Generated using the official AMS IATEX template—two-column layout. FOR AUTHOR USE ONLY, NOT FOR SUBMISSION!

JOURNAL OF PHYSICAL OCEANOGRAPHY

Observations of seasonal upwelling and downwelling in the Beaufort Sea
mediated by sea ice

GIANLUCA MENEGHELLO™*

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307, USA.

JOHN MARSHALL

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307, USA.

MARY-LOUISE TIMMERMANS
Department of Geology and Geophysics, Yale University, New Haven, Connecticut, USA

JEFFERY SCOTT

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307, USA.

ABSTRACT

We present observational estimates of Ekman pumping in the Beaufort Gyre region. Av-
eraged over the Canada Basin, our results show a 2003-2014 average of 2.3myr— ! downward
with strong seasonal and interannual variability superimposed: monthly and yearly means range
from 30myr~! downward to 10myr~! upward. A clear seasonal cycle is evident with intense
downwelling in autumn and upwelling during the winter months, despite the wind forcing being
downwelling-favorable year-round. Wintertime upwelling is associated with friction between the
large scale Beaufort Gyre ocean circulation and the surface ice pack, and contrasts with previous
estimates of year-long downwelling; as a consequence, the yearly cumulative Ekman pumping over
the gyre is significantly reduced. The spatial distribution of Ekman pumping is modified as well,
with the Beaufort Gyre region showing alternating, moderate upwelling and downwelling, while
a more intense, year-long downwelling averaging 18 myr ™" is identified in the northern Chukchi
Sea region. Implications of our results for understanding Arctic Ocean dynamics and change are
discussed.

1. Introduction

Ekman pumping plays a central role in the gen-
eration and maintenance of the Beaufort Gyre, the
largest freshwater reservoir in the Arctic (Proshutin-
sky et al. 2009). The pumping rates are proportional
to the curl of the surface stress, with the stress be-
ing a combination of the winds’ effect over the open
ocean, and of the ice — itself driven by the wind —
moving over the ice-covered ocean.

Most estimates of Ekman pumping assume that
surface ocean geostrophic currents can be neglected
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(Yang 2006, 2009; Ma et al. 2017) or focus on the
summer season when ice can be considered in free drift
(McPhee 2013). The resulting Ekman pumping field,
driven by anticyclonic winds and ice drift associated
with the highly variable but persistent high pressure
system over the Beaufort region, is characterized by
year-long downwelling, modulated by a seasonal cy-
cle in intensity but not in sign (Proshutinsky et al.
2009). As a consequence, it is assumed that the gyre
is continuously inflated with freshwater, which can
be released by baroclinic instability generated eddies
(Manucharyan and Spall 2016; Manucharyan et al.
2016; Meneghello et al. 2017) . The limit case in which
Ekman pumping is exactly balanced by eddy induced
upwelling is exploited in Meneghello et al. (2017) to
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place a constraint on the magnitude of the mesoscale
eddy diffusivity.

Hydrographic and satellite-based observations sug-
gest that surface geostrophic currents have increased
dramatically over the past decade, consistent with the
observed increase of freshwater content in the Beau-
fort Gyre region (Proshutinsky et al. 2009; McPhee
2013) or the equivalent doming of the dynamic ocean
topography or geopotential height (Armitage et al.
2016, 2017). Geostrophic currents of the order of
3cms™!, and up to 10 cms™! or more in the southern
BG (Armitage et al. 2017), cannot be neglected com-
pared to ice velocities of order 5 to 10 cms™!. This is
particularly true during winter in regions where inter-
nal ice stresses prevent the pack from freely moving
in response to wind forcing. In this case, friction be-
tween the anticyclonic surface ocean geostrophic flow
and a relatively stationary sea-ice pack gives rise to
upwelling (in opposition to downwelling that would
arise for the same wind forcing in the absence of sea
ice). Indeed, in-situ observations from moorings and
Ice-Tethered Profilers show current speeds that can be
larger than the ice speed, as detailed in the appendix
and Figure Al.

Numerical studies (Martin and Gerdes 2007; Mar-
tin et al. 2014, 2016) implicitly take into account the
surface ocean current, but have not emphasized the
implications for the Ekman pumping field itself or
teased apart the controlling processes. Instead they
often focus on characterization of sea-ice drift, the
surface stress and the effect of varying drag coeffi-
cients. Using observational datasets, we showed in
Meneghello et al. (2017) how the inclusion of the in-
teraction between the ice and the geostrophic cur-
rent associated with the Beaufort Gyre significantly
changes the annual mean Ekman pumping. A de-
tailed analysis of the updated Ekman pumping is the
focus of the current study.

In this paper, we analyze observations spanning the
period 2003 to 2014 to discern how the complex rela-
tionships between winds, a temporally and spatially
varying sea-ice pack, and surface ocean geostrophic
flows influence Ekman upwelling and downwelling in
the central Beaufort Gyre Region and margins. In
previous studies (Yang 2006, 2009; McPhee 2013) the
central gyre has been discussed in a broad sense with-
out regard for topographic boundaries; the essential
dynamics at its margins are often ignored. Here we
further explore the significant regional patterns of the
Ekman pumping field and describe their importance
to the gyre as a whole.

The paper is organized as follows. We begin in
§2 by outlining the methods used to compute Ekman
pumping rates; our approach is similar to the one used
by Yang (2006, 2009), with the main difference being
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the addition of the geostrophic current introduced in
Meneghello et al. (2017). In §3 we present estimates
of the Ekman pumping field; we plot time series of
Ekman pumping averaged over the Beaufort Gyre
Region (BGR), bounded by 70.5°N to 80.5°N and
130°W to 170°W, and including only regions having
depth greater than 300 m (Proshutinsky et al. 2009).
We follow in §4 with a discussion of the spatial distri-
bution of Ekman pumping in the BGR, additionally
focusing attention on two smaller regions of particular
interest in the south of the Canada Basin (BGS) and
in the northern Chukchi Sea region (BGC). Results
are discussed in §5, where we clarify the effect of the
interaction of surface-ocean geostrophic currents with
the sea-ice pack and implications to mechanisms con-
trolling the time-dependent buoyancy budget of the
Beaufort Gyre in the presence of seasonal sea ice.

2. Methods

Four datasets are combined to estimate the surface
ocean stress 7 and Ekman pumping wgy: (i) sea ice
concentration « from Nimbus-7 SMMR and DMSP
SSM/I-SSMIS Passive Microwave Data Version 1
(Cavalieri et al. 1996); (ii) sea ice velocity u; from
the Polar Pathfinder Daily 25km EASE-Grid Sea
Ice Motion Vectors, Version 3 (Tschudi et al. 2016);
(iil) geostrophic currents u, computed from Dynamic
Ocean Topography (Armitage et al. 2016, 2017) and
(iv) 10 m wind u, from the NCEP-NCAR Reanalysis
1 (Kalnay et al. 1996). The four different datasets,
defined on different grids, are interpolated on a com-
mon EASE-25 km polar stereographic equal area grid,
which is the native grid for the ice velocity. All
datasets are available in at least daily resolution, with
the exception of dynamic ocean topography having
monthly resolution: to produce daily values, we arbi-
trarily assign the available fields to the 15th of the cor-
responding month, and linearly interpolate. Chang-
ing the day of the month does not significantly af-
fect our results, and submonthly variability of the
geostrophic current is presumed to be small. The
2003-2014 climatology of these four variables is sum-
marized in Figure 1, while variability in time is sum-
marized by their mean values over the BGR (Fig-
ure 2a).

The high pressure system at the origin of the gyre is
evident in the 10m wind field (Figure 1a), where the
anticyclonic flow is centered at approximately 76°N
and 145°W: stronger winds, of order 2.5ms ™!, are in
the southwestern BGR (the region indicated by a solid
black line), while winds are weaker (~1ms™! or less)
in the northern BGR. Sea-ice drift and surface-ocean
geostrophic flow (Figure 1b and c, respectively) also
show anticyclonic circulation patterns with strongest
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Fic. 1. Twelve year means of the four datasets combined to produce estimates of the Ekman pumping field: a) 10 m wind, b)
ice velocity, c) surface geostrophic current and d) ice edge (15% ice concentration) for August, September, and October (the ice
concentration is larger than 15% everywhere for the rest of the year). The thick black line delimits the Beaufort Gyre Region
(BGR); while dashed lines delimit the Beufort Gyre Chukchi Sea in the south-west (BGC) and the Beaufort Gyre Southern

regions of the BGR (BGS).

speeds (~5cms™!) in the southwest, and slowest
speeds in the north.

Time series of mean values over the BGR (Fig-
ure 2a) indicate a seasonal cycle in the four datasets:
ice areal coverage reaches a minimum between 20%
and 40% every late summer, with the extreme low in
2012 when the BG was close to ice-free. Wind speeds
tend to peak in late summer/early fall, when sea-ice
drift speeds are also fastest. The surface ocean cur-
rent shows maximum speeds during late fall, peaking
at about twice the characteristic speed of the first part
of the year; of particular note is its increase in the
second part of 2007 (and sustained for several years
following).

Starting from the four datasets described above,
we use the same approach used in Meneghello et al.
(2017) and compute the daily surface-ocean stress T
as a combination of ice-ocean and air-ocean surface
stresses, each estimated using a quadratic drag law
with fixed drag coefficients (Cp; = 0.0055, Cp, =
0.00125), and weighted by the observed local ice con-
centration a:

T =apCpi|trel| (Urer) + (1 —a) paCha [Ual (wa)
—_— —_—
T Ta

(1)

where the ice-ocean relative velocity w,.; may be
written in terms of the ice velocity w;, the surface
geostrophic velocity u4, and the Ekman velocity u. as
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Upep = U; — (Ug + ue ) . The water and air density
are taken as p = 1027.5kgm ™3 and p, = 1.25kgm—3
respectively.

Our estimate of the surface ocean current differs
from, e.g., Yang (2006, 2009) in two key ways. First,
we use the Ekman velocity at the surface (rotated
45° to the right of the surface stress) in place of the
mean Ekman transport velocity (90° from the surface
stress), thus u, = 7v/2e %% /(fpD,), with D, = 20m
(Yang 2006). Second, and more importantly, we in-
clude the surface geostrophic current u, inferred from
dynamic ocean topography (McPhee 2013; Armitage
et al. 2016, 2017).

3. Ekman pumping estimates:
sures

integral mea-

The Ekman pumping rate wgr =V x 7/(pf) is
computed making use of the daily stress fields ob-
tained as described above, where f is the Corio-
lis parameter. We first focus on integral measures
averaged over the BGR, summarized in Figure 2b.
Over the twelve year period 2003-2014, Ekman con-
vergence (solid black curve, negative is downward) re-
sults in an average downwelling wgy, of 2.3 myr~—!, to
be compared with an average of almost 10 myr—1 if
the geostrophic current is neglected (dashed black).
By comparison, in the scenario of a completely ice
free BGR, the wind driven downwelling would be
6.3myr—! (solid red).

To better understand the role of the winds, sea-
ice and ocean geostrophic currents, we additionally
compute the contribution of the geostrophic current
to the ice stress as

Tig = Ti — Ti0 (2)

where 7,0 is the ice-ocean stress neglecting the
geostrophic current, i.e., computed by setting ugy =0
in (1). Accordingly, we define the Ekman pumping
associated with each component as

:Vx((l—a)ra) w'_Vx(aTi)

wa 1
pf pf
i V x (aTip) e V x (aTig) (3)
0T f Yoo pf

so that the total Ekman pumping can be written as
WeE = YXT = wy 4w; = wq +wio +wig. As a measure
of the atmospheric forcing, we additionally define

V X T,
Wy = ———
pf

as the Ekman pumping that would be realized in a
completely ice free BGR.

(4)
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The area-averaged Ekman pumping time series (30-
day running means of daily values, Figure 2b) shows
how both the atmospheric forcing wy (red) and Ek-
man pumping computed neglecting the geostrophic
current wg +w;p (dotted black) are almost always
downwelling-favorable. In contrast the actual pump-
ing wgk (solid black) has extensive periods of up-
welling in the winter each year corresponding to pe-
riods when the ice concentration is elevated (gray ar-
eas), and strong downwelling in late summer and au-
tumn, when ice concentration is low.

The role of each component in determining the total
upwelling or downwelling in the BGR is made clearer
in the monthly and yearly area-averages (Figure 3) of
wgy (black bars) and its three components w, (red
bars), w;o and w;g (green and blue bars respectively).
We additionally plot w4 (red and white circles), w, +
wjp (red green marks), and the ice concentration (gray
circles), as well as the ratio

_ |wig|
[wa |+ wio| + |wig|

¥ (5)

as a metric of the importance of the geostrophic cur-
rent relative to the total Ekman pumping (black line).

A seasonal cycle is evident in the monthly clima-
tology of wgy (black bars, Figure 3a): upwelling in
January to March is followed by increasing down-
welling over the rest of the year, reaching an October
downwelling maximum of slightly less than 10 myr—!,
driven by strong wind-stress curl forcing (red and
white circles) acting on a largely ice free BGR (gray
circles). Downwelling markedly decreases in Novem-
ber and December because of the combined effect
of weaker wind-stress curl and high ice concentra-
tion. Strong downwelling in the low ice-concentration
months of August to October is driven by direct air-
ocean wind-stress curl (red bars), and closely follows
the hypothetical downwelling result if the BGR was
ice free (red and white circles); during these months,
the effects of ice and geostrophic currents are rela-
tively minor. During the rest of the year, when ice
cover is extensive, direct air-ocean stress plays a mi-
nor role and stresses are predominantly mediated by
ice cover. The importance of the geostrophic current
on the total Ekman pumping, as measured by the
ratio v (equation (5), black line), closely follows the
ice concentration: when the BGR is completely ice
covered and internal stresses are higher (January to
March) the surface ocean geostrophic current is faster
than sea-ice drift resulting in net upwelling. Indeed,
while the ice effect (green bars) is always downwelling-
favorable, the effect of the geostrophic current (blue
bars) is consistently upwelling and of the same order
of magnitude.
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(a) Thirty-day running mean of 10 m wind speed uq (red), ice speed u; (green), surface geostrophic current speed
ug (dashed blue), and surface ocean speed ug + ue (solid blue).

(b) Thirty-day running mean Ekman pumping (solid black),

Ekman pumping in the absence of geostrophic current (dotted black) and Ekman pumping for a completely ice free BGR (red,
note axes on the right). Gray areas in both panels show ice concentration a.

The yearly climatology (Figure 3b) presents a sim-
ilar range of total Ekman pumping values (black
bars) between years, and closely follows the vari-
ability of the wind-stress curl acting directly on the
ice-free parts of the ocean (red bars), with the ice
and geostrophic current effects approximately can-
celing one-another. Notable exceptions are in 2003
and 2004, when downwelling is mostly driven by ice
(green bars) flowing over a slower geostrophic current
(blue bars), and in 2012, when a fast geostrophic cur-
rent and cyclonic winds (in the opposite sense to the
geostrophic ocean flow) both contribute to upwelling.
We remark that 2012 is unusual in having a strong up-
welling favorable atmospheric forcing during the sec-
ond part of the year, possibly related to the Great
Arctic Cyclone described by Simmonds and Rudeva
(2012).

4. Ekman pumping estimates: spatial patterns

To better understand the spatial distribution of up-
welling and downwelling in the Beaufort Gyre Region
we plot monthly and yearly climatological maps of
Ekman pumping (Figures 4 and 5, respectively).

We additionally repeat the decomposition of the
total Ekman pumping (cf. Figure 3) for two smaller
regions: i) the BGC (C for Chukchi), delimited by
72°N and 76°N, 170°W and 160°W, and including
only regions shallower than 300m (thus outside the
BGR) and ii) the BGS (S for south), covering the
portion of the BGR south of the 72°N parallel (see
dashed lines and labels in Figure 1a).

During the first four months of the year (JFEMA),
a broad region of upwelling is visible in the BGR,
particularly towards the southern sector, with local
upwelling rates as high as 25 to 30 myr—! (Figure 4).
In the following four months (MJJA), the intensity
and extension of the upwelling region decreases; by
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F1G. 3. Area-averaged values over the BGR of (a) monthly and (b) yearly climatologies of Ekman pumping (black bars) and
its three main components: w, (red bars, the pumping over the open ocean), w;o (green bars, the pumping in the ice-covered
ocean in the absence of a geostrophic current) and w;g (blue bars, modification of under-ice pumping due to the geostrophic
ocean current). The red and green diamonds give the total Ekman pumping wq +w;o in the absence of the ocean geostrophic
contribution, i.e., the sum of the red and green bars. The red and white circles give the wind driven Ekman pumping w,4 in
a completely ice free BGR, a proxy of the atmospheric forcing over the entire region. The pumping scale is on the left. The
thin black line is a measure of the importance of geostrophic currents given by equation (5) (scale on the right hand side). The
gray circles in the top panel (a) indicate the ice concentration « (scale on the right).

September, downwelling dominates over most of the
BGR. For all months, a marked region of downwelling
persists to the southwest of the BGR in the northern
Chukchi Sea (in the region we denote BGC). Down-
welling in this region intensifies in fall, with October
showing downwelling rates in excess of 30 myr—1!.
An indication of the role of the geostrophic current
in shaping the spatial distribution of Ekman pumping
can be inferred by the gray thick line (Figure 4). In
the region interior to this line, the geostrophic cur-
rent reduces the ice driven downwelling, and some-
times gives rise to a net upwelling (i.e., JFM). In con-
trast, downwelling is enhanced by the presence of the

geostrophic current outside of the gray curve (stippled
areas).

Yearly-averaged maps of Ekman pumping (Fig-
ure 5) show weak Ekman downwelling and upwelling
over most of the BGR.. Notable exceptions to this gen-
eral pattern are the years 2007 and 2012. In 2007,
strong and persistent downwelling favorable wind-
stress curl (Figure 2b, red curve), in conjunction with
a record low sea-ice extent, resulted in anomalously
intense downwelling extending over most of the Beau-
fort Gyre, with the exception of coastal upwelling in
the South (Figure 5). As a consequence, the latter
part of 2007 saw an increase in downwelling and fresh-
water content (Armitage et al. 2016, Figure 6). The
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Surface wpr  Vertical flux

(km?) (myr) (Sv)

BGR | 989375 —-2.3 —0.072
BGC 85000 —-17.9 —0.048
BGS 95000 2.3 0.007

TABLE 1. 2003-2014 areal mean Ekman pumping wgg, and
vertical flux for the BGR, BGC and BGS regions, where nega-
tive implies downward. Vertical flux is the product of the first
two columns.

related stronger currents and larger ice velocities per-
sisted over the next five years until 2012 (see Fig-
ure 2a, blue dashed line and Armitage et al. (2016,
2017); Kwok et al. (2013)). In contrast, 2012 was
characterized by extended upwelling driven by sum-
mer cyclonic winds (see Figure 2b, red curve and Sim-
monds and Rudeva (2012)) in the presence of anoma-
lously low sea-ice concentration. The record low ice
extent can be explained by wind driven Ekman di-
vergence acting on an ice cover that had significantly
thinned after the 2007-2008 record ice low, when most
multi-year ice was lost (Giles et al. 2008). The result-
ing deflation of the gyre is evident in the decrease of
the geostrophic current intensity, which returns to its
pre-2007 level for at least the following two years.

Analysis of the varying distribution of Ekman
pumping (Figures 4 and 5) indicates strong, contin-
uous downwelling in the BGC, and strong Ekman
pumping of variable sign in the southern part of the
BGR (the region denoted BGS).

A detailed analysis of the BGC and BGS regions is
provided in Figure 6 and Figure 7 respectively. The
BGC region (Figure 6) is characterized by strong,
year-long downwelling averaging 17.9 myr~! over the
twelve year period. Prevailing easterlies tend to
be consistently stronger here compared to anywhere
else in the basin (see Figure 1a), and decay towards
the north leading to the highest values of horizon-
tal shear and downwelling in this region. The up-
welling associated with the positive ice velocity curl
(Figure 1c) is offset by the contribution of the ocean
geostrophic flow, which is swiftest along the lateral
density front approximately coincident with the 100 m
isobath (Timmermans et al. 2017) (Figure 1b).

In contrast, in the BGS region (Figure 7) winds
and ice velocity increasing in intensity away from
the coast results in a 2003-2014 mean upwelling of
2.3myr~!. Wind driven downwelling is apparent only
in the months of June, July and August, when ice
cover is reduced and there is negligible decay of north-
easterly winds towards the coast.

It is instructive to compare the relative importance
of the total vertical Ekman flux (in this case, up-
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welling plus downwelling) in each of the different re-
gions, BGR, BGS and BGC. Table 1 summarizes the
surface area, 2003-2014 mean Ekman pumping wgy
and the total corresponding vertical flux for each re-
gion. Due to the large downwelling, the vertical flux
in the BGC region is approximately 2/3 of that in
the BGR, despite the former having only a tenth of
the surface area of the latter. We further point out
that downwelling in the BGC is sustained (seasonally
and interannually) and it has been shown to be a re-
gion of key importance for ventilation of the interior
Beaufort Gyre; Timmermans et al. (2017) estimate
that about one fifth of the Beaufort Gyre warm halo-
cline could be renewed by subduction from this region
in one summer.

5. Conclusions and discussion

Observational estimates of Ekman pumping in the
BGR show a weak twelve-year average Ekman down-
welling of order —2.3myr~!, with strong seasonal
and interannual variability: monthly and yearly mean
Ekman pumping range from —30myr~! to up to
10myr—!. A clear seasonal cycle is visible: the Beau-
fort Gyre is driven by upwelling during the winter
months and intense downwelling in autumn. Our re-
sults contrast with previous estimates showing year-
long downwelling (Yang 2006, 2009; Ma et al. 2017),
and reduce by a factor of four or more the yearly cu-
mulative Ekman pumping in the gyre; the main rea-
son for this difference is our inclusion of the effect of
the geostrophic current, which flows in the same di-
rection as the prevailing winds and sea-ice drift. Such
ocean-ice interaction acts as a strong negative feed-
back on the response of the gyre to changing winds,
and could have potential implications for the wider
Arctic. In particular off the east coast of Green-
land, strong ocean currents (larger than 10cms™?,
Armitage et al. (2017)) have the potential to modulate
Ekman downwelling estimates by both Yang (2006,
2009) and Ma et al. (2017). Furthermore, we have
identified a region of strong, persistent downwelling
(the BGC region) which accounts for a significant
fraction of the total Ekman transport in the entire
Canada Basin. The precise influence of the BGC re-
gion on Beaufort Gyre dynamics and stability, and
heat and freshwater content, remains to be tested.

In the larger BGR, the seasonal alternation of wind-
driven downwelling and geostrophic current driven
upwelling suggests a new possible mechanism in the
regulation of Beaufort Gyre intensity.

Recent numerical and observational studies
(Manucharyan and Spall 2016; Manucharyan et al.
2016, 2017; Meneghello et al. 2017), analyze the
Beaufort Gyre under the assumption of persistent
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downwelling. In this limit an intense baroclinic eddy
field is required to arrest the spin-up and freshwater
accumulation (steepening of the isopycnals)  of
the gyre.  Horizontal eddy diffusivity estimates
for the Beaufort Gyre are around K ~ 500m?s~!
(Manucharyan and Spall 2016; Manucharyan et al.
2016; Meneghello et al. 2017), suggesting freshwater
release takes place on a diffusive time scale of
L?/K =~ 15yr if the characteristic lateral scale of the
gyre is L = 500km.

Instead, the observations presented here suggest
that both the build up and release of freshwater could
be at least partially mediated by winter Ekman up-
welling. More research is required to discern the in-
terplay between freshwater release by baroclinic in-
stability versus deflation induced by surface ocean-ice
frictional processes, and to better define the charac-
teristic time scale of the latter. This will be the sub-
ject of a follow-up paper.
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Oceans Canada at the Institute of Ocean Sciences.
Data are online at: http://www.whoi.edu/website/
beaufortgyre/data.

APPENDIX

Al. In-situ measurement of ice and ocean
speed

We present in Figure Al probability mass plots
(normalized) of the ice and ocean current speed from
moorings A (75°N, 150°W), B (78°N, 150°W), and
D (74°N, 140°W) of the Beaufort Gyre Exploration
Project (http://www.whoi.edu/beaufortgyre/), to-
gether with data from an Ice-Tethered Profiler (ITP)
equipped with a velocity sensor (ITP-V 35). Data
from ITP-V 35, drifting in the Eastern Beaufort Sea

PHYsIcAL

OCEANOGRAPHY

in the winter of 2009-2010, was first presented in Cole
et al. (2014), to which we refer the reader for an in
depth description of the data and methods. Current
speeds shown in Figure Al are averaged over the 5-
20m depth range.

We see that the ocean current speed (vertical axis)
is mostly concentrated below 5cms™'. The ice ve-
locities range between 0 and 20 cms™! or larger, and
are fastest at mooring A where ice concentrations are
lowest (see Figure 1d). Note that the measured ocean
speed can be larger than the ice speed at times (par-
ticularly for small ice-drift speeds) suggesting that it
is not appropriate to neglect the geostrophic velocity
in surface stress computations.
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F1G. 4. Monthly climatology of Ekman pumping field in myr~!. The black dashed lines denotes the limits of the BGR, BGS
and BGC regions — see Figure 1. Gray thick lines mark the location where the geostrophic current component contribution
is zero. Interior to this line, the geostrophic current gives an upwelling contribution, outside (stippled regions) it enhances
downwelling.
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F1G. 5. Yearly climatology of Ekman pumping field in myr~!. The black dashed line denotes the limits of the BGR, BGS
and BGC regions — see Figure 1. Gray thick lines mark the location where the geostrophic current component contribution
is zero. Interior to this line, the geostrophic current gives an upwelling contribution, outside (stippled regions) it enhances
downwelling
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F1G. 6. Area-averaged values over the BGC of (a) monthly and (b) yearly climatologies of Ekman pumping (black bars) and
its three main components: w, (red bars, the pumping over the open ocean), w;o (green bars, the pumping in the ice-covered
ocean in the absence of a geostrophic current) and w;g (blue bars, modification of under-ice pumping due to the geostrophic
ocean current). The red and green diamonds give the total Ekman pumping wq + w;o in the absence of the ocean geostrophic
contribution, i.e., the sum of the red and green bars. The red and white circles give the wind driven Ekman pumping w4 in
a completely ice free BGC, a proxy of the atmospheric forcing over the entire region. The pumping scale is on the left. The
thin black line is a measure of the importance of geostrophic currents given by equation (5) (scale on the right hand side). The
gray circles in the top panel (a) indicate the ice concentration « (scale on the right).



JOURNAL OF PHYSICAL OCEANOGRAPHY 13

&
N

50 100%
. L ~475%
~
3
S 25 - 50%
~~
£ . 125%
=4
= ol - 0%
g
=
3 i i
g
g —25 .
o)
m -
‘lITotallIWindlIIcelIGeoeWind onlyeuy, =0 ’
750 | | | | | | | | | | | |
=} e} =} = > =} '—5‘ 20 o, + > 5]
b) 2 2 Z 2 £ 2 5 Z & S 2 A4
50 T T T T T T 7 T T T T 100%
N B -1 75%
~
S
g o5 150%
~
£ i 1 25%
=4
£ ol - 0%
g
=
g i i
g
g —25 a
i)
m |
e Ice concentration —— Geo contribution
—50

2003 -
2004 -
2005 |-
2006 |-
2007 -
2008 -
2009 -
2010 -
2011
2012 -
2013 -
2014 -

Fic. 7. Area-averaged values over the BGS of (a) monthly and (b) yearly climatologies of Ekman pumping (black bars) and
its three main components: w, (red bars, the pumping over the open ocean), w;o (green bars, the pumping in the ice-covered
ocean in the absence of a geostrophic current) and w;g (blue bars, modification of under-ice pumping due to the geostrophic
ocean current). The red and green diamonds give the total Ekman pumping wq + w;o in the absence of the ocean geostrophic
contribution, i.e., the sum of the red and green bars. The red and white circles give the wind driven Ekman pumping w4 in
a completely ice free BGS, a proxy of the atmospheric forcing over the entire region. The pumping scale is on the left. The
thin black line is a measure of the importance of geostrophic currents given by equation (5) (scale on the right hand side). The
gray circles in the top panel (a) indicate the ice concentration « (scale on the right).
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Fic. Al. Ice speed vs ocean speed from ADCP measurement from Beaufort Gyre moorings A, B, D and from ITP-V 35.
Ocean speed is averaged over the 5-20m depth range; points above the black line mark occurrences of the ocean moving faster
than the ice, and are concentrated at small ice velocities. We remark that ITP-V 35 sampled the eastern side of the Beaufort
Gyre, where only moderate currents are present. Ocean speeds larger than 10cms™! are a result of the ITP encountering
eddies. The top right map shows the moorings’ location and the ITP-V 35 track.



