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Rapid water exchange between the lagoon and
the open ocean at Majuro Atoll due
to wind, waves, and tide

Steven B. Kraines,! Atsushi Suzuki, 2 Tetsuo Yanagi_, 3 Masahiko Isobe, *
Xinyu Guo, ® and Hiroshi Komiyama'

Abstract. Current measurements and conductivity-temperature-depth surveys of
the lagoon and ocean at Majuro Atoll, the Republic of the Marshall Islands, were
made from January 10 to 24, 1997. A vertically integrated tidal current model
reproduced qualitatively well tidal ellipses calculated from the observed current
measurements by Fourier transform. A three-dimensional, robust diagnostic residual
current model explained the major features observed in the current measurements
averaged over the dominant tidal cycles. We used the diagnostic model to examine
the effects of wind stress, radiation stress, density gradients, and tidal stress on the
exchange of water between the lagoon and the ocean. Wind effectively mixes the
lagoon water in approximately 2 weeks. Tidal flushing appears to be restricted to
a small area near the main channels connecting the lagoon to the ocean. Cross-
reef-flat currents induced by radiation stress and flowing to the deep channels in
the center of the northern boundary form the dominant mechanism for exchange
between the lagoon and the open ocean, causing water to exchange completely with
the ocean in about 15 days. Computer-generated particles tracked through the
lagoon showed that radiation stress is also the main forcing mechanism for particle
export from the lagoon. However, the coupling of tidal exchange through the
Calalin Channel and wind-stress-induced mixing in the lagoon could also provide a
significant export mechanism, particularly for particles originating uniformly inside

the lagoon.

1. Introduction

The first step for any budgetary modeling of a coastal
ecosystem is to analyze the exchange rates of the ob-
ject of study with external sources and sinks of wa-
ter. Often, a simple estimate of the residence time of a
coastal marine ecosystem can be obtained from calcula-
tions based on the water budget and salinity gradients
[Gordon et al., 1996]. However, the goal of our study,
to understand the changes that have occurred in the
lagoon of Majuro Atoll as a result of the closure of the

!Department of Chemical System Engineering, University
of Tokyo, Tokyo.

2Marine Geology Department, Geological Survey of Japan,
Tsukuba.

3Research Institute for Applied Mechanics, Kyushu Uni-

versity, Fukuoka, Japan

4Department of Civil Engineering, University of Tokyo,
Tokyo.

SInstitute for Global Change Research, Tokyo.
Copyright 1999 by the American Geophysical Union.

Paper number 1999JC900065.
0148-0227/99/1999JC900065%09.00

southern boundary and to evaluate various options to
increase exchange of lagoon water with the ocean, re-
quires a more interpretive analysis. In this paper we
present the results of a modeling study of the currents
at the lagoon of Majuro Atoll.

Several studies have been conducted on the circula-
tion in the atolls of the Marshall Islands. von Arz [1948]
investigated the contributions of wind, waves, tides, and
the North Equatorial Current to the circulation in the
lagoons of Bikini and Rongelap Atolls. On the basis of
field surveys and scale models constructed in a labora-
tory, he calculated that the exchange time for oceanic
water to replace the lagoon water at Bikini Atoll was
approximately 39 days during the winter trade wind
season and 80 days during the summer doldrums with
similar values for Rongelap Atoll. The dominant source
of oceanic water to the lagoon appeared to be wave-
driven, cross-reef flow on the windward reefs. Wind
stress caused water in the lagoon at Bikini Atoll to over-
turn once every 6.3 days in the winter and once every
12.5 days in the summer. Wave-driven, cross-reef flow
is known to be an important mechanism for inducing
circulation in coral reefs [Tast, 1972; Symonds et al.,
1995; Hardy and Young, 1996]. Kraines et al. [1998]
describe the mechanism by which wave energy, which is
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proportional to the square of the wave height, is con-
verted to momentum flux, setup of the lagoon water
level, and cross-reef currents in a coral reef. The excess
momentum flux due to waves is termed radiation stress
[Longuet-Higgins and Stewart, 1964].

Munk and Sargent [1948] showed that the conversion
of wave momentum to surge currents on the windward
coral reefs at Bikini Atoll resulted in a setup of the sea
level on the reef flat of 0.6 m above both the ocean
and the lagoon, which ‘induces biologically important
cross-reef currents. Smith [1973], in a study of a reef
flat transect at Enewetak Atoll, observed that the flow
across the windward reef flat was almost always into
the lagoon. He observed volumetric flow rates of 0.04
to 0.60 m® s~! m™! reef flat near low tide, which corre-
sponds to a current speed of about 10 to 120 cm s~ for
the 0.5 m deep reef flat. Dye released at the surface of
the reef was observed to mix throughout the water col-
umn within 10 m of the point of release or about 1 to 10
s using the above cross-reef current speeds, indicating
rapid vertical mixing on the reef flat. By determining
the thickness of the stagnant boundary layer around
the primary producers and thereby the rate of nutrient
supply from the bulk water to the organism, Bilger and
Atkinson [1995, 1992] and Atkinson and Bilger [1992]
showed that the current speed of cross-reef flow may
control reef flat production.

Ford [1949], using the radioactivity produced by the
atomic bomb test on Baker Day, July 25, 1946, at Bikini
Atoll, showed that a strong intrusion of oceanic water
through the main channel displaced 40% of the lagoon
water in 7 days. At this rate, the water in the lagoon
of Bikini Atoll would exchange with the ocean in about
17 days. Munk et al. [1949] estimated vertical eddy
diffusivity in the lagoon at Bikini Atoll from the re-
lationship between wind speed and surface current ve-
locity, vertical temperature profiles, and the mixing of
reef water in the lagoon. All three methods gave verti-
cal eddy diffusion coefficients of about 200 to 300 cm?
s™!. They estimated horizontal eddy diffusivity from
radioactive tracers from the Baker Day bomb test to be
about 1.5 x 10% cm? s™! at the surface and 0.5 x 10°
cm? s™! at middepth.

Atkinson et al. [1981] studied the circulation at the
lagoon of Enewetak Atoll. They also concluded that
the major input of oceanic water was wave-driven in-
flow over the windward reef flat and measured cross-
reef currents of up to 150 cm s~!. Currents over the
leeward reefs appeared to show a weak net outflow.
Since the offshore mixed layer was over 73 m deep and
the maximum channel depth is 56.7 m, only surface
oceanic water entered the lagoon. The lack of stratifi-
cation in the lagoon during their survey supported this
hypothesis. However, despite the uniform density in the
lagoon, they observed a distinct vertical current struc-
ture. Surface currents were primarily windward. An
upwind return current occurred between the depths of
10 and 30 m with speeds about half the surface currents,
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and a deep flow traveled from the northeast windward
reef flats to the south channel, where most of the wa-
ter exited the lagoon. They concluded that wind-driven
current is primarily restricted to internal circulation, in
agreement with von Arz [1948]. Tides were important
only within several kilometers of the channels. From es-
timates of the volume flows across the atoll boundaries,
the lagoon residence time in winter was about 28 days.

Suzuki et al. [1997] measured salinity and carbonate
parameters at Majuro Atoll in September 1994. Like
Atkinson et al. [1981], Suzuki et al. found that the
bottom of the surface mixed layer offshore was deeper
than the sill of the deepest channel into the lagoon. In
the lagoon, surface salinity increased from oceanic at
33.61 practical salinity units (psu) to 33.91 psu with
distance from the windward reef flats. From the mea-
surements of the carbonate parameters, they divided
the atoll system into four water masses: offshore, east
lagoon, west lagoon, and reef flat. The west lagoon
values differed more from the offshore values than the
east lagoon, so they concluded that the residence time
was probably longer there. However, owing to the lack
of strong salinity gradients and current measurements,
they were unable to determine the residence time in the
lagoon.

2. Study Site

Majuro Atoll is a part of the Ratak Archipelago in the
Republic of the Marshall Islands, central Pacific Ocean.
Majuro Atoll is located at 7°06’N and 171°12’E in the
rain belt just north of the equator (Figure 1) and in
the equatorial countercurrent. At the time of the sur-
vey, the strength of the northern equatorial countercur-
rent was estimated by the Japan Meteorological Agency
from the geostrophic balance based on measurements of
the spatial sea surface elevation to be of the order of 0.5
m s~! . This area is also subject to strong trade winds
from east-northeast during the winter, averaging about
7t0 8 m s~! (Japan Meteorological Agency). The tidal
type at Majuro Atoll (My + S3)/(0; + K;) is 5.8, in-
dicating a dominance of the semidiurnal tidal cycle.

Majuro Atoll has a total area of about 393 km?, with
a total land area of about 15.9 km? and a reef flat area
of 32.7 km? [Suzuki et al., 1997]. Thus the lagoon con-
sists of almost 90% of the total area. The maximum
depth in the lagoon is 67 m, and the average depth
is about 35 m, so the volume of the lagoon is about
1.2 x 10'° m®. The atoll rim is well developed, and the
southern boundary is completely landlocked except for
a small passage in the SE corner of the atoll about 20 m
wide and 3 m deep (Figure 2). All other openings along
the southern boundary were filled to build a road. The
increased closure of the lagoon at Majuro Atoll may
be expected to result in a longer water residence time.
The northern boundary of the atoll consists of shallow
reef flats separated by sand cays. The main passage
between the lagoon and the outer ocean is the Calalin
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Figure 1. Area map showing the location of Majuro Atoll at 7°06’N and 171°12’E (rectangular

region).

Channel, located at the center of the northern boundary
with a maximum depth of 46 m. There is also a shal-
lower channel to the west of the Calalin Channel with
a maximum depth of about 20 m, hereafter termed the
Western Channel. The east lagoon is relatively deep,
while the west lagoon is shallower and has numerous
coral knolls that reach close to the surface. Most of the
30,000 residents live on the eastern part of the atoll, so
that the western half is relatively pristine.

3. Methods

We set three mooring lines at stations A, B, and C
in the lagoon at depths of 50, 40, and 40 m respec-
tively (Figure 2). On each line we attached an Aanderaa
RCM-4 rotor-type current meter 10 m from the surface
(precision, +2%; detection limit, 2 cm s~! ) and an Alec
Electronics ACM-8M electromagnetic-type current me-
ter 10 m from the bottom (precision, £2%; detection
limit, 0.1 cm s~! ). The current meters were moored in
the lagoon continuously from 1800 LT on January 9 to
1000 LT on January 24, covering the spring-neap tidal
cycle. The mooring lines were supported by buoys fixed
at 5 m depth, so the current meters should be free of
influences from surface waves.

We also collected depth profiles of salinity and tem-
perature at 17 locations in the lagoon and one site off-
shore of the Calalin Channel (Figure 2). For the first
survey during the spring tide, we carried out conductiv-
ity-temperature-depth (CTD) casts at the lagoon sites
on January 12 and at the offshore site on January 13.
For the second survey during the neap tide, we carried
out half of the casts on January 21 and the other half
on January 22. CTD casts were made to the bottom

at all sites in the lagoon and to a depth of 180 m at
site 9 outside of the Calalin Channel. We used an Alec
Electronics AST-1000 CTD profiler with precisions of
+0.05 psu for salinity, £0.02°C for temperature, and
+1.1 m for depth.

We obtained meteorological data (precipitation and
wind velocities) from the Majuro Weather Station, in-
dicated by the triangle in Figure 2. Significant wave
height data for the region over the survey period were
provided by the Japan Meteorological Agency. High-
and low-tide times and depths were obtained from the
World Ocean Circulation Experiment (WOCE) database.

4. Observation Results

4.1. Wind and Precipitation

The meteorological data and tidal changes in sea level
along with the survey period and the CTD cast times
are shown in Figure 3. Wind velocities were fairly con-
stant at 4 to 7 m s~!, blowing in the direction of SW
to W. Precipitation was generally less than 5 mm d~*,
with the exception of January 10 when 15 mm of rain
fell and January 13 when more than 25 mm of rain
fell. Significant wave heights varied between about 1.8
to 2.8 m during the survey period. The direction of
offshore wave propagation was almost always toward
west-southwest, i.e., generally the same as the wind di-
rection.

4.2. Average (Residual) Currents

Current measurements showed a strong M tidal com-
ponent at the surface and bottom-moored meters at sta-
tion C and smaller periodic oscillations at stations A
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Figure 2. Locations of conductivity-temperature-depth (CTD) sites (circles) and mooring sta-
tions A, B, and C (inverted triangles). The locations of the Majuro Weather Station (triangle)
and the reef flat station (square) are also shown. The Calalin Channel, the Western Channel,
and the small boat passage in the southeast are indicated. The legend shows the depths for the
different shadings. The unshaded area outside the atoll is at a depth of greater than 70 m.
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Figure 3. Weather observations at Majuro Atoll for the survey period. Daily average precipi-
tation, wind vectors, significant ocean wave height, and the tide profile are shown. The survey
period and the times of the CTD cast surveys are also indicated.
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Figure 4. Average current vectors from current measurements 10 m from the surface (solid
arrows) and 10 m from the bottom (shaded arrows) over the spring-neap tidal cycle. Average
wind vectors for each day are also shown. The topography for the simulation is used to show
depth contours. The z and y axes are the mesh numbers for the topographical database used by
the model (i.e., units of 500 m). Reference vectors show a current speed of 10 cm s~! and a wind

speed of 10 m s™!.

and B (not shown). The current vectors 10 m from the
surface averaged over 28 cycles of the My tide, i.e., ap-
proximately the M-Sy spring-neap tidal cycle, show a
flow pattern from the east and west lagoons through the
Calalin Channel and out to the ocean (Figure 4). The
average current vectors 10 m from the bottom are less
clear. At station C, we observed a strongly barotropic
flow directed to the north-northwest, i.e., out through
the Calalin Channel. At station B, the average current
10 m from the bottom was directed toward the reef wall
to the south.

From the average current exiting the lagoon through
the Calalin Channel, the maximum turnover time for
the water in the lagoon is 40 days. Application of the
tidal prism theory results in a turnover time of 17 days
[see Suzuki et al., 1997], but most of this exchange is
probably limited to the area close to the Calalin Chan-
nel. The strong outflow from the Calalin Channel in
both the surface and bottom must be balanced by an
inflow into the lagoon. The most likely mechanism is
wind wave radiation-stress-driven flow over the wind-
ward reef flats.

4.3. Tidal Currents

We applied Fourier transforms for the My and (K;
+ O1) tidal components to an average 24.8 hour cycle

with a 10 min sampling interval (each time step is av-
eraged over the fourteen 24.8 hour cycles) to calculate
tidal ellipses for each of the observed current profiles.
Fourier analysis is simpler to apply than harmonic anal-
ysis and just about as effective for studying these tidal
components.

Both tidal currents were strong at station C. While
the tidal currents at stations A and B were less than
2 cm s~ 1, the detection limit of the RCM meters, the
surface and bottom ellipses at station C were aligned
directly in and out of the Calalin Channel and were
generally in phase (Figure 5). Close inspection of the
daily variation in the M and (K; + O;) tidal ellipses
shows a large day-to-day variability in the phases at
stations A and B, so the phases and amplitudes of the
tidal ellipses at those stations are not likely to be highly
significant. The M, tidal ellipses at station C for the
spring tide have the same direction as those for the neap
tide but are almost 3 times as large (Figure 6), in agree-
ment with the threefold difference between the spring
and neap tidal ranges (see Figure 3).

We use these measurements to estimate the contri-
bution of the tidal exchange in the Calalin Channel to
the total tidal exchange required at Majuro Atoll by
the tidal prism theory [Prager, 1991]. The total tidal
exchange volume is the lagoon surface area times the av-
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Figure 5. (a) M3 and (b) (K; + Oy) tidal ellipses calculated by Fourier transform from the
current- measurements. Tidal ellipses are averaged over the spring-neap tidal cycle as explained
in the text. Note the order of magnitude difference in the scales of the M, tidal currents at
stations A and B and at station C. Diamonds and squares show the tidal currents at low tide
and at 1 hour past low tide, respectively, indicating the direction of the change in tidal current.
The definition of the (K; + O;) tidal cycle is given in the text.

erage M, tidal range of 1.0 m or 3.8 x 10® m? per tidal
cycle. The cross-sectional area of the Calalin Channel is
approximately 39,000 m2. The average tidal current is
equal to the maximum current times 27r~!. From Fig-
ure 5a, the maximum M, tidal current at station C for
the survey period is about 30 cm s™!, yielding a tidal
exchange through the channel of 1.7 x 108 m® per tidal

cycle. Thus the tidal flow through the Calalin Channel
accounts for roughly 45% of the tidal exchange at Ma-
juro Atoll. The amplitude of the (K; + Oy) tide is only
about 30% of that of the M, tide, and the tidal period
is twice as long, so the (K; + O;) tide should contribute
little more than 10% of the tidal current, i.e., the tidal
exchange at Majuro Atoll.
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Figure 6. M, tidal ellipses for (a) January 12, 1997, showing results from the model forced by
the Mz spring tide, and (b) January 20, 1997, showing results from the model forced by the M,
neap tide. Tidal ellipses calculated by Fourier transform from the results of the two-dimensional,
vertically integrated tidal model for the My tidal cycle are also shown.

4.4. CTD Profiles

None of the CTD depth profiles showed any strong in-
dication of thermocline or halocline structure (Figures 7
and 8), in agreement with the observations of Atkinson
et al. [1981] at Enewetak Atoll and of von Arz [1948]
at Bikini Atoll. The lack of salinity gradient in spite of
the relatively large precipitation at Majuro Atoll during
the survey period indicates strong vertical mixing of the

lagoon water. The largest differences between surface
and bottom salinity appeared at sites 7 and 12. Site
7 is about 5 km from the Calalin Channel and may be
within range of the tidal exchange through the channel.
Site 12 is located in an area of relatively strong oceanic
exchange across the reef flats to the east and west (Fig-
ure 2). Thus the larger salinity differences observed at
these sites may be due to the direct influence of oceanic
water.
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Figure 7. Salinity (psu) at (a) 1 m and (b) 30 m depth, temperature (°C) at (c) 1 m and (d) 30 m

depth, and density at'(e) 1 m and (f) 30 m depth
are from CTD casts. Density is calculated using
of or. Ocean values are shown with large numer
psu for salinity, 0.04°C for temperature, and 0.0
indicates lows.

Spatial differences in the lagoon were also very small,
indicating strong horizontal mixing. In the west lagoon,
salinity and temperature decreased slightly near the SE
island mass, possibly owing to a delayed input of fresh-
water from the fresh water lens under the island mass
following the heavy rainfall on January 10 or to a longer
water residence time in this region. Salinity and tem-
perature were nearly uniform in the east lagoon, indi-
cating the existence of a strong mechanism for mixing
the lagoon water there.

On January 12, the surface salinity in the lagoon
(33.77 to 33.96 psu) was significantly lower than that at
site 9 on January 13 (34.13 psu), outside of the Calalin

on January 12, 1997. Salinity and temperature
the Knudsen state equation and shown in units
als outside the atoll. Contour intervals are 0.05
4 kg m™? for density. H indicates highs, and L

Channel (Figure 7a). This salinity difference may be
due to the heavy rainfall that occurred on January 10
(Figure 3) or possibly to the timing of the CTD casts.
As the tidal exchange is very important through the
Calalin Channel, the CTD profiles at site 9 and the
sites just inside the lagoon (CTD sites 8, 7, and 10)
may be markedly different during ebb and flood tides.
Site 9 was sampled during the middle of the ebb tide on
January 13, while sites 7, 8, and 10 were sampled just
before low tide on January 12. However, as the salinity
throughout the entire lagoon should not change drasti-
cally over 1 day, the fact remains that there was a sig-
nificant salinity difference between the inner lagoon and
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Figure 8. Same as Figure 7, but for January 20-21, 1997.

the ocean. Surface temperatures on January 12 were, in
general, slightly lower in the lagoon than in the ocean.
The air temperature varied from about 30°C at noon
to 26°C at night. Thus the lower temperatures in the
lagoon may be due to surface cooling. Bottom temper-
atures were less than or equal to surface temperatures
except at sites 7 and 14 (Figures 7c and 7d). The in-
crease of temperature with depth at site 7 supports the
hypothesis that the bottom water at site 7 is, in fact,
oceanic water entering into the bottom of the lagoon
through the Calalin Channel.

On January 20-21, the difference observed on Jan-
uary 12 between the surface salinity in the lagoon and
the ocean salinity measured at site 9 had disappeared
(Figure 8a), mainly owing to a lowering of oceanic salin-
ity. In the lagoon, surface and bottom salinities were
lowest close to the southern island mass again (Figures

8a and 8b). A high in the bottom salinity occurred in
the NW region of the lagoon (sites 8, 11, and 12). Tem-
perature was again slightly lower in the lagoon. At sites
1,7, and 12, bottom temperatures were higher than the
surface (Figures 8c and 8d).

'As temperature gradients were small during both sur-
veys, density fields calculated from the observed tem-
perature and salinity data from the Knudsen state equa-
tion generally reflected the same trends as the salinity
fields (Figures 7e, 7f, 8¢, and &f).

5. Numerical Simulations of
the Currents at Majuro Atoll

5.1. Numerical Simulations

Using a vertically integrated numerical simulation in-
cluding tides, wind, and radiation stress, Prager [1991]
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estimated the flushing period of a Caribbean-type back-
reef lagoon to be less than 1 day. Computer-tracked
drogues exited the lagoon in 6 to 10 hours. Wolanski
et al. [1993] applied Prager’s radiation stress formula-
tion to study the flushing of pollutants from Tiahura
Lagoon at Moorea, French Polynesia. They found that
large waves resulted in strong flushing of the lagoon,
but without the waves the currents were sluggish in the
western lagoon, even in the presence of a strong trade
wind. Kraines et al. [1998] applied a depth dependent
formulation of radiation stress to a vertically integrated
flow simulation to study the observed circulation in a
small lagoon in the Ryukyu Islands of Japan. They
were able to reproduce the temporal variations of the
observed currents, and they calculated a residence time
of computer-tracked particles in the lagoon of about 3
to 5 hours. Wolanski and Pickard [1983] studied the
circulation and flushing of Britomart Lagoon, which is
exposed to SE trade winds. They showed that the net
outflow of 2.5 x 10° m® s™! from the western channel
must be supplied by an over-the-reef flow of at least
6 cm s~!. By examining the balance between bottom
friction and wind stress in the longshore direction and
bottom friction and pressure gradients in the cross-shelf
direction, they estimated the bottom friction coefficient
to be 1.5 to 2.5 x 1072, ,

von Arz [1948] and Atkinson et al. [1981] pointed
out that currents in atoll lagoons are driven by wind,
waves, tides, and oceanic currents. In addition, dif-
ferences in the effects of evaporation and precipitation
in the shallow lagoon versus the deep ocean may in-
duce density-driven currents between the lagoon and
the ocean. Atkinson et al. [1981] noted that the very
shallow perimeter reefs of the Marshall Island atolls iso-
late the lagoons from the influence of oceanic currents.
A test run we carried out with a 0.5 m s~! ocean cur-

rent typical of the region resulted in little generation of

currents within the lagoon. Therefore we model the ef-
fects of wind, waves, density, and tide on the circulation
in the lagoon of Majuro Atoll.

We use two computer simulations to examine the ef-
fects of these driving forces. The first is a vertically in-
tegrated model forced by changing the elevation of the
boundary meshes according to the observed major tide
components and is identical to that used by Kraines
et al. [1998] without radiation stress. The second
is a three-dimensional diagnostic simulation adapted
from the diagnostic model by Guo and Yanagi [1994,
1995, 1996, 1997], which includes the density-driven
current, the wind-driven current, and the radiation-
stress-driven, cross-reef transport. Both models are ap-
plied to a fine-scale realistic topography of Majuro Atoll
with a mesh size of 500 m and run with a time step
of 5 s, which is approximately equal to the Courant-
Friedrichs-Lewy condition for a bottom depth of 100
m. Boundaries are taken to be at least 10 km from the
atoll to avoid boundary effects on the modeled lagoon
circulation.

“mean flow in the lagoon.
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The model equations for the three-dimensional diag-
nostic simulation are given by [Guo and Yanagi, 1997]:
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Here Cartesian coordinates are used with the verti-
cal coordinate directed upward and the horizontal co-
ordinates laid out on the undisturbed sea surface; u is
the three-dimensional velocity vector; V is the gradi-
ent operator; t is time; u, v, and w are the z, y, and
z components, respectively, of the residual velocity; Ay
is the horizontal eddy viscosity; A, is the vertical eddy
viscosity; P is pressure; p is the density calculated from
the CTD data using the Knudsen state equation; p, is
the average density; A is the undisturbed water depth;
7 is the sea surface elevation; f is the Coriolis parame-
ter (8.469 x 1075 s71); and g is the acceleration due to
gravity. The F terms at the end of (1) and (2) denote
forcing terms and will be discussed below. The equa-
tions are solved by the Alternating Direction Implicit
(ADI) method as described by Guo and Yanagi [1994].

Two forcing terms, Fiigaistress @0d Frad stress, are in-
cluded in (1) and (2). The tidal stress, Fijqalstress, 18
solved by integrating the harmonic results from the two-
dimensional tidal simulation as described by Guo and
Yanagi [1994]. The tide-induced residual flow from the
tidal current is very small, except the region near the
Calalin Channel, so we neglect it in the calculation of
Flradstress denotes the hor-
izontal change in radiation stress per unit horizontal
distance perpendicular to the reef flat and unit verti-
cal distance through the water column. The z and y
subscripts indicate the z- and y-directed components,
respectively, of the stresses. We include the directional
effect of waves that impinge on a reef flat that has vary-
ing normal vectors and the refraction effect of the waves
as they refract to become more normal to the reef line
by using the radiation stress tensor derived by Longuet-
Higgins and Stewart [1964] and adapted by Kraines et
al. [1998]. We used the wave heights from each of the
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CTD survey periods (Figure 3) and the observed south-
west direction of wave propagation.

The z- and y-directed Fr,qstress terms per unit ver-
tical distance are calculated prior to the model run on
all of the reef meshes using

=7z ()

{ [n (1 + C.OS2 6) — 05] (KrefractH)z]

F rad stress—z

~ [n (1+cos?6) —0.5] H?], | (5)
1
Fradstress—y = B“@ (%)
{[n(1+5in? 6) = 0.5 (Kretract )’
~ [n(1+sin?0) —0.5] B%]_} (6)
cosd,
Krefract = cosf (7)

Here n is the ratio of the group wave velocity to the wave
celerity; H is the wave height; dz and dy are the z and y
mesh widths, respectively; 6, is the direction of the wave
propagation in deep water, and 6 is the direction of wave
propagation near the reef, which differs from the deep
water wave direction owing to the effect of refraction
on the direction of the shoaling wave train. The wave
direction § is calculated using Snell’s law as described
by Kraines et al. [1998]. As the model calculates the
steady state residual current, the radiation stress terms
are kept constant following the initial calculation.

We revised the diagnostic simulation program to use
fixed vertical levels of 50 cm, 1 m, 2, 5, 15, 25, 35, 45, 60,
and 100 m for all meshes. As the minimum depth in the
modeled regime is 1 m, each nonland mesh has at least
two levels. The model was run for 2 days, upon which
the total kinetic energy of the model regime calculated
from the average current velocity became stable.

The boundaries, taken 10 km from the atoll, are
closed for both simulations. We judged this method
to be the most economical, considering that the lagoon
is effectively isolated from the ocean currents by the
atoll rim as described above and that the currents in
the lagoon are forced mainly by processes in the lagoon
and on the reef as we will describe below. As we ob-
served the lagoon at Majuro Atoll to be vertically well
mixed, constant vertical and horizontal eddy viscosity
coefficients are justified. We set the horizontal eddy
viscosity coefficient to the average of the surface and
middepth values of the horizontal eddy diffusion coeffi-
cients obtained by Munk et al. [1949] for Bikini Atoll,
i.e., 1 x 10° cm? s~!. For the three-dimensional diag-
nostic model, the vertical eddy viscosity should be set
smaller than the observed value, which is increased by
wind mixing. We have used a value of 35 cm? s~!, ap-
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proximately one eighth the value given by Munk et al.
[1949].

On the reef flat meshes (i.e., with depth less than 2
m), this eddy viscosity was not large enough to transfer
the momentum flux due to bottom friction in level 2
to the water in level 1. We corrected this instability by
increasing the eddy viscosity to 1000 cm? s™! on the reef
flat meshes, justified because the turbulent viscosity is
believed to be far greater on the reef flats owing to the
wave action as indicated by Smith’s [1973] observation
of the rapid mixing of dye on the reef flat at Enewetak.

Wind stress and bottom friction stress are given by
the following standard surface and bottom boundary
conditions:

z=0:

Flyind stress = Cdpa (Uu.a Ua) \/ Ug + Ug (8)
z=—h:

Fyot stress = Chrpo (Ub, Ub) Ug’ + ’Ug (9)

Here Cy is the nondimensional wind drag coefficient
(1.3 x 107%), p is the density of air (1.2 x 1073 g cm™3),
u, and v, are the wind velocity components, Cp, is the
drag coefficient of the seabed, and u;, and v, are the
velocity components above the seabed. In order to ac-
count for higher observed bottom frictions on reef flats
with high bottom roughness, for meshes with depths 5
m or less we calculate Cy, as a function of depth using
Manning’s formula [Committee on Hydraulics, 1985].
We set the Manning’s coefficient to 0.10, the value
used by Kraines et al. [1998]. For a depth of 1 m,
the bottom friction coefficient is calculated to be 0.042,
slightly larger than the values calculated by Wolansk:
and Pickard [1983]. At 5 m the bottom friction coef-
ficient is 0.025. Below 5 m, we use a constant bottom
friction coefficient of 0.0026.

The second term on the right side of (4) corresponds
to the effect of density gradients on the momentum bal-
ance. The data from the CTD surveys were used to
calculate the density stress field. We set all of the out-
side meshes equal to the profiles observed at site 9. In
the lagoon, we used a distance-weighted average of the
closest CTD sites to calculate temperature and salin-
ity at each mesh. As the low salinities near the land
masses are likely to result from delayed input of fresh
water from the freshwater lenses of the land masses, we
calculated hypothetical CTD profiles at the shore from
linear extrapolation of each pair of shoreward directed
CTD sites.

In order to account for the roughness of the CTD
survey data, the model uses a robust diagnostic hy-
draulic computation [Sarmiento and Bryan, 1982; Fu-
jino and Imasato, 1991]. The tendency for the tem-
perature and salinity to remain close to the observed
values is parameterized by a coefficient v; that is, the
standard diffusion-advection equation for heat transfer
is weighted back to the observed profiles by v. We ran
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the model with values of v ranging from (6 min) ~! to
(1 d) !, but the results did not differ markedly. For
the runs described below, we set v to be (30 min) !,
which resulted in the best balance between a pure diag-
nostic simulation (v = co0) and an unweighted diffusion-
advection simulation (v = 0).

5.2. Depth-Integrated Tidal Current
Simulation Results

The results of the model forced with a 1.5 m spring
tidal range (Ms + S2) and a 0.5 m neap tidal range
(Mg - S;) show that the strongest exchanges occur
through the Calalin Channel and the Western Chan-
nel as predicted by the calculations from the observed
data. The tidal ellipses plotted from the modeled cur-
rents are in reasonably good qualitative agreement with
the observed tidal ellipses for the spring tide model, con-
sidering the weakness of the tidal currents at stations
A and B (Figure 6a). Modeled tidal ellipses from the
neap tide model run were considerably smaller than the
spring tide model run and appeared to be smaller than
the ellipses plotted from the observed data, particularly
at stations A and B (Figure 6b). The magnitudes of the
neap tide tidal currents at stations A and B were near
the detection limit, so this discrepancy may be due to
noise in the observations.

KRAINES ET AL.: RAPID WATER EXCHANGE AT MAJURO ATOLL

5.3. Three-Dimensional Robust
Diagnostic Simulation Results

The residual surface flow field generated by the three-
dimensional diagnostic model for the conditions of the
first CTD survey (the model runs under the conditions
of the CTD surveys on January 12, 1997, and Jan-
uary 20-21, 1997, are hereafter referred to as CTD1 and
CTD2, respectively) shows strong cross-reef currents of
up to 100 cm s~! (Figure 9). These currents are gener-
ated by radiation stress due to waves breaking on the
windward reef flats. Wind stress combined with density
gradients in the lagoon result in a complex lagoonal cir-
culation pattern. The surface circulations at 75 cm and
3.5 m depths are basically wind driven, although the
density gradients in the west lagoon cause the flow to
be directed to the SW. At 10 m, the current velocities
are much smaller. Northward currents dominate the
central lagoon, and an eastward current occurs in the
west lagoon. The flow field at 30 m shows a relatively
strong SE return flow in the western lagoon and a slight
southern bottom flow just east of the Calalin Channel.
Study of the circulations generated by running the sim-
ulation with density gradients only and wind stress only
showed that the north-south components of the circu-
lation can be explained almost entirely by the density
field, while the only effect of the wind field below 5 m is
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Figure 9. Results from the three-dimensional diagnostic residual current model using the tem-
perature and salinity measurements and weather conditions from January 12, 1997. Flow fields
at 75 cm, 3.5, 10, and 30 m are shown. Reference arrows in the lower left show current speeds of
10 and 50 cm s~! for the two different arrow types.
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in the eastern components of the flow in the west lagoon
(data not shown).

Although there are some significant differences, sim-
ulation results from CTD1 and CTD2 qualitatively re-
produce the major characteristics of the observed cur-
rents during each survey (Figures 10 and 11). In both
simulations, the observed flow pattern 10 m below the
surface is explained by radiation-stress-driven, cross-
reef flow that enters the lagoon on the windward reef
flats to the northeast and northwest and turns around
toward the only major exit for water in the lagoon,
namely, the Calalin Channel. There the water flows
out strongly to the ocean, generally in agreement with
the observed average current vectors at station C. On
January 12, 1997, the larger wave heights result in a
stronger outflow through the Calalin Channel and the
currents at stations A and B are directed more north-
ward than the observed vectors, apparently also a result
of the stronger radiation stress effect (Figure 10a).

The observed current patterns 10 m from the bottom
are also reproduced reasonably well by the modeled flow
fields at 30 m depth. The radiation-stress-driven, cross-
reef flow causes water to be driven out the Calalin Chan-
nel in the bottom layers as well as the surface in spite
of the pronounced density gradient, particularly on Jan-
uary 12. On January 12, at station C the observed bot-
tom average current had a strong western component
not seen in the simulation results (Figure 10b). How-
ever, just outside the channel, the outward flow is met
by an inward directed current vector (Figure 9), which
is most likely an effect of the strong density gradient
between the lagoon and the open ocean. With higher
model resolution, the complex flow field at the channel
may give rise to a flow at station C along the topogra-
phy of the channel toward the open area to the west,
which would result in a velocity in the observed current
direction. This directional character in the bottom flow
did not occur on January 20-21, and CTD2 showed a
constant directional flow through the channel out to the
ocean (Figure 11b).

The model predicts a strong return flow in the bot-
tom currents at stations A and B, which differs from the
observed current vectors. The southern flows observed
in the bottom profile at station B are also not repro-
duced exactly, but the wind-driven eastern return flow
is strongly deflected southward on January 12 and not
on January 20-21, in agreement with the observations
(Figures 10b and 11b). Considering that the major dif-
ference between the two surveys is the density field,
the southern flow is most likely caused mainly by the
density gradient near the southern island mass. The
differences between CTD1 and CTD2 demonstrate the
sensitivity of the simulation to wave height and density
gradients.

In addition to the moored current meters in the la-
goon, we also set up an ACM current meter on the reef
flat at 171°20’E and 7°07’N (data not shown). The av-
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erage cross-reef current speed measured there was 20 cm
s~!. The current speeds at that location predicted by
CTD1 and CTD2 were 24 and 22 cm s~!, respectively.
For a model run with no radiation stress, the modeled
current speed was just 1 cm s71.

From the temperature and salinity measurements of
Suzuki et al. [1997] in September 1994 at Majuro Atoll,
together with wave heights and wind speeds from that
month obtained from the Japan Meteorological Agency,
we calculated the flow field using the diagnostic sim-
ulation with the tidal stress field calculated from the
spring tide tidal current model described above (here-
after CTD94). Although wind speeds were smaller in
September 1994 than January 1997, resulting in more
vertical structure of the CTD profiles in the lagoon
[Suzuki et al., 1997], wave heights around the atoll were
slightly larger (Japan Meteorological Agency). As a
result, the modeled flow exiting through the Calalin
Channel that is driven by radiation-stress-induced, cross-
reef flow was similar to the results obtained from the
January 1997 survey data. However, the flow fields in
the lagoon were substantially different from the previ-
ous runs, showing the strong effects of wind and density
on the lagoon circulation.

6. Discussion

The flow fields simulated by the model runs show a
combination of two strong circulation mechanisms. The
strong winds during the survey period force a rapid cir-
culation within the lagoon with modeled surface cur-
rents of the order of 10 ¢cm s~! and bottom return
currents of 4 to 5 cm s~!. The surface current car-
ries water across the 40 km lagoon in 4.6 days; the
bottom current returns this water to the eastern la-
goon in about 10 days. Thus the wind-driven water
turnover in the lagoon takes about 2 weeks. This pe-
riod is somewhat longer than the estimate of von Arz
(1948] for Bikini Atoll. The other strong circulation is
the radiation-stress-driven flow from the reef flats to the
channels in the center of the northern boundary of the
lagoon. As we will demonstrate below, this radiation-
stress-driven current appears to be the dominant mech-
anism exchanging water from the ocean, over the reef
flats, into the lagoon, and back to the ocean through
the deep channels.

In order to examine the effects of each of the forcing
mechanisms, we conducted model runs with radiation
stress only, wind stress only, density gradients only, and
tidal stress only. From the flow fields generated by the
three full-forced model runs described above and the
simulation runs for each forcing term, we calculated the
volume of seawater crossing the boundaries of the atoll
as the sum of the lagoon-directed flow volumes across
the atoll edge. The channels account for the bulk of the
exchange, with the exchange through the small passage
to the SE being negligible (Figure 12). We calculated



(6)]
(@]

Wind Vector (x 0.01)

Ref Vector: 10 ¢cm s

10 T T T T T T T
20 30 40

100

Wind Vector (x 0.01)

10 T T ' T I T T T

20 30
Figure 10. Comparison of the three-dimensional diagnostic residual current model results using
the temperature and salinity measurements and weather conditions from January 12, 1997, with
the average observed current vectors from the current meters moored 10 m from the surface and
10 m from the bottom, at (a) 10 m and (b) 30 m depth. Measured average current vectors are
shown with thick lines and small heads; modeled current vectors are shown by thin lines and
large heads. Wind vectors are shown at 0.01 times the length of the current vectors; that is, the
reference vector of 10 cm s~ is equivalent to a wind speed of 10 m s~ 1.

100



KRAINES ET AL.: RAPID WATER EXCHANGE AT MAJURO ATOLL

15,649

| | |
a Jan 20-21 - 10 m depth

Ref Vector: 10 cm s
10 I ] T

/
Wind Vector (x 0.01)

20 30 40

100

| . | |
b Jan 20-21 - 30 m depth

Wind Vector (x 0.01)

10 T T T
20 30

100

Figure 11. Same as Figure 10, but for model run using CTD data from January 20-21, 1997,

and weather conditions from January 20, 1997.

the residence time 7 in the lagoon as the lagoon volume
divided by the outflowing seawater volume shown in
Figure 12; that is,

volume

~ outflow rate (10)

The residence times for each model run are shown on
the right vertical axis scale in Figure 12 and summarized

in Tables 1a and 1b. The model run forced by radia-
tion stress on the reef flats with no wind or tidal stress
and uniform density gradients resulted in an exchange
volume almost the same as the CTD1 model run. The
exchange volumes calculated from flow fields resulting
from each of the other forcing terms were all less than
10% of the full forced exchange volumes (Tables 1a and
1b). Thus the exchange of seawater between the lagoon



15,650

KRAINES ET AL.: RAPID WATER EXCHANGE AT MAJURO ATOLL

9E+5
- F Py e 10 days
8E+5 | Standard Runs Wind Stress Density Forced Tide Radiation
7E+5 Runs Runs Run Stress —
| Runs =
T 6E+5 EREMAINDER = |
(SR p— MBRIDGE ~ [---memopooooeeeeees = 15 days
"é’ E B B CHANNEL2 = |
o 4E¥S =5 T ICHANNEL1 ~B|| 20 days
£ L = Tl B TOTAL OUTFLOW
3 ES L h""_f"" - --~{| |- 30 days
2 2E+5 |
2 R B S ---1| [ 50 days
1E+5 - e 1t | ST e T S I 11 N -—-1|1H 100 days
QE+Q U=l lp-g--ooes -__E" - ﬁ PR % - -—-1lil---11li-4 one year
-1E+5
~— o < C C [ C < Q
o o 2 s 3 s 3 2 2 £ & &
O O E ~§ o & o @ o 0 i I
) ] O ~ N -~ ~N ) c o o o
L £ 2 = T T T
= = [o%
= n

Figure 12. Bar graph showing the total seawater volurne outflow across the atoll boundaries for
each of the diagnostic model runs. Water residence times corresponding to the exchange volumes
are shown at left. “Channell” is the contribution of exchange through the Calalin Channel
to the water exchange, “channel2” is the contribution of the Western Channel, “bridge” is the
contribution of the SE passage, “remainder” is the exchange volume not accounted for by the
above channels in the atoll boundaries. “Standard runs” are full forced model runs. “Wind stress
runs” are forced with wind stress only. “Density-forced runs” are forced with density gradients
only. The “tide run” is forced by tidal stress calculated from the depth-integrated tidal model
run with the spring tide amplitude. “Radiation stress runs” are shown for ocean significant wave
heights H, of 1, 2, and 3 m. For cases where one of the channel flows is negative (inflow), the

“total outflow” is given in dark shading.

and the ocean appears to be almost entirely controlled
by radiation-stress-driven, cross-reef flow.

The residence times calculated here are smaller than
most of the residence time estimates for Bikini Atoll
and Enewetak Atoll described in the introduction. Test
runs with openings in the southern boundary showed
little change in the volume exchange rates; even rela-
tively large openings on the leeward side simply redi-
rected outflow from the lagoon away from the two main
channels without changing the net outflow (data not
shown). Apparently, the closure of the southern bound-
ary of the lagoon does not affect the exchange of oceanic
water appreciably since the cross-reef currents are still
generated by radiation stress on the reef flats. Kraines
et al. [1998] showed that radiation stress can result in
rapid turnover of water in the lagoon of a small fring-
ing reef. Previous methods of estimating the water res-
idence time of coral reef lagoons may not have ade-
quately accounted for the strong exchange mechanism
of radiation stress on the windward reef flats.

We used the calculated flow fields to model the trans-
port of particulate matter through the lagoon. Parti-
cles were tracked through the lagoon until either they
came into contact with the seabed or they exited from
the lagoon to the open ocean. Two cases were consid-

ered for each flow field. In the first case, particles were
spread evenly throughout the lagoon both horizontally
and vertically. In the second case, particles were set ini-
tially only in reef flat meshes (depth less than 2 m) to
investigate the behavior of particles produced in those
regions.

The equations for the particle tracking model are

Xt—i—At = thlAt

+(V - u) uA#? + rand/24, At (11).
Zt+At = Zt + ('U) + ’LUS) At (12)

Here X, is the z, y position of the particle at time t, Z;
is the vertical position of the particle at time ¢, w, is the
sinking rate of the particle, u is the horizontal velocity
of the particle, At is the time step of the particle model
taken as 10 s, and rand is a random numiber from -1 to
1 used to parameterize the dispersion of the particles.
The particle transport model was run for 50 days.

For all of the modeled cases, the majority of the par-
ticles sink within the lagoon (Tables 2a and 2b). This
behavior may be overestimated by the model since par-
ticles that come into contact with the seabed may be



Table 1a. Water Residence Times Ca‘culated
From Flow Volumes Shown in Figure
Standard Wind Density
Run Stress Stress
Jan. 12, 1997 14.8 185 238
Jan. 20-21, 1997 16.3 270 552
Sept. 1994 14.7 N.A 108

Units are in days. N.A. is not available.
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resuspended into the water column. Hata et al. [1998]
showed evidence for strong vertical fluxes of sinking par-
ticies at Palau. However, considering the rapid rate of
decomposition of the particulate organic matter [Martin
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ness of the bottom flow field calculated here, the as-

sumptions used in the model are probably sufficient to
qualitatively estimate particle transport in the lagoon.

The results of the particle-tracking model are mainly
useful for sensitivity tests. For both the lagoon origin
case and the reef flat origin case, the largest export
of particles from the atoll occurred using the flow field
from the radiation-stress-driven model run. This export

was even larger than that of the flow field generated
'|,“, OCTD1. imolvine that the interaction of the Fnr(‘mo‘
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terms may result in a damping effect on the advective
export due to radiation stress.

The above results indicate that radiation-stress-driven,

cross-reef currents are the dominant single mechanism
forcing the export of particles from the lagoon to the
open ocean at Majuro. Tidal exchange at Majuro Atoll
produces a strong current through the deep channels
on the northern boundary, but the limited duration of
the tidal cycle precludes this excharige from being an
important mechanism in exchanging lagoon water with
the ocean beyond the immediate vicinity of the chan-
nels. Wind-forced circulation, while being an effective
mechanism for keeping the lagoon well mixed, also does
not result in much exchange with the open ocean. How-
ever, the two mechanisms when combined might result
in a significant exchange.

In order to investigate this p0531b1hty, we tracked par-
ticles in the flow field resulting from the tidal model
forced by the spring tide and determined the region

Table 1b. Water Residence Times.
For Radiation Stress Only Calculated
From Flow Volumes in Figure 12

Wave Residence
Height, Time,
m days
1.0 30.5
2.0 14.7
3.0 10.1
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Table 2a. Results of the Reef-Flat Particle
Trajectory Model Runs

Reef Remain Sink Export
CTD1 30 58 12
CTD2 30 60 10
CTD94 33 63 4
CTD1" 20 51 28
CcTD1f 37 54 9

Wind Tide

CTD1 28 50 22
2gt 48t 23t

Values are in percent.

“Remain” is the percentage of particies remain-
ing in the water column of the lagoon, “sink” is the
percentage of particles sinking to the bottom of the
lagoon and “export” is the percentage of particles ex-
ported from the lagoon to the open ocean. “Wind
tide” indicates results including the wind-tidal ex-
change mechanism described in the text.

" Results were calculated from the first CTD survey
with radiation stress only.

t Results were calculated from the first CTD survey
with wind stress only.

around the channels where particles were exported dur-
ing one M tidal cycle. We then considered that parti-
cles in the three-dimensional tracking model that enter
this region are immediately exported from the lagoon.
The assumption here is that particles exiting the la-
goon through the channels are swept away immediately
by the offshore currents and therefore do not reenter
the lagoon. The resulting contributions of this mecha-
nism to the export of particles from the lagoon for the
CTD1 and wind-only flow fields are shown in Table 2b.
This mechanism results in a significant increase in ex-
port under both cases of particle origin compared to the
full forced modeled flow field but still not quite as large
as that using the radiation-stress-driven flow field in the
reef flat origin case.

Table 2b. Results of the Lagoon Particle Trajec-
tory Model Runs

Sink

Lagoon Remain Export
CTD1 18 70 11
CTD2 18 72 10

CTDY%4 15 78 6
CTD1 20 52 29
CTD1 27 71 2

Wind Tide
CTD1 16 53 32
23 44 33

See notes for Table 2a.
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7. Conclusions

The distinct, unidirectional flow pattern from the
east and west lagoons out through the Calalin Channel
was explained by radiation-stress-induced flow over the
windward reef flats at Majuro Atoll. Radiation stress
was also shown to be the dominant factor in exchange of
seawater with the open ocean and a major mechanism
for flushing particulate matter from the lagoon to the
open ocean. The forcing due to radiation stress is very
sensitive to the open ocean wave height [Kraines et al.,
1998]. "Current measurements just inside or directly on
the windward reef flats combined with measurements
of wave heights and wave directions outside of the atoll
could provide a direct measure of this forcing.

The results from the survey conducted by Suzuki et
al. [1997] in September 1994 showed that both vertical
and horizontal salinity gradients weré more pronounced
at that time. Furthermore, in contrast with our survey
results, they observed a salinity increase near the SE
island mass. Thus the circulation in the lagoon during
the summer doldrums might be thought to be weaker
than the circulation we observed here. However, the
results of the model run using data from that time pe-
riod showed an even greater seawater exchange with the
ocean than during our survey, attributed to the slightly
larger wave heights during that period.

The particle-tracking model presented here is able
to distinguish qualitatively between the behaviors of
particle movement and export within the different flow
fields calculated; however, a method is needed to verify
the output from the model. Experiments with neutral
buoyancy buoys and measurements of particle concen-
tration distributions in the lagoon could help to quan-
tify the results of the model.
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