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Air-sea and oceanic heat flux contributions to the heat budget
of the northern Gulf of Alaska shelf
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[11 We constructed annual cycles of National Centers for Environmental Prediction air-sea
fluxes and temporal oceanic heat content change from Seward Line hydrographic surveys
to quantify the different contributions to the oceanic heat budget within the Alaska Coastal
Current (ACC) on the northern Gulf of Alaska shelf. The deficit between air-sea fluxes and
the temporal change in oceanic heat content throughout the cooling season (October—April)
varies from ~40 to 110 W m 2 and is balanced by ocean heat flux convergence. Cross-shelf
heat flux convergence is insignificant on annual average, and the nearshore heat budget is
likely entirely balanced by the ACC, which resupplies ~15%—50% of the heat removed by
air-sea fluxes during the cooling season. Furthermore, we estimated spatial heat flux
gradients and conclude that air-sea fluxes increase from east to west and from offshore to
onshore. The cross-shore gradients are governed by wind speed gradients, likely due to
ageostrophic nearshore wind events during the cooling season, while the along-shelf heat

flux gradients are governed by the occurrence of low-pressure systems in the northern
GOA that result in cold northerly winds over the northwestern GOA. These results
underline the ACC’s role as the dominant oceanic heat source to the northern GOA shelf
and further imply an increased cooling rate of the ACC west of the Seward Line.
Furthermore, our analysis showed that nearshore regions, particularly waters in the ACC,
are subjected to stronger winter cooling than the middle and outer shelves.
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1. Introduction

[2] The northern Gulf of Alaska (GOA) shelf is a highly
productive ecosystem that supports a diversity of commercial
fisheries. This production is related to numerous processes,
many of which are linked to the atmosphere. For example,
from fall through spring, the Aleutian Low dominates the
North Pacific Ocean and is responsible for the predominantly
downwelling-favorable winds and the large precipitation rates
in the northern GOA [Wilson and Overland, 1986; Stabeno
et al., 2004]. Winds and coastal freshwater influxes force the
Alaska Coastal Current (ACC) [Royer, 1981; Johnson et al.,
1988; Schumacher et al., 1989; Weingartner et al., 2005].
The ACC is the salient circulation feature on the inner shelf
and advects organisms and water masses around the GOA
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and ultimately into the Bering Sea through passes in the
Aleutian Islands.

[3] Ecosystem responses following shifts in ocean climate
were observed in the GOA in 1977 and 1989 [Anderson and
Piatt, 1999; Hare and Mantua, 2000] and recently in the
Bering Sea [Coyle et al., 2011; Hunt et al., 2011]. In the
winter of 2006/2007, the northern GOA’s three-decade-long
warming trend [Royer and Grosch, 2006] was interrupted by
the strongest ocean cooling since the early 1970s [Janout
et al., 2010]. The cooling coincided with delayed spring
blooms and delayed zooplankton development in 2007 and
2008 (Hopcroft, personal communications). Salmon produc-
tion, which has been used as one indicator of the state of the
Northeast Pacific (NEP) ecosystem, appear to be correlated
with the Pacific Decadal Oscillation [Mantua et al., 1997],
a measure of sea surface temperature variability in the
NEP, which in return is related to the North Pacific Index,
a measure of the strength of the Aleutian Low [7renberth
and Hurrell, 1994]. However, the northern GOA shelf has
a complex three-dimensional circulation, and the heat
budget is strongly influenced by stratification due to fresh-
water runoff and its redistribution by along- and cross-shelf
advection and mixing. For example, the recent 2007 cooling
coincided with some of the lowest geostrophic velocities on
the northern GOA shelf and likely complemented the cool-
ing through reduced along-shelf heat transport [Janout
et al., 2010]. Although ocean temperatures substantially
influence marine ecosystems, the processes that control
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temperature variability on this shelf remain largely unquan-
tified. Weingartner et al. [2005] quantified physical
processes in the ACC and their impact on the nearshore
GOA freshwater budget. The aim of this paper is to comple-
ment their findings by estimating the relative importance of
cross- and along-shelf heat flux convergences in comparison
to air-sea heat exchanges on the coastal GOA heat budget.
Furthermore, long-term weather records are sparse on the
northern GOA shelf, and the National Center for Environ-
mental Prediction (NCEP) reanalysis provides only one grid
point (in the cross-shelf direction) on the wide (~150km)
northern GOA shelf, which may not necessarily be an ade-
quate representation of shelf-wide conditions. We therefore
investigate atmospheric records for along- and cross-shelf
gradients on the northern GOA shelf.

[4] This paper is organized as follows. After describing
the data in section 2, we present a climatology of hydro-
graphic parameters and air-sea fluxes in sections 3.1 and
3.2, quantify cross- and along-shelf heat transport in sections
3.3 and 3.4, and then examine gradients in air-sea fluxes in
sections 3.5 and 3.6, followed by a summary and discussion
in section 4.

2. Data Sets

[s] We used oceanographic data from along the Seward
Line (Figure 1), which was occupied up to seven times per
year (March, April, May, July, August, October, and
December) from 1997 to 2004 as part of the NOAA-NSF-
funded NEP-GLOBEC program [Weingartner et al., 2002]
and since 2005 with support from the North Pacific Research
Board (NPRB) for biannual (May and September) cruises.
Salinity values reported herein are based on the Practical
Salinity Scale 1978.

62 o’\l '\

[6] Atmospheric parameters (wind speed, air and dew
point temperatures, and sea level pressure) recorded from
National Data Buoy Center (NDBC) buoys around the
northern GOA shelf (Figure 1) were used to compute latent
and sensible heat fluxes with the COARE 3.0 algorithm
[Fairall et al., 1996, 2003] and then compared with NCEP
heat flux estimates [Kalnay et al., 1996] at selected grid
points near the Seward Line. We additionally use monthly
mean values from the North American Regional Reanalysis
(NARR), NCEP’s high-resolution combined model and
assimilated data set [Mesinger et al., 2006]. In addition, we
used QuikSCAT wind data to estimate cross-shelf Ekman
transport. The QuikSCAT wind estimates are from twice
daily swaths with daily averaged data available at 25 km
resolution. Over the northern shelf, the along-shelf
component of the wind is nearly zonal [Royer, 2005], so
downwelling-favorable winds are easterly.

[7] We also used monthly coastal freshwater discharge
anomalies from the Alaska-British Columbia boundary to
150°W from Royer’s [1982] hydrological model. These
discharge anomalies are significantly correlated with upper
ocean salinities at GAK1 and the along-shelf baroclinic trans-
port in the ACC between November and May [Weingartner
et al, 2005]. Current velocity records, available from
October—December 2001 and 2002 as well as from February—
April 2002 and 2003 from moored current meters, were
used to compute seasonally averaged velocities. Two moor-
ings each were located in the ACC near Seward Line
stations 2 and 3 and ~120km to the southwest near Gore
Point (Figure 1), respectively. Hourly measurements were
recorded at a maximum of four depths between ~30 and
150 m, using Aanderaa RCM7 and RCM9 current meters.
The accuracy for speed and direction of the RCM?7
(RCMY) is +1cms™ ' and 5°-7.5° (£0.2cms™ ' and 5°).
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Map of the northern Gulf of Alaska, including the Seward Line (GAK1-13; black dots). The

Alaska Coastal Current (ACC) pathway is sketched in blue. The 200 and 1500 m isobaths are based on the
General Bathymetric Chart of the Oceans (GEBCO). Mooring locations are indicated by yellow stars.
Locations of QuikSCAT data points used in Figure 4 are marked by green dots. NDBC buoys (red dots)
used to construct Figure 10: (1) 46001, (2) 46084, (3) 46083, (4) 46082, (5) PAMD, (6) 46060, (7) 46061,
(8) 46076, (9) 46081, and (10), 46077. NCEP grid points used in Figure 15 in the (a) eastern GOA, (b)
northern GOA, and (c) western GOA are shown by green stars.
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The moorings were operated as part of NOAA’s Fisheries
Oceanography Coordinated Investigations with deploy-
ments and recoveries during May and September cruises.

[8] Observations in the northern GOA provide insufficient
spatial coverage to reliably quantify along-shelf heat gradi-
ents. We therefore used monthly mean temperature data pro-
vided from an ocean reanalysis derived from applying the
Simple Ocean Data Assimilation (SODA) methods [Carton
and Giese, 2008] in a general ocean circulation model based
on the Parallel Ocean Program [Smith et al., 1992]. Horizon-
tal resolution is 0.5° x 0.5°, with ~10 m vertical intervals in
the upper 150 m.

3. Results

3.1. Annual Cycles of Salinity and Temperature Along
the Seward Line

[v] We computed seasonal averages of the cross-shelf dis-
tribution of salinity (Figure 2) and temperature (Figure 3)
along the Seward Line on the northern GOA shelf from
about seven annual occupations from 1997 to 2004 by com-
bining March—May transects into a late winter/early spring
average, July and August transects represent summer, and
October and December form the fall and winter averages,
respectively. From fall to spring, salinity primarily controls
the density field in the northern GOA [Royer, 2005]. For
example, salinity contributes at least 80% to 0—50 m density
stratification in the ACC on the inner shelf year-round and
from 60% to 90% on the middle and outer shelves from fall
to spring. Variations in the density field are thus governed by
variability in coastal freshwater runoff and along-shelf
(downwelling-favorable) winds (Figure 4) [Weingartner
et al., 2005].

[10] Low runoff rates and strong downwelling-favorable
winds confine the freshwater to the coast through winter

Salinity

c) October (n=8)

GAK stations

and causes, by spring, steeply sloping isohalines within the
ACC, a weakly stratified water column and relatively high
nearshore surface salinities (31-32) (Figure 2). In summer,
relaxation of the downwelling winds and increased freshwa-
ter runoff diminishes nearshore salinities (29-31), enhances
stratification, and spreads low-salinity waters offshore.
Isohaline (and isopycnal) slopes decrease across the shelf,
and at depths >~50 m, there is an onshore transport of saline
and nutrient-rich slope water [Childers et al., 2005;
Weingartner et al., 2005]. Beginning in September/October,
downwelling winds strengthen so that isohalines slope
downward toward the coast, and the salinity in the ACC
reaches its annual minimum (<29) due to the seasonal accu-
mulation of freshwater runoff (Figure 4). Low surface
salinities (31-32) are now found across the shelf to at least
the shelf break. The stratification, which is strongest over
the shelf in July/August, decreases through October and
rapidly diminishes by December. These changes, due to
strengthening of the downwelling-favorable winds, result
in steepening of the ACC’s isohalines and the formation of
large horizontal salinity gradients over the inner shelf. Interan-
nual salinity variations are largest (standard deviation ~£2)
in July and October in the ACC within 40 km of the coast
(inshore of GAK3) and in the upper 50 m. Elsewhere on
the shelf and in other seasons, the standard deviation
is <40.4. The effect of atmospheric heat transfer into and
the vertical distribution of heat in the water column is
therefore regulated by freshwater and salinity stratification
[Janout et al., 2010].

[11] Minimum temperatures (5°C —6°C) occur in spring
when the shelf has a nearly uniform temperature distribution
(Figure 3). However, nearshore waters are ~3°C during cold
years [Janout et al., 2010]. Thermal stratification develops
in summer, when temperatures can exceed 13°C in the upper
30 m (Figure 3). By October, surface waters cool to <11°C,
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Figure 2. Seward Line salinity from GLOBEC cruises from 1997 to 2004, averaged for (a) March—May,
(b) July—August, (c) October, and (d) December. The numbers of transects used for averaging are

indicated by n=20, n=10, etc.
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Figure 3. Seward Line temperature (°C) from GLOBEC cruises from 1997 to 2004, averaged for (a)
March—May, (b) July—August, (c) October, and (d) December. The numbers of transects used for averag-

ing are indicated by n=20, n=10, etc.

and by December, temperatures are <8°C across the shelf.
Temperature variability is largest near the surface (0—50 m)
across the entire shelf in summer and fall with standard
deviations of £2°C. Thermal stratification over the shelf is
strongest in summer on the middle and outer shelves,
offshore of the coastal freshwater influence, and in this
season, it accounts for ~75% of the 0—50m stratification.
Cross-shelf temperature gradients are relatively weak
throughout the year, with maximum temperature differences
between the ACC and the outer shelf of ~1°C in October in
the upper 50m and with generally smaller differences
(<1°C) in deeper (>100 m) waters and in other seasons.
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Figure 4. Climatology of coastal freshwater discharge
(1932-2008, black) in south central and southeast Alaska
from Royer’s [1982] hydrological model (right y axis) and
QuikSCAT along-shelf wind stress [Nm™ ~] (2000-2008,
gray, left y axis) at locations near GAK3 (solid gray) and
GAKD9 (dashed gray).

3.2. Air-Sea Fluxes and Oceanic Heat Content

[12] The seasonal net air-sea heat flux on the inner shelf
(60°N, 146°W, Figure 1), based on the daily means (1948—
2011) of NCEP latent and sensible heat fluxes and net long-
and short-wave radiation, ranges from < —250 4= 250 Wm ™~ in
mid-winter to ~150 - 50 Wm ™~ in summer (Figure 5), where
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Figure 5. (top) Annual cycle of heat fluxes [Wm *] at
60°N, 146°W, averaged from NCEP daily values from
1948 to 2011, and (bottom) their standard deviations. (black)
Net air-sea fluxes, (red) short-wave radiation, (green) long-
wave radiation, (orange) sensible fluxes, and (blue) latent
fluxes. Negative fluxes denote heat transfer from ocean to at-
mosphere. Dashed gray lines indicate the transition into
heating and cooling seasons based on the zero-crossings of
the net heat flux. x-ticks mark the first day of each month.
Data are smoothed with a 3 day running mean.
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negative fluxes denote a heat transfer from ocean to atmosphere.
The warming season begins on average on 15 April, while the
average onset of the cooling season is 13 September. During
the cooling season, the net heat flux is largely due to the latent
and sensible heat fluxes, both having magmtudes of ~—100 W

. However, the standard dev1at10n in latent heat flux is
nearly twice as large (=150 Wm"™ 2) as that of sensible heat flux
(80 Wm?). Long-wave radiation is approx1mate1y constant
(60 £ 20 Wm™?) year-round. Short-wave radiation is negligi-
ble at the winter solstice but the largest contributor to the net
air-sea heat flux in summer (200 4+ 50 Wm™2). The net heat
loss and gain offshore (58°N, 148°W, near GAK13) range from
—1504 150 Wm % in w1nter to +150 + 50 Wm ™2 in summer
and nearly balance one another on annual average. In contrast to
that, the inner shelf has an annual mean deficit of 60 W m ™2, as
indicated by both the long-term (1948 —2011) and shorter-term
(1997-2004) averaged NCEP air-sea heat fluxes. This deficit
may in fact be larger (~80Wm*2) if the bias in short-wave
radiation of 20 Wm ™2 [Ladd and Bond, 2002] detected at
Station Papa (50°N, 145°W) is applicable to the northern
GOA as well. Thus, on annual average, the heat budget in the
ACC must involve a net oceanic heat flux convergence in order
to balance the air-sea heat flux deficit. Below, we estimate the
along- and cross-shelf heat flux convergences needed to satisfy
this deficit. The analysis is based on the estimates of the average
monthly oceanic heat content (Q,.) computed from the about
seven annual Seward Line occupations between 1997 and
2004 for the ACC (GAKI1-2) and the outer shelf (GAK7-8)
(Figure 6) according to

0

Ooc = J pepTdz

bottom

where p is the water density, 7(z) is the water temperature at
depth z, and ¢, is the specific heat of seawater, which ranges
between 3980 and 4050 Jkg 'K ~' for GOA water proper-
ties [Fofonoff and Millard, 1983]. Oceanic heat content
was computed for the entire water column. However, most
of the seasonal hydrographic variability occurs above
150 m, the maximum mixed layer depth on the inner shelf
[Sarkar et al., 2005]. The inner Seward Line is located in a
particularly deep part of the shelf, whereas the maximum
common depth along the Seward Line is 150 m, a bottom
depth that is characteristic for much of the GOA shelf. This
depth is also typically used for referencing velocities calcu-
lated from the thermal wind relation [Johnson et al., 1988],
and the results are not sensitive to the integration depth.
The middle shelf heat content (not shown) covaries with
the outer shelf. O, is at a minimum in March/April and
maximum in October, with the largest amplitude on the
inner shelf and smaller amplitudes on the middle and outer
shelves. The local rate of change in oceanic heat content
(00,/01) is the net result of air-sea heat exchange and ocean
heat flux convergence and also has a larger amplitude in the
ACC than on the outer shelf. Over the outer shelf, 90,./0¢
varies from ~—80 Wm™? in winter to ~+80 Wm ™~ in sum-
mer, with these changes being nearly balanced by air-sea
fluxes discussed above. In contrast, Q,./0t in the ACC
varies from ~—130 Wm 2 in winter to nearly 120 Wm >
during summer (Figure 6). The oceanic heat flux conver-
gence required to balance the ACC’s heat budget is

thus ~100Wm 2 for the October—January average and
~40-60 Wm 2 for the February— Aprll (Figure 7) period,
based on the difference between air-sea heat fluxes and the
change in oceanic heat content. From June—August, the heat
budget is nearly balanced. In the following section, we make
rough estimates of the cross- and along-shelf heat fluxes and
their contribution to the ACC (nearshore) heat budget.

3.3. Cross-Shelf Heat Transport

[13] Cross-shelf transport mechanisms on the northern
GOA shelf include flow-topography interactions and eddy
fluxes [Stabeno et al., 2004; Ladd et al., 2005], although
these have not been quantified. In contrast to the importance
of cross-shelf transport on the shelf’s nutrient budget
[Childers et al., 2005; Hermann et al., 2009], we expect that
the net heat fluxes associated with these processes are
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Figure 6. Scasonally averaged, depth-integrated (0 m
bottom) oceanic heat content [Q,.], including one standard
deviation along the Seward Line for the (a) inner shelf
(ACC) and (b) outer shelf. The companion panels show
the temporal change in oceanic heat (AQ,./At; black) and
the monthly averaged NCEP net heat flux (gray). Note that
O, Was interpolated from months with data coverage (large
dots) to a biweekly time step (small dots) for computing the
differences between air-sea fluxes and AQ,./At shown in
Figure 7. Months labeled along the x axis indicate those
months containing Seward Line data coverage. All values
are based on 1997-2004 averages.
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Figure 7. Nearshore (ACC) heat flux deficit between
NCEP air-sea fluxes and the change in depth-integrated
(surface—bottom) oceanic heat content at GAK1-2 shown
in Figure 6a. The deficit indicates the amount of the ocean
heat flux convergence required to balance the heat budget.
Error bars show one standard deviation, indicating the inter-
annual variability in the monthly differences.

negligible given the feeble cross-shelf temperature gradients
and upon assuming that the mass-compensating onshore and
offshore flows associated with these processes occur at ap-
proximately the same depth. Large anticyclonic slope eddies
may impact the outer shelf’s heat and freshwater budgets
[Janout et al., 2009], but these occur irregularly and do not
appear to influence the ACC; hence, they are also neglected.
However, the prevailing downwelling-favorable winds from
fall through spring impel a persistent Ekman transport that
may influence the shelf heat budget.

[14] We thus take the net oceanic cross-shelf heat flux to be
the result of difference in cross-shelf heat transport between
the surface and bottom Ekman layers. Following Weingartner
et al. [2005], we assume a two-dimensional mass balance in
which the surface Ekman transport is balanced by a return
flow that is (i) evenly distributed below the surface Ekman
layer and (ii) entirely concentrated in a bottom Ekman
layer. We used monthly mean zonal QuikSCAT wind stress
T, from 2000 to 2008 and the Coriolis parameter f'to com-
pute monthly Ekman transport (Mgm[m? s ]1=1,/ " 'p~ ).
The zonal wind stress is predominantly westward, and the
onshelf Ekman transport is largest in late fall and early win-
ter. Easterly winds weaken in summer (Figure 4) and, in
some years, become weak westerly (upwelling-favorable).
Hence, the total Ekman heat flux convergence is

aqurf _ 8qubsurf
9y )

HFg = Mgy (

Surface (0-20 m), subsurface (20m to bottom), as well as
near-bottom (230-250 m, not shown) cross-shelf heat gradi-
ents 0/dy [J m*] were computed from heat content differ-
ences between the outer (GAK7-8) and inner (GAK1-2)
shelves (Figure 8) based on the average temperatures over
these depths. The results are not sensitive to the choice of
the Ekman layer thicknesses. As inferred from Figures 3
and 8, the heat content varies seasonally, but in general,
the cross-shelf (meridional) heat gradients are negative from
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Figure 8. (a) Average oceanic cross-shelf (meridional)

heat gradient [Jm*] along the Seward Line for the surface
(020m, dark gray) and subsurface (20m to bottom,
light gray) layers. b) Cross-shelf ocean heat flux conver-
gence [W m72] associated with Ekman transport. The
dashed line is based on a subsurface return flow that is
evenly distributed below the surface layer (dashed) or
confined to the bottom boundary layer (solid). A negative
heat flux indicates onshore heat transfer. The black lines
outline a range using the bigger of the two standard devia-
tions computed for each method for each month.

March through July, being ~—30Jm * in the surface and
smaller for subsurface depths. This gradient is positive and
~15-30Jm~* in the surface and subsurface layers in August
and October. Hence, for most of the year, the surface and
subsurface cross-shelf heat gradients generally have the
same sign. Exceptions occur in July and December, when
these gradients are positive in subsurface waters and nega-
tive in the surface layer.

[15] The net cross-shelf Ekman heat flux convergence is
thus onshore and a maximum (~20 Wm™?) in December
and a minimum in summer of <3Wm * (Figure 8). In
October, the cross-shelf heat gradient is positive so that the
net cross-shelf Ekman heat flux convergence tends to cool
the inner shelf at ~10 W m 2. Although the standard devia-
tion for Ekman heat flux convergence is small through most
of the year (<i10Wm_22), it is large in October and
December (+£20-30 Wm™ ), which reflects the large
variability in both winds and ACC temperatures mentioned
in section 3.1. Although our computations suggest that
Ekman transport may occasionally account for as much as
40Wm? (but generally <20 Wm™?), it is unclear if or
how efficiently the onshore Ekman transport penetrates the
ACC front. This front is strongest in fall when the onshelf
Ekman heat flux convergence is largest. On an annual aver-
age, our estimate suggests that the net Ekman heat flux
convergence makes a negligible (~5Wm™?) contribution
to the heat budget on the inner shelf of the GOA. Next,
we will examine the contribution of along-shelf heat
flux convergence.

3.4. Along-Shelf Heat Transport

[16] Flow over the middle and outer portions of the GOA
shelf is weak and variable compared to the ACC [Stabeno
et al., 2004], and changes in oceanic heat appear to be
approximately balanced by net air-sea fluxes in all seasons
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(Figure 6). In contrast, the ACC has a large heat deficit from
late fall through spring, which is not balanced by the cross-
shelf Ekman heat flux convergence. Therefore, the bulk of
the deficit must be balanced by the along-shelf advection
of heat. This deficit (Figure 7) is on average ~80 Wm ~
throughout the cooling season (October—April) and some-
what larger (~100 Wm™?) from October to January. The
majority (~70%) of the baroclinic along-shelf transport
on the northern GOA shelf is carried within the ACC
[Weingartner et al., 2005] with a mean annual transport of
~0.8 x 10°m>s™" [Johnson et al., 1988; Stabeno et al.,
1995]. Stabeno et al. [1995] estimated that the baroclinic
component may amount to as much as 75% of the total
ACC transport, depending on season and location, while
Williams et al. [2007] estimate the baroclinic transport at
80%—90% under the strong downwelling winds characteris-
tic of fall through early spring.

[17] From October to May, the 0—150 m averaged along-
shelf heat gradients are ~5.54 0.3 Jm ™ * based on tempera-
tures provided by the SODA ocean reanalysis (Figure 9).
During winter, thermal stratification is weak, and the SODA
temperatures indicate that the results are not sensitive to
the layer thickness used to average the heat content to com-
pute the gradients. The along-shelf heat gradients are largest
(6-8 IJm~*) in November and December, moderately strong
from January through June (4-6Jm™*), and weakest from
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Figure 9. (a) Sea surface temperature [°C] from the SODA
ocean reanalysis for October 2004. Each pair of grid points
(blue dots) was averaged and then used to calculate the
along-shelf temperature/heat gradient. (b) Monthly means
(1997-2004) of along-shelf heat and temperature gradients
calculated from the grid points in Figure 9a. Error bars are
based on the standard deviation from different results based
on the layer thickness used to compute the average. A
small standard deviation such as in March implies that
similar gradients result from using the surface only to using
a 0—150 m mean.

July through October (1-3 Jm™~*). We confine our estimates
of along-shelf heat advection to the cooling season only,
when the along-shelf thermal gradients are largest. We
estimated the uncertainties in these gradients by varying
the averaging depth between the surface and 150m
in ~10m increments. The SODA gradients are similar in
magnitude to our estimates of ~4 & 1 Jm ™ based on sea sur-
face temperature differences between National Data Buoy
Center (NDBC) buoys 60082 and 60084, between different
NCEP grid points and from conductivity-temperature-depth
(CTD) profiles at Cape Suckling (see Figure 1 for locations)
and the Seward Line in December 1999, and from the
moored temperature records.

[18] The October—January ACC heat budget deficit of
100 Wm * implies that westward current speeds must be
~0.08-0.22ms "', for values of Q,./Ox ranging between 3
and 8 Jm~*. This estimate is consistent with other, albeit
limited, measurements. For example, Johnson et al. [1988]
report depth-averaged, along-shelf westward currents for
December 1983 of 0.2ms™ from moored current meter
records. We also estimate the along-shelf geostrophic veloc-
ities for the 1997-2004 period from the thermal wind
relation applied to stations along the Seward Line, assuming
a level of no motion at 150 m. We estimated these for each
cruise and computed the monthly means (Figure 10). Over
the outer shelf, along-shelf velocities vary from —0.06 ms "
in December and May to ~Oms ™' in July. Within the ACC,
the thermal wind relation indicates that depth-averaged,
along-shelf velocities range from —0.05ms™' in July to
—0.18ms ! in December, with these variations consistent
with the seasonal cycles of wind and runoff (Figure 4).

[19] For comparison, we computed monthly and seasonal
averages from the velocity records obtained in 2001/2002
and 2002/2003 from the moorings on the inner Seward Line
and from those offshore of Gore Point (Figure 1). The
October—December (20-100m) mean flow in the ACC
estimated from three current meters from the inner Seward
Line was 0.17ms ™!, while the mean flow in the ACC near
Gore Point was similar (0.19ms™'). These averages are
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Figure 10. Mean (0—150 m) along-shelf geostrophic veloc-
ities [ms~'] computed from 1997 to 2004 Seward Line CTD
data from inner (GAK1-2, black) and outer (GAK7-8, gray)
shelf stations. Error bars indicated one standard deviation.
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15%—-27% higher than those estimated using the thermal
wind relation. The February—April means at both mooring
locations are 0.10 and 0.15ms™', ie., 12%—62% higher
than those derived from the thermal wind, which may be
expected since the barotropic velocity component increases
the flow magnitude measured by the moorings. The mooring
records used for these estimates are from winters
with slightly below (2001/2002) and above (2002/2003)
average coastal runoff and winds [Janout et al., 2010],
and they likely bracket the average current velocities for
these months.

3.5. Cross- and Along-Shelf Air-Sea Heat Flux
Variability

[20] The previous sections highlighted considerable cross-
shelf gradients in along-shelf baroclinic transport (Figure 10),
oceanic heat content (Figure 6), and along-shelf wind stress
(Figure 4). This spatial variability may have significant
consequences on air-sea fluxes and the oceanic heat budget
across the shelf. For a northern GOA-wide comparison of
air-sea fluxes, we searched the NDBC data base for weather
buoys with simultaneous data coverage and computed
turbulent (latent and sensible) heat fluxes. Turbulent fluxes
compose the largest part of the air-sea winter heat flux
(Figure 5) and are also the largest source of variability in
these fluxes. Although the bulk of the winter cooling
occurs from November through March, this part of our
analysis is constrained to the 4 month period between
January and April for the years 2003, 2004, 2006, and
2008 due to limited concurrent buoy data. We then com-
bine single buoys into regional averages and compute the
cumulative sum of the fluxes in order to describe spatial
heat flux variations over the northern GOA shelf
(Figure 11a). The results indicate that winter air-sea heat
fluxes increase from offshore to onshore and from east to
west around the GOA, as additionally supported by win-
ter-averaged NARR fluxes (Figure 11b). For example, the
cumulative turbulent heat fluxes in Shelikof Strait are more
than twice those over the basin southeast of Kodiak Island.
Heat fluxes in Prince William Sound (PWS) are ~20% less
than those in Shelikof Strait, but ~15% greater than Cape
Suckling and Southeast Alaska and 30% larger than for
Middleton Island (PAMD) on the outer shelf, which is
only ~90km south of PWS. The average January—April
air temperature of the PWS buoys is only ~0.4°C lower
than at PAMD during the 4years used to construct
Figure 11a, and therefore, the cross-shelf heat flux gradi-
ents between the outer and inner shelves and PWS are
largely due to cross-shelf wind gradients as discussed next.

[21] Zonal means of the 2000-2008 monthly QuikSCAT
and NARR wind speeds between 140°W and 150°W
(roughly between Yakutat and GAKI1, see Figure 1) on the
northern GOA shelf show that wind speeds ~80 km offshore
of the coast are 30%—-35% smaller than those adjacent to the
coast (Figure 12). Cross-shelf wind speed gradients diminish
in spring and are slightly reversed in summer. Figure 13
shows how the ratio of the inner to outer shelf wind speeds,
averaged over the November—March period, varies along-
shelf in this region. Ratios greater than 1.2 are found
at ~146°W in eastern PWS, between 143°W and 146°W
near the Copper River delta and the Cordova-Valdez moun-
tains, the western entrance to PWS (148°W), and the mouth
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Figure 11. (a) Average January—April cumulative turbu-
lent heat loss in the GOA, computed from weather buoys
from selected locations (see map in Figure 1). Mean values
were composed from available buoys among 2003, 2004,
2006, and 2008. Number of data points used for the mean
is shown in legend (n=2, etc.). Numbers on the graphs
correspond to the buoy number in Figure 1 used to construct
the graphs. (b) Mean winter (November—March) latent+
sensible heat flux from NARR [W m 2], including locations
of the weather buoys used to construct Figure 11a.
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Figure 12. Zonally averaged QuikSCAT wind speeds
[ms™'] between 140°W and 150°W for (black solid)
October—March and (black dashed) April-September com-
pared with the corresponding NARR wind speeds in gray.
Standard deviations (not shown) decrease seaward and are
maximum inshore in October—December (+1.1ms™"),
except April-June, when the standard deviation is larger
offshore (0.9 ms™ ') than nearshore (+£0.6ms™").
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Figure 13. Meridional (November—March, 2000-2008)
average of the QuikSCAT wind speed ratio nearshore
to ~80km (0.75° latitude) seaward of the nearshore data
point. Gray shades highlight peaks in the ratio as described
in the text.

of Resurrection Bay (~149°W). These are areas where bar-
rier jets and gap winds occur during the cooling season
[Macklin et al., 1988; Loescher et al., 2006]. Barrier jets
blow along the coast and are generated during onshore air-
flow, while (seaward-oriented) gap winds are channeled
through gaps in the coastal topography [Loescher et al.,
2006]. Both are intimately linked to the mountainous coast-
line [Macklin et al., 1988; Overland and Bond, 1993].
Loescher et al. [2006] found that >80% of all barrier and
hybrid (combination of barrier and gap wind) jets are
<80km wide. Their result agrees with Macklin et al.
[1988], who showed that these ageostrophic nearshore wind
events adjust geotriptically within one Rossby radius of
deformation (~60km) from shore. Their findings are also
consistent with the large cross-shelf gradients observed in
the QuikSCAT and NARR wind speeds (Figure 12) and
the large differences in air-sea heat fluxes between PWS
and Middleton Island (PAMD). Although PAMD is only
90km south of PWS, it is beyond the influence of these
mesoscale wind phenomena. The impact of these nearshore
wind events on cooling of the ACC is therefore substantial.
This may be especially so since a substantial portion of the
ACC appears to flow through PWS [Niebauer et al., 1994].

[22] The Shelikof Strait buoy indicates considerably
higher oceanic heat loss in this region than elsewhere on
the shelf. In winter, this strait is apparently dominated by
strong low-level wind jets that are controlled by the chan-
nel’s topography [Lackmann and Overland, 1989; Macklin
et al., 1990; Liu et al., 2006]. These jets extend over a
broader area that includes Cook Inlet and the shelf north of
Kodiak Island as evidenced by the NARR heat flux patterns
in the northwestern GOA. This cooling is reflected in the
depth-averaged temperature data from May CTD casts,
which suggest that average temperatures can be 1°C—2°C
lower in Shelikof Strait than at GAKI1 [Stabeno et al.,
2004]. Hence, the along-shelf temperature gradient between
GAK1 and Shelikof Strait is ~—3°C (1000km)~" or nearly

twice the estimated ~—1.5°C (1000 km) ™' temperature gra-
dient to the east of GAK1. In the next section, we investigate
the sea level pressure (SLP) distributions over the northern
GOA that give rise to these spatial variations in wintertime
air-sea heat fluxes.

3.6. The Role of Northern GOA Low Sea Level
Pressure Events

[23] A more detailed examination of the January—April
turbulent fluxes discussed above indicated that each of the
4 years used to construct Figure 11a included a number of
vigorous cooling events, where the heat loss exceeded the
winter-averaged heat loss by 50%—100%, with each event
lasting from 2 to 10 days. The aggregate heat loss during
these short-term events amounts to ~40%—-60% of the total
January—April heat loss. Inspection of the SLP distributions
(not shown) shows that each cooling event is generally
associated with a low-pressure system located in the
northern GOA. The influence of GOA lows on the North
Pacific’s oceanic and atmospheric conditions are well known
[Overland and Hiester, 1980; Rodionov et al., 2007; Janout
et al., 2010], and we here show that the propagation and
residence time of northern GOA lows is a major factor in
the spatiotemporal variability of northern GOA heat fluxes.

[24] Overland and Hiester [1980] applied correlation tech-
niques to analyze northern GOA sea level pressure data for
dominant weather systems, which allowed them to catego-
rize and quantify the occurrence of specific weather patterns
during 1968-1977. We followed a similar, but simpler
approach, in quantifying the occurrence of low-pressure sys-
tems in the northern GOA during winter (November—
March). Overland and Hiester [1980] defined six different
weather patterns in this region, but we specifically concen-
trate on SLP patterns with minimum pressure in the northern
GOA. Specifically, we screened six hourly (1948-2012)
NCEP SLP within 130°W-180°W and 50°N-62.5°N and
enumerated occasions where a minimum SLP was found
within the region bounded by 57.5°N-62.5°N, and
130°W—-155°W. The time during which a low was found
in the northern GOA divided by the total time period consid-
ered provides an index for the frequency of occurrence (F,)
of northern GOA low-pressure systems, i.e.,

Fo — 100 x tln.leGOAlow
timeotal

The mean November—March anomalies of F, and air tem-
peratures (Figure 14) from a northern GOA NCEP grid point
(60°N, 146.5°W) (Figure 1) are significantly anticorrelated
(r=-0.53, p<0.01). The 1948-2012 November—March
average F, is ~18%, while the 1968-1977 average is 21%
and only slightly higher than Overland and Hiester’s
[1980] 1968-1977 winter average of 16%. The maximum
F, of ~28% occurred in 2012, which was slightly larger than
1971 (26%), 1972 (26%), 1975 (27%), and 2007 (~25%).
The minimum F, of ~9% occurred in 2003. The 1976/
1977 regime shift [Mantua et al., 1997] is evident in the
F, time series as high (low) F, and low (high) air tempera-
tures were more common during the period before (after)
the regime shift. Moreover, the early 1970s and 2007 and
2008 are consistent with periods of anomalously low
northern GOA shelf temperatures [Janout et al., 2010].
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Figure 14. Anomalies of (top) the November—March
averages of frequency of occurrence (F,) of lows in the
northern (=57.5°N <62.5°N) GOA and (bottom) NCEP air
temperatures [°C] from 1948 to 2012 at 60°N, 150°W.
These two time series are significantly anticorrelated
(r=-0.53, p<0.01). Gray (black) bars indicate positive
(negative) anomalies.

The occurrence and duration of low SLP systems that
propagate into the northern GOA account for ~28% of the
interannual variability in northern GOA air-sea heat fluxes.

[25] The position of the lows also explains the along- and
cross-shelf variations in the heat fluxes. NCEP air tempera-
ture anomalies and SLP from March 2007 (as an example
of an anomalously cold month in the northern GOA)
indicate that low pressure centered at the head of the GOA
causes below normal air temperatures primarily along the
western flank of the low because northerly winds bring
cold continental air southward from Alaska’s interior
(Figure 15). In contrast, the eastern GOA (between 50°N
and 57°N) shows near-average air temperatures due to
eastward (i.e., shoreward) advection of oceanic air masses.
Furthermore, lows tend to concentrate along the north cen-
tral portion of the GOA basin, because the coastal mountains
impede inland propagation [Wilson and Overland, 1986].
For example, lows are centered between 140°W and
150°W ~50% of the time, while east of 140°W they occur
only 23% of the time. We next compare winter heat fluxes
and their anomalies at three NCEP grid points at nearshore
locations in the eastern, central (south of PWS), and
northwestern GOA (east of Kodiak) (Figure 1) from 1948
to 2012 and thereby distinguish between average winter
(November—March) heat flux (Figure 16a) and the average
winter heat flux during the occurrence of northern GOA
lows (Figure 16b). In addition, we computed the winter heat
flux anomalies (Figure 16¢) and compare these with those
heat flux anomalies associated with the presence of northern
GOA lows (Figure 16d). On winter average, the northeastern
GOA has relatively moderate mean winter heat
fluxes of —140 (£35)Wm 2, while mean heat fluxes
are —155 (£40)Wm 2 in the north central GOA
and —190 (£45) Wm ~ in the northwestern GOA.
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Figure 15. a) March 2007 NARR monthly mean sea level
pressure (SLP, contours), air temperature anomalies [°C]
(color), and wind speed (arrows) based on the March
19792010 period. SLP [mbar] contours are in 2 mbar
increments. (b) Mean 1979-2010 March air temperatures
[°C] (color) and SLP [mbar] (contours).

[26] The winter heat fluxes and their anomalies
(Figures 16a and 16c) are spatially coherent and show a uni-
form shift from negative to positive anomalies during the
1977 regime shift [Mantua et al., 1997] at each of the three
locations. Interestingly, when averaging winter heat fluxes
exclusively during the occurrence of northern GOA lows, the
three grid points show significant differences (Figure 16b).
Under these conditions, the eastern GOA has an average heat
loss of —120430Wm 2, with positive anomalies
of +20+£25Wm™? (Figure 16d), while the north central
GOA loses more heat (—1904 55Wm™?), with negative
anomalies of —30 + 50 W m 2. However, for the northwest-
ern GOA, heat fluxes are —380 4100 Wmfz, with the
largest anomalies of ~—190 +95 W m 2. This implies that
winter northern GOA lows reduce cooling rates in the
eastern GOA but enhance cooling in the north central and
northwest GOA. Drifter observations made during fall indi-
cate that it takes from 1 to 3 months for water parcels to tran-
sit the ~800 km distance from Cook Inlet to Unimak Pass
[Stabeno et al., 2002; Janout et al., 2009]. Hence, as the
ACC flows through this region in winter, it is subjected to
substantially greater cooling than elsewhere on the shelf.
The results also imply that low-pressure systems centered
over the northern GOA impact the heat budget of the south-
east Bering Sea shelf both directly through air-sea heat
fluxes over that shelf and indirectly through strong cooling
of GOA shelf waters that ultimately enter the Bering Sea.
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Figure 16. (a, b) Net air-sea fluxes [W m 2] and (c, d) their anomalies from three locations around the
northern GOA (red: SE-AK; black: SC-AK; blue: Western-AK. See locations in Figure 1). The plot shows
one data point for each winter with a three-point running mean applied. Note that the plots include the last
two data points to include the extreme anomaly in winter 2012. Data were averaged from six hourly NCEP
fluxes from 1948 to 2012. Figures 16a and 16¢ are from net winter (November—March) air-sea fluxes.
Figures 16b and 16d include only the data between November and March during the occurrence of a
low-pressure system in the northern GOA, i.e., from data points used for the frequency of occurrence

(F,) computations in Figure 14.

4. Summary and Discussion

[27] We presented climatological estimates of air-sea heat
fluxes and oceanic along- and cross-shelf heat advection and
their relative contributions to the northern Gulf of Alaska
(GOA) oceanic heat budget computed from averaged Sew-
ard Line observations from 1997 to 2004. The data set is
limited, and thus, our oceanic heat flux convergence
estimates are coarse and should be regarded as tentative.
Notwithstanding these limitations, the results suggest that
the oceanic processes affecting the heat budget on the north-
ern GOA shelf vary seasonally. Over the outer shelf, the heat
budget appears to be balanced by air-sea heat exchanges
throughout the year. Within the Alaska Coastal Current
(ACC; inner shelf), the summer heat budget is primarily
controlled by air-sea heat exchange. From fall through late
winter, the inner shelf cools due to heat loss to the
atmosphere. This heat loss is partially buffered by along-
shelf heat flux convergences, which are a maximum of
~100Wm 2 in fall and diminish to ~40 Wm ™2 in spring
(Figure 7). By comparison, the net air-sea heat fluxes aver-
age ~—200 and —100 W m ™2 between early and late winter,
respectively. The along-shelf heat flux convergences within
the ACC offset the heat loss to the atmosphere by ~50% in
early and ~10% in late winter/spring.

[28] The cross-shelf heat flux convergence estimates are
based solely on fluxes associated with net cross-shelf Ekman
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transports and do not include heat fluxes associated with
eddies and/or advective heat fluxes mediated by topograph-
ically steered currents over the complex bathymetry of the
GOA shelf. On average, cross-shelf heat flux convergence
appears to be weak (~5Wm 2 on annual average). These
fluxes tend to cool the inner shelf in fall, but heat it in late
winter/spring. The variability in the Ekman-induced cross-
shelf heat flux convergence is much larger than the mean
in fall and early winter, suggesting that these fluxes may
be an important source of interannual variability. Given the
limitations in our observations-based analysis, a profitable
direction for future research is to investigate the seasonally
(and interannually) varying heat budget of this shelf using
high-resolution numerical models.

[29] The fall-winter reversal in the sign of the cross-shelf
heat flux is due to a reversal in the sign of the cross-shelf
temperature gradients and not changes in wind direction,
which are downwelling-favorable from fall through spring
(Figure 4). The seasonal changes in the sign of the cross-
shelf temperature gradients arise due to greater air-sea heat
exchange over the inner shelf compared to offshore. The
cross-shelf gradient in atmospheric cooling is associated
with the coastal mountains, which result in colder (and drier)
air temperatures nearshore compared to offshore and
orographic inducement of ageostrophic barrier jets and gap
winds [Loescher et al., 2006; Macklin et al., 1988] that are
generally confined to within ~ 70 km of the coast.
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[30] There are also large along-shelf gradients in winter
air-sea heat loss, with these gradients dependent upon the
position of the Aleutian Low in winter. In the mean, the
Low is centered in the western GOA between 56°N and
58°N (Figure 15) so that average winter air temperatures
decrease and air-sea heat losses increase, moving counter-
clockwise around the GOA shelf. However, much of the
interannual variability in winter cooling is associated with
the position of the Aleutian Low. The lowest spring ocean
temperatures on record occurred in years when the
frequency of occurrence (F,) of northern GOA lows was
greatest. (We defined northern GOA lows as those having
centers between 57.5°N and 62.5°N and 130°W and
155°W). “Northern” lows tend to be weaker but centered
farther north than average. They affect ocean cooling in
two ways. First, these systems result in larger air-sea heat
losses than average, especially over the western side of the
low, thereby intensifying the east-west contrast in air-sea
cooling over the GOA. Second, the along-shelf baroclinic
transport within the ACC is reduced in these cases, which
undermines the heat buffering tendency associated with win-
ter along-shelf heat flux convergence. That reduction evolves
because of decreases in both downwelling-favorable wind
stress and winter coastal discharge [Janout et al., 2010]. Dis-
charge also affects wintertime stratification over the inner
shelf, so that the spring temperature distribution over the
shelf'is intimately connected to the winter hydrologic regime.

[31] Our findings show that the nearshore GOA has an
annually averaged surface heat flux deficit, which is bal-
anced by along-shelf heat flux convergence in winter. This
contrasts with some midlatitude shelves, which, often char-
acterized by a surplus in surface heat fluxes, require ocean
heat flux divergence as a source of cooling. For instance,
Lentz [2010] estimated that the Middle Atlantic Bight’s
long-term averaged surface heat flux surplus (~10 Wm™?)
is primarily balanced by cold southward (along-shelf)
currents. On the outer New England shelf, Lentz et al.
[2010] showed that surface fluxes in summer are balanced
by cross-shelf heat removal, while in winter, along-shelf ad-
vection imposes strong cooling on the region’s waters. The
low summer temperatures on the shallow inner New
England shelf result from a balance between surface fluxes
and the cross-shelf advection (upwelling) of cold water,
whereas the winter heat budget is a function of surface fluxes
only [Fewings and Lentz, 2011]. For the North Carolina
shelf, Austin [1999] found that the summer heat content is
dominated by cross-shelf fluxes, while along-shelf heat
advection dominates during winter. Furthermore, on upwell-
ing-dominated shelves, a surface heat surplus is to first
order balanced by Ekman offshore heat transport, as shown
on the northwest African shelf during spring [Richman and
Badan-Dangon, 1983] as well as the northern California
shelf, where the heat budget during the spring and summer
upwelling season is essentially two dimensional [Lentz,
1987; Rudnick and Davis, 1988], while it becomes three
dimensional in winter due to a decreasing cross-shelf circu-
lation and an increase in the relative importance of along-
shelf advection [Dever and Lentz, 1994]. The importance
of cooling by along-shelf advection increases further
offshore in the California Current system [Bograd et al.,
2001; Edwards and Kelly, 2007]. Overall, a major contrast
between the GOA and these midlatitude shelves is
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noticeable in the opposite role of ocean advection in balanc-
ing the heat budget, which in the GOA is primarily achieved
by the along-shelf heat flux convergence in the ACC.

[32] The GOA shelf represents one component of the
large-scale shelf circulation that carries Pacific waters
northward and eventually into the Arctic Ocean [dagaard
et al., 2006]. It appears that the ACC is an important source
of freshwater [Weingartner et al., 2005; Aagaard et al.,
2006] and possibly heat [Stabeno et al., 2005] for the Bering
Sea shelf. With respect to the Bering Sea shelf’s heat budget,
we note that years in which the F, of northern GOA lows is
anomalously large coincide with an extensive winter ice
cover and summer “cold pool” on the Bering Sea shelf
[Grebmeier et al., 2006; Rodionov et al., 2007; Danielson
et al., 2011]. Although the processes leading to these condi-
tions are largely endemic to the Bering Sea shelf, our results
imply that the heat flux contribution from the GOA to the
Bering Sea shelf is also reduced in such years, due to both
a reduction in the baroclinic flow and a reduction in the
transport through Unimak Pass during westerly wind
anomalies [Stabeno et al., 2002], thus aggravating cooling
over the Bering Sea. Over much of the Bering Sea shelf,
oceanic-heat flux convergence is weak and largely con-
trolled by winds [Reed and Stabeno, 2002; Danielson
et al., 2011]. However, over the northern Bering Sea and
in Bering Strait, the along-shelf (northward) transport of heat
significantly contributes to the shelf heat budget through
summer and fall [Woodgate et al., 2010]. Within the
Chukchi Sea, the northward advective heat flux plays an
important role in summer sea ice retreat [Weingartner
et al., 2005; Woodgate et al., 2005; Spall, 2007]. By fall,
along-shelf heat advection exceeds air-sea cooling and is
thus instrumental in delaying the onset of ice formation on
this shelf [Weingartner et al., 2013].

[33] Our analysis has enabled only coarse estimates of
some of the components of the seasonally varying heat bud-
get of the northern GOA shelf. The heat budget’s seasonal
and interannual variability is primarily governed by the
strength and position of the Aleutian Low. These parameters
affect spatial patterns and magnitudes of air-sea heat
exchanges and, via winds and precipitation, the stratification
and the circulation of this shelf. These effects are, to some
extent, propagated into the Bering Sea and thus influence
that ecosystem as well.
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