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Abstract In the late 2000s, the dominant sea ice type
in the Arctic Ocean changed from multi-year ice to first-
year ice. In this condition, winter growth of first-year ice
and resultant ice thickness at the melt onset are key pre-
conditions on whether sea ice can survive or will dis-
appear during the following summer. The growth rate
strongly depends on upper ocean thermal conditions. In
the Pacific sector of the Arctic Ocean, the warm Pacific
Summer Water, which is a major heat source affecting the
sea ice growth, is transported toward the basin by the oce-
anic Beaufort Gyre, driven by winds and sea ice motions,
but the response time scale of the oceanic Beaufort Gyre
to surface forcing has been unclear until now. In the pre-
sent study, we examine the relationship between the ocean
dynamic height near the Northwind Ridge as a proxy of
the northward volume transport and curls of winds and sea
ice velocities, using multiple regression models that evalu-
ate relative contributions of past surface forcing to the cur-
rent state of the oceanic Beaufort Gyre. As a result, the
time scale of the delayed oceanic response in 2006-2012
was estimated to be about 3 years. Taking into account the
response time scale, the multiple regression model using
the satellite-derived sea ice motion data successfully recon-
structed the observed variations of ocean dynamic heights
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within an accuracy of 0.2 dynamic cm, which corresponded
to about 2 % of the amplitude of the observed variations.
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1 Introduction

In recent years, the anomalous sea ice retreat into the cen-
tral Arctic basin has been mainly observed in the Pacific
sector of the Arctic Ocean (Kwok and Rothrock 2009;
Markus et al. 2009). First-year ice has replaced multi-
year ice as the dominant sea ice type in the Arctic Ocean
(Maslanik et al. 2011; Comiso 2011; Polyakov et al. 2012).
In this situation, the thickness of first-year ice at the melt
onset, which is influenced by sea ice growth in winter, is an
important precondition of whether or not sea ice can sur-
vive during the following summer. The sea ice growth in
winter is influenced by thermohaline stratifications in the
upper ocean. In the Pacific sector of the Arctic Ocean, one
of the major heat inputs to the upper ocean just beneath
the surface mixed layer is primarily controlled by advec-
tion of the warm Pacific Summer Water (PSW). PSW is
transported into the Canada Basin (Fig. la) by the oce-
anic Beaufort Gyre (OBG), driven by winds and sea ice
motions. Therefore, the volume transport of the OBG is a
key parameter to determine upper oceanic heat contents in
the basin.

Based on the geostrophic balance, there is a direct
way to calculate the upper ocean circulation from spatial
distributions of the sea surface height measured by satel-
lite-installed altimeters. The amplitude of the temporal
variations of the ocean dynamic height (ODH) from hydro-
graphic data in the Canada Basin was about 10 dynamic
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Fig. 1 Bottom topography of study area. Grey (brown) contours indi-
cate seafloor topographies deeper (shallower) than 1000 m (100 m),
contour interval 1000 m (50 m). a The Arctic Ocean. Areas 1-4 show
the areas for which time series of the areal sea ice area (SIA) shown
in Fig. 2b were calculated. b The Canada Basin. The zonal band in
the blue box, 74.4°~77°N, 130°-160°W, shows the area for which
time series of V x iy and V X iy, shown in Fig. 4b and c, were cal-
culated. The black hashed box, 74.4°~77°N, 150°-160°W, is the area
used to calculate time series of the spatial average of ocean dynamic
height (ODHc) shown in Fig. 4d

cm for the past 10 years (shown later), which was not large
enough to be detected by the accuracy of the altimeter
data (~15 cm) (Kwok and Morison 2011). Therefore, we
adopted a different approach, based on the Sverdrup rela-
tion to evaluate variations, in which oceanic velocities are
calculated by vorticity inputs at the sea surface.

In the case of the upper ocean circulation driven by only
Ekman pumping without any wave propagation and lateral
vorticity inputs, the upper ocean circulation simultaneously
responds to surface forcing (Proshutinsky et al. 2002). The
observational evidence, however, showed that the spatial
pattern of the OBG did not correspond to that of the over-
lying sea ice gyre (we will refer to this later). As such, the
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spatial inconsistency suggests that there was a time lag in
the response of the OBG relative to surface forcing. There-
fore, the time scale of this delayed oceanic response signifi-
cantly influences oceanic heat transportation into the basin
and the resulting sea ice variations. As a first step toward
understanding oceanic influences on sea ice variations, we
examined the relative contributions of past surface forcing
to the current state of the OBG. The quantitative result ena-
bles us to forecast volume transports of the OBG within a
time scale that is shorter than the delayed oceanic response.

This paper is organized as follows. Section 2 describes
data collection methods used in this study. In Sect. 3, we
review spatial patterns of sea ice reduction, and intro-
duce the importance of oceanic roles on sea ice reduc-
tion in the Pacific sector of the Arctic Ocean governed by
the OBG. In Sect. 4, the delayed response of the OBG to
surface forcing is examined from time series of observed
hydrographic, wind, and sea ice motion data. The delayed
oceanic response is recognized as a key to understanding
actual variations of the summer sea ice cover in the OBG
region. In Sect. 5, we develop quantitative examinations of
the delayed time scale of the OBG using a multiple regres-
sion analysis, and provide a simple model to forecast the
state of the OBG. In Sect. 6, we give a summary and a dis-
cussion of this study.

2 Data description

We use hydrographic data collected under the Joint Western
Arctic Climate Studies (JWACS) with CCGS LSSL 20002-
2008 (http://www.whoi.edu/beaufortgyre) and R/V Mirai
2002, 2004, and 2008 (http://www.godac.jamstec.go.jp/
darwin/cruise/mirai), and under the Korea-Polar Ocean
in rapid transition (K-PORT) expedition with the Korean
icebreaker ARAON 2011 and 2012 (PI: SH Kang, e-mail:
shkang @kopri.re.kr). We also use data from XCTD data
stations, collected during CCGS LSSL 2009-2012, partly
supported by Japan Aerospace Exploration Agency (JAXA)
research projects [the International Arctic Research Center
(IARC)-JAXA Information System, and the Global Change
Observation Mission-Water (GCOM-W)] (PI: K. Shimada,
e-mail: koji @kaiyodai.ac.jp).

We analyze sea ice concentration data derived from the
National Aeronautics and Space Administration (NASA)
team algorithm (Cavalieri et al. 1984), provided by the
National Snow and Ice Data Center (NSIDC). We also use
sea ice motion data calculated by the maximum cross cor-
relation method, the so-called particle image velocimetry
(PIV) method (e.g., Adrian 1991), for brightness tempera-
ture images obtained from the Advanced Microwave Scan-
ning Radiometer for Earth observing system (AMSR-E)
(Kamoshida and Shimada 2010). In the calculation of
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Kamoshida and Shimada (2010), 89 GHz channel data
gridded onto a polar-stereo projection (2.08 x 2.08 km) is
mainly used. In their calculation, the first three correlation
peaks are candidates for the calculation of sea ice velocity
vectors. If the direction of the re-analysis 10 m wind is out of
the range of +60° relative to the estimated sea ice vector, the
estimated value is judged as an unrealistic vector. They use
10 m wind data provided by the National Center for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (obtained at http://www.esrl.noaa.
gov/psd/). The accuracy of their daily sea ice velocities was
evaluated by comparison with other sea ice motion data
measured by the bottom-tracking mode of upward-looking
acoustic Doppler current profilers (ADCPs), mounted on
subsurface moorings that were located in the Chukchi Bor-
derland area. The root mean square of the difference between
the satellite-derived velocities and the actual measured ones
by ADCPs was 2.5 cm s~! during November 2002 to April
2003. Here, we analyze sea ice velocities averaged from
November to June. The accuracy of the averaged veloc-
ity is much better than that of the daily one, and is accurate
enough to estimate the temporal variations of ODH in the
OBG region. For the period in which AMSR-E was not oper-
ated, sea ice motions are calculated using brightness temper-
ature images obtained from the following sensors: Scanning
Multichannel Microwave Radiometer (SMMR) and Special
sensor Microwave/Imager (SSM/I).

3 Spatial patterns of sea ice retreat

Figure 2a shows time series of the sea ice area (SIA) in
September in the area north of 68°N (hereafter referred to
as the entire Arctic Ocean). SIA did not show a constant
reduction trend, but accompanied rapid reduction events
in 1989-1990, 1998, 2007, and 2012. First, we investigate
whether these events occurred in the entire Arctic Ocean or
were dominated by specific regions. Figure 2b shows time
series of SIA in the four distinct areas (areas 1-4 depicted
in Fig. 1a). The rapid reduction in 1989-1990 was led by
the reduction in the eastern hemisphere in the Arctic Ocean
(areas 2 and 3), where the sea ice motion is characterized
by the transpolar sea ice drift (blue and black curves in
Fig. 2b). The reduction in this region is interpreted as dis-
charges of sea ice through the Fram Strait, which correlate
with variations of climatic indices such as the Arctic Oscil-
lation (Thompson and Wallace 1998) or the Dipole Anom-
aly that is defined as a second empirical orthogonal func-
tion (EOF) mode of sea level pressure in the area north of
70°N (Watanabe et al. 2006; Wu et al. 2006). In this period,
in contrast, no significant change was observed in the west-
ern hemisphere (areas 1 and 4) (red and grey curves in
Fig. 2b). The second rapid reduction in 1998 was led by a
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Fig. 2 Time series of SIA (km?) in September, a in the entire Arctic
Ocean, the area north of 68°N, b in the individual four areas depicted
in Fig. la; area 1 (120°-180°W, red curve), area 2 (140°-180°E, blue
curve), area 3 (0°-140°E, black curve), and area 4 (0°-120°W, grey
curve). Thick and thin curves denote 3-year running mean values and
annual values, respectively

— 1979-1997
1998-2006

—— 2007-2012

—— 500m isobaths

Fig. 3 Spatial patterns of the ice edge (15 % sea ice concentration)
in September, averaged for the following three periods; 1979-1997
(blue curve), 1998-2006 (green curve), 2007-2012 (red curve). Grey
contours indicate seafloor topographies deeper than 1000 m, contour
interval 1000 m. Black contours denote 500 m isobaths
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regional reduction in the Canada Basin (area 1) (red curve
in Fig. 2b), without significant changes in other areas (blue,
black, and grey curves in Fig. 2b). These regional contrasts
suggest that the mechanism of sea ice reduction differs
from region to region.

After 1998, the SIA reduction trends in areas 1, 2, and
3 (red, blue, and black curves in Fig. 2b), and also in the
entire Arctic Ocean (Fig. 2a), were much larger than those
before 1998. In 2012, SIA in the entire Arctic Ocean hit a
new minimum record.

Figure 3 shows spatial distributions of the ice edge
(15 % sea ice concentration) in September during 1979—
1997, 1998-2006, and 2007-2012. Black contours are
500 m isobaths on the continental shelf slopes. During
1979-1997, before the rapid SIA reduction in 1998, open
water areas were found only in the shallow shelf regions
(blue curve in Fig. 3). During 1998-2006, before the anom-
alous sea ice reduction in 2007, an embayment-shaped sea
ice retreat into the basin was observed in the western Can-
ada Basin (green curve in Fig. 3). In other areas, the ice
edges were still located in the shelf regions or on the shelf
slopes. During 2007-2012, in the East Siberian and Kara
Seas, the ice edges moved offshore but did not enter into
the basin deeper than 500 m (red curve in Fig. 3). In the
Canada Basin, however, the open water area was enlarged
northward along the Northwind Ridge and the Chukchi
Plateau, where the major pathway of PSW was identified
(Shimada et al. 2001; Steele et al. 2004). This retreat pat-
tern suggests that the oceanic heat carried by the OBG is a
key element to understanding the regional sea ice change in
the Canada Basin.

4 QOceanic influences on sea ice reduction in the Canada
Basin

Shimada et al. (2006) explained that the strengthening of
the OBG in the late 1990s was initiated by the strengthen-
ing of basin-scale sea ice motion due to less friction of the
sea ice cover against the Alaskan Beaufort coast, and then
more oceanic heat, leading to the substantial sea ice reduc-
tion, was delivered into the deep Canada Basin. Here, we
attempt to identify which parameters have controlled the
observed temporal variations of the summer SIA in recent
years.

4.1 Changes in curls of wind and sea ice velocities

In this section, temporal variations of the surface forc-
ing that drives the underlying OBG are examined. First
of all, we briefly mention features of spatial distributions
of the OBG, in order to introduce how we can evalu-
ate the volume transport by surface forcing data. In the
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climatological mean field, the OBG showed a zonally
asymmetric pattern, and its center was located in the
region just east of the Northwind Ridge (see Fig. 3 of Shi-
mada et al. 2001). This suggests that the wave dynamics
in the presence of the finite amplitude seafloor topogra-
phy is essential to understanding the zonally asymmetric
spatial pattern of the OBG. Sumata and Shimada (2007)
explained that the modal exchange from the traveling
barotropic Rossby wave to the stagnated baroclinic mode
occurred around the wall, due to small planetary S effects,
the Northwind Ridge and the Chukchi Plateau, facing to
east in the Canada Basin. The non-propagating baroclinic
mode formed northward currents within the narrow zonal
band over the Northwind Ridge and the Chukchi Pla-
teau. Then, the horizontal shape of the OBG resulted in
the zonally asymmetric pattern, just like the mid-latitude
subtropical gyre. Such spatial patterns were also found
in our hydrographic data analysis, while spatial patterns
of the overlying sea ice gyre showed large inter-annual
variations (we will argue this in detail in Sect. 4.2). Thus,
based on the Sverdrup relation, the vertically averaged
volume transport of the OBG would be given by just the
surface torque.

Figure 4b and c show time series of curls of 10 m winds
and sea ice velocities, V x uw and V x 1y, averaged for
the ice-covered period from November to June in the zonal
band, in the blue box depicted in Fig. 1b, respectively.
Since the climatological Ekman vertical velocity was very
weak during July to September (Yang 2006), the curls dur-
ing that period were ignored in the present study. The curls
in October were also neglected, because the sea ice condi-
tion in the Canada Basin in that month makes it difficult to
quantify relative contributions of winds and sea ice motions
to the formation of the OBG. We assumed that drag coef-
ficients at atmosphere—ice and ice—ocean interfaces were
constant during November to June in our analysis period.
Hereafter, we define the averaged wind curl from Novem-
ber 2011 to June 2012 as V x uyw in 2012.

During 1979-1996, V x uy increased (Fig. 4b), while
there were no significant changes in both V x 1 (Fig. 4¢)
and SIA in the Canada Basin (Fig. 4a). This suggests that
vorticities of surface winds did not penetrate into sea ice
under the heavy ice condition during this period (Shimada
et al. 2006). From 1997 to 2004, V x u; decreased (Fig. 4c)
coherently with a decrease in V x uw (Fig. 4b). This sug-
gests that the ratio of the sea ice velocities, which are tan-
gential to wind vectors, to the wind velocities, which is a
proxy of the kinematic coupling between atmosphere and
sea ice (Kimura and Wakatsuchi 2000), was getting larger
than that before 1997. When the anomalous summer sea
ice reduction was observed in 2007-2008 (Fig. 4a), both
V x uw and V x uy decreased substantially, i.e., clockwise
rotations were strengthened (Fig. 4b, c).
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Fig. 4 Time series of a SIA

(km?) in September in the
Canada Basin (area 1 depicted
in Fig. 1a); b spatial averages of
V x iw (s71) in the ice-covered
period (November—June) in

the zonal band in the blue box
depicted in Fig. 1b; ¢ the same
as b, but for V x iy (s71); d spa-
tial averages of ODH (dynamic

cm) at 100 dbar relative to
800 dbar in summer (July—Sep-
tember) in the black hashed box

depicted in Fig. 1b, ODHc. The
z-axis in d is inverted. In a—d,
thick and thin curves denote
3-year running mean values

and annual values, respectively.
Blue straight lines denote trends
of each observe variable in
1979-1997, 1998-2006, and
20062012, calculated by a

least-squares technique
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After 2009, V x uw rebounded to the value observed
around 2004 or in the mid 1980s (Fig. 4b). V x iy
also rebounded after 2009, but the rebound did not reach
the levels of the 3-year running mean values before
2007 (Fig. 4c). Even though the curls rebounded, SIA
in the Canada Basin continued to decrease after 2009
(Fig. 4a). This implies that the observed variations of
SIA in the Canada Basin cannot be explained by just the
surface forcing, and some oceanic delayed processes,
i.e., “ocean inertia” effects, may be necessary to inter-
pret the observed SIA variations after 2007-2008. Before
we examine the delayed temporal response of the OBG
to the surface forcing, we review recent variations of the
OBG, as well as the heat content in the subsurface layer

year

(25-150 m) in the western Canada Basin where the warm
PSW is delivered.

4.2 Changes in the OBG and ocean heat content

Figure 5 shows ODH distributions at 50, 100, and 150 dbar
relative to 800 dbar in the summers (July—September) of
2004, 2008, 2011, and 2012 (color). For these four sum-
mers, hydrographic observations covering the OBG region
are available. Sea ice motions in preceding ice-covered
periods (November—June) are also overlaid as vectors. In
the summers of 2004, 2011, and 2012, ODH showed pat-
terns that were almost the same at the three levels (Fig. 5a,
¢, d). In the summer of 2008, however, the pattern of ODH
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Fig. 5 Spatial distributions of ODH (color, dynamic cm) at 50, 100, and 150 dbar relative to 800 dbar in summer (July—September) of a 2004, b
2008, ¢ 2011, and d 2012, and sea ice motions (vector, cm s ') in preceding ice-covered period (November—June)

at 50 dbar (left panel of Fig. 5b) slightly differed from the
patterns at the deeper levels of 100 and 150 dbar (center
and right panels of Fig. 5b). The center of the OBG at
50 dbar in 2008 was not localized just east of the North-
wind Ridge, but showed a zonally broad pattern extend-
ing southeastward, toward the Canadian Beaufort Sea (left
panel of Fig. 5b). The freshwater inputs arising from the
melting of multi-year ice anomalously increased in the
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summers of 2007 and 2008 in the Canadian Beaufort Sea
(Yamamoto-Kawai et al. 2009; Kwok and Cunningham
2010). These freshwater inputs would cause the broadening
of the pattern of ODH at 50 dbar observed in the summer
of 2008. In 2008, at deeper levels, the center of the OBG
was observed at almost the same location, just east of the
Northwind Ridge (center and right panels of Fig. 5b), as in
the other 3 years (center and right panels of Fig. 5a, c, d).
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The observational evidence suggests that the influence of
the melt water inputs on the circulation pattern was small
at levels deeper than 100 dbar. Therefore, the changes and
distributions of ODH at these deeper levels would mainly
be established by the dynamical response to the kinematic
surface forcing.

At 100 and 150 dbar, northward currents in the zon-
ally narrow area of the Northwind Ridge and the Chukchi
Plateau were observed in all 4 years (color in center and
right panels of Fig. 5a—d), while overlying sea ice motions
were westward in these regions, i.e., sea ice velocity vec-
tors were perpendicular to the direction of the oceanic geo-
strophic flows (vector in Fig. 5). Such discrepancies in the
spatial patterns of the oceanic and sea ice gyres support the
notion of a significant role of finite amplitude seafloor top-
ographic features, the Northwind Ridge and the Chukchi
Plateau, in the formation of the OBG, as pointed out by
Sumata and Shimada (2007). In such cases, the difference
in ODH values between the center and rim of the gyre is
proportional to the volume transport, based on the Sverdrup
relation. Turning to the eastern rim of the OBG, near the
Banks Island in the Canadian Archipelago, the ODH val-
ues did not change significantly year to year at any of the
three levels (Fig. 5). Hence, we can assume the ODH value
near the stable center of the OBG as a proxy of the volume
transport. Here, we define the spatial average of ODH in
the black hashed box depicted in Fig. 1b as a proxy of the
northward volume transport. This spatial average of ODH
is hereafter referred to as ODHc. The subscript ¢ denotes
the “center” of the OBG.

Figure 4d shows temporal variations of ODHc at
100 dbar, which correspond to the lower level of the PSW
layer, relative to 800 dbar. The z-axis in the figure was
inverted. The annual value of ODHc increased remarkably
from 2007 to 2010 (thin curve in Fig. 4d). This shape was
similar to those of the 3-year averaged V x iy and V x iy
in 2006-2009 (thick curve in Fig. 4b, c), but ODHc showed
time lags of about 2 years relative to the curls. Trends of
these observed variables in 2007-2012 indicate that both
the loss of SIA (blue line in Fig. 4a) and the volume trans-
port of the OBG (blue line in Fig. 4d) increased, while
clockwise rotations of winds and sea ice motions decreased
(blue line in Fig. 4b, c). This suggests that the OBG rather
than the surface forcing has much more immediate impact
on the changes in SIA.

Figure 6 shows time series of potential temperature and
salinity near the Northwind Ridge. The thickness of the
PSW layer (29.5 < S < 32.5; Steele et al. 2004), associated
with the oceanic thermal condition affecting the overlying
sea ice cover, increased from 2007 to 2010. The thickness
was nearly unchanged after 2009, even when the negative
vorticity inputs by surface forcing decreased after 2009
(Fig. 4b, c). This suggests that the delayed response of the
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Fig. 6 Hovmoeller diagram of depth-averaged potential tempera-
ture (color, °C) and salinity (black contour), using spatially averaged
values in the region near the Northwind Ridge, the black hashed box
depicted in Fig. 1b

OBG to surface forcing is a potential candidate for main-
taining lateral heat fluxes to the basin. This delayed oceanic
response enables us to forecast the upper ocean state from
the surface forcing in past years. In the following section,
we attempt to construct a simple practical model to esti-
mate the northward volume transport of the OBG without
any hydrographic data.

5 Temporal response of the OBG to surface forcing

5.1 Multiple regression model to reconstruct temporal
variations of ODHc

To reconstruct the temporal variations of the volume trans-
port of the OBG without in situ hydrographic data, relative
contributions of curls of winds and sea ice velocities in
past years to ODHc is examined. This quantitative exami-
nation enables us to estimate the time scale of the delayed
response of the OBG to surface forcing. For this purpose,
we consider the following multiple regression model,
which reconstructs the temporal variations of ODHc using
V x uw or V x uy,

N
yr(n)=ZAmx(n—m)+B, m=0,1, ...

m=0

LM, (D)

where y; is the reconstructed ODHc, and x is the observed
V x iy or V x uy. For example, by using V x #; to recon-
struct ODHc in the year n, V x &ty in years n — 0, n — 1,
..., n —m are substituted into Eq. (1), where m is the time
lag between V x #; and ODHc. The maximum time lag M
is chosen arbitrarily. If we choose M = 2, Eq. (1) is con-
structed from V x iy in years n — 0, n — 1, and n — 2.
Equation (1) in this case is hereafter referred to as “the
model with V x u; for M = 2”.
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In this study, ODHc averaged from July of the year
n to September of the year n is defined as “ODHc in the
year n”’; e.g., ODHc averaged from July 2006 to Septem-
ber 2006 is defined as “ODHc in 2006”. On the other hand,
V x iy averaged from November of the year n — 1 to June
of the year n, i.e., averaged for the ice-covered period in
the year n, is defined as “V x iy in the year n”; e.g., V X iy
averaged from November 2005 to June 2006 is defined as
“V x uy in 2006”. Most of hydrographic data from which
ODH was calculated were taken in August in the year n,
while the middle of the analysis period of V x ii; was the
first of March in the year n. Thus, V x #; in the year n orig-
inally preceded ODHc in the year n by about one-half of a
year. In Eq. (1), however, the time lag between V x iy in
the year n and ODHc in the year n is simply regarded as
zero, i.e.,m = 0.

The relative contribution of x(n — m) to y.(n) is statisti-
cally measured by the regression coefficient A, in Eq. (1).
B is a constant. A, and B are calculated by a least squares
technique, so as to

N 2
Z {ZAmx(n —m)+ B —y(n)}

n m

is minimized, where y is the observed ODHc. For the
maximum time lag M, there are M + 2 units of unknowns
(M + 1 units of A, and B). These unknowns are calculated
by the following M + 2 units of equations:

N
> {Amx(n—m) + B —yn)} =0,

N N
Zx(n - m){ZAmx(n —m)+B —y(n)} =0,

m=0,1, ..., M,

where the second matrix consists of M + 1 units of
equations.

5.2 Time scale of delayed response of the OBG to surface
forcing

Before turning to the examination of relative contributions
of the surface forcing in past years to the volume trans-
port, we first reconstruct the temporal variations of ODHc
in 2006-2012 using the model for M = O, i.e., the model
with just the curl in the previous ice-covered period. As
we have mentioned in Sect. 4. 2, the response of the OBG
showed the time lags relative to surface forcing. The maxi-
mum value of the annual ODHc was observed in 2010 (thin
curve in Fig. 4d), when both curls rebounded from the
maximum negative value observed in 2008 (thin curves in
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Fig. 7 Time series of a the reconstructed ODHc from the models for
M = 0 (black curves) and for M = 4 (blue curves), with the observed
ODHc (red curve) (dynamic cm). Bars represent standard deviations
of the observed ODH in the black hashed box depicted in Fig. 1b
in each summer. b Differences between observed and reconstructed
ODHc in the case using the models for M = 4. In a, b, dashed and
solid curves show the reconstructed results from the models with
V x uw and V X Uy, respectively

Fig. 4b, c). Thus, we can expect that it is not appropriate
to explain the volume transport by just the surface forc-
ing in the previous ice-covered period. The variations of
the reconstructed ODHc in 2006-2012 from the models
for M = 0 are shown in Fig. 7a (black dashed curve for
V x uw, black solid curve for V x u;), with that of the
observed ODHc (red curve). Indeed, the models for M = 0
did not reconstruct the realistic variations of ODHc. To
check the validity of models, we use the square of the cor-
relation coefficient between the observed and reconstructed
ODHc (referred to as %) and the root mean square of the
difference between the observed and reconstructed ODHc
(referred to as D) listed in Table 1. /? quantifies the ratio
of the observed variations explained by the model. The
models for M = 0 explain only about 20 % of the observed
variations. In addition, D are 3.8 and 3.7 dynamic cm for
the models with V x #w and V x 7, which correspond
to about 30 % of the amplitude of the observed variations
of ODHc in 2006-2012 (11.1 dynamic cm, Table 1). The
results suggest that the model should be constructed on the
basis of the quantitative examination of the time scale of
the delayed oceanic response.
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Table 1 ? and D for models with V x iy or with V x iy

Explanatory variable V X uw V x iy

Maximum time lag M=0 M=4 M=0 M =4
r 0.207 0.982 0.221 0.998
D (dynamic cm) 3.8 0.6 3.7 0.2
The amplitude of the 11.1

observed variations
of ODHc in 2006-2012
(dynamic cm)

The square of the correlation coefficient between the observed and
reconstructed ODHc, 2 is used to measure the ratio of the observed
variations explained by the model. D is the root mean square of the
difference between the observed and reconstructed ODHc

* M is the maximum time lag between the curl and ODHc in Eq. (1)

(a) -20 T T _') T
= An(VxuuM=18)

—— An(V Xty M=4)

= A (VXU M=18)
—— An(VXxu,M=4)

1 L L L L L L L L
0 2 4 6 8 10 12 14 16 18
m

Fig. 8 Regression coefficients A, of the models with a V x iy, b
V x u;. The x-axis value m indicates the time lag between the curl
and ODHc in Eq. (1). Black and red curves denote A, of the models
for M = 18 and M = 4, respectively

Next, using regression coefficients A, we attempt to
examine relative contributions of the surface forcing in past
years to the volume transport. A, in models with V x iy
and V x iy for M = 18 are shown in Fig. 8a and b, respec-
tively (black curves). The amplitudes of A, in both models
are large for m = 0, 1, 2, and decrease as m increases by
m = 4. Since the amplitudes of A,, drop to nearly zero at
m = 4, it seems reasonable to construct the models from
the curls at time lags m = 0, 1, 2, 3, 4. For m > 4, however,
the amplitudes of A show a wavy-like oscillation. For
example, A, in the model with V x 1y shows another peak
at m = 10 (black curve in Fig. 8b). Time series of V x iy

show rapid decreases in 1988, 1998, and 2008 (thin curve
in Fig. 4c), suggesting that there was the step-like regime
shift in the large-scale sea ice motion, with intervals of
10 years. Since A, were calculated from such the tempo-
ral variations of V x iy with intervals of 10 years, the par-
tial peak of the amplitude of A,, would appear at m = 10.
Therefore, we herein assume that the wavy-like variations
of A, for m > 4 appeared by artificial statistical influences.
Consequently, we adopt the models for M = 4 to recon-
struct the variations of ODHc.

The reconstructed results from the models for M = 4
are shown in Fig. 7a (blue dashed curve for V x uy, blue
solid curve for V x u;). The reconstructed variations
showed good agreement with the observed ones depicted
by the red curve. The correlation coefficients between the
observed and reconstructed ODHc in 2006-2012 are 0.991
for V x uw and 0.999 for V x u; (data length N = 7, the
degree of freedom = N—2), respectively. Thus, the recon-
structed results are statistically significant at a confidence
level of more than 99 %. The models with V x u and
V x uj for M = 4 explain 98.2 and 99.8 % of the observed
variations in 2006-2012, respectively (Table 1). Moreover,
D are 0.6 and 0.2 dynamic cm, i.e., about 5 and 2 % of the
amplitude of the observed variations in 2006-2012, respec-
tively. These agreements suggest that it would be adequate
to adopt the models constructed from the curls at time lags
m=0,1,2,3,and 4. A, in the models for M = 4 are shown
in Fig. 8a for V x iy and Fig. 8b for V x iy (red curves).
The amplitudes of A, in both models are relatively large
for m = 0, 1, and 2, suggesting that the surface forcing in
the past three ice-covered periods mainly contributed to the
volume transport of the OBG. Therefore, the time scale of
the delayed response of the OBG to the surface forcing is
estimated to be about 3 years.

Finally, we focus on the differences between the
observed and reconstructed ODHc in the case using the
models for M = 4 (dashed curve for V x uyy, solid curve
for V x 1y in Fig. 7b). There is the temporal increase in
the differences in the case using V x iy, while such a ten-
dency is not seen in the case using V x i;. This would be
due to changes in the strength in the kinematic coupling
between winds and sea ice motions. Therefore, the more
direct forcing data, V x #y, should be adopted for more
precise evaluations of the upper ocean circulation.

6 Summary and discussion

To estimate the time scale of the delayed response of ice-
covered upper ocean circulation to surface forcing, we have
examined how the temporal variations of volume transport
of the OBG were reconstructed by surface forcing data in
past years. From the multiple regression analysis between
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Table 2 Regression coefficients A, in the multiple regression model,
Eq. (1), constructed from V x #; at time lags m = 0, 1, 2, 3, 4; i.e.,
the maximum time lag M = 4

Regression Ay A A, As Ay
coefficients (x 10%)

-032 -026 -030 -0.16 —0.09

A, represents a relative contribution of x(n — m) to y,(n) in Eq. (1)

ODHc as a proxy of the volume transport and the curl of
winds or sea ice velocities, the time scale of the delayed
oceanic response was estimated to be about 3 years. Tak-
ing into account such the response time scale, the multi-
ple regression models employed here were useful to pre-
dict ODHc without in situ oceanographic data. There was
a temporal increase in errors in the reconstructed results
from wind data, while the increase was not found in the
case using sea ice motion data. This suggests that the direct
forcing data, sea ice motions, should be adopted for the
prediction of ice-covered upper ocean circulation.

The results from the multiple regression analysis, pre-
sented in Sect. 5.2, indicate that sea ice motions in the past
three ice-covered periods mainly contributed to the forma-
tion of the OBG. On the basis of this finding, we argue the
influence of delayed oceanic responses on sea ice reduction
in recent years, using time series of 3-year running mean
values of the sea ice area (SIA) in the Canada Basin, V x iy
, and ODHc (thick curves in Fig. 4a, ¢, d). Comparing the
variations of V x i; and ODHc (Fig. 4c, d), the maximum
negative value of V x ity appeared in 2008, while the maxi-
mum ODHc did not appear in 2008, but in 2010. To inter-
pret this time lag, we briefly turn to the regression coeffi-
cients of the multiple regression model constructed from
V x iy at time lags m = 0, 1, 2, 3, 4; i.e., the maximum
time lag M = 4 (Table 2). The amplitude of the coefficient
indicates that the relative contribution of V X iy at the time
lag m = 2 (A,) is large and comparable with that at the time
lag m = 0 (A,). This suggests that the sea ice motion from
about 2 years ago contributed highly to the current volume
transport. This result agrees with the observed time lag of
about 2 years between the variations of V x iy and ODHc
(Fig. 4c, d).

The delayed response of the OBG to surface forc-
ing relates to the PSW transport into the basin. In the
Northwind Ridge area, the thickness of the PSW layer
(29.5 < S < 32.5; Fig. 6) coherently changed with ODHc
(Fig. 4d), suggesting the substantial PSW transport to this
region. The PSW temperature (color in Fig. 6), however,
did not show a coherent change with ODHc (Fig. 4d). Dur-
ing 2007-2008, there was the cooling in the PSW layer
(color in Fig. 6), suggesting an event-like upward heat
release. Apart from these years, we focus herein on the vari-
ations after 2009. During 2009-2012, the maximum ODHc
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was observed in 2010 (Fig. 4d), and the warmest PSW tem-
perature was observed in 2012 (color in Fig. 6). Since PSW
is entrained around the Barrow Canyon into the OBG and
is carried onto the Northwind Ridge area, it is expected that
the advective time of PSW was associated with the time
lag between ODHc and the PSW temperature in the North-
wind Ridge area. For example, the mean advective velocity
from the Barrow Canyon to the Northwind Ridge area was
estimated to be about 1.7 cm s/, using the observed ODH
distribution at 100 dbar in 2011 (center panel of Fig. 5c).
Thus, the advective time resulted in about 2 years. This
advective time would explain the delayed variations of the
PSW temperature in the Northwind Ridge area (color in
Fig. 6) relative to that of ODHc (Fig. 4d). The minimum of
the SIA time series was observed in 2012 (Fig. 4a), when
the underlying PSW was warmest (color in Fig. 6). The
above coupled variations between sea ice and ocean with
inertia would be useful for developing a short-term fore-
cast model for sea ice distributions. The detailed mecha-
nism that controls the delayed response of the ocean, which
would be associated with spin-up and spin-down processes
of the ice-covered upper ocean circulation, should be inves-
tigated by theoretical and numerical approaches in future
works.
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