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ABSTRACT

The role of wind forcing on the vertical displacement of the —1°C isotherm and 33.8 isohaline depths was
examined based on snapshots of historical (1950-2013) temperature and salinity profiles along the Mackenzie
continental slope (Beaufort Sea). It is found that upwelling is correlated with along-slope northeast (T59°)
winds during both ice-free and ice-covered conditions, although the wind impact is more efficient during the
ice-free season. One of the most important factors responsible for vertical displacements of isopycnals is
sustained wind forcing that can last for several weeks and even longer. It accounts for 14%-55% of total
variance in isotherm/isohaline depths, although these numbers might be underestimated. The upwelling and
downwelling events are discussed in the context of the interplay between two regional centers of action—the
Beaufort high and Aleutian low—that control the wind pattern over the southern Beaufort Sea. The prob-
ability of upwelling-favorable wind occurrence is closely related to the sea level pressure difference between
these two centers, as well as their geographical positions. The combined effect of both centers expressed as the
SLP differences is highly correlated (0.68/0.66 for summer/winter) with occurrences of extreme upwelling-
favorable northeast (NE) winds over the Mackenzie slope, although the Beaufort high plays a more important
role. The authors also diagnosed the predominant upwelling-favorable conditions over the Mackenzie slope
in the recent decade associated with the summertime amplification of the Beaufort high. The upwelling-
favorable NE wind occurrences also demonstrate the significant but low (—0.30) correlation with Arctic
Oscillation (AO) during both summer and winter seasons, whereas the high correlation with North Pacific
index (NPI; —0.52) is obtained only for the ice-covered period.

1. Introduction

Wind-driven upwelling along shelf breaks leads to
considerable modification of local water masses and
shelfbreak exchanges (e.g., Estrade et al. 2008). In the
Arctic this process is often associated with the onshore
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transport of warm and relatively salty Atlantic Water
(AW) to the continental shelves of the Barents (Falk-
Petersen et al. 2015), Laptev (Dmitrenko et al. 2001,
2010), Chukchi (Christensen et al. 2008; Spall et al.
2014), and Beaufort Seas (Carmack and Kulikov 1998;
Aagaard and Roach 1990; Pickart et al. 2009; Jackson
et al. 2015). The cross-shelf transport of AW can affect
vertical heat and salt fluxes with potential implication
for the overlying sea ice cover (Polyakov et al. 2010;
Barber et al. 2015). On the Beaufort Sea shelf, relatively
cold and nutrient-rich Pacific winter waters can be
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upwelled, affecting the carbon cycle and biological
processes such as primary production (Mundy et al.
2009; Mathis et al. 2012; Pickart et al. 2013a). The
southern part of the Beaufort Sea is ice covered and
isolated from the atmosphere from October to June
suppressing the power input by surface wind to the
mixed layer as well as cross-shelf exchange associated
with upwelling dynamics (Carmack and Chapman 2003).
Note, however, that Williams et al. (2006) showed that
strong ice—ocean stress was possible for westward wind
at the Mackenzie shelf. Moreover, Williams et al. (2006)
and Jackson et al. (2015) reported a maximum vertical
water displacement associated with upwelling events in
winter, on the same order of magnitude as that reported
by Carmack and Kulikov (1998) for the same region
during ice-free conditions. Over the Alaskan Beaufort
Sea shelf break, Schulze and Pickart (2012) found the
strongest upwelling events during the partial ice-
covered season, attributing it to more effective wind
stress transmittance with freely moving ice keels. The
winter upwelling over the Beaufort Sea continental
slope can result in reduced vertical stratification of the
inner shelf waters. This, in turn, facilitates the formation
of Beaufort Sea Winter Water and contributes (if dense
enough) to the Arctic cold halocline (Jackson et al. 2015).
Changes in shelf water hydrography associated with
upwelling events strongly correlate with the along-slope
wind events. In the southern Beaufort Sea, easterly
winds are often present associated with two centers of
large-scale atmospheric circulation—the Beaufort Sea
high to the north and the Aleutian low to the south. The
east-west orientation of the continental slope along the
Alaskan coastline makes these easterly winds favorable
for upwelling during all seasons because of the northward
(offshore) Ekman transport of both sea ice and water. In
the last few decades, frequent reversals of the atmospheric
circulation result in cyclonic sea ice drift in the Beaufort
Gyre in all seasons (Lukovich and Barber 2006; Asplin
et al. 2009) leading to downwelling-favorable atmospheric
conditions instead over the Beaufort continental slope.
The monthly climatology of easterly wind speed has
two peaks: one in November when the contrast in air and
surface ocean temperature and the baroclinicity is at its
highest and one in May when the storm track moves
northward (Pickart et al. 2013a). The most intensive
individual storms, however, are observed in August
(Pickart et al. 2013a), which is consistent with the find-
ings of Serreze and Barrett (2011), who reported the
local maximum in anticyclonic winds over the southern
Beaufort Sea during summer season. Despite the larger
mean easterly wind speed in May and November, the
seasonal ice cover considerably modifies the momentum
transfer from the surface winds to the surface ocean and

JOURNAL OF CLIMATE

VOLUME 29

impacts the dynamics of upwelling/downwelling. De-
pending on wind direction the internal ice stresses re-
sulting from sea ice interactions with the coastline might
prevent free drift and suppress the Ekman transport in
the surface layer. For instance, Williams et al. (2006)
reported a blockade of downwelling-causing ice motion
in the Mackenzie Canyon during onshore winds in
winter. During August, the transfer of momentum from
the surface winds to the ocean and Ekman-driven up-
welling can also be constrained by sea ice if the pack ice
edge remains shoreward of the shelf break (Carmack
and Chapman 2003). Thus, the sea ice retreat, the
elongation of the ice-free period (Stroeve et al. 2014),
and the associated increase in storm activity (Sorteberg
and Walsh 2008; Asplin et al. 2015) suggest more pro-
nounced shelf-basin exchange in the future.

The individual wind-forced upwelling events in the
southern Beaufort Sea are well documented based on
the long-term mooring records (Carmack and Kulikov
1998; Williams et al. 2006; Pickart et al. 2009) and snap-
shot oceanographic surveys (Cameron 1953; Garneau
et al. 2006; Mundy et al. 2009; Tremblay et al. 2011;
Mathis et al. 2012; Sévigny et al. 2015), although a com-
plete assessment of all historical oceanographic data has
not been made to date. Over the Alaskan continental
slope, the occurrence of upwellings has been studied
based only on wind statistics under the assumption that
along-slope easterly winds cause the maximum effect on
the cross-shelf exchange (Pickart et al. 2013a). Although
the occurrence of upwellings over the Mackenzie Beau-
fort Sea continental slope has been studied based on the
northeasterly wind statistics (Williams and Carmack
2015), the validation of upwelling-favorable wind condi-
tions has yet to be demonstrated for this region. In this
paper, we analyze all historical temperature and salinity
profiles in the southern part of the Canadian Beaufort
Sea during 1950-2013 in order to consider the typical
atmospheric circulation characterizing the upwelling or
downwelling events. We focus on favorable wind patterns
that cause upwelling of warmer intermediate AW onto
the shelf based on vertical temperature and salinity pro-
files made over the Mackenzie continental slope. Par-
ticularly, we consider the cumulative wind forcing at
different time scales on the isotherm and isohaline depth
displacement during ice-free and ice-covered seasons
and demonstrate the typical SLP patterns corresponding
to the extreme water displacements (presumably observed
during upwelling and downwelling). We also discuss the
relationship between upwelling-favorable wind events—
from NCEP reanalysis atmospheric data—and large-scale
atmospheric teleconnections (viz., the Arctic Oscillation
and North Pacific index) and related atmospheric pressure
patterns (viz., the Beaufort Sea high and the Aleutian low).
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FIG. 1. (top) Map of the Mackenzie continental slope, including bathymetry (solid black line)
and standard deviation of the —1.0°C isotherm depth (m). Black (white) dots indicate ocean-
ographic stations taken between 100 and 600 m (600 and 2000 m) water depth contours where
the —1°Cisotherm and 33.4 isohaline were observed below 120-m depth. (bottom) The number
of stations within 100-600 m isobaths between March and November in 19502013 are shown.
The light gray shaded area in the top panel shows depths shallower than 100 m.

The long-term and seasonal changes of upwelling-
favorable wind occurrence over the Mackenzie slope
help us to demonstrate how the probability of up-
welling events changes in time. The overall goal of the
current study is to demonstrate the linkage between
atmospheric wind forcing and changes in the offshore
vertical thermohaline structure along the southern Beau-
fort Sea based on snapshot oceanographic measurements.

2. Data

This study is based on historical hydrographic (tem-
perature and salinity) data collected in the second half of
the twentieth century through to 2013. The data were
kindly provided by the Arctic and Antarctic Research
Institute (Russia) and include numerous archived CTD
and bottle measurements carried out in the Beaufort Sea
under different scientific programs. The number of sta-
tions in this dataset is roughly 2 times larger than
available for this region via the World Ocean Database
2013. This dataset was used in several international

projects and in earlier studies (e.g., Arctic Climatology
Project 1997, 1998; Dmitrenko et al. 2012; Swift et al.
2005; Polyakov et al. 2008). For this research, we used a
regional subset of oceanographic stations (i.e., those active
over the Mackenzie continental slope) together with re-
cent (2002-2013) observations made in the Beaufort Sea
under the auspices of the Canadian ArcticNet project
(www.arcticnet.org). The subset includes in situ measure-
ments from various oceanographic platforms including
aircraft and helicopter winter oceanographic surveys or
ship-based summer oceanographic surveys. Most histori-
cal (prior to 1970s) temperature and/or salinity observations
in this subset were made using Nansen bottles. In recent
decades, measurements were made using conductivity—
temperature—depth (CTD) instruments. All data were
mandatorily quality controlled based on a standard
30 tolerance test and additional subjective evaluations.

In the following, we use hydrographic profiles made
between 140° and 130°W and water depth between 100
and 600m, representing the Mackenzie slope region
(Fig. 1). The total number of oceanographic profiles
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gathered in this depth interval is 557, with 447 summer
(July—October) and 102 winter (March—April) stations
(Fig. 1, bottom).The deeper stations were not taken into
account since the number of oceanographic stations
dramatically decreases toward the deeper basin. In ad-
dition, we used 312 vertical profiles obtained between
600 and 1500 m just to demonstrate the general off-slope
decrease of the —1°C isotherm depth variability (Fig. 1).
We also found that upwelling effects are less pronounced
north of the continental slope (results not shown).

In the following, we assume an accuracy of 10~ 2°C,
typical for mercury reversing thermometers. Modern
thermistors have an accuracy of 107>°C or higher. The
accuracy of titration for salinity samples in the historical
dataset is 0.02 (Polyakov et al. 2008), while recent CTD
salinity data and the Guildline Autosal technique have
an accuracy of above 0.002. Note that the measuring tech-
nique for some historical records is not known. In these ca-
ses, we assume a lower bound accuracy of 10~2°C and 0.02.

The surface wind and sea level pressure (SLP) at-
mospheric data used in this study are from the National
Centers for Environmental Prediction (NCEP) re-
analysis. The wind speeds at 71°N, 135°W for both ice-
free and ice-covered periods for the time period 1950-
2013 were derived from the NCEP surface velocity
data. The NCEP SLPs are in excellent agreement with
4- or 8-times-daily observations from Soviet drifting
stations (from 1954 to 2006) through the entire Arctic,
although a small systematic bias is present (Makshtas
et al. 2007). Makshtas et al. (2007) also report a rela-
tively high correlation (R* varied between 0.68 and 0.76
for different seasons) between the NCEP surface winds
and observations, although the authors acknowledge
that the errors in the wind observations at historical
drifting camps are high. For the area considered in this
study, Williams et al. (2006) reported ‘‘some confi-
dence to the NCEP winds” based on comparison of
NCEP data over the Mackenzie continental shelf with
wind speed observed at coastal meteorological stations.

3. Methodology

To quantify upwelling, Carmack and Kulikov (1998)
introduced the so-called effective depth (ED). The ED
was defined as the level where the reference vertical
salinity profile—representing a typical water-mass struc-
ture at some location off slope—is equal to the CTD-
observed salinity near the bottom of the shelf. Williams
et al. (2006) suggested that the reference temperature
profile can also be used to calculate the ED over the
Mackenzie slope within the layer of monotonically in-
creasing temperature between 180 and about 500 m. But
authors noted that a small variation of temperature and
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salinity at every depth among the off-slope CTD casts
taken at the reference location is required for reliable ED
estimations. From a climatological perspective, the de-
cadal variability in temperature and salinity makes this
method difficult since it suggests a known reference
temperature-salinity (TS) profile for every oceano-
graphic station taken over the continental slope
throughout all historical records.

To avoid these difficulties, we correlate instead the
surface wind (the independent variable) and the depths
of a given isotherm/isohaline in the vertical TS profiles
(dependent variables), which are not predetermined but
can be specified depending on the local vertical ther-
mohaline structure. One of the eligible criteria for
choosing a given isotherm or isohaline could be its vi-
cinity to the depth of maximum temperature or salinity
variations in TS profiles that can be associated with
vertical displacement resulting from episodic upwelling
and downwelling events. As a special case for mooring
records, Spall et al. (2008) and Pickart et al. (2009) used
the mean monthly near-bottom salinity to identify up-
welling events. For the Alaskan shelf, Tsimitri and
Pickart (2006) suggested using the —0.8°C isotherm and
33.8 isohaline as a pair of parameters that can be used to
identify the presence of Atlantic Water, uplifted during
upwelling. Although Carmack and Kulikov (1998),
Williams et al. (2006), and Pickart et al. (2009) argue
that salinity is the preferred indicator characterizing
upwelling on the Beaufort Sea shelf, temperature can
also be used as a criterion to identify upwelling of
warmer Atlantic Water for the depth interval where
temperature monotonically increases with depth. For
the Mackenzie slope, we arbitrarily choose the —1°C
isotherm (instead of —0.8°C) because of its correspon-
dence with the 33.8 isohaline, another parameter de-
scribing AW inventory (Tsimitri and Pickart 2006; see
below for details). Although the wind-driven upwelling
is not the only source of observed changeability of
the —1°C isotherm and 33.8 isohaline positions de-
termined from snapshot measurements, we find that
correlation analysis provides an effective way to con-
strain the effect of other processes on water displace-
ments over the steep topography. Processes that can
affect isohaline and/or isotherm positions include the
coastally trapped waves propagating along the conti-
nental slope, the changes of stratification associated with
long- and short-term thermohaline changes in the
Beaufort Sea, and the eddies and meanders. However,
the water displacements associated with these processes
seem to be randomly distributed in time and space and
are not related to the local cumulative wind forcing.

Although the air—-ocean or ice—ocean surface stresses
are more directly related to the energy transferred to the
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FIG. 2. Scatterplot of (a) temperature (°C) and (b) salinity for all hydrographic stations from 1950 to 2013. The solid
and dashed black lines below 50 m depict mean profiles and their standard deviations, respectively. Red and blue
lines indicate the average profiles corresponding to the presumable extreme (D _ - and D33 g are beyond plus or minus
one standard deviation) upwelling and downwelling events observed for 200-600 (solid lines) and 100-200 m (dashed
lines). Dotted threshold line indicates —1.2°C below 100 m (see explanation in the text).

surface layer, we use the wind speed instead because of
the difficulties in estimating ice—ocean surface stresses in
ice-covered regions. Since winds steadily blowing in the
same direction for a long time have a greater impact on
upwelling dynamics (e.g., Bakun 1973; Carmack and
Kulikov 1998; Garcia-Reyes et al. 2014), we present
results for 1-80-day average winds prior to the reported
date of each oceanographic station.

4. Results

The Atlantic Water on the Mackenzie continental
slope are identified by a temperature increase at in-
termediate water depth of 120-200m (Fig. 2a). The
maximum temperature and salinity variances are ob-
served at approximately 200- and 170-m depths, re-
spectively (Fig. 2). We interpret this high variance in
temperature and salinity as vertical displacement of the
AW upper boundary, although decadal variations of
the AW thermal state and/or freshwater content in the
surface layer can also affect the boundary position
(Zhong and Zhao 2014). The average depth of the
—1.0°C isotherm over the Mackenzie slope is 185m, in
reasonable agreement with the mean depth of 33.8 iso-
haline (181 m). The spatial pattern of the —1.0°C iso-
therm depth standard deviations interpolated on a 10 X
10 km? grid show higher variability along the Mackenzie
slope while the variability decreases off slope (Fig. 1).

Note that the average distance between stations is ap-
proximately 6-8 km. This results in approximately 10-20
stations within a 15-km search radius, making the pat-
tern shown in Fig. 1 rather robust.

With few exceptions the temperatures exceeding
the —1.2°C threshold value monotonically increase from
approximately 120 (Fig. 2a) to approximately 400-
500m, where the local maximum of long-term mean
temperature of +0.41°C associated with the AW core is
observed (not shown). Considering the steady salinity
increase with depth, it implies that the —1.0°C isotherm
and 33.8 isohaline can be used to identify vertical dis-
placement associated with wind-forced upwelling over
the Mackenzie continental slope. Moreover, the
mean —1°C isotherm and 33.8 isohaline depths (here-
inafter referred as D_;- and Ds3g, respectively) ap-
proximate those of maximum temperature and salinity
variances, suggesting that D_;- and D33 are reliable
predictors indicating vertical displacement associated
with upwelling or downwelling events (Fig. 2). Although
the total amount of oceanographic stations and their
temporal coverage are different for different ocean
depth ranges, the increase in mean D_q- and D33 g are
statistically significant at around the 200-m isobath
(Fig. 3b), whereas mean D_;- and D33 g are relatively
stable at 200-600-m bottom depths (hereafter referred
to as the deep zone, in contrast with the shallow 100-
200-m zone of continental slope). Large interannual
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FIG. 3. (a) Depths (m) of the —1°C isotherm and 33.8 isohaline (red and blue crosses, respectively) for 200-600-m
water depths and linear trends. Mean depths and standard deviations for different (b) depth ranges and (c) seasons.
The numbers above the standard deviation bars indicate the total number of stations in the different depth zones

and seasons.

variability is present in both D_;- and D335, with
statistically nonsignificant linear trends of 0.9 and
—1.4mdecade ™!, respectively (Fig. 3a). The high
correlation between D _;-and D33 g of +0.96 indicates
the synchronous vertical displacement of isotherms
and isohalines.

To account for the cumulative effect of wind forcing
we calculate the linear correlations between D _{- or
D335 in the deep zone and the preceding wind speed
averaged over different averaging intervals (ranging
from 1 to 80 days) and projected at different directions
(0°-360°). The correlation analysis allows us to identify
the temporal scale and direction of wind forcing result-
ing in the most prominent isotherm and isohaline dis-
placements but not to quantify this impact. Therefore,
this approach demonstrates only the most probable di-
rection of upwelling- or downwelling-favorable winds
and their temporal scale. The highest correlations and
corresponding wind directions are plotted in Fig. 4 for
each averaging time period. To take into account the
effect of sea ice on upwelling event, the correlations are
presented separately for (i) summer (July—October),
when free drift conditions are commonly observed over
the Mackenzie continental slope, and (ii) winter
(March-April), when a consolidated sea ice cover
dominates (Carmack and Macdonald 2002; Barber and
Hanesiak 2004; Williams and Carmack 2015). In the
shallow (100-200 m) zone, only the correlations between
wind and D33 g measured in summer were obtained as a

result of the insufficient data coverage (Fig. 4a) during
the winter.

Statistically significant (at the 95% confidence level)
correlations between D_1- or D335 and northeast (NE)
winds are present for both seasons, although the wind di-
rections from north-northeast to east-northeast can also be
considered effective (Fig. 4b). The negative values in-
dicate the ascent of isotherms/isohalines for the NE winds,
whereas the southwest (SW) winds cause a descent in
isotherms/isohalines. The maximum correlations during
the summer ice-free periods are significantly higher than
during winter, although winter correlations exceed those
for summer for averaging periods longer than 27 days
(Fig. 4a). In the deep zone, there is a correlation of
between —0.52 and —0.58 for an approximate 20-day
cumulative wind forcing (corresponding to 27%-34% of
the total variance of D_1- or D335 explained by wind
impact). In the shallow zone there is a maximum corre-
lation of —0.74 (55% of total variance) for a cumulative
wind forcing of 19-21 days (Fig. 4a). In winter, correla-
tions gradually increase with longer cumulative wind
forcing; the maximum values of —0.38 and —0.47 for D _+»
and D33 g, respectively (14% and 22% of total variance)
are found for cumulative wind forcing of 48 days and then
correlations decrease for longer time scales (Fig. 4a).

The maximum correlations are associated with a rel-
atively long cumulative wind forcing for both seasons,
although the response of isohaline and isotherm depths
to the NE winds is also clear for shorter wind averaging
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FI1G. 4. (a) Maximum correlations between the mean NCEP wind
velocities at 71°N, 135°W (averaging period is on the x axis) and
D_ ;- (red lines) and D33 g (blue lines) for the 200-600-m zone and
(b) the wind directions associated with the maximum correlation
shown in (a). Solid and dashed lines indicate summer (July—
October) and winter (March—April), respectively. Blue squares
show maximum summer correlations for the shallow 100-
200-m zone.

periods. For instance, the correlations of D_j- and D33 g
with instantaneous wind (corresponding to 1-day aver-
aging period) are approximately —0.30 and —0.35. For
an averaging period of 8 days—a typical time scale for
storms on the Alaskan coast (Pickart et al. 2013b)—the
summer correlations exceed —0.50 for both D_;- and
D35 g and the correlations in winter are —0.31 and —0.39,
respectively (Fig. 4a). Hereafter we use an averaging
period of 8 days, following Pickart et al. (2013b), as a
time interval that is sufficient for the development of
upwelling or downwelling along the Mackenzie slope.
For simplification, we continue using the term “NE” for
the upwelling-favorable wind direction, but the wind
projection at 239° (T59°) was intrinsically used as a mean
direction found for 8-day averaging periods (Fig. 4b).
To characterize the typical large-scale atmospheric
patterns that result in upwelling or downwelling at the
Mackenzie slope, we construct a composite of SLP
over the Canadian Arctic for periods when D_;- and
D335 within the deep zone of the Mackenzie slope
exceed the mean by plus or minus one standard de-
viation—that is, for conditions when extreme upwell-
ing and downwelling events are presumably present
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(see Fig. 2). The mean upwelling- and downwelling-
favorable 8-day-averaged SLPs corresponding to these
displacements are shown in Fig. 5. During both summer
and winter, the upwelling, characterized by shallower
isotherms and isohalines, is evident when easterly geo-
strophic winds over the Mackenzie slope are present.
These winds are closely related to the presence of two
climatological centers of action—the Beaufort high (BH)
in the Canadian basin and the Aleutian low (AL). Both
the BH and AL are located at approximately the same
positions during extreme upwelling events in summer and
winter, although both centers are weaker during the ice-
free season (Figs. 5a,d). Despite the smaller SLP differ-
ence between BH and AL in summer (15.2 vs 24.1hPa
during winter) the cross-slope SLP gradients over the
Mackenzie shelf are higher, suggesting the presence of
stronger easterly winds during extreme upwellings. In
winter, the zone of high SLP gradients is shifted south-
ward toward the center of Alaska, leading to weaker
easterly winds over the Mackenzie shelf when compared
to July-September.

The downwelling cases in summer are also controlled by
two centers of action in the atmosphere: a low pressure
system located in the central part of the Canadian basin
and a high pressure center in the North Pacific. Both
centers are weak when compared with upwelling-
favorable situations, and the lateral gradient of SLP is
weak in the southern Beaufort Sea (Fig. 5b). In winter,
extreme downwelling events are associated with the BH
shifted toward the Alaskan coast leading to westerly winds
over the Mackenzie shelf (Fig. 5¢). However the small
number of winter hydrographic data strongly limits our
confidence in the derived SLP patterns for extreme
downwelling and upwelling cases in March-April.

To quantify the impact of the AL and BH on the
vertical displacement of isohaline and isotherm over the
Mackenzie slope we calculate the correlations between
the 8-day-averaged SLP and D _;- for summer (Fig. 5c)
and winter (Fig. 5f). These patterns clearly indicate a
dipole mode of SLP with negative correlations over the
Canadian basin corresponding to an uplift of isotherms
when atmospheric pressure increases and positive cor-
relations over the North Pacific implying the opposite
effect of atmospheric pressure on the depth of iso-
therms. Although the locations of dipole extrema
(maximum and minimum correlations) do not coincide
with the 1948-2014 mean seasonal position of the AL
and BH centers (shown with black crosses), the mis-
match can be attributed to the wide variety of different
synoptic types of atmospheric forcing (Asplin et al.
2009) having a similar effect on the cross-shelf Ekman
transport and, hence, upwelling or downwelling over the
Mackenzie slope.
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FIG. 5. The mean (a),(b) summer and (d),(e) winter sea level pressure (hPa) for all years with (a),(d) upwelling and
(b),(e) downwelling isotherms and isohalines exceeding plus or minus one standard deviation from mean D_1- and
D33 g within the deep zone of the Mackenzie slope. Black crosses and numbers indicate the 1948-2014 mean Aleutian
low and Beaufort high positions and central SLPs for (c) July-October and (f) March—April. The linear correlations
between D _;- and SLP for an 8-day averaging period preceding the event are shown for summer in (c) and winter

in (f).
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5. Discussion

The CTD profiles and water samples collected over the
Mackenzie continental slope show considerable variability
in temperatures and salinities for water depths ranging
between 170 and 220 m (Fig. 2). This variability seems to
be associated with the vertical water displacements caused
by wind-forced upwelling and downwelling. The standard
deviations of D_1- and D335, which roughly indicate the
position of the AW upper boundary, are 22-27 m during
summer and approximately 20m during winter. These
deviations are an order of magnitude lower than the
maximum values of isopycnal displacement (up to
~400m) estimated from the near-bottom salinity obser-
vations at moorings in the Mackenzie Trough in 1987/88
(Carmack and Kulikov 1998; Williams et al. 2006) and over
the Mackenzie continental slope in 2009-11 (Jackson et al.
2015). However, the standard deviations of ED estimated
from mooring records in 2009-11 (moorings B and H; see
Jackson et al. 2015) vary from 29 to 62 m (J. Jackson 2015,
personal communication). These quantities are consider-
ably closer to our standard deviations of 20-27 m esti-
mated from snapshots of vertical temperature and
salinity profiles. The remaining difference can be partly
attributed to the unresolved bottommost portion of the
water column during oceanographic surveys over the
continental slope, whereas the largest vertical dis-
placements occur within the tens of meters above the
bottom during upwellings and downwellings (see, e.g.,
Pickart et al. 2013b, their Fig. 17c). Another reason is
the limited data collection during strong wind events;
the shipborne operations are limited during severe
storms when the intense upwelling events are present.

A statistical analysis of observed reference depths for
the —1°C isotherm and 33 isohaline was conducted in or-
der to determine upwelling-favorable winds and consider
their cumulative effect on the water column. The statisti-
cally significant (at the 95% confidence level) correlations
with along-slope northeasterly winds (T59°) were found
for the time series of D_j- and D335 over the deep (200~
600m) zone during both summer and winter. The corre-
lations generally increase with the length of the averaging
period for the wind speed in agreement with results of
Carmack and Chapman (2003), who suggested a typical
time of upwelling stabilization of 3 days under ice-free
conditions based on numerical modeling. The northeast-
erly winds cause off-slope Ekman transport in the surface
layer, which induces divergence and upwelling of deep
waters toward the Mackenzie shelf. The higher correla-
tions for longer averaging periods indicate a stronger effect
of the cumulative wind forcing on the cross-slope Ekman
transport, which continues as long as wind stress is applied
(Carmack and Chapman 2003).
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During the ice-free period, the maximum correlations
(and, hence, the wind-induced vertical displacement)
from —0.52 to —0.58 are found for the 20-day averaging
period for NE winds (Fig. 4a). This implies that, although
the variance of the 20-day mean wind speed is much lower
than that for the daily winds (2.2 vs 20.3m*s ™ ?), weak but
persistent winds blowing in the same direction result in a
stronger cumulative effect of water exchange between the
basin and shelf (both upwelling and downwelling). In the
shallow 100-200-m zone, the same averaging period for
the wind results in an even higher significant correlation
of —0.74, although the data scarcity (only 22 stations) has
to be noted. The more pronounced wind impact in the
shallow zone can be attributed to the closer position
of —1°C isotherms and 33.8 isohalines to the sea floor
where the largest amplitudes of water displacement are
observed during the upwelling episodes (e.g., Estrade et al.
2008; Pickart et al. 2013b).

In winter, the presence of consolidated pack ice sub-
stantially modifies the surface Ekman transport over the
Mackenzie shelf and causes the asymmetry in the ice—
ocean stresses for different wind directions (Williams
et al. 2006). For instance, persistent easterly winds in-
duce offshore ice transport over the Mackenzie shelf,
resulting in the development of numerous leads, a de-
crease in ice concentration, and, hence, an increase in
ice—ocean momentum transfer (Martin et al. 2014).
Conversely, westerly winds lead to onshore ice trans-
port, a consolidation of the pack, and a reduction in the
ice—ocean momentum transfer (Williams et al. 2006).
Although winds that are favorable for upwelling events
during winter should cause the largest amplitude of
upwellings (Carmack and Kulikov 1998; Jackson et al.
2015), the asymmetry between easterly and westerly
winds results in generally lower maximum correlations
between the wind and D _;- and D335 (-0.38 and -0.47,
respectively; Fig. 4a) when compared to the ice-free
season. However, sea ice does not considerably change
the fact that longer wind impact results in a larger up-
welling event; the maximum negative correlations in
winter are found for NE winds blowing for 1-2 months
or more (Fig. 4a), but the correlations are still statisti-
cally significant for the synoptic-scale forcing of
8-10 days for both summer and winter.

The relatively small part of total D_1- and D335 var-
iance associated with the wind forcing (varied from 14%
to 55%) indicates that other oceanographic processes
considerably affect the changeability of isotherm and
isohaline depths over the Mackenzie slope. However,
the applied correlation method has certain disadvan-
tages that are related to the complexity of wind impact
on upwelling or downwelling events. For instance, the
same isohaline and isotherm displacements can be
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formed under two different scenarios: the relatively
short but strong wind event and the long-lasting but
weak wind. This effect might result in a lower level of
similarity between the time series of D_j- or D335 and
averaged wind that leads to underestimation of wind-
driven signal in isotherm and isohaline displacements.

We calculated the mean SLP patterns associated with
extreme upwelling and downwelling episodes along the
Mackenzie slope during summer and winter. The key
factor affecting the effectiveness of upwelling events
associated with easterly winds is the difference in SLP
between the cores of BH and AL. During extreme up-
welling events, this difference is 15.2 and 24.1 hPa for
summer and winter, respectively (Figs. 5a,d), with a
climatological (1948-2014) mean difference in SLP be-
tween BH and AL centers of approximately 4.6 and
15.7hPa (Figs. 5cf). This implies that upwelling-
favorable wind conditions are observed when the AL
is deeper (—5.0/—4.5 hPa in summer/winter) and the BH
is anomalously high (+5.6/+3.7 hPa in summer/winter)
compared to the mean state. The summer and winter
atmospheric forcing shown in Figs. 5a and 5d resemble
those reported in Pickart et al. (2013a) as upwelling-
favorable winds along the Alaskan Beaufort Sea con-
tinental slope in August and May. We conclude that
upwelling over the entire southern Beaufort Sea con-
tinental margin including the Mackenzie slope is driven
by identical large-scale atmospheric processes charac-
terized by the relative strength of the Aleutian low and
Beaufort high.

Downwelling-favorable winds in winter are also as-
sociated with a strong BH that is considerably shifted
south toward the Alaskan coast (Fig. Se). Under these
conditions, the anticyclonic atmospheric circulation
around BH results in westerly geostrophic winds over
the Mackenzie shelf. In this case, the downwelled waters
at intermediate depths compensate the onshore Ekman
transport in the surface layer. In contrast to winter,
downwelling favorable situations in summer are asso-
ciated with a low pressure system located over the
Canadian basin (Fig. 5b). Both winter and summer
downwelling can be attributed to periods of Beaufort
Gyre reversals when the ice motion in the Beaufort Sea
is switching from an anticyclonic to cyclonic regime
coinciding with reversals of the large-scale atmospheric
circulation over the Canadian basin (Lukovich and
Barber 2006; Asplin et al. 2009). For instance, extreme
winter and summer downwelling events occur when the
atmospheric circulation pattern resembles the cyclonic
types 6 and 1, respectively, according to the classification
of Asplin et al. (2009). These types are generally char-
acterized by decrease of SLP from the Mackenzie shelf
toward the central Canada Basin. The frequency of
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occurrence of cyclonic type 6 between November and
April is 9.3%, while the frequency of occurrence of cy-
clonic type 1 is 24.6% from May to October. Altogether
the occurrence of a cyclonic circulation pattern over the
Beaufort Sea (types 1, 6, and 7) are 21.9% and 37.4% in
November—April and May-October, respectively (Asplin
et al. 2009, their Table 2). This is indicative of more fre-
quent Beaufort Gyre reversals during summer compared
to winter (Asplin et al. 2009). Considering that the circu-
lation in the Canada Basin is anticyclonic on average and
the fact that reversals are relatively short lived, down-
welling events can be thought of as a relaxation of
generally uplifted isotherms and isohalines over the
Mackenzie continental slope. More precisely, the re-
laxation occurs when persistent northeasterly winds as-
sociated with frequent low pressure cyclones and storm
activities (Hudak and Young 2002; Asplin et al. 2009)
are weakened or reversed.

From a physical and biological point of view, up-
welling events are a substantial mechanism increasing
cross-shelf exchanges and supplying deep nutrient-
enriched waters to the surface layer over the Mackenzie
continental slope. In the following we link extreme
upwelling events to known large-scale climate indices
and/or SLP difference between the Beaufort high and
the Aleutian low. The sparsity of oceanographic mea-
surements does not allow for a clear characterization of
the long-term evolution of upwelling occurrence over
the Mackenzie slope. Instead, we use NCEP northeast-
erly wind as a proxy for upwelling-favorable conditions,
following the approach of Pickart et al. (2013a), who
reported a good correlation between long-term trends in
along-slope wind speed and the probabilities of up-
welling events at Point Barrow, Alaska.

We observe a clear decadal signal in the mean sea-
sonal upwelling-favorable 8-day-averaged NE winds
(Fig. 6a). The long-term means of the NE winds are 0.96
and 0.83ms ! for summer and winter, respectively.
Positive values indicate a dominant anticyclonic circu-
lation regime over the Beaufort Sea, although negative
values (corresponding to the southwesterly winds and
cyclonic type of atmospheric circulation) are often ob-
served in 1954-64, 1970-75, and 1985-97 (Fig. 6a). The
increase in the mean NE winds for both summer and
winter begins at the end of the 1990s, with a dramatic
increase in the summers of 2007, 2010, and 2011, pre-
sumably associated with an amplified summer Beaufort
Sea high (Moore 2012; Wood et al. 2013; Williams and
Carmack 2015).

The probability of occurrence of extreme NE wind
was estimated based on the length of time when the
northeasterly wind speed exceeded the long-term sea-
sonal mean plus one standard deviation (of 2.80 and
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FIG. 6. (a) Seasonally averaged winter (blue triangles) and summer (red dots) 8-day northeast (T59°) wind speed
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a blue line for winter and red line for summer.

2.59ms ! for summer and winter, respectively). The
high correlation between the probability of occurrence
and the mean seasonal NE wind speed (+0.91 and +0.81
for summer and winter, respectively) is in agreement
with results by Pickart et al. (2013a) and confirms the
relationship between high probability of upwelling events
and more intensive anticyclonic circulation (Fig. 6b). To
relate the observed interannual to decadal variability in
upwelling with large-scale atmospheric circulation pat-
terns, we examine the seasonal means of known atmo-
spheric indices including the Arctic Oscillation (AO;
Thompson and Wallace 1998) and North Pacific index
(NPI; Trenberth and Hurrell 1994). Both indices de-
scribe different aspects of the large-scale atmospheric
circulation patterns over the Arctic and North Pacific,
which can further affect the local atmospheric processes
in the Beaufort Sea. The AO is related to the dominant
mode of vorticity over the Arctic domain (cyclonic vs
anticyclonic), which is linked with the strength of the
Beaufort high and strength of the anticyclonic circula-
tion (Polyakov and Johnson 2000; Rigor et al. 2002). On
the other hand, the NPI represents the area-weighted
SLP over the Bering Sea and North Pacific and reflects
the strength of the Aleutian low (Rodionov et al. 2005).
When combined together, the AO and NPI can be used
as a proxy for changes in the regional storm tracks and
wind regime over the southern Beaufort Sea and, hence,

changing of upwelling or downwelling water displace-
ments over the slope.

We found no statistically significant correlation be-
tween the NPI and the occurrence of upwelling during
summer. However, small but statistically significant
correlations (—0.30) were found between the AO and
occurrence of upwelling for both summer and winter. A
weak correlation between extreme upwelling and the
AO index was also reported by Yang (2009), who in-
vestigated Ekman pumping and the associated long-
term upwelling/downwelling vertical water velocities in
the Beaufort Sea from 1979 to 2006. Yang (2009) dem-
onstrated that upwelling over the Alaskan and Canadian
coast was intensified when the AO was in its negative
phase (in 1979-86 and 1997-2004), while periods of
relatively high AO index (1988-94) correspond to
weaker upwelling, although no significant correlation
over the 28-yr period was found (Yang 2009). This is in
agreement with results shown in Fig. 6b showing gen-
erally lower mean probabilities (9% and 11%) of ex-
treme upwelling-favorable winds during the 1988-94
time period for summers and winters, respectively. In
contrast, the mean summer and winter probabilities
during low AO (19% and 20%, respectively) are about
2 times higher. The highest (statistically significant)
correlation (—0.52) was found between the winter up-
welling occurrence and the NPI. This correlation implies
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that the decreasing of SLP in the Aleutian low during
the negative NPI phase results in an intensification of
northeasterly winds over the Mackenzie slope and
increased off-slope Ekman transport. This result is in
contrast to Pickart et al. (2013a), who reported no
significant correlations between NPI and number of
upwelling events associated with easterly winds ex-
ceeding 10ms ™! for at least four days for the Alaskan
slope.

Considering the results shown in Figs. 5c,f and the
reasonably high correlations of upwelling-favorable
winds with large-scale atmospheric indices, one can ex-
pect that the magnitude of the SLP difference between
the Aleutian low and Beaufort high greatly affects the
intensity of upwellings over the Mackenzie sea slope. To
estimate the role of each center of action, we correlated
the probabilities of upwelling-favorable winds over the
Mackenzie shelf with SLP in the mean climatological
(1948-2014) centers of AL and BH (shown with black
crosses in Figs. 5c and 5f for summer and winter, re-
spectively). Both centers have a comparable impact on
the upwelling probabilities, although the correlations
with the BH SLP are higher than those with AL (+0.56/
+0.53 vs —0.46/—0.41 during summer/winter). This re-
sult is in line with that reported by Brugler et al. (2014),
who demonstrated the larger effect of BH intensifica-
tion on the easterly winds in the Alaskan Beaufort Sea
compared to the Aleutian low deepening. The com-
bined effect of both centers can be expressed as the
differences between the seasonal mean SLPs in the BH
and AL (ASLPgy-_ar)- The resulting correlations be-
tween ASLPgy_ap and extreme wind probabilities
are +0.68 and +0.66 for summer and winter (Fig. 6¢),
confirming that both BH and AL are of importance and
contribute to the intensity of the upwelling-favorable
winds. However, the relative position and configura-
tion of both centers can also play a significant role
(Pickart et al. 2013a) resulting in a wide range of
upwelling-favorable wind probabilities for the same
SLP differences between BH and AL (Fig. 6¢). More-
over, there is well-pronounced seasonality in upwelling-
favorable wind probabilities that strongly correlates with
the seasonal cycle of NE wind speed over the Mackenzie
slope (Fig. 7). The individual correlations between the
upwelling probabilities and ASLPgy_ o during winter
and summer seasons estimated for half-month spans
varied between +0.47 and +0.74 (Fig. 7). These estimates
are modest compared to +0.68 and +0.66 values found
based on smoother mean seasonal time series of proba-
bilities and ASLPgy_a1. Although we found no pro-
nounced seasonal cycle in the individual correlations, one
can suggest that stronger winds blowing in April-June
and September—October may considerably increase the
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probability of upwelling events over the Mackenzie slope
regardless of the actual SLP difference between the
Beaufort high and Aleutian low.

While the seasonal mean ASLPgy_ o1 can be used to
identify probabilities of upwelling event occurrence
over the Mackenzie slope, it cannot be used to predict
individual upwelling episodes. For instance, the
upwelled cold, salty, and nutrient-rich waters that were
found at the Mackenzie shelf in 2002 (Garneau et al.
2006), 2007 and 2008 (Tremblay et al. 2011; Gratton
et al. 2012), and 2011 (Mathis et al. 2012) all occurred in
summers when the occurrence probabilities varied in a
wide range from 6% (in 2002) to 53% (in 2007; Fig. 6c¢).

6. Conclusions

We have presented an analysis of seasonal patterns
and interannual evolution of upwelling events over the
Mackenzie continental slope based on individual his-
torical hydrographic observations. The variability in
temperature and salinity at intermediate depths over the
Mackenzie slope, associated with vertical displacement
of the upper boundary of Atlantic Water, is large and is
correlated significantly with along-slope winds. The ef-
fect of wind forcing is more pronounced under ice-free
conditions, and the correlation between along-slope
winds and upwelling at the shelf break is highest when
wind is integrated over a period of 20 days before a given
upwelling event. In winter, the largest effect is associ-
ated with winds steadily blowing along the slope for a
period of 1-2 months, although the linkage between the
NE wind and isohaline or isotherm displacement is still
reasonably high at the synoptic periods of 8-10 days
both in summer and winter. The location and central
pressure of the Beaufort high and Aleutian low largely
control occurrences of upwelling- or downwelling-favorable
wind patterns. The summertime amplification of the BH
is responsible for the predominant upwelling-favorable
conditions over the Mackenzie slope in recent decades.
The probability of upwelling-favorable wind occurrence
is closely linked to the sea level pressure difference be-
tween the BH and AL, although the locations of both
pressure centers also strongly affects the wind pattern.
In turn, the seasonality of wind forcing produces higher
probability of upwelling occurrences in April-June and
August—October—periods when the mean climatic NE
wind speed exceeds 1ms ™.

These results are of interest in the context of the recent
warming in the Arctic. Reduction in sea ice extent and
thickness and the lengthening of the ice-free season may
cause longer periods with enhanced cross-slope exchange
through upwellings and downwellings as suggested by
Carmack and Chapman (2003). Atmospheric pressure



15 JUNE 2016

35 : 25 08
P 7 !
30 20 Zro7 g:
o =
o @
225 1.5 & 06 &
= =
£20 105058
= a
215 058 oa
= 2
10 ¢ 2
3
5 05G
= 7 mis— 5

0 . -1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FI1G. 7. The half-monthly averaged NE (T59°) wind speed eval-
uated from 1948-2013 NCEP data at 71°N, 135°W (dashed line).
Black solid lines correspond to the mean climatic probabilities of 8-
day-averaged NE wind speeds exceeding a certain threshold level
(35ms™ ! 4ms™! ...)—that is, the upwelling-favorable condi-
tions, also shown for half-month spans. Black symbols indicate the
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tween the BH and AL in their mean summer (triangles) and winter
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patterns dominate surface wind forcing of oceanic upwell-
ing and downwelling, and the analysis here provides ample
evidence of the strength of this coupling in time. We also
recognize that at the regional scale feedbacks between the
surface and atmosphere can also affect the strength and
position of both low and high pressure patterns and that
climatological changes in sea ice have the potential of
feeding back into how local surface winds affect dy-
namics of ocean-sea ice—atmosphere interface (e.g.,
Asplin et al. 2015), relative to the fixed geography of
shelf-basin geometry. Moreover, the decrease of sea ice
thickness and extent would result in higher sea ice drift
velocities (Yang 2009; Spreen et al. 2011) providing more
efficient wind energy transfer to the ocean (Martin et al.
2014) and amplifying the Ekman transport. For in-
stance, Williams and Carmack (2015) demonstrated
the recent increase of yearly mean upwelling-
favorable wind stresses over the open water compared
to that over the ice-covered areas in the Canadian
Beaufort Sea. Altogether, it implies that northeasterly
winds together with a thinner ice cover may lead to
amplified upwelling over the Mackenzie slope during all
seasons and increase the availability of nutrients to the
euphotic zone within the shelf system and thereby in-
crease biological productivity, particularly in the open
water season. This is consistent with direct observations
of biological productivity along the shelf-slope envi-
ronment (Tremblay et al. 2011) and throughout the
circumpolar Arctic (Barber et al. 2015). Specifically,
Spall et al. (2014) described the mechanism of vertical
transport of nutrient-rich Pacific winter waters into the
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surface layer under the upwelling-favorable wind con-
ditions over the shallow Alaskan shelf. Authors also
suggested that a combination of more frequent
upwelling-favorable winds and reduced ice cover would
result in a further increase in phytoplankton primary
production.
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