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Abstract 1 

Frequent gap winds, defined here as offshore-directed flow channeled through mountain gaps, have 2 

been observed near Kodiak Island in the Gulf of Alaska (GOA).  Gap winds from the Iliamna Lake gap 3 

were investigated using QuikSCAT wind data.  The influence of these wind events on the regional ocean 4 

was examined using satellite and in situ data combined with Regional Ocean Modeling System (ROMS) 5 

model runs.  Gap winds influence the entire shelf width (> 200 km) northeast of Kodiak Island and extend 6 

an additional ~150 km off-shelf.  Due to strong gradients in the along-shelf direction, they can result in 7 

vertical velocities in the ocean of over 20 m d-1 due to Ekman pumping.   The wind events also disrupt 8 

flow of the Alaska Coastal Current (ACC), resulting in decreased flow down Shelikof Strait and increased 9 

velocities on the outer shelf.   This disruption of the ACC has implications for freshwater transport into 10 

the Bering Sea.  The oceanographic response to gap winds may influence the survival of larval fishes as 11 

Arrowtooth Flounder recruitment is negatively correlated with the interannual frequency of gap-wind 12 

events, and Pacific Cod recruitment is positively correlated. The frequency of offshore directed winds 13 

exhibits a strong seasonal cycle averaging ~7 days per month during winter and ~2 days per month during 14 

summer.  Interannual variability is correlated with the Pacific North America Index and shows a linear 15 

trend, increasing by 1.35 days per year.  An accompanying paper discusses part I of our study (Ladd and 16 

Cheng, this issue) focusing on gap-wind events flowing out of Cross Sound in the eastern GOA. 17 

1 Introduction 18 

The Gulf of Alaska (GOA) has been called a “graveyard for storms” (Wilson and Overland, 1986).  19 

Winter storms in the North Pacific typically form east of Japan and cross the Pacific toward the Gulf of 20 

Alaska (GOA) (Rodionov et al., 2007; Rodionov et al., 2005; Wilson and Overland, 1986).  The high 21 

coastal mountains surrounding the GOA impede the on-shore propagation of these storms, resulting in 22 

strong coastal pressure gradients and gale force winds.  In addition, the contrast between relatively warm 23 

offshore water and cold continental air over Alaska during winter results in strong hydrostatic pressure 24 
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gradients along the coast (Macklin et al., 1988).  These conditions can result in barrier jets, gap winds, 25 

downslope winds, and interactions between them (i.e. Loescher et al., 2006; Winstead et al., 2006; Young 26 

and Winstead, 2004).   27 

Gap winds, defined here as offshore-directed flow channeled through mountain gaps, form during 28 

conditions with high pressure over the interior and low pressure over the adjacent ocean.  They have been 29 

examined in a number of observational and modeling studies, beginning with Reed’s (1931) study of 30 

strong winds blowing out of the Strait of Juan de Fuca (~54°N, 130°W).  Since that time, gap winds have 31 

been examined in many regions around the world.  In the GOA, Synthetic Aperture Radar (SAR) data 32 

have shown strong gap winds in Prince William Sound (Liu et al., 2008), flowing out of Iliamna Lake 33 

northeast of Kodiak Island (Liu et al., 2006), and flowing out of Yakutat Bay and Cross Sound in 34 

Southeast Alaska (Ladd and Cheng, 2015; Loescher et al., 2006; Winstead et al., 2006).  35 

In a study focused on Cook Inlet and Shelikof Strait, Liu et al. (2006) classify three channels within 36 

our region of interest through which gap-wind jets frequently blow: Puale Bay, Kaguyak, and Iliamna 37 

Lake (Fig. 1). These three jets often occur together, with over 60% of the Iliamna jets associated with 38 

Puale Bay and/or Kaguyak jets.  They note that the Iliamna jets extend more than 200 km offshore from 39 

the mouth of Cook Inlet into the northern Gulf of Alaska (Liu et al., 2006).  It has been suggested that the 40 

strong air-sea heat fluxes around Kodiak Island during the winter are largely due to these strong and 41 

frequent ageostrophic near-shore wind events (Janout et al., 2013). 42 

Circulation in the GOA includes the cyclonic subarctic gyre in the basin and the Alaska Coastal 43 

Current (ACC) on the continental shelf (Fig. 1).  The eastern boundary current of the subarctic gyre is the 44 

broad and variable Alaska Current.  Eddies are regularly formed in the Alaska Current, with important 45 

consequences for fluxes of physical and chemical properties and biota (e.g. Atwood et al., 2010; Ladd et 46 

al., 2009; Ladd et al., 2007).  Gap winds may be an important mechanism leading to the formation of 47 

eddies in the eastern GOA (Ladd and Cheng, 2015).  At the head of the gulf, the gyre turns 48 

southwestward to form the Alaskan Stream, a western boundary current, tightly confined to the 49 

continental slope.   50 
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The ACC, a baroclinic coastal current driven by winds and freshwater, has been relatively well 51 

described in the northern and western GOA (e.g. Kowalik et al., 1994; Royer, 1981; Schumacher and 52 

Reed, 1986; Stabeno et al., 2004; Stabeno et al., this issue-a).  Flowing southwestward along the Kenai 53 

Peninsula, it bifurcates when it reaches Kennedy-Stevenson Entrance with the majority of the current 54 

flowing down Shelikof Strait and a weaker flow along the seaward side of Kodiak Island (Schumacher et 55 

al., 1989; Stabeno et al., this issue-a; Stabeno et al., 1995).  Flow along the Kenai Peninsula and the outer 56 

shelf seaward of Kodiak Island is strongly influenced by bathymetric steering by the canyons that incise 57 

the shelf-break there (Ladd et al., 2005b).  The resulting cross-shelf transport of heat, salt, nutrients, and 58 

biota play an important role in the ecosystem of the region (Mordy et al., in progress). The along-shore 59 

ACC transports most of the extensive freshwater runoff that occurs along coastal Alaska. This freshwater 60 

transport may be critical to the freshwater budgets of the eastern Bering Sea shelf and the Arctic Ocean 61 

(Weingartner et al., 2005).  Modeling studies show that the loss of freshwater from the ACC through 62 

offshore transport is enhanced under spatially varying wind conditions (Rogers-Cotrone et al., 2008; 63 

Yankovsky et al., 2010).  64 

While gap winds and the conditions leading to them have been relatively well-described, their 65 

influence on the coastal ocean has been examined in only a few regions.  Perhaps the most complete 66 

description of gap winds and their influence has been in the northeastern tropical Pacific.  The gap winds 67 

associated with three mountain gaps in Central America have been shown to influence regional ocean 68 

circulation (Kessler, 2006), eddy formation (e.g. McCreary et al., 1989; Trasviña et al., 1995), and 69 

chlorophyll-a distributions (McClain et al., 2002).  Liang et al.  (2009) used satellite data to quantify the 70 

magnitude, duration and timing of anomalous ocean conditions associated with gap-wind events in this 71 

region. 72 

This paper constitutes Part II of a two part study focusing on gap winds in the GOA.  Part I focuses 73 

on gap winds flowing out of Cross Sound in the eastern GOA (Ladd and Cheng, 2015).  Part II (this 74 

study) describes the frequency and variability of Iliamna gap winds and focuses on the influence of the 75 

winds on the regional oceanography.  In both studies, our strategy is to use a combination of observations 76 
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(satellite data and in situ measurements) and numerical experiments to both document gap-wind 77 

characteristics in these regions and to illustrate their influences on the regional oceanography. We treat 78 

the eastern and western GOA separately because the geographic layout (narrow shelf in the east versus 79 

wide shelf in the west), mean ocean circulation (eastern versus western boundary current systems), 80 

ecosystem response, and data availability are distinct between these two regions. We provide a summary 81 

comparing across the regions in the Summary and Discussion section.   82 

2 Methods 83 

2.1 Satellite data 84 

QuikSCAT wind data (downloaded from the NOAA CoastWatch Program 85 

http://las.pfeg.noaa.gov/oceanWatch/) were used to quantify the seasonal and interannual frequency of 86 

wind events.  The dataset includes daily averaged winds with 0.25° horizontal resolution.  The SeaWinds 87 

instrument, on NASA’s QuikSCAT satellite, is a dual-beam microwave scatterometer designed to 88 

estimate wind magnitude and direction over the global oceans at a reference height of 10 m above the 89 

surface. The QuikSCAT satellite offers daily coverage of 90% of the earth's oceans. QuikSCAT wind 90 

speeds are accurate to better than 2 m s-1 and wind direction to better than 20°, comparable to in situ buoy 91 

measurements (Chelton et al., 2004; Freilich and Dunbar, 1999).  QuikSCAT was launched in 1999 and 92 

its mission ended in November 2009.  To examine Iliamna gap-wind jets near Kodiak Island, we focus on 93 

the region 58.5 – 59°N, 152 – 150.75°W .   We call this region, the “Kodiak box” (see Fig. 1 for location 94 

of Kodiak box).   95 

Another satellite-derived source of oceanic wind data at 10m is the ASCAT dataset (Verspeek et al., 96 

2010).  The ASCAT (Advanced Scatterometer) is flown aboard the European EUMETSAT MetOp-A and 97 

MetOp-B satellites.  Data at 12.5 km and 25km resolution are available at JPL's PODAAC website; 98 

MetOp-A data start in March 2007 and MetOp-B data are available starting in November 2012. We used 99 

the 12.5km dataset (http://podaac.jpl.nasa.gov/dataset/ASCATA-L2-12.5km and /ASCATB-12.5km).  100 
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Because the swath width of the MetOp satellites is narrower than QuikSCAT, there are more days/regions 101 

with missing data, especially prior to the launch of MetOp-B. Thus, these data have not been compiled 102 

into a consistent daily average time series.  They are used here as snapshots to illustrate recent individual 103 

events but are not used to examine the interannual time series of events as were QuikSCAT data.  104 

Chlorophyll-a and SST were calculated from MODIS Aqua data obtained from NASA Goddard's 105 

Ocean Color website at http://oceancolor.gsfc.nasa.gov/.   Processing is accomplished using the SeaWiFS 106 

Data Analysis System (SeaDAS) software (Fu et al., 1998; O'Reilly et al., 2000). The chlorophyll-a data 107 

are best used for feature identification and tracking. The actual value of the chlorophyll-a is somewhat 108 

controversial due to major differences when compared with that of the SeaWiFS sensor on Orbview-2. 109 

Both can differ substantially from high quality in situ measurements. 110 

Sea surface height anomaly (SSHA) data were downloaded from AVISO (Archiving, Validation and 111 

Interpretation of Satellite Oceanographic data). The ‘‘all-sat-merged’’ dataset (obtained from 112 

http://www.aviso.altimetry.fr/) consists of delayed-mode, merged data from up to four satellites at a given 113 

time. AVISO applies an optimal interpolation methodology to merge data from multiple altimeters 114 

(Dibarboure et al., 2010; Le Traon et al., 1998).  By using the maximum number of available satellites, 115 

sampling and long wavelength errors are improved, but the quality of the time series is not homogenous 116 

in time (Dibarboure et al., 2010).  Merging data from multiple satellites with differing spatial and 117 

temporal resolution helps resolve mesoscale features, allowing for a better description of eddy activity 118 

(Ducet et al., 2000; Le Traon and Dibarboure, 2004; Pascual et al., 2006).  Trajectories of mesoscale 119 

eddies have been derived from AVISO SSHA data by Chelton et. al (2011) using an automated procedure 120 

to identify and track eddies with lifetimes > 16 weeks.  This dataset was downloaded from 121 

http://cioss.coas.oregonstate.edu/eddies/. 122 

2.2 In situ data 123 

Velocity data from moorings on the Gore Point line and in Kennedy-Stevenson Entrance are used to 124 

calculate transports.  The Gore Point line included 3 moorings (GP32: 59.10°N, 151.00°W; GP34: 125 
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58.97°N, 150.95°W; and GP36: 58.75°N, 150.87°W) with upward looking 75 kHz acoustic Doppler 126 

current profilers (ADCP). The Kennedy-Stevenson Entrance line included one 75 kHz ADCP in Kennedy 127 

Entrance (59.02°N, 151.90°W) and one 300 kHz ADCP in Stevenson Entrance (58.77°N, 152.26°W).  128 

Time series of the velocity component normal to the mooring lines were used to compute the transport.  129 

Transports were low-pass filtered with a 35-hr, cosine-squared, tapered Lanczos filter to remove tidal and 130 

higher-frequency variability, and re-sampled at 6-hour intervals. These moorings are described in detail 131 

by (Stabeno et al., this issue-a). 132 

2.3 Model 133 

The Regional Ocean Modeling System (ROMS) is used to examine the effects of gap-wind events on 134 

the regional oceanography. A full description of ROMS can be found in (Haidvogel et al., 2008; 135 

Haidvogel et al., 2000; Shchepetkin and McWilliams, 1998; Shchepetkin and McWilliams, 2005), and 136 

references therein.  The curvilinear horizontal coordinate of ROMS used in this study has a nominal 137 

resolution of 3 km and covers the entire GOA. It has 42 generalized terrain-following vertical layers. A 138 

multi-year integration of the 3-km GOA ROMS is described in Cheng et al. (2012).  139 

For this study, we examine the results of a “control” experiment and a “gap-wind” experiment. 140 

Because the forcing for the gap-wind experiment is based on an event observed in January 2002, both 141 

experiments were initialized from the spun-up state of ROMS multi-year integration (Cheng et al., 2012) 142 

and run from 30 December 2001 to 14 March 2002.  The lateral boundary conditions for both experiments 143 

are taken from the Simple Ocean Data Assimilation product (SODA, 144 

http://iridl.ldeo.columbia.edu/SOURCES/.CARTON-GIESE/.SODA/) version 2, 5-day averages.  145 

Additionally, sea surface elevation and currents derived from a tidal model (Foreman et al., 2000) are 146 

applied at the open boundaries in both experiments. These tidal signals are allowed to propagate freely 147 

throughout the model domain. Four diurnal (O1, Q1, P1, and K1) and four semidiurnal (N2, S2, K2, and 148 

M2) tidal constituents are used. In the control experiment, the surface forcing is from the Common 149 

Ocean-ice Reference Experiments (CORE, http://data1.gfdl.noaa.gov/nomads/forms/core/COREv2.html), 150 
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and the forcing variables include daily surface downward longwave and shortwave radiation fluxes, 6-151 

hourly surface air pressure, specific humidity, air temperature, and surface wind vectors, and monthly 152 

surface precipitation and river runoff. The horizontal resolution of the CORE forcing is approximately 153 

two degrees (~100 km in the GOA), and the forcing variables are interpolated onto the ROMS grid during 154 

model integration. In addition to atmospheric forcing, both experiments are driven by monthly freshwater 155 

runoff along the Alaskan coast with discharges from the Copper, Alsek, Stikine, Taku, and Susitna Rivers 156 

(Royer and Grosch, 2006). The runoff is applied as freshening on the topmost model layer. Total runoff 157 

along each segment of coastline is distributed with an exponential taper from the coastal point offshore, 158 

with an e-folding scale of 30 km.  159 

Surface forcing in the gap-wind experiment is identical to the control experiment except that an 160 

idealized gap-wind event is imposed in the Kodiak Island region. The idealized gap-wind forcing is based 161 

on an event observed in January 2002.  The maximum QuikSCAT wind speed on 24 January 2002 in the 162 

Kodiak Box was ~28 m s-1 (Fig. 2a). The CORE forcing on this day exhibits a smoothed version of this 163 

event, with offshore winds (~315°T) with speeds ~20 m s-1 throughout the region but no indication of the 164 

localized gap flow (Fig. 2b). The idealized gap-wind anomaly field (Fig. 2c) was created using a linear 165 

combination of two 2-dimensional elliptical Gaussian functions to approximate the positive wind jet 166 

northeast of Kodiak Island and the zone of weak winds in the area shielded by Kodiak Island (Table 1).   167 

The temporal evolution of the anomaly is created using a Gaussian function with decay scale of 3 days 168 

beginning on 15 January, peaking on 24 January, and ending on 2 February. The sum of the idealized 169 

gap-wind anomaly and the CORE forcing wind fields (Fig. 2d) was used to force the gap-wind model run.  170 

Modeled daily average fields with the tidal signal removed were analyzed. 171 

3 Results 172 

3.1 22 September 2013 event 173 
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To set the stage for a more general examination of the frequency and variability of gap-wind events 174 

near Kodiak Island and their effects on regional oceanography, we examine one particular event to the 175 

extent possible with a variety of types of data.  ASCAT wind data show a strong gap-wind event 176 

beginning around 19 September, peaking on 22 September, and lasting until 24 September 2013.  On 22 177 

September, the winds are strongest (> 20 m s-1) flowing from the Iliamna and Puale Bay gaps with weaker 178 

(~16 m s-1) gap winds flowing from Kaguyak (Fig. 3).  The Kaguyak gap wind is blocked by Kodiak 179 

Island, resulting in a region of lower wind speeds (8 – 10 m s-1) over the shelf seaward of Kodiak Island.   180 

MODIS sea surface temperature composited over 19 – 21 September (Fig. 4) shows relatively warm 181 

surface temperatures prior to the event (> 11°C almost everywhere surrounding Kodiak Island). On 23 182 

September, after the peak of the winds, surface temperatures were < 10°C over much of the region 183 

surrounding Kodiak Island.  The decrease of ~2° in ~3 days is likely primarily due to increased mixing 184 

associated with the strong winds.  Note that outside of the influence of the gap winds (data available at the 185 

northeastern and southwestern edges of the image) (Fig. 4), SST did not change significantly. 186 

MODIS chlorophyll (Fig. 5) shows high chlorophyll around Kennedy-Stevenson Entrance and 187 

northeastern Shelikof Strait prior to the event, and lower chlorophyll on the outer shelf.  The region of 188 

higher (> 3 mg m-3) offshelf chlorophyll (Fig. 5a) and lower (<10°C) SST (Fig. 4a) centered at ~ 57°N, 189 

148°W is due to an eddy that has likely resulted in the transport of shelf waters off the shelf.  During the 190 

event (23 September), chlorophyll is much reduced in Kennedy-Stevenson Entrance and northeastern 191 

Shelikof Strait, probably due to enhanced mixing removing phytoplankton from the surface.  A streamer 192 

of higher chlorophyll is observed crossing the shelf offshore of Kodiak Island possibly due to increased 193 

cross-shelf transport suggested by the model results (see section 3.3).  By 1 October after the event, 194 

chlorophyll levels near Kennedy-Stevenson Entrance have increased and levels on the outer shelf have 195 

decreased.   196 

A true color picture shows dust blowing out over the GOA on 19 September (Fig. 6).  These dust 197 

plumes have been shown to provide a source of bioavailable iron to the surface ocean, particularly in the 198 

autumn when riverbed sediments are most exposed (Crusius et al., 2011).  Iron fertilization from an 199 
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August 2008 eruption of Kasatochi volcano in the Aleutian Islands is thought to have resulted in a 200 

widespread bloom within a few days after ashfall (Hamme et al., 2010) suggesting that phytoplankton are 201 

likely to respond quickly to iron input.  The combination of iron input from dust and macronutrient input 202 

from mixing associated with the gap winds may provide for higher productivity in the days after an event, 203 

although it is impossible to attribute any of the surface chlorophyll features observed in Fig. 5 to dust 204 

input.   205 

Altimetry data on the shelf has higher error than in the deep ocean due to proximity to land and errors 206 

in tidal corrections.  We choose two locations (more than 50 km from land to minimize error) to examine 207 

the influence of the gap-wind event on SSHA. These points on either side of the wind field (57.9°N, 208 

151.4°W; 58.6°N, 150.1°W; Fig. 1) are in locations where model SSHA suggests the largest differences 209 

due to the gap-wind event (see Section 3.4).  Throughout the spring and summer of 2013, the SSHA at 210 

these two points have a magnitude <8 cm and track each other closely; differences between the two time 211 

series are mostly < 2 cm (Fig. 7).  However, in mid-September, as the gap-wind event is spinning up, the 212 

SSHA at the two locations diverge from each other, increasing to the right of the winds and decreasing to 213 

the left of the winds, as suggested by model results.  The difference between the two locations reaches a 214 

maximum > 13 cm, on 26 September (~4 days after the winds peak), comparable to SSHA differences 215 

seen in the model experiments.  This pattern is due to Ekman convergences/divergences and suggests 216 

vertical circulations due to Ekman pumping.  These vertical circulations can influence upwelling of 217 

nutrients into the euphotic zone and vertical transports of biota.  In addition, cyclonic and anticyclonic 218 

eddies spin up on either side of the wind jet axis due to Ekman pumping.  A similar response was 219 

observed in model runs of gap winds in the Gulfs of Tehuantepec and Papagayo off Central America 220 

(McCreary et al., 1989). 221 

Mooring data at the Gore Point line (not shown) show transport increasing from a range of 0.6 – 1.2 222 

Sv (1 Sv = 106 m s-1) during early September (1 – 21 September) to almost 2.2 Sv on September 22 – 23, 223 

consistent with model results (see Section 3.3). Unfortunately, the mooring in Kennedy Entrance failed on 224 
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22 September 2013 so we are not able to determine whether the gap-wind event resulted in decreased 225 

transport through Kennedy-Stevenson Entrance as suggested by model results.   226 

3.2 Frequency and description of gap-wind events 227 

Variability of the wind field in the Kodiak Island region is described using daily averaged QuikSCAT 228 

wind data.   The large scale coastline angle is ~35/215° from north and offshore direction is ~125°T.   229 

Averaged over the Kodiak Box, winds are most frequently either easterly (75 – 105°T) or northwesterly 230 

(285 – 315°T) (Fig. 8). Almost 18% of the daily averaged winds (665 days out of 3747 total days) in the 231 

Kodiak Box are directed offshore (285 – 315°T; the highest frequency directional band). Offshore winds 232 

stronger than 10 m s-1 occur approximately 13% of the total record. 233 

The frequency of offshore winds exhibits a clear seasonal cycle, with the highest frequency of events 234 

in January and March (>7 days per month) and the lowest in June and July (~2 days per month) (Fig. 9).  235 

Strong winds occurred more often in the winter, with no events gale force or stronger in June, July, or 236 

August.  December had the highest frequency of events gale force or stronger, with 35 events over the 10 237 

year QuikSCAT record.  Interannual variability in the number of offshore winds ranged from a low of 35 238 

days in the winter of 2002/2003 to high of 60 days in 2005/2006.  Interannual variability in the number of 239 

offshore wind days greater than or equal to gale force is significantly negatively correlated with the 240 

Pacific North America (PNA; Barnston and Livezey, 1987) index (R = –0.73, p-value = 0.017) and the 241 

Pacific Decadal Oscillation (PDO; Mantua et al., 1997) index (R = –0.64, p-value = 0.045).  Correlations 242 

with other climate indices (North Pacific Index (Trenberth and Hurrell, 1994), Multivariate ENSO Index 243 

(Wolter and Timlin, 2011), North Pacific Gyre Oscillation (Di Lorenzo et al., 2009)) are not significant.  244 

In addition, the frequency of offshore wind days greater than or equal to gale force shows a significant 245 

linear trend (r=0.77, p-value=0.008), increasing by 1.35 days per year over the 1999 – 2009 QuikSCAT 246 

record. 247 

To examine the spatial pattern associated with Iliamna gap-wind events, a composite was formed 248 

from the events with gale force or stronger wind speeds and separated from each other by more than 7 249 
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days (91 events; Fig. 10).  The composite event shows the three local wind speed maxima associated with 250 

Puale Bay, Kaguyak, and Iliamna (identified by Liu et al. (2006)).  The Puale Bay and Iliamna winds are 251 

very large scale, influencing the entire shelf width (> 200 km) and extending an additional ~150 km off-252 

shelf.  The Kaguyak winds are weaker and are blocked by Kodiak Island so they do not influence the 253 

outer shelf.  The associated sea level pressure composite shows a low pressure system centered over the 254 

northern GOA (Fig. 10b).  Janout et al. (2013) note that low pressure systems in this region are 255 

responsible for spatial variations in surface heat fluxes as northerly winds along the western side of the 256 

low bring cold continental air southward.   257 

The spatially variable wind field results in Ekman pumping.  As noted earlier, Ekman pumping can 258 

result in upwelling/downwelling of nutrients and biota in addition to contributing to the formation of 259 

eddies.  In order to conserve mass, Ekman flux divergences result in a vertical velocity (Gill, 1982): 260 

𝑤𝐸 =
1

𝜌𝑓
(𝛁 × 𝝉) 266 

where f is the Coriolis parameter, ρ is water density, and τ is wind stress.  During the 24 January 2002 261 

Iliamna gap-wind event, associated Ekman pumping velocities calculated from QuikSCAT wind data 262 

exceeded 20 m d-1 on the shelf northeast of Kodiak Island.   During the winter months when gap-wind 263 

events are frequent, monthly climatological Ekman pumping velocities (calculated from 10 years of 264 

QuikSCAT data) can exceed 1.0 m d-1 in a spatial pattern that is associated with gap winds (not shown).   265 

3.3 Alaska Coastal Current 267 

To examine the influence of the gap-wind event on circulation of the ACC, we calculate modeled 268 

transport along the mooring transects discussed by (Stabeno et al., this issue-a) (See fig. 1 for location of 269 

transects).  While our model runs cover a short period of time (1 January 2002 – 14 March 2002), 270 

transports calculated from model results are within the range of variability observed over the many 271 

mooring deployments shown by (Stabeno et al., this issue-a; their Table 2).  Transport across the 272 

shoreward portion (GAK1 – GAK4) of the Seward Line (east of the gap wind) shows almost no influence 273 

from the gap-wind event (Fig. 11).  On the other hand, the flow through Kennedy-Stevenson Entrance 274 



Page | 13  
 

(directly under the gap wind) is strongly affected by the gap-wind event.  The gap-wind event results in 275 

transport through Kennedy-Stevenson Entrance that is reduced by 0.60 Sv (~40%) in the three days after 276 

the height of the event.  The reduction in flow exceeds 10% for 10 days following the peak in the winds.  277 

Because of the large off-shelf component of flow directly under the path of the wind jet (Fig. 12), a 278 

compensatory onshore flow just to the northeast is enhanced. This onshore flow feeds enhanced transport 279 

across the Gore Point Line, which shows transport strengthening from 0.86 Sv in the control run to 1.30 280 

Sv in the gap-wind run, a difference of 0.44 Sv or about 50%  on the day after the height of the wind 281 

event (Fig. 11).  The Gore Point transport remains more than 10% stronger for approximately 10 days 282 

after the height of the event.  The combination of enhanced flow at the Gore Point Line and reduced flow 283 

through Kennedy-Stevenson Entrance implies that the coastal current is largely diverted to the seaward 284 

side of Kodiak Island with less flow down Shelikof Strait.  Modeled transport across the Shelikof Strait 285 

Line shows a transport reduction of 0.43 Sv (more than 50% reduction) two days after the height of the 286 

gap-wind event.  Transport down Shelikof Strait remains reduced by more than 10% for almost 3 weeks 287 

after the peak of the winds. 288 

Modeled velocities on the shelf show the bifurcation of the ACC, with the majority flowing down 289 

Shelikof Strait and a weaker flow on the shelf seaward of Kodiak Island (Fig. 12).  A comparison between 290 

the currents from the control run and the gap-wind run illustrate the influence of the gap-wind event.  291 

Three days after the peak gap wind speeds, the flow field is quite different in the two model runs (Fig. 292 

12).  In the absence of the gap-wind event (Fig. 12a), the ACC flows strongly down Shelikof Strait with 293 

maximum speeds over 0.50 m s-1.  In the gap-wind experiment, flow in Shelikof Strait is much weaker 294 

and flows on the outer shelf are stronger.  The influence of the prominent bathymetry on the outer shelf is 295 

apparent with enhanced flow around the canyons.  Throughout the water column, cross-shelf flow is 296 

stronger in the gap-wind model run than in the control run.  The influence of the enhanced cross-shelf 297 

flow results in higher salinity in the canyons at depth (not shown). 298 

Similar results are observed from mooring data.  An Iliamna gap-wind event on 18 May 2013 is 299 

observed from ASCAT wind data.  This event showed wind speed > 20 m s-1 in the Iliamna region along 300 
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with weaker (~16 m s-1) gap flow from the Puale Bay and Kaguyak gaps (Fig. 13a).  Transports increase 301 

at both the Gore Point and Kennedy-Stevenson Entrance moorings on 17 May as the winds are 302 

strengthening (Fig. 13b).  After the initial increase, transports remain higher than earlier in May at the 303 

Gore Point moorings for at least 3 days before settling back to previous levels.  On the other hand, 304 

transport at Kennedy-Stevenson Entrance drops quickly after the event, even changing direction to flow 305 

toward the outer shelf from 24 – 31 May.  A similar ACC response is observed during a gap-wind event 306 

on 22 September 2013 (discussed previously), with increased transport at the Gore Point moorings during 307 

and after the event.  Unfortunately, data are not available from the Kennedy Entrance mooring during this 308 

2013 event to verify reduced flow through Kennedy-Stevenson Entrance. 309 

3.4 Sea surface height 310 

As the gap-wind event builds, the surface ocean is initially driven offshore under the offshore directed 311 

winds, resulting in negative sea surface height anomalies close to the coast (Fig. 14a).  At the peak of the 312 

wind event, Ekman convergence/divergence results in low SSHA to the left and high SSHA to the right of 313 

the wind field with the strongest anomalies exhibited on the shelf.  In the deeper water offshore of the 314 

shelf-break, weaker anomalies form (Fig. 14b).  As the wind event begins to weaken, the SSHAs over the 315 

shelf decay rapidly, leaving behind localized positive and negative anomalies.  In particular, a region of 316 

high SSHA remains near the northeast coast of Kodiak Island and small eddies with diameters of ~20-30 317 

km (well resolved by the 3 km horizontal grid of the model) are apparent in Shelikof Strait (Fig. 14d,e).  318 

The small eddies (alternating high/low SSHA) in Shelikof Strait continue to form northeast of Kennedy-319 

Stevenson Entrance, propagating southwestward through the Entrance and down the strait throughout the 320 

remainder of the model run (until 15 March).  Similar eddies have been observed in Shelikof Strait 321 

(Bograd et al., 1994) and are thought to be important for walleye Pollock larval survival due to retention 322 

and enhanced feeding (Bailey et al., 1997; Napp et al., 1996; Schumacher et al., 1993). 323 
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The SSH anomalies in the deeper water offshore of the shelf-break continue to strengthen even after 324 

the winds weaken.  The positive off-shelf anomaly (> 10 cm) on 10 February (Fig. 14e) represents a 325 

strengthening of an anticyclonic eddy that was already present prior to the gap-wind forcing.   326 

Using a census of eddies derived from satellite SSHA data (Chelton et al., 2011), we examine the 327 

number of eddies formed in the region 54.5 – 57.5°N, 158 – 148°W during January – June of each year 328 

(not including eddies formed elsewhere and transiting through).  The average over 2000 – 2010 is 1.6 329 

eddies yr-1 for anticyclonic eddies and 3.0 eddies yr-1 for cyclonic eddies. The maximum number of 330 

anticyclonic eddies formed over that time period was 4 in 2008 with zero formed in 2000 and 2010.  The 331 

number of anticyclonic eddies formed in the region is significantly correlated (r=0.68, p-value=0.03) with 332 

the total number of offshore wind events derived from QuikSCAT data.  Correlations with the formation 333 

of cyclonic eddies are not significant. 334 

 335 

4 Summary and discussion 336 

4.1 Summary 337 

Offshore winds are the most frequently observed wind direction in the region northeast of Kodiak 338 

Island (Kennedy-Stevenson Entrance).  Strong gap winds flowing out of the gap in the mountainous 339 

terrain near Iliamna Lake are most common in the winter and are associated with low sea level pressure in 340 

the northern GOA.  In the cross-shelf direction, they have large spatial scales, influencing the entire shelf 341 

width (> 200 km) and extending an additional ~150 km off-shelf.  In the along-shelf direction, spatial 342 

scales are small and gradients are strong, leading to Ekman pumping velocities on the order of 20 m d-1.   343 

These vertical velocities could lead to upwelling of nutrients and vertical movements of plankton.   344 

Iliamna gap-wind events result in important changes in the circulation of the ACC, resulting in 345 

weaker flow down Shelikof Strait, and stronger flow on the outer shelf.  Thus cross-shelf exchange is 346 

enhanced during gap-wind events.  This could have important implications for freshwater transport.  347 

Model results suggest a reduction of ~ 25% in the transport down Shelikof Strait in the 3 weeks following 348 
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a gap-wind event.  A portion of the Shelikof Strait ACC flow remains near the coast as it flows westward 349 

toward the Aleutian Archipelago while the majority (~75%) flows downs the Shelikof Sea Valley to join 350 

the Alaskan Stream (Stabeno et al., this issue-a).  It is unclear how a reduction of transport in Shelikof 351 

Strait would influence this partitioning of flow.  Freshwater transport in the ACC may be critical to the 352 

freshwater budget of the eastern Bering Sea shelf and the Arctic Ocean (Weingartner et al., 2005).  By 353 

transporting ACC water toward the outer shelf, gap-wind events may reduce the amount of freshwater 354 

flowing in the ACC and enhance the freshwater content in the Alaskan Stream.  This diversion would 355 

change the pathway of that freshwater into the Bering Sea and ultimately the Arctic.     356 

Correlations between the Seward Line and Gore Point transports calculated from mooring data are 357 

weaker than correlations between Gore Point, Kennedy/Stevenson Entrance, and Shelikof Strait (Stabeno 358 

et al., this issue-a).  The model shows that a gap-wind event effects transport at Gore Point and Shelikof 359 

Strait but not at the Seward Line.  Thus, gap-wind events may be an important mechanism disrupting the 360 

continuity of the ACC and contributing to weaker correlations between Gore Point and the Seward Line.  361 

Because the fate of the freshwater (to the Bering Sea shelf vs. the Alaskan Stream) may depend on gap 362 

winds, the Seward Line is likely not an ideal location to monitor those transports. 363 

The number of gap-wind events each year shows a positive linear trend over the 10 year time series.  364 

The limited 10 year record, makes it impossible to determine whether this trend is due to climate change, 365 

decadal variability, or variability on some other time scale.  Projections of future climate change due to 366 

CO2 emissions show strong reductions in wintertime sea level pressure in the Bering Sea and western 367 

GOA over 2070 – 2090 (Walsh et al., 2013), suggesting increased storminess in the region.  This could 368 

translate into more frequent gap-wind events, increasing mixing and cross-shelf exchange and perhaps 369 

changing the dominant flow of the ACC from primarily flowing down Shelikof Strait to more flow on the 370 

shelf seaward of Kodiak Island.     371 

The number of gap-wind events each year shows  negative correlations with the PNA and PDO 372 

indices.  Climate models are able to reproduce the spatial and temporal variability of the PNA index 373 
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(Allan et al., 2014) suggesting that the frequency of gap-wind events under climate change may be 374 

forecastable.  375 

4.2 Ecosystem implications 376 

 377 
The overall goal of the Gulf of Alaska Integrated Ecosystem Research Program is to examine the 378 

physical and biological mechanisms that influence the survival of juvenile groundfishes in the GOA.  The 379 

program focuses on five commercially and ecologically important groundfishes: Pacific Cod (Gadus 380 

macrocephalus), Walleye Pollock (Gadus chalcogrammus), Pacific Ocean Perch (Sebastes alutus), 381 

Sablefish (Anoplopoma fimbria), and Arrowtooth Flounder (Atheresthes stomias).  Arrowtooth Flounder 382 

recruitment (Spies and Turnock, 2013) is negatively correlated with the number of Iliamna gap-wind 383 

events gale force or stronger during the spring (January – May) (R = -0.75, p-value = 0.0122, n = 10); 384 

Pacific Cod recruitment (A'mar and Palsson, 2013) is positively correlated with the number of Iliamna 385 

gap-wind events stronger than 10 m s-1 during spring (R = 0.76, p-value = 0.0113, n = 10).  The other 386 

three species (Walleye Pollock, Pacific Ocean Perch, and Sablefish) do not exhibit significant correlations 387 

with the frequency of Iliamna gap winds.  If the number of gap-wind events in the region continues to 388 

increase, it could imply a trend toward unfavorable conditions for Arrowtooth Flounder and favorable 389 

conditions for Pacific Cod recruitment. 390 

Arrowtooth Flounder larvae are most abundant in the western GOA from January through early 391 

March (Doyle and Mier, this issue) when gap-wind events are frequent.  Eggs are found along the 392 

continental slope with evidence of movement of larvae onto the shelf during mid-February through mid- 393 

March.  Larvae are found throughout the upper 200 m but ontogenetic migration toward the upper 50 m is 394 

evident (Doyle and Mier, this issue).  The highest concentrations of larvae are associated with slope and 395 

shelf waters offshore of Amatuli Trough and Shelikof Sea Valley (Fig. 1), suggesting that these are 396 

primary regions of movement of larvae onto the shelf during spring (Doyle and Mier, this issue).   397 

The negative correlation between the number of gap-wind events and Arrowtooth Flounder 398 

recruitment suggests that these wind events may influence the survival of Arrowtooth Flounder larvae.  A 399 
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negative relationship between Arrowtooth Flounder larval abundance and an index of winter wind mixing 400 

found by Doyle et al. (2009) suggests that the mixing associated with strong gap winds may negatively 401 

affect larval survival.  In addition, enhancement of off-shelf transport due to gap winds may negatively 402 

influence larval survival by impeding larval movement toward preferred shallower shelf waters. 403 

Pacific Cod larvae are most abundant in April – May (later than Arrowtooth Flounder).  They are 404 

spawned on the shelf and their larval habitat is in shallower water than Arrowtooth Flounder (Doyle et al., 405 

2009).  Doyle and Mier (this issue) note that early spring production of phytoplankton and 406 

microzooplankton may provide nourishment for the smallest Pacific Cod larvae.  Enhanced mixing and 407 

cross-shelf exchange during winter gap-wind events may provide the mix of nutrient (macro- and micro-) 408 

needed for early spring production that could be advantageous for Pacific Cod larval survival, explaining 409 

the positive correlation between the number of gap-wind events and Pacific Cod recruitment.  410 

While the time series are short (10 years) and correlations may be spurious, the suggestion that the 411 

frequency of gap-wind events in this region may influence recruitment of some species is important and 412 

deserves further study. 413 

4.3 Comparison with Cross Sound gap winds 414 

The region near Cross Sound in the eastern GOA is another important region for the occurrence of 415 

gap-wind events (Ladd and Cheng, 2015).  The number of Cross Sound gap-wind events each year is 416 

correlated with the El Niño/Southern Oscillation and is uncorrelated with the number of Iliamna events. 417 

This is not surprising as the low pressure system associated with Iliamna events (Fig. 10b) implies 418 

southerly to south-westerly geostrophic winds directed on-shore in the Cross Sound region.  While 419 

relationships were found between Arrowtooth Flounder and Pacific Cod recruitment and the frequency of 420 

Iliamna events, no significant correlations between Cross Sound gap winds and the recruitment of the five 421 

focal species were found. 422 

Two effects of gap-wind events are clearly similar between the two regions:  gap winds disrupt the 423 

continuity of the ACC and enhance the formation of anticyclonic eddies.  However, in the eastern GOA, 424 
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the ACC appears to be discontinuous at Cross Sound even in the absence of gap winds (Stabeno et al., 425 

this issue-b).  In this region, while gap-wind flow may interfere with the continuity of ACC flow, the 426 

interaction of the ACC with flow and mixing in the Cross Sound estuary is probably more important 427 

(Ladd and Cheng, 2015; Stabeno et al., this issue-b). In the region around Kodiak Island, the ACC is more 428 

continuous than in the eastern GOA.  In this region, gap-wind events are clearly important in the 429 

partitioning of ACC flow down Shelikof Strait vs. the outer shelf. This flow partition has implications for 430 

freshwater transport toward the Bering Sea, cross-shelf exchange on the outer shelf, and larval transport 431 

toward nursery grounds. The interaction of the enhanced cross-shelf exchange with the many canyons 432 

incising the shelf around Kodiak Island may be important to the flux of nutrients and larvae onto the 433 

shelf.   434 

The region near Cross Sound is a primary formation region for GOA eddies and model results show 435 

that gap-wind events can result in eddy formation there (Ladd and Cheng, 2015).  These eddies can 436 

influence the entire northern GOA, either moving westward into the basin or moving along the shelf-437 

break toward the Kodiak Island region (Henson and Thomas, 2008; Ladd et al., 2005a; Ladd et al., 2007).  438 

Eddies sometimes form in the Kodiak Island region but more often, eddies observed near Kodiak Island 439 

have transited from the eastern GOA.  Eddies are often observed to strengthen in the region near Kodiak 440 

Island.  Many potential mechanisms could contribute to eddy modification in this region, including cross-441 

shelf flow associated with canyons (Amatuli Trough and Shelikof Sea Valley) and western intensification 442 

of the boundary current.  The prevalence of gap winds (both Iliamna and Puale Bay) may be an additional 443 

mechanism that could help explain the observed modification of eddies in this region. 444 
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6 Figure Captions 454 

Figure 1.  Map showing topography (color; m), schematic currents (white arrows), transport sections 455 

(black lines), Kodiak box (black square), and SSHA locations (black points).  Note that, while the Seward 456 

Line moorings cross the shelf to the shelf-break, transport is only calculated over the shoreward portion of 457 

the line (GAK1 – GAK4) to focus on the ACC. 458 

Figure 2. Wind forcing on 24 January 2002. Wind speed (m s-1; color) is overlaid with wind vectors. 459 

Scale arrow (10 m s-1) shown in panel (a).  (a) Observed from QuikSCAT data; (b) Control run from 460 

CORE; (c) idealized gap-wind anomaly (difference between control run and gap-wind run); and (b) Gap-461 

wind run (CORE forcing plus gap-wind forcing). White arrows on panel (c) denote direction of wind 462 

anomalies. 463 

Figure 3. ASCAT wind data from 22 September 2013 with wind speed (m s-1) denoted by color scale.  464 

Note that all winds around Kodiak Island are blowing in the offshore direction.  465 

Figure 4. Sea surface temperature (°C) from MODIS composited over (a) 19 – 21 September 2013 466 

and (b) 23 September 2013. 467 

Figure 5. Chlorophyll a (mg m-3) composites from MODIS for (a) 19 – 21 September 2013, (b) 23 468 

September 2013, and (c) 1 October 2013. 469 

Figure 6. True color image showing dust streams flowing out of Puale Bay, Kaguyak, and Iliamna 470 

gaps on 19 September 2013. 471 
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Figure 7. AVISO sea surface height anomalies (m) from two locations: 57.9°N, 151.4°W (black) and 472 

58.6°N, 150.1°W (gray dashed) (top) and the difference (bottom). 473 

Figure 8. Wind rose diagram of daily averaged QuikSCAT wind data in the region 58.5 – 59°N, 151 – 474 

149.75°W illustrating frequency of occurrence in 12 directional and 3 wind speed bins.  The plot was 475 

created from vector averaged wind direction and maximum wind speed. Wind direction is defined by 476 

meteorological convention as the direction from which the winds are blowing.    477 

Figure 9. (a) Monthly histogram of all daily averaged winds averaged over 58.5 – 59°N, 151 – 478 

149.75°W blowing from between 285 and 315°T. (b) Annual histogram of all daily averaged winds with a 479 

maximum wind speed in the region > 10 m s-1 and blowing from between 285 and 315°T.  PNA index is 480 

overlaid. 481 

Figure 10. Composites derived from 91 gap-wind events separated from each other by more than 7 482 

days and with regional, daily averaged wind speeds greater than or equal gale force (> 17.5 m s-1).  (a) 483 

Wind vectors (30 m s-1 scale arrow shown in upper left corner) are overlaid on wind speed (color; m s-1); 484 

(b) Sea level pressure from NCEP Reanalysis. 485 

Figure 11. Difference in transports (Sv) calculated from the two model runs (gap-wind run – control 486 

run) across the 4 transects shown in Fig. 1. (a) Seward Line; (b) Gore Point Line, (c) Kennedy-Stevenson 487 

Entrance; (4) Shelikof Strait Line. Gray shaded area illustrates the timing of the gap-wind event.  Vertical 488 

gray line shows the day of peak gap winds (24 January 2002). Thin horizontal line is zero difference. 489 

Figure 12. Modeled current speed (color; m s-1) and direction (black vectors) at the surface 3 days 490 

after peak of gap-wind event. (a) Control run; (b) Gap-wind run; (c) Difference (Gap-Control).  Yellow 491 

arrows in (a) and (b) show the dominant flow patterns schematically.  Flow in water deeper than 300 m is 492 

not shown for clarity.  493 

Figure 13.  (a) ASCAT wind speed (color; m s-1) and direction on 18 May 2013. Locations of the 494 

Gore Point line (black) and Kennedy-Stevenson Entrance (red) are overlaid.  (b) Transport (m3 s-1) 495 

calculated from moorings deployed along the Gore Point line (black) and the Kennedy-Stevenson 496 

Entrance (red). 497 
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Figure 14. Modeled sea surface height anomalies (gap-wind run – control run). 498 

 499 

 500 

  501 
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7 Tables 502 

Table 1. Ellipses used to construct idealized gap-wind event used to force model (Fig. 2c). 503 

Center Latitude Center 

Longitude 

Major axis 

spatial scale 

Minor axis 

spatial scale 

Wind speed 

anomaly 

Wind 

direction 

59.1°N 152.8°W 2.2° 0.5° 8 m s-1 315°T 

57.9°N 154.8°W 2.2° 0.5° -12 m s-1 315°T 

 504 

 505 

Table 2. Wind events with average wind direction between 285 and 315°T. 506 

Wind speed (m s-1) Number of events Percentage of total offshore 

events 

< 10 162 24 

10 – 17.5 329 50 

17.5 – 24.7 (gale) 153 23 

24.7 – 32.9 (storm) 21 3 

> 32.9 (hurricane) 0 0 

   Total 665 18 (of total days in record) 

 507 
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