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Abstract 39 

 40 

Measurements of echo intensities were acquired in shelf waters of the western Beaufort Sea near 41 

Utqiaġvik (formerly Barrow), Alaska by upward-looking 307 kHz acoustic Doppler current 42 

profilers during a 2008-2015 series of late-summer mooring deployments.  These echo signals 43 

were analyzed for characteristic patterns of krill diel vertical migration (DVM) from which daily 44 

and seasonally-averaged DVM indices (DVMI) were derived. Time varying relationships among 45 

DVMIs (inferred krill biomasses) and local and regional wind regimes were diagnosed 46 

statistically. The threshold wind speed at which easterly winds promote upwelling of krill onto 47 

the western Beaufort shelf occurs at about 6 m s-1. Inferred krill biomass increases on the shelf as 48 

upwelling winds relax. Years (2009, 2012) in which inferred krill biomasses were higher on the 49 

western Beaufort shelf occurred when average mid-summer winds over the Chukchi Sea were 50 

from the south and average late-summer winds over the Beaufort shelf were weak and variable. 51 

In contrast, years (2008, 2010-11, 2013-15) in which inferred krill biomasses were lower 52 

occurred when average mid-summer winds over the Chukchi Sea were weak and variable and 53 

average late-summer winds over the Beaufort shelf were generally easterly and strong. 54 

 55 

 56 

 57 

 58 

 59 
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1. Introduction 62 

 63 

The Bering-Chukchi-Beaufort population of bowhead whales (Balaena mysticetus) often pause 64 

during their fall migration to forage on the western Beaufort shelf near Utqiaġvik (formerly 65 

Barrow), Alaska (Moore et al., 2000), a core-use area for these whales (Citta et al., 2015). 66 

Stomach analyses of bowheads harvested near Utqiaġvik indicate that, in most years, the 67 

principal prey consumed are euphausiids (krill), although copepods, mysids and amphipods are 68 

also found in their stomachs (Lowry et al., 2004; Moore et al., 2010). Krill encountered in the 69 

vicinity of Utqiaġvik originate in the Bering Sea (Berline et al., 2008). Of the three main 70 

schematized circulation pathways by which Pacific-origin waters cross the Chukchi Sea (Spall, 71 

2007; Brugler et al., 2014), the targeting of relatively cool, saline waters by bowheads during 72 

their fall migration across the Chukchi shelf (Citta et al., 2018) implies that krill are 73 

preferentially carried northward along pathways in the western and central Chukchi Sea. These 74 

two pathways turn eastward over the northern Chukchi shelf ultimately carrying krill into 75 

Barrow Canyon and the Arctic Ocean. Berline et al. (2008) used a numerical circulation model to 76 

show that year-to-year differences in summer winds over the Chukchi Sea contribute to year-to-77 

year differences in krill numbers at Utqiaġvik in autumn. According to a conceptual model 78 

developed by Ashjian et al. (2010) based on two late-summer field seasons (2005-2006), locally 79 

favorable foraging conditions for bowheads near Utqiaġvik initially require that easterly, 80 

upwelling winds move krill from the Beaufort slope onto the shelf. When the upwelling winds 81 

relax, the krill are retained and aggregated on the western Beaufort shelf where the prevailing 82 

westward-flowing shelf currents converge with the northeastward-flowing Alaskan Coastal 83 

Current in the vicinity of the eastern edge of Barrow Canyon. Ashjian et al. (2013) later 84 
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characterized this phenomenon of krill retention and aggregation as a ‘krill trap’. Ashjian et al. 85 

(2010) additionally reported that large bowhead groups were observed 2-3 days following 86 

upwelling-favorable winds, suggesting that the krill-trap occurs as a lagged response to the 87 

relaxation of upwelling winds. Were upwelling winds to persist, the krill would be carried off-88 

shelf into the deeper waters of Barrow Canyon (Ashjian et al., 2010; Okkonen et al., 2011). 89 

Proxy evidence for the krill trap is both behavioral and physical. In the former case, aerial 90 

surveys indicate that bowhead whales are more likely to exhibit feeding behavior in larger 91 

groups on the shelf during periods of relaxed winds (krill-trap winds) than during upwelling 92 

winds (Mocklin et al., 2011; Okkonen et al., 2011). In the latter case, Okkonen et al. (2011) used 93 

current velocities and satellite imagery to show that fronts/convergence zones occur in shelf 94 

waters near the eastern edge of Barrow Canyon during krill-trap winds, but are absent during 95 

upwelling winds and that the transition between these two regimes occurs at easterly wind 96 

velocities between 4.4 m s-1 and 6.6 m s-1. An independent estimate of this threshold wind 97 

velocity, based on current reversals and salinity increases at the Beaufort shelf break, was 98 

reported by Schulze and Pickart (2012) who determined that about two-thirds of easterly wind 99 

events exceeding 4-7 m s-1 resulted in significant upwelling. 100 

 101 

This summary understanding of krill availability at Utqiaġvik incorporates multiple krill 102 

biomass/abundance proxies (numerical, oceanographic and bowhead foraging behaviors) that 103 

vary in response to changes in regional or local winds. These wind-krill proxy relationships 104 

imply that a suitable multi-year observational record of krill itself potentially has encoded in it 105 

temporal and geographic characteristics of wind forcing that can be ascertained. Our broad goal 106 

is to investigate this implication. To do so, we draw upon an eight-season (2008-2015) record of 107 
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acoustic echo intensities measured by a series of 307 kHz ADCP-instrumented oceanographic 108 

moorings deployed as components of the multidisciplinary Bowhead Whale Feeding Ecology 109 

Study (e.g. Shelden and Mocklin, 2013) and a subsequent Arctic Observing Network program 110 

near Utqiaġvik. These deployments were used to acoustically monitor late-summer krill prey 111 

potentially available to bowhead whales on the western Beaufort shelf.  112 

 113 

Active acoustic instruments such as ADCPs have long been used to characterize zooplankton 114 

behavior and estimate zooplankton biomass/abundance from acoustic backscatter (e.g. Flagg and 115 

Smith, 1989; Ashjian et al., 1994; Heywood, 1996; Ashjian et al., 1998; Tarling et al., 2002; 116 

Berge et al., 2009). The 307 kHz ADCP, in particular, has been used to investigate how diel 117 

vertical migration behavior of Arctic and sub-Arctic krill (Thysanoessa spp.) varies seasonally 118 

(Cottier et al., 2006) and how it is reflected in krill distribution and aggregation (Sourisseau et 119 

al., 2008). Although ADCP-measured volume backscatter is proportional to the biomass of 120 

scatterers in the water column and usually is ground-truthed using instrument specific 121 

calibrations and comparison with coincident volume backscatter estimated from size- and taxon-122 

specific net-collected zooplankton and acoustic backscatter models (e.g., Lawson et al. 2004), we 123 

did not attempt to estimate krill biomass from our ADCP acoustic measurements or volume 124 

backscatter from coincident net tows because our net sampling methodology was not consistent 125 

across all survey years nor were net tows conducted in the vicinity of the moorings in all survey 126 

years.  127 

 128 
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Our investigation of the encoding of local and remote wind forcing into intra-seasonal and 129 

interannual differences in (inferred) krill prey biomass within the Utqiaġvik-area bowhead whale 130 

feeding hotspot is predicated on two key assumptions:  131 

1) The DVM patterns recorded in the echo intensity data at our mooring sites are largely 132 

attributable to krill. We base this assumption on the known zooplankton composition of 133 

the shelf (e.g., Smoot and Hopcroft, 2017), which is comprised of small, low biomass, 134 

low backscatter taxa that do not exhibit DVM, the findings in Ashjian et al. (2010) in 135 

which krill are brought onto the inner shelf by upwelling, and the results of Lowry et al. 136 

(2004) and Moore et al. (2010) who reported that krill are the principal prey found in the 137 

stomachs of bowheads harvested on the shelf near Utqiaġvik.  138 

2) Indices derived from DVM patterns, as described below, describe relative differences in 139 

late-summer krill biomasses on the western Beaufort shelf across survey seasons and 140 

across survey years. 141 

These two assumptions mitigate the need for calibrating the measured echo intensities with 142 

independent measurements of water column scatterers (e.g. zooplankton, suspended sediments, 143 

detritus, air bubbles, etc.; the latter of which do not exhibit DVM) in the vicinity of the 144 

moorings.  145 

 146 

Our paper is organized as follows. Section 2 begins with outlines of our study area and details of 147 

our mooring program. These are followed by descriptions of basic signal processing and 148 

statistical techniques used to derive daily and seasonal DVM indices (DVMI) from ADCP-149 

measured acoustic intensities. Section 3 summarizes the DVMI-based diagnoses of temporal, 150 

geographic and amplitude characteristics of wind forcing regimes that influence krill biomass 151 
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availability on the western Beaufort shelf.  In Sections 4 and 5, we compare our results with 152 

those from other studies, discuss alternate analytical strategies and present concluding 153 

statements. 154 

 155 

2. Data and Methods 156 

 157 

2.1 Setting 158 

Our Utqiaġvik-area study domain (Fig. 1 inset) resides within the Pacific-Arctic region, here 159 

defined as being bounded by the 160°E and 120°W meridians and the 55°N and 80°N parallels. 160 

The Pacific-Arctic region encompasses much of the Bering Sea in the south and the East 161 

Siberian, Chukchi, and Beaufort Seas in the north (Fig. 1).  162 

 163 

Fig. 1   The Pacific-Arctic region with place names. The inset shows the Utqiaġvik-area study area. The 164 

100-m and 1000-m isobaths are shown as thin black lines. The triangle in the inset shows the location of 165 

the 2008 mooring deployment on the western Beaufort shelf. The diamond shows the location of the 2009-166 

2015 mooring deployments. The plus symbols identify NCEP grid points from which daily zonal winds were 167 

averaged to obtain a working dataset of local zonal winds. 168 
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 169 

2.2 Meteorological data  170 

NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric 171 

Research) Reanalysis daily surface wind and sea level pressure (SLP) data (Kalnay et al., 1996) 172 

within the domain bounded by 55°N-80°N and 160°E-120°W were retained for regional 173 

analyses. We adapt the metric of directional constancy from Moore (2003), here defined as the 174 

ratio of the N-day vector mean wind speed to the N-day scalar mean wind speed, to characterize 175 

winds on a variable-to-prevailing scale. Directional constancy values closer to zero indicate 176 

winds exhibiting greater variability in their directions. Values closer to one indicate winds 177 

exhibiting greater constancy in the direction of the mean wind (i.e. prevailing winds). Because 178 

prevailing winds in the vicinity of the mooring locations are from the eastern quadrant (Pickart et 179 

al., 2009; Okkonen et al., 2011), daily zonal (east-west; U) winds at the six nearest NCEP grid 180 

points surrounding the mooring locations (see Fig. 1 inset) were averaged to provide a working 181 

dataset of 2008-2015 daily local winds which is used to identify a threshold for upwelling winds. 182 

 183 

2.3 Moorings 184 

In late August 2008-2015, low-profile, bottom-mounted oceanographic moorings instrumented 185 

with upward-looking 307 kHz Teledyne RD Instruments ADCPs were deployed in ~19 m of 186 

water at locations within a bowhead whale core-use feeding area (Ashjian et al., 2010; Citta et al, 187 

2015) on the western Beaufort shelf about 70 km (2008) and 45 km (2009-2015) east of Point 188 

Barrow (Fig. 1 inset), respectively. These moorings were typically recovered a few weeks later 189 

in early-to-mid September prior to the onset of the fall whaling season at Utqiaġvik. The ADCPs 190 

returned usable measurements of echo intensities throughout the water column in twenty-seven 191 
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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 192 

20-minute intervals. Echo data were then linearly interpolated to 30-minute intervals. Exclusive 193 

of partial days, the late summer 2008-2015 echo intensity record spans 180 days. Details of the 194 

mooring deployments are summarized in Supplementary Table S1. 195 

 196 

2.4 Acoustic Doppler Current Profiler Echo Intensity data 197 

The echo intensity, I, of the acoustic signal received by an ADCP can be approximated as   198 

(Deines, 1999),  199 

 200 

I(t,z) = kcE(t,z) = Sv(t,z) - C + LDBM + PDBW + kcEr - 10 log10((Tx+273.16)R2) - 2αR (1) 201 

 202 

in which  203 

kc is a scale factor (provided by Teledyne RDI) which converts returned signal strength indicator 204 

(RSSI) counts to dB, 205 

E is the RSSI amplitude (counts) from the ADCP in depth cell z and at time t, 206 

Sv is the backscatter signal (dB) from targets of interest (i.e. zooplankton) and other scatterers 207 

(e.g. detritus, air bubbles), 208 

C is an empirical constant, 209 

LDBM is the 10log10 (transmit pulse length, meters), 210 

PDBW is the 10log10 (transmit power, watts), 211 

Er is a reference level RSSI (instrument noise) typically chosen to be the minimum recorded    212 

value of E, 213 

Tx is the transducer temperature (°C), 214 
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R is the slant range distance from the ADCP transducer to the depth cell (m), and 215 

α is the attenuation coefficient of sound in water (m-1). 216 

 217 

For relatively cool temperatures encountered at the Beaufort shelf mooring locations (Tx <  6°C 218 

for all seasonal deployments), the beam spreading term (10 log10((Tx+273.16)R2)) is effectively a 219 

function of slant range only and, for relatively short deployment durations (weeks), the source 220 

terms (LDBM and PDBW) are effectively constant.  Consequently, Equation 1 can be further 221 

simplified to 222 

 223 

I(t,z) = Sv(t,z) + C1 - C2(z)         (2) 224 

 225 

in which source (power and instrument noise) terms are incorporated in C1 (= -C + LDBM + PDBW 226 

+ kcEr ) and loss terms (beam spreading and attenuation) are incorporated in C2 (= 10 227 

log10((Tx+273.16)R2) + 2αR). In this formulation, temporal variability of the received echo 228 

signal from a given depth cell (i.e. at a given slant range) depends only on temporal variability of 229 

the scattering field in that depth cell.  230 

 231 

To illustrate, consider a three-day (2-4 September 2012) subset from the eight-season record of 232 

echo intensities, I(z,t) (Fig. 2A). The acoustic backscatter environment on the shallow western 233 

Beaufort shelf exhibits considerable variability with depth and with time. Elevated echo 234 

intensities associated with the characteristic patterns of vertically migrating zooplankton are 235 

evident on 2 September and 3 September. These DVM patterns show zooplankton beginning 236 

their ascent through the water column as daylight wanes during the hours before local midnight.   237 
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 238 
Figure 2 A) Echo intensities for 2-4 September 2012. The vertical dotted lines correspond to local 239 

astronomical midnight, i.e. ~1020 UTC, ~0220 Alaska Daylight Time (ADT). B) Echo intensity 240 

anomalies for 2-4 September 2012. The thick black contour lines delineate DVM kernel values of 241 

1 for local nighttime hours and 0 for daylight hours.  Daily-mean wind speeds for 2-4 September 242 

are 5.8 m s-1, 7.2 m s-1 and 10.0 m s-1, respectively. The color version of this figure is included as 243 

a Supplementary figure. 244 

 245 

Their descent follows as daylight increases during the hours after local midnight. While there 246 

appears to be a DVM ascent trace on 4 September, a companion descent trace is not readily 247 

apparent. Also evident is a background signal that varies with depth and generally increases in 248 
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intensity over the depicted three-day period. This increasing background signal is related to 249 

turbulence in the water column that entrains scatterers from the bottom (presumably sediments 250 

and detritus) and air bubbles from the surface as daily wind speeds increase from 5.8 m s-1 on 2 251 

September to 10.0 m s-1 on 4 September.  252 

 253 

The echo intensities associated with this background signal incorporate the time-independent 254 

terms (C1 and C2) on the right hand side of equation 2 and echoes from scatterers (e.g. suspended 255 

sediments, detritus, air bubbles, non-migrating zooplankton; Gostiaux and van Haren, 2010) that 256 

don’t exhibit DVM, but do vary slowly with time. Accordingly, the time series of echo 257 

intensities in each depth cell can be approximated as the sum of two principal signals: a short-258 

period (daily) DVM-related signal and a long-period (multiple days) background signal. 259 

 260 

I(t,z) = SvDVM(t,z) + Background(t,z)        (3) 261 

 262 

where 263 

 264 

Background(t,z) = SvBACKGROUND(t,z) + C1 - C2(z)      (4) 265 

 266 

As stated above, our overall goal is to investigate whether temporal variability in DVM signals 267 

near Utqiaġvik encodes temporal variability of local and/or remote wind forcing. The strategy 268 

employed by Plueddemann and Pinkel (1989) to identify temporal variability in DVM signals 269 

was to compute echo intensity anomalies in individual depth cells by subtracting a time-averaged 270 

(13-day) echo intensity from the raw echo intensity data within each depth cell. At their deep 271 



13 

 

North Pacific Ocean study site, where ensonified depths ranged from 60 m to 1200 m, neither air 272 

bubbles nor suspended sediments contributed significantly to their measured echo intensities. As 273 

suggested by Figure 2A, which shows progressive increases in backscatter in near-surface and 274 

near-bottom waters, air bubbles and suspended sediments can contribute significantly to 275 

measured echo intensities on the shallow western Beaufort shelf. More importantly, the 276 

Plueddemann and Pinkel data were limited to a single season while our data were acquired in 277 

eight seasonal deployments over which non-DVM background scatterers exhibit considerable 278 

seasonal and interannual variability. 279 

 280 

To account for these dynamic non-DVM background signals on the Beaufort shelf, we model the 281 

background signals as piecewise functions such that, for each of the forty-eight, 30-minute time 282 

steps t of a calendar day d, the background signal at depth z is taken to be the daily minimum in 283 

echo intensity at depth z for that calendar day.  284 

 285 

Background(t,z) ≈ min{Id(t=0:47,z)}        (5) 286 

 287 

The eight-season record of these background signals is significantly correlated with same day 288 

wind speeds (e.g. r = 0.70, 0.39 in the upper and lower depth bins, respectively; p < 0.05, two-289 

tailed test, 28 degrees of freedom). After subtracting the modeled background signals from the 290 

measured echo intensities at each depth, an approximation of the daily DVM-related signal 291 

remains (Fig. 2B) and is encoded in the array of echo intensity anomalies, I’d,  292 

 293 

I’d(t,z) = SvDVM(t,z) ≈ Id(t,z) – min{Id(t=0:47,z)}.      (6) 294 
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 295 

In essence, equation 6 represents a signal processing technique analogous to correcting for 296 

atmospheric haze in a satellite image of the earth’s surface (e.g. Sabins, 1987); the effect of 297 

which is to increase the signal (DVM in the present context) to noise (other background 298 

scatterers) ratio. Our next step was to compute a single-valued daily index from echo intensities 299 

associated with DVM behavior, excluding echo intensities associated with non-migrating 300 

background scatterers. To do so, we empirically defined a kernel, K, with the same array 301 

dimensions as I’d (i.e. 48 time steps x 27 depth bins). Kernel elements corresponding to a 302 

representative DVM signal, lying within the thick black outline depicted in Fig. 2B, were 303 

assigned a value of 1, whereas kernel elements not corresponding to the DVM signal (outside the 304 

thick black outline) were assigned a value of 0. Because the kernel and I’d have the same array 305 

dimensions, a single-valued DVM index (DVMI) for day d then obtains from the convolution, ⊗, 306 

of I’d and K, scaled by 1/N, where N (= 418) is the number of value-1 elements of K: 307 

 308 

������� =  



�
 ��


⊗ � .          (7) 309 

 310 

The resulting DVMIs for 2-4 September 2012 are 15.5, 16.4 and 8.6 dB, respectively. The full 311 

eight-season record of late-summer daily DVMIs (Fig. 3A) represents a working data set of krill 312 

(inferred biomasses) on the western Beaufort shelf. 313 

 314 



15 

 

 315 

Figure 3  A) Late-summer daily DVMIs for 2008-2015. See Supplementary Table 1 for seasonal 316 

start and end dates. B) Same-day local zonal winds. 317 

 318 

2.5 Daily DVMIs and an Upwelling Wind Threshold 319 

In an idealized sense, the biophysical relationships among krill proxies on the western Beaufort 320 

shelf and local winds mentioned above represent a threshold model: krill are less available for 321 

efficient foraging by bowheads when easterly wind velocities exceed some threshold velocity, 322 

whereas krill are more available for efficient foraging when upwelling winds relax. 323 

 324 

In comparing the daily DVMI record with same-day local zonal winds (Fig. 3A,B), a threshold 325 

relationship is suggested but not obvious. To identify the threshold in this relationship, we 326 
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created an array (Fig. 4A) from the irregularly-spaced data by bin averaging (smoothing) the 327 

daily DVMIs in 2 m s-1 bins (Rice Rule bin width estimate) advanced in 1 m s-1 steps for lags of 328 

0 to 6 days (winds leading DVMIs); 6 days represents the mean decorrelation time scale for the 329 

eight seasonal DVMI time series. The largest gradient, ∂DVMI/∂U, in the array occurs for 330 

easterly winds at -6 m s-1 leading DVMI by one day (Fig. 4A). We interpret the maximum 331 

gradient as identifying a representative threshold upwelling wind velocity and the associated 332 

time lag as a representative time for the krill field to respond to a change in wind velocity across 333 

this threshold. We note that Sturges, Scott’s and Freedman-Diaconis bin estimators yielded 334 

integer bin widths of 3 m s-1 and the upwelling threshold and time lag based on this bin 335 

averaging width were also -6 m s-1 and 1 day, respectively.  336 

 337 

Figure 4 A) Bin-averaged DVMIs vs leading E-W winds. Negative wind velocities identify winds 338 

from the east; positive wind velocities refer to winds from the west. Contour interval is 2 dB. The 339 

leading wind velocity at which the maximum gradient in averaged DVMIs occurs is indicated by 340 

the plus symbol. Gray shading indicates array elements for which less than eight individual DVMIs 341 

were averaged. Only averages computed from eight (= the standard deviation of the number of 342 

DVMIs used to compute all bin averages) or more DVMIs in each bin were retained. B) Individual 343 

preceding day zonal wind - DVMI pairs (diamonds) with running mean (black line) +/- 1 standard 344 

deviation corresponding to the horizontal dotted line in Figure 4A. 345 

 346 
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 347 

2.6 Interannual Variability in DVMIs 348 

The scatterplot of individual DVMI-wind pairs (at 1-day lag) and their bin-averaged mean 349 

depicts upwelling and krill-trap biophysical states and the transitional threshold between them 350 

(Fig. 4B). Seasonal mean DVMIs were computed for each of these states (Table 1) to reveal 351 

interannual variability. Upwelling DVMIs vary little from year to year (4.77 to 6.42 dB), 352 

whereas krill-trap DVMIs exhibit considerable interannual variability (6.74 to 17.94 dB). 353 

 354 

Table 1 Seasonally-averaged DVMIs associated with upwelling and krill-trap wind conditions. 355 

Units are dB. The numbers in parentheses refer to the number of daily DVMIs used to compute 356 

each seasonal mean. 357 

 2008 2009 2010 2011 2012 2013 2014 2015 
2008-

2015 

Upwelling 
5.21 

(7) 

4.77 

(3) 

5.82 

(10) 

5.24 

(13) 

5.80 

(2) 

5.30 

(1) 

- 

(0) 

6.42 

(6) 

5.51 

(42) 

Krill-Trap 
7.93 

(13) 

14.06 

(21) 

6.74 

(17) 

10.42 

(28) 

17.94 

(16) 

9.90 

(14) 

9.36 

(18) 

7.09 

(11) 

10.43 

(138) 

 358 

To investigate the manner in which year-to-year differences in the time-integrated effects of 359 

wind forcing over the Chukchi and Beaufort Seas are encoded as interannual differences in these 360 

krill-trap DVMIs, we employed an iterative correlation analyses methodology adapted from 361 

Okkonen et al., 2019. Specifically, iterative correlation analyses identify wind averaging periods 362 

(start and end dates) that maximize the geographical extent over which correlations between 363 

time-averaged NCEP winds and krill-trap DVMIs are statistically significant (|r| > 0.707, p < 364 

0.05, two-tailed test, 6 degrees of freedom). Averaging period start and end dates were 365 

constrained to fall within a window beginning 1 May, a representative start date for sea ice 366 

retreat across the Chukchi Sea (Okkonen et al., 2019), and 11 September, the mean end date for 367 

the mooring deployments. The relevant computer code, written in IDL 368 
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(https://www.harrisgeospatial.com/Software-Technology/IDL), is provided as Supplementary 369 

text. 370 

 371 

3. Results 372 

 373 

Aggregate results from the iterative correlation analyses suggest that differences in inferred late-374 

summer krill biomasses at Utqiaġvik reflect differences in net responses to integrated wind 375 

forcing beginning over the Chukchi domain (9 July-11 August; Fig. 5A) that later transitions to 376 

wind forcing over the Beaufort domain (5-25 August; Fig. 5B). 377 

 378 
Fig. 5  Contoured areas of the (A) Chukchi and (B) Beaufort domains over which the 379 

correlations between averaged (U, V) winds and krill-trap DVMIs are statistically significantly 380 

(r > 0.707, p<0.05; two-tailed test) versus averaging period and averaging start date. Contours 381 

at 5,6,7,8 x 105 km2. For averaging periods greater than 60 days, there were no areas greater 382 

than 5 x 105 km2 over which correlations were statistically-significant. The + symbols indicate 383 

the averaging coordinates for the maximum area in each plot. No results were computed for 384 

averaging period and start date pairs lying above the diagonal line because averaging period 385 

end dates are later than 11 September. 386 

 387 

We focus first on the average wind forcing regime over the Chukchi domain. In comparing mean 388 

mid-summer (9 July to 11 August) winds associated with years defined by positive krill-trap 389 

DVMI anomalies (2009 and 2012) with years defined by negative krill-trap DVMI anomalies 390 

(2008, 2010-2011, 2013-2015), it is immediately apparent that positive anomalies are predicated 391 
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on the occurrence of moderately constant (directional constancy ~0.4; gray scale shading, Fig. 392 

6A) southerly winds over the Chukchi domain. The mean mid-summer SLP pattern driving these 393 

southerly winds (Fig. 6B) depicts a broad low pressure region over the western side of the 394 

Pacific-Arctic juxtaposed with high pressure regions over the eastern side. The north-south 395 

oriented isobars and resulting pressure gradient between the western and eastern SLP regimes 396 

dictate mean southerly winds over the Chukchi domain.  397 

 398 
Fig. 6  Mean atmospheric circulation from 9 July to 11 August for positive krill-trap DVMI 399 

anomaly years (A, B) and negative krill-trap DVMI anomaly years (C, D). A) and C) display mean 400 

wind vectors (at every 2nd ith grid point), wind directional constancy (gray scale shading) and 401 

statistically-significant correlations between DVMI and U-component winds (dashed black 402 

contours) and V-component winds (solid black contours) with correlation contours at r=0.707 (p 403 

< 0.05) and 0.834 (p < 0.01). White contour lines delineate directional constancy of 0.5. B) and 404 

D) display mean sea level pressure (hPa) patterns. High and low pressure cells are annotated with 405 

H and L, respectively. The color version of this figure is included as a Supplementary figure. 406 

 407 

 408 

In contrast, negative krill-trap DVMI anomalies are associated with weak, variable (i.e. low 409 

directional constancy) winds over the Chukchi domain and prevailing easterlies centered on 410 
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72.5°N (Fig. 6C), although these mid-summer zonal winds are not significantly correlated with 411 

DVMIs. This band of easterly winds extending across the Chukchi and Beaufort domains is the 412 

geostrophic response to the meridional pressure gradient residing between the weak high 413 

pressure cell in the northern portion of the Pacific-Arctic region and the weak, broad low 414 

pressure region (~1010 hPa) extending across Russian and Alaskan land masses (Fig. 6D).  415 

 416 
Fig. 7  Same as Fig. 6 only mean atmospheric circulation from 5 August to 25 August. The color 417 

version of this figure is included as a Supplementary figure. 418 

 419 

By late-summer (5 August to 25 August), statistically-significant correlations between average 420 

winds and krill-trap DVMIs occupy a broad region extending from the northern Chukchi shelf to 421 

the Alaskan Beaufort coast and Canadian archipelago (Figure 7). Positive krill-trap DVMI 422 

anomalies are associated with generally weak southwesterly winds over the northern Chukchi 423 

shelf and weak southerly winds over the Beaufort domain (Fig. 7A). The mean SLP pattern 424 

giving rise to this late-summer wind regime results from a deepening and eastward migration of 425 
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the weak low pressure region that occupied the western portion of the Pacific-Arctic in mid-426 

summer (cf. Fig. 6B) to become a well-defined low pressure trough extending from the Bering 427 

Strait northward across the Chukchi Sea (Fig. 7B). Negative krill-trap DVMI anomalies are 428 

associated with strong and relatively constant (> 0.5), late-summer easterly winds over the 429 

southern Beaufort and northern Chukchi Seas (Fig. 7C). These energetic easterly winds reflect an 430 

intensified pressure gradient between a stronger high pressure cell over the northern Chukchi and 431 

Beaufort domains and a broad low pressure region over the central Alaskan landmass (Fig. 7D).  432 

 433 

4. Discussion 434 

 435 

We have shown that a multiyear record of indices (DVMI) derived from acoustic observations of 436 

diel vertical migration encodes aspects of the temporal, geographic and amplitude characteristics 437 

of wind forcing regimes that influence krill biomass potentially available to foraging bowhead 438 

whales on the western Beaufort shelf. 439 

 440 

Our DVMI-based upwelling wind velocity threshold (U = -6 m s-1) and one-day lagged response 441 

estimates agree well with upwelling characterizations based on changes in salinity recorded by a 442 

nearby Beaufort Sea shelf break mooring array (Schulze and Pickart, 2012) and on changes in 443 

ocean current velocities measured at the western end of the Beaufort shelf (Okkonen et al., 444 

2011). As a check on how data from 2009 and 2012 influenced the determination of the -6 m s-1 445 

upwelling threshold, DVMIs were again bin-averaged in association with their prior zonal wind 446 

histories, but this time excluding 2009 and 2012 data. The result was that the upwelling threshold 447 
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occurred at -5 m s-1 with the inferred krill aggregation response time remaining at a lag of one 448 

day. 449 

 450 

The persistent plateau of elevated DVMIs many days after upwelling winds relax (Fig. 4A) is 451 

consistent with the observations reported by Ashjian et al. (2010) who noted that bowhead whale 452 

groups and numbers on the western Beaufort shelf were larger two to three days after 453 

occurrences of easterly, upwelling-favorable winds. Furthermore, results showing that krill-trap 454 

DVMIs are larger than upwelling DVMIs (Table 1) are consistent with the krill trap conceptual 455 

model and other krill proxies (Ashjian et al., 2010; Okkonen et al., 2011; Shelden and Mocklin, 456 

2013). The finding that years with the smallest krill-trap DVMIs occur when late-summer 457 

easterly upwelling winds over the Alaskan Beaufort shelf are more persistent, with few 458 

relaxation events, (Table 1) also supports the krill trap conceptual model in that krill, even if 459 

abundant, are not as likely to be retained and aggregated on the shelf without relaxation of 460 

upwelling winds.  461 

 462 

Correlation analyses indicating that the largest DVMIs occurred in years (2009 and 2012) when 463 

mean mid-summer winds over the Chukchi Sea were southerly (Fig. 6) agree with numerical 464 

particle tracking experiment results that associated elevated krill abundances near Utqiaġvik in 465 

autumn with earlier southerly winds over the Chukchi Sea (Berline et al., 2008). These results 466 

also are consistent with the modeling of Chapman and Winsor (2004) who demonstrated that, 467 

under southerly winds, most of the Pacific Water entering the Chukchi Sea through Bering Strait 468 

converges near Utqiaġvik.  Given that the krill in the Chukchi Sea are believed to originate in the 469 

Bering Sea and are then transported in the dominant currents northward, the dependence of 470 
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DVMI on wind conditions and broad–scale atmospheric forcing suggests that southerly winds 471 

either hasten the annual transport of krill to the Utqiaġvik region or result in most of the krill that 472 

enter in the Chukchi in the Pacific Water arrive at Utqiaġvik in autumn. 473 

 474 

Different methodologies for computing DVMI were explored. We modeled the daily background 475 

signal in each depth cell as a linear trend and bias spanning the DVM kernel. Because the 476 

resulting daily DVMIs were linearly related (r = 0.85) with DVMIs calculated using Eq. 5 (recall 477 

that correlation does not depend on the scale of the variables), the results of the subsequent wind-478 

related analyses were not markedly different than those predicated on modeling the background 479 

signal as daily minimum echo intensities; the threshold upwelling wind velocity was -6 m s-1 and 480 

the inferred zooplankton response was nearly equal for lags of one and two days. We also 481 

alternately defined daily DVMIs as equal to the largest echo intensity occurring within the DVM 482 

kernel instead of according to equation 6. These two versions of the DVMI time series were also 483 

linearly related (r = 0.85) and the results of the wind-related analyses based on the alternate 484 

DVMI time series were not appreciably different than those presented in Figures 4-7.  485 

 486 

The biomass of krill near Utqiaġvik also could depend on interannual variability in krill 487 

recruitment in the Bering Sea or on the dominant life stage at which krill reach the northern 488 

Chukchi Sea that in turn could depend on their pathway of advection, given that older, larger 489 

krill would have greater individual biomass than younger, smaller krill.   Krill in the Bering Sea 490 

are believed to have 3-4 year life spans (H.R. Harvey, pers. comm.), suggesting that older life 491 

stages found in the northern Chukchi may have experienced longer transit times, arriving via the 492 

western advective pathway.  High biomass also could result from abundant smaller, younger 493 
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furcilia life stages, suggesting good recruitment in the Bering Sea during that year with direct 494 

transport to the northern Chukchi via an eastern advective pathway. The interdependencies of 495 

variability in recruitment, in advective pathways, and in dominant life stages are beyond the 496 

scope of the present analysis yet the observed associations pose intriguing questions and 497 

highlight the potential importance of krill dynamics in the upstream source region (Bering Sea). 498 

 499 

We speculate that the Utqiaġvik area may diminish in importance as a core use area during the 500 

bowheads’ fall migration. This speculation is based on our results that associate relatively poorer 501 

foraging opportunities for bowheads in this core use area with strong, easterly winds over the 502 

Beaufort shelf (Fig. 7C) and the reported increasing trend in easterly wind speeds over the 503 

Beaufort region (Stegall and Zhang, 2012; Pickart et al., 2013) attributable to diminishing Arctic 504 

sea ice cover (Comiso et al., 2008; Polyakov et al., 2012). The availability of krill at Utqiaġvik 505 

depends also on the upstream supply; continued ocean warming of the Bering Sea may result in 506 

diminished krill populations there and a reduced supply to the northern Chukchi Sea. 507 

 508 

5. Conclusions 509 

 510 

We used daily and seasonally-averaged indices derived from acoustic observations of krill diel 511 

vertical migration to diagnose intra-seasonal and interannual relationships among the late-512 

summer krill field on the western Beaufort shelf and local and regional wind regimes. The 513 

threshold wind speed at which easterly winds promote upwelling of krill onto the western 514 

Beaufort shelf is ~6 m s-1. Years in which inferred late-summer krill biomasses were relatively 515 

high occurred when time-averaged mid-summer winds over the Chukchi Sea were from the 516 
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south and late-summer averaged winds over the Beaufort shelf were weak; wind conditions that 517 

promote more rapid advection of krill across the Chukchi shelf and subsequent retention of krill 518 

on the western Beaufort shelf. Years in which inferred late-summer krill biomasses were 519 

relatively low occurred when mid-summer meridional winds over the Chukchi Sea were weak 520 

and late-summer winds over the Beaufort shelf were easterly and strong; wind conditions 521 

associated with slower advection of krill across the Chukchi shelf and non-retention of krill on 522 

the western Beaufort shelf. 523 

 524 

 525 

 526 

 527 
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 529 

 530 
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 532 
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 538 
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Supplementary Material 722 

 723 

 724 

Table S1 Mooring deployment details 725 

Year Location 

Deployment 

Times/dates 

UTC 

Complete 

days 

Sample 

Interval 

2008 
71° 13.752’N 

154° 31.548’W 

0132 20 Aug 

2334 10 Sep 
20 15 min 

2009 
71° 21.096’N 

155° 13.777’W 

2223  21 Aug 

2118  15 Sep 
24 15 min 

2010 
71° 21.085’N 

155° 13.691’W 

0415  19 Aug 

2324  16 Sep 
27 20 min 

2011 
71° 21.069’N 

155° 13.752’W 

2348  18 Aug 

2320  29 Sep 
41 20 min 

2012 
71° 21.031’N 

155° 13.564’W 

2251  23 Aug 

2350  11 Sep 
18 15 min 

2013 
71° 21.034’N 

155° 13.493’W 

2324  17 Aug 

1750  02 Sep 
15 20 min 

2014 
71° 21.040’N 

155° 13.560’W 

2148  19 Aug 

1616  07 Sep 
18 15 min 

2015 
71° 21.026’N 

155° 13.434’W 

1902  20 Aug 

1608  07 Sep 
17 15 min 

  726 

 727 

 728 
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 729 
 730 

Figure 2 A) Echo intensities for 2-4 September 2012. The vertical dotted lines correspond to 731 

local astronomical midnight, i.e. ~1020 UTC, ~0220 Alaska Daylight Time (ADT). B) Echo 732 

intensity anomalies for 2-4 September 2012. The thick white contour lines delineate DVM kernel 733 

values of 1 for local nighttime hours and 0 for daylight hours.  Daily-mean wind speeds for 2-4 734 

September are 5.8 m s-1, 7.2 m s-1 and 10.0 m s-1, respectively. 735 

 736 

 737 

 738 

 739 

 740 
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 741 

 742 
 743 

Fig. 6  Mean atmospheric circulation from 9 July to 11 August for positive krill-trap DVMI 744 

anomaly years (A, B) and negative krill-trap DVMI anomaly years (C, D). A) and C) display 745 

mean wind vectors (at every 2nd ith grid point), wind directional constancy (color shading) and 746 

statistically-significant correlations between DVMI and U-component winds (dashed black 747 

contours) and V-component winds (solid black contours) with correlation contours at r=0.707 (p 748 

< 0.05) and 0.834 (p < 0.01). White contour lines delineate directional constancy of 0.5. B) and 749 

D) display mean sea level pressure (hPa) patterns. High and low pressure cells are annotated 750 

with H and L, respectively. 751 
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 767 

 768 
 769 

Fig. 7  Same as Fig. 6 only mean atmospheric circulation from 5 August to 25 August. 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 



35 

 

IDL code for iterative correlation analyses 794 

 795 
;krill-trap DVMIs for 2008-2015; see Table 1 796 
dvmi=[7.93,14.06,6.74,10.42,17.94,9.90,9.36,7.09] 797 

 798 
for aperiod=1,134 do begin              ;averaging periods (days) 799 

 800 
  for sdoy=121,255-aperiod do begin     ;DOY start dates 1 May-11 Sep 801 

 802 
    for ix=0,32 do begin        ;NCEP longitude indices, 160°E-120°W 803 

 804 
      for iy=0,6 do begin       ;NCEP latitude indices, 80°N-65°N 805 

 806 
        for dyr=2008,2015 do begin       ;DVMI and wind year 807 

 808 

;identify NCEP time series index (windx) corresponding to 809 

;year and start date 810 

;uwind, vwind, windyr and winddoy are obtained from the NCEP 811 

;data 812 
     windx=where(windyr eq dyr and winddoy eq sdoy) 813 

 814 

;for each year, compute mean U and V winds at each NCEP 815 

;location for the current averaging period and start date 816 
          muu(dyr)=mean(uwind(ix,iy,windx:windx+aperiod-1)) 817 
          mvv(dyr)=mean(vwind(ix,iy,windx:windx+aperiod-1)) 818 

        endfor                            ;dyr loop 819 

 820 

        ;compute correlation coefficients, ru and rv 821 
        ru(ix,iy)=correlate(muu,dvmi)     ;U x DVMI 822 

        rv(ix,iy)=correlate(mvv,dvmi)     ;V X DVMI 823 

      endfor                              ;iy loop 824 

 825 
    endfor                                ;ix loop 826 

 827 

;identify oceanic NCEP locations in the Chukchi and Beaufort 828 

;domains where ru and rv are statistically significant 829 
    cuv=where(chukchi eq 1 and (ru gt 0.707 or rv gt 0.707)) 830 
    buv=where(beaufort eq 1 and (ru gt 0.707 or rv gt 0.707)) 831 

 832 

;if there is at least one oceanic NCEP location where the 833 

;correlation is significant, then compute the total oceanic areas 834 

;in the Chukchi and Beaufort domains over which correlations are 835 

;significant 836 
    if(total(cuv) gt 0.)then acuv(aperiod,sdoy)=total(area(cuv)) 837 

    if(total(buv) gt 0.)then abuv(aperiod,sdoy)=total(area(buv)) 838 

 839 
  endfor                                  ;sdoy loop 840 

endfor                                    ;aperiod loop 841 

 842 

acuv=acuv(1:134,121:254) 843 
abuv=abuv(1:134,121:254) 844 



36 

 

 845 

;identify the indices (averaging period and start date) for which the 846 

;area of statistically-significant correlations is maximum 847 

 848 
maxc=max(acuv,mc) 849 

avgc=mc mod 134   ;identify averaging period index Chukchi domain 850 

startc=mc/134     ;identify start date index Chukchi averaging period 851 

 852 
maxb=max(abuv,mb) 853 

avgb=mb mod 134   ;identify averaging period index Beaufort domain 854 
startb=mb/134     ;identify start date index Beaufort averaging period 855 

 856 
;averaging period indices 0,1,2,…,133 correspond to averaging periods 857 

1,2,3,…,134 days 858 

 859 
;start date indices 0,1,2,…,133 correspond to start dates 1 May,2 860 

May,3 May,…,11 Sep 861 

 862 




