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ABSTRACT

s Observations of Ekman pumping, sea surface height anomaly, and isohaline
o depth anomaly over the Beaufort Gyre are used to explore the relative impor-
i tance and role of (i) feedbacks between ice and ocean currents, dubbed the
2 “Ice-Ocean governor” and (ii) mesoscale eddy processes in the equilibration
i of the Beaufort Gyre. A two-layer model of the gyre is fit to observations
« and used to explore the mechanisms governing the gyre evolution from the
» monthly to the decennial time scale. The Ice-Ocean governor dominates the
s response on inter-annual timescales, with eddy processes becoming evident

i» only on the longest, decadal timescales.
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1. Introduction

The Arctic Ocean’s Beaufort Gyre, centered in the Canada Basin, is a large-scale, wind-driven,
anticyclonic circulation pattern characterized by a strong halocline stratification with relatively
fresh surface waters overlying saltier (and warmer) waters of Atlantic Ocean origin. The halo-
cline stratification inhibits the vertical flux of ocean heat to the overlying sea ice cover. Ekman
pumping associated with a persistent but highly variable Arctic high pressure system (Proshutin-
sky and Johnson 1997; Proshutinsky et al. 2009, 2015; Giles et al. 2012) accumulates freshwater
and inflates isopycnals. The induced isopycnal slope drives a geostrophically balanced flow whose
imprint can be clearly seen in the doming of sea surface height at the center of the Beaufort Sea
(see Figure 1).

Recent observational studies by Meneghello et al. (2017, 2018b); Dewey et al. (2018); Zhong
et al. (2018), have outlined how the interaction between the ice and the surface current plays a
central role in the equilibration of the Beaufort Gyre’s geostrophic current intensity and its fresh-
water content. Downwelling-favorable winds and ice motion inflate the gyre until the relative
velocity between the geostrophic current and the ice velocity is close to zero, at which point the
surface-stress-driven Ekman pumping is turned off, and the gyre inflation is halted. In Meneghello
et al. (2018a) we developed a theory describing this negative feedback between the ice drift and
the ocean currents. We called it the “ice-ocean governor” by analogy with mechanical governors
that regulate the speed of engines and other devices through dynamical feedbacks (Maxwell 1867;
Bennet 1993; Murray et al. 2018).

Another mechanism at work, studied by Davis et al. (2014); Manucharyan et al. (2016);
Manucharyan and Spall (2016); Meneghello et al. (2017), and mimicking the mechanism of equi-

libration hypothesized for the ACC by Marshall et al. (2002); Karsten et al. (2002), relies on eddy
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fluxes to release freshwater accumulated by the persistent anticyclonic winds blowing over the
gyre. In this scenario, representing the case of ice in free-drift, or the case of an ice free gyre,
the Ice-Ocean governor does not operate and the gyre inflates until baroclinic instability is strong
enough to balance the freshwater input.

In this study, we start from observations and address how both mechanisms interact in a real-
world Arctic, where we expect their role to change over the seasonal cycle as ice cover and ice
mobility vary. A theory for their combined role in the equilibration of the Beaufort Gyre has
been recently proposed by Doddridge et al. (2019). Here we begin by assimilating time series of
Ekman pumping, inferred from observations (see Meneghello et al. 2018b), and sea surface height,
obtained from satellite measurements (Armitage et al. 2016, see Figure 1a) into a two-layer model
of the Beaufort Gyre (see Figure 2). Despite its limitations, as we shall see our model is able to
capture much of the observed variability of the gyre. We then evaluate the relative role of the
Ice-Ocean governor and eddy fluxes in equilibrating the gyre’s isopycnal depth anomaly, and its
freshwater content. We conclude by using these new insights to discuss how changes in the Arctic

ice cover will impact the state of the Beaufort gyre.

2. Two-layer model of the Beaufort Gyre

Let us consider a two-layer model comprising the sea surface height 7 and isopycnal depth
anomaly a, as shown in Figure 2 (see Section 12.4 of Cushman-Roisin and Beckers 2010). For
time scales 7" longer than one day (Ror = fLT < 0.1, where f = 1.45x 10~*s™! is the Coriolis
parameter, and is assumed constant) and length scales L larger than 5 km (Ro = f% < 0.1, where

U~ 5cms !

is a characteristic velocity), currents in the interior of the Beaufort Gyre can be
considered in geostrophic balance everywhere except at the very top and bottom of the water

column, where frictional effects drive a divergent Ekman transport. The dynamics of the sea
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surface height and isopycnal depth anomalies can then be approximated by

dn—a) a
7 g W
dr L? NGLS
Top Ekman
(D
da Ka n d gn+ga
dr 2f I
~—_——

Bottom Ekman

where L1—2 represent a scaling for the laplacian operator (see Appendix Al for a detailed derivation

of (1)).  Volume is gathered and released by the surface Ekman pumping wg; = % f N VXTafA

_d gn+ga
2f LZ s

proportional to the curl of the surface stress 7, and by the bottom Ekman pumping
proportional to the Ekman layer length scale d and driven by the bottom geostrophic current ]EC X
V(gn + g'a) (see Section 8.4 of Cushman-Roisin and Beckers 2010). The term K % represents
mesoscale eddies acting to flatten density surfaces. Vertical diffusivity is relatively low in the
Arctic and, for simplicity, it is neglected in our model.

The reference water density is taken as p = 1028kgm ™, and g and g’ = %p g are the gravity and
reduced gravity constants, with Ap the difference between the potential density at the surface and
at depth.

For the purpose of our discussion we consider the surface stress 7, to have a wind-driven 7, and

an ice-driven 7; component, weighted by the ice concentration o

=(1- a)PaCDa\ua|ug+oc£)CDi|u, Ug|(u; — ug), (2)
Ta ;',1

where u,, u; and ug are the observed wind, ice and surface geostrophic current velocities respec-
tively, p, = 1.25kg m~3 is the air density, and Cp, = 0.00125 and Cp; = 0.0055 are the air-ocean
and ice-ocean drag coefficients. We note how the geostrophic surface currents u, act as a negative
feedback on the ice-driven component (see Meneghello et al. 2018a).

To better understand the relative role of the winds, sea-ice, ocean geostrophic currents, and
eddy diffusivity in the equilibration of the gyre, we additionally compute the contribution of the
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geostrophic current to the ice stress as
Tig = Ti = Ti0; 3)

where Ty is the ice-ocean stress neglecting the geostrophic current, i.e., computed by setting

ug = 01in (2). Accordingly, we define the Ekman pumping associated with each component as

_Vx ((1—ot)72) o Vx(am)

‘ pf l pf @
V x (aTi) V x (aTig)
W)= ——"—>" Wig = ————=,
Y Y
so that the total Ekman pumping can be written as
WEK = Wa + Wi = Wa + Wio + Wig. (&)

We also note that the eddy flux term K %, having units of myear™!

, can be expressed as an
equivalent Ekman pumping and compared with the other Ekman velocities.

The dynamics in (1) then describe a “wind-driven” Beaufort Gyre where water masses ex-
changes are limited to Ekman processes at the top and bottom of the domain, with eddies re-
distributing volume internally.

An observationally-based estimate of the relative importance of the Ice-Ocean governor contri-

bution w;, and the eddy fluxes contribution K ﬁ to the equilibration of the Beaufort Gyre is the

main focus of our study.

3. Fitting parameters of the two-layer model using observations of the Beaufort Gyre

In order to estimate the key parameters, we drive the model (1) using observed Ekman pumping
Wk, averaged monthly and over the Beaufort Gyre Region (BGR, see Figure 1), and shown as a
black curve in Figure 3a.

Based on observational evidence (see, e.g., Figure 1 of Meneghello et al. (2018b)), we use L =

300km as the characteristic length scale over which derivatives of the ice, wind and geostrophic
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current velocities should be computed. =~ The monthly resolution of the dataset, and the chosen
length scale of interest, results in a temporal Rossby number Roz ~ 3 x 10~3 and a Rossby number
Ro =~ 1 x 1073: the geostrophic approximation behind the derivation of our model (1) are then
verified, and the quasi-geostrophic correction is negligible (see also Appendix Al).

We then vary K, g/, and d, as well as the initial conditions of sea surface height and isopycnal
depth anomalies, to minimize the departure of the estimated sea surface height anomaly from the
observed one, shown as a black curve in Figure 3b. The data used are described in Appendix A2.
The procedure to estimate the 5 free parameters using the 144 monthly observational data points
is outlined in Appendix A3.

The estimated sea surface height anomaly (Figure 3b, blue) closely follows the observed one
(black) (RMSE = 0.02m, R? = 0.68) and captures relatively well both the seasonal cycle and the
relatively sudden changes in sea surface height and isopycnal depth anomaly that occurred in 2007
and 2012, both associated with changes in the ice extent and atmospheric circulation (McPhee et al.
2009; Simmonds and Rudeva 2012). Red squares mark the observed August September October
mean 30 psu isohaline depth anomaly, corresponding to the surface layer depth anomaly, and are
not used in the data estimation process.

The estimated parameters, and their standard deviations, are K = (218 £31)m?s~! and ¢’ =
(0.065+0.007)ms™2 (or, equivalently, Ap = 6.8kgm~3) broadly in accord with observations
(see Meneghello et al. 2017, and Figure 1b). The estimated bottom Ekman layer thickness
d = (584 11)m includes bathymetry effects which cannot be represented in our model.

We note that our parameter estimate depends on the choice of the length scale L, so that we will
use our estimates primarily to gain a physical intuition of the relative importance of the processes
at play. Nonetheless, the fact that such values are very close to observations suggests that the

choice of L is appropriate. More importantly, neither the captured variance R> — informing us
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about the accuracy of the model — nor the analysis outlined in the next section depends on the
choice of the length scale L.

Our simple model estimates a single constant value of eddy diffusivity for the entire Beaufort
Gyre region. Previous work on the Beaufort Gyre has suggested that the eddy diffusivity vary
in space (Meneghello et al. 2017) and depends on the state of the large-scale flow and its history
(Manucharyan et al. 2016, 2017), while studies focussing on the Southern Ocean have shown
that eddy diffusivity varies in both space and time (Meredith and Hogg 2006; Wang and Stewart
2018). Similarly, in our computation of Ekman pumping (Meneghello et al. 2018b) we assume a
constant value for the drag coefficient despite the fact that observational evidence suggest a large
variability (Cole et al. 2017). Despite its limitations, our model is able to capture much of the
observed variability of the gyre over the time period considered, and will be used in the next

section to discuss the relative role of the governor and eddy fluxes in the gyre equilibration.

4. Relative importance of the Ice-Ocean governor and eddy fluxes

Now that parameters of our model (1) have been estimated using available observations, we
can analyze the different role of each term in the equilibration of the Beaufort Gyre. Figure 4a
shows monthly running means of wind-driven w, and ice-driven w;y downwelling favorable Ek-
man pumping (cumulative mean of —12.2myear™!, dark and light blue respectively). This is
to be compared with the deflating effect of eddy fluxes K L"—Q (equivalent to a mean upwelling of
1.8 myear~!, dark red) and of the upwelling favorable Ice-Ocean governor Ekman pumping Wig
(mean of 9.8 myear~! upwards, light red). Over the 12 years of the available data, the contribu-
tion of the governor, reducing freshwater accumulation by limiting, or at time reversing, Ekman

downwelling, is six times larger than the freshwater release associated with eddy fluxes. The
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small residual Ekman pumping of —0.6 myear~!

accounts for the 7 m increase in isopycnal depth
between 2003 and 2014 (red line in Figure 3b), consistent with observations.

The Ice-Ocean governor, acting on both barotropic (fast) and baroclinic (slower) timescales,
plays a much larger role than that of eddy fluxes. As can be seen from Figure 4, the upwelling effect
of the Ice-Ocean governor (light red) closely mirrors the downwelling effect of the ice motion
(light blue), both having important variations over the seasonal cycle, and essentially canceling the
net Ekman pumping within the ice covered regions of the gyre. In contrast, eddy fluxes provide
a much smaller, but persistent, mechanism releasing the accumulated freshwater and flattening
isopycnals.

To gain further insights into the different role played by the two mechanisms in the equilibration
of the gyre, we show in Figure 4b the hypothetical evolution of the isopycnal depth anomaly
when neglecting eddy fluxes (orange) and when neglecting the Ice-Ocean governor (i.e., setting
Wgr = W +Wwjo), while keeping the eddy diffusivity unchanged at K = 218m2s~! (blue). In both
cases, we integrate the gyre model (1) using daily values of Ekman pumping (Meneghello et al.
2018b), starting from the same sea surface height and isopycnal depth anomaly on January Ist,
2003. It is clear how the isopycnal depth anomaly change between 2003 and 2014, estimated in
the absence of the ice-ocean governor and with realistic values of eddy diffusivity, would have
been more than 10 times the actual value of 7 m, while the error introduced by neglecting the eddy
diffusivity would be smaller.

It is of course possible to consider a scenario in which the dominating balance is the one between
Ekman pumping and eddy fluxes, as suggested by, e.g., Davis et al. (2014); Manucharyan and Spall
(2016). Such scenario can be tested by neglecting the feedback of the geostrophic current w;, from
the Ekman pumping (see equation (5)) and estimating the eddy fluxes after fixing the stratification

to a realistic value of 6.8 kgm 3. The resulting eddy diffusivity is (1519 £281) m?s~!, while the
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bottom Ekman layer depth d = (90 £47) m. Such value of eddy diffusivity is more typical of the

Southern Ocean than the Arctic.

5. Conclusions

Using observational estimates of Ekman pumping (Meneghello et al. 2017) and sea surface
height anomaly (Armitage et al. 2016) we have estimated key parameters of a two layer model,
and studied the relative effect of eddy fluxes and of the Ice-Ocean governor on the equilibration of
the Beaufort Gyre. Both mechanisms have been previously addressed separately in both theoretical
and observational settings by Davis et al. (2014); Manucharyan et al. (2016); Manucharyan and
Spall (2016); Meneghello et al. (2017) and by Meneghello et al. (2018a,b); Dewey et al. (2018);
Zhong et al. (2018); Kwok et al. (2013). A theoretical framework unifying the two has been
detailed by Doddridge et al. (2019). Here, however, we have brought the two together in the
context of observations, and used those observations to explore the relative importance of the two
mechanisms.

In the current state of the Arctic, the Ice-Ocean governor plays a much more significant role
than eddy fluxes in regulating the gyre intensity and its freshwater content. As can be inferred
from Figure 4, this is particularly true on seasonal-to-interannual timescales. We judge that the
freshwater not accumulated (by reduced Ekman downwelling) or released (by Ekman upwelling)
by the Ice-Ocean governor is more than five times the freshwater released by eddies. This reminds
us of how central is the interaction of ice with the underlying ocean in setting the timescale of
response of the gyre and its ability to store fresh water. Moreover, this is a very difficult process to
capture in models because it demands that we faithfully represent internal lateral stresses within

the ice.
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Future circulation regimes will be impacted by the changes in the concentration, thickness and
mobility of ice that have significantly evolved over the past two decades. In particular, loss of
multi-year ice and increased seasonality of the Arctic sea ice extent is to be expected, with sum-
mers characterized by ice-free or very mobile ice conditions, and winters characterized by an
extensive ice cover (Haine and Martin 2017). Depending on the internal strength of winter-ice, the
Arctic Ocean could evolve in the following two rather different scenarios. If the ice is very mobile
then the present seasonal cycle of upwelling and downwelling (red and blue shaded areas in Fig-
ure 3) would be replaced by persistent, year-long downwelling. This would result in an increase
in the depth of the halocline and more accumulation of fresh water. Ultimately the gyre would
be stabilized through expulsion of fresh water from the Beaufort Gyre via enhanced eddy activity.
However, if winter ice remains rigid, downwelling in the summer will be balanced by upwelling
in the winter as the anticyclonic gyre rubs up against the winter-ice cover; stronger geostrophic
currents will potentially result in stronger upwelling cycles, affecting the ocean stratification and
increasing the variability of the isopycnal depth, geostrophic current and freshwater content over
the seasonal cycle. Our ability to predict these changes depends on how well our models can rep-
resent the transfer of stress from the wind to the underlying ocean, through the seasonal cycle of

ice formation and melting.
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2 Al. Derivation of the governing equations

2u  Letus consider the volume conservation equations for a flat-bottom, two-layer model with layers
x5 thicknesses /# and h, and velocities u; and u, (see Section 12.4 of Cushman-Roisin and Beckers

26 2010)

oh
8—1—{—V-<h1ul)20

! (A1)
%+V-(h up) =0

27 In the hypothesis of low Rossby Ro = f% and temporal Rossby Ror = fiT numbers, the accel-

~

s eration and advection terms in the momentum equations can be neglected and the velocity can be

20 decomposed in a geostrophic ug; ¢ and an Ekman u,; ., component, so that for each layer

U= Ug + U. (A2)

=0 The divergence free geostrophic component can be expressed as a function of the layer thick-

221 NESSES as

Ug) = ?I’f\? X V(h1 —|—l’l2)
, (A3)
Ug) = ?’% X V(/’ll —l—hz) + g7f<i X Vhy

2 While the vertically integrated volume divergence of the Ekman components, limited to the very
»s top and the very bottom of the two layers (see the gray areas Figure 2), can be expressed as a

2. function of the surface stress T and the bottom pressure p = g (hy +hy) + g'hy as

Vxr
V. (hluel) = — f
] P (Ad)
V. (hue) = EVZ (g (h1+hy) —l—g'h2)
12
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»s  Using (A4), (A3) and (A2) the volume conservation equations (A1) can be rewritten as

%“("’ X Vhi) Vi~ 2T 0

o f Zf (A5)
2, 8 /1

7Jr?(kxwzl) th-l-ﬂv (g(h1+hy)+ghy) =0

= By defining the mean layer thicknesses H; and Hj, equation (A5) can be restated in terms of sea

2 surface height anomaly n = hy + hy — (H; + Hy) and isopycnal depth anomaly a = h, — H;

81’] d , Vxr
+ gn+ga)— =0
2pf v ) pf

bottom Iglzman flux top Ekman flux
5 ., P (A6)
— kxVn)-Va+-—V? =0
3 +f( xVn)- a—|—2 oF (gn+ga)

isopycnaﬁdvectlon bottom Ekman flux

228 We remark that for typical values of L~ 100km, ) =~ 0.1m, a~ 10m, g’ ~ 0.1 ms 2, d=~10m
20 and for a time scale of the order of a month, all terms are of order 107>. The only exception is
20 the term aa—? which while negligible, is retained to avoid having to deal with an integro-differential
21 equation to assimilate the sea surface height 7.

«2  Using an eddy closure for the isopycnal advection term, we can write

(kxVn')-Vd = -KV%a (A7)

SN

= where K is a diffusivity coefficient, 1)’ and @’ are perturbations and the mean (12: X Vﬁ) -Va is ne-
= glected because, on long time scales, the sea surface height and isopycnal depth anomaly gradients
s are parallel.

2 Substitution of (A7) in (A6), and the approximation vz = gives equation (1).

22

= A2. Data

xs  In order to constrain the model (1), we use observational estimates of Ekman pumping wg and

=s  sea surface height anomaly 11 (see Supplemental Material).
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Ekman pumping is shown in Figure 3a, where blue and red shading denote downwelling and
upwelling time periods respectively. We remark how the presence of winter upwelling is a direct
consequence of the inclusion of the geostrophic current in our estimates, is in agreement with
results from Dewey et al. (2018) and Zhong et al. (2018), and lower than previous estimates by
Yang (2006, 2009). The monthly time series of Ekman pumping used in this work is obtained
by averaging our Arctic-wide observational estimates (Meneghello et al. 2017, 2018b) over the
Beaufort Gyre Region (BGR, see Figure 1), and are thus based on sea ice concentration @ from
Nimbus-7 SMMR and DMSP SSM/I-SSMIS passive microwave data, version 1 (Cavalieri et al.
1996), sea ice velocity u; from the Polar Pathfinder daily 25-km Equal-Area Scalable Earth Grid
(EASE-Grid) sea ice motion vectors, version 3 (Tschudi et al. 2016), geostrophic currents u,
computed from dynamic ocean topography (Armitage et al. 2016, 2017), and 10-m wind u, from
the NCEP-NCAR Reanalysis 1 (Kalnay et al. 1996).

The mean sea surface height anomaly, shown by a black line in Figure 3b, is computed as the
norm of the gradient of sea surface height estimates by Armitage et al. (2016), multiplied by
L = 300km, a characteristic length scale for the wind and ice velocity gradients — see, e.g.,
Figure 1 of Meneghello et al. (2018b). The original sea surface height estimate is available on a
0.75° x 0.25° grid, and is obtained by combining Envisat (2003-2011) and CryoSat-2 (2012-2014)
observations of sea surface height from the open ocean and ice-covered ocean (via leads). A total
of 1761 grid points from the original dataset are used to compute the BGR-averaged sea surface
height anomaly for each month.

While not used to constrain the model, an estimate of the mean isohaline depth anomaly, shown
as red marks in Figure 3b, is obtained in a similar fashion. We start from the 50 km resolution
August-September-October 30 psu isohaline depth estimated using CTD, XCTD, and UCTD pro-

files collected each year from July through October, and available at http://www.whoi.edu/
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page.do?pid=161756. The norm of the isohaline gradient is averaged over the BGR and mul-
tiplied by the reference length L = 300km. A total of 409 grid points are used to compute the

BGR-averaged isohaline depth anomaly for each month.

A3. Parameter estimation

In this section we report the Matlab code for the parameter estimation. Table A1 is provided as

supplemental material.

% load Ekman pumping (we) and
% sea surface height (eta)
% from table Al

infile = readtable(’tableAl.dat’);

we infile.wemonthly;

eta infile.eta;

% time step is 1 month

dt = 3600%24*365/12. ;

% initialize Matlab data object

z = iddata(eta,we,dt)

% initialize estimation options

greyopt greyestOptions;

greyopt.Focus = ’simulation’;

% initialize Linear ODE model

15
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299
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302

303

304

305

306

307

308

309

310

311

312

% with identifiable parameters
% - K : eddy diffusivity
% -d : bottom Ekman layer depth

% - drho : potential density anomaly

pars {’K’,300;°d’,100; ’drho’,6};

sysinit = idgrey(’model’,pars,’c’);

% estimate parameters

[sys,x0] = greyest(z,sysinit,greyopt);

% the linear ODE model (see equation 1)

function [A,B,C,D] = model(K,d,drho,Ts)

rho = 1028.; % reference density
f = 1.45e-4; % coriolis parameter
g = 9.81; % gravity constant
gp = g#drho/rho; 7% reduced gravity

L = 300000.; % reference radius
cl = d/(2%£)/L"2;

A = [ -clxg , clxgp ;

+clxg , -clxgp - K/L"2 1;

B =[-1; 0];
c=[1, 0];
D=[01];
end
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

a) The doming of satellite-derived Dynamic Ocean Topography (DOT) marks the persistent
anticyclonic circulation the Beaufort Gyre, one of the main features of the Arctic Ocean
(color, 2003-2014 mean, data from Armitage et al. (2016)). The white area is beyond the
81.5°N latitudinal limit of the Envisat satellite. The Beaufort Gyre Region used for com-
putations in this study, including only locations within 70.5° — 80.5°N and 170° — 130°W
whose depth is greater than 300 m, is marked by the thick red line. b) A section across the
Beaufort Gyre Region at 75°N, marked by a dashed line in (a), shows how the doming up
of the sea surface height toward the middle of the gyre is reflected in the bowing down of
isopycnals. The stratification is dominated by salinity variations and concentrated close to
the surface, with potential densities ranging from a mean value of 1021 kgm ™3 at the surface
to close to 1028 kgm ™ at a depth of about 200 m, and remaining almost constant below that.

Schematic of the idealized two-layer model: the wind- and ice-driven Ekman flow (blue)
drives variations in the layer thicknesses or, equivalently, in the sea surface height 7 and
isopycnal depth a. The interior is assumed to be in geostrophic balance, and eddy processes
(red) result in a volume flux flattening the isopycnal slope.

Observations of monthly mean Ekman pumping (black, top panel) and mean sea surface
height anomaly (black, bottom panel) over the Beaufort Gyre Region are assimilated in
the idealized model (1). Blue and red filled areas in the top panel denotes upwelling and
downwelling respectively. Red marks shows the 30 psu isohaline depth anomaly estimated
from hydrographic data for August-September-October of each year (Proshutinsky et al.
2009); in the Arctic, isohaline depth can be considered a good approximation to isopycnal
depth because the ocean stratification is mostly due to salinity variations. The estimated
sea surface height anomaly (blue), isopycnal depth anomaly (red), eddy diffusivity K =
218m?s~! and reduced gravity g’ = 0.065ms~2 (corresponding to Ap = 6.8kgm~3) are in
agreement with observations. In particular, the estimated sea surface height anomaly (blue)
captures most of the observed seasonal cycle variability (black) as well as its long-term
increase after 2007 (RMSE = 0.02m, R? = 0.68). The estimated bottom Ekman layer
thickness is d = 58 m, and includes the effects of bottom bathymetry. Shaded blue and red
regions in the bottom panel show the uncertainty of the model estimation (one standard
deviation).

a) Ekman pumping associated with wind forcing w, (dark blue) ice forcing w;g (light blue),
eddy fluxes K L% (dark red) and the Ice-Ocean governor w;, (light red). See equation (4). The

mean Ice-Ocean governor term wj, is six times larger than the mean eddy fluxes term Ka/L?.
b) hypothetical isopycnal depth anomaly under different scenarios: red line and red marks
are the same as in Figure 3b, with the red shaded region denoting one standard deviation.
The orange curve represents the evolution of the isopycnal obtained by neglecting eddy
diffusivity in equation (1). The blue curve is obtained by neglecting the ice-ocean governor.
The error introduced by not including the ice-ocean governor is much larger (gray arrows),
with an increase in isopycnal depth anomaly more than ten times larger the actual one over
the 12-year period considered.
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458 F1G. 1. a) The doming of satellite-derived Dynamic Ocean Topography (DOT) marks the persistent anticy-
«s9  clonic circulation the Beaufort Gyre, one of the main features of the Arctic Ocean (color, 2003-2014 mean, data
wo from Armitage et al. (2016)). The white area is beyond the 81.5°N latitudinal limit of the Envisat satellite. The
«1 Beaufort Gyre Region used for computations in this study, including only locations within 70.5° — 80.5°N and
w2 170° —130°W whose depth is greater than 300 m, is marked by the thick red line. b) A section across the Beau-
s fort Gyre Region at 75°N, marked by a dashed line in (a), shows how the doming up of the sea surface height
was toward the middle of the gyre is reflected in the bowing down of isopycnals. The stratification is dominated
«s by salinity variations and concentrated close to the surface, with potential densities ranging from a mean value
s of 1021 kgm~ at the surface to close to 1028 kgm ™~ at a depth of about 200 m, and remaining almost constant

w7 below that.
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FI1G. 3. Observations of monthly mean Ekman pumping (black, top panel) and mean sea surface height
anomaly (black, bottom panel) over the Beaufort Gyre Region are assimilated in the idealized model (1). Blue
and red filled areas in the top panel denotes upwelling and downwelling respectively. Red marks shows the
30 psu isohaline depth anomaly estimated from hydrographic data for August-September-October of each year
(Proshutinsky et al. 2009); in the Arctic, isohaline depth can be considered a good approximation to isopy-
cnal depth because the ocean stratification is mostly due to salinity variations. The estimated sea surface
height anomaly (blue), isopycnal depth anomaly (red), eddy diffusivity K = 218m?s~! and reduced gravity
g’ =0.065ms~? (corresponding to Ap = 6.8kgm ) are in agreement with observations. In particular, the esti-
mated sea surface height anomaly (blue) captures most of the observed seasonal cycle variability (black) as well
as its long-term increase after 2007 (RMSE = 0.02m, R% = 0.68). The estimated bottom Ekman layer thickness
is d = 58 m, and includes the effects of bottom bathymetry. Shaded blue and red regions in the bottom panel

show the uncertainty of the model estimation (one standard deviation).
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FIG. 4. a) Ekman pumping associated with wind forcing w, (dark blue) ice forcing w;y (light blue), eddy
fluxes K L% (dark red) and the Ice-Ocean governor w;, (light red). See equation (4). The mean Ice-Ocean
governor term wje is six times larger than the mean eddy fluxes term Ka /L2. b) hypothetical isopycnal depth
anomaly under different scenarios: red line and red marks are the same as in Figure 3b, with the red shaded
region denoting one standard deviation. The orange curve represents the evolution of the isopycnal obtained by
neglecting eddy diffusivity in equation (1). The blue curve is obtained by neglecting the ice-ocean governor.
The error introduced by not including the ice-ocean governor is much larger (gray arrows), with an increase in

isopycnal depth anomaly more than ten times larger the actual one over the 12-year period considered.
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