
Confidential manuscript submitted to Geophysical Research Letters 

1 

 

The dominant role of the East Siberian Sea in driving the oceanic flow through the Bering 1 

Strait – conclusions from GRACE ocean mass satellite data and in situ mooring 2 

observations between 2002 and 2016.  3 

 4 

Cecilia Peralta-Ferriz
1
 and Rebecca A. Woodgate

1
  5 

1
Polar Science Center, Applied Physics Laboratory, University of Washington. 6 

Corresponding author: Cecilia Peralta-Ferriz (ferriz@apl.washington.edu)  7 

Key Points: 8 

 Ocean mass data show monthly variability in the Bering Strait throughflow to be primarily 9 

driven from the Arctic, not the Pacific.  10 

 ~2/3rds of summer flow variability is driven by oceanic sea-level changes in the East Siberian 11 

Sea, associated with westward Arctic winds.  12 

 In winter, northward Bering Strait winds and North Pacific cyclonic winds (raising sea-level over 13 

the Bering Sea Shelf) also contribute.  14 

 15 

Abstract 16 

It is typically stated that the Pacific-to-Arctic oceanic flow through the Bering Strait (important for 17 

Arctic heat, freshwater, and nutrient budgets) is driven by local wind and a (poorly defined) far-field 18 

“pressure-head” forcing, related to sea-surface-height differences between the Pacific and the Arctic. 19 

Using monthly, Arctic-wide, ocean bottom pressure satellite data and in situ mooring data from the 20 

Bering Strait from 2002-2016, we discover the spatial structure of this pressure-head forcing, finding 21 

that the Bering Strait throughflow variability is dominantly driven from the Arctic, specifically by sea-22 

level change in the East Siberian Sea (ESS), in turn related to westward winds along the Arctic coasts. In 23 

the (comparatively calm) summer, this explains ~2/3rds of the Bering Strait variability. In winter, local 24 

wind variability dominates the total flow, but the pressure-head term, while still correlated with the ESS-25 

dominated sea-level pattern, is now more strongly related to Bering Sea shelf sea-level variability.  26 
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1 The importance of the Bering Strait throughflow and its driving mechanisms 27 

The (generally northward) flow through the Bering Strait is the only oceanic Pacific input to the Arctic. 28 

Although comparatively small in volume (~1Sv, 1Sv=1x10
6
m

3
/s) [Roach et al., 1995], the throughflow 29 

dominates the water properties of the Chukchi Sea [Woodgate et al., 2005b] and the upper (<150m) 30 

layer of the western Arctic Ocean [Woodgate, 2013]; is a key source of nutrients for the Arctic and 31 

beyond [Torres-Valdés et al., 2013; Walsh et al., 1997]; provides about 1/3
rd

 of the freshwater entering 32 

the Arctic [Aagaard and Carmack, 1989; Serreze et al., 2006] and enough oceanic heat to influence 33 

western Arctic sea-ice retreat [Woodgate et al., 2010]; and contributes to the stability of the Atlantic 34 

meridional overturning circulation and world climate [De Boer and Nof, 2004b; Hu et al., 2007]. 35 

While short-term (timescales < weeks) variability in the throughflow has long been attributed to the 36 

local wind variability [see Woodgate et al., 2005b, for discussion], at times of negligible wind in the 37 

strait, the flow is still northward, and this is generally conceptually attributed to a far-field, sea-surface 38 

height (SSH) “pressure-head” difference between the Pacific and the Arctic [Coachman and Aagaard, 39 

1966; Stigebrandt, 1984]. However, the origins of this pressure-head – variously hypothesized to be 40 

steric [Aagaard et al., 2006; Wijffels et al., 1992] or set up by global wind patterns [De Boer and Nof, 41 

2004a; b] – are still obscure. And given the complex SSH fields both north and south of the strait [e.g., 42 

Danielson et al., 2014], it is far from clear between what points such a pressure-head should be 43 

measured. Prior SSH studies have evaded this question either by considering only SSH gradients across 44 

the strait proper (e.g., Cherniawsky et al. [2005], who suggest the across-strait gradient is in general 45 

geostrophic balance with the flow, a result consistent with in situ current and pressure gauge 46 

measurements [Woodgate, pers. comm.]), or SSH averages across the Bering Sea, Chukchi Sea or 47 

Beaufort Gyre [e.g., Danielson et al., 2014]. The latter study, the most extensive to date, concludes – as 48 

has been the focus of most prior work – that changes in the pressure-head forcing are primarily driven 49 

from the south, i.e., the Bering Sea and/or North Pacific. 50 

We bring now a new data set to this discussion, viz. a global, satellite-based measure of the Earth’s 51 

time-varying gravity field, as obtained by the Gravity Recovery and Climate Experiment (GRACE) from 52 

2002 to 2016 [Tapley et al., 2004]. In ocean regions, this yields temporal (typically 1 month averages) 53 

and spatial (~300km resolution) information about variability in ocean bottom pressure, a key 54 

component for understanding the pressure-head forcing of the Bering Strait throughflow.  55 
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In this paper, we combine observations of GRACE ocean bottom pressure with in situ observations of 56 

the Bering Strait velocity (taken from the year-round moorings deployed in the strait since 1990, see 57 

Woodgate et al. [2015], for overview) and atmospheric reanalysis data to consider drivers of monthly to 58 

seasonal variability of the Bering Strait throughflow over a 14-year period, 2002-2016. 59 

2 Data Sets: GRACE Ocean Bottom Pressure, atmospheric reanalysis data, and in situ mooring 60 

data 61 

This study uses three independent data sets: 62 

2.1 GRACE Ocean Bottom Pressure anomalies (OBP) 63 

We use monthly composites (March 2002 – June 2016) of GRACE Ocean Bottom Pressure anomalies 64 

(OBP) from the Center for Space Research (CSR), specifically the Release 5 “mass concentration 65 

blocks” (mascons) solutions (http://www2.csr.utexas.edu/grace/RL05_mascons.html). While available 66 

on a global 0.5° grid, the native resolution of mascons is greater, ~120km, and the effective resolution is 67 

possibly larger (~300km) [Save et al., 2016]. We test the results of our analysis using also the GRACE 68 

CSR spherical-harmonic product [Chambers and Bonin, 2012], and the GRACE Jet Propulsion 69 

Laboratory mascon product [Watkins et al., 2015]. Despite the different processing of these products, 70 

they give very consistent results in our analysis. 71 

Units of OBP are equivalent water thickness (in cm, assuming a water density of 1028kg/m ). Estimated 72 

uncertainties for mascons are <2cm [Save et al., 2016]. To avoid issues of converging lines of longitude, 73 

we linearly interpolate the final product onto a ~50km resolution regular grid centered on the North 74 

Pole. The GRACE data are provided as anomalies from the January 2005 to December 2010 mean, this 75 

being the largest gap-free period of GRACE measurements. For our analysis, we also detrend the time-76 

series at each point.  77 

2.2 Atmospheric reanalysis data 78 

As per prior work [e.g., Woodgate et al., 2006], we use NCEP (National Center for Environmental 79 

Prediction) atmospheric reanalysis products [Kalnay et al., 1996], 80 

(http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html) at 6-hourly temporal and 2.5deg 81 

horizontal resolution. We compute (and interpolate onto our 50km regular grid) monthly-averaged sea-82 

level pressure (SLP), zonal (positive eastward, Uwinds) and meridional (positive northward, Vwinds) 83 



Confidential manuscript submitted to Geophysical Research Letters 

4 

 

winds at 925-mb height, from 2002 to 2016, and from 30°N to the North Pole. While other wind 84 

products could be used in the strait, in other Bering Strait work comparable results are found with 85 

various wind-products in the region [Woodgate, pers. comm.], and in the high Arctic, Lindsay et al. 86 

[2014] find NCEP wind-speed data are well correlated (r~0.8) with local observations.  87 

2.3 Bering Strait Mooring data 88 

We use monthly averages of northward water velocity in the Bering Strait, obtained from a year-round 89 

in situ “climate” mooring in the central strait (site A3) [for overview see Woodgate et al., 2015]. Away 90 

from the seasonal boundary currents, the velocity field in the strait is strongly barotropic and highly 91 

homogeneous (velocity correlations ~0.9), and thus A3 northward velocity is shown to be a good proxy 92 

of the total transport through the strait [Woodgate et al., 2015; Woodgate et al., 2012]. 93 

We also use a mooring-based estimate of the part of the flow driven by the far-field pressure-head 94 

(denoted here by PHterm), calculated as the residual after removing from the northward in situ mooring 95 

velocity the variability correlated with the local 6-hourly NCEP wind forcing (best correlations found 96 

with wind heading 330°N), as per Woodgate et al. [2005b], Woodgate et al. [2006]. The variance of the 97 

monthly-averaged PHterm is roughly ~50%, ~75% and ~45% of the variance of the total flow for the 98 

year-round, summer and winter seasons, respectively.  99 

Hourly Bering Strait mooring data are available at the National Centers for Environmental Information, 100 

http://www.nodc.noaa.gov, and monthly averages of both data and the PHterm are available at the 101 

Bering Strait project website, http://psc.apl.washington.edu/BeringStrait.html. 102 

Throughout the paper, for correlations we consider as noteworthy only those which are significant at the 103 

95% confidence level or above.  104 

3 Methodology  105 

Our goal is to ascertain to what extent variability in the Bering Strait throughflow is related to patterns 106 

and variability of OBP and, where possible, identify associated atmospheric forcings. We consider first 107 

correlations between OBP and the flow through the strait (both total flow and PHterm). To assess the 108 

coherence of the patterns found we then perform (Section 4, Figure 1) an EOF (Empirical Orthogonal 109 

Function) analysis using the entire (demeaned and detrended) OBP data (all 156 available months), 110 

considering the region 55-75°N and 160°E-150°W. Although we do not remove the seasonal cycle for 111 
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year-round figures presented here, very similar results are found for a computation which does remove 112 

the seasonal cycle. Similarly, tests using a larger region, 50-80°N, to compute EOFs also yield 113 

equivalent results.  114 

We then seek relationships between these EOF patterns and the detrended in situ velocity data sets from 115 

the strait, and consider particularly relationships between the time-evolution of each EOF mode (the 116 

principal component (PC) of that mode) and the variability of both the total Bering Strait velocity (vvel) 117 

and the extracted pressure-head term (PHterm).   118 

For enlightenment about possible driving mechanisms, we also consider correlations (Figure 1, d and e) 119 

between atmospheric variables (sea-level pressure, SLP; northward and eastward winds, Vwinds and 120 

Uwinds, respectively); ocean variables (northward water velocity, vvel; the extracted pressure-head 121 

flow, PHterm); and the PC of the leading EOF. Only results showing some large-scale coherence are 122 

included in Figure 1.  123 

Finally, given the strong seasonality in the strait [Woodgate et al., 2005a], we perform the same analyses 124 

by season (Section 5, Figures 2 and 3), binning months as spring (March, April and May), summer 125 

(June, July and August), fall (September, October and November) and winter (December, January and 126 

February) months separately. (This choice of trimesters is determined by performing the EOF analysis 127 

for every month separately, and seeking similar patterns. The first EOF of the individual months are 128 

consistent with the results from their designated trimester, suggesting that the four identified seasons are 129 

a good representation of the seasonal variability of GRACE OBP.) We find the most distinct patterns in 130 

winter and summer, with the spring and fall generally reflecting a mixed pattern between the winter and 131 

summer. Thus, for brevity, in sections below we focus on summer (Section 5.1, Figure 2) and winter 132 

(Section 5.2, Figure 3). 133 

4 Monthly variability in GRACE and the Bering Strait throughflow 134 

Figure 1 shows year-round correlations between OBP and the total Bering Strait flow – both total flow 135 

(vvel) and the pressure-head term (PHterm) (Figure 1 a(i and ii). While the total flow (known to be well 136 

correlated with the northward wind in the strait) is coherent with the Arctic and Pacific OBP, once the 137 

effects of local wind are removed, the strongest correlation (R=0.64) between OBP and the flow (now 138 

the PHterm) is in the East Siberian Sea with sizeable contributions also from the Bering Sea shelf 139 

(R=0.39). Seeking EOFs of OBP in the region around the strait (Figure 1, b and c), we find two 140 
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significant EOF modes of the year-round OBP, which together explain 71% of the total variance of the 141 

OBP field. Correlation of the dominant mode with the large scale OBP field (Figure 1a(iii)) suggests 142 

also coherence between this regional mode and the Arctic and eastern Pacific OBP patterns.  143 

 144 

The first EOF mode (Figure 1b), explaining 44% of the OBP variance, shows a pattern which matches 145 

intuitively the broad description of the pressure-head forcing of the flow, viz. a high to the south of the 146 

strait and a low to the north of the strait. However, looking in detail, we see far more spatial structure – 147 

i.e., that the EOF is greatest in magnitude not uniformly throughout the Arctic, but instead has a clear 148 

dominance in the East Siberian Sea. Similarly, south of the strait, the pattern is dominated by the Bering 149 

Sea Shelf, not the entire Bering Sea. This asymmetric distribution is similar to that found by Danielson 150 

et al. [2014] in SSH, and identified as regions that generate continental shelf waves that drive variability 151 

in the Bering Strait with lags of order days. (With our monthly data resolution we are unable to 152 

distinguish these lags.) Note that the local maxima in EOF1 in the East Siberian Sea has a (negative) 153 

peak of ~9-10cm per standard deviation (std) compared to the ~1-2cm/std of the Bering Sea Shelf, 154 

suggesting that East Siberian Sea has an over 5 times stronger control on the OBP pattern than the 155 

Bering Sea Shelf.  156 

But how does this pattern relate to the flow in the strait? Correlating the principal component time-series 157 

of the leading EOF mode (i.e., PC1) with the in situ mooring data, we find a significant correlation 158 

(R=0.44) with the northward velocity (vvel), but an even higher correlation (R=0.59) with the time-159 

series of the pressure-head driven flow through the strait (PHterm) (Figure 1b, right). (Note this is 160 

comparable to the highest point correlation found in Figure 1a(ii), R=-0.64 in the ESS). This indicates 161 

that, considered over the entire year, (a) the first EOF of OBP may explain 35% of the far-field-driven 162 

variability in the Bering Strait throughflow, and (b) that the Arctic (in particular the East Siberian Sea) 163 

has a greater control on the throughflow than hitherto recognized. In essence, it suggests the Pacific-164 

Arctic pressure-head variability is driven from the Arctic – i.e., that changes in the pressure-head forcing 165 

are more due to changes in the Arctic than changes in the Bering.  166 

The second EOF, explaining 27% of the OBP variance, has a maximum in the northern Bering Sea, with 167 

also some east-west gradient in the Chukchi, the EOF being higher along the Alaskan Coast (Figure 1c). 168 

But the PC of this mode has a very low correlation with the velocity field in the strait (R=0.22, Figure 169 

1c, right), suggesting the second EOF mode is not well related to the Bering Strait throughflow.  170 
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To understand what is setting up the relationship between EOF1 and the throughflow, we consider next 171 

correlations (Figure 1, d and e) between these variables (the OBP EOF1; the full Bering Strait velocity, 172 

vvel; and the pressure-head driven flow, PHterm) and the most likely physical driver – the atmospheric 173 

forcing, taken here from NCEP.  174 

Correlations between atmospheric parameters and the full Bering strait velocity (Figure 1, d(i) and e(i)) 175 

demonstrate the known strong relationship between the northward winds in the strait and corresponding 176 

northward flow in the strait [e.g., R~0.8, Woodgate et al., 2005b], this being the dominant feature of the 177 

correlation between pan-Arctic northward wind and the flow (Figure 1e(i)). This is reflected also in the 178 

relationships to SLP, with positive correlation between the Bering Sea Shelf SLP and northward flow 179 

(Figure 1d(i)), consistent with the SLP difference results found by Danielson et al. [2014]. The SLP 180 

correlation pattern also demonstrates a (lesser) high over Greenland and the Greenland Sea, although 181 

here the physical connection to the Bering Strait flow is less clear and more likely the correlation merely 182 

reflects atmospheric correlations.  183 

However, when the local wind driven component of the Bering Strait flow is removed and we consider 184 

correlation between the pressure-head driven flow (PHterm) and the atmospheric variables, the 185 

dominant correlation with northward flow is now with a pan-Arctic high SLP (Figure 1, d(ii) and e(ii)) 186 

and westward winds along the Alaskan Arctic coast and, especially, over the East Siberian Sea. Note 187 

that our Arctic high is pan-Arctic, rather than just the Beaufort high considered by Danielson et al. 188 

[2014], and that while Danielson et al. [2014] identify westward Alaskan Arctic coast winds as being 189 

important, our analysis highlights a comparable role for winds over the East Siberian Sea. 190 

Mechanistically, these westward winds will drive Ekman transport of water from the broad, shallow East 191 

Siberian Shelf, reducing SSH (and thus OBP), and enhancing the pressure-difference between the 192 

Pacific and the Arctic, as seen in EOF1. This mechanism is supported by correlations between the 193 

atmospheric variables and PC1 (Figure 1, d(iii) and e(iii)) – here the pan-Arctic SLP high and the 194 

westward winds in the East Siberian Sea clearly dominate the pattern. Note it is the Arctic change which 195 

dominates variability, not the Bering Sea change.  196 

In summary, when considering monthly, year-round data, we find a dominant EOF in OBP, related to 197 

the northward pressure-head driven flow through the strait and whose variability is dominated by 198 

variability in the East Siberian Sea. Causally, analysis suggest that westward winds along the western 199 
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Arctic coast, especially the East Siberian Sea, act to reduce coastal Arctic SSH, enhancing the pressure 200 

difference between the Pacific and the Arctic, and driving more northward flow through the strait. In this 201 

analysis, Arctic forcing drives more of the monthly variability in the Bering Strait throughflow than 202 

Pacific forcing.  203 

5 Seasonal variations in GRACE and the Bering Strait throughflow  204 

The strong seasonality of the oceanic flow through the strait has long been recognized (e.g., see 205 

Maksimov [1945]; and for more recent quantification Woodgate et al. [2005b]) and the seasonality of 206 

winds in the strait is also well known, with weaker winds in summer [Gudkovich, 1962]. In addition, as 207 

noted by e.g., Danielson et al. [2014], local winds account for much less of the flow variance in summer 208 

(~25% versus >50% in winter), which suggests that the summer flow variability is likely dominated by 209 

the pressure-head forced flow, whereas in winter, both pressure-head forcing and wind forcing are 210 

important. Thus, we are motivated to consider how our conclusions from Section 4 vary seasonally. As 211 

justified in Section 3, we present here results only from the summer and winter trimesters.  212 

5.1 Summer (June, July, August) 213 

We consider first the summer (defined as June, July and August) (Figure 2), which, by the arguments 214 

above may most closely resemble the pressure-head portion of the annual results.  215 

The correlation maps of GRACE OBP with vvel (Figure 2a(i)) and PHterm (Figure 2a(ii)) show nearly 216 

identical patterns and strengths, being consistent with the much weaker effect of the local wind on the 217 

Bering Strait flow during the summer. Maximum correlations (R= -0.81 with vvel; R=-0.85 with 218 

PHterm) are still in the ESS. Furthermore, for this period, we find only one significant EOF mode of 219 

OBP (Figure 2b), and that explains an astounding 65% of the OBP variance. Again, the largest 220 

magnitudes of the EOF1 are found in the East Siberian Sea, and now the variability south of the strait is 221 

even more muted than in the annual case. The time-series of EOF1 (i.e., PC1) is now remarkably 222 

strongly correlated with both the full Bering Strait flow (R=0.81) and the pressure-head flow (R=0.84), 223 

suggesting this EOF1 mode is related to ~2/3rds of the variance of the Bering Strait flow. (Note the 224 

similarity of these correlations supports the conclusion that the pressure-head flow dominates the total 225 

flow in summer.)  226 
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Considering the maps of correlation for the summer EOF and atmospheric fields (Figure 2, d and e), we 227 

find an absence of the strong relationship between local northward winds and the flow in the strait, 228 

likely due to the weakness of the summer winds (not shown). Instead, as predicted by the similarity 229 

between PHterm and the summer vvel, the patterns related to the pressure-head term in the annual cycle 230 

are clearly repeated in summer, viz. a pan-Arctic SLP high and westward winds along the Arctic coast 231 

(the Alaskan Arctic and especially the East Siberian Sea), which can draw waters from the East Siberian 232 

Shelf, increase the Pacific-Arctic pressure difference, and thus pull northward flow through the strait.  233 

It is particularly noteworthy that this suggests variability in the summer flow through the strait is driven 234 

by processes in the Arctic.  235 

5.2 Winter (December, January, February) 236 

The winter situation (Figure 3) is considerably more complex. Firstly, the correlations between flow and 237 

OBP are now weaker (R=-0.49 (ESS) and R= 0.57 (Bering Sea) for vvel, and R = -0.55 (ESS) and 238 

R=0.70 (Bering Sea) for PHterm (Figure 3a(i and ii)); compared to summer correlations of R=-0.81 239 

(ESS) for vvel and R=-0.84 for PHterm) reflecting the stronger role of local wind. Secondly, the East 240 

Siberian Sea is no longer the obviously dominant correlation – now the Bering Sea Shelf plays a more 241 

important role. The EOF analysis of OBP is consistent with this change, now yielding two almost 242 

comparable modes (as per the criterion of North et al. [1982]). The first (EOF1, explaining 41% of the 243 

OBP variance) is similar to the dominant summer mode, again with largest magnitude of variability in 244 

the East Siberian Sea, although now with some variation also in the southern Bering Sea Shelf. As 245 

previously, this mode is Arctic dominated (Figures 1,2,3, a(iii)). The second mode (EOF2, explaining 246 

only slightly less variance, 32%), is instead dominated by variability over the Bering Sea Shelf, and is 247 

now coherent with lower latitude OBP (Figure 3a(iv)). It is also now this second mode (EOF2) which 248 

has the best correlations in time with the total and pressure-head driven flow through the strait (R=0.57 249 

and R=0.50, respectively), while PC1 (from EOF1) is barely correlated with either the total or pressure-250 

head driven flow in the strait.  251 

Given the known importance of the local winds in the strait in winter, it is of no surprise that the 252 

correlation maps comparing the total flow in the strait with atmospheric parameters again emphasize the 253 

strong relationship between northward wind and northward flow (Figure 3, d(i) and e(i)). However, once 254 

the local wind effects have been removed (Figure 3, d(ii) and e(ii)), we find the winter pressure-head 255 
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driven flow (PHterm) is correlated not only with the same pan-Arctic pattern as in summer, but also with 256 

a Pacific SLP low, this latter correlation being the strongest one (Figure 3d(ii)). Mechanistically this 257 

Pacific SLP low drives westward winds in the northern Bering Sea, in turn, by Ekman, raising SSH over 258 

the Bering Sea Shelf and favoring northward flow through the strait (as per Danielson et al. [2014]’s 259 

westward displaced Aleutian SLP low) (Figure 3, d(iv) and e(iv)).  260 

In winter thus, this suggests the variability of the Bering Strait throughflow has 3 forcings: i) the local 261 

wind, which when northward promotes northward flow; ii) a SSH high in the Bering Sea Shelf, again 262 

promoting northward flow in the strait, and driven by low SLP in the northern Pacific and Bering Sea; 263 

and iii) a SSH low in the East Siberian Sea, driven by westward winds along the western Arctic coasts, 264 

especially in the East Siberian Sea, which also promotes northward flow.  This final forcing is the 265 

dominant driver in summer.  266 

Note that, as in summer, the Arctic pattern appears to be broader than just the Beaufort Gyre. Indeed, the 267 

westward winds well correlated with the PHterm extend even into the Laptev Sea (~60-90°E), although 268 

it is again likely that this is just a reflection of atmospheric correlations, rather than a mechanistic link to 269 

the Bering Strait.  270 

6 Discussion 271 

This study of monthly mean ocean bottom pressure (OBP) offers observational quantification of what 272 

may be the far-field forcing of the flow through the Bering Strait. Although statistical by construction, 273 

the OBP EOF modes found offer physically coherent patterns for the previously vague concept of a 274 

pressure-head difference between the Pacific and the Arctic. Specifically, this study suggests the 275 

relevant pressure difference is that between the Bering Sea Shelf and the East Siberian Sea. 276 

For the period of this study 2002-2016, the data suggest that the dominant driver of variability in the 277 

Bering Strait throughflow is the Arctic Ocean, not the Bering Sea.  Mechanistically, this can be 278 

understood as westward winds along the Arctic coasts, especially along the East Siberian Sea, driving 279 

Ekman transfer of shelf waters to the basin, lowering SSH in the East Siberian Sea, which in turn draws 280 

water north through the Bering Strait. Results suggest that in summer (when winds are weak in the strait 281 

and the pressure-head driven terms dominate the flow), the variability in the East Siberian Sea is the 282 

dominant driving mechanism for Bering Strait variability, capable of explaining ~2/3rds of the 283 

throughflow’s variability. In winter, two other mechanisms come into play – viz. the stronger local 284 
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winds in the strait (northward winds driving northward flow); and low SLP in the northern Pacific, 285 

which, in turn (by promoting westward winds in the northern Bering Sea) acts by Ekman transport to 286 

increase SSH over the Bering Sea Shelf, again driving northward flow through the strait.  287 

While older investigations [e.g., Gudkovich, 1962] have been ambivalent about the relative roles of the 288 

Pacific and the Arctic in driving the Bering Strait throughflow, recent work has tended to favor 289 

variability driven from the Pacific, e.g., Danielson et al. [2014]. Our current study finds this Pacific-290 

driven variability in winter, but shows that in summer (and, on balance, over the year), Arctic variability 291 

is the dominant driver of variability in the Bering Strait throughflow.  292 

Our conclusions are limited in time by the availability of the Ocean Bottom Pressure GRACE data 293 

(2002-2016) and, by data limitations, only address variability, not means. Furthermore, we can quantify 294 

here only a depth-integrated understanding of the flow, although this is likely only a minor limitation as 295 

the Bering Strait throughflow is dominantly barotropic [Woodgate et al., 2015]. Also, since we work 296 

with OBP (an estimate of total mass of water), we cannot directly separate steric from wind-driven 297 

effects, although the strong relationship with winds suggests a dominance of advection over steric 298 

influences. However, our work suggests mechanisms which may be tested in primitive equation models 299 

if they capture the full variability in the strait.  300 

Overall, our study highlights the primary role for Arctic forcings in changing the pressure-head driven 301 

flow through the Bering Strait. Recent work studying interannual change [Woodgate et al., 2015] finds a 302 

statistically significant increase in the Bering Strait throughflow from ~0.7±0.1Sv in 2001 to ~1.2±0.1Sv 303 

in 2014, with the increase being dominantly attributed to long-term (multiyear) changes in the far-field, 304 

pressure-head forcing [Woodgate et al., 2012]. Although our current study has detrended all time-series 305 

and thus cannot quantify interannual change, it is intriguing to speculate if the mechanism identified, viz 306 

westward Arctic coastal winds enhancing the Pacific-Arctic pressure-head forcing, may also be key in 307 

driving the long-term increase in the flow from the Pacific to the Arctic. Investigating this hypothesis 308 

will require a longer-term analysis of the forcing fields and trends, but we note Ogi et al. [2012] report 309 

increased summer anticyclonic Arctic atmospheric circulation in 2007-2011, which could, by our 310 

mechanism, increase the northward Bering Strait transport. 311 
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Figure Captions 312 

Figure 1. (a) Correlation coefficients (R) between monthly mean, year-round GRACE ocean bottom 313 

pressure anomalies (OBP) data and (i) standardized (i.e., scaled by its standard deviation, std) total 314 

Bering Strait northward velocity (vvel); (ii) standardized pressure-head driven Bering Strait northward 315 

velocity (PHterm); and (iii) time-series of EOF mode 1 (PC1) shown in (b). Black box marks the region 316 

used for EOF computation. (b) First EOF of the year-round OBP data, showing (left) the EOF pattern in 317 

cm/std and the percentage of OBP variance explained by the mode; and (right) time-series for the 318 

corresponding principal component, here PC1 (color), monthly vvel (black line) and PHterm (gray line), 319 

each standardized. Correlation coefficients (R) are significant above the 95% confidence level, unless 320 

marked otherwise (ns). (c) As per (b), but for second EOF. (d) As per (a) but for correlations with SLP 321 

(instead of OBP). (e) As per (a), but for correlations with (i) northward winds (Vwinds); (ii) and (iii) 322 

eastward winds (Uwinds) instead of OBP. For all maps, only correlations significant at 95% or above 323 

are shown, and coastlines and isobaths (200m, 300m, 400m and 500m) are from GSHHG 324 

(http://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html).  325 

Figure 2. As per Figure 1, but for summer (June, July, August) data. (Note Figure (e)(ii) shows 326 

correlations with eastward (Uwind), not northward wind (Vwind)). The 2
nd

 EOF is not significant and is 327 

not shown.  328 

Figure 3. As per Figure 1, but for winter (December, January, February) data. Panels (a), (d) and (e) 329 

show correlations for both PC1 (iii) and PC2 (iv).  330 
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