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Abstract

Estuarine processes in the arctic lagoons are among the least studied but important subjects, especially
considering the rapid warming of arctic water which may change the length of ice-free period in the summer. In
this paper, wind-driven exchange flows in the micro-tidal Elson Lagoon of northern Alaska with multiple inlets of
contrasting widths and depths are studied with in situ observations, statistical analysis, numerical experiments, a
regression model on the basis of dynamics, and remote sensing data. Water velocity profiles were obtained from a
bottom deployed acoustic Doppler current profiler (ADCP) in the northwestern Eluitkak Pass connecting the
Beaufort Sea to the Elson Lagoon during a 4.9 day ice-free period in the summer of 2013. The subtidal flow is
found correlated with wind (R? value ~96%). Frequently occurring east, northeast and north winds from the arctic
atmospheric high- and low-pressure systems push water from the Beaufort Sea into the lagoon through the wide
inlets on the eastern side of the lagoon, resulting in an outward flow against the wind at the narrow northwestern
inlet. The counter-wind flow is a result of an uneven wind forcing acting through the asymmetric inlets and depth,
an effect of “torque” or vorticity. Under northwest wind, the exchange flow at the northwestern inlet reverses its
direction, with inward flows through the upwind northwestern inlet and outward flows through the downwind
eastern inlets. A regression model is established based on the momentum equations and Taylor series
expansions. The model is used to predict flows in July and August of 2015 and July of 2017, supported by available
Landsat satellite images. About 73%-80% of the time the flows at Eluitkak Pass are out of Elson Lagoon for the
summer of 2015 and 2017. Numerical experiments are conducted to corroborate the findings and illustrate the
effects under various wind conditions. A quasi-steady state balance between wind force and surface pressure
gradient is confirmed.
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1 Introduction

A coastal lagoon or estuarine embayment is often connected
to the coastal ocean through multiple tidal inlets (van de Kreeke,
1985a, 1985b, 1990; Aubrey and Giese, 1993; Janzen and Wong,
1998; Pacheco et al., 2010), serving as passages for land-ocean ex-
change and interactions. The exchange of water between the
coastal ocean and these lagoons can be very different from that
between coastal ocean and a conventional coastal plain estuary
which normally has a single opening. The latter has been the fo-
cus of study for more than sixty years (e.g., since Pritchard, 1956).
The study on the Eastern Shore Lagoon of the Delmarva Penin-
sula (Brumbaugh, 1996) is an example showing the difference
between a single opening estuary and a multiple inlet lagoon.
The study suggests possible dominant inward flows in certain in-
lets and outward flows in other inlets of the same system. In a
shallow and broad estuary with restricted connection to the

coastal ocean, such as the “choked” (Kjerfve and Magill, 1989)
Calcasieu Lake (Lin et al., 2016) and enclosed systems such as
Lake Rotorua in New Zealand (Gibbs et al., 2016), the circulation
is mostly wind-driven, influenced by geometry and bathymetry.
Wind is found to determine circulations in the multi-inlet Lake
Pontchartrain (Li et al., 2009; Haralampides, 2000) of Louisiana,
in the Sapelo and Altamaha Sounds in coastal Georgia (Li, 2013),
in the multiple inlet western Dutch Wadden Sea (Duran-Matute
etal., 2016), in the East Frisian Wadden Sea multiple inlet system
(Herring and Winter, 2015), in the ten Mediterranean lagoons
(Umgiesser et al., 2014), and in elongated lagoons such as that in
the southern Gulf of Mexico (Casares-Salazar et al., 2016).

For systems with multiple inlets, the exchange flows have cer-
tain characteristics. Recent studies in Lake Pontchartrain Estuary
(Hunag and Li, 2017) and Port Fourchon (Li et al., 2018b), both
micro-tidal systems with narrow inlets in southern Louisiana,
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demonstrate that atmospheric cold fronts (Huang and Li, 2017; Li
et al., 2019), warm fronts, and combinations of them (Li et al.,
2018b) can produce significant wind-driven subtidal circulation
and transport. In Huang et al. (2002), a numerical model is used
to study the circulation within a bay in Florida which shows com-
plex response due to tidal oscillations interacting with five inlets.
A numerical experiment is used (Li, 2013) to determine the im-
pact of wind in a multiple inlet lagoon system, in which it is
shown that for along-shore winds, the outward flow usually oc-
curs through the downwind inlet and inward flow through the
upwind inlet. For cross shore winds, the wind-driven flow is usu-
ally in the downwind direction through the shallower inlet(s) but
against the wind in the deepest inlet, given that these inlets have
comparable widths. Duran-Matute et al. (2016) find that water
volume transport through the multiple-inlet system of Dutch
Weddan Sea is mostly determined by wind, and is much more
sensitive to two specific directions. Depending on each individu-
al inlet, the sensitivity is measured by a conductance of transport
as a function of wind direction.

Because of the wide range of lagoons and infinite number of
possibilities in terms of their geometry, number of inlets, orienta-
tion, location and geometry of inlets, and associated dynamics, it
is necessary to group them by a relatively simple classification.
Kjerfve (1986) classifies lagoons into “choked”, “restricted”, and
“leaky” categories with 10 examples. The choked lagoons have
one narrow channel connecting the coastal ocean, while the
leaky lagoons have more connections to the ocean, and the re-
stricted lagoons are those between the choked and leaky ones.
The Elson Lagoon being analyzed in this study can be categor-
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ized as leaky lagoon due to the accessibility to the open ocean
through its multiple inlets. Our study focuses on wind-driven dy-
namics in this multiple inlet lagoon. We use in situ observations,
data analysis, numerical experiments, and remote sensing data
to achieve this goal.

2 Study area and observations

2.1 Study site

The Elson Lagoon (Fig. 1) is the northern most coastal lagoon
of the United States bounded roughly by 71°12'N, 71°23'N,
156°36'W, and 155°54'W. It is approximately a rectangle of ~8 km x
25 km (Fig. 1), with shallow water (2-3 m) in the interior and
deeper channels at the passes leading to the coastal ocean and
Beaufort Sea. The Elson Lagoon is oriented in the northwest-
southeast direction. The axis of the lagoon is estimated to have a
~-30° angle from the true west-east direction (Fig. 1b). It is part of
alarger lagoon of a flipped “L” (Fig. 1a). Along the coastal side,
there is about 11 km open to the ocean between barrier islands.
This larger lagoon has a length scale of ~55 km in either direction
of the flipped “L” (Fig. 1a). The deepest location is at the north-
western-most channel, the Eluitkak Pass, with a maximum water
depth of ~16 m and width of ~275 m. East and southeast of the
Eluitkak Pass, there is a chain of islands (i.e., the Crescent, Tap-
kaluk, and Cooper Islands). The width of the inlet between Cres-
cent Island and Tapkaluk Island is ~0.7 km, while that between
Tapkaluk Island and Cooper Island (the Ekilukruak Entrance) is
10 times as wide: ~7.1 km. Another major inlet is at the eastern

156.4°
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Fig. 1. Study area. The inset shows the position of the Elson Lagoon being at the corner of the Beaufort Sea and Chukchi Sea. The
Elson Lagoon main axis is about -30° off the east-west direction. H on the inset marks the location of North Salt Lagoon. The North Salt
Lagoon deployment site is also shown as HOBO in the zoomed-in map (without showing the lagoon because it is at the edge of the

map).
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end of the lagoon (marked as B in Fig. 1a).

In this area of the Alaska Arctic, the meso-scale atmospheric
high- and low-pressure systems are frequent. Cyclones and anti-
cyclones have a great impact on high-latitude communities and
nearshore waters (Zhang et al., 2004). During summer time, the
strong Beaufort Sea high usually centers over the Chukchi Sea
and Beaufort Sea. They are mostly related to the Northern Annu-
lar Mode and the Pacific-North American teleconnection pattern
(Wu et al., 2014). In between these high-pressure systems are
low-pressure centers or cyclones (Serreze, 1997) or fronts separ-
ating different air masses, which can be associated with storms
(Vavrus, 2013). The movement of these systems over the Arctic
coastal areas causes the local wind to shift between northeasterly
and westerly or northwesterly. The importance of wind to the
ocean circulation, exchange between the lagoons and coastal
ocean, and biological responses has long been recognized. The
water exchange between the Elson Lagoon and the Beaufort Sea
continental shelf was studied (Okkonen, 2008) with bottom
mounted current meters measuring only the near bottom cur-
rents between August and September of 2006. The study found
that the near bottom velocity was correlated with the east and
west winds and some aggregations of zooplankton were found at
the outflow fronts.

2.2 Observations

Aimed at determining the response of flow of water in and out
of the Elson Lagoon with multiple inlets to winds of meso-scale
cyclonic and anti-cyclonic weather systems, we deployed a RDI
1200 kHz Broadband Workhorse acoustic Doppler current pro-
filer (ADCP) at the Eluitkak Pass for approximately 4.9 days
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between 00:00 August 19 (Day 231 from January 1) and 20:48 UTC
August 23 (Day 235), 2013 . The relatively short deployment is be-
cause of the frequent severe weather conditions, rough sea state,
and potential damages of occasional floating ice. This instru-
ment was deployed at 71°21.560'N, 156°21.152'W (Fig. 1), on a re-
latively flat bottom at 9.6 m depth, slightly east of the deepest wa-
ter (~16 m) in the main channel. The ADCP was mounted on an
aluminum cross comprised of four weighted legs. The ADCP was
configured to record the three components of the velocity vector
at 0.5 m vertical intervals every 60 seconds. Within each of the 60-
second intervals, the ADCP sampled 50 times and provided an
average for the ensemble.

In addition, a HOBO U20 Titanium Water Level Logger was
deployed at about 0.5 m below the surface at the northern shore
of the North Salt Lagoon at 71°20.459'N, 156°37.164'W. The North
Salt Lagoon is an enclosed circular lake of ~1.3 km diameter con-
nected to the Elson Lagoon at the south-western corner of the lat-
ter (Fig. 1). The U20 recorded data at 60 second intervals. This
sensor was deployed in the North Salt Lagoon between 23:33 Au-
gust 19 and 13:25 UTC August 23, 2013 . The U20 pressure sensor
was used together with the pressure sensor on the ADCP to de-
rive a pressure gradient, which is expected to vary with the wind
direction and magnitude. The true water level variation was re-
solved with an atmospheric reference logger (Bosch BMP085)
several km away at 71°16.522'N, 156°38.512'W, configured to
sample at 0.5 Hz with an equivalent resolution of height change
of 0.25 m in the air at an averaged sea level condition, or 0.306
mm of water level change at 4°C.

2.3 Weather conditions
Large-scale weather maps are obtained from NOAA (Fig. 2).
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Fig. 2. Weather maps at (a) 00:00 UTC, August 19, 2013; (b) 00:00 UTC, August 20, 2013; (c) 03:00 UTC, August 21, 2013; (d) 00:00 UTC,
August 22, 2013. Black dashed lines are isobars.
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The meteorological conditions at the ADCP deployment (00:00
UTC August 19, 2013) were dominated by a low-pressure system
(cyclone) located over the Bering Strait (sea-level air pressure ~999 hPa),
with a linear stationary front connecting several low-pressure
centers across Alaska into western Canada in a northwest-south-
east orientation (Fig. 2a). Coincident with this was another low-
pressure system located over Ellesmere Island in northern
Canada (sea-level air pressure ~994 hPa). A high-pressure (anti-
cyclone) system was juxtaposed to the north of the study area, in
between these major low-pressure systems (a 1 018 hPa sea-level
air pressure contour can be seen at top of Fig. 2a—note that the
contour interval is 2 hPa), generating relatively strong northeast-
erly winds at the Elson Lagoon (Fig. 3). The northeasterly wind
peaked before August 20 (Day 232, Fig. 3c). This condition (Fig. 2b)
lasted for approximately a day as the systems gradually moved to
the south (Fig. 2c). As a result, the high-pressure system moved
over the study area (Fig. 2c). Concurrently, as the high-pressure
system moved southeastward, the stationary atmospheric front
developed into a couple of cold fronts occupying the Bering Strait
and Western Alaska. At 03:00 UTC on August 21 (Day 233), the
center of the high-pressure moved over the Barrow area and oc-
cupied there for less than 24 h (Fig. 2c). This is confirmed by the
air pressure data recorded in Barrow (Fig. 3a). During this period,
the measured wind intensity at the study area was weak (Fig. 3c,
Day 233). As the low-pressure originally centered over the
Ellesmere Island area moved to the south on August 22 (Day
234), pushing the high-pressure system away, the study area was
under the influence of a persistent northwesterly wind (Fig. 2d).
This variation in wind direction is typical for the area during the
summer period with cyclones and anti-cyclones passing the re-
gion, resulting in variation in dominant wind directions (e.g.,
northeasterly to westerly or northwesterly). The change in wind
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direction can result in the presence or disappearance of floating
ice in the area. The circulation with the presence of ice can be
more complicated but is not discussed here.

3 Data processing and analysis

To examine the effect of wind velocity components in the
along lagoon (northwest-southeast) and cross lagoon (north-
east-southwest) directions, the wind vector is rotated 30° clock-
wise (Fig. 1b), so that a positive along lagoon wind is toward the
southeast. The time series of rotated wind components during
the study period are shown in Fig. 4a.

3.1 Correction of water level for air pressure effect

The air pressure data measured on land at intervals of 2
seconds are re-mapped to have the same time intervals of the
HOBO U20 total pressure or water level data (i.e., 60 second in-
tervals). For cross verification, we also use the air pressure data
available from the nearby Barrow Airport (71.28°N, 156.79°W).
The air pressure is subtracted from the total pressure measured
by the HOBO sensor to calculate the water level (m), which is
then de-meaned to obtain the water depth variation from the
mean. The de-meaned time series is then low-pass filtered with a
30-hour sixth order Butterworth Infinite Impulse Response (IIR)
filter (Emery and Thomson, 2004) which effectively removes the
semi-diurnal tidal oscillations from the water level data. The 4.9
days of ADCP deployment encompassed about 9 semidiurnal tid-
al cycles. The averaged tidal range for that time period was about
0.2 m (Fig. 4), characteristic of a typical micro tidal system, and
justifying the need to subtract the air pressure effect because of
its relative significance due to the small variation of tides.

The ADCP also recorded water depth above the instrument.
This water depth includes the effect of atmospheric pressure. A
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Fig. 3. Weather data. Air pressure (dashed line was from Barrow Airport) (a) air temperature (think line) and dew point temperature

(dashed line) (b) wind speed (c) and wind direction (d).
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similar procedure is applied to remove the air pressure effect on
depth measured from the ADCP. The mean value of the water
level over the entire study period of ~4.9 days is then subtracted.
After this, the surface elevation measured by the ADCP ((,) at
Eluitkak Pass and that measured by the HOBO at the North Salt
Lagoon ((,) are used to calculate the difference of sea level anom-
aly:
0= GG (1)
Because these two stations are so close (~8 km), the mean sea
level of the two are essentially the same, and the difference is
caused by wind effect only.

3.2 Low-pass filtering of the ADCP velocity data

The water velocity data from the ADCP indicate a stronger
along channel component than the cross-channel component,
with the maximum cross channel velocity component being
about 1/3 of that of the along channel component. Each compon-
ent has detectable tidal signals. The velocity magnitude is gener-
ally larger near the water surface than that near the substrate, ap-
parently because of bottom friction. The velocity at each level is
also low-pass filtered by the 30-hour Butterworth filter. To avoid
contaminated data near the surface due to the side-lobe effect of
the transducers, the analysis of the velocity profile is restricted to
below 9.36 mab (meters above bottom). The blue lines above the
velocity contours in Figs 4c and d show the surface elevation
measured by the ADCP’s pressure sensor excluding the air pres-
sure effect. The low-pass filtered along channel velocity compon-
ent appears to have a variation very similar to that of the pres-
sure difference (4¢) at all levels (Fig. 4b), indicating a strong lin-
ear correlation.
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3.3 Dynamic analysis of subtidal momentum equations

To examine the statistical relationships between the wind and
flow velocity, we now look at the two-dimensional momentum
and continuity equations:
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inwhichu, v, f,g h X, ¥, tp, 7, Tayp Thw Toy and p,, are the depth
averaged east and north velocity, surface elevation, Coriolis para-
meter, gravitational acceleration, depth, east and north coordin-
ates, time, water density, east and north wind stress components,
east and north bottom stress components, and atmospheric pres-
sure, respectively. In a rotated coordinate system, the new x-axis
will be along the major axis of the lagoon (positive toward the
southeast).

Each of the variables in the above equations should have a
“high” frequency component (tidal or higher frequency oscilla-
tions) and the “low” frequency “subtidal” component. For ex-
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Fig. 4. Wind and flow. a. Wind velocity components along the lagoon (blue) and across (red); b. comparison of subtidal flow at
various depths and the pressure difference (in meters, multiplied by 3.5 for visual comparison) between ADCP and HOBO sites; c.
velocity profile time series: raw data and d.subtidal velocity profile time series.
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ample, for velocity u and v, and water elevation {, they can be ex-
pressed as

u=ug+uL,v=vyg+uv, (=Cu+(- (5

The subscripts H and L denote the high frequency and low
frequency, respectively.

If the two frequency regimes are “far apart” (with no
overlaps), either of them can be effectively filtered out by a digit-
al filter. Thus we can apply a low-pass filter to keep only the low-
frequency or the so called subtidal component (e.g., u;, v;, {;). It
can be argued that for the first order approximation, the nonlin-
ear advective terms can be neglected for convenience. We will
however keep the nonlinear stress terms. The wind-driven sub-
tidal motion can thus be expressed as:

ug _ (L TaxL TheL 1 9par,
ot fo=-8 ax ph ph  p ox ' (©)

L _ o Tar  Tyr 10pa
YIRS wa ™
aﬁ BhuL Bth —0. (8)

ot ox ay

We can now do a quick order-of-magnitude estimate based on
our data (Fig. 4). The variation in u;, v, is ~0.6 m/s over 3 days,

while the change in {; is ~0.17 m over 3 days. Consider that the

ou v
lagoon has a width of ~8 km, we can estimate that B_tL and ==

ot
9
% is ~2.1x10-4 m/s2. This tells us that

the local rate of change of the subtidal flow components are two
orders of magnitude smaller than the subtidal pressure gradient
force terms. Therefore, we can use the following approximate
momentum equations:

are ~2.3x10%m/s? and g

= T o T g ©)
_ BC TayL ThyL 1 apaL
Sfur 8%y + o oh o oy (10)
The wind stress is
7a = paCpaW |W|, (11)

in which 7, = (7ux, 74y) is the wind stress vector, Cp, is the wind
drag coefficient on the ocean surface, w=(w,, wy) is wind velocity
vector, and p,, is the air density.

Equations (6), (7), and (8) have three unknowns (u;, v;, (}).
With proper boundary and initial conditions, a solution can be
obtained for the unknowns. However, with the complicated ba-
thymetry, coastlines, and temporally and spatially varying for-
cing factors, it is almost impossible to obtain an exact and gener-
al (or even a special) solution. We now seek to derive a possible
relationship between the forcing (wind) and response (velocity),
which can be used for a statistical regression.

Any solution for (u,, v;, {;) can be expressed in theory by the
general format:

ur = U (Apar;, Taxr, Tayi.) 5 (12)
UL = Vg, (APaL, TaxLs TayL) » (13)
CL = CL (Apub TaxLyTayL) 5 (14)

in which the air pressure anomaly Ap,;, = par — paro, where p;,
is the background or environmental air pressure or the average
air pressure at sea level. Again, the subscript L indicates a low-
pass filtered quantity. Note that the Coriolis force is included for
completeness. If the Coriolis effect is negligible, the format of the
above solution and Eqgs (12)-(14) still remain the same. Now we
do a Taylor series expansion for the above equations in terms of
the variables Ap,, 7, and T,y 1O the first order:

duy duy auy,
=u;(0,0,0) + — A —_— — L,
u, = uy (0, )+ Pt Par + . TaxL + T TayLs  (15)
0.0,0) + 2L A L R
vy =1 (0,0,0) + Spar DPat g Ta 5 T (16)
a(r (L (L
=¢.(0,0,0) + —— A e Ly
63 s) ( » Uy ) + apaL Pal + Tl TaxL + aTuyL TayL (17)

All the derivatives in Eq (15), (16) and (17) are evaluated at (0, 0,
0) for (Apar, Taxr; Tay) - In the above equations, the wind stress
terms can be further expressed by wind velocity components, i.e.,
for the wind stress itself, similar to the quadratic bottom friction,
a Taylor series expansion (e.g., Proudman, 1953; Parker, 1984)
can be used to express the stress in terms of a linear term and a
higher order nonlinear term, i.e.,

TaxL = oWy + Bw? + higher order terms,

(18)

Tayr = YWy + 5w§ + higher order terms, (19)
where a, f, y, d are all constants of the Taylor series expansions.
Substitute Eqs (18) and (19) into Eqs (15)-(17) and neglect the
higher order terms we obtain:

auL BuL 2
= — A —
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E)uL 2
pr— (wy + o), (20)
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) 9
CL = CL (0707 0) + i ApaL + i ((J(Wx + ﬂlﬂi) +
apuL OTaxL
it (ywy + 6u) . (22)
aTayL J Y
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These can be rewritten as:

u, = Awy + Bw? + Cwy + Dw}, + EAp, + F, 23)
v = G, + Hw} + Twy + Jw; + KAp,+ L, 24)
(1 = Mw, + Nw? + Ow, + Pw} + QAp,+ R, (25)
] ] 9 a

in which, A =a 2% p—pg % c—y M p_so
3 OTaxr, a7{)11»@ agle agale

ur 1% 1% 1%
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UL, vr L L
J=0—,K=—",L=1,(0,0,0),M = ——,N = ,
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L L L
0= ,P=6 ,0 = , R={;(0, 0, 0). It should be
v aTayL aTayL Q apuL L( )

noted that this is not an explicit solution as the coefficients are all
unknowns. However, Egs (23), (24), and (25) suggest that the
low-pass filtered velocity and elevation are linearly related to air
pressure anomaly, the wind speed components, and their
squares, which we will utilize in the next section for a regression
analysis.

3.4 Regression analysis
From the above discussion and derivation, the following re-
gression equation is used:

u(t) =AW, (t) + BW; (t) + CW,(t) + DWZ (t) + E,  (26)
in which u(f), W,(t), W(¢) are, respectively, the time series of the
low-pass filtered outward component of the velocity (positive
outward) at Eluitkak Pass, the along-lagoon wind velocity com-
ponent (positive toward the southeast), and the cross-lagoon
wind velocity component (positive toward the northeast). A, B, C,
D, and E are the regression coefficients. Note that in Eq (26), we
ignored the air pressure terms, which are found to be negligible
compared to the wind velocity component terms. We neverthe-
less keep these terms in Eqs (23)-(25) in case for different applic-
ations they might be more important. The discussion can be ex-
tended to 3-D problems and Eq (26) can be applied to data at dif-
ferent depths.

The results indicate that the subtidal velocity is correlated to
and apparently largely determined by wind velocity. When the

north-northeasterly wind reaches its maximum, just prior to day
232 (August 20) (Fig. 5), the water velocity is also at a maximum,
indicating a current going out of the lagoon against the wind.
When the wind switches to westerly and northwesterly on Day
235 (August 23), the velocity reverses its direction. The R? values
at all depths are high (all above 0.9, Table 1). The signs of the re-
gression coefficients (A, B, C, D, and E) are all consistent at differ-
ent depths. For example, A is always negative, meaning that a
negative along-lagoon wind will contribute a positive outward
flow at the Eluitkak pass. Likewise, C is negative, meaning a
northeasterly wind will contribute a counter-wind flow (outward
flow) at the pass and vice versa.

The fact that a northeasterly wind causes a northeasterly flow
(out of the lagoon) through the narrower inlet verifies this idea:
water in the wider openings at the eastern Elson Lagoon receive
more acceleration under roughly the same wind stress due to its
shallow water and broad opening; while the much narrower
opening at the northwestern end receives much less forcing from
the wind stress and less easier to accelerate by wind due to its
much deeper water and much narrower width for the integrated
wind forcing across the inlet. The barrier islands can effectively
block the flow and therefore wind stress need not to be con-
sidered there for the purpose of water transport through the in-
lets. The larger wind forcing at the larger openings, especially the
major eastern inlet (B on Fig. 1a), will tend to produce a flow in
the direction of wind; only to be balanced by a return flow
through the Eluitkak Pass. This can also be explained from a vor-
ticity or torque point of view: the large wind forcing for transport
in the eastern inlets than the northwestern inlet causes a
“torque” similar to that discussed by Engelund (1986), Fischer
(1976), and Li (2013). In other words, the wind pushes water into
the lagoon from the wider openings on the eastern end, generat-
ing a higher water level on the eastern side, causing a pressure
gradient induced flow to exit the lagoon through the northwest-
ern narrow inlet, the Eluitkak Pass.

Other factors that can affect the exchange flow such as coastal
current and river discharge apparently have less importance than
wind in this case. This is most likely because the system is semi-
enclosed by a series of barrier islands, making the integrated
wind effect at the narrow tidal pass amplified. The method
presented here is for ice-free conditions in the summer. With a
significant presence of floating ice, the exchange flows may be af-
fected.

4 Numerical experiments of wind driven flow
The above analysis suggests the existence of counter-wind

u=AW,+ BWACW+DW+E 8
red-obs, blue-fit

231 232 233

234 235 236

Time (day in 2013)

Fig. 5. Comparison of observed and regression model produced subtidal flows in and out of the lagoon (positive out of the lagoon
onto the shelf). Red lines are from observations and blue lines are from the regression.
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Table 1. Regression of subtidal velocity with wind velocity com-
ponents and their squares for the entire time period when the
ADCP was measuring velocity

H/mab coglfﬁgcri(::srftlzr,l B, 95% confidence R?
C D, E interval C
9.36 -0.0458 -0.046 2 -0.0454 0.962 8
0.000 4 0.000 4 0.000 4
-0.0125 -0.0132 -0.0118
-0.003 8 -0.003 9 -0.003 7
0.1702 0.1677 0.1726
8.36 -0.044 3 -0.044 6 -0.0439 0.9591
0.000 5 0.000 5 0.000 5
-0.0169 -0.0176 -0.0162
-0.004 5 -0.004 6 -0.004 4
0.1652 0.1628 0.1677
7.36 -0.041 6 -0.0420 -0.0412 0.9470
0.000 6 0.000 5 0.000 6
-0.020 4 -0.0211 -0.0197
-0.0049 -0.0050 -0.004 8
0.1595 0.1570 0.1621
6.36 -0.0395 -0.0399 -0.0391 0.9324
0.0005 0.000 5 0.000 6
-0.0233 -0.0241 -0.022 6
-0.005 2 -0.0053 -0.0051
0.1476 0.144 8 0.1503
5.36 -0.037 6 -0.0380 -0.0373 0.928 2
0.000 4 0.000 4 0.000 5
-0.0220 -0.022 7 -0.0213
-0.0049 -0.0050 -0.004 8
0.1325 0.1299 0.1351
4.36 -0.036 0 -0.036 3 -0.0356 0.9313
0.0003 0.000 3 0.000 3
-0.0214 -0.022 0 -0.020 8
-0.004 8 -0.004 9 -0.004 7
0.1196 0.1172 0.1219
3.36 -0.0339 -0.034 2 -0.033 6 0.9349
0.000 2 0.000 1 0.000 2
-0.0219 -0.0224 -0.0213
-0.004 6 -0.004 7 -0.004 5
0.0995 0.097 5 0.1016
2.36 -0.0313 -0.0316 -0.0311 0.9376
-0.0000 -0.0000 0.000 0
-0.0215 -0.0221 -0.0210
-0.0041 -0.004 2 -0.004 1
0.0710 0.069 2 0.0729

flows in the narrow Eluitkak Pass. In addition, the prismatic lake
model of Engelund (1986) of wind-driven flows is applicable here
and the scenarios of wind-driven flows through multiple inlets
(Li, 2013) appear to be relevant. However, the observations are
limited to 4.9 days. Because of the logistic challenges, longer ob-
servations, albeit desired, are difficult to accomplish. It is there-
fore necessary to use a numerical model to corroborate the find-
ings, to provide a better picture of the circulation in the system,
and to aid the examination of the dynamic process.

4.1 Delft3D-FLOW setup

The Delft3d-FLOW model is used to simulate wind-driven cir-
culation in Elson Lagoon and Eluitkak Pass. The model domain
for the Delft3D contains a 555x279 curvilinear orthogonal grid in

the horizontal which extends from 154.56°W to 156.48°W and
71.25°N to 71.53°N (Fig. 6). Grid resolution varies between
roughly 20 m and 2.5 km. The bathymetry data are obtained from
the National Geophysical Data Center (NGDC) with the approx-
imate spatial resolution of 90 meters (www.ngdc.noaa.gov/
mgg/coastal/crm.html) and our own measurements in the
Eluitkak Pass in August 2013. The time step At is set to 0.1
minute. The vertical discretization is based on sigma coordinate
with 5 layers.

Tidal constituents at the open boundary are extracted from
the US Army Corps of Engineers regional ADCIRC model
(Westerink et al., 1993). The model is forced by spatially uniform
and temporally variable winds obtained from the Barrow Airport
station (71.28°N, 156.79°W) managed by the National Climatic
Data Center (NCDC).

4.2 Model validation

The numerical model reproduces tides and tidal currents
consistent with the observations, especially considering the small
magnitude of tides in this micro-tidal region (Fig. 7). The com-

157°00" 156°30" 156°00" 155°30" 155°00"  154°30'W

71°30
N

71°24'

71°18"

71°12"

71°06

71°00"

70°54

70°48'

70°42'

Fig. 6. The 555x279 curvilinear orthogonal model grid, the mesh
resolution varies from 2.5 km and 45 m.

V/m-s!

-1 | L 1 1
Aug. 20 Aug. 21 Aug. 22 Aug. 23
Time in 2013

Fig. 7. Model-data comparison of along channel velocity com-
ponent. Black line is from model and red line is from data. V-ve-
locity component near-surface velocity (a), near-bottom velocity
(b) at ADCP location between August 19 and August 24, 2013.
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parison between model results and measured current velocity
time series is made at the ADCP site at 71.35°N, 156.35°W. The
model captures tidal currents in and out of the inlet as well as the
effect of wind. There is however some discrepancies, most likely
caused by possible errors in bathymetry. This study site is re-
mote and has no supporting facility for extensive survey opera-
tions and thus bathymetry data are very limited, both inside and
outside of the lagoon. Our measurements of water depth mainly
covered the channel at the Eluitkak Pass and inside the lagoon
where water depth has been measured by acoustic sensors on a

boat mounted ADCP or an unmanned vehicle.

Table 2. Numerical model experiments

4.3 Numerical experiments

To quantify the effect of various wind directions on the ex-
change flows through Eluitkak Pass and Elson Lagoon, we have
designed and conducted a series of numerical experiments
(Table 2) with this model. Considering the predominant wind
conditions of the area, the experiments included easterly, north-
easterly, and northwesterly winds. The wind speed is assumed in
the model linearly increasing from 2 m/s to 15 m/s within 15 days
for each of the three wind directions (Table 2).

Under easterly wind, the northwestern inlet (the narrow
Eluitkak Pass) shows outward flows while the eastern inlets (in-
cluding the wider Ekilukruak Entrance) show inward flows (near

Wind direction Wind speed Exchange flows

Easterly Linearly increasing from 2 to 15m/s in 15 d Outward flow through Eluitkak Pass, inward flows through the
southeastern inlets

Northeasterly (same as above) Outward flow through Eluitkak Pass, inward flows through the

Northwesterly (same as above)

southeastern inlets
inward flow through Eluitkak Pass, outward flows through the
southeastern inlets
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Fig. 8. Numerical model output for the flows at the Eluitkak Pass under east (a), northeast (b) and northwest winds (c), respectively;
and those at the Ekilukruak Entrance under east (d), northeast (e) and northwest (f) winds, respectively.
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surface flows in Figs 8a and d). Under northeasterly wind, the
Eluitkak Pass also has outward flows and the eastern inlets in-
ward flows (Figs 8b and e). The outward flow through the north-
western inlet is smaller in magnitude, but still against the wind.
Under northwesterly wind, the Eluitkak Pass has inward flows
while the eastern inlets have outward flows (Figs 8c and f).

When the wind speed varies from 2 to 15 m/s linearly over 15
days, the water level difference between the HOBO site (Fig. 1b)
and ADCP site varies. Under east wind, this water level differ-
ence (m) is positive (water level at HOBO site is higher than that
at the ADCP site), consistent with an outward flow (Fig. 9a). This
is confirmed by Fig. 4b of the observed water level difference. The
actual magnitude from measurement is about 0.17 m between
the HOBO site and ADCP site. This value is comparable to the
maximum magnitude of ~0.16 from the model (Fig. 9a). The wa-
ter level difference between Point A (Fig. 1b) and ADCP site is
smaller for the east wind condition. For the northeast (Fig. 9b)
and north winds (Fig. 9¢), the water level differences are similar
which are all consistent with outward flows at the Eluitkak Pass.
For the northwest wind case (Fig. 9d), the water level difference
between the HOBO and ADCP sites changes sign, indicating a
tendency of inward flows. The water level at Point A is slightly
higher than that at the ADCP site. These results from the numer-
ical experiment are all consistent with the regression analysis us-
ing the in situ data.

4.4 Adjustment and quasi-steady state balance

In a one-dimensional channel with a closed end in the down-
wind direction, and under a constant wind forcing towards the
closed end, the steady-state force balance would be
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If the wind varies in magnitude and direction, or if the water can-
not be viewed as “one-dimensional”, or if the end is not fully
closed (e.g., with a narrow inlet allowing water flowing in or out),
the above force balance would not hold and a local acceleration
would have to be included. A two-dimensionality of motion
would also invalidate the above equation. In Huang and Li (2017)
however, it is shown that the above balance for subtidal variation
is quite accurate even when wind is changing.

Li et al. (2018a) further investigated the adjustment of wind-
driven flows and demonstrated that a change in wind will pro-
duce damped oscillations similar to the solution of:

d’y dy
—2 19 el —
m ds2 +2mr dt + mwoy f (t)v

(28)
where m, 1, o, are all constants, ¢ is time, y is the dependent vari-
able (here the water slope), and f(¢) is the forcing function. The
solution is a forced damped oscillation in a form like

y = ce "'sin (\/w(% - r2t+5) +G (1),

where the first term on the right-hand side is a free damped func-
tion and the second term G a convolution between the wind
stress and surface slope. The G function contains various fre-
quencies but only the one that matches the natural oscillation
frequency of the system will be significant. The fundamental
seiche period of the system is defined by

29
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Fig. 9. Water level difference (m) between the HOBO pressure site and the ADCP deployment site (solid lines); and that between
Point A and ADCP site (dashed lines) for the idealized numerical experiment in which wind is varied from 2 m/s to 15 m/s linearly
over 15 days: east wind (a); northeast wind (b); north wind (c); northwest wind (d).
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2L
Veh G0
where 7, L, g and h are the period of seiche oscillation, the dis-
tance between two reflection points on opposite coasts, gravita-
tional acceleration, and mean water depth, respectively. The
damped seiche oscillation only lasts for 2-3 cycles, each for ~3
hours, adjusting the system to a new balance, leading to a quasi-
steady state (Li et al., 2018a). Because of this quasi-steady state
balance, the wind and the subtidal flow at the narrow pass are
highly correlated. In comparison, Eqs (9) and (10) neglect the
local accelerations because they are small in the subtidal regime.
These two viewpoints give consistent conclusion that wind-driv-
en flows in such multiple inlet lagoon system is under quasi-
steady state balance even if the wind varies with time.

Using the numerical model results for the calculation
between August 15 and 26, 2013, we compare the results between
the numerical model and that from the quasi-steady state Eq.
(27). The quantity for comparison is the water level difference,
between Points A and B (Fig. 1b), and that between Points C and
D—one represents the cross-lagoon water level difference
(between A and B), the other represents the along-lagoon differ-
ence (between C and D). The numerical model produces cross-
lagoon water level difference and that calculated from Eq. (27)
are again quite consistent. The two follow each other in both
magnitude and phase (Fig. 10a). The correlation coefficient of the
two is 0.62. Because the wind data are noisy, there are some small
magnitude random variations. After a 30-hour low-pass filtering,
the correlation coefficient increases to 0.82 (Fig. 10b). The along-
lagoon water level difference from the model and that calculated
from Eq. (27) are also consistent. The two follow each other
(Fig. 10c). The correlation coefficient of the two is about 0.55,
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slightly smaller than that for the cross-lagoon water level differ-
ence. After a 30-hour low-pass filtering, the two again have better
correlation with a coefficient of 0.71 (Fig. 10d).

It is clear that the water level variations within the Elson La-
goon are largely wind-driven. It is quite remarkable to have such
a good agreement between the modeled water level difference
and that from the quasi-steady state balance. This is consistent
with the recent studies in similar semi-enclosed shallow water
systems with micro-tides (Huang and Li, 2017; Li et al., 2018b).

4.5 Wind-driven flows in a multiple inlet lagoon

The subject of study here involves a multiple inlet lagoon sys-
tem. This kind of system is different from a conventional estuary
with a single opening. Wind-driven flows through a multiple in-
let system has been found to be characterized by inward flows
from some inlets, balanced by outward flows from other inlets,
depending on the wind condition, bathymetry, depth ratios, and
width ratios. It is found (Li, 2013) that when wind is perpendicu-
lar to the coast, the shallower inlet tends to have downwind flow
while the deeper inlet might have an upwind flow, or at least a
weaker downwind flow. In contrast, the middle inlet tends to be
weakest in flow magnitude and less defined in direction. When
the wind is not perpendicular to the coast with an onshore com-
ponent, the outward flow usually occurs at the inlet that is farther
away in the downwind direction, compensated by an inward flow
in an inlet at an upwind location. These are confirmed in the
present numerical model results. The counter-wind flows in the
deep inlet is one example. Another example is that the middle in-
let tends to have minimum flow and less defined in flow direc-
tions (Fig. 11). Under easterly wind, which is quite common in
the arctic region because of the high-pressure systems in the
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Fig. 11. Wind-driven flows through the easternmost inlet, com-
pared with that through the wider middle inlet, under the com-
monly occurring easterly winds. M is the widest middle inlet and
E the major eastern inlet. The red arrows are the surface velocity
vectors, while the thick blue arrows indicate the general direc-
tions and magnitude at the M and E inlets.

higher latitude, strong inward flows are shown to occur at the
major eastern inlet (marked with E in Fig. 11), while the flows
through the middle inlet (marked with M in Fig. 11) appear to be
just skimming along the coastline with a limited inward flow. We
do not have data at the eastern inlets. However, the validated
model provides results consistent with characteristic flow pat-

terns in a multiple inlet lagoon.
5 Discussion and summary

5.1 Landsat-8 OLI images

To further examine our findings, satellite images are sought
for signatures of water plumes that may indicate the exchange
flows in and out of the Elson Lagoon. We have particularly
searched for high-resolution images from Landsat data. We could
only find two images after our 2013 field campaign. They are two
orthorectified and terrain corrected Landsat-8 OLI Level 1T im-
ages in GeoTIFF format obtained from the U.S. Geological Sur-
vey (USGS) Earth Explorer portal (https://earthexplorer.
usgs.gov/) for the study area on July 7, 2015 (Figs 12a-c) and July
12, 2017 (Figs 12d-f) at 22:18:29 UTC. Landsat-8 was launched on
February 11, 2013 and became operational on May 30, 2013. The
30-m high spatial resolution images help to identify the patterns
of inflow and outflow through the Elson Lagoon inlets. The
ACOLITE (version 20170718.0) software package (https://odnature.
naturalsciences.be/remsem/software-and-data/acolite) is used
to make corrections for the Rayleigh scattering. On July 7, 2015,
there was a high-pressure atmospheric system north of the study
area over the Beaufort Sea region. The system brought a north-
easterly wind over Elson Lagoon (Fig. 13a). The Landsat-8 OLI
image shows that the coastal water appears to be coming into the
Elson Lagoon through the wider southeastern inlets (Figs 12a and
¢); while a plume of turbid water can be seen going out of the El-
son Lagoon from the Eluitkak Pass (Figs 12a and b). On July 12,
2017, the atmospheric system did not change much and the pre-
dominant wind over the Elson Lagoon area was easterly (Fig. 13b).
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Fig. 12. A Rayleigh corrected true Landsat-8 OLI image obtained on 7 July 2015 at 22:18:29 UTC (a-c). A Rayleigh corrected true
Landsat-8 OLI image obtained on July 12, 2017 at 22:18:29 UTC (d-f).

The Landsat image shows again some coastal water coming into  and f); while a plume of turbid water is seen going out of the El-
Elson Lagoon through the wider inlets (clear water on Figs 12d  son Lagoon through the Eluitkak Pass (Figs 12d and e). It can be
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seen from the satellite image that floating ice was edging into the
lagoon (Figs 12d and f).

To further verify that the regression model results are also
consistent with the satellite images and weather maps, we apply
the regression coefficients for equation (26) as shown in Table 1
and use the weather data from the Barrow Airport for July-Aug.
2015 and July 2017 and calculate the near surface and near bot-
tom along channel flows. The low-pass filtered wind compon-
ents (rotated to have the along channel and cross channel com-
ponents) are used in the calculation. It is found that (Fig. 14a, b)
during most of the three-month period, it has outward flow
through the Eluitkak Pass including at the times of the Landsat
observations (July 7, 2015 and July 12, 2017). This also demon-
strates the practical value of the along channel flow regression
with the wind data. It is interesting to note that the results (Fig. 14)
show that in about 73-80% of the time there is an outward flow of
water from the Elson Lagoon to the coastal ocean from the nar-
row Eluitkak Pass. The strong inward flow around August 27,
2015 (Fig. 14) corresponds to the time of a severe storm with
northwesterly winds.

5.2 Atmospheric frontal events

The wind events driving the circulation and exchange flows in
the Elson Lagoon are originated from synoptic scale atmospheric
(high- and low-pressure) systems. The strong winds usually oc-
cur at the cold fronts separating the high-pressure systems of dif-
ferent air masses. The effect of frontal passages on the coastal
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Fig. 14. Predicted surface and bottom along channel flow (m/s)
for the month of July and August in 2015 (a) and July in 2017 (b)
using the regression of Table 1 and wind data from Barrow Air-
port.

and estuarine flows as well as related sediment transport in lower
latitude regions have been more rigorously studied (e.g., Roberts
et al., 1989; Walker and Hammack, 2000; Feng and Li, 2010; Li
and Chen, 2014; Huang and Li, 2017; Weeks et al., 2018). As an
example, Li et al. (2018b) analyzed the exchange flows through a
tidal channel driven by seventy-six atmospheric fronts and con-
cluded that the fronts provided the most significant forcing to the
exchange flows with the coastal ocean. The present study
provides strong evidence of similar impact of atmospheric fronts
to the coastal ocean and estuaries in the high latitude arctic re-
gion. The importance of the studies on the impact to the coastal
waters under such weather systems is mainly because of the re-
peated influence (at 3-7 d intervals) and the large scale of the
weather system (~2 000-3 000 km, Li et al., 2018b). The repeated
weather forcing drives the hydrodynamics and coastal erosion
and sediment transport. The effect integrated over time and
space will be the forcing behind the long-term impact to geomor-
phology, whether there is a significant climate change or not, be-
cause synoptic scale weather events are common.

5.3 Summary

In this paper, we have studied the wind-driven exchange
flows in a lagoon with multiple inlets in the Arctic Elson Lagoon.
Analysis is done to in situ data collected with a bottom mounted
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ADCP at the Eluitkak Pass of Elson Lagoon between Beaufort and
Chukchi Seas in the summer of 2013. A regression analysis is con-
ducted using the wind velocity components and the low-pass
filtered subtidal velocity at various depths, after taking out the ef-
fect of the atmospheric pressure changes as a function of time.
The multi-variable correlation has the basis in physics shown by
the momentum equations. The regression has high R? values
reaching up to 0.96. We find a strong counter-wind current at the
Eluitkak Pass and provide an explanation considering the wind
induced torque based on the observations which are corrobor-
ated by numerical model experiments. The asymmetric inlets
work together to “amplify” the wind effect: the wider eastern in-
lets tend to have flows in the direction of wind while the narrow
Eluitkak Pass develops counter-wind flows with a significant
magnitude due to the constriction. As the flow has to go through
the narrow inlet, it has a strong signal correlating with the wind
stress (the amplification effect). More specifically, for example,
when there is northeasterly wind, the subtidal (low-pass filtered)
current at the pass moves against the wind, flowing out of the El-
son Lagoon through the Eluitkak Pass. The high R? value of the
regression allows a statistical prediction of wind-induced ex-
change flows between the Elson Lagoon and the coastal ocean
through the Eluitkak Pass, given the wind vector time series
(whether from weather model prediction, hindcast, or direct
measurements). The calculated currents from the regression
model can then be used for applications for various purposes
such as larva transport or interpretation for fishery and ecologic-
al studies. As shown by the satellite images under northeasterly
and easterly wind conditions, and verified by the regression pre-
dictions for July 7, 2015 and July 12, 2017, the lagoon system with
asymmetric inlets can have strong counter-wind flows through
the deeper and narrower inlet. From the regression, it is estim-
ated that during 73%-80% of the time there was an outward flow
from the Elson Lagoon to the coastal ocean through the narrow
Eluitkak Pass in July and August of 2015 and July 2017.

The flow through the narrow and deep northwestern inlet is
consistent with the continuity requirement such that significant
counter-wind current must develop for mass balance. The wind-
stress applied to a system with differences in depth or width
among different inlets can produce a torque that generates the
circulation pattern we have discussed (flow is downwind in shal-
lower water or wider inlet and against the wind in deeper or nar-
rower inlet), which is consistent with the prismatic model of En-
gelund (1986). It is quite remarkable that the numerical model
results for the water level difference can be captured by a simple
one-dimensional quasi-steady state momentum balance
between wind stress and surface slope induced pressure gradi-
ent force. In the Elson Lagoon, it appears that this is particularly
true for the cross-lagoon momentum balance. This further con-
firms the findings in other micro-tidal systems (Huang and Li,
2017). Apparently, the atmospheric high- and low-pressure sys-
tems and associated cold fronts play important roles in provid-
ing the wind forcing, which drives the flows through the multiple
inlet lagoon system. In contrast, the tidally-driven flows are much
less important, at subtidal scales.
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