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Abstract

Measurements of echo intensities were acquired in shelf waters of the western Beaufort Sea near
Utqgiagvik (formerly Barrow), Alaska by upward-looking 307 kHz acoustic Doppler current
profilers during a 2008-2015 series of late-summer mooring deployments. These echo signals
were analyzed for characteristic patterns of krill diel vertical migration (DVM) from which daily
and seasonally-averaged DVM indices (DVMI) were derived. Time varying relationships among
DVMISs (inferred krill biomasses) and local and regional wind regimes were diagnosed
statistically. The threshold wind speed at which easterly winds promote upwelling of krill onto
the western Beaufort shelf occurs at about 6 m s™!. Inferred krill biomass increases on the shelf as
upwelling winds relax. Years (2009, 2012) in which inferred krill biomasses were higher on the
western Beaufort shelf occurred when average mid-summer winds over the Chukchi Sea were
from the south and average late-summer winds over the Beaufort shelf were weak and variable.
In contrast, years (2008, 2010-11, 2013-15) in which inferred krill biomasses were lower
occurred when average mid-summer winds over the Chukchi Sea were weak and variable and

average late-summer winds over the Beaufort shelf were generally easterly and strong.

Keywords: BEAUFORT SEA; CHUKCHI SEA; ZOOPLANKTON; DIEL VERTICAL

MIGRATION; ADCP; WINDS; UPWELLING
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1. Introduction

The Bering-Chukchi-Beaufort population of bowhead whales (Balaena mysticetus) often pause
during their fall migration to forage on the western Beaufort shelf near Utqgiagvik (formerly
Barrow), Alaska (Moore et al., 2000), a core-use area for these whales (Citta et al., 2015).
Stomach analyses of bowheads harvested near Utqgiagvik indicate that, in most years, the
principal prey consumed are euphausiids (krill), although copepods, mysids and amphipods are
also found in their stomachs (Lowry et al., 2004; Moore et al., 2010). Krill encountered in the
vicinity of Utgiagvik originate in the Bering Sea (Berline et al., 2008). Of the three main
schematized circulation pathways by which Pacific-origin waters cross the Chukchi Sea (Spall,
2007; Brugler et al., 2014), the targeting of relatively cool, saline waters by bowheads during
their fall migration across the Chukchi shelf (Citta et al., 2018) implies that krill are
preferentially carried northward along pathways in the western and central Chukchi Sea. These
two pathways turn eastward over the northern Chukchi shelf ultimately carrying krill into
Barrow Canyon and the Arctic Ocean. Berline et al. (2008) used a numerical circulation model to
show that year-to-year differences in summer winds over the Chukchi Sea contribute to year-to-
year differences in krill numbers at Utgiagvik in autumn. According to a conceptual model
developed by Ashjian et al. (2010) based on two late-summer field seasons (2005-2006), locally
favorable foraging conditions for bowheads near Utgiagvik initially require that easterly,
upwelling winds move krill from the Beaufort slope onto the shelf. When the upwelling winds
relax, the krill are retained and aggregated on the western Beaufort shelf where the prevailing
westward-flowing shelf currents converge with the northeastward-flowing Alaskan Coastal

Current in the vicinity of the eastern edge of Barrow Canyon. Ashjian et al. (2013) later
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characterized this phenomenon of krill retention and aggregation as a ‘krill trap’. Ashjian et al.
(2010) additionally reported that large bowhead groups were observed 2-3 days following
upwelling-favorable winds, suggesting that the krill-trap occurs as a lagged response to the
relaxation of upwelling winds. Were upwelling winds to persist, the krill would be carried off-
shelf into the deeper waters of Barrow Canyon (Ashjian et al., 2010; Okkonen et al., 2011).
Proxy evidence for the krill trap is both behavioral and physical. In the former case, aerial
surveys indicate that bowhead whales are more likely to exhibit feeding behavior in larger
groups on the shelf during periods of relaxed winds (krill-trap winds) than during upwelling
winds (Mocklin et al., 2011; Okkonen et al., 2011). In the latter case, Okkonen et al. (2011) used
current velocities and satellite imagery to show that fronts/convergence zones occur in shelf
waters near the eastern edge of Barrow Canyon during krill-trap winds, but are absent during
upwelling winds and that the transition between these two regimes occurs at easterly wind
velocities between 4.4 m s and 6.6 m s”!. An independent estimate of this threshold wind
velocity, based on current reversals and salinity increases at the Beaufort shelf break, was
reported by Schulze and Pickart (2012) who determined that about two-thirds of easterly wind

events exceeding 4-7 m s”! resulted in significant upwelling.

This summary understanding of krill availability at Utqiagvik incorporates multiple krill
biomass/abundance proxies (numerical, oceanographic and bowhead foraging behaviors) that
vary in response to changes in regional or local winds. These wind-krill proxy relationships
imply that a suitable multi-year observational record of krill itself potentially has encoded in it
temporal and geographic characteristics of wind forcing that can be ascertained. Our broad goal

is to investigate this implication. To do so, we draw upon an eight-season (2008-2015) record of
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acoustic echo intensities measured by a series of 307 kHz ADCP-instrumented oceanographic
moorings deployed as components of the multidisciplinary Bowhead Whale Feeding Ecology
Study (e.g. Shelden and Mocklin, 2013) and a subsequent Arctic Observing Network program
near Utgiagvik. These deployments were used to acoustically monitor late-summer krill prey

potentially available to bowhead whales on the western Beaufort shelf.

Active acoustic instruments such as ADCPs have long been used to characterize zooplankton
behavior and estimate zooplankton biomass/abundance from acoustic backscatter (e.g. Flagg and
Smith, 1989; Ashjian et al., 1994; Heywood, 1996; Ashjian et al., 1998; Tarling et al., 2002;
Berge et al., 2009). The 307 kHz ADCP, in particular, has been used to investigate how diel
vertical migration behavior of Arctic and sub-Arctic krill (Thysanoessa spp.) varies seasonally
(Cottier et al., 2006) and how it is reflected in krill distribution and aggregation (Sourisseau et
al., 2008). Although ADCP-measured volume backscatter is proportional to the biomass of
scatterers in the water column and usually is ground-truthed using instrument specific
calibrations and comparison with coincident volume backscatter estimated from size- and taxon-
specific net-collected zooplankton and acoustic backscatter models (e.g., Lawson et al. 2004), we
did not attempt to estimate krill biomass from our ADCP acoustic measurements or volume
backscatter from coincident net tows because our net sampling methodology was not consistent
across all survey years nor were net tows conducted in the vicinity of the moorings in all survey

years.
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Our investigation of the encoding of local and remote wind forcing into intra-seasonal and
interannual differences in (inferred) krill prey biomass within the Utgiagvik-area bowhead whale
feeding hotspot is predicated on two key assumptions:

1) The DVM patterns recorded in the echo intensity data at our mooring sites are largely
attributable to krill. We base this assumption on the known zooplankton composition of
the shelf (e.g., Smoot and Hopcroft, 2017), which is comprised of small, low biomass,
low backscatter taxa that do not exhibit DVM, the findings in Ashjian et al. (2010) in
which krill are brought onto the inner shelf by upwelling, and the results of Lowry et al.
(2004) and Moore et al. (2010) who reported that krill are the principal prey found in the
stomachs of bowheads harvested on the shelf near Utqiagvik.

2) Indices derived from DVM patterns, as described below, describe relative differences in
late-summer krill biomasses on the western Beaufort shelf across survey seasons and
across survey years.

These two assumptions mitigate the need for calibrating the measured echo intensities with
independent measurements of water column scatterers (e.g. zooplankton, suspended sediments,
detritus, air bubbles, etc.; the latter of which do not exhibit DVM) in the vicinity of the

moorings.

Our paper is organized as follows. Section 2 begins with outlines of our study area and details of
our mooring program. These are followed by descriptions of basic signal processing and
statistical techniques used to derive daily and seasonal DVM indices (DVMI) from ADCP-
measured acoustic intensities. Section 3 summarizes the DVMI-based diagnoses of temporal,

geographic and amplitude characteristics of wind forcing regimes that influence krill biomass
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availability on the western Beaufort shelf. In Sections 4 and 5, we compare our results with
those from other studies, discuss alternate analytical strategies and present concluding

statements.

2. Data and Methods

2.1 Setting

Our Utqgiagvik-area study domain (Fig. 1 inset) resides within the Pacific-Arctic region, here
defined as being bounded by the 160°E and 120°W meridians and the 55°N and 80°N parallels.
The Pacific-Arctic region encompasses much of the Bering Sea in the south and the East

Siberian, Chukchi, and Beaufort Seas in the north (Fig. 1).

Fig. 1 The Pacific-Arctic region with place names. The inset shows the Utqgiagvik-area study area. The
100-m and 1000-m isobaths are shown as thin black lines. The triangle in the inset shows the location of
the 2008 mooring deployment on the western Beaufort shelf. The diamond shows the location of the 2009-
2015 mooring deployments. The plus symbols identify NCEP grid points from which daily zonal winds were
averaged to obtain a working dataset of local zonal winds.
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2.2 Meteorological data

NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric
Research) Reanalysis daily surface wind and sea level pressure (SLP) data (Kalnay et al., 1996)
within the domain bounded by 55°N-80°N and 160°E-120°W were retained for regional
analyses. We adapt the metric of directional constancy from Moore (2003), here defined as the
ratio of the N-day vector mean wind speed to the N-day scalar mean wind speed, to characterize
winds on a variable-to-prevailing scale. Directional constancy values closer to zero indicate
winds exhibiting greater variability in their directions. Values closer to one indicate winds
exhibiting greater constancy in the direction of the mean wind (i.e. prevailing winds). Because
prevailing winds in the vicinity of the mooring locations are from the eastern quadrant (Pickart et
al., 2009; Okkonen et al., 2011), daily zonal (east-west; U) winds at the six nearest NCEP grid
points surrounding the mooring locations (see Fig. 1 inset) were averaged to provide a working

dataset of 2008-2015 daily local winds which is used to identify a threshold for upwelling winds.

2.3 Moorings

In late August 2008-2015, low-profile, bottom-mounted oceanographic moorings instrumented
with upward-looking 307 kHz Teledyne RD Instruments ADCPs were deployed in ~19 m of
water at locations within a bowhead whale core-use feeding area (Ashjian et al., 2010; Citta et al,
2015) on the western Beaufort shelf about 70 km (2008) and 45 km (2009-2015) east of Point
Barrow (Fig. 1 inset), respectively. These moorings were typically recovered a few weeks later
in early-to-mid September prior to the onset of the fall whaling season at Utqiagvik. The ADCPs

returned usable measurements of echo intensities throughout the water column in twenty-seven
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0.5-m depth cells from ~3.5 m above the bottom to within ~2.5 m of the surface at 15-minute or
20-minute intervals. Echo data were then linearly interpolated to 30-minute intervals. Exclusive
of partial days, the late summer 2008-2015 echo intensity record spans 180 days. Details of the

mooring deployments are summarized in Supplementary Table S1.

2.4 Acoustic Doppler Current Profiler Echo Intensity data
The echo intensity, /, of the acoustic signal received by an ADCP can be approximated as

(Deines, 1999),

I(t,2) = keE(1,2) = Su(t,2) - C + Losy + Posw + keEx - 10 logio((Te+273.16)R%) - 2aR (1)

in which

ke is a scale factor (provided by Teledyne RDI) which converts returned signal strength indicator
(RSSI) counts to dB,

E is the RSSI amplitude (counts) from the ADCP in depth cell z and at time ¢,

Sy 1s the backscatter signal (dB) from targets of interest (i.e. zooplankton) and other scatterers
(e.g. detritus, air bubbles),

C is an empirical constant,

Lpsum is the 10logio (transmit pulse length, meters),

Pppw is the 10logo (transmit power, watts),

E; is a reference level RSSI (instrument noise) typically chosen to be the minimum recorded
value of E,

T, is the transducer temperature (°C),
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R is the slant range distance from the ADCP transducer to the depth cell (m), and

@ is the attenuation coefficient of sound in water (m™).

For relatively cool temperatures encountered at the Beaufort shelf mooring locations (7 < 6°C
for all seasonal deployments), the beam spreading term (10 logio((Tx+273.16)R?)) is effectively a
function of slant range only and, for relatively short deployment durations (weeks), the source
terms (Lppm and Pppw) are effectively constant. Consequently, Equation 1 can be further

simplified to

I(t,z) = Sy(t,z) + C1 - C2(z) (2)

in which source (power and instrument noise) terms are incorporated in C; (= -C + Lppm + Ppsw
+ kcEr) and loss terms (beam spreading and attenuation) are incorporated in C2 (= 10
logio((Tx+273.16)R?) + 2aR). In this formulation, temporal variability of the received echo
signal from a given depth cell (i.e. at a given slant range) depends only on temporal variability of

the scattering field in that depth cell.

To illustrate, consider a three-day (2-4 September 2012) subset from the eight-season record of
echo intensities, /(z,t) (Fig. 2A). The acoustic backscatter environment on the shallow western
Beaufort shelf exhibits considerable variability with depth and with time. Elevated echo
intensities associated with the characteristic patterns of vertically migrating zooplankton are
evident on 2 September and 3 September. These DVM patterns show zooplankton beginning

their ascent through the water column as daylight wanes during the hours before local midnight.

10
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Figure 2 A) Echo intensities for 2-4 September 2012. The vertical dotted lines correspond to local
astronomical midnight, i.e. ~1020 UTC, ~0220 Alaska Daylight Time (ADT). B) Echo intensity
anomalies for 2-4 September 2012. The thick black contour lines delineate DVM kernel values of
1 for local nighttime hours and 0 for daylight hours. Daily-mean wind speeds for 2-4 September
are 5.8 m s, 7.2 m s and 10.0 m 57, respectively. The color version of this figure is included as
a Supplementary figure.

Their descent follows as daylight increases during the hours after local midnight. While there
appears to be a DVM ascent trace on 4 September, a companion descent trace is not readily

apparent. Also evident is a background signal that varies with depth and generally increases in

11
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intensity over the depicted three-day period. This increasing background signal is related to
turbulence in the water column that entrains scatterers from the bottom (presumably sediments
and detritus) and air bubbles from the surface as daily wind speeds increase from 5.8 m s™! on 2

September to 10.0 m s™! on 4 September.

The echo intensities associated with this background signal incorporate the time-independent
terms (C; and C2) on the right hand side of equation 2 and echoes from scatterers (e.g. suspended
sediments, detritus, air bubbles, non-migrating zooplankton; Gostiaux and van Haren, 2010) that
don’t exhibit DVM, but do vary slowly with time. Accordingly, the time series of echo
intensities in each depth cell can be approximated as the sum of two principal signals: a short-

period (daily) DVM-related signal and a long-period (multiple days) background signal.

I(t,z) = Svpvm(t,z) + Background(t,z) 3)
where
Background(t,z) = Svsackcrounn(t,z) + C1 - C2(z) “)

As stated above, our overall goal is to investigate whether temporal variability in DVM signals
near Utgiagvik encodes temporal variability of local and/or remote wind forcing. The strategy
employed by Plueddemann and Pinkel (1989) to identify temporal variability in DVM signals
was to compute echo intensity anomalies in individual depth cells by subtracting a time-averaged

(13-day) echo intensity from the raw echo intensity data within each depth cell. At their deep

12
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North Pacific Ocean study site, where ensonified depths ranged from 60 m to 1200 m, neither air
bubbles nor suspended sediments contributed significantly to their measured echo intensities. As
suggested by Figure 2A, which shows progressive increases in backscatter in near-surface and
near-bottom waters, air bubbles and suspended sediments can contribute significantly to
measured echo intensities on the shallow western Beaufort shelf. More importantly, the
Plueddemann and Pinkel data were limited to a single season while our data were acquired in
eight seasonal deployments over which non-DVM background scatterers exhibit considerable

seasonal and interannual variability.

To account for these dynamic non-DVM background signals on the Beaufort shelf, we model the
background signals as piecewise functions such that, for each of the forty-eight, 30-minute time
steps ¢ of a calendar day d, the background signal at depth z is taken to be the daily minimum in

echo intensity at depth z for that calendar day.

Background(t,z) = min{lu(t=0:47,z)} 5

The eight-season record of these background signals is significantly correlated with same day

wind speeds (e.g. r = 0.70, 0.39 in the upper and lower depth bins, respectively; p < 0.05, two-
tailed test, 28 degrees of freedom). After subtracting the modeled background signals from the
measured echo intensities at each depth, an approximation of the daily DVM-related signal

remains (Fig. 2B) and is encoded in the array of echo intensity anomalies, I’q,

La(t,z) = Svpvm(t,z) = La(t,z) — min{ly(t=0:47,z)}. (6)

13
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In essence, equation 6 represents a signal processing technique analogous to correcting for
atmospheric haze in a satellite image of the earth’s surface (e.g. Sabins, 1987); the effect of
which is to increase the signal (DVM in the present context) to noise (other background
scatterers) ratio. Our next step was to compute a single-valued daily index from echo intensities
associated with DVM behavior, excluding echo intensities associated with non-migrating
background scatterers. To do so, we empirically defined a kernel, K, with the same array
dimensions as I’4 (i.e. 48 time steps x 27 depth bins). Kernel elements corresponding to a
representative DVM signal, lying within the thick black outline depicted in Fig. 2B, were
assigned a value of 1, whereas kernel elements not corresponding to the DVM signal (outside the
thick black outline) were assigned a value of 0. Because the kernel and I’; have the same array
dimensions, a single-valued DVM index (DVMI) for day d then obtains from the convolution, &,

of I’; and K, scaled by 1/N, where N (= 418) is the number of value-1 elements of K:

DVMI(d) = % I'®K. (7)

The resulting DVMISs for 2-4 September 2012 are 15.5, 16.4 and 8.6 dB, respectively. The full
eight-season record of late-summer daily DVMIs (Fig. 3A) represents a working data set of krill

(inferred biomasses) on the western Beaufort shelf.
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Figure 3 A) Late-summer daily DVMIs for 2008-2015. See Supplementary Table 1 for seasonal
start and end dates. B) Same-day local zonal winds.

2.5 Daily DVMIs and an Upwelling Wind Threshold

In an idealized sense, the biophysical relationships among krill proxies on the western Beaufort
shelf and local winds mentioned above represent a threshold model: krill are less available for
efficient foraging by bowheads when easterly wind velocities exceed some threshold velocity,

whereas krill are more available for efficient foraging when upwelling winds relax.

In comparing the daily DVMI record with same-day local zonal winds (Fig. 3A,B), a threshold

relationship is suggested but not obvious. To identify the threshold in this relationship, we

15
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created an array (Fig. 4A) from the irregularly-spaced data by bin averaging (smoothing) the
daily DVMIs in 2 m s™! bins (Rice Rule bin width estimate) advanced in 1 m s steps for lags of
0 to 6 days (winds leading DVMIs); 6 days represents the mean decorrelation time scale for the
eight seasonal DVMI time series. The largest gradient, C(DVMI/OU, in the array occurs for
easterly winds at -6 m s”! leading DVMI by one day (Fig. 4A). We interpret the maximum
gradient as identifying a representative threshold upwelling wind velocity and the associated
time lag as a representative time for the krill field to respond to a change in wind velocity across
this threshold. We note that Sturges, Scott’s and Freedman-Diaconis bin estimators yielded
integer bin widths of 3 m s and the upwelling threshold and time lag based on this bin

averaging width were also -6 m s and 1 day, respectively.
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Figure 4 A) Bin-averaged DVMIs vs leading E-W winds. Negative wind velocities identify winds
from the east; positive wind velocities refer to winds from the west. Contour interval is 2 dB. The
leading wind velocity at which the maximum gradient in averaged DVMIs occurs is indicated by
the plus symbol. Gray shading indicates array elements for which less than eight individual DVMIs
were averaged. Only averages computed from eight (= the standard deviation of the number of
DVMIs used to compute all bin averages) or more DVMIs in each bin were retained. B) Individual
preceding day zonal wind - DVMI pairs (diamonds) with running mean (black line) +/- 1 standard
deviation corresponding to the horizontal dotted line in Figure 4A.
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347

348 2.6 Interannual Variability in DVMIs
349  The scatterplot of individual DVMI-wind pairs (at 1-day lag) and their bin-averaged mean
350 depicts upwelling and krill-trap biophysical states and the transitional threshold between them
351  (Fig. 4B). Seasonal mean DVMIs were computed for each of these states (Table 1) to reveal
352  interannual variability. Upwelling DVMIs vary little from year to year (4.77 to 6.42 dB),
353  whereas krill-trap DVMIs exhibit considerable interannual variability (6.74 to 17.94 dB).
354
355  Table 1 Seasonally-averaged DVMIs associated with upwelling and krill-trap wind conditions.
356  Units are dB. The numbers in parentheses refer to the number of daily DVMIs used to compute
357  each seasonal mean.
2008 2009 2010 2011 2012 2013 2014 2015 22%(185-
Upwellin 5.21 4.77 5.82 5.24 5.80 5.30 - 6.42 5.51
PRETE L o 3) (10 | (13) 2) (1) (0) (6) (42)
Krill-Tra 7.93 14.06 6.74 10.42 17.94 9.90 9.36 7.09 10.43
! P (13) (21) (17) (28) (16) (14) (18) (11) (138)
358
359  To investigate the manner in which year-to-year differences in the time-integrated effects of
360  wind forcing over the Chukchi and Beaufort Seas are encoded as interannual differences in these
361  krill-trap DVMIs, we employed an iterative correlation analyses methodology adapted from
362  Okkonen et al., 2019. Specifically, iterative correlation analyses identify wind averaging periods
363  (start and end dates) that maximize the geographical extent over which correlations between
364  time-averaged NCEP winds and krill-trap DVMIs are statistically significant (Jr| > 0.707, p <
365  0.05, two-tailed test, 6 degrees of freedom). Averaging period start and end dates were
366  constrained to fall within a window beginning 1 May, a representative start date for sea ice
367  retreat across the Chukchi Sea (Okkonen et al., 2019), and 11 September, the mean end date for
368  the mooring deployments. The relevant computer code, written in IDL
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(https://www.harrisgeospatial.com/Software-Technology/IDL), is provided as Supplementary

text.

3. Results

Aggregate results from the iterative correlation analyses suggest that differences in inferred late-
summer krill biomasses at Utqiagvik reflect differences in net responses to integrated wind
forcing beginning over the Chukchi domain (9 July-11 August; Fig. SA) that later transitions to

wind forcing over the Beaufort domain (5-25 August; Fig. 5B).

29 Aug - 29 Aug
A
09 Aug - - - 09 Aug g5
£ 20 Jul - £ 20 Jul
o - o
o S TroSERs S o
T 30 Jun- - 5 30 Jun- -
] o
10 Jun A = 10 Jun -
21 Mayq - 21 Moy A -
01 Moy . . . . 01 Moy . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Averaging Window (days) Averaging Window (days)

Fig. 5 Contoured areas of the (A) Chukchi and (B) Beaufort domains over which the
correlations between averaged (U, V) winds and krill-trap DVMIs are statistically significantly
(r > 0.707, p<0.05; two-tailed test) versus averaging period and averaging start date. Contours
at 5,6,7,8 x 10° km?. For averaging periods greater than 60 days, there were no areas greater
than 5 x 10° km? over which correlations were statistically-significant. The + symbols indicate
the averaging coordinates for the maximum area in each plot. No results were computed for
averaging period and start date pairs lying above the diagonal line because averaging period
end dates are later than 11 September.

We focus first on the average wind forcing regime over the Chukchi domain. In comparing mean
mid-summer (9 July to 11 August) winds associated with years defined by positive krill-trap

DVMI anomalies (2009 and 2012) with years defined by negative krill-trap DVMI anomalies

(2008, 2010-2011, 2013-2015), it is immediately apparent that positive anomalies are predicated
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on the occurrence of moderately constant (directional constancy ~0.4; gray scale shading, Fig.
6A) southerly winds over the Chukchi domain. The mean mid-summer SLP pattern driving these
southerly winds (Fig. 6B) depicts a broad low pressure region over the western side of the
Pacific-Arctic juxtaposed with high pressure regions over the eastern side. The north-south
oriented isobars and resulting pressure gradient between the western and eastern SLP regimes

dictate mean southerly winds over the Chukchi domain.

- --"'.‘» ’ ol ~ \
{ 4 rt A.'>‘ ’, i \ g

Sl LV

Fig. 6 Mean atmospheric circulation from 9 July to 11 August for positive krill-trap DVMI
anomaly years (A, B) and negative krill-trap DVMI anomaly years (C, D). A) and C) display mean
wind vectors (at every 2" i" grid point), wind directional constancy (gray scale shading) and
statistically-significant correlations between DVMI and U-component winds (dashed black
contours) and V-component winds (solid black contours) with correlation contours at r=0.707 (p
< 0.05) and 0.834 (p < 0.01). White contour lines delineate directional constancy of 0.5. B) and
D) display mean sea level pressure (hPa) patterns. High and low pressure cells are annotated with
H and L, respectively. The color version of this figure is included as a Supplementary figure.

In contrast, negative krill-trap DVMI anomalies are associated with weak, variable (i.e. low

directional constancy) winds over the Chukchi domain and prevailing easterlies centered on
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72.5°N (Fig. 6C), although these mid-summer zonal winds are not significantly correlated with
DVMIs. This band of easterly winds extending across the Chukchi and Beaufort domains is the
geostrophic response to the meridional pressure gradient residing between the weak high
pressure cell in the northern portion of the Pacific-Arctic region and the weak, broad low

pressure region (~1010 hPa) extending across Russian and Alaskan land masses (Fig. 6D).

Fig. 7 Same as Fig. 6 only mean atmospheric circulation from 5 August to 25 August. The color
version of this figure is included as a Supplementary figure.

By late-summer (5 August to 25 August), statistically-significant correlations between average
winds and krill-trap DVMIs occupy a broad region extending from the northern Chukchi shelf to
the Alaskan Beaufort coast and Canadian archipelago (Figure 7). Positive krill-trap DVMI
anomalies are associated with generally weak southwesterly winds over the northern Chukchi
shelf and weak southerly winds over the Beaufort domain (Fig. 7A). The mean SLP pattern

giving rise to this late-summer wind regime results from a deepening and eastward migration of
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the weak low pressure region that occupied the western portion of the Pacific-Arctic in mid-
summer (cf. Fig. 6B) to become a well-defined low pressure trough extending from the Bering
Strait northward across the Chukchi Sea (Fig. 7B). Negative krill-trap DVMI anomalies are
associated with strong and relatively constant (> 0.5), late-summer easterly winds over the
southern Beaufort and northern Chukchi Seas (Fig. 7C). These energetic easterly winds reflect an
intensified pressure gradient between a stronger high pressure cell over the northern Chukchi and

Beaufort domains and a broad low pressure region over the central Alaskan landmass (Fig. 7D).

4. Discussion

We have shown that a multiyear record of indices (DVMI) derived from acoustic observations of
diel vertical migration encodes aspects of the temporal, geographic and amplitude characteristics
of wind forcing regimes that influence krill biomass potentially available to foraging bowhead

whales on the western Beaufort shelf.

Our DVMI-based upwelling wind velocity threshold (U = -6 m s™!) and one-day lagged response
estimates agree well with upwelling characterizations based on changes in salinity recorded by a
nearby Beaufort Sea shelf break mooring array (Schulze and Pickart, 2012) and on changes in
ocean current velocities measured at the western end of the Beaufort shelf (Okkonen et al.,
2011). As a check on how data from 2009 and 2012 influenced the determination of the -6 m s’!
upwelling threshold, DVMIs were again bin-averaged in association with their prior zonal wind

histories, but this time excluding 2009 and 2012 data. The result was that the upwelling threshold
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occurred at -5 m s! with the inferred krill aggregation response time remaining at a lag of one

day.

The persistent plateau of elevated DVMIs many days after upwelling winds relax (Fig. 4A) is
consistent with the observations reported by Ashjian et al. (2010) who noted that bowhead whale
groups and numbers on the western Beaufort shelf were larger two to three days after
occurrences of easterly, upwelling-favorable winds. Furthermore, results showing that krill-trap
DVMISs are larger than upwelling DVMIs (Table 1) are consistent with the krill trap conceptual
model and other krill proxies (Ashjian et al., 2010; Okkonen et al., 2011; Shelden and Mocklin,
2013). The finding that years with the smallest krill-trap DVMIs occur when late-summer
easterly upwelling winds over the Alaskan Beaufort shelf are more persistent, with few
relaxation events, (Table 1) also supports the krill trap conceptual model in that krill, even if
abundant, are not as likely to be retained and aggregated on the shelf without relaxation of

upwelling winds.

Correlation analyses indicating that the largest DVMIs occurred in years (2009 and 2012) when
mean mid-summer winds over the Chukchi Sea were southerly (Fig. 6) agree with numerical
particle tracking experiment results that associated elevated krill abundances near Utgiagvik in
autumn with earlier southerly winds over the Chukchi Sea (Berline et al., 2008). These results
also are consistent with the modeling of Chapman and Winsor (2004) who demonstrated that,
under southerly winds, most of the Pacific Water entering the Chukchi Sea through Bering Strait
converges near Utgiagvik. Given that the krill in the Chukchi Sea are believed to originate in the

Bering Sea and are then transported in the dominant currents northward, the dependence of
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DVMI on wind conditions and broad—scale atmospheric forcing suggests that southerly winds
either hasten the annual transport of krill to the Utqiagvik region or result in most of the krill that

enter in the Chukchi in the Pacific Water arrive at Utqgiagvik in autumn.

Different methodologies for computing DVMI were explored. We modeled the daily background
signal in each depth cell as a linear trend and bias spanning the DVM kernel. Because the
resulting daily DVMIs were linearly related (r = 0.85) with DVMISs calculated using Eq. 5 (recall
that correlation does not depend on the scale of the variables), the results of the subsequent wind-
related analyses were not markedly different than those predicated on modeling the background
signal as daily minimum echo intensities; the threshold upwelling wind velocity was -6 m s and
the inferred zooplankton response was nearly equal for lags of one and two days. We also
alternately defined daily DVMISs as equal to the largest echo intensity occurring within the DVM
kernel instead of according to equation 6. These two versions of the DVMI time series were also
linearly related (r = 0.85) and the results of the wind-related analyses based on the alternate

DVMI time series were not appreciably different than those presented in Figures 4-7.

The biomass of krill near Utqiagvik also could depend on interannual variability in krill
recruitment in the Bering Sea or on the dominant life stage at which krill reach the northern
Chukchi Sea that in turn could depend on their pathway of advection, given that older, larger
krill would have greater individual biomass than younger, smaller krill. Krill in the Bering Sea
are believed to have 3-4 year life spans (H.R. Harvey, pers. comm.), suggesting that older life
stages found in the northern Chukchi may have experienced longer transit times, arriving via the

western advective pathway. High biomass also could result from abundant smaller, younger
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furcilia life stages, suggesting good recruitment in the Bering Sea during that year with direct
transport to the northern Chukchi via an eastern advective pathway. The interdependencies of
variability in recruitment, in advective pathways, and in dominant life stages are beyond the
scope of the present analysis yet the observed associations pose intriguing questions and

highlight the potential importance of krill dynamics in the upstream source region (Bering Sea).

We speculate that the Utqgiagvik area may diminish in importance as a core use area during the
bowheads’ fall migration. This speculation is based on our results that associate relatively poorer
foraging opportunities for bowheads in this core use area with strong, easterly winds over the
Beaufort shelf (Fig. 7C) and the reported increasing trend in easterly wind speeds over the
Beaufort region (Stegall and Zhang, 2012; Pickart et al., 2013) attributable to diminishing Arctic
sea ice cover (Comiso et al., 2008; Polyakov et al., 2012). The availability of krill at Utqiagvik
depends also on the upstream supply; continued ocean warming of the Bering Sea may result in

diminished krill populations there and a reduced supply to the northern Chukchi Sea.

5. Conclusions

We used daily and seasonally-averaged indices derived from acoustic observations of krill diel
vertical migration to diagnose intra-seasonal and interannual relationships among the late-
summer krill field on the western Beaufort shelf and local and regional wind regimes. The
threshold wind speed at which easterly winds promote upwelling of krill onto the western
Beaufort shelf is ~6 m s™!. Years in which inferred late-summer krill biomasses were relatively

high occurred when time-averaged mid-summer winds over the Chukchi Sea were from the
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south and late-summer averaged winds over the Beaufort shelf were weak; wind conditions that
promote more rapid advection of krill across the Chukchi shelf and subsequent retention of krill
on the western Beaufort shelf. Years in which inferred late-summer krill biomasses were
relatively low occurred when mid-summer meridional winds over the Chukchi Sea were weak
and late-summer winds over the Beaufort shelf were easterly and strong; wind conditions
associated with slower advection of krill across the Chukchi shelf and non-retention of krill on

the western Beaufort shelf.
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Figure 2 A) Echo intensities for 2-4 September 2012. The vertical dotted lines correspond to
local astronomical midnight, i.e. ~1020 UTC, ~0220 Alaska Daylight Time (ADT). B) Echo
intensity anomalies for 2-4 September 2012. The thick white contour lines delineate DVM kernel
values of 1 for local nighttime hours and 0 for daylight hours. Daily-mean wind speeds for 2-4
September are 5.8 m s, 7.2 m s and 10.0 m s, respectively.
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Fig. 6 Mean atmospheric circulation from 9 July to 11 August for positive krill-trap DVMI
anomaly years (A, B) and negative krill-trap DVMI anomaly years (C, D). A) and C) display
mean wind vectors (at every 2" i" grid point), wind directional constancy (color shading) and
statistically-significant correlations between DVMI and U-component winds (dashed black
contours) and V-component winds (solid black contours) with correlation contours at r=0.707 (p
< 0.05) and 0.834 (p < 0.01). White contour lines delineate directional constancy of 0.5. B) and
D) display mean sea level pressure (hPa) patterns. High and low pressure cells are annotated
with H and L, respectively.
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Fig. 7 Same as Fig. 6 only mean atmospheric circulation from 5 August to 25 August.
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IDL code for iterative correlation analyses

;krill-trap DVMIs for 2008-2015; see Table 1
dvmi=[7.93,14.06,6.74,10.42,17.94,9.90,9.36,7.09]

for aperiod=1,134 do begin ;averaging periods (days)
for sdoy=121,255-aperiod do begin ;DOY start dates 1 May-11 Sep
for ix=0,32 do begin ; NCEP longitude indices, 160°E-120°W
for iy=0,6 do begin ;NCEP latitude indices, 80°N-65°N
for dyr=2008,2015 do begin ;DVMI and wind year

;identify NCEP time series index (windx) corresponding to
;year and start date

;uwind, vwind, windyr and winddoy are obtained from the NCEP
;data

windx=where (windyr eq dyr and winddoy eq sdoy)

; for each year, compute mean U and V winds at each NCEP
;location for the current averaging period and start date
muu (dyr) =mean (uwind (ix, 1y, windx:windx+aperiod-1))
mvv (dyr)=mean (vwind (ix, 1y, windx:windx+aperiod-1))

endfor ;dyr loop

;jcompute correlation coefficients, ru and rv

ru(ix, iy)=correlate (muu,dvmi) ;U x DVMI
rv(ix,iy)=correlate (mvv, dvmi) ;V X DVMI
endfor ;iy loop
endfor ;ix loop

;identify oceanic NCEP locations in the Chukchi and Beaufort
;jdomains where ru and rv are statistically significant
cuv=where (chukchi eq 1 and (ru gt 0.707 or rv gt 0.707))
buv=where (beaufort eq 1 and (ru gt 0.707 or rv gt 0.707))

;1f there is at least one oceanic NCEP location where the
jcorrelation is significant, then compute the total oceanic areas
;in the Chukchi and Beaufort domains over which correlations are
;significant

if (total(cuv) gt 0.)then acuv(aperiod, sdoy)=total (area (cuv))

if (total(buv) gt 0.)then abuv(aperiod, sdoy)=total (area (buv))

endfor ; sdoy loop
endfor ;aperiod loop

acuv=acuv (1:134,121:254)
abuv=abuv (1:134,121:254)
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;jidentify the indices (averaging period and start date) for which the
;jarea of statistically-significant correlations is maximum

maxc=max (acuv, mc)
avgc=mc mod 134 ;jidentify averaging period index Chukchi domain
startc=mc/134 ;identify start date index Chukchi averaging period

maxb=max (abuv, mb)
avgb=mb mod 134 ;identify averaging period index Beaufort domain

startb=mb/134 ;identify start date index Beaufort averaging period

;javeraging period indices 0,1,2,..,133 correspond to averaging periods
1,2,3,..,134 days

;jstart date indices 0,1,2,..,133 correspond to start dates 1 May,2
May, 3 May,..,11 Sep
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