________________________________________________________________|
1. Introduction

Since organization of the Arctic Ocean Model Intercomparison Project (AOMIP) in 1999 and later in the
FAMOS and FAMOS-2 projects, the Beaufort Gyre theme has dominated the major coordinated studies of
the AOMIP/FAMOS international community. Specifically, under the FAMOS project umbrella, the
Beaufort Gyre circulation cell centered in the Canada Basin of the Arctic Ocean has become an ideal
phenomenon and natural laboratory for application of FAMOS numerical simulation capabilities to validate
and calibrate models and to resolve numerous scientific questions related to the origin and variability of this
climatological freshwater reservoir and flywheel system of the Arctic Ocean.

Fresh water accumulation in the Beaufort Gyre region (Figure 1) is a principal dynamical and thermo--
dynamical process, reflecting numerous complicated relationships among the atmosphere, sea ice, ocean,
and ecosystems. Scientific interest in the Arctic freshwater budget has been growing since the pioneering
work of Aagaard and Carmack (1989), who estimated the Arctic Ocean freshwater content based on data
from the 1950s to 1980s. In the 1990s, the mapping of Arctic Ocean freshwater content and identification
of the sources and sinks of fresh water were continued (see the set of papers in Lewis, 2000). In the 2000s,
research shifted toward modeling of the salinity minimum in the Beaufort Gyre region (e.g. Steele et al.,
2001), and identification of processes responsible for fresh water accumulation and release (e.g.,
Proshutinsky et al., 2002), as well as investigation of connections between the Beaufort Gyre system and
Sub-Arctic regions (e.g., Armitage et al., 2016; Carmack et al., 2016; Dukhovskoy et al., 2004, 2006a,
2006b; Proshutinsky, Krishfield, & Barber, 2009; see also Proshutinsky, Krishfield, Timmermans, et al.,
2009; Proshutinsky et al., 2002; Proshutinsky et al., 2015; Rabe et al., 2011, 2014; and Timmermans et al.,
2011). At the same time, several coupled ice-ocean numerical modeling studies have simulated Arctic
Ocean freshwater content variability, freshwater fluxes between the Arctic Ocean and North Atlantic, and
Beaufort Gyre freshwater content (e.g., Condron et al., 2009; Proshutinsky et al.,2011).

Recently, there has been a focus on explaining factors and mechanisms responsible for fresh water
accumulation, release, and saturation in the Beaufort Gyre region (e.g., based on observations (Giles et al.,
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Figure 1.(a) Beaufort Gyre region with Beaufort Gyre Observational System (BGOS) mooring locations depicted as stars (moorings A-D),and sites of standard CID
stations where observations of sea ice and water physical and geochemical parameters have been conducted over the period 2003-2018.(b) Time-averaged summer
freshwater content (in meters,relative to reference salinity 34.8; colors and contours) in the Beaufort Gyre region for 1950s-1980s and 2013-2018.

2012; Haine et al., 2015; Krishfield et al., 2014; McLaughlin et al., 2011) and modeling (Lique et al., 2016;
Marshall et al., 2017; Nummelin et al., 2016). The papers comprising this special collection continue these
investigations using new observations, ideas, and hypotheses to reveal mechanisms of changes and major
factors influencing dynamics and thermodynamics of the Beaufort Gyre phenomenon.

1.1. Beaufort Gyre System Definition and Climatology

The Beaufort Gyre is a complex Arctic regional climate system (e.g., Proshutinsky, Krishfield, &
Timmermans, 2009) including the atmosphere, sea ice, and ocean (Figure 2). The hydrography has a multi-
layer structure (Figure 3)driven by strong dynamic and thermodynamic processes that interplay during the
seasonal cycle and from year to year. The typical vertical water mass temperature (1)and salinity (S) struc-
ture (Figure 3) at the center of the maximum freshwater content (coinciding with the center of geostrophic
circulation pattern) can be described in terms of five distinctive oceanic layers: a mixed layer with water .S
and Tchanging seasonally with large magnitudes depending mainly on sea ice conditions and wind forcing,
Pacific origin summer and winter layers, and Atlantic origin and deep ocean layers.

The region is forced by seasonal variability, such as intraannual changes of wind sense and speed (strongly
anticyclonic in winter and relatively weak cyclonic in summer, e.g., Proshutinsky, Krishfield, & Barber,
2009; Proshutinsky, Krishfield, Timmermans, et al., 2009; Proshutinsky et al., 2002, and see Figure 2, top
panels) and changes in insolation from around 500 W/m’ in summer to complete darkness in winter
(Overland, 2009). In addition, the water-mass layers of the Beaufort Gyre depend on the availability of fresh
water in the upper ocean from sea ice growth/melt, and from river runoff and net precipitation. One more
external factor influencing water properties in the Beaufort Gyre is a significant sea level (pressure) gradient
between the Pacific and Atlantic Ocean, which together with regional wind regulates the Bering Strait water

inflow to the Arctic Ocean from the Pacific Ocean. Water 7 and S and volume of the Pacific water layer
depend substantially on the magnitude of this pressure gradient. This inflow of Pacific water (more saline
than the Beaufort Gyre mixed layer, and seasonally modified by surface buoyancy fluxes over the
Chukchi Searegion) isthe major source of fresh water and heat for the halocline in the Beaufort Gyre region.

In climatological data from the 1980s-2010s, the Beaufort Gyre is clearly recognizable as an anticyclonic cir-
culation cell in the Canada Basin represented in sea level atmospheric pressure and geostrophic wind pat-
terns, sea ice motion, sea surface heights, and surface geostrophic circulation (Figure 2) known from
observations. Important new understanding of atmosphere-ice-ocean relationships in the region are dis-
cussed by Mahoney et al. (2019), Lewis and Hutchings (2019), and Heorton et al. (2019) in this
special collection.

The boundaries of the Beaufort Gyre (Figure 2, yellow region ;see also Figure 1)were first specified based on
the regional freshwater content distribution observed in 2003-2007 (Proshutinsky, Krishfield, Timmermans,
etal.,2009).Regan etal. (2019, this special collection) analyze changes of the Beaufort Gyre location, extent,
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Figure 2. Climatological (1980-2010 mean) (a) winter (October-June) and (b) summer (July-September) sea level pressure (SLP; solid lines, hPa) and geostrophic
wind (m/s) inthe Arctic Ocean. Data source: National Center for Atmospheric Research/National Centers for Environmental Prediction (NCAR/NCEP) reanalysis
1(Kalnay etal., 1996). Climatological (1980-2010 mean) sea ice motion in(c) winter and (d) summer. Data source: Polar Pathfinder Daily 25km EASE-Grid
Sealce Motion Vectors, Version4.1(Tschudietal,2019). (e) 1950-1980mean winter dynamic height (m) and surface geostrophic current (emfs)based on

Timokhov and Tanis(1998). (f) 2003-2014 mean summer sea surface height (cm) and geostrophic current (emfs) based on Armitage etal. (2016,2017).The Beaufort
Gyreregionisshadedyellow.
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Figure 3. Hydrograpbic structure of the Beaufort Gyre region. (a) Distribution of freshwater content (m,calculated relative to 34.8 reference salinity) and (b) heat
content (right:x1 0°J/m? calculated relative towater freezing point). Theblack contoursin (a)indicate the 1950-1980meansealevel pressure distribution,andthe
dashed line bounds the Beaufort Gyre region. Vertical sections of (¢) salinity and (d) temperature for the transect A-B (marked in panels aand b) through the
center of the Beaufort Gyre (maximum freshwater content in a). 7’and S climatology are from Timokhov and Tanis (1998). (e) Salinity and (f) temperature profiles in
the center of the Beaufort Gyre region illustrate the multilayered structure of the Gyre: mixed layer, Pacific summer and winter waters, Atlantic water layer and
deep layers. The vertical dashed lines in (e) bound the Pacific summer water layer located between 3 land 33salinity and the horizontal dotted lines indicate

the shallowand deep bounds ofthe Pacific summerwater layer based on climatology. The horizontal dotted linesin (f) indicate the core ofthe Pacific summerwater
(maximum temperature in the upper ocean layer) and the core of the Pacific winter water layer (minimum temperature in the upper ocean layer). The vertical
dashed line shows 0°C to identify the upper and lower boundaries of the Atlantic water layer which is defined as having 7" > 0°C.
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and shape from 2003-2014 using satellite data and other environmental parameters determined from obser-
vations. The Gyre freshwater content depends on the intensity of the stress curl (a combination of wind and
ice stress curls aswell as ocean geostrophic flow) at the ocean surface (Proshutinsky, Krishfield, Toole, et al.,
2019 this special collection), which does not necessary coincide with the wind and ice centers of motion
shown in Figure 2.

The circulation of Beaufort Gyre subsurface ocean layers (the Pacific summer and winter layers and Atlantic
and deep ocean layers) are less well known than the surface layer. In general, it has been shown how the
Pacific summer and winter water motion and pathways depend on the atmospheric forcing and sea ice con-
ditions (e.g.Aksenov et al.,2016; Jones, 2001;McLaughlin et al.,2002; Steele et al.,2004; Timmermans et al.,
2014). In this special collection, Spall et al. (2018), Zhong etal. (2019), Hirano etal.(2018), and Hu and Myers
(2019) discuss the most recent findings associated with the circulation of the Pacific water layers and factors
influencing their dynamics and properties.

Past studies suggest that the Atlantic water underlying the Pacific winter water layer most likely circulates
cyclonically-in the opposite sense to the shallower layers (e.g., Hakkinen & Mellor, 1992; Karcher et al.,
2007, 2012; Nazarenko et al., 1998; Rudels et al., 1994; Treshnikov & Baranov, 1972). Atlantic water heat
transport toward the Arctic Ocean is discussed by Muilwijk et al. (2019) in this special collection.

The dynamics of the deep Beaufort Gyre waters are the least well known. Treshnikov and Baranov (1972),
who analyzed 1950, 1955,and 1956 winter hydrographic surveys of the Arctic Ocean and calculated currents
in this layer employing the Stommel-Koshlyakov model (Koshlyakov, 1961), suggested that below the
Atlantic water layer, the deeper layers circulate anticyclonically. Dosser and Timmermans (2017) have inter-
preted Beaufort Gyre Observing System (BGOS) hydrographic measurements to infer a deep anticyclonic cir-
culation in the Beaufort Gyre.

Several year-long measurements of ocean currents, 7 and S of the BGOS were recently conducted using
McLane Mooring Profiler instruments in the deep (2,600-3,SOOm) water layers. Timmermans et al. (2010)
observed subinertial displacements of isopycnal surfaces in this layer and speculated that these motions
are associated with bottom-trapped topographic Rossby waves. Water-column velocity measurements
recorded by BGOS McLane Mooring Profilers were concluded to be consistent with the presence of these
waves (Zhao & Timmermans, 2018, this special collection).

12 Beaufort Gyre Observing System

Many of the studies presented in this special collection center around data collected under BGOS
(Figure la), which was initiated in 2003 to collect measurements and analyze atmospheric, sea ice, ocea-
nic, and geochemical parameters in the region (Krishfield et al.,2014; Proshutinsky, Krishfield, & Barber,
2009; Proshutinsky, Krishfield, Timmermans, et al., 2009; Proshutinsky et al., 2002; Proshutinsky et al.,
2015). As of 2018, 16 years of observations have been obtained, supported by National Science
Foundation (NSF), Woods Hole Oceanographic Institution, and the Department of Fisheries and
Oceans, Canada (via the Institute of Oceans Sciences) with a large number of other participating institu-
tions. Since the start of the project, an unprecedented data set has been amassed (see the project web site:
http://www.whoi.edu/website/beaufortgyre /data, and the NSF Arctic Data Center: https://arcticdata.io/)
with annual time series measurements at more than 30 "standard" locations (Figure la). From 2003 to
2018, 1012 CTD profiles at standard locations (Figure 1) and 1155 XCTD profiles between these sites were
obtained; 59 moorings were deployed and recovered, 49 Ice-Tethered Profilers, 28 Ice Mass Balance
Buoys, 21 Arctic Ocean Flux buoys, 10 0-buoys (recording atmospheric O, C0,, and BrO), and 12 Up-
Tempo buoys were deployed. Analysis of these data quantifies and documents changes in the Beaufort
Gyresystemunder global warming.

To date, over 160 peer-reviewed publications by authors from many countries and institutions (see Beaufort
Gyre website www.whoi.edu/beaufortgyre) including the papers of this special collection have utilized data
and results of the Beaufort Gyre Exploration Program (BGEP), which consists of BGOS observations and
FAMOS modeling.

These studies have shown that the Arctic Ocean is rapidly changing under global warming. Since 1997, there
has been a prevailing anticyclonic atmospheric circulation regime in the Beaufort Gyre region, and this has
influenced all physical and biogeochemical variables of the system. The physical changes that occurred in
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1M 8-2013were examined by Proshutinsky et al. (2015), and the analysis was extended to recent years in this
special collection (Proshutinsky, Krishfield,Toole, et al., 2019).Proshutinsky, Krishfield,Toole, et al.(2019)
show that the last two decades of sustained anticyclonic wind forcing in the region (1997-2018) differ signif-
icantly from the climatology shown in Figure 2. The important consequences of the long-term anticyclonic
wind forcing (Figure 2, top panel) are (a) a well-pronounced acceleration of sea ice drift promoted by
decreased sea ice concentration with reduced internal ice forces (Figure 2, middle panel) and (b) Ekman
transport convergence and Ekman pumping resulting in freshwater content increase and intensification
of the geostrophic circulation relative to the climatology (Figure 2,bottom panel).

In addition,it was found that seasonal change in Beaufort Gyre total freshwater content ranges from Sto 10%
of the total freshwater content (depending on the intensity and sense of the atmospheric circulation);inter-
annual changes can amount to as much as 1,500 km’ (around 8% of the total on average); decadal changes
were approximately 1000 km’ per decade prior to 2000; an accelerated rate of increase of about 4,000 km’
per decade characterizes the period since 2003 ;during 2003-2008, the Beaufort Gyre geostrophic circulation
has intensified (Armitage et al.,2016,2017; McPhee, 2013;McPhee et al.,2009); and the baroclinic compo-
nent of the Transpolar Drift current intensified and shifted toward Canada, accelerating sea-ice drift. Studies
in this special collection show that the major causes of Beaufort Gyre freshwater content changes are (i)
wind-generated Ekman pumping, (i) oceanic circulation which influences Ekman pumping via regulation
of friction between sea ice and ocean, (iii)eddy dynamics, (iv) ocean mixing accompanied by variability in
fresh water available for accumulation, and (v) sea-ice conditions.

While much progress has been made, there are still significant gaps in our understanding of the Beaufort
Gyre as an important component of the Arctic climate system. For example, a substantial fraction of fresh-
water content increase in the Beaufort Gyre region constitutes fresh water that would have otherwise been
transported to the North Atlantic. A major outstanding question, addressed in part by Proshutinsky et al.
(2015), relates to how this fresh water deficit has influenced and will influence climate of the 21st century.
The FAMOS-2 community has recommended investigating how fresh water fluxes from the Beaufort Gyre
region influence conditions in the subarctic in context with the increase of fresh meltwater input from
Greenland (Dukhovskoy et al., 2019, this special collection).

Other outstanding issues related to Beaufort Gyre freshwater content, which have required modeling
approaches, relate to understanding the role of meteoric water (river runoff plus net precipitation ; see
Lambert et al., 2019, and Kelly, Popova, Aksenov, et al., (2018), and Kelly, Proshutinsky, Popova.et al.,
(2018), in this special collection) in the observed freshwater content changes, mechanisms for Pacific water
transport into the Beaufort Gyre and better understanding of the role of eddies in Beaufort Gyre stabilization
(Manucharyan & Isachsen, 2019;and Zhao & Timmermans, 2018, in this special collection).

The set of papers in this special collection fills some of these gaps, tests new hypotheses, and investigates
interrelationships among different processes and mechanisms under different atmospheric forcing. In the
next section, the results of freshwater content dynamics observed in the Beaufort Gyre region since 2003
are described. Section 3 explores, and sets in context, the major results of the papers published in this
special collection.

2. Interannual Changes of Freshwater Content

Estimates of liquid freshwater content in the Beaufort Gyre region based on annual Oate summer-early
autumn) hydrographic surveys are computed following Proshutinsky, Krishfield, Timmermans, et al.
(2009) using CTD, XCTD, and UCTD profiles collected each year from July through October depending
onicebreaker availability.

Spatial maps (on a 50-km square grid) of freshwater content distribution were constructed in the Beaufort
Gyre region (hereafter, region), which is defined to be between 70 and 81°N, and 130-170"W where water
depths exceed 300 m, using optimal interpolation for each year from 2003 through 2018 (Figure 4).
Uncertainties foreachgrid cell,determined using the optimal interpolation technique previously described
by Proshutinsky, Krishfield, Timmermans, et al. (2009), were updated and are presented in Supporting
Information Sl. Spatially integrated fresh water volumes for the region (encompassing an area of 1023 x
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r 1 ing assessment of uncertainties, are provided by Krishfield etal. (2014).

1 As shown by Proshutinsky, Krishfield, Timmermans, etal.(2009) and dis-
cussed by Carmack et al. (2008), the July-October Beaufort Gyre region
freshwater content maximum documented by climatology (Figure 1b)

I shifted southwest after 2003.From 2003 to 2008 (Figure 4), the freshwater

FWC (10°km?)

“' - .I content maximum intensified and the total freshwater content increased

® r- T y A 1 from 16,900 to 21,800 km’ over this period. From 2008 to 2012, the total
" 1 Ir r I I fresh water volume was comparatively steady, although the distribution

1 1 changed, with a shift in the freshwater content maximum to the west over
this period. In 2013, freshwater content decreased from the 2012 value but

subsequently resumed increasing in each of the following years, from
20,600 kn’ in 2013 to 23,400 kn’ in 2017 and to 23,300 in 2018. Overall,
the regional freshwater content increased by -40% (i.e., 6,400 km3 from
2003 to 2018, at a rate of approximately 4,420 +1,300 km® per decade.
These overall, seasonal, interannual, and longer term fluctuations depend
Figure 5. Time series of Beaufort Gyre region freshwater content volume  on the complicated interplay of wind, ice, and ocean dynamics and ther-
(10°km® yin different layers defined by salinity ranges: deep layer (S > modynamics regulating Beaufort Gyre spin-up, dissipation, and stabiliza-
338,yellow bars),middle layer (30 <§ < 338.cyan bars),and surface layer  tjon (see for details Kelly, Proshutinsky, Popova et al., 2018; Liang &
(S <30,0range bars). Note that the bars are not stacked,but that the green Losch, 2018; Manucharyan & Isachsen, 2019; Mensa et al., 2018; Regan

bars represent total freshwater content. The error bars depict . . . .
o . . et al.,2019; and Zhao et al., 2018, etc., in this special collection).
uncertainties in freshwater content estimates. Linear trends (km3/a) are ’ ’ ’ T P )

shown by dotted lines. The left-most wide bars are freshwater content
volume derived from summer climatology 1950-1989 (Timokhov & Tanis,
1998). Trend errors are estimated at 95% confidence interval.

CUMATE 2003 2005 2007 2009 2011

Year

2013 2015 2017

The magnitude of the solid freshwater content in the region and itsvaria-
bility (not shown) are much smaller than the liquid freshwater content.
Between 2003 and 2005, solid freshwater content increased from 610 to
910 km’.and then decreased to 180 km?’ in 2012 (see Krishfield et al., 2014). Sea-ice freshwater content
rebounded temporarily in 2013 to 840 kn’. before continuing to decrease to 180 knT in 2017 and 2018 for
an overall negative linear trend of 300+90 km3per decade.

In order to better describe and attribute freshwater content changes, the water column was partitioned into
layers bounded by selected isohalines that conditionally encompass: the surface layer containing meteoric
and ice melt waters (S < 30), a middle layer occupied by Pacific summer and winter waters (30 < § <

338), and deeper waters largely of Atlantic origin (338 < § < 34.8). The time series of freshwater content
components exhibit interannual changes with significant positive trends in upper and middle layers, while
the deep layer trend is negative and very small (Figure 5). The deep layer's total freshwater content in the

2000s (-1,400 knTy was largely unchanged from that of the 1950s-1980s (Figure 5, left "Climate" bar).

While there was some redistribution of the relatively small amount of freshwater content in the deep layer
from the north to the east and eventually to the south over the 16-year record (not shown), the total decrease
in freshwater content was only on the order of 100 km’ comparable with the freshwater content uncertain-
ties (all uncertainties are provided in Supporting Information S1-S7). There was also little change in the
thickness of this layer over this time (see Supporting Information S7).

From 2003 to 2008, surface layer freshwater content increased from 5,900 to 8,600 km’® with little change in
position of the freshwater content maximum, while the middle layer freshwater content increased from
9,700 to 11,700 km’ predominantly in the west and north (see Supporting Information S2-S6 for details)
where Pacific waters enter the basin (e.g.,Timmermans et al.,2014).These freshwater content increases cor-
respond to a mean surface layer thickness increase of approximately 10 m (from 32 to 41 m), and a mean
middle layer thickness increase of around 20 m (from M5 to 165 m). Between 2008 and 2012, the surface
layer freshwater content and thickness both remained fairly constant; however, middle layer freshwater
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content and layer thickness both increased slightly (by 500 kn? and 10m, respectively) over this same time
period. After areduction of 700 km?® from 2012 to 2013, surface layer freshwater content showed an increase
(by 2,000 km3)through 2017, corresponding to a mean layer thickness increase to 49 m. Over this same per-
iod, the middle layer freshwater content decreased by 700 km’ from 2012 to 2013, and then resumed increas-

ing (by 1000 kn through 2017, corresponding to a mean layer thickness increase to 178 m (see
Supporting Information S7).

Compared to these recent observed properties, the climatology of the 1950s-1980s indicates that the surface
layer freshwater content amounted to only 2,500 knT and was only ¥ m thick. The surface layer freshwater
content and thickness in 2003 were more than twice the 1950s-1980s values, and by 2017 they had become
approximately 4 times greater. On the other hand, the 1950s-1980s middle layer freshwater content (12,700
km’ and thickness (183m) were both larger than the middle layer freshwater content throughout the 2003-
2017 record; middle layer freshwater content and thickness in 2003 were 20-25% smaller than climatological
values, but by 2017 were only a few percent less. While surface layer freshwater content properties have
shown a significant deviation from climatology, middle layer freshwater content properties have nearly
returned to climatological values (although the spatial distribution differs).

3. Beaufort Gyre Phenomenon: Multicomponent System Mechanisms
and Changes

The 2003-2018time series of atmospheric, sea ice, oceanic, and biogeochemistry data, combined with Arctic
coupledice-ocean modeling with atmospheric forcing, have been used to investigate the major causes, con-
sequences, and rates of Beaufort Gyre freshwater accumulation and release (e.g. Doddridge et al., 2019;
Manucharyan & Isachsen, 2019; Proshutinsky, Krishfield, Toole, etal.,2009; Regan et al., 2019); identify
the major sources of fresh water and the fresh water pathways from the sources to the Beaufort Gyre region
(Kelly, Proshutinsky, Popovaetal.,2018);explainthe major patterns andregimes ofthe surface, Pacific,and
Atlantic water layer circulation (e.g. Hu & Myers, 2019; Spall etal.,2018; Zhong et al.,2019);and reveal the
physics of mechanical mixing and convection under the influence of wind, internal wave, and tidal forcing
(e.g.,Bebieva & Timmermans, 2019;Chanona etal.,2018; Shibley & Timmermans, 2019;Zhao etal.,2018).
Other papers in the collection examine the role of sea ice conditions, major features of ice variability, and
methods of sea ice prediction in the region (e.g. Babb et al., 2019; Heorton et al., 2019; Lewis &
Hutchings, 2019;Mahoney et al.,2019;Yaremchuk et al.,2019). Ecosystem and biogeochemical analyses tar-
geting estimation of biological production rates in both water and sea ice, and characteristics of dissolved
organic and inorganic matter, are another focus, with papers employing syntheses of multimodel experi-
ments in combination with collective data analysis (e.g. Dainard et al., 2019; DeGrandpre et al., 2019; Ji
etal.,2019;Watanabe etal.,2019).

To explore the Beaufort Gyre in context with the broader Arctic, several papers describe processes ofthe rela-
tionship between the Beaufort Gyre and the northern Pacific and Atlantic Oceans, showing how the
Beaufort Gyre region influences, and is influenced by, global climate change including the increase of
Greenland melt and modification of Atlantic water circulation (e.g. Dukhovskoy et al., 2019; Muilwijk
et al., 2019).

With a focus on modeling, there are several papers that employ a new approach using "climate response
functions" to better understand processes of Arctic and subarctic variability and predict future Arctic change
(e.g., Brown et al. (2019); Lambert et al., 2019; Muilwijk et al.,2019).

Below, some results of this special collection, with publications organized by discipline, theme, and
approach, are briefly summarized.

3.1. Causes and Consequences of Freshwater Content Variability

The causes and consequences of freshwater content changes, discussed in section 2, are extended and devel-
oped by Proshutinsky, Krishfield, Toole, et al. (2019) in this special collection. The particular focus of
Proshutinsky, Krishfield, Toole, et al. (2019) is an examination of the seasonal and interannual variability
using year-round data from Ice-Tethered Profilers (Krishfield et al., 2008; Toole et al., 2011), moorings,
and satellite data. It was found that in 2003-2018, the major contributors of fresh water to the Beaufort
Gyre were fresh waters coming from Bering Strait and the Mackenzie River.
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Results of Proshutinsky, Krishfield, Toole, etal. (2019) are supported by simulations using the 1/12° NEMO
model of particles released in the Beaufort Gyre employing a method of backward trajectories to track par-
ticle origins (Kelly, Proshutinsky, Popova et al.,2018;this special collection). Itwas found that pathways of
fresh water from Mackenzie and Bering Strait depend significantly on the sense and intensity of the atmo-
spheric circulation, which has been predominantly anticyclonic since 1997. With this forcing, the role of
Siberian Rivers as potential fresh water contributors has decreased substantially after the 1990s. A useful
numerical study of Pacific water circulation using tracers and freshwater content changes in the upper
200m of the ocean (Hu & Myers, 2019) provides additional information about Pacific water pathway
changes, while also comparing results from relatively coarse- vs. high-resolution numerical models. Taken
together, the papers above fill many gaps in our understanding of uncertainties in approaches, optimal
design of numerical experiments, and effectiveness of Lagrangian and Eulerian methods to track tracer
spreading (e.g., Wagner et al.,2019). At least one additional coordinated FAMOS experiment is needed to
further develop and compare different approaches for analysis of fresh water composition and circulation
in the region under the same forcing and over identical periods of model runs.

The imprint of river runoff variability is examined by Lambert et al. (2019) and Brown et al. (2019) in this
special collection. Grivault et al. (2018) evaluate the water transport and volume of fresh water flowing
through the straits of the Canadian Arctic Archipelago. Beyond the Beaufort Gyre and Canadian Basin
region, freshening of the Arctic Ocean is projected by Shu et al. (2018) using CMIPS simulations.

3.2. Processes ofthe Beaufort Gyre Spin-Up and Stabilization

Satellite observations of dynamic ocean topography are used by Regan etal. (2019) to characterize the extent,
shape, and location of the Beaufort Gyre beginning in 2003 to 2014. These observations are used to correlate
the gyre strengthwith surface stress. Itis found that the strength of Gyre dynamics expressed in the intensity
of Dynamic Ocean Topography inferred from satellite data correlates with the surface ocean stress inte-
grated over the previous 3 months. Manucharyan and Isachsen (2019) employ an idealized eddy-resolving
model and theoretical formalism to demonstrate that a reduction in diffusivity over continental slopes affects
key gyre characteristics and prolongs equilibration. Also in this special collection, Doddridge et al. (2019)
theorize that Beaufort Gyre equilibrium is maintained by a balance between the negative feedback between
surface currents and ice-ocean stress, wind stress, and eddy diffusivity. Zhao and Timmermans (2018) inves-
tigate dynamics of topographic Rossby waves and speculate that their activity is accompanied by kinetic
energy dissipation, which plays arole in Beaufort Gyre stabilization. To summarize, avariety of dissipation
processes are responsible for balancing wind-energy input and stabilizing the Beaufort Gyre (and therefore
also the freshwater content), and better future predictions require quantifying the roles of each factor for
differentscenarios.

3.3. Eddies and Mixing

Observing, understanding, parameterizing, and explicit modeling of these processes and mechanisms, oper-
ating at scales much smaller than the scale of the Beaufort Gyre, are essential for accurate quantification of
Beaufort Gyre fresh water accumulation and release mechanisms at all stages from gyre spin-up to stabiliza-
tion. In this special collection, there are nine papers by FAMOS collaborators that address small-scale pro-
cesses. Kozlov et al. (2019) provide extensive estimates of surface eddy characteristics in the Beaufort Gyre
region. More than 7,500 mesoscale eddies (with mean diameters around 5-6 km) were detected from satel-
lite-borne synthetic aperture radar data over the ice free ocean and in marginal ice zones from June to
October 0f 2007, 2011, and 2016. One interesting result that merits additional analyses is that cyclonic eddies
(65% of the total ) dominate over anticyclonic eddies in the record. Mesoscale (and submesoscale, around I-
km horizontal scale) dynamics based on surface drifter observations are also analyzed by Mensa et al. (2018)
in this issue. Itis concluded that without sea ice the major features of these dynamics resemble characteris-
tics in the midlatitudes. The subsurface mesoscale eddy field is studied by Zhao et al. (2018) using horizontal
water velocities measured by BGOS moorings. Partitioning of kinetic energy into barotropic and baroclinic
modes suggests that the halocline structure plays a specific role in limiting the capacity for frictional dissipa-
tion at the sea floor. Double-diffusive mixing and layers in the Beaufort Gyre region are studied by Bebieva
and Timmermans (2019) and by Shibley and Timmermans (2019). These papers shed light on the origins of
various layer types associated with heat and salt transport, as well as the role of turbulence in limiting dou-
ble-diffusive heat fluxes. Cole and Stadler (2019) investigate the surface ocean and report adeepening by 9m
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(about20%) of the winter mixed layer in the Beaufort Gyre region in 2013-2017 relative to 2006-2012 and dis-
cuss potential causes for this deepening. Chanona et al. (2018) analyze a large number of conductivity-tem-
perature-pressure profiles to characterize internal wave-driven turbulent dissipation rates; they find a weak
seasonal cycle and an absence of interannual variability and trends in the rates of dissipation. While the
study indicates that many regions exhibit only weak (molecular) heat fluxes, a set of cases is presented of iso-
lated anomalously large heat fluxes. Finally, Liang and Losch (2018) employ a coupled ice-ocean model to
investigate the potential consequences of increased vertical mixing to sea ice conditions and ocean circula-
tion. They show the major effects of increased mixing include reduction of sea ice thickness, weakening of
halocline strength, and the formation of cyclonic and anticyclonic water circulation anomalies in different
parts of the water column.

34. Sealce Changes in the Beaufort Gyre

Mechanisms contributing to the significant changes in sea ice in the Beaufort Gyre region are addressed in
several papers in this special collection. Babb et al. (2019) discuss seasonal preconditioning toward younger
and thinner sea ice during winter 2016 and the influence on summer melt. Heorton et al.(2019) infer sea ice
drag coefficients and turning angles from in situ and satellite observations using an inverse modeling frame-
work and conclude that 10-day averaged drag coefficients and turning angles are in agreement with AIDJEX
results, further pointing out the importance of correct representation of geostrophic currents, which have
intensified significantly after 2003 (Armitage et al., 2017: McPhee, 2013; McPhee et al.,2009). Lewis and
Hutchings (2019) examine how sea ice motion is enhanced with the presence of leads, while Mahoney et
al. (2019) show how changes in the thickness and circulation of multiyear ice are related to its drift track.
Mu et al. (2018) estimate ice thickness in the Arctic Ocean assimilating sea ice data derived from CryoSat-
2 satellite into a dynamic ice-ocean model. Yaremchuk et al. (2019) present a study showing advances in
short-term forecasting of sea ice conditions in the Beaufort Gyre.

3.5. Ocean Circulation

Circulation patterns of the subsurface ocean layers are addressed in several papers employing both observa-
tions and models. The transport of Pacific Water into the Canada Basin and the formation of the Chukchi
Slope Current are described by Spall et al. (2019), while Hu and Myers (2019) investigate pathways of
Pacific Water in and around the Beaufort Gyre. Kelly, Popova, Aksenov, etal.,(2018)employ the use of tra-
cers in the Coupled Model Intercomparison Project Phase 5 (CMIP5) model to ascertain Arctic Ocean path-
ways of pollutants from Siberian Rivers. Thickening, expansion, and redistribution of the Pacific Winter
Water layer are quantified by Zhong et al. (2019). Shu et al. (2018) investigate future changes of freshwater
content under influence of different factors including circulation changes in the future.

3.6. Ecosystem and Biogeochemistry Dynamics

Changes in the Beaufort Gyre ecosystem and biogeochemistry have accompanied changes in the physical
environment, and dynamics of these systems are addressed in three papers in this special collection.
These papers continue long-term work conducted by the FAMOS ecosystem and biogeochemistry group
focused on the analyses of acidification, biology, gas exchange, and ecosystem modeling (e.g., Carmack et
al., 2010, 2016; Carmack & McLaughlin, 2011; Griffith et al., 2012; Hwang et al., 2008, 2015; Loose et al.,
2017; Murata et al., 2008; Nishina et al., 2005, 2009; Smith et al., 2011; Yamamoto-Kawai et al., 2009;
Yamamoto-Kawai etal., 2010, 2011). The new papers analyze biological production, distribution of dissolved
organic matter (DOM), and inorganic carbon fluxes in the presence of sea ice.

Variations in rates of biological production determined from in situ gas measurements are presented in this
special collection by Jietal.(2019) for the period 2011to 2016. Interestingly, these authors report that a large
increase in total photosynthesis that occurred in 2012, ayear of historically low seaice extent in the Beaufort
Gyre, persisted for many years. The data set analyzed in the paper serves as a valuable baseline for future
estimates of biological production rates.

Dainard et al. (2019) present DOM absorbance and fluorescence properties in the Canada Basin for 2010-
2012. Itis found that sea ice reduction observed in 2012 did not influence significantly the DOM composition
in the 30-m mixed layer compared to DOM changes observed in 2010.

PROSHUTINSKY ET AL.

11of 15



Journal of Geophysical Research: Oceans

10.1029/2019JC015400

Acknowledgments

We would like to thank all FAMOS
participants (https://web.whoi.edu/
famos/ and https://famosan:tic.com/)
and collaborators of the Beaufort Gyre
Exploration project (https://www.whoi.
edu/beaufortgyre) for their continued
enthusiasm, creativity, and support
during all stages of both projects. This
research is supported by the National
Science Foundation Office of Polar
Programs (projects 1845877, 1719280,
and 1604085).Any opinions, findings,
and conclusions or recommendations
expressed in this material are those of
the authors and do not necessarily
reflect the views of the National Science
Foundation. Arctic dynamic
topography/geostrophic currents data
were provided by the Centre for Polar
Observation and Modelling, University
College London (www.cpom.ucl.ac.uk/
dynamic_topography; Armitage et al.
(2016,2017). The other data used in this
paper are available at the NCAR/NCEP
(https://www.esrl.noaa.gov/psd/data/
gridded/datancep.reanalysis.html),
NSIDC (https://nsidc.org/), NSFs
Arctic data center (https://arcticdata.
io/;Keywords for data search are
"Beaufort Gyre","Krishfield" or
"Proshutinsky"), and WHOI Beaufort
Gyre exploration website (wwwwhoi.
edu/beaufortgyre).

DeGrandpre et al. (2019) show how inorganic carbon export from the surface layers is related to sea ice for-
mation. Modeling of the ecosystem is performed by Watanabe et al. (2019), who conducted an intercompar-
ison of ice algal productivity in the Chukchi and Barents seas and in the Eurasian and Canada basins at
seasonal to decadal scales employing five different models. Similar to previous model intercomparison stu-
dies, large differences were found among model results. However, it is reported that since the 1980s, the ice-
algal bloom timing shifted to an earlier date and bloom durations shorten in the majority of regions analyzed
by Watanabe et al. (2019).

There is a wealth of existing physical, biogeochemical, and ecosystem data collected under the BGOS
umbrella that are essential for follow-on studies to those in this special collection. These data and future col-
lections will allow for analyses on topics including meteorological, sea-ice and ocean conditions, ocean tur-
bulence, surface gas exchange in a variety of sea-ice settings, marine bacteria, biological production, micro-
zooplankton, micro-plastics, microbial diversity, methane and nitrous oxide, nitrogen/argon ratios, and
many others.

4. Concluding Remarks

The results presented in thisspecial collection have highlighted the vital observations made under the 2003-
2018 Beaufort Gyre Exploration Program and employed indispensable collaborations fostered under
FAMOS. The studies constitute significant advances in our understanding of change in the Beaufort Gyre
region and processes that shape the system'sresponse to change. Taken together, these studies provide com-
pelling motivation for the continuation of the long-term Beaufort Gyre Exploration Program as a fundamen-
tal component of the NSF's Arctic Observing Network Program. As the Beaufort Gyre system continues to
respond to the varying pressures of climate change, sustained measurements and an engaged scientific com-
munity are essential for viable future projections.
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