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Abstract

The circulation in a shallow lagoon—inlet—coastal ocean system is significant to material transports (e.g., debris, pollutants,
and larvae). To study surface flows in this system, we deployed 35 surface drifters at various tidal phases and wind conditions
during 2017 and 2018 in the Maryland Coastal Bays system (MCBs). Given that winds and tides are two important drivers
of estuarine and coastal circulation, their influences on surface drifter trajectories were analyzed. Observations indicate that
surface drifters exit (enter) the lagoon mostly during ebb (flood) currents, and clockwise circular movements at a length scale
of 1.5 km formed at the outer edge of Ocean City Inlet (OCI). Under weak wind conditions, tides are primarily responsible
for drifter movements near OCI, whereas both the long-fetch winds and tides are important near the relatively larger Chin-
coteague Inlet and backbays. Under strong wind conditions, surface drifter movements generally follow wind directions. In
the shallow lagoonal system, relative effects of winds on surface drifters gradually become stronger in the regions further
away from the adjacent inlet as tides are weaker. Further investigations indicate that the fastest and slowest surface drifters
are near the small OCI and backbays with the weakened tides, respectively. The direct surface drifter observations that cover
a wide spatial range and long time series can provide strong support to surface current simulations. Enhanced understanding
of coastal physical oceanography in the MCBs can be beneficial to similar systems and coastal ocean communities.
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Introduction

Water currents are crucial in driving particle transport and
material exchanges (e.g., nutrients, sediments, and chemi-
cals traveling in the water column) between lagoonal bays
and the adjacent coastal ocean, affecting plume dynamics,
estuarine health, and coastal ecology (Wazniak et al. 2005;
Xia et al. 2007, 2010, 2011). Larval recruitments of fish and
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shellfish partly depend on advective transporting by water
currents to suitable nursery habitats for the next developing
stages (Norcross and Shaw 1984; Jenkins et al. 1997; Brown
et al. 2000). Moreover, a clear understanding of the surface
circulation patterns, under the combined effects of winds and
tides at timescales ranging from several days to months, is
fundamental to predicting the advection and dispersion of oil
spills from source locations (Reed et al. 1994; Turrell 1994;
Annika et al. 2001), carrying out search-and-rescue missions
(U.S. Coast Guard 2013), and managing beach nourishment
projects (Cipriani and Stone 2001; Krafft 2017).

Surface water currents were previously studied by
tracking floating bottles and drifting cards (Harrington
1894). During the second half of the twentieth cen-
tury, satellite- and GPS (global positioning system)-
based surface drifters were developed to derive surface flows
(Kjellsson and D66s 2012; Lumpkin et al. 2017). Due to
their extensive spatial coverage, surface drifters have been
largely employed to reveal surface circulation patterns and
features at the global scale (Molcard et al. 2003), mesoscale
(10-100 km) (McNally 1981), and sub-mesoscale (1-10 km)
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(Spydell et al. 2015). Although encouraging results of
Lagrangian processes (e.g., water transports and bay—ocean
exchanges via tidal inlets being well simulated using the
three-dimensional (3D) hydrodynamic model; surface and
bottom measurements indicating distinct transport patterns
over various sub-bays) in a shallow lagoonal system had
been gained indirectly from numerical models and fixed-
point Eulerian measurements (Kang et al. 2017; Mao and
Xia 2018), new information about surface circulation
patterns revealed from direct drifter observations was still
lacking (Kumar et al. 2015). Hydrodynamic simulations
from Mao and Xia (2018) indicate that water currents in
Chincoteague Inlet are relatively weaker than those of Ocean
City Inlet, yet water exchanges across the former inlet are
stronger than the latter due to larger geographic dimensions.
Additionally, both Kang et al. (2017) and Mao and
Xia (2018) suggest that winds and tides are primarily
responsible for water exchanges through the paired inlets
in the Maryland Coastal Bays system (MCBs). However,
both studies lack the analysis of current characteristics by
direct Lagrangian observations (e.g., using surface drifters)
under various wind—tide conditions. Because the flows in
a shallow lagoonal system with intricate geometry and
coastline are highly complex (Dever et al. 1998), analyzing
a large collection of surface drifter movements over a wide
spatial coverage and long-time span can provide valuable
insights into coastal circulation (Schmidt et al. 2003).

Although Lagrangian observations were conducted
previously in large water bodies including Lake Michigan
(Mao and Xia 2020), northern Gulf of Mexico (Sun
et al. 2020), and Denmark Strait (Saberi et al. 2020),
investigations of water currents between an estuary and
the coastal ocean were mainly conducted with numerical
models and Eulerian measurements (Valle-Levinson and
Lwiza 1995; Valle-Levinson et al. 1996, 2001; Salles
etal. 2015). Wang et al. (2013) studied surface currents with
the collection of measurements from three ADCP (acoustic
Doppler current profiler) meters near Ocean City Inlet (MD),
indicating that inlet circulation is primarily controlled by
tides. Kang et al. (2017) simulated bay—ocean exchanges
of MCBs under various wind conditions, suggesting that
tidal effects on inlet circulation gradually weakened with
the increasing wind intensity (e.g.,> 7 m/s). However, both
Wang et al. (2013) and Kang et al. (2017) lacked Lagrangian
observations that directly reflect water currents with a wide
spatial coverage and a long-time span. To this date, a few
researchers have managed successfully to reveal the complex
current patterns of the MCBs (e.g., weak circulation in
the lagoon, strong currents across inlets, and alongshore
movements in the coastal ocean), yet the forcing mechanism
(e.g., wind effects at various tidal phases) remains partially
understood and still requires further research (Beudin
et al. 2017; Ganju et al. 2017).
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Kang et al. (2017) provided encouraging results on the rela-
tive contributions of winds and tides to inlet circulation, but
did not focus on a particular tidal phase under the synergistic
effects of tides and winds. A recent study by Mao and Xia
(2018) indicated that bay and inlet circulation varied signifi-
cantly between the ebb and flood phases (e.g., outflow and
inflow). Both studies concluded that tides dominate trans-
ports in low wind conditions, while wind-induced transport is
substantial during strong wind events or hurricanes. A recent
modeling study by Zhang et al. (2018) in Radial Sand Ridges
(China) confirmed the strong dependence of inlet transports on
wind scales. Based on an observational study, Wong and Valle-
Levinson (2002) stated that winds can modify the subtidal
exchange at the entrance of the Chesapeake Bay through both
local and remote forces. Subsequently, Valle-Levinson et al.
(2015) revealed significant effects of tidal flows on exchange
processes between Choctawhatchee Estuary and Gulf of Mex-
ico via the shallow Destin inlet (FL).

Previous studies on surface currents/transports in
lagoon—inlet—coastal ocean systems were either restricted
to tidal inlets or hydrodynamic models, while drifter-based
studies were lacking. Consequently, surface movements have
not been well characterized and quantified regarding the rela-
tive effects of winds and tides to surface movements in a
lagoon—inlet—coastal ocean system by drifter observations.
In MCBs, Wang et al. (2013) reported that the water quality
in northern bays was relatively inferior because of locally
weak and stagnant flows (Mao and Xia 2018). By analyzing
a unique dataset of surface drifters, this study can poten-
tially have broad implications to coastal oceanographers and
policy makers for properly monitoring coastal water qual-
ity and creating a forward-thinking plan in similar coastal
zones (e.g., estimated surface circulation pattern as an
indicator of nutrient and pollutant transports and residence
time). To capture the characteristics of surface currents in
a lagoon—inlet—coastal ocean system, we deployed surface
drifters within the inlet, in the lagoon, and at the river mouth
of MCBs at various tidal phases (e.g., ebb, flood, and slack)
in 2017 and 2018 (Table 1 and Fig. 1). The remaining sec-
tions are organized as follows. Methodology introduces meth-
odology, including the study domain, background, drifter
design, field campaign, and data collection. Overview of the
study domain shows results of surface drifter observations
under various tide and wind conditions. Discussion and con-
clusions are given in Background and Surface drifter design.

Methodology
Overview of the Study Domain

The Maryland Coastal Bays system (MCBs; a total area
of ~282 km?) is located behind the barrier islands of
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Table 1 Information of drifter deployments including tidal phase, location, start and end times, and drifting speeds. LWL/HWL is abbreviated as
low/high water level, and LWL/HWL + 1 h means 1 h after low/high water (note: the interval is set at 0.5 h for concise)

Drifter No Tidal phase at Release Release Water depth  Geographic ~ End location  Start time  End time Drifter
release location coordinates  atreleasing  feature at the speed
(Long., Lat.) (m) release site (cm/s)
2017 2017
BIDI1 Ebb (HWL+2h) OCI (=75.0915°, 4.2 Along OCT’s  Coastal 03/29 15:47 04/01 05:56 19
38.3274) north shore  ocean
BID2 Ebb (HWL+2h) OCI (=75.0917°, 4.0 Open ocean  03/29 15:55 10/20 21:46 45
38.3274)
B1D3 Flood OCI (=75.0905°, 3.8 Between IWB 03/29 23:44 04/01 03:58 12
(LWL +4 h) 38.3321) OCI’s
north and
IWB’s east
shores
B1D4 Flood OCI (=75.0918°, 4.0 Along OCT’s  Open ocean  03/29 23:48 07/11 14:46 32
(LWL +4h) 38.3275) north shore
B2D1 Ebb (HWL+3h) OCI (=75.0916°, 5.3 At OCI's Open ocean  05/25 14:50 07/11 13:37 29
38.3250) deep
channel
B2D2 Ebb (HWL+3 h) OCI (=75.0882°, 4.7 In the middle Coastal 05/25 14:54 06/16 17:20 27
38.3242) part of OCI  ocean
B2D3 Slack before OCI (=75.0882°, 4.7 Coastal 05/2518:11 05/2601:26 21
flood 38.3242) ocean
(LWL +0.5 h)
B2D4 Slack before OCI (=75.0899°, 4.0 Coastal 05/25 18:14  05/25 23:07 17
flood 38.3245) ocean
(LWL+0.5 h)
B3DI Slack before OCI (=75.0905°, 5.5 At OCTI’s Coastal 06/21 14:49 06/22 19:05 20
flood 38.3242) deep ocean
(LWL~1 h) channel
B3D2 Slack before OCI (-75.0866°, 4.8 At OCI’s Coastal 06/21 14:51 06/22 14:39 21
flood 38.3240) mouth ocean
(LWL~1 h)
B3D3 Flood OCI (=75.0866°, 4.8 Coastal 06/21 17:00 06/22 16:41 19
(LWL+1 h) 38.3238) ocean
B3D4 Flood OCI (-75.0866°, 4.8 Coastal 06/21 17:00 06/22 16:13 19
(LWL+1 h) 38.3238) ocean
B4D1 Slack before ebb  OCI (=75.0877°, 4.2 Between OCI 07/26 15:58 07/26 16:20 50
(HWL+0.5 h) 38.3239) OCI’s
B4D2 Slack before ebb  OCI (=75.0877°, 4.2 mou.th ) SB 07/26 15:58 07/26 18:11 47
(HWL+0.5 h) 38.3239) and jettied
B4D3 Ebb 0CI (-75.0877°, 42 channel ¢ tal 07/26 19:01 07/2703:24 33
(HWL+3.5h) 38.3239) ocean
B4D4 Ebb OCI (=75.0877°, 4.2 0OCI 07/26 19:01 07/27 04:14 30
(HWL+3.5h) 38.3239)
B5D1 Slack before CI (-75.4105°, 4.8 AtCI’s Coastal 09/30 14:08 10/04 16:26 14
flood (LWL) 37.8808) mouth and ocean
B5D2 Flood CI (-75.4105°, 3.2 on the east  Coggtal 09/3020:21 10/03 22:16 13
(LWL+6.5 h) 37.8774) sideof the  gcean
B5D3 Flood CI (-75.4112°, 29 Sﬁzgnel Coastal 09/30 20:15 10/04 00:30 13
(LWL +6.5h) 37.8764) ocean
B5D4 Flood CI (=75.4064°, 3.2 Coastal 09/3020:26 10/0400:12 11
(LWL +6.5 h) 37.8741) ocean
B6D1 Ebb (HWL+3h) OCI (-75.0587°, 6.0 At OCTI’s SB 10/20 15:45 10/2023:45 11
38.3234) mouth
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Table 1 (continued)

Drifter No Tidal phase at Release Release Water depth  Geographic ~ End location  Start time  End time Drifter
release location coordinates  atreleasing  feature at the speed
(Long., Lat.) (m) release site (cm/s)

B6D2 Ebb (HWL+3h) IWB (-75.0936°, 1.9
38.3720)

B6D3 Ebb (HWL+2h) CB (-75.2538°, 2.1
38.1067)

B6D4 Ebb 0CI (-75.0875°, 4.4
(HWL+3.5 h) 38.3238)

B7DI Ebb AB (-75.0894°, 2.0
(HWL+3.5h) 38.4006)

B7D2 Flood IWB (-75.1000°, 1.8
(LWL+2.5 h) 38.3579)

B7D3 Ebb SB (-75.1334°, 16
(HWL+4.5 h) 38.2829)

B7D4 Ebb (HWL+5h) CB (-75.2139°, 13
38.1884)

BSDI Ebb (HWL+4 h) OCI (-75.0882°, 4.2
38.3239)

BSD2 Ebb SMR (-75.1167°, 1.7
(HWL+4.5 h) 38.3834)

BSD3 Ebb (HWL+5h) SMR (-75.1828°, 0.9
38.4133)

BSD4 Ebb ocI (-75.0893°, 4.4
(HWL+5.5 h) 38.3246)

BIDI Ebb (HWL+4h) OCI (-75.0881°, 4.2
38.3238)

BID2 Ebb SMR (-75.1185°, 1.8
(HWL+4.5 h) 38.3839)

B9D3 Ebb IWB (-75.1255°, 16
(HWL+3.5 h) 38.3765)

In the middle Coastal 10/20 15:59 10/2223:49 13
part of ocean

IWB

In the middle CB
part of CB

Between
OCTI’s
mouth
and jettied
channel

10/20 14:48 10/24 10:41 9

Coastal 10/20 16:20 10/22 02:06 17

ocean

2018 2018

In the IWB 05/28 15:10 05/29 15:42 11
southern

AB

Along IWB’s IWB
south shore

In the middle SB
part of SB

In the CB
northern
CB

Between
OCTI’s
mouth
and jettied
channel

At the mouth ITWB
of SMR

In the
upstream of
SMR

In the middle Coastal
part of OCI  ocean

Between
OCTI’s
mouth
and jettied
channel

At the mouth IWB
of SMR

Along IWB’s IWB
west shore

05/28 20:16  05/29 11:09 10

05/28 16:12  05/28 19:06 54

05/28 16:47 05/3022:56 7

Coastal 06/26 15:12  06/26 22:11 36

ocean

06/26 15:40 06/28 21:50 6

SMR 06/26 16:05 06/28 15:12 2

06/26 16:48 06/26 21:19 19

Coastal 07/1215:20 07/1220:42 28

ocean

07/1215:52  07/1221:07 8

07/14 04:51 07/1422:12 11

Fenwick and Assateague and adjacent to Delmarva Pen-
insula of the U.S. East Coast (Fig. 1a). It comprises five
backbays and multiple tributaries (Boynton et al. 1996;
Wazniak et al. 2005): Assawoman Bay (AB), Isle of Wight
Bay (IWB), Sinepuxent Bay (SB), Newport Bay (NB),
Chincoteague Bay (CB), and St. Martin River (SMR). Tidal
exchanges with the coastal ocean are restricted to a pair
of microtidal inlets, namely Ocean City Inlet (OCI) to the
north and Chincoteague Inlet (CI) to the south (Fig. 1b, c).
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Flushing rates are inversely related to the distance from the
adjacent inlet (Pritchard 1960; Thomas et al. 2009). The low
flushing rates facilitate the long-term retention of nutrients,
sediments, and contaminants. The MCBs includes shallow
shoals in the lagoon and deep channels in the inlets (e.g.,
0.5-3- and 4-8 m water depths, respectively). Widths of
OCI range from 160 m at its seaward edge to 330 m in the
middle, while they reach 2 km for CI. The limited inlet’s
width restricts its exchange with the adjacent coastal ocean.
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Full names of abbreviations (MCBs: Maryland Coastal Bays system; AB:
Assawoman Bay; IWB: Isle of Wight Bay; SB: Sinepuxent Bay; NB: Newport
Bay; CB: Chincoteague Bay; SMR: St. Martin River; OCI: Ocean City Inlet;
CI: Chincoteague Inlet.

Fig.1 a Maps of Maryland Coastal Bays system adjusted from
Wazniak et al. (2005) and aerial images of b Ocean City Inlet and ¢
Chincoteague Inlet from Google Earth

Background

The MCBs provides shelters for numerous fish, shellfish,
and wildlife species and supports the recovery of blue
crab, finfish, hard clam, and oyster fisheries, which con-
tributes $1-3 billion annually to the States of Delaware,
Maryland, and Virginia (Martin et al. 2018). However,
increased anthropogenic pressures, continuous land devel-
opment, and agricultural activities pose major threats to
estuarine health (Wazniak et al. 2004). As a result of
low flushing rates and limited tidal exchanges (Boynton
et al. 1996), this lagoonal system is highly vulnerable to
eutrophication (Bricker et al. 1999). Excessive nutrients
in the water column enable the formation of harmful algal
blooms, resulting in localized hypoxic conditions harmful
to fish and wildlife (Hall and Wazniak 2005). Although
pollutants entering the MCBs tend to remain within the
bays (Wazniak et al. 2005), they can contribute to oce-
anic pollution via advective transports across tidal inlets
(Dennison et al. 2016). To better predict pathways and
fates of the passively transporting materials, an enhanced
understanding of water currents in the MCBs is necessary.
Amplitudes of the dominated lunar semidiurnal M2 tide
along the seaward coast near OCI, IWB, AB, and CB are
1-1.3,0.5-0.9, 0.3-0.5, and 0.1-0.3 m (Wang et al. 2013).
Tidal currents entering the MCBs via OCI are strong (e.g.,
up to 2.6 m/s) during the flood phase, of which 85% moves
into IWB and AB (U.S. Army Corps of Engineers 1998).
Water currents on the inner continental shelf outside the
MCBs move southward, while their directions occasion-
ally reverse in April and September when the prolonged

18 cm
(a) =
GPS transmitter T 10em
N
Aluminum frame (mast)
Buoy
122 cm

Fig.2 a Components and dimensions of the modified Irina drifter; b
a surface drifter was tested in a swimming pool

southerly winds dominate. The jetties constructed near
OCI disrupt the nearshore flow between Ocean City and
Assateague Island, potentially resulting in an acceler-
ated degradation of the Assateague shoreline (Rosati and
Ebersole 1996).

Surface Drifter Design

Surface drifters are built and assembled according to the
cruciform-shaped Irina design (Pelletier et al. 2017), a low-
cost version of the Coastal Ocean Dynamics (CODE) drifter
(Davis 1985). To effectively follow surface currents, avoid
running aground, and lessen the direct wind effects, the
height of surface drifters is reduced in the shallow MCBs
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(Fig. 2). Each surface drifter consists of a square aluminum
tube to support the GPS (global positioning system) trans-
mitter, a subsurface drogue with four canvas cloth vanes
and aluminum spars, a GPS transmitter mounted to pine
woods, two stacked foam buoys, and a sleeve through each
mast. The subsurface drogue extends 0.5 m below the water
surface. A Satellite Transmitter Integrated GPS Receiver is
housed in a waterproof case fastened to the wooden mount.
The receiver operates over the Globalstar Simplex data
network that transmits the drifter’s coordinate position. To
ensure visibility, a solar-powered marine strobe is fastened to
the mast above the buoy with a U-bolt. To offset the weight
of the strobe and U-bolt (~0.45 kg) and to maintain a sta-
ble buoyancy, two Mountain Security 40-mm Long Shackle
Laminated Steel Padlocks (91 X 25 x 142 mm and 0.24 kg
for each) are attached to the bottom spars with carabiner
clips. To accurately represent surface flows by drifters, the
wind slippage effect was minimized by reducing the drogue
length properly (Fig. 3). Estimations of the windage error
ug at a specific wind speed W are based on Murray (1975):

([ CoDhsind\ * w 0
o= Cip L

whereC, and C, are drag coefficients of the drogue (1.2) and
circular pole (1.0); o and p are the air and water densities
(1.29 and 1.0 x 10* kg/m?); D and & are the diameter of the
pole (0.05 m) and its exposed length (0.52 m); L is the length
of a side of the drogue (0.61 m in this study); and# is the tilt
angle of the line to the vertical (15 °). Then, Eq. (1) simpli-
fies to uy = 0.44 X 1072W. Even at a high wind speed (e.g.,
12 m/s), the windage effect is~5 cm/s, which is negligible in
most cases compared with the wind-induced surface currents
in the MCBs (Mao and Xia 2018). CODE-type drifters have
been widely used in coastal ocean applications.

Field Campaign, Data Collection, and Skill Metrics

During 2017-2018, 35 surface drifters (25 in the inlets and
10 in the lagoon) were released and collected in nine field
campaigns (Table 1). Percentages of drifter data are 60%,
34%, and 6% ending up in the coastal/open ocean, lagoon,
and inlet, respectively. Although many surface drifters ended
up in the coastal/open ocean, most of them have passed
through the paired inlets in the middle of tidal transitions.
Coordinate positions of drifters were transmitted every 2 h
for the deployments in March and May 2017, which were
gradually reduced to 1 or 0.5 h in the remaining experiments.
Based on the preliminary data analysis, it was found that
higher sampling frequency can reflect the true trajectories
more accurately (e.g., the analyzed path connecting adjacent
locations may pass through land if the sampling resolution
is overly low). On the premise of ensuring sufficient battery
level, the sampling resolution was changed from two hours
to half an hour. Each surface drifter was assigned to an iden-
tification number based on the deployment time and order
(e.g., BID1 means that the surface drifter was in the first
batch and released in the first deployment). The mean dis-
tance, speed, and direction of surface currents were derived
from the recording time of signal transmission and GPS
coordinates. Given that the number of drifter tracks passing
over land only occupies a tiny percentage of the total drifter
observations, the mean distance of each drifter is calculated
linearly between two points. Hourly wind data collected
at OCIM2-8,570,283 (38.328°N, 75.091°W) and Wallops
Flight Facility Airport (37.937°N, 75.467°W) were operated
by the NOAA’s National Data Buoy Center and the National
Centers for Environmental Information, respectively.
Hourly tide data near OCI were collected from NOAA’s
OCIM2-8,570,283 station at (38.328°N, 75.091°W). It
should be noted that the tidal gauge is near OCI and might

Fig.3 Estimations of windage 12

errors for the rectangular cross- ~-1=0.3m
sectional drogues with various

lengths of a side of the drogue

||=e=L=1.2 m

N
o

L=0.61 m (this study)

based on the formulation of
Murray (1975)

(o]
T

N
T

Wind slippage speed error (cm/s)
o
T

N
T

1 L 1 1
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not be representative of the water level elsewhere (e.g., the
southern part of the lagoon) due to tidal wave deformation.
Thus, the phase difference of tides should be considered as
a factor when analyzing the relationship between water-level
variations and drifter movements.

The dependence of surface drifter velocities on winds and
tides was evaluated using the Person correlation coefficient
(CC), which was expressed as follows:

Z]r\n/[:l 21::1 ('xmn - z) (ymn - y)

\/(Z%:IZIZ:I (xmn - ;)2> <Z%:121::1 (ymn - i)2>
@
wherex and y are the mean values of the data sets x,,, and
Y- Tespectively, in a sample of size M. N refers to the
dimension of the sample, and N =1 and 2 are used for
one-dimensional (1D) scalar (e.g., tidal ranges) and two-
dimensional (2D) vector (e.g., wind speed), respectively.
CC measures linear correlations between wind speeds (tidal
levels) and surface drifter velocities in the 2D (1D) space.
The absolute values of CC, which are in the ranges of 0-0.3,
0.3-0.5, 0.5-0.7, and 0.7-1, indicate little/no, weak, mod-
erate, and strong linear associations, respectively. When
the drifter records are long enough and the p-value of the
calculated CC is less than 0.05, these tests are considered
statistically significant. Because some correlations have too
little pairs to be meaningful, a 95% confidence interval (i.e.,
alpha=0.05) for CC is computed as well.

CC =

Results

Surface Drifters Released at the Ebb Phase Near
Ocean City Inlet

To investigate tidal and wind effects, surface drifters were
categorized according to various tidal phases and releasing
locations (Table 1). BID1, B1D2, B2D1, B2D2, B4D3,
B4D4, B6D1, B6D4, B8D1, B8D4, and B9D1 started their
movements at the ebb phase near Ocean City Inlet (OCI). B1D1
deployed on March 29, 2017, moved into the coastal ocean
and back to OCI during the flood tide. In 3 d, it drifted into
the adjacent coastal ocean and then became stranded on the
shore of Assateague Island (Fig. 4a). B1D2 followed a similar
path initially, but then drifted into the Atlantic Ocean for more
than half a year (Fig. 4b). The magnitudes of northwesterly
winds from April 1 to 2 were 6-10 m/s, and during this time,
B1D2 exhibited a southward movement along the shoreline at
speeds of 1046 cm/s (Fig. 5a). Between April 3 and 5, winds
switched to a southwesterly direction with speeds of 3—10 m/s,
during which B1D2 exhibited a northward and longshore drifter
movement at 44 cm/s. B2D1 and B2D2 deployed on May 25,

2017, immediately moved into the coastal ocean, followed by
northward and longshore movements. The westerly wind on
May 26 reached 9 m/s (Fig. 5b), preceding a southeastward
drifter movement into the coastal ocean (Fig. 4b). B4D3 and
B4D4 were deployed on July 26, 2017 (Fig. 4c), and moved into
the coastal ocean at a 1-km distance from the inlet mouth. As
the tide phase shifted from ebb to flood coinciding with easterly
weak winds of 2—4 m/s (Fig. 5d), surface drifters moved in a
clockwise direction before running aground on the southern
jetty. Surface drifter movements from OCI to the coastal ocean
reveal an ebb tidal flow extending from its mouth to the coastal
ocean at a length scale of 1.5 km, forming a clockwise and
circular movement. Similar trajectories between B4D3 and
B4D4 demonstrate the high stability of surface drifters to
represent surface flows. B6D1 deployed on October 20, 2017,
started at the seaward edge of OCI, where B6D4 was released
35 min later. During the drifting period, the magnitude of the
northeasterly wind was 4.2 m/s (Fig. 5f), and B6D4 exhibited
northwesterly movements shifting in a clockwise direction
modulated by the M2 tide. Over an 8 h period following its
deployment, B6D1 exited OCI to Assateague Island and back to
the inlet by following the flood tide (Fig. 5f). The distant paths
between B6D1 and B6D4 suggest that trajectories of surface
drifters vary according to their release times under shifting
wind conditions and tidal phases.

In 2018, BS8D1/B8D4 and B9D1 were deployed at the
mouth of OCI on June 26 and July 12, respectively. South-
easterly winds with magnitudes of 2—6 m/s prevailed on
June 26 (Fig. 5h), while both B8D1 and B8D4 traveled in an
opposite direction relative to this mild local wind during the
ebb tide phase. B8D4 exited OCI and ran aground on Fen-
wick Island within 5 h, while B8D1 traveled in a clockwise
direction before it ran aground on the south jetty of OCI.
BID1 entered the coastal ocean in a clockwise direction
at the ebb phase, similar to the initial path of BSD1. Coin-
ciding with an easterly wind with a magnitude of 3.6 m/s,
it moved westward and ran aground on Assateague Island
in 5 h. B8D1 and B9D1 exhibited a similar movement ini-
tially (e.g., opposite to the wind direction) while showing
distinct paths subsequently. Taking BOD1 as an example,
its trajectory generally followed the cycle of ebb and flood
currents (e.g., offshore and onshore movements) on July 12,
during which the westward component of the wind speed
was 3.48 m/s. Its pathway showed a southward directional
shift following a southward component of local winds with
a magnitude of 0.93 m/s.

Surface Drifters Released at Non-ebb Tide Phases
Near Ocean City Inlet

B1D3 and B1D4 started movements on March 29, 2017, at the

flood phase near OCI (Fig. 6a, b). Wind speeds between March
29 and April 1 ranged from 3 to 12 m/s, and their directions
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Fig.4 a—d Trajectories for the
surface drifters released at the
ebb phase near Ocean City

Inlet and e domain of Maryland
Coastal Bays system. Time
periods of drifter trajectories are
listed in Table 1. Based on the
isobath map, deep channels, and
shoals at the middle of the inlet
and near the shallow coast in
the lagoon, respectively

varied from northeasterly, easterly, and southeasterly (Fig. 5a).
Despite the wind effect, both surface drifters moved northward
into Isle of Wight Bay (IWB) during the flood currents. This
phenomenon is supported by previous studies from Kang
et al. (2017) and Mao and Xia (2018), which stated that flood
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currents are strong near OCI and along the channel of IWB. In
the following stages, B1D3 ran aground on an island in IWB,
while B1D4 entered the Atlantic Ocean. B3D3 and B3D4
deployed on the outer edge of OCI at the flood phase on June
21,2017, moved northward along the coast, and ran aground on
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Fig.5 Time series of the
observed drifter velocity, eleva-
tion, and wind speed during
nine batches of drifting period.
Red and blue solid lines repre-
sent the west—east and south—
north components of drifter
velocities or wind speeds,
respectively

H 0
[ R=]

A o A
S 33 o

N
o o NS o

Wind speed (m/s)

[o Xo)
oo

Elevation (cm) Drifter velocity (cm/s)

-6
o o NO

Wind speed (m/s)

A »r ®
o O O O

o To )
oo

A IS
o O O

Elevation (cm) Drifter velocity (cm/s)

o
o o N

Wind speed (m/s)
&

-12

Drifter velocity (cm/s)
o

Elevation (cm)
o

)
[}

-12

A A @
o O O o

A IN
o O O

'
o

-12

(a) B1D2

(b) B2D1

(©)

Lt | 1

U I

\RARAARARA LA JU

=

2017 41 4/8  5/26

6/6  6/22

(d)
B4D2

(e) B5D1

(f) B6D3

AVI\AP\P\RQ'/}\\

A. A\
VV\)F’WW

N W N

VAVAVAVAVAVAYAY

AAATIVAVATATA

VAR AR

MAM A A ead

et

V1

Do, /
RS Ziaas ey

20177127  10/1 10/4

10/21 10/24

(2) B7D1

(h)BSD3

A

(i)B9D1
A

\ !(\WAW ~—

o 4

\\/\ /\/\ A ]

AN/

NN

W

INZER

v

§

2018

5/29 6/27

Year Month/Day

7/12

@ Springer



Estuaries and Coasts

Fig.6 Trajectories for the
surface drifters released at a—b
flood, ¢ slack before flood, and
d slack before ebb phases near
Ocean City Inlet; e domain of
Maryland Coastal Bays system.
Time periods of drifter trajecto-
ries are listed in Table 1. Based
on the isobath map, deep chan-
nels, and shoals at the middle
of the inlet and near the shallow
coast in the lagoon, respectively

Fenwick Island (Fig. 6a). These movements are different from
those of B1D3, indicating that drifter trajectories are highly
sensitive to initial releasing locations (e.g., outer edge versus
inner OCI) and wind conditions (e.g., westerly winds at 7.6 m/s

during the third batch).
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Although B3D1 and B3D2 were released at the same
location as that of B3D3 and B3D4, the former drifters
started at the slack phase before flood and thus showed
relatively weak movements along the shore while stronger

and offshore activities (e.g., moving away from the shore
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initially and coming back in a clockwise direction). As the
wind direction switched from southwesterly to southeasterly
at speeds of 4 m/s in 14 h after its release (Fig. 5c), pro-
nounced onshore movements were observed for both drifters
(Fig. 6¢). B2D3 and B2D4 were released on May 25, 2017,
at the slack before flood phase. Although the southwesterly
and westerly winds led to an initially offshore movement
for B2D3 and B2D4, they moved northward and closer to
shore before becoming stranded on Fenwick Island during
the flood tide. B4D1 and B4D2 deployed in OCI at the slack
phase before ebb on July 26, 2017, traveled through OCI
and ran aground shortly in SB (Fig. 6d). Tidal currents were
quite weak at the slack phase, and during this time, easterly/
southeasterly winds ranged from 1.8 to 4.4 m/s.

Surface Drifters Released Near Chincoteague Inlet
and Backbays

The surface drifters released in the fifth batch started move-
ments on September 30, 2017, at the (slack before) flood
phase near Chincoteague Inlet (CI) (Fig. 7a). During the
following period of this deployment, the strong northerly
wind was up to 6.7 m/s and B5D1 moved southward into
the coastal ocean at the slack before flood phase. During the
following flood and ebb phases, it moved northward into
the inlet and then southward to the coastal ocean. The other
drifters moved northward initially, followed by the south-
ward movement into the coastal ocean during the ebb tide.
All drifters continued moving southward and ran aground
on Metompkin Islands, VA (75°34’W, 38°44°N), at 18-21
km distances to the inlet mouth nearby in 3 d. The fastest
surface drifting speed was in the middle of CI at 72 cm/s. It
can be concluded that tidal currents are primarily responsi-
ble for surface drifter movements when winds are weak, and
increased wind intensities are important for surface drifters
approaching the shore. B6D3 was deployed in the middle
of Chincoteague Bay (CB) at the ebb phase on October 20,
2017 (Fig. 7d) and exhibited a southward movement upon
its release. During this time, northerly winds prevailed at
speeds of 4.2 m/s. The drifter switched its directions follow-
ing each tidal phase shift, with speeds under 15 cm/s until
it ran aground on the west bank of CB. During the transit of
B7D4, easterly winds prevailed with speeds under 3.3 m/s.
This drifter exhibited back-and-forth movements before run-
ning aground in CB, similar to those of B6D3.

B6D2 deployed on October 20, 2017, at the ebb phase
in IWB moved out of OCI under the synergistic effects of
northeasterly winds and ebb currents (Fig. 7b). During the
following flood and ebb tides, it drifted to IWB before mov-
ing back to the coastal ocean. Driven by the southeasterly
winds on the October 22 (Fig. 5f), it traveled onshore to
Assateague Island. On May 28, 2018, B7D1 and B7D2 were
deployed at the ebb phase in Assawoman Bay (AB) and

flood phase in IWB, respectively (Fig. 7b), when the east-
erly winds were mild (e.g., below 4.5 m/s) (Fig. 5j). B7D1
traveled southwestward into IWB and ran aground on the
western bank, while B7D2 moved back and forth for 15 h at
the northern end of OCIL. B9D3 deployed in IWB at the ebb
phase on July 14, 2018, showed a southward movement dur-
ing the ebb tide. Because BOD3 was closer to the adjacent
OCI, its drifting speed was greater than that of B7D1 (e.g.,
43 cm/s along the channel of IWB versus below 32 cm/s).
Because tidal currents in SB with a narrow channel were
strong (Mao and Xia 2018), B7D3 was primarily driven
by ebb currents. During its transit, B7D3 moved toward
OCI with drifting speeds up to 71 cm/s. B§D2, B8D3, and
B9D2 were deployed at the ebb phase in St. Martin River
(SMR) (Fig. 7c), where tidal currents were weak (e.g., below
10 cm/s in the upper stream, see Mao and Xia 2018). Their
surface drifter paths mainly followed the directions of the
wind-driven surface currents (e.g., southeasterly and easterly
for the eighth and ninth batches, respectively).

Discussion

Surface Drifter Trajectories in the Lagoon
and Coastal Ocean

By analyzing the observed surface drifter movements, sur-
face circulation patterns were investigated in various regions
of Maryland Coastal Bays system (MCBs). Overall, most
drifters entered the coastal ocean through the paired inlets
during the ebb tide, except for B3D3 and B3D4 during the
flood tide. This exception occurred when strong westerly
winds reached 7.6 m/s. A total of 17 surface drifters entered
and then remained in the ocean (e.g., 11, 4, and 2 released
at the ebb, slack, and flood phases), 2 entered the ocean and
moved back to the lagoon, 4 entered the ocean, back to the
lagoon and then to the ocean again, and 12 never left the
lagoon (e.g., in backbays away from the adjacent inlet).
After entering the lagoon via OCI, four (two) surface
drifters moved northward (southward) into IWB (SB). Sur-
face drifters that entered the lagoon from the coastal ocean
through CI mainly stayed within the inlet before being car-
ried back into the coastal ocean during the following ebb
tide. Two surface drifters released in CB ran aground on
its western flank; one released in AB traveled southwest-
ward into IWB during the ebb tide; one released in IWB was
aground on its western bank during the flood tide; another
one released in SB ran aground at the entrance of OCI at the
ebb tide. For the one released near SMR at the ebb tide ran
aground nearby, and another released in Bishopville Prong
at the ebb tide remained within the tributary. The finding that
flow patterns in MCBs and the coastal ocean are dominated
by tides under mild wind conditions (e.g., less than 7 m/s)
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Fig.7 Trajectories for the sur-
face drifters released at a Chin-
coteague Inlet, b Assawoman
Bay and Isle of Wight Bay, ¢
St. Martin River, d Sinepuxent
Bay and Chincoteague Bay; e
domain of Maryland Coastal
Bays system. Time periods of
drifter trajectories are listed in
Table 1. Based on the isobath
map, deep channels, and shoals
at the middle of the inlet and
near the shallow coast in the
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- agl where data are collected.
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VA are not shown in panel (a).
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is supported by Kang et al. (2017). Under strong wind con-  Engineers 1998; Kang et al. 2017; Mao and Xia 2018). At
ditions (e.g., over 7 m/s), surface drifter trajectories (e.g.,  the mouth of OCI, an ebbing jet was indicated by drifter
B3D3 and B3D4) show an obvious longshore movement,  trajectories in the summer of 2017 and 2018 (e.g., B4D3 and
consistent with previous findings (U.S. Army Corps of = B4D4) under mild wind conditions (e.g., less than 6 m/s).
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Table 2 Mean speeds and standard deviations of drifters in various
regions of Maryland Coastal Bays system

Regions Number of  Mean drifter Standard
observations  speed (cm/s) Deviation
(cm/s)
CB 185 8.2 35
CI 19 34.8 15.7
IWB 129 11.3 13.3
IWB tributaries 122 33 35
OCI 11 77.2 29.3
SB 7 453 20.3

The large areal extent of the offshore and cross-shelf
surface transports reflected by drifter trajectories released
in the first two batches indicates that materials originating
from coastal regions can reach Atlantic Ocean (Dennison
et al. 2016). This conclusion has significant implications for
pollutants and debris found in the deep ocean, implying that
coastal microplastics can potentially contribute to the global
ocean via water currents (Zhang 2017; Zhao et al. 2019).
Therefore, it would be a worthwhile effort to continue moni-
toring surface flows both in the coastal regions and open
ocean with additional surface drifters.

Spatial Variability of Surface Drifter Speeds

Overall, the fastest surface drifter speed was recorded in
OCI (e.g., 77 cm/s), but the lowest in IWB tributaries (e.g.,
3 cm/s in Table 2). This finding is useful to evaluate the
exchanging ability between the lagoon and coastal ocean via
this tidal inlet, and the potential use of tidal current turbines
for renewable energy generation in this region (Muller
et al. 2016). In Fig. 8, four outliers in IWB represented
accelerated surface drifter speeds near OCI (e.g., 43, 46, 53,

and 83 cm/s), the outlier in SB at 7 cm/s reflected the surface
drifting speed before being aground, and the outlier in CI at
72 cm/s showed the maximum surface speed within the inlet.
To determine whether a significant difference of surface
drifter speeds was presented across six regions of MCBs,
one-way ANOVA Tukey HSD (Tukey honest significant
differences) multiple pairwise comparisons were conducted
with a p-value at 0.005. It was found that variations of
surface drifter speeds between IWB and CB and those
between SB and CI were insignificant (e.g., p-values of
0.06 and 0.13, respectively). Further analysis showed that
higher surface speeds were primarily near OCI, followed
by SB, CI, IWB, CB, and IWB. Low surface speeds in IWB
tributaries including Bishopville Prong have implications
for the local water quality. Previous field observations and
model simulations reveal hypoxia in the upstream region
of SMR, associated with the elevated algae concentrations
(Wang et al. 2013). Degraded water quality with excessive
nutrients and organic materials in upper bays is presumably
caused by locally weak flows (Mao and Xia 2018) or slow
movements of surface drifters.

The dataset of drifter trajectories is consequent and
could be further used as the basis of a pertinent research.
For instance, since most drifters are released at OCI (fol-
lowed by CI), a comparison of water exchanges between
the paired inlets under various wind-tide conditions can
be conducted based on the derived Lagrangian velocities.
Based on the applied hydrodynamic model at MCBs (Mao
and Xia 2018), the widths (and mean depths) at the mouth
of OCI and CI are 0.2 and 1 km (and 4.5 and 4.4 m), respec-
tively. Given that the mean current velocity across OCI and
ClI is 0.78 and 0.35 m/s (Fig. 8), respectively, the estimated
water exchanges accordingly are 702 and 1540 m®/s. The
Lagrangian drifter observations support the numerical study
of Mao and Xia (2018), which states that water exchanges
across CI are greater than OCI due to a larger width of the
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inlet mouth. The water exchanges estimated under normal
wind conditions are smaller than that during Hurricane
Irene (2011), for instance, 702 and 1540 m>/s versus 1888
and 4933 m>/s across OCI and CI (Mao and Xia 2018).
The significant influence of the extreme wind intensity on
bay—ocean transport is supported in the Barnegat Bay during
Hurricane Sandy (2012) (Defne et al. 2019). Our observa-
tional study is a preliminary description of the water circula-
tion in a lagoon—inlet—coastal ocean system, and future study
will focus on a narrow and well-identified research question
by including particle-tracking models under extreme weather
conditions (Dobbelaere et al. 2022). Future endeavor would
be worthwhile to validate the numerical model with addi-
tional Lagrangian measurements and explore the bay—ocean
exchanges during hurricane events/winter storms using a
coupled observation—-modeling system.

Relative Effects of Tidal Ranges and Wind Speeds
on Surface Drifters

The ability of these surface drifter trajectories in represent-
ing surface currents and transport of passive particles (or
actual objects) has been proved satisfactorily off the North-
ern California coast during the Coast Dynamics Experiments
(CODE) (Davis 1985), in the Gulf of Mexico during the
Grand Lagrangian Deployment (GLAD) (Jacobs et al. 2014)
and Lake Michigan on the nearshore—offshore dynamics
(Mao and Xia 2020). Given that tides and winds are two
major forces driving surface currents that further force sur-
face drifters to move in the same direction accordingly, rela-
tive effects of tidal ranges and wind speeds on surface drifter
movements were investigated in this subsection.

Based on the included angle between the wind speed
and drifting velocity, movements of surface drifters relative
to winds were categorized into strongly following, weakly
following, strongly opposing, and weakly opposing (e.g.,
0-45°, 45-90°, 90-135°, 135-180°). Figure 9 shows the
relationships between surface drifters and wind directions
under various tide-wind conditions. At weak winds with
speeds < 3 m/s (e.g., left sides of the gray dashed lines in
Fig. 9a, b), tidal forcing is the major driver of the surface
drifter movement near OCI (e.g., the percentages of drifter
data are 33% and 22% in the strongly and weakly opposing
directions of winds, respectively). This finding agrees with
that of Kang et al. (2017), which stated the stronger depend-
ence of the exchanging ability on tides as winds became
weaker via the northern tidal inlet of MCBs. By contrast,
both winds and tides are important to surface drifter dynam-
ics near CI and backbays even under weak wind conditions
with speeds < 3 m/s (e.g., the percentages of drifter data are
39% and 32% in the strongly and weakly following direc-
tions of winds, respectively, see Fig. 9c, d). This is due
to larger geographic sizes than OCI, which facilitated the
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development of long-fetch winds and thus greater wind-
induced surface currents and Lagrangian movements (Mao
and Heron 2008). Driven by the increasing wind, drifter
movements gradually became stronger. When the magni-
tude of winds > 10 m/s, surface drifters generally showed
strongly/weakly following movements (Fig. 9a, b). Due to
the bottom friction-induced dissipation (Mao and Xia 2018),
the required least wind speed of following movements
decreased to 6.4 m/s in the shallow backbays (Fig. 9c, d).

To further investigate the relationship between wind
speeds (tidal levels) and surface drifter velocities, the cor-
responding Pearson correlation coefficients (CC) were
calculated (Table 3). Drifters released in the third batch
showed moderate to strong associations with wind speed
vectors (e.g., CC in the range of 0.66—0.7) under strong wind
conditions (7.6 m/s). For the CC between tidal levels and
surface drifter velocities, a moderate association was found
for B6D1 (e.g., CC = 0.68) by following the ebb and flood
cycles (e.g., moving into the coastal ocean and back to the
lagoon via OCI). Under weak wind conditions (e.g., wind
speed < 3.56 m/s), there was little/no (e.g., CC = —0.19)
association between this drifter’s velocity and wind speed.

In this study, ebb (flood) is defined as the tidal phase during
which the water level is falling (rising). For tidal inlet systems,
the ebb (flood) current corresponds to seaward (landward) flow.
In addition, phase variations are influenced by the variation of
spatial locations where observations are taken. Consequently,
there are phase lags/leads between water levels and surface
drifter movements (e.g., ebb/flood current reverses after the
highest/lowest water levels). Based on the cross-correlation
function, the phase difference between water levels observed
in IWB and surface drifter velocities recorded in the coastal
ocean outside CI was a 5-h forward for BSD1.

Study Limitation

It should be mentioned that surface drifter movements are
very random, and their trajectories and endpoints can be
distinct under certain circumstances, yet they are released
at the same time and location (Gough et al. 2019; Aksamit
et al. 2019; Spydell et al. 2021). This is because Lagran-
gian errors accumulate quickly over time (Liu et al. 2011).
Particle trajectories are highly complex and sensitive to ini-
tial conditions, but the surface currents in the system are
relatively robust by forming a wall or passage for material
transports, which become the Lagrangian coherent structure
(LCSs) of the flow (Haller 2015).

Analysis of surface drifter observations could bring new
information about the bay—ocean exchanges and validate
the particle-tracking model (Liu et al. 2014), which cannot
come directly from fixed-point measurements. Although
this preliminary investigation provides insight into the
characteristics of drifter movements under various wind-tide
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conditions, observations are restricted to 2D space (e.g.,
visualizing a small component of the 3D circulation with
surface information in a semi-enclosed basin). Even if the
water column is mixed, wind-driven flows may be vertically
sheared with opposite directions in the surface and bottom
layers. Thus, this rudimentary work can be potentially useful
to further study the degraded water quality (e.g., surface
drifters move slowly in a small region) for the extremely
shallow and well-mixing water bodies, of which the vertical
variability of horizontal currents is quite weak. During the
analysis of surface drifter trajectories, we find that some of
the data points lead to their traveling paths over land due to
the low temporal resolution of drifter position (e.g., near OCI
where surface flows are intense). To comprehensively analyze

® Strongly following
Weakly following
e Strongly opposing

® Weakly opposing

0 <6 <45°0r315°< 8 < 360°
45 <0 <90°0r 270° < 6 < 315°

90 < 8 < 135°0r 225°< 8 < 270°
135° < 6 < 225°

other backbays based on the definition in diagram e. The specified
wind speeds mentioned in the content are indicated with gray dashed
lines in panels a—d

the 3D structures of water masses (e.g., hypoxia water) and
flow properties, it is worthwhile in future to apply drifters
with drogues being applied at various water depths (Rypina
et al. 2021), coordinate positions being recorded at a higher
temporal resolution (Spydell et al. 2015), advanced algorithms
(e.g., finite time/space Lyapunov exponent) in calculating the
LCSs (Bettencourt et al. 2015), and 3D hydrodynamic—particle
trajectory coupled modeling system (Mao and Xia 2020). It is
expected that, with the development of the LCSs theory, drifter
observation methods, and improved skill assessment scores
of numerical models (e.g., normalized Lagrangian separation
method, see Liu and Weisberg 2011), the complex 3D current
structures and exchanging flows will be revealed better in a
comprehensive way.

@ Springer



Estuaries and Coasts

Table 3 Calculated correlation
coefficient scores between
wind speeds (CC,,) or tidal
levels (CC,) and surface drifter
velocities. The CC scores
calculated from long data
records and that are statistically
significant (i.e., p-value < 0.05),
are highlighted by superscript
asterisks. The lower and upper
bounds for a 95% confidence
interval (i.e., Alpha=0.05) for
CC,, (CC,) are computed and
expressed as CC,, and CC,,,
(CC, and CC,,), respectively

Conclusions

This study examined characteristics of surface currents
across various regions of Maryland Coastal Bays system
(MCBs) by releasing a total of 35 surface drifters at vari-
ous wind-tide conditions in 2017 and 2018. Additionally,
observations from local wind buoys, tide gauges, and surface
drifter trajectories were analyzed. At flood phase, surface
drifters likely move northward into Isle of Wight Bay after
entering Ocean City Inlet (OCI). At ebb phase, drifters fol-
low clockwise and circular movements at the outer edge of
OCI. Based on the surface drifter observations and analyses,

Drifter Effective sample CC,, cc,, cc,, CC, cC, cc,
No size M

B1D1 54 0.53* 0.38 0.65 0.28* 0.01 0.51
B1D2 2228 -0.05* -0.08 -0.02 0.02 -0.03 0.06
B1D3 19 0.37* 0.06 0.62 0.31 -0.16 0.67
B1D4 1167 0.02 -0.02 0.06 -0.01 -0.07 0.05
B2D1 563 0.08* 0.02 0.14 -0.14* -0.22 -0.05
B2D2 142 0.41* 0.30 0.50 -0.26* -0.40 -0.10
B2D3 4 -0.33 -0.84 0.49 -0.81 -1.00 0.69
B2D4 3 -0.46 -0.93 0.56 -0.86 / /
B3D1 29 0.66* 0.49 0.79 0.20 -0.18 0.53
B3D2 24 0.66* 0.47 0.80 0.34 -0.07 0.66
B3D3 24 0.68* 0.49 0.01 0.10 -0.32 0.48
B3D4 23 0.70%* 0.51 0.82 0.05 -0.37 0.45
B4D1 1 1.00 / / 1.00 1.00 1.00
B4D2 3 0.43 -0.59 0.92 0.93 / /
B4D3 9 -0.13 -0.56 0.36 -0.40 -0.84 0.36
B4D4 10 -0.09 -0.51 0.37 -0.46 -0.84 0.24
B5D1 99 0.28* 0.15 0.41 -0.16 -0.35 0.03
B5D2 74 0.46%* 0.32 0.58 -0.01 -0.24 0.22
B5D3 76 0.48* 0.35 0.60 0.01 -0.21 0.24
B5D4 76 0.38* 0.23 0.50 -0.15 -0.37 0.08
B6D1 8 -0.19 -0.63 0.34 0.68 -0.04 0.94
B6D2 55 0.33* 0.15 0.49 -0.37* -0.58 -0.11
B6D3 92 0.38* 0.25 0.50 0.22* 0.02 0.41
B6D4 31 0.38* 0.15 0.58 -0.10 -0.44 0.26
B7D1 42 0.23* 0.02 0.42 -0.35% -0.59 -0.05
B7D2 12 0.07 -0.34 0.46 -0.07 -0.62 0.52
B7D3 5 0.32 -0.38 0.79 -0.39 -0.95 0.75
B7D4 93 0.46%* 0.34 0.57 -0.03 -0.24 0.17
B8D1 13 -0.13 -0.49 0.28 0.16 -0.43 0.65
B8D2 10 0.40 -0.05 0.72 -0.58 -0.88 0.08
B8D3 78 0.04 -0.12 0.20 -0.02 -0.24 0.21
B8D4 8 -0.04 -0.52 0.47 -0.52 -0.90 0.29
BID1 9 -0.06 -0.51 0.42 -0.46 -0.86 0.30
BI9D2 9 0.06 -0.42 0..51 -0.70* -0.93 -0.07
B9D3 25 -0.25 -0.50 0.03 -0.56* -0.78 -0.21

1. Under weak wind conditions (e.g., < 3 m/s), tides are

the main conclusions are summarized as follows:

@ Springer

primarily responsible for surface drifter movements
near OCI, whereas both winds and tides are important
to surface drifter movements near Chincoteague Inlet
(CI) and in the lagoon. It adds insight to a similar system
that a larger geographical dimension facilitates longer
wind fetch, greater wind-induced surface currents,
and drifter movements. Under strong wind conditions
(e.g.,> 10 m/s), surface drifter movements generally
follow wind directions. In a shallow lagoon, relative
effects of winds on surface drifters become stronger in
the regions away from the adjacent inlet (e.g., tides are
weaker).
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2. Overall, surface drifters exit (enter) the lagoon mostly
during ebb (flood) currents. Additionally, the fastest surface
drifters are near the small OCI, and slower movements are
in the lagoon due to the weakened tidal effect. Direct drifter
observations of Lagrangian movements cover a wide space
and long-time span in MCBs, providing a strong support
to numerical simulations of a lagoon—inlet—coastal ocean
system. It is a worthwhile effort to improve the design of
these low-cost drifters (e.g., reflecting surface, middle, and
bottom movements), as a significant supplement tool for
Eulerian measurements and three-dimensional hydrodynamic
model. In future, developing an observation—modeling system
of MCBs can provide new insight into the exchanging
characteristics and 3D circulation for coastal environments.
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