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Abstract High-frequency observations collected over 3 years are used to describe upper-ocean
variability in Behm Canal, a nonglacial fjord in Southeast Alaska. The fjord is sheltered by surrounding
topography and connected to the outer continental shelf by a 400-m-deep strait. Summer conditions
are characterized by strong near-surface stratification, a sea breeze wind regime, and tidally dominated
flows. In nonsummer months, baroclinic subinertial flows exceeding 0.5 m/s dominate the velocity record.
The flow events represent a wind-driven response to low-pressure systems that impact the coast as
they propagate across the Gulf of Alaska. The observations suggest that the storm systems generate
downwelling events that propagate into the fjord with a mode-one-like vertical structure in the upper
60 m. Following the initial up-fjord current pulse lasting approximately a day, a down-fjord flow occurs
lasting several days, the duration of the downwelling anomaly. These subinertial downwelling events
likely are the dominant mechanism of shelf-fjord exchange, with estimated fjord-flushing times of 50 days.
The downwelling events are accompanied by enhanced near-inertial shear, which exhibits downward
energy propagation. Evidence for enhanced energy near the maximum buoyancy frequency in the
thermocline suggests high-frequency internal wave trapping, with the primary energy source in the
semidiurnal band associated with tidal and wind forcing. The observations highlight the importance of
shelf-fjord coupling through meteorological forcing and the existence of internal wave energy at a range
of frequencies, which have implications for mixing and transport within the fjord.

1. Introduction

The Southeast Alaskan archipelago is composed of a complex system of channels, straits, and embay-
ments characteristic of a number of midlatitude to high-latitude coastal zones carved by glacial processes.
The region experiences high annual precipitation and substantial freshwater discharge that filters through
the coastal zone to the Gulf of Alaska (Hill et al., 2015). The Southeast Alaskan coast is also subject to ener-
getic storm forcing, which undergoes interannual to decadal modulations associated with changes in the
Aleutian Low (Beamish & Bouillon, 1993). Variation in the wind and buoyancy-driven circulation through
these interconnected, protected channels dictates exchange rates with the continental shelf and open ocean
and determines the residence times of heat, pollutants, and biogeochemical properties that impact coastal
ecosystems (Asplin et al., 1999). Freshwater discharge may additionally influence the adjacent coastal oceanic
circulation (Bamber et al., 2012). The Southeast Alaskan archipelago supports an important salmon fishery
whose abundance statistics have been shown to vary with the phase of the Pacific Decadal Oscillation (PDO;
Mantua et al., 1997).

Southeast Alaska consists of a number of fjords, which are a relatively well studied analog of this type of
coastal system. Fjords tend to exhibit buoyancy-driven estuarine circulation, tidal flows, local wind forcing,
and internal pressure-driven flow originating from processes at the coast (Stigebrandt, 1990). Combinations
of these processes have been shown to drive exchange with the shelf (Asplin et al., 2014). Early work in
Scandinavia showed that vertical changes in stratification at the mouth of fjords can drive fjord-shelf exchange
(Pettersson, 1920). This process is known as baroclinic pumping or the intermediary circulation and can be
driven by nonlocal winds (Holbrook et al., 1980; Muench & Holbrook, 1980; Svendsen, 1980). Recent studies
in Greenland’s glacial fjords have shown that shelf-driven flows can be more efficient at exchange than estu-
arine or tidal flows (Straneo et al., 2010). This mechanism brings oceanic variability rapidly to the ice edge,
leading to enhanced heat fluxes that may drive accelerated glacial mass loss (Jackson et al., 2014).
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Figure 1. (a) Study site in Southeast Alaska (green star). (b) The region boxed in (c) shows the study site in Behm
Canal with Coastal Data Information Program (CDIP) station 205 (yellow circle) located northwest of the observations.
(c) Map of the region with water depth in color. Four red dots show the location of National Oceanic and Atmospheric
Administration buoy and tide gauge stations where meteorological data are used to give large-scale context to the
fjord measurements.

Exchange processes are closely related to the characteristics of internal wave generation and the spatiotem-
poral distribution of mixing within a fjord (Inall et al., 2005; Stigebrandt & Aure, 1989). Stratified flows that
interact with topographic features within fjords (e.g., sills) are regions of barotropic tidal energy conver-
sion, internal wave generation, and vertical mixing. The latter is important for deep water transformation
(Stigebrandt, 1979) and for sustaining the buoyancy-driven estuarine circulation. In Gullmar Fjord, Sweden,
the majority of mixing is shown to occur close to the shallow sill where the internal waves are generated
(Arneborg et al., 2004). Greenland fjords, however, have deep sills that support the presence of multiple
water masses and flows that are inconsistent with hydraulic controls (Straneo & Cenedese, 2015). Knight
Inlet, a well-studied sill fjord in British Columbia, exhibits hydraulically controlled flows and nonlinear internal
wave generation (Farmer & Smith, 1978, 1980). Due to significant variability in fjord geometry, stratification,
and forcing across coastal systems, the generation and fate of internal waves in fjords remains a topic of
active research.

In this study we use 3 years of upper-ocean temperature and current observations in Behm Canal in Southeast
Alaska to examine seasonal to supertidal variability in a sheltered fjord. To our knowledge, this is one of the
first studies to relate baroclinic pumping in a sheltered fjord to storm systems in the Gulf of Alaska. The paper is
organized as follows: the observations collected in Behm Canal and supplementary regional meteorological,
hydrographic, and sea level pressure (SLP) data are described in section 2. Section 3 describes the seasonal,
subinertial, and high-frequency variability in the fjord focusing on the nonlocal drivers of fjord-shelf exchange
and internal wave activity. A discussion of implications and further work is provided in section 4.

2. Study Site and Data

Behm Canal in Southeast Alaska (Figure 1a) is 50 km long and 7–13.5 km across, one of multiple long, narrow
fjords that feed into 400-m-deep Clarence Strait (Figures 1b and 1c). The fjord is characteristic of many natural
channels in Southeast Alaska with steep side walls and a maximum water depth around 635 m (Pickard, 1967).
The mouth of the fjord has a partial sill below the thermocline at a depth of 335 m (Figure 1b). Behm Canal is
part of a channel that surrounds Revillagigedo Island; however, the channel is narrow and shallow to the north
and east of the island, and we refer to the region around the deep study site as a fjord. Clarence Strait turns
abruptly westward south of Prince of Wales Island and cuts across the continental shelf at Dixon entrance
(Figure 1c), connecting Behm Canal directly with oceanic waters over much of the upper thermocline.
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Temperature and velocity data were collected in the upper 160 m over a nearly 3-year period between
February 2014 and December 2016. A thermistor chain (T-chain, Precision Measurement Engineering,
Carlsbad, CA) and downward looking 300-kHz Teledyne RDI Workhorse Acoustic Doppler Current Profiler
(ADCP, Poway, CA) were deployed on a barge (131.8∘W, 55.57∘N) moored at four points and following
the free surface (green star in Figure 1c). The barge was located on the eastern side, 12 km upstream
of the channel mouth in 375-m water depth. The T-chain included 25 thermistors with variable spacing
(0.5–30 m) between 10- and 160-m depth. Temperature measurements were recorded at 0.1 Hz with a
0.01∘C accuracy. The ADCP was deployed 4 m below the surface with a sampling configuration of 2-m
bins, a range of 75 m, a blanking distance of 1.76 m, and a sampling frequency of 1 Hz. The current data
are rotated onto principal axes with the major axis corresponding to the depth-averaged flow, local iso-
baths, and the along-fjord direction (65∘ clockwise of true north). There were three temperature chain
deployments over the analysis period. The first 13 nodes were linearly spaced at 0.8 m, while the remain-
ing 12 nodes were logarithmically spaced ranging from 2.5 to 30 m. The deployments differed mainly in
the depth of the first node relative to the free surface which was at 6 m from February to July 2014 and
3.4 m in September and October 2014. The third deployment was initially installed too shallow at −1.4 m
(with the first couple nodes out of the water) from June 2015 to August 2015 then adjusted down to
9.4 m from September 2015 onward. The instruments were powered externally allowing for long-duration
high-frequency recordings. Data gaps in temperature and velocity records were due to temporary power
loss to the instruments, including the large gap in temperature between late April and early July of 2016.
Fifty-six conductivity-temperature-depth (CTD) casts were taken with a Seabird (SBE 19plus, Bellevue, Wash-
ington) between 2006 and 2017 at the center of the channel, within 2–3 km of the barge. These data
are used to examine the seasonal stratification and presence of freshwater near the surface in the fjord.
The buoyancy frequency, N, is computed using density gradients estimated over 10-m bins. Meteorological
measurements including wind speed and direction were collected on the barge at 30-min intervals from a
Vaisala WXT520 (Vantaa, Finland).

Additional sources of data were used to supplement the fjord data set for large-scale context. A directional
wave buoy (Datawell MkIV, Coastal Data Information Program buoy 205), in 385-m water depth located
4.9 km northeast of the barge (yellow circle in Figure 1c), provided sea surface temperature (SST) and wave
measurements in the channel. SST measurements from National Oceanic and Atmospheric Administration
(NOAA) National Data Buoy Center (NDBC) station 4645 were used to compare water mass properties between
the shelf and the fjord. Meteorological and SLP data from ECMWF Re-Analysis (ERA)-Interim (Dee et al.,
2011), NDBC, NOAA Center for Operational Oceanographic Products and Services (CO-OPS), and Fisheries
and Oceans Canada were used to show the forcing prior to the channel response (red circles in Figure 1).
Bathymetric data from NOAA National Centers for Environmental Information were used for water depth in
Figure 1. Argo data from the region offshore of the channel (roughly the extent of Figure 1c, box bounded
by 53∘N–58∘N, 140∘W–130∘W) were used to compare shelf water mass properties to those in Behm Canal.
All floats in the bounding box were averaged to form a time series of temperature, salinity, and potential den-
sity as a function of depth between 2006 and 2017, corresponding to the time period covered by the CTD
casts in Behm Canal. These data were collected and made freely available by the International Argo Program
and the national programs that contribute to it. (http://www.argo.ucsd.edu, http://argo.jcommops.org). The
Argo Program is part of the Global Ocean Observing System (Argo, 2000).

3. Results
3.1. Seasonal Variability
Winds in the fjord are predominant in the along-fjord direction (up-fjord positive convention), with an aver-
age over the record of 4.21 m/s, a standard deviation of 2.77 m/s, and an observed maximum exceeding
20 m/s. The dominant seasonal variations in the fjord wind forcing occur between summer (May–September)
and nonsummer (January–April and October–December) months. In summer months, winds are directed
up-fjord (toward NNE), with variability associated primarily with sea breeze effects (Figure 2a. In nonsummer
months, winds are primarily toward the WSW, in the roughly down-channel direction but with some influence
from nearby Naha Bay (Figure 2b). Nonsummer wind speeds (mean 4.59 ± 2.90 m/s) are stronger than in the
summer (3.69 ± 2.47 m/s) and are dominated by episodic events reflecting seasonality in storm systems in
the region. These statistics exclude the data gap between November 2015 and May 2016. The seasonal varia-
tions in fjord winds are reflected in the surface wave field, with peak wave direction shifting from SSW in the
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Figure 2. Wind roses of local winds (direction from) observed in the fjord in (a) summer and (b) nonsummer months.
Up-fjord (toward NNE) winds are characteristic of summer months, while winds are primarily toward the WSW in
nonsummer months.

summer to east and north in the nonsummer months. Significant wave heights peak at 1.81 m in winter but
generally are less than 1 m throughout the record. Wind speeds on the exposed continental shelf, rotated to
along-coast NNW positive convention, are considerably stronger than in the fjord, mean 8.59 ± 3.64 m/s in
nonsummer and 6.21 ± 2.68 m/s in summer (Figure 3a). Currents in the upper layer (measured between 6 and
30 m) are generally weak in summer (0.09 ± 0.05 m/s, partial record summers in 2014 and 2016) compared
to nonsummer months (0.12 ± 0.07 m/s, partial record nonsummers in 2014 and 2016) , and predominantly
associated with tidal-band variations (Figure 3b). Nonsummer months are dominated by subinertial current
variations, with peak up-channel flow speeds exceeding 0.5 m/s.

The fjord is permanently stratified due to freshwater inputs; however, the upper-ocean temperature struc-
ture in the fjord exhibits a strong seasonal cycle, with SST ranging from 4.5∘C in February to 21∘C in mid-July
(Figure 3c). Compared to shelf conditions measured at west and central Dixon Entrance (Figure 1), the sea-
sonal cycle of SST is slightly stronger in the fjord due to relatively higher stratification and lower surface mixed
layer energetics with temperatures several degrees warmer in summer and a degree or so colder in winter. In
addition to earlier warming in the fjord, more high-frequency variability is observed in the fjord SST record,
especially when the temperature drops. High seasonal temperatures are confined to the upper 50 m during
summer months. In nonsummer months, a temperature inversion in the upper 150 m is observed with warm
waters below 100 m (Figure 3d). Interannual variations in the fjord upper 150 m temperature structure are
apparent with 2–4∘C cooler temperatures in 2014 during the spring compared to the seasonal climatology,
and a temperature increase between 2 and 4∘C in late 2015 through 2016 (Figure 3e). The warm conditions
during this period coincide to high positive values of the PDO index (Figure 3f ). Warm conditions in the fjord
also may be attributed to an anomalously warm water mass that was observed between 2014–2016 off the
coast of Alaska. This water mass, referred to as the blob, had significant impacts on fisheries in the northwest
Pacific (Bond et al., 2015), and here we document that the anomaly extended into Southeast Alaskan inlets
such as Behm Canal.

Seasonal variations of water masses in the fjord are illustrated further using CTD casts collected from 2006 to
2017 and averaged into monthly bins (Figure 4). The number of summer and nonsummer casts is about equal,
25 and 31, respectively. Seasonal variations in temperature extend to at least 180 m, with the 5∘C isotherm ris-
ing about 100 m during summer months (Figure 4a). Salinity is consistently below 31 psu in the upper 50 m,
suggesting that freshwater inputs associated with runoff and precipitation are present throughout the year.
The unstable winter temperature structure in the upper 150 m is density compensated by freshwater inputs
(Figure 4b). Within the adjacent offshore region, the seasonal climatology in upper-ocean properties, deter-
mined using Argo casts, show a similar seasonal cycle in temperature with slightly deeper summer heating
and subduction in the fall and winter; however, the upper layer freshwater anomaly observed in the fjord is
not present in the open ocean (Figures 4d and 4e). Offshore, the upper 50 m of the water column is well mixed
in January, February, and March in comparison to the fjord.
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Figure 3. (a) Along-coast (west Dixon in blue) and along-channel (Behm Canal in black) wind speeds. (b) Along-channel
velocity averaged over the upper 30 m. (c) SSTs from west Dixon (blue), central Dixon (purple), and Behm Canal (black).
(d) Temperature structure in Behm Canal and (e) seasonal temperature anomaly. (f ) PDO index. SST = sea surface
temperature; PDO = Pacific Decadal Oscillation.

Profiles of buoyancy frequency are computed over 10-m vertical bins using the monthly averaged temper-
ature and salinity profiles to represent the seasonal stratification. In terms of the buoyancy period, TN = 2𝜋

N
,

strong stratification and short buoyancy periods are characteristic of the upper 25–50 m, particularly in sum-
mer months in the fjord when heat and freshwater surface fluxes contribute to the low-density water mass in
the fjord (Figure 4c). The weak diurnal sea breeze and absence of energetic wind and wave events in summer
presumably contribute to the shallow mixed layer and strong near-surface stratification. In comparison, weak
upper layer stratification (longer buoyancy period) is seen in the corresponding offshore Argo surveys dur-
ing nonsummer months, presumably because of the lack of the fresh surface layer (Figure 4f ). In addition, a
doming of low stratification water occurs in the fjord during summer months that is not observed in the Argo
record in the offshore region.

3.2. Response to Storms
The nonsummer velocity structure is described with an empirical orthogonal function (EOF) analysis over the
contiguous portion of the record from November 2015 to February 2016. Tidal velocities, estimated using
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Figure 4. Seasonal (a) temperature (contours every 1∘C) and (b) salinity (contours every 1 psu) structure reconstructed
using monthly averaged historical conductivity-temperature-depth casts from 2006 to 2017. Strong seasonality was
observed in temperature in the upper 180 m. Salinity was consistently low in the near surface as a result of freshwater
inputs to the fjord. At depths below 150 m, salinities were consistent with offshore oceanic values. (c) The buoyancy
period (contours every 5 min), which represents the high-frequency end of the internal wave continuum, was between 1
and 15 min in the upper 150 m, with the highest values of stratification observed at the near surface in summer months.
(d–f ) The same as (a–c) but reconstructed using Argo data between 2006 and 2017 for offshore regions.

a harmonic fit (Pawlowicz et al., 2002), are less than 0.1 m/s with dominant semidiurnal constituents, M2 and
S2. The estimated tidal current is removed from the along-channel velocity at each discrete depth, and an
EOF decomposition is computed. We note that the EOFs do not correspond to dynamical modes as the veloc-
ity data does not cover the full water column. The first two EOF modes (Figure 5a) account for 66.6% of the
observed variance, and the reconstructed current using these two modes captures the depth-time depen-
dence of the subinertial, along-channel current (Figures 5b and 5c), with a flow reversal near 30-m depth
(Figure 5a). The residual velocity is weak, with an average velocity of 0.039 m/s, and includes weak tidal-band
variability not captured by the harmonic fit, which likely is associated with the incoherent component of the
internal tide and wind-driven inertial motions (Figure 5d).

A closer look at representative nonsummer flow conditions in early October 2015 not covered by the EOF
analysis shows that in general, along-channel currents are associated with a vertical structure suggestive of
a baroclinic, first dynamical mode, with a flow reversal in the upper 60 m of the water column (Figure 6).
The pattern cannot be definitely linked to dynamical mode one as we lack information of the deeper flow
structure. Two strong up-fjord pulses occur beginning on 9 and 12 October, which are accompanied by a
downwelling of isotherms (Figures 6a and 6b). The initial up-fjord surface flow, lasting about 1 day, is followed
by a longer-lasting deepening of up-fjord flow and surface layer down-fjord flow, while the flow reversal in
depth is maintained throughout the record. The depth of reversal varies with the isotherm displacements.
Local and offshore winds (Figure 6c) increase preceding the observed fjord velocity events; however, the local
winds were from the SE and NE during the up-fjord flows, generally opposed to the up-fjord velocity at the
onset of each event. Over the 3-year record, the along-fjord wind speed does not significantly correlate with
either the along-fjord velocity or the time rate of change of the velocity at various time lags.

Given that the fjord velocities do not appear to respond to local winds, we consider a nonlocal forcing mech-
anism driven by propagating density anomalies outside the fjord. In this region, we postulate that the events
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Figure 5. (a) Empirical orthogonal function decomposition of the along-fjord (u) and cross-channel (v) velocity
components in nonsummer months. (b) The detided along-fjord velocity record where along-fjord velocities correspond
to up-fjord flow. (c) A reconstruction using the first two modes, which account for 66.6% of the variance, captures the
strong subinertial events in the along-channel direction. (d) Residual flow estimated as the difference between
(b) and (c).

are driven by storms that migrate across the Gulf of Alaska. As the eastward side of the low-pressure sys-
tems reach the coast, continental shelf waters are subject to along-coast winds oriented toward the NNW.
The winds are downwelling favorable, and an onshore transport of water depresses the thermocline setting
up a wave-like response that travels from the shelf, up Clarence Strait, and into Behm Channel. This drives an
up-fjord flow in the upper layer, which reflects at the head of the fjord causing flow reversals at all depths
measured and an outflow at depth.

To illustrate the nonlocal forcing mechanism, ERA-Interim mean SLP and NDBC, NOAA Center for Operational
Oceanographic Products and Services, and Fisheries and Oceans Canada wind data are used to show the
development and migration of a low-pressure system in December 2015 (Figure 7). A low-pressure system is
also present prior to the October 2015 fjord velocities shown in Figure 6. SLP records (Figure 8a) from four
buoys (locations in Figure 1) track the SLP drop as the system moves onshore at 10.4 m/s. Associated with the
onshore migration of the cyclone, strong along-coast (toward NNW) winds, exceeding 17 m/s at west Dixon,
are observed. The along-channel flow accelerates beginning on 18 December 2015, a few hours after the
SE winds have strengthened and approximately 10 hr after the peak along-coast wind speed is observed at
central Dixon (Figure 8b).

This example is representative of the meteorological forcing prior to the majority of the subinertial velocity
events observed in the fjord in nonsummer months (Figures 9a and 9b). The fjord velocity events persist for
2–5 days as the fjord stratification equilibrates to the shelf. While we do not have in situ density or bottom
pressure measurements to characterize the propagation of the baroclinic signal, shelf density anomalies gen-
erated by along-coast winds have been observed in other fjord systems (e.g., Jackson et al., 2014), consistent
with these results. We note that in most cases, the wind forcing rarely reverses sign to a SSE, upwelling favor-
able direction, suggesting that the trailing edge of low-pressure systems does not impact the study site in
the same manner as the leading edge. The lack of an upwelling wind forcing further supports the notion that
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Figure 6. (a) Along-channel velocity over 8 days and (b) temperature structure with 10.65∘C isotherm overlaid in black,
chosen to help visualize isotherm displacement during events. This 8-day period captures two velocity events and large
isothermal displacements downward and upward during the upper layer inflow and outflow, respectively. (c) Local
along-channel and nonlocal along-coast wind speeds.

the switch from up- to down-fjord flows as the event progresses is due to wave reflection in the fjord and
not the arrival of a remotely forced upwelling wave. This also agrees with the sense that conditions are in a
downwelled state for the duration of each up/down-fjord current event.

The subinertial flow events that dominate the nonsummer variability in the fjord are likely a major con-
tributor to shelf-fjord exchange and residence times within the fjord. As a rough estimate of the flushing
time scale of the fjord upper layer, we compute the rate of exchange between the fjord and shelf, following
Arneborg (2004).

E = Δh
Hst

, (1)

where Δh is the isopycnal displacement amplitude in the fjord, Hs is the sill depth, and t is the characteristic
forcing period. Using values of Δh = 35 m, Hs = 350 m, and t = 5 days, a characteristic time scale of a
subinertial velocity event, the exchange rate E, is 1/50 days. This gives an approximate time scale for fjord
water renewal in nonsummer months.

3.3. Internal Wave Activity
Although storms do not necessarily drive subtidal flows in the fjord via local wind forcing, wind speeds tend
to increase in the fjord during storm events. The observations indicate that elevated near-inertial energy may
occur during these regional storm events. For example, local fjord winds change direction from 350∘ to 60∘
(down-fjord) and are enhanced in the down-fjord direction on 26 December 2017 decreasing by 27 December
(Figure 10a). The down-fjord winds observed in the channel coincide with the timing of the along-coast winds
at central Dixon, suggesting that these fjord winds are associated with the same atmospheric system with
some modification due to the steep orography in the area (Figure 3a). On the 27 December, the subtidal,
wave-like response described previously sets up in the fjord, with an up-fjord flow of 0.5 m/s followed by a
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Figure 7. Time evolution of SLP showing a low-pressure system migrating onto the Southeast Alaskan shelf beginning
16 December 2015. The cyclonic wind pattern (quivers) forces the shelf with downwelling favorable winds. SLP = sea
level pressure.

weaker down-fjord flow in the top 50 m (Figure 10b). Enhanced horizontal velocity shear, Sh =
(

du
dz

)2
+
(

dv
dz

)2
,

occurs as the event progresses with maximum values, over an order of magnitude above background values,
along the thermocline (Figure 10c). The thermocline deepens by 50 m and over 3 days returns to normal
(Figure 10d). The beginning of a second velocity event is seen in the down-fjord winds which increase again on
31 December. The along-coast wind speed and subsequent along-fjord response are similar to the event on 27
December (Figure 9). Rotary frequency spectra of detided velocity are averaged between 10 and 15 m, chosen
to capture the near-surface signature (Figure 10e), and spectra of velocity shear are averaged over the upper
150 m, the full depth available (Figure 10f ). These spectra show enhanced near-inertial energy with clockwise
polarity, consistent with surface generated near-inertial wave generation. The near-inertial energy exhibits
upward phase propagation in shear (Figure 10d), consistent with a downward propagating near-inertial wave.
Although Behm Canal is only ∼ 13.5 km wide, this is wider than the estimated internal deformation radius
given the high Coriolis parameter at this latitude. Rotational effects within the fjord are therefore plausible.
Here we postulate that the same atmospheric events that lead to energetic subinertial flows within the fjord
also have a locally forced wind impact that energizes near-inertial internal waves.

High-frequency internal waves (HFIWs) are observed along the waveguide provided by the seasonal thermo-
cline. In the winter, this is at the interface between cold surface waters and warm waters, at about 20-m depth
or 7.5∘C in December 2015, shown for 6 hr on 30 December (Figure 11a). During summer conditions, repre-
sented by a 6-hr record in July 2016 (Figure 11b), the stratification is stronger in the upper 20 m, relative to
December, which is attributed to seasonal heating. Displacement spectra computed for the 7.5∘C (Figure 11c)
and 9.5∘C (Figure 11d) isotherms show a high-frequency peak between 100 and 300 cycles per day These
values correspond to buoyancy periods of approximately 5–15 min consistent with the observed seasonal
values in the upper 50 m (Figure 4c). We attribute these energetic peaks to HFIWs with frequencies close to
the local maximum buoyancy frequency, Nmax. The frequency shift in the winter (Figure 11b) and summer
(Figure 11c) peaks is attributed to differences in the local buoyancy frequency. These waves are trapped in this
stratification maxima as wave motions are not supported near the Nmax frequency above and below this layer.
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Figure 8. (a) As sea level pressure drops and the low-pressure system advances onshore, winds from the southeast are
observed to increase progressively from the offshore station at north Nomad toward Ketchikan. The red shaded region
represents the time period shown in Figure 7. (b) The along-channel flow accelerates beginning on 18 December 2015, a
few hours after the southeast winds have strengthened at nearby Ketchikan.

Figure 9. (a) Along-coast wind speed at central Dixon Entrance and (b) along-fjord velocity averaged over the upper
6–30 m. The velocity record is detided, and a 16-hr low-pass filter is applied (thick blue line) with the raw record shown
in light blue. The blue dashed lines in panel (a) represent the times of the peak velocity during inflows. Most of these
lines follow a strong along-coast wind speed.
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Figure 10. (a) Local along-fjord wind speed measured at the barge show a switch in wind direction from 350∘ to 60∘
(down-channel) in the day prior to the subinertial flow event. (b) Along-fjord velocity shows a strong up-fjord flow
beginning on 27 December 2015 followed by a strong down-fjord flow. (c) Isotherms heave 50 m during the up-fjord
flow, while (d) horizontal velocity shear is enhanced during the event. Rotary spectra of (e) velocity averaged between
10 and 5 m and (f ) velocity shear averaged over the upper 150 m show enhanced clockwise energy during the event in
the near-inertial band, consistent with the generation of downward radiating near-inertial waves.

To further understand the high-frequency signal in our data, we band-pass filter the high-frequency tem-
perature data using a second-order Butterworth filter to isolate motions with 1–15-min periods (THF) and at
semidiurnal frequencies (0.85fSD < f < 1.15fSD, TSD). To account for contraction and dilation of the back-
ground stratification, we normalize the variance of THF and TSD by the background temperature gradient,
computed using daily averaged temperature data (Figure 12a).

DHF =
var(THF)|dT∕dz| , (2)

DSD =
var(TSD)|dT∕dz| . (3)

DHF and DSD are both enhanced along the thermocline (Figures 12b and 12c) and show similar patterns over
the record. The depth-averaged values of DHF and DSD are highly correlated (r = 0.92) suggesting that the
HFIWs are modulated by the local wind-driven near-inertial energy and the semidiurnal tide in the fjord
(Figure 12d). Fortnightly variations support the connection with modulating spring and neap tidal flows. The
buildup of energy at high frequencies may be a form of thermocline trapping of HFIWs. Further work is needed
to understand the generation and fate of these waves, and we postulate that because of their localized nature
they may impact thermocline mixing within the fjord.

4. Summary and Discussion

This study links the strongest observed current velocities in Behm Canal, a sheltered fjord in Southeast Alaska,
to storm forcing impacting much of the Gulf of Alaska. Low-pressure systems (cyclones), which are frequent
in the winter, approach the continental shelf, and their downwelling favorable winds drive density anoma-
lies along the coast. This generates a baroclinic wave response that travels from the shelf to the fjord via
the connecting deep channel. The velocities associated with this process can exceed 0.5 m/s, much larger
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Figure 11. Examples of high-frequency internal waves activity observed in (a) December 2015 and (b) July 2016.
Isotherms are shown every 0.25∘. The displacement spectra are computed over 6 hr (c, d) for the 7.5∘C and 9.5∘C degree
isotherms shown in white in (a, b) respectively. The dark blue line is a running average over seven adjacent bins. We
postulate that the peaks in the spectra correspond to the local maximum buoyancy frequency, Nmax.

than observed tidal flows of 0.1 m/s. Associated with these events are strong isotherm displacements, which
deepen the seasonal thermocline by 50 m over the time scale of the baroclinic response. The downwelling
events represent baroclinic pumping of the fjord, as observed in other fjords in previous studies (e.g., Jack-
son et al., 2014). We hypothesize that the strong baroclinic pumping observed in Behm Canal depends on
the presence of the deep Clarence Strait, which connects the fjord directly with the outer continental shelf.
We note that the importance of remotely forced flows in Behm Canal is emphasized given the generally weak
local wind forcing over the protected canal and the absence of a strong estuarine circulation given limited
glacial freshwater inputs.

Within the fjord, evidence of near-inertial and HFIW activity is presented. Near-inertial energy is not com-
monly reported in a bounded domain of this geometry (narrow channel); however, rotational effects have
been reported at other study sites in, for example, Arctic, Norwegian, and Scottish fjords (Cottier et al.,
2010; Cushman-Roisin et al., 1994; Rabe & Hindson, 2017) such as Behm Canal. Enhanced spectral peaks are
observed at the depths of maximum stratification in the seasonal thermocline, which we attribute to HFIWs
near the buoyancy frequency that are trapped in the thermocline. Evidence of warm conditions in Behm Canal
during the positive PDO index and offshore observations of the blob supports frequent communication of
shelf properties to the fjord. Ecosystem impacts of this physical variability remain a topic for future study.

Previous fjord studies in Greenland (e.g., Jackson et al., 2014) and Scandinavia (e.g., Aure et al., 1996) have doc-
umented strong along-fjord velocities driven by nonlocal density fluctuations on the coast. These remotely
driven flows can be more efficient at exchange than estuarine or tidal flows (Stigebrandt, 1990; Straneo et al.,
2010). Our results provide further evidence of how pervasive this type of forcing can be in protected embay-
ments, even with complicated coastal topographies such as those found along the Alaskan archipelago. We
envision that these results will be applicable to a number of fjord systems in this region, presumably in cases
where deep channels provide a connection to the open shelf. The importance of bottom friction and trapped
wave decay in shallow channels remains to be quantified. Our conclusion that along-coast downwelling
favorable winds associated with cyclonic low-pressure storm systems drive these density fluctuations agrees
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Figure 12. (a) Vertical temperature gradient dT∕dz computed daily to represent the background value, (b) variance of
high-frequency temperature normalized by |dT∕dz|, and (c) variance of semidiurnal temperature normalized by |dT∕dz|.
(d) Depth-averaged values of (b, c) show fortnightly modulation of the high-frequency signal (thicker lines are a 3-day
running average).

with Niebauer et al.’s (1994) study in Prince William Sound, Alaska, which noted the relationship between
wind-driven downwelling and upper layer flow into the sound.

From an ecosystem perspective, the downwelling favorable wind events that drive strong flows within the
fjord have implications for nutrient transport near the coast. While the central Gulf of Alaska is a high-nutrient
low-chlorophyll region, the coastal regions are highly productive, in part due to a coastward Ekman flux of
nitrate driven by downwelling favorable winds (Stabeno et al., 2004). The meteorological forcing and sub-
sequent oceanic response impacts productivity within the lowest trophic levels which in turn supports the
Alaskan fishery (Napp et al., 1996). As is the case throughout the Gulf of Alaska, interannual to decadal
variations in winter storm activity likely have significant impacts on the fjord ecosystem.

The HFIW signal observed in the seasonal thermocline is likely associated with forcing by a combination of
the local winds and tidal flows within the fjord. HFIWs, with frequencies near the maximum buoyancy fre-
quency, have been observed in lakes (Antenucci & Imberger, 2001; Boegman et al., 2003), on continental
shelves (Curtin & Mooers, 1975), in the high-latitude Arctic (Rippeth et al., 2017), and in a coastal embayment
(Walter et al., 2017). A variety of processes can generate HFIWs including internal wave-wave interactions,
topographic effects, and shear instabilities. HFIWs are often forced by winds (e.g., Skyllingstad & Denbo, 1994)
and tidal flow interaction with topography, described in Knight Inlet by Farmer and Smith (1980), which can
lead to the development of lee waves or an internal hydraulic jump, depending on the stratification and
strength of the tidal flow. The spring-neap modulation of the HFIW signal in our data suggests that tidal flows
play a role in the internal waves generated in Behm Canal. The role of the partial sill (335 m depth) in inter-
nal wave generation as well as the rates of mixing within protected fjords, such as Behm Canal, warrants
further study.
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