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Abstract

We present results of the thermodynamics and hydrodynamics of an atoll system and their effect on coral

cover based on field measurements from 2012 to 2014 on Palmyra Atoll in the central Pacific. We found that

spatial variations in coral cover were correlated with temperature variations on time scales of days to weeks.

Shallow terrace and backreef sites with high coral cover (> 50%) had a highly variable temperature distribu-

tions, but their average weekly temperature distributions were lower and similar to offshore waters. The

mechanism for maintaining this low weekly temperature was mean advection, which varied on a weekly

timescale in response to wave forcing. Tides were also important in driving flow on the atoll, but their contri-

bution to the net transport of heat was not significant. Wind and regional forcing were generally not impor-

tant in driving flow inside the atoll. Buoyancy-driven flows were important within the lagoons, and in

driving cross-shore exchange on forereef environments. The physical factors favoring high coral cover per-

centage varied according to the different prevailing hydrodynamic regimes: low temperatures in backreef

habitats, short travel times in lagoon habitats (days since entering the reef system), and lower wave stress on

forereef habitats. In light of future warming from climate change, local areas of reefs which maintain lower

temperatures through wave-driven mean flows will have the best likelihood of promoting coral survival.

Globally, reef building corals face elevated extinction risk

from climate change (Carpenter et al. 2008). Reef-building

corals have experienced global declines resulting from

bleaching events caused by week to month-long warm-water

exposure (Hughes et al. 2003; Hoegh-Guldberg et al. 2007;

Carpenter et al. 2008). However, corals in naturally warm

environments can exhibit enhanced resistance to bleaching

at high temperatures up to some limiting threshold, and

studies show evidence of both short-term acclimatory and

longer-term adaptive acquisition of climate resistance (Pal-

umbi et al. 2014). Corals can often resist high temperature

variability at hourly time scales (Mayfield et al. 2013; Dan-

dan et al. 2015), but may be more vulnerable to disease and

even experience mortality when exposed to elevated temper-

atures at time scales of several days to weeks (Bruno et al.

2007; Williams et al. 2010; Palumbi et al. 2014). Thus, in

light of global climate change, understanding local thermal

variability on reefs is important.

Reef thermal variability (i.e., spatial and temporal devia-

tions from offshore conditions) can be driven by atmos-

pheric forcing (e.g., solar radiation, wind, and surface heat

fluxes) (Smith 2001; Wells et al. 2012; Zhang et al. 2013), as

well as from advection driven by waves, tides and other forc-

ing (Davis et al. 2011; Herdman et al. 2015). While diurnal

temperature variability can be quite high on shallow back

reefs (Herdman et al. 2015), the longer term weekly or

monthly averaged temperatures appear to be more stressful

to corals (Williams et al. 2010; Palumbi et al. 2014). These

long-term temperatures are the basis for time integrating reef

bleaching predictors such as the degree heating week, which

is a cumulative measure of thermal stress (Strong et al.

2011). Little work, however, has been done to relate weekly

temperature variability to observed benthic community com-

position in a mechanistic manner.

Thermodynamics on coral reefs are strongly influenced by

the physical transport of sea water, and thus quantifying the

distribution and variability of temperature requires a mecha-

nistic understanding of the hydrodynamic forces driving reef

circulation; for example, waves, tides, regional flow, wind,

and buoyancy effects. These mechanisms have different

importance depending on the length scale of interest (Moni-

smith 2007). Waves have long been recognized as the
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dominant forcing mechanism driving circulation and trans-

port on many reefs (Munk and Sargent 1948; Symonds et al.

1995; Kraines et al. 1998; Lugo-Fern�andez et al. 2004; Calla-

ghan et al. 2006; Lowe et al. 2009). However, while about

two-thirds of reefs globally are wave dominated, the remain-

ing one-third are tidally dominated (Lowe and Falter 2015).

The classic dynamical basis by which waves drive flow is

by changes to the waves from physical processes such as

shoaling, refraction, dissipation, and so forth, which create

spatial gradients in radiation stresses and impart a force in

the momentum equation (Longuet-Higgins and Stewart

1964). Conceptually, wave dissipation from breaking or bot-

tom friction increases the mean water level, known as wave

setup, establishing a pressure gradient that drives flow across

the reef in the direction of wave propagation (Munk and Sar-

gent 1948; Young 1989; Lowe et al. 2009). On reefs, wave

dissipation by bottom friction can be quite high due to the

complex bathymetry (Monismith et al. 2015; Rogers et al.

2016), and physically, this can create less wave breaking and

lower setup; thus reducing the strength of circulation.

In addition to being driven by waves, circulation can be

driven by tides, regional flows, winds, and buoyancy effects.

Tides can generate circulation in larger and more enclosed

lagoons where the channels connecting the lagoon with the

open ocean are relatively narrow, and the constricted

exchange of water between these lagoons and the open

ocean can cause significant phase lags between lagoon and

offshore water levels (e.g., Dumas et al. 2012; Lowe and Fal-

ter 2015). Large-scale oceanographic features such as eddies

and currents as well as island-scale features such as the vorti-

ces shed by seamounts and headlands can also be important

in driving local patterns of reef circulation (Ar�ıstegui et al.

1994; Wolanski et al. 1996; Monismith 2007). Wind stresses

often play only a minor role in driving the circulation of

shallow reefs; however, wind forcing can be important or

even dominant in the circulation of deeper and more iso-

lated lagoons (Atkinson et al. 1981; Delesalle and Sournia

1992; Douillet et al. 2001; Lowe et al. 2009). Finally, buoy-

ancy forcing can drive reef circulation through either tem-

perature- or salinity-driven stratification in certain reef

systems (Monismith et al. 2006; Hoeke et al. 2013; Herdman

et al. 2015). The flow accelerated by these forcing mecha-

nisms is resisted by bottom friction, which can be quite high

on some reefs due to complex bathymetry (Rosman and

Hench 2011; Rogers 2015).

Atolls represent a geologic end-member for reefs, and are

a common feature throughout the world’s tropical oceans

(Riegl and Dodge 2008). Atoll geomorphology includes exte-

rior reefs and terraces exposed to oceanic flows and an inte-

rior lagoon system separated by a reef crest and reef flat with

connecting channel systems. These separate yet intercon-

nected hydrodynamic regimes are a feature that differs from

fringing and barrier reefs. Previous studies have focused on

specific aspects of atoll systems (Kench 1998; Andr�efou€et

et al. 2006; Dumas et al. 2012), but to our knowledge no

studies have yet examined the circulation and thermody-

namics of an atoll system holistically. The lack of atoll-wide

thermal and hydrodynamic studies inhibits our ability to

understand coral reef ecosystem function and how the circu-

lation patterns within atolls may ameliorate or inhibit the

multitude of stressors affecting coral reefs, beyond just ther-

mal stress.

Palmyra Atoll is part of the Northern Line Islands in the

central equatorial Pacific and provides an excellent natural

laboratory in which to investigate coral reefs in the absence

of acute anthropogenic stressors due to its relative isolation

from direct human impact (Stevenson et al. 2007; Sandin

et al. 2008; Williams et al. 2013). To our knowledge, there

have been no studies of reef circulation and thermodynam-

ics done in any of the Line Islands including Palmyra; and

previous studies have relied on using results from remote

sensing (e.g., sea surface temperature, Chlorophyll a) or

regional climate models (e.g., global Wave Wave 3 model)

which have not been locally validated (Riegl and Dodge

2008; Williams et al. 2013; Gove et al. 2015; Stevenson et al.

2015). The lack of local, long-term hydrodynamic measure-

ments in the central equatorial Pacific, remains a serious

knowledge gap in our understanding of coral reef ecosystems

in this region and; thus, limits our ability to predict the fate

of these reefs in a future subject to increased warming, acidi-

fication, and otherwise changing climate.

While the hydrodynamic forcing and thermodynamics on

fringing and barrier reef systems have already been well

investigated (Lowe and Falter 2015), little work has been

done to examine how variability to the oceanic forces driv-

ing circulation and the atmospheric forces driving net heat

fluxes on open atolls affect spatial and temporal patterns in

atoll temperatures; let alone how well the resulting hydrody-

namics and thermodynamics can explain spatial patterns in

coral cover. The aim of this study is to address this knowl-

edge gap using field measurements of waves, circulation and

temperature on Palmyra Atoll from 2012 to 2014. We then

investigate the effects of different forcing mechanisms in

driving flow and temperature variability, and address the

role of temperature in shaping the ecological community

structure of Palmyra.

Study site and methods

Study site

Palmyra Atoll (58 520N, 1628 050W) is part of the Northern

Line Islands of the central equatorial Pacific (Fig. 1a). Largely

because of the absence of acute anthropogenic stressors, Pal-

myra’s exposed reef tracts (outside of the lagoons) contain

abundant and diverse calcifiers, namely hard corals and crus-

tose coralline algae (Williams et al. 2013) with relatively

high community production and calcification rates (Koweek
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Fig. 1. Palmyra Atoll location, site layout and experiment instrumentation. (a) location of Palmyra Atoll, (b) layout of atoll and instrument locations

for long term measurement [(U, f, T) magenta squares; (f, T) magenta circles; (T) small magenta circles), and weather station (green star), image
courtesy of NOAA. (c) typical northern forereef near FR9 with abundant live coral and fish, (d) typical terrace with blacktip shark (Carcharhinus limba-
tus) near PSM courtesy of Brian Zgliczynski, (e) typical shallow back reef with live coral near NB, (f) typical lagoon rubble bottom with low visibility

water near CHAN with diver and ADV for scale, and (g) percent coral cover mapping courtesy of NOAA. Gray line on (b,g) is 100-m depth contour.



et al. 2015). The atoll consists of a forereef, reef crest and

shallow back reef region on both its northern and southern

sides with open terraces supporting high coral cover typi-

cally greater than 50% at depths of 5 m to 20 m dominating

the western and eastern edges (Fig. 1b–g). The percent coral

cover was obtained from National Oceanic and Atmospheric

Administration (NOAA) National Center for Coastal Ocean

Science Benthic Habitat Mapping [http://products.coastals-

cience.noaa.gov/collections/benthic/e58palmyra/] (Fig. 1g).

The forereefs are characterized by high (> 50%) percentages

of live hard coral cover (Fig. 1c). In the surfzone, the sub-

strate largely consists of rubble whereas further inshore of

the reef crest, larger corals are common on the back reef

(Fig. 1d). The terraces are typically characterized by high

coral cover (> 50%), high rugosity, and complex bathymetry

while lagoonal areas typically exhibit seabeds of sediment

(Fig. 1e,f) (Williams et al. 2013). The interior lagoons were

significantly modified and constricted during World War II

(Collen et al. 2009), and are typically strongly stratified with

anoxic and sulphidic bottom waters (Gardner et al. 2014).

Field experiment

The field experiment consisted of an array of velocity and

pressure sensors deployed between September 2012 and July

2014 designed to characterize the waves and hydrodynamics

around the atoll (Fig. 1b, Supporting Information Table SI

1). The wave dynamics of the atoll have already been

described by Rogers (2015), Rogers et al. (2015), and Moni-

smith et al. (2015). Pressure measurements were made with

Richard Brancker Research DR1050 and Virtuoso sensors;

velocity and pressure measurements were made with RDI

Teledyne Acoustic Doppler Current Profilers (ADCPs), Nortek

Acoustic Doppler Profilers (ADPs), and Nortek Acoustic

Doppler Velocimeters (ADVs); salinity was inferred from Sea-

Bird Electronics SBE-37 Conductivity Temperature Depth

sensors; and temperature measurements were made with Sea-

Bird Electronics SBE-56 thermistors and SBE-37s (Supporting

Information Table SI 1). Note that battery power constrained

sampling frequencies for long-term experiments due to the

long times (ca., 1 yr) between instrument deployment and

recovery. Monitoring stations with ADCPs or ADPs attached

to polyethylene plates were secured to the reef in areas of

dead coral or sand. Monitoring stations with only a pressure

and/or temperature sensors were secured directly to dead

corals on the reef substrate. Most of the sites were outfitted

with a single bottom mounted thermistor, but at the forereef

sites (FR3, FR5, FR7, FR9) bottom mounted thermistors were

placed at 10-m, 20-m, and 30-m depth, and vertical moor-

ings were placed at the channel inlet and outlet (CHAN and

OCM, 3 SBE56s each) and within the west lagoon (WL,

5-SBE56s).

Data analysis

Instantaneous measurements of velocity data were taken

in (x; y; z) coordinates, with x and y corresponding to

geographic east and north, respectively, and the vertical (z)

coordinate is taken as upwards from mean sea level (MSL).

The instantaneous field measurements were time-averaged

(30 min) and interpolated to a common time to give Euler-

ian velocity uE uE; vE;wEð Þ, free surface deviation from MSL f,
temperature T, salinity S, and wave statistics. The mean

Lagrangian velocity u was calculated by u5uE1uS (Andrews

and Mcintyre 1978), where uS is the Stokes drift computed

spectrally from the wave data (Dean and Dalrymple 1991).

Details of wave computations of significant wave height Hs,

and other wave properties are discussed in Rogers et al.

(2015). The Lagrangian depth-averaged mean velocity U

U ;V ;Wð Þ was calculated by combining available data at a

given location (ADV/ADCP/ADP), assuming uE50 at the bot-

tom, linearly interpolating in z and taking the average. For

some portions of the analysis, mean velocities were rotated

into a cross-shore (CS) and alongshore (AS) components,

that is, (uCS;uAS) and (UCS;UAS), with positive CS coordinate

defined as toward the atoll center, and AS coordinate defined

using the right-hand convention (i.e., positive AS on the

north and south sides of the atoll is roughly west, and east,

respectively). Notation for a 36-h low pass filter lp

� �
and

time averaging overline (�) is used consistently throughout.

The squared coherency c2 (Coh) between two signals is

given by,

c2 fð Þ5jS12 fð Þj2=S11 fð ÞS22 fð Þ; (1)

where Sij fð Þ is the cospectra of signal i with signal j as a func-

tion of frequency f. The limiting value for 95% confidence,

c2
955120:05 1= EDOF21ð Þ½ �, where EDOF is number of independ-

ent realizations, and to effectively use coherency in a linear

system, each of the inputs must not be coherent with each

other (Emery and Thomson 2004).

Some wave and hydrodynamic modeling results from

Rogers et al. (2015) and Rogers (2015) were included in this

study. In brief, the model used the Coupled Ocean Atmos-

phere Wave Sediment Transport modeling system (Warner

et al. 2010), to couple the Regional Ocean Modeling System

(ROMS) hydrodynamic model with the Simulating Waves in

the Nearshore (SWAN) wave model on a 50-m grid to com-

pute water travel times throughout the Palmyra reef complex

based on the movement of numerical Lagrangian passive

drifters. Boundary conditions were based on the global

Hybrid Coordinate Ocean Model (HYCOM).

Results

Oceanographic forcing

Wave height Hs varied seasonally with the highest waves

being incident to the northern side of the atoll during win-

ter in the northern hemisphere (up to 3.2 m) and to the

southern side during summer in the northern hemisphere

(up to 2.2 m) (Fig. 2a) (Rogers et al. 2016). The free surface f
on the forereef varied primarily with tidal fluctuations of up
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to 0.8 m, but also with long-term sea level fluctuations flp of

0.2 m (Fig. 2b). The winds on the atoll were dominated by

the trade winds for much of the year (Maragos et al. 2008)

and were directed primarily from the northeast and south-

east directions with speeds up to 12 m s21 U10;lp (Fig. 2c).

The atoll is generally within the North Equatorial Counter

Current (NECC), which flowed primarily to the east at typi-

cally 0.2 to 0.8 m s21 from August to January, and was weak

the rest of the year (< 0.2 m s21) (Maragos et al. 2008; Hsin

and Qiu 2012). The regional currents derived from the daily

average of the upper 50 m in the vicinity of Palmyra from

the global HYCOM model showed generally easterly flows

up to 0.8 m s21, which were strongest in the northern hemi-

sphere winter consistent with the NECC (Fig. 2d).

Mean low-pass filtered temperature Tlp across all instru-

ments varied during the 2-yr period by about 18C, with 95%

of measurements [2 standard deviations (rT) spatially and

temporally] typically within 18C of the mean (Fig. 2e). The

AS depth averaged velocities UAS were largest on the forereef,

up to 0.6 m s21 (Fig. 2f), and weaker in the CS direction

Fig. 2. Oceanographic field measurements, Sept 2012 to July 2014. (a) measured significant wave height Hs at north and south forereef, (b) forereef

free surface height f and low pass filtered surface flp, (c) low pass filtered wind velocity U10,lp (oceanographic convention), (d) regional currents Ureg

from upper 50 m of daily HYCOM model, (e) average low pass filtered temperature Tlp and standard deviation rT of all measurements, (f) measured
low pass filtered depth averaged AS velocity UAS,lp, and (g) measured low-pass filtered depth averaged CS velocity UCS,lp. Positive CS coordinate is

toward atoll center. Low pass filter (lp) is 36 h. For (f,g) forereef is FR9, terrace is RT4, channel is CHAN sites.

Rogers et al. Atoll thermal & hydro-dynamics & coral effects

2195



where maximum UCS of up to 0.2 m s21 was observed on the

terraces (Fig. 2g). The current ellipses show flow was gener-

ally aligned with bathymetric contours, except on the ter-

race; and the contribution of the M2 tide to flow was

relatively small on the forereef (< 20% of overall velocity)

while on the western terrace and channel the contribution

was large (> 50% of overall velocity) (Supporting Informa-

tion Figure SI 1b). The net mean flow over the measurement

period was to the west on the south forereef, out of the

lagoon in the channel, near zero on the western terrace, and

to the east on the north forereef (Supporting Information

Figure SI 1b). The free surface tidal amplitude was only

slightly reduced with propagation into the lagoon system,

but was significantly delayed by up to 4.3 h in the interior

East Lagoon due to the constricted inlets (Supporting Infor-

mation Figure SI 1a).

The reef on the atoll is in some areas very rough and

rugose (Fig. 1), and previous field experiments have indi-

cated very high wave friction factor fw values between 0.5

and 5 (Monismith et al. 2015; Rogers et al. 2016). We used

an empirical orthogonal function analysis on the measured

velocity profiles at each site (see Supporting Information),

and at most of the sites, the deeper part of the profile was

roughly linear, indicating a log-layer like flow (Supporting

Information Figure SI 2). Near the surface on the forereef

and channel sites, the profiles deviated from the linear pro-

file. Over all the sites, using logarithmic fit to the observed

velocity profiles (see Supporting Information), the apparent

roughness height z0a including the effects of waves varied

from 1.2 cm to 5.5 cm, and the physical roughness height

z0, (removing the effects of waves where applicable), varied

from 0.17 cm to 3.7 cm (Supporting Information Table SI 2).

Results for bottom drag coefficient CD using Reynolds stress

varied from 0.0037 to 0.10 (Supporting Information Table SI

2). These results for z0 and CD are consistent with the wide

range of values observed on other reefs (Rosman and Hench

2011; Lentz et al. 2016).

Circulation

Flow on reefs strongly controls thermal variability and is

governed by the depth integrated momentum equations for

Lagrangian horizontal flow given by (e.g., Mei et al. 2005),

Fig. 3. Wave-driven flow through lagoon system measured in the channel, Dec 2013. (a) significant wave height Hs at north and south sides of atoll,
(b) tidally removed free surface fdt at north back reef (NBE), eastern lagoon (EL), and channel (CHAN), (c) free surface (gray) and along-channel veloc-
ity uCS with depth at channel, zero velocity is black contour, (d) depth averaged velocity UCS and 36-h low pass filtered velocity UCS,lp at channel. Pos-

itive velocity is oriented toward the lagoon. [Color figure can be viewed at wileyonlinelibrary.com]
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@U

@t
1U � rU52grf2

1

q f1h
� � r � S1sb2ss½ �; (2)

where S is the radiation stress tensor (proportional to H2
rms), sb

is the mean bottom stress, and ss is the mean surface stress

here approximated by a typical quadratic drag law, ss5

qaCDau10ju10j, where air density qa, wind drag coefficient CDa,

and wind velocity u10 (Smith 1988).

In December 2013, wave-driven flow through the lagoon

was forced by strong northern 3-m waves (Hs) and relatively

Fig. 4. Relative strength of forcing mechanisms in driving flow in AS (left) and CS (right) directions. Coherency between depth averaged flow U and forc-

ing from (a,b) tides, (c,d) north waves, (e,f) south waves, (g,h) wind. (i,j) regional current. (k,l) Coherency between exchange flow DU and temperature
stratification DT . Size of markers represent maximum squared coherency over all frequencies with largest marker in plot (a) equal to 0.98, and smallest
marker equal to 95% significance (0.18). Values below 95% significance are black x. Shading represent period of maximum coherency. Light gray lines are

5- and 60-m depth contours, and light gray shading is land. [Color figure can be viewed at wileyonlinelibrary.com]
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weak southern 1-m waves (Fig. 3a). The tidally removed free

surface, fdt shows a large increase in water levels on the

northern backreef (NBE), and a slight increase in the eastern

lagoon (EL), compared to the channel (CHAN) (Fig. 3b). The

velocity in the channel varied with the tide up to 0.38 m s21

(Fig. 3c,d), with the low-pass filtered depth averaged velocity

ULlp directed out of the channel and largest (up to 0.2

m s21) during the period of strong waves (Hs>2 m) (Fig.

3d). Thus, waves on the north of the atoll drove a net flow

through the atoll system and out the main channel, a pro-

cess which has been observed on other atolls (Atkinson et al.

1981; Kench 1998; Dumas et al. 2012).

The relative effect of each forcing from tides, waves,

wind, and regional flow on accelerating local observed flow

U in Eq. 2 is then,

U / U fOS;H
2
rms; u10ju10j;Ureg

� �
; (3)

where the mean tidal level fOS was obtained from an average

of all forereef sites, and filtered to retain only tidal frequencies.

Coherency c2 (see Data analysis) was used to evaluate the rela-

tive importance of the forcing mechanisms in Eq. 3. Precondi-

tioning of the fOS;H
2
rms; u10ju10j;Ureg signals was conducted so

that coherency between them was not significant. The follow-

ing paragraphs each discuss the effect of forcing from tides,

waves, winds, and regional flow on local observed flow.

Tides drive flow typically although large scale pressure

gradients. The coherency between tidal height and observed

flow was significant for all sites in both the AS and CS direc-

tions, and the maximum coherence had a period equivalent

to that of the M2 or K1 tides (Fig. 4a,b). Thus, tidally driven

flows were important at all measurement sites.

Waves drive flow although changes to waves from breaking

and dissipation from bottom friction, which creates a force in

the momentum equation from spatial gradients in radiation

stress. The resulting pressure gradients drove flow onshore of the

surfzone from the side of the atoll with larger waves to the side of

smaller waves. This setup effect was largest when one side of the

atoll has much larger waves than the other (Fig. 3). The coher-

ency between north waves and observed flow was significant for

most sites on the interior of the atoll and the channel (Fig. 4c,d)

while for south waves the coherency was weakly significant on

the terrace and southeast forereef (FR5) (Fig. 4e,f). The period of

maximum coherency is typically hundreds of hours, reflective of

the typical timescales of wave swell events from remote sources

(Rogers et al. 2016). For larger waves on the north side of the atoll

(which are the most common conditions), this drove flow gener-

ally from north to south through preferential pathways. Flow

was enhanced through the lagoon system from east to west and

flow exits through the channel (Fig. 3), confirmed through mod-

eling results (Rogers 2015). For larger waves on the south of the

atoll, this generally drove flow from south to north across the

atoll; flow was not increased in the channel, as there was not a

pressure gradient in that direction, but was increased across the

terraces (Rogers 2015). Over the field record, waves were often

larger on the north of the atoll, and thus the dominant flow path

was from east to west through the lagoon system and out the

channel, explaining the net long-term outflow from the channel

(Supporting Information Figure SI 1b).

Winds drive flow by imparting a surface stress, which was

generally weak, except likely in deeper lagoons (Lowe and

Falter 2015), where no measurement stations were present.

Coherency between wind and observed flow was significant

only on the western terrace sites and northeast forereef (FR7)

(Fig. 4g,h). Thus, wind-driven flow was generally weak at the

measurement locations.

Large scale regional flows can also drive local flows. The

measurement stations on the forereef (FR3, FR5, FR7, FR9)

were typically within the atoll-scale turbulent boundary layer

and were largely sheltered from the large-scale regional flow

due to their location on the forereef (Rogers 2015). U at these

sites showed no significant coherence with the large-scale

flows derived from the upper 50 m of the HYCOM global

model, except for one site on the forereef (FR7), which was

very weak. However, in regions exposed to the regional flows

such as the far eastern and western forereefs and terraces

(where no observation sites existed), the regional flows can

drive flow as seen in the ROMS model results (Rogers 2015).

In addition to tides, waves, winds, and regional flows driving

local depth averaged flow, we also look at the relative impor-

tance of density driven flows on circulation and exchange. We

approximate a two layer system, where DU and DT are the aver-

age velocity and temperature, respectively, of the upper half of

the water column minus the average of the lower half (Moni-

smith et al. 2006). The results show buoyancy driven exchange

flow is important at all the forereef and channel sites, but espe-

cially in the CS direction (Fig. 4k,l). The lagoon system was

stratified, and the channel velocity profile shows evidence of

classic baroclinic exchange flow (Supporting Information Fig-

ure SI 2f). Additionally, surface jets of flow in the direction away

from the atoll were observed in the ADCP/ADV field data at the

diurnal frequency, likely from heated shallow reef flat water

exiting over the reef crest (Rogers 2015). Shallow water on the

reef flats was likely saltier due to differential evaporation; with

cooling at night, this water could form bottom density currents

that propagated into the interior lagoons or along the exterior

forereefs (Gardner et al. 2011, 2014).

Thermodynamics

We now investigate the mechanism for temperature vari-

ability on a weekly timescale. Assuming depth-averaged

instantaneous temperatures T, no horizontal diffusion, and

no heat flux from the sea floor, the heat conservation equa-

tion is (e.g., Herdman et al. 2015),

@T

@t
1U � rT5

H

qCph
; (4)

where U is depth averaged Lagrangian velocity vector, q is den-

sity, Cp is specific heat of water, h is depth, and H is the surface
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heat flux, the sum of shortwave radiation (HSW), long wave radi-

ation (HLW), and the sensible (HS) and latent heat (HL) fluxes,

H5HSW1HLW1HS1HL; (5)

and H>0 implies heat flux into the water column. Direct

measurements of long and short wave radiation along with

variables necessary to estimate sensible and latent heat flux

using bulk formulae (Pawlowicz et al. 2001) were made at

the weather station from Sep 2013 to May 2014 (Fig. 1b). To

identify weekly variability of time averaged temperature T

(dropping subscript 7d), we take a 7 d time average of Eq. 4,

and decompose T5T1T 0 and U5U1U 0, and assume AS tem-

perature gradients are weak,

@T

@t
1U

@T

@x
1U 0

@T 0

@x
5

H

qCph
; (6)

where the terms from left to right will be referred to as

unsteady, mean advection, tidal advection, and surface

Fig. 5. Thermodynamics at Channel site (left) and Terrace RT4 site (right) in Jan 2014. (a,b) Measured instantaneous T, time averaged T , and off-

shore average temperature TOS, (c,d) measured instantaneous and time averaged cross-shore UCS and time averaged velocity UCS , (e,f) net instantane-
ous H=h and average solar heat flux H=h, (g,h) instantaneous U0T 0 and average U0T 0 tidal transport, and (i,j) terms in heat equation (Eq. 6), shown

on right-hand side, positive is heat into water column.
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heating. We evaluate Eq. 6 at the midpoint between each site

in Fig. 1b and offshore. We approximate @T � T2TOS, and @T 0

� T 0 (as T 0OS50). Furthermore, U in Eq. 6 was taken as a fraction

a times the CS velocity measured at each site to reflect the aver-

age CS velocity between offshore (which is near 0) and the

measurement location; a can vary between 0 and 1 and was

taken as value to minimize the least squares error in Eq. 6 (e.g.

a was 0.2 and 0.5 for CHAN and RT4 sites, respectively).

To illustrate Eq. 6 in two different regimes, we present the

thermodynamics at the Channel (CHAN) and Terrace (RT4)

sites during January 2014, noting that while diurnal tempera-

ture variations were about 18C, mean temperatures T were

within 6 0.28C of the offshore temperature TOS (Fig. 5a,b).

Cross shore velocity at the channel site had strong tidal vari-

ability (6 0.05 m s21) with a net negative mean, while at the

terrace site, variability was generally smaller (6 0.03 m s21)

with a mean fluctuating about zero (Fig. 5c,d). Local heating

was diurnal, inversely proportional to depth, and positive on

average (heat flux into water column) and was weaker at the

deeper Channel site (220 W m23 to 100 W m23) than the shal-

lower Terrace site (230 W m23 to 150 W m23) (Fig. 5e,f). The

tidal transport of temperature 2U 0T 0 results from the correla-

tion of temperature deviations (primarily diurnal) and velocity

deviations (primarily M2/K1 tidal). The average 2U 0T 0 trans-

ports heat depending on the relative phase of temperature and

velocity and was net negative at the channel site (net export of

heat) and near zero at the terrace site (Fig. 5g,h). The resulting

heat balance shows that at both sites, while tidal advection was

the smallest term, all terms were important (> 10% total) (Fig.

5i,j). Note that while the heat budget does not close exactly,

the residual error is of the same order as the terms.

The mean advection term should be proportional to TOS

when U is significant, and thus U @T
@x / TOS. This is confirmed

by comparing TOS (Fig. 5a,b) to the computed mean advec-

tive term (Fig. 5i,j). To evaluate the tidal advective term,

assuming @T 0 � T 02T 0OS5T 0, and thus U 0 @T 0

@x / U 0T 0 . This is

confirmed by comparing 2U 0T 0 (Fig. 5g,h) to the computed

tidal advective term (Fig. 5i,j). For sites where velocity meas-

urements were not available, U 0 was assumed the same as

nearby gauges in similar regimes (i.e., RT4 is similar to RT1).

For sites where no nearby observations existed, (all shallow

backreef sites), a least squares regression was performed using

the ROMS simulations (Rogers 2015), at each site assuming

U0 was primarily tidally driven by pressure gradients. The rel-

ative effect of each forcing on T from mean advection, tidal

advection, and surface heating in Eq. 6 is then,

T / T TOS;2U 0T 0 ;H=h
� �

: (7)

To statistically evaluate the importance of different terms in

Eq. 7 on forcing weekly temperature variability at all the

sites, we used coherency c2 between T and each term in Eq.

6. Each of the three terms on the right side of Eq. 7 was pre-

filtered so that they were not coherent with each other.

The results of the coherency analysis of Eq. 7 are shown in

Fig. 6, with maximum coherency from the spectra reported.

High weekly temperature T
7d;90% generally increased with

decreased mean advection (R2 5 0.30, p 5 0.005) (Fig. 6a), did

not significantly increase with increased tidal advection

(R2 5 0.03, p 5 0.49) (Fig. 6b), and generally increased with

increased surface heating (R2 5 0.30, p 5 0.05) (Fig. 6c).

Coral cover

The results of the coherency analysis of temperature

showed that sites with live coral cover (> 10%) were generally

associated with higher mean advection, lower tidal advection,

and lower surface heating compared to sites with low (< 10%)

Fig. 6. Effect of mean advection, tidal advection, and surface heating in driving high mean weekly temperatures at sites with different biological
cover. Maximum coherency c2 of T with (a) mean advection Tos, (b) tidal advection 2U0T 0 , and (c) surface heating H=h, as a function of high weekly
temperature T

7d;90%. Solid gray line is best fit to data, and 95% significant coherency is 0.22. Analysis is for September 2013 to April 2014. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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to no cover (Fig. 6). We further examined the long-term tem-

perature dynamics at a time scale relevant to corals on the

reef using the multi-year field records. The cumulative proba-

bility of measured temperature T30min showed a highly vari-

able distribution when combining temperature records for

similar coral cover types. The combined temperature distribu-

tion of sites of low (< 10%) and high (> 90%) coral cover

experienced temperatures up to 368C and 31.58C, respectively,

both of which were higher than offshore (Fig. 7a). The off-

shore temperature TOS was computed as the mean of all fore-

reef sites after applying a 7-d low-pass filter to remove

variability from diurnal effects and internal waves.

Sites with moderate or high coral cover (> 10%) had gener-

ally lower weekly averaged temperatures (T 7d) relative to other

sites across the atoll and that were similar to TOS, while sites

with low coral cover (< 10%) experienced significantly higher

temperatures (up to 0.68C) than offshore (Fig. 7b, confirmed

using a Kolmogorov–Smirnov test of the distributions). The

median temperature (0.5 probability) was similar for all sites at

both time scales (not shown). Thus, although sites of different

benthic cover types generally exhibited similar diurnal tem-

perature variability, average weekly temperatures in sites with

moderate or high live coral cover were similar to offshore

waters and lower than sites with little to no live coral. The spa-

tial distribution of mean of the top 90% of the weekly averaged

temperature T
7d;90%, shows how sites which were more open

and/or closer to offshore waters exhibited lower weekly tem-

peratures than sites that were more closed and/or more remote

relative to offshore waters (Fig. 7c).

Travel time results from the 100 m bathymetric contour

to a point within the atoll interior were taken from ROMS

model results using Lagrangian passive tracers (Rogers 2015).

Sites in the backreef with low coral cover were strongly asso-

ciated with high temperatures, while sites in the lagoons

with low- to no coral cover were associated with high tem-

peratures and/or high travel time (Fig. 8a). Wave stress

results were taken from the SWAN model, using the 95th per-

centile of bottom velocity squared as a proxy for bottom

Fig. 7. Temperature statistics. Cumulative probability (CDF) of temperature at sites with varying coral cover compared to offshore TOS, with (a) meas-
ured 30-min data T 30min, and (b) 7-d time average T 7d; and (c) spatial distribution of average of top 90% of weekly average temperatures T

7d;90%.
Results are over all available data from 2012 to 2014, note only high cumulative probability shown (0.8–1) for (a) and (b).
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stress (Rogers et al. 2016). Wave stress showed a strong con-

trol over coral cover on the forereef, with locations of very

high stress associated with lower coral cover (Fig. 8b).

Discussion

Hydrodynamics and thermodynamics

The wave driven flow was typically forced by waves from

the north, which created an elevated free surface on the

north shallow backreef, and drove a mean circulation

through the atoll lagoon system (Fig. 9). Seasonal increases

in MSL (60.2 m) (Fig. 2b) likely increased this wave driven

flow, especially over the shallow reef crest (Monismith

2007). The thermodynamics at the weekly timescale were

controlled by mean advection, tidal advection and surface

heating. At this timescale, increased advection from wave-

forced mean flows typically lowered temperatures because of

the increased connectivity with offshore waters. Tidal advec-

tion transported heat when tidal flow and diurnal heating

were in phase, but did not significantly affect the weekly

temperatures on the atoll. Surface heating increased temper-

atures and is primarily a function of depth. Overall, mean

advection and surface heating were the primary controls on

weekly temperature variations on the atoll.

The results from this study are likely extendible to other

atolls that are also wave or tidally dominated (i.e., most reefs

globally; Lowe and Falter 2015) and have temperatures near

the thermal limit of corals inhabiting them (i.e., most shal-

low reefs; Hoegh-Guldberg et al. 2007; Carpenter et al.

2008). The results obtained from specific areas of Palmyra

Atoll are also likely extensible to other similar reef systems

regardless of whether they are part of a larger atoll. For

example, the hydrodynamics and thermodynamics we

observed on the submerged east and west terraces of Palmyra

are similar to those observed on platform and barrier reefs

[e.g., Red Sea platform, (Davis et al. 2011)]. A similar analogy

could be drawn between the forereef and shallow backreef

areas on Palmyra with fringing reefs studied elsewhere in the

Indo-Pacific [e.g., Moorea, (Herdman et al. 2015)]. However,

to our knowledge no similar studies exist on other reefs to

mechanistically explain observed weekly temperature varia-

tions and how they may be influencing spatial variation in

coral cover, a topic which should be applied in other field

sites.

Ecological implications

Although temperatures at all sites across Palmyra exhib-

ited variation on multiple time scales, the timescale most rel-

evant to explaining spatial variations in coral cover across

Palmyra is over several days to weeks. Interestingly, degree

heating week, a common measure of large scale thermal

stress uses a 12-week window (Strong et al. 2011), but the

results from this study and others suggest a shorter window

may be more appropriate to match the incidence of coral

bleaching with the onset of ocean warming events (Goreau

and Hayes 1994; Reaser et al. 2000). While numerous physi-

cal factors can influence coral cover, sites with moderate to

high coral cover (> 10%) were generally associated with

lower weekly temperatures that were similar to offshore

Fig. 8. Variation in percent coral cover with limiting physical dynamics, (a) high weekly temperature T
7d;90%, with travel time from offshore, (b)

T
7d;90% with wave bottom stress proxy U2

b , categorized by hydrodynamic regime. Color denotes coral cover, symbol denotes regime: o is lagoon, x is
back reef, � is terrace, and w is forereef.
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waters, while sites with low coral cover or no cover (< 10%)

were generally associated with high weekly temperatures.

Because of the vibrant coral reef ecosystem on the atoll’s

terraces and forereefs (Williams et al. 2013), the spatial varia-

tion in thermal and hydrodynamic properties is of particular

ecological relevance. While the sites with high coral cover

were generally associated with lower temperatures, some

notable exceptions exist (Fig. 8). Coral growth can be

affected by high temperatures, but it can also be affected by

other physical factors such as wave stress, light penetration,

travel time/residence time, sediment, and so forth. (Chappell

1980). On Palmyra, light was generally not limiting at

depths less than 30 m (Williams et al. 2013; Rogers et al.

2016), and suspended sediment is typically not significant

on the atoll given its size and exposure to the open ocean.

Travel time for a parcel of water moving from a boundary

to some point within a region is often termed “water age”

(Monsen et al. 2002; Rayson et al. 2016). For tropical atolls

with open platforms, the relevant boundary is the atoll exte-

rior (taken as 100-m depth), and travel time is thus a mea-

sure of the atoll influence on the offshore waters for

quantities such as temperature and nutrients. Travel time is

also relevant to reefs since it essentially asks how long a par-

cel of water has been in the atoll system before it gets to a

certain point, instead of how long it takes to exit the system

after leaving a certain point (residence time).

Sites in the backreef with low coral cover were strongly

associated with high temperatures while sites in the lagoons

with low- to no coral cover were associated with high tem-

peratures and/or high travel time. Areas within the terrace

and forereef were all associated with low temperature and

shorter travel times. The backreef and lagoon sites associated

with high temperature are sites with very shallow depth (<

1 m), low net exchange, and long distance from the reef

crest and thus highly sensitive to the effects of local heating.

The lagoon areas associated with long travel time and low

temperature were likely negatively impacted by poor water

quality. While the exact mechanism of this effect on corals

is not known, the lagoon bottom waters are known to be

anoxic and sulfidic and thus prohibit coral growth (Gardner

et al. 2014). Prior to extensive development of the atoll

lagoon areas during WWII which severely restricted lagoon

flows, the interior lagoons contained vibrant reefs (Collen

et al. 2009).

Waves are another important mechanism which can mod-

ify the reef, and wave induced stress has been shown to be

significantly correlated with coral cover on Palmyra (Rogers

et al. 2016). Modeled wave stress showed a strong control

over coral cover on the forereef, with locations of very high

stress associated with lower coral cover.

Conclusions

The results of our study suggest that temperature, travel

time, and wave stress likely have a strong influence on the

distribution of coral cover across Palmyra. However, our

results should be interpreted within a broader range of eco-

logical factors affecting the growth and distribution of coral

across Palmyra. With future climate change, net warming of

waters could push all of these regimes to higher tempera-

tures increasing the risk for mortality. Indeed, mild bleach-

ing was observed at many locations on the atoll during the

2008 El Ni~no event when monthly mean temperatures

ranged from 29.88C to 30.18C (Williams et al. 2010), and pre-

liminary observations from the 2015 to 2016 El Ni~no event

Fig. 9. Typical wave-driven circulation on atoll at a subtidal timescale. Strong wave forcing from the north (black) creates elevated free surface f on

the north shallow backreef (blue), driving a mean circulation U through the atoll lagoon system (dark blue). Light gray lines are 5- and 60-m depth
contours, and light gray shading is land. [Color figure can be viewed at wileyonlinelibrary.com]
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indicate bleaching on the atoll (B. Zgliczynski, personal

comm.). Based on our results, we believe the sites which

have the best likelihood of survival through lower tempera-

tures and shorter offshore travel time are associated with

high mean advection, typically the result of wave-driven

flow or oceanic conditions with high-exchange. At shallow

depths, this trend would likely be enhanced with increased

depth from sea level rise increasing wave driven flow over

the reef crest. While tides were also important in driving

flow on the atoll, their contribution to the net transport of

heat was not significant. The results from this study are

likely extendible to other atolls which are also wave or

tidally dominated (most reefs globally) and also have tem-

peratures near the thermal limit of corals inhabiting them

(most shallow reefs globally). Future work could further

examine the effects of density-driven flow in atoll systems,

especially focusing on the interior lagoons. Additionally,

future work should aim to couple high resolution ecological

and temperature studies to better understand biophysical

coupling on coral reefs.
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