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Abstract

Monitoring of coral reef bleaching has hitherto been based on regional-scale, in situ data. Larger-scale trends, however, must be
determined using satellite-based observations. Using both a radiative transfer simulation and an analysis of multitemporal Landsat TM
images, the ability of satellite remote sensing to detect and monitor coral reef bleaching is examined. The radiative transfer simulation
indicates that the blue and green bands of Landsat TM can detect bleaching if at least 23% of the coral surface in a pixel has been bleached,
assuming a Landsat TM pixel with a resolution 0f30x30 m on shallow (less than 3 m deep) reef flats at Ishigaki Island, Japan. Assuming an
area with an initial coral coverage of 100% and in which all corals became completely bleached, the bleaching could be detected at a depth of
up to 17 m. The difference in reflectance of shallow sand and corals is compared by examining multitemporal Landsat TM images at Ishigaki
Island, after normalizing for variations in atmospheric conditions, incident light, water depth, and the sensor’s reaction to the radiance
received. After the normalization, a severe bleaching event when 25-55% of coral coverage was bleached was detected, but a slight
bleaching event when 15% of coral coverage was bleached was not detected. The simulation and data analysis agreed well with each other,
and identified reliable limits for satellite remote sensing for detecting coral reefbleaching. Sensitivity analysis on solar zenith angle, aerosol
(visibility) and water quality (Chi @ concentration) quantified the effect of these factors on bleaching detection, and thus served as general
guidelines for detecting coral reefbleaching. Spatial misregistration resulted in a high degree of uncertainty in the detection of changes at the
edges of coral patches mainly because of the low (~ 30 m) spatial resolution of Landsat TM, indicating that detection of coral reefbleaching
by Landsat TM is limited to extremely severe cases on a large homogeneous coral patch and shallow water depths. Satellite remote sensing of
coral reefbleaching should be encouraged, however, because the development and deployment of advanced satellite sensors with high spatial
resolution continue to progress.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Coral reef bleaching is a major scientific and environ-
mental issue (Brown, 1997; Glynn, 1993). Bleaching fre-
quency has increased since the early 1980s, and a severe
global bleaching event took place in 1997 and 1998 (Wil-
kinson, 2000). One possible reason for the increased fre-
quency of bleaching might be related to high sea-surface
temperatures (SST) caused by global warming (Hoegh-
Guldberg, 1999).

The loss in pigmented zooxanthellae from corals during
bleaching events results in an optical signal that is strong
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enough for remote sensing to detect. Although global SST
is monitored by the NOAA AVHRR sensor (Goreau &
Hayes, 1994; Strong et al., 1997), studies on coral bleach-
ing are based on in situ data (e.g., Holden & LeDrew,
1998; Myers et al., 1999), kite photography (Hasegawa et
al.,, 1999), and aerial photography (Andréfouét et al., 2002)
at a relatively small spatial scale. Satellite remote sensing
should be investigated, because satellite sensors can rou-
tinely obtain data on coral reefs on a large spatial scale of
ca. 100x 100 km.

To examine the applicability of satellite remote sensing
to coral reef assessment, the detection limits must be con-
strained. Because coral reefs are highly heterogeneous, the
spatial resolution of currently available, widely used satellite
imagery (e.g., Landsat TM, Landsat ETM+) is considered to
be too coarse to map reefs in detail (Andréfouét et al., 2001;
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Mumby et al,, 1998b). Most coral reef bleaching studies
have suggested that it is difficult for satellite sensors to
detect coral bleaching, mainly because of the sensors’ low
(~ 30 m) spatial resolution relative to the scale of reef
heterogeneity (e.g., Holden & LeDrew, 1998). Study of
aerial photographs taken during the 1998 bleaching event
shows that information on bleached corals can be obtained
only by sensors with high (<2 m) spatial resolution (André-
fouét et al., 2002). A further complication is that analysis
of a single image might not correctly identify pixels that
contain both healthy and bleached corals, because pixels
that contain other substrate features, such as sand, can
have reflectance characteristics similar to those of pixels
showing partially bleached corals. Comparison of multi-
temporal images allows more accurate assessment of the
detection limits for bleached corals in a pixel, because an
increase in reflectance will be recorded where bleaching
has taken place.

This study shows the detection limits of coral reef
bleaching events by satellite remote sensing. Landsat TM
was selected as one of the most effective satellite sensors,
because it has higher spatial resolution (30 m) than global
sensors such as NOAA AVHRR (1 km) or Terra MODIS
(250 m to 1 km), which would contribute to a better
mapping of coral reefs with high heterogeneity. It has an
observation band for blue and green light that penetrates
water well, and has been widely used for coral-reefmapping
and monitoring (e.g., Ahmad & Neil, 1994; Matsunaga et
al., 2000). Landsat TM has been used for data acquisition on
coral reefs since 1984, and could be useful in interpreting
coral reef dynamics over the past 20 years. Moreover,
continuity of TM imagery in the future is ensured by the
launch of Landsat 7 with the ETM+ sensor (Andréfouét et
al., 2001). Further advantage of Landsat TM was shown by
Mumby and Edwards (2002) that Landsat TM was most
cost-effective sensors for mapping coral reefs in the view-
point of price and mapping accuracy. Finally, the similar
wavebands are assigned for high spatial resolution sensors
such as IKONOS and QuickBird, and so the results obtained
for Landsat TM should be applicable to those recent high-
resohition sensors.

In this paper, two approaches are used to examine the
feasibility of using Landsat TM to detect coral bleaching.
One approach is based on radiative transfer simulation, and
the other is based on multitemporal satellite data analysis.
The simulation results are compared with the results of
satellite data analysis, which are validated by comparison
with in situ data; together, these two approaches delineate
the conditions under which satellite remote sensing can be
used to assess coral reef bleaching.

Simulating the radiance received by a satellite sensor is
very effective in assessing the feasibility of satellite remote
sensing in done properly. Lubin et al. (2001) calculated the
radiance received by satellites using a coupled ocean-atmo-
sphere radiative transfer model, and showed that from space,
most corals are distinguishable from brighter non-coral

objects such as sand. Andréfouét et al. (2001) simulated
the DN (digital number) received by Landsat ETM+ sensors
and showed that the Landsat ETM+ could detect changes in
three ubiquitous substrate classes: sand, background (rub-
ble, pavement, and heavily grazed dead corals), and fore-
ground (living corals and macroalgae). Yamano and Tamura
(2002) calculated the radiance received by Landsat TM from
healthy and bleached corals to examine the utility of Land-
sat TM in detecting coral reef bleaching, using reflectance
data from a previous study (Holden & LeDrew, 1998). The
simulation of Yamano and Tamura (2002) was updated
using coral reflectance spectra obtained in the Ryukyu
Islands (Yamano et al., 2002) during a bleaching event that
occurred in the summer of 2001 (Strong et al., 2002).

In analyzing multitemporal satellite data, it is critical to
remove or normalize the effects of changes in atmosphere,
incident light, water depth, and sensor response (e.g.,
Mumby et al., 1998a; Thome et al., 1997). To remove the
effects ofpath radiance and reflectance at the sea surface, an
offset between deep-water and shallow-water radiance has
been widely used (e.g., Lyzenga, 1978, 1981; Mumby et al.,
1998a,b). The effect of water depth can be removed by
calculating depth-invariant indices of bottom type (Lyzenga,
1981). This method calculates the ratio of attenuation
coefficients between two bands of satellite sensors based
on a scatter plot of log-transformed DN values ofthe bands,
and thus is less sensitive to change in DN values. This
reduced sensitivity is disadvantageous for detecting coral
reef bleaching. DN or radiance values of multitemporal
images must be compared directly. Satellite images com-
monly include clouds, which can mimic variations in
atmospheric effects from site to site within an image. Clouds
may also affect incident light on a nearby site. A new
method to normalize these effects is used (Yamano &
Tamura, 2001) to reveal the changes in DN values of corals
from 1984 to 2000.

2. Methods
2.1. Study area and validation sites

The distribution of corals and algae on Ishigaki Island,
southwestern Japan (Fig. 1)have been intensively surveyed,
and a detailed map of coral distribution (Acropora, Mon-
tipora and Porites), algae and seagrass has been published
by the Environment Agency (1996) based on surveys taken
from 1989 to 1992. In some reefs, the proportion ofhealthy
coral cover prior to the summer of 1998 exceeded 50% of
the substrate (Environment Agency, 1996). The global-scale
mass-bleaching event of 1997-1998 (Wilkinson, 2000)
caused a significant loss of healthy corals in Japan’s reefs
(e.g., Kayanne et al., 2002). Hasegawa et al. (1999) showed
that bleaching began between 20 June and 10 August 1998.
From 10 August to 10 September, severe bleaching was
observed in many reefs due to high SST. The status of corals
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Fig. 1. (A) Location of Ishigaki Island, in the Ryukyu Islands, Japan. (B) Landsat TM image of Ishigaki Island obtained on 15 August 1998, when the severe
bleaching event occurred, and validation sites (Table 1). Note many clouds over and around the island. Locations of Tamatorizaki and Urasaki reefs are

indicated.

before and just after the bleaching around Ishigaki Island
was monitored at 72 sites by the Environment Agency of
Japan (Environment Agency, 1999). After the 1998 bleach-
ing, the status of corals at the same sites has been monitored
continuously once a year (Environment Agency, 2000a,b).
The location ofthese sites was determined by a GPS with an
accuracy ofca. + 10 m. At every site, two surveyors visually
investigated the coral coverage within an area of ca. 50x 50
m (Yoshida, personal communication). Thus, the data can be
compared with that of Landsat TM whose spatial resolution
is 30x30 m. Prior to 1998, the most significant bleaching
event reported for Ishigaki Island was in the summer of
1993, when approximately 55% of corals were reported to

have been bleached at Urasoko Bay (Fig. 1; Fujioka, 1999),
although no information was provided at other sites. The
existence and timing of bleaching events prior to 1990 are
unknown. In summer 2001, a coral bleaching event took
place in the Ryukyu Islands as a result ofhigh SST (Strong
et al., 2002). In this bleaching event, however, the propor-
tion of dead corals was comparatively small.

In order to validate the results of satellite data analysis,
we used data provided by the Environment Agency (1999)
and Hasegawa et al. (1999). Unfortunately, the Landsat TM
image for August 15, 1998, which should have recorded the
coral reef bleaching event, contained many clouds that
covered most of Ishigaki Island and adjacent reefs (Fig.
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1). Thus, the number of sites for validation is limited.
Furthermore, because satellite-based pixel-level change
detection has high sensitivity to spatial misregistration
while georeferencing the images (Stow, 1999), it is rec-
ommended that only points situated within large coral
patches (>90x 90 m) should be used after all of the images
were georeferenced with rms errors smaller than 1.0 (see
Satellite data analysis). Since changes in river water
discharge could significantly affect the water quality, sites
near a river month were excluded. Furthermore, sites
facing directly toward open oceans (e.g., reef edge) should
be excluded, because foam and whitecaps due to breaking
waves contribute to a portion of the radiance in those
locations. As a result, we were limited to the use of only
nine points out of 72 surveyed by the Environment
Agency (1999) and one point (B3) out of five surveyed
by Hasegawa et al. (1999) for validating satellite-based
time-series change analysis (Table 1). These sites were
classified into two categories according to the percent
cover of bleached corals: slightly or non bleached sites
showed less than 15% cover of bleached corals, while
heavily bleached sites showed more than 25% cover of
bleached corals (Table 1). In the severely bleached sites,
the bleached corals died, and the sites were latter occupied
by dead coral nibble, which was observed by one of the
authors (H.Y.) in March 2001. Furthermore, we selected
two reefs (Urasaki and Tamatorizaki) as being representa-
tive of severely bleached and slightly bleached areas,
respectively (Figs. 1 and 2, Table 1), to investigate the
potential area of bleaching (see Satellite data analysis).

Table 1

2.2. Radiative transfer simulation

The reflectance from bleached and healthy corals was
simulated in order to examine the feasibility of using
Landsat TM to detect coral reef bleaching. Fig. 3 shows
the components of radiance received by a satellite sensor. It
is the difference between the radiance from a pixel contain-
ing healthy corals before a bleaching event and the radiance
from the same pixel after the event that is of interest.
Radiance was calculated by entering the healthy and
bleached coral reflectance spectra obtained by Yamano et
al. (2002) (Fig. 4) who measured the reflectance in a flume
with black fabric to minimize wall effects in the light field.
The reflectance spectra were measured 10 cm above the
reference panel and above the corals. The reflectance of
healthy corals showed values similar to those of common
brown-colored corals previously reported (Hochberg &
Atkinson, 2000; Hochberg et al., 2003; Holden & LeDrew,
1998), as supported by Holden and LeDrew (1999) who
showed that geographic location did not affect the spectral
reflectance characteristics of healthy corals. In contrast, the
reflectance of bleached corals was significantly higher than
previously reported (Hochberg et al., 2003; Holden &
LeDrew, 1998; Myers et al., 1999). Of greatest importance
is the absence of absorption in the red region, which
indicates the loss of zooxanthellae. The bleached coral
measured here still contained 1.1 x I04 healthy zooxanthel-
lae per cm2, but this number was 1/100 ofthe number ofthe
healthy coral measured (Yamano et al., 2003). The bleached
coral is regarded here as a still-living coral that has lost

Status of corals before and after the 1998 bleaching event (Environment Agency 1999, 2000a,b; Hasegawa et al., 1999)

Site ID Location Latitude Longitude

summer [%)]

Slightly or non bleached sites

Al Tamatorizaki 24:29:07.6 124:16:40.7 1.5-2.5 15
A2 Tomnruzaki  24:31:31.6 124:18:32.2  1.0-2.5 5
A3 Yasuxazaki 24:33:15.6  124:19:11.2 1.0-3.0 10
A4 Kabira 24:27:05.4 124:10:07.1 1.0-2.0 0
A5 Kabira 24:27:25.6 124:09:189 1.0-3.0 5
Severely bleached sites

B1 Urasaki 24:35:33.6  124:20:55.1 1.0-3.0 55
B2 Urasaki 24:36:14.2  124:20:45.0 OO0 45
B3 Urasaki 24:35:52 124:20:24.17 1.0-2.0 >50
B4 Urasaki 24:36:14.8 124:20:31.7 1.0-2.0 50
B3 Kabira 24:28:07.6 124:08:50.2 0.5-1.5 25

Site IDs as in Fig. 1.

Depth [m] Bleached coral
coverage in 1998

Corals Healthy coral coverage [%]
Before September to October to August to
tile 1998 November November October
bleaching 1998 1999 2000
Branching Porites 70 55 50 55
Branching Montipora 10 5 5 5
Various corals 30 20 5 10
Massive Porites 10 10 10 10
Branching Acropora, 10 5 5 10

Branching Montipora

Branching Acropora 60 5 10 10
Branching Montipora 50 5 10 15
Branching Montipora >50 0 N/A N/A
Encrusting/Branching 60 10 10 10
Montipora, Branching

Acropora

Branching Acropora 40 15 10 10

Original data for coral coverage (Environment Agency 1999, 2000a,b) was based on the percentage of healthy corals to consolidated substrates, and it was
converted to percentage of healthy corals to all the substrates according to Yoshida (personal communication).
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Fig. 2. Landsat TM image (15 August 1998) of (A) Tamatorizaki and (B) Urasaki reefs and bottom types in 1989-1992 (Environment Agency, 1996). S, d and
¢ show points occupied by sand, deep water, and corals, whose DN values were used for analysis.

almost all of its symbionts, while the bleached corals shown
by Holden and Ledrew (1998) could be regarded in a
progressive phase of bleaching, because the reflectance
shows absorption feature by chlorophyll (Fig. 4). The data
of Yamano et al. (2002) show the maximum reflectance of
bleached coral, and so are useful for examining the satellite
remote sensing detection limits for bleached coral.

The simulation procedure was based on that of Yamano
and Tamura (2002). We calculated the radiance at Landsat
TM bands 1, 2 and 3 in the visible region. Two radiative
transfer models for calculating radiance were used: 6S
(Vermote et al., 1997) and Hydrolight (Mobley, 1994). 6S
was used for calculating photon absorption and scattering in
the atmosphere. Hydrolight was used for calculating reflec-
tance at the sea surface and photon absorption and scattering
in seawater. Hydrolight computes spectral radiance both
within water bodies and as the radiance leaves water bodies,
based on the invariant imbedding theory. The calculated
radiance from the sand substratum agreed well with that
recorded by Landsat TM, validating the use of these two
models in a coral-reef environment (Yamano & Tamura,
2002).

We calculated the radiance from bleached and healthy
corals in order to examine the feasibility of using Landsat

TM to detect coral reef bleaching. The basic parameters
were prepared for the validation site, Ishigaki Island (Table
2). We calculated the path radiance (Za in Fig. 2), transmit-
tance of the air, and incident light at the sea surface using
6S. Atmospheric condition was set to tropical type with a
visibility of 40 km, and solar zenith angle was set to 25°,
considering the early- to mid-summer conditions at Ishigaki
Island. Then, using Hydrolight, we calculated the radiance
reflected from sea surface (Lr) and the radiance from the
bottom features (Zw) by input ofthe values of incident light
calculated by 6S. Wind speed was set to 0 m s 1, as the
wind has little effect on the irradiance reflectance at sea
surface in the absence of foam and whitecaps for small solar
zenith angles (e.g., Bukata et al., 1995). Winds at the image
acquisition time (Table 3) were less than 5 m s 1 We set
chlorophyll a (Chi @) concentration to 0.5 mg in ', because
the Chi a value range from 0.1 to 0.8 mg m ' in the
backreef lagoon of Ishigaki Island (Hata, personal commu-
nication). The scattering and absorption in the seawater
volume were calculated according to Haltrin (1999). The
radiance leaving the water was then multiplied by the direct
transmittance of the air calculated by 6S, and the radiance
(Wm 2sr 1pm 1) from the pixel of interest received by
Landsat TM was obtained. We calculated the difference of



H. Yamano, M. Tamura | Remote Sensing o fEnvironment 90 (2004) 86-103 91

Satellite sensor

La

Atmosphere Le

Sea surface

Seawater

Bottom-

Spatial resolution of one pixel

Fig. 3. Components of the radiance received by a satellite sensor for one
pixel and the terminology used to identify them in this study. Lw;, the water-
leaving radiance from the substrate at the bottom of the water column and
from the radiance scattered by water molecules and microscopic particles; Ly
the radiance reflected from the sea surface; the radiance from adjacent
pixels; and Lq the path radiance (radiance scattered by the atmosphere).

the radiance before and after a bleaching event as a fonction
of water depth and the difference in healthy coral coverage
before and after the bleaching event.

In order to apply our result to bleaching detection in
other regions and assess the impact of other parameters
(solar zenith angle, visibility, and Chi a concentration),
additional calculations were made for three combinations

of: solar zenith angle (0-50°) and water depth (0.1-30 m),
visibility (5-100 km) and water depth, and Chi a concen-
tration (0.01-2.0 mg in ') and water depth, assuming an
area with an initial coral coverage of 100% and in which all
corals became completely bleached. Other parameters were
set to the same as those shown in Table 2.

The noise amplitudes (DN values) of TM bands 1, 2, and
3, which are critical for change detection, was estimated to
be 2, 1, and 1 (standard deviations), respectively, based on
the fluctuation of deep ocean values (Yamano & Tamiua,
2002). The difference in DN values needed to detect coral
bleaching is assumed to be twice these values, or 4, 2 and 2,
for bands 1, 2 and 3, respectively. Thus, the difference in
radiance values calculated using Thome et al. (1997) coef-
ficients are 3.27, 3.06, and 2.25 W nfo2 sfol pm-1,
respectively.

2.3. Satellite data analysis

Landsat 5 TM images (PATH 115, ROW 43) obtained
from 1984 to 2000 were analyzed (Table 3). These data
include the image of 15 August 1998 (Fig. 1), when the
severe bleaching event occurred. All of the images were
georeferenced with rms errors smaller than 1.0. Only
summer images were used, because bleaching is generally
caused by the high SST under strong incident light from the
higher solar elevation angles. In addition, the abundance of
seaweed, whose reflectance spectra are similar to those of
healthy coral, shows significant seasonal changes (e.g.,
Lirman & Biber, 2000), a phenomenon that is also observed
at Ishigaki Island (Akatsuka, 2001). These characteristics
would disturb the detection of coral reef bleaching in
multitemporal data taken in different seasons.

0.4 Band 1 Band 2 Band 3
fo
1 0.2
©
cC
400 450 500 550 600 650 700
Wavelength [nm)]
Legend
mBleached coral--——Bleached coral (Holden and LeDrew)

mHealthy coral

-—-—— Healthy coral (Holden and LeDrew)

Fig. 4. Reflectance spectra of healthy and bleached Montipora digitata measured in a flume with black fabric. Data of Holden and LeDrew (1998) are also
shown. The widths of Landsat TM bands 1-3 are indicated in the upper part of the figure.
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Table 2
Basic parameters used in the radiative transfer models

Sensor conditions

Sensor type Landsat TM Bands 1-
Sun zenith angle 25°

Sensor zenith angle 0-

Atmospheric conditions for 6S

Atmosphere type Tropical
Aerosol type Maritime
Visibility 40 km
Surface conditions for Hydrolight

Altitude Om
Wind speed Oms-
Seawater condition for Hydrolight

Seawater type Case 1
Variablesfor Hydrolight

‘Water depth 0.1-30 m
Chlorophyll concentration 0.5 mg m-3

Bottom type Healthy coral, Bleached coral

We compared the DN from each pixel in the multi-
temporal images after removing the effects of path radiance,
radiance from adjacent pixels, and the reflectance of sea-
water (Fig. 3), and then normalizing the effects of changes
in the atmosphere, incident light, water depth and sensor
response. In this comparison, four assumptions were made:
(1) the atmosphere is spatially uniform over a reef within a
single image; (2) the incident light on the reef of interest is
spatially uniform within an image; (3) the water quality
(extinction coefficient) over the reef of interest is the same
in any two images; and (4) the reflectance of sand and deep
water are constant in any two images. This normalization

Table 3
Collected landsat TM images

Image acquisition date ~ Water level [cm]  Slightly or non bleached sites

Al A2 A3 A4
1984.8.24 45 * *
1985.7.10 130 * * *
1987.8.17 105 * * * *
1988.7.18 165 * * * *
1989.7.5 140 * * * *
1990.7.24 150 *
1991.7.11 60 * * *
1993.6.30 50 * * * *
1994.5.16 160

1994.9.5 80 * *

1995.8.7 50 * *
1996.7.8 125 * *

1997.7.27 130 *

1998.6.28 175 *
1998.8.15 125

2000.7.19 140 * *

method was originally proposed by Yamano and Tamiua
(2001) and is described in detail here. It does not require
knowledge of differing atmospheric conditions or water
depths due to tide among the images, both of which have
been problematic in previous attempts to monitor coral reefs
by satellite (Lyzenga, 1978; Mumby et al., 1998a). To
properly normalize each scene DN values from three types
of substrate— shallow sand (DNY), deep water (DNd), and
corals (DNO— are needed. These points should be as close
as possible to each other spatially (Fig. 2) in order to reduce
the possibility of local changes in atmospheric conditions
and incident light due to the presence of clouds near the site
(Fig. 1). Furthermore, radiance from adjacent pixels (Ze in
Fig. 3) is assumed to be the same for the three pixels,
because the pixels are close to each other. The basic
procediue is to compare the differences in DN values
between sand (DNS) and corals (DNQ in multitemporal
satellite images, after normalizing for changes in the atmo-
sphere (transmittance), incident light, sensor characteristics,
and water depth. Ifthe value of (DNS—DNQ in one image is
smaller than in other images, coral bleaching would be
interpreted to have taken place, because DNS should be
constant and the DNCvalue of bleached corals should be
greater than that of healthy corals.

The digital number (DNt) generated by a satellite sensor
(Fig. 3) is a function of the radiance received at the sensor
and is given for an individual pixel by

DN, — G/LW+ Zr + Le+ Za]+ B )

where G and B are the gain and offset values for converting
the radiance to DN. In our work, the effect of multiple
scattering in air and in seawater was ignored.

Severely bleached sites Remarks
AS Bi B2 B3 B4 B5
* # # *
* * *
* *
* * * * * *
* * * * * *
* * * * * *
* * * * *
* * . .
# # Possible bleaching
Reference
#
* * # # *
* * * *
*
* * S .
Beginning of bleaching
Bleaching
* *

Asterisks (*) indicate the existence of clouds at the site, and the data was not be used.
Sharps (#) indicate the possible subaeiial exposure of the site due to low tide, and the data was not be used.

The image in May 1994 was used for reference.
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Radiance from the substrate is described as follows:
Lw = rEdCpbexp[—2cz] 2

where T is light transmittance in air, Ed is downwelling
irradiance above the sea surface within the given spectral
band and the time of year and day when the image was
collected, C is a factor that accounts for the loss of
irradiance at the air-sea interface due to reflectance (e.g.,
Kirk, 1994), ph is the reflectance of bottom features, k is an
extinction coefficient for water, and z is the water depth.

Consider the DN values from sand, deep water, and coral
(DNS DNd, and DNQ in two images collected on different
dates (images 1and 2). Based on Egs. (1)and (2), in the first
image, the DN values are given by

DNSI= Gl[isl +¢rl + Lel +;al] + B\ 3
DNdi = G\[;dl + Cri + Cel + Cal] + B\ 4
DNci = Gi[Cci +Cri +Cei +Cai] + B\ )
where

Csi = CjEdiCip~expl-2/cjZal] 6)
Cdi = T\Ed\Cpacexp[—2/c!Zdl] (7
Cci = JjEdi Cipclexp[—2/qzd] ®)

In the second image, in which the water depth exceeds
that ofthe first image by Az due to tide, the DN values are
given by

DN = Gi[(G2+ C2+ C2+ Ca]+ Bi ©)
DNd2 = Gi[GR + C2+ C&+ Ca2]+ Bi (10)
DN@ = Gi[G2+ C2+ C&2+ Ca2]+ Bi (11)
where

Ce = QEd2C2ps2exp[-2/c2(zsi + Az)] (12)
Caz = QEd2C2Pd exp [2/2(zdi + Az)] (13)
C2= QEd:C2pQexp[22¢za + Az)] (14)

Here, psi=ps2=Ps, Pdi=Pd2=Pd, and kI=k2=k according to
the assumptions described above.

The effects of adjacent pixels, path radiance, and the
offset in converting the radiance to DN are removed by
subtracting DNCfrom DNSin the same image.

DNsi -D N ci = GiTjEdiCi [psexp(—2/czsi)

- p clexp(-2/czci)] (15)

DN - DN& = G2C2Ed2C2[psexp(-2/czsi)

—pc2exp(—2czcl)]exp[—2/cAz] (16)

In order to perform the normalization between the
images, (DNsl—DNdl) should be made to be equal to
(DNs2—DNd:) by introducing a coefficient a:

_ DNsl —DNd _
DNs2-DNd2

Gj7|Ed|Cj
G2C2Ed2C2exp[-2/cAz] 1]

Thus, (DNS-DNQ in the second image (Eq. (16)) is
normalized with respect to the first image using a:

a[DN2 —DNc2] = GiTjEdiCi [psexp(—2/czsi)
-Pc2exp(-2/czcl)] (18)

It can then be compared to Eq. (15) without knowledge of
the atmospheric conditions or the difference in water depths
due to tide between the two images, because the change in
the DN value is produced only by the difference in coral
reflectance (pc).

The normalized values of (DNS—DNQ for Landsat TM
bands 1-3 at 10 points (Table 2) in each image (Table 3)
were compared with reference values of (DNS—DNd) from
an image without clouds obtained on 16 May 1994, and the
values were converted to radiance (W in 2sr lpm-1) using
Thome et al. (1997) calibration coefficient for 1994. The
propagation of errors due to Landsat TM sensor noise in the
normalizing procediue was calculated. The calculated error
magnitude was then used to estimate the detection limit for
bleaching in the results of the radiative transfer simulation
and the time-series satellite data analysis.

In addition to the time-series change analysis at ten
points (Fig. 1; Table 1) the potential area of coral reef
bleaching was extracted in two reefs (Urasaki and Tamator-
izaki) which showed significantly different proportions of
bleached corals (Figs. 1 and 2; Table 1). The potentially
bleached areas were extracted by comparing the DN values
of bands 1 and 2 between August 1995 and August 1998
(Tamatorizaki Reef) and between July 1997 and August
1998 (Urasaki Reef). Considering the errors produced in the
normalizing procediue for both bands 1 and 2, pixels were
extracted if the difference of radiance between the two
images was greater than the sum of the resultant errors
calculated for the two images.
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3. Results and discussion
3.1. Radiative transfer simulation

3.1.1. Detection limits calculated for Ishigaki Island

Because the reflectance ofbleached corals showed higher
values in this study than the values of Holden and LeDrew
(1998), which were used in the previous simulation by
Yamano and Tamura (2002) (Fig. 4), the likelihood of
detecting coral bleaching by Landsat TM could be greater
previously shown. Fig. 5 shows the difference in DN values
before and after a bleaching event as a function of water
depth and the percentage of bleached corals in a TM pixel,
which shows the difference in healthy coral coverage before
and after the bleaching event. The detection limit of coral
bleaching can be determined using Fig. 5. As described in
the Methods section, it was assumed that coral bleaching
could be detected if the difference in DN values was in
excess of twice the error magnitude due to Landsat TM
sensor noise. If a severe bleaching event occurred in an area
that initially had an abundance of healthy corals (an area
with an initial coral coverage of 100%, but in which all
corals became completely bleached), the maximum detect-
able depths were 28, 21, and 3.0 m for bands 1, 2 and 3,
respectively. The vertical lines in Fig. 5 indicate a depth of 3
m, which indicates the maximum depth of reef flats in
general. If the DN values from a coral pixel between two
images can be compared directly, then Landsat TM bands 1,
2 and 3 can detect, at a depth of 3 m, differences of 10%,
9% and 94%, respectively, in healthy coral coverage in a
pixel on reef flats due to bleaching.

In analyzing satellite data, error propagation in the
normalization procediue must be taken into consideration.
The errors for Landsat TM bands 1, 2 and 3 after the
normalization procediue ranged from 1.72 to 3.35, from
1.67 to 2.53, and from 0.56 to 2.18 in radiance (W m~2sr_1
[t,m_1), respectively. Thus, the difference in DN values used
for bleaching detection should be 6.70, 5.06 and 4.36 for the
respective bands, and we use these values hereafter for
bleaching detection. Thus, if a severe bleaching event
occurred in an area that initially had an abundance of
healthy corals, the maximum detectable depths were 18,
17 and 1.7 m for bands 1, 2 and 3, respectively. On reef
flats, a 23% difference and a 16% difference in healthy coral
coverage in a pixel due to bleaching would be detected at a
depth of 3 m using bands 1 and 2, respectively, of the
Landsat TM (Fig. 5). Using band 3, the detection is limited
to a shallow (1-2 m) part of the reef flat.

3.1.2. Effect of solar zenith angle, aerosol, and Chi a
concentration on bleaching detection

The effect of solar zenith angle is indicated in Fig. 6A,
which shows the difference in radiance values before and
after a bleaching event as a function of solar zenith angle
and water depth, assuming an area with an initial coral
coverage of 100% and in which all corals became com-

pletely bleached. The maximum detectable depths were
correlated well with sine value of solar zenith angle for all
three bands, e.g., in band 1, they were 20, 18, and 11 m, for
solar zenith angle of 0°, 25° and 50°, respectively. In low
latitude area where solar zenith angle in summer is less than
25°, the effect of solar zenith angle should be small.

The effect of aerosol (visibility) is indicated in Fig. 6B.
In all three bands, the significant effect of aerosol is
observed in a condition of visibility smaller than —25
km, while the effect is small in a condition of visibility
greater than —25 km. Under the condition of 5 km
visibility, the maximum detectable depth was approximately
halftimes as small as that of 40 km visibility.

The effect of Chi a depends on wavelength (band) (Fig.
6C). The greatest sensitivity of bleaching detection is ob-
served in band 1. The maximum detectable depth increased
significantly when Chi a concentration is below 0.8 mgm ',
and exceeded 30 m when Chi a was smaller than 0.27 mg
m '. On the other hand, in band 2, the detectable maximum
depths were 24, 17 and 9 m, for Chi @ 0f0.01, 0.5 and 2.0
mg m  respectively. In band 3, Chi a had little effect.

3.2. Satellite data analysis

Fig. 7 shows the temporal changes of differences in
radiance values between sand and corals at 10 validation
sites after applying the normalization procediue. The differ-
ence values at slightly or non bleached sites were almost
stable for 17 years (from 1984 to 2000; Fig. 7A). Landsat
TM could not detect less than 15% bleached coral cover in a
pixel (Table 1) that developed during the 1998 bleaching
event. It is oiu contention that the stability ofthe difference
values in Fig. 7A demonstrates the effectiveness of the
method used in this study, because the percentage of
bleached corals at these sites was small even in 1998
(Environment Agency, 1999) and are considered to have
remained small. On the other hand, the values of bands 1
and 2 at severely bleached sites were smallest in the summer
of 1998 (Fig. 7B). This corresponds to the severe bleaching
event at the sites (Table 1). The 1998 mass-bleaching event
that produced 25-55% bleached coral cover would be
detected by bands 1 and 2, as indicated by the radiative
transfer simulation (Fig. 5). After 1997, the values of bands
1 and 2 decreased in June 1998 and reached their lowest
values in August 1998, reflecting the progress of bleaching.
This is supported by the fact that reflectance value of
bleached corals shown by Holden and LeDrew (1998),
which could be regarded in the progressive phase of
bleaching, is between that of bleached corals of Yamano
et al. (2002) and that of healthy corals (Fig. 4). At sites B3,
B4 and B5, whose depth is assumed to be around 1-2 m, a
lower DN values were also recorded in 1998 by band 3,
whereas no decrease in band 3 values was found at sites Bi
and B2. The shallow water depth allowed band 3 to detect
the 1998 bleaching event, which agrees well with the results
of the radiative transfer simulation (Fig. 5).
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The feasibility of Landsat TM for detecting dead corals
due to bleaching can also be discussed using Fig. 7B. The
detection of coral moralities depends on type of corals and
mode of dead corals (Andréfouét et al., 2001), who showed
that the shift from brown-type corals to dead coral rubble
that was not colonized by macroalgae was potentially
detectable. Reflectance of dead coral rubble on Urasaki
Reef showed higher values than that of healthy corals
(Yamano et al., 2002), which is also shown by Clark et al.
(2000) that on a French Polynesian reef where high grazing
pressure on macroalgae was observed, corals that had been
dead for more than 6 months had higher reflectance values
than both living corals and recently dead corals. At sites B2,
B3, and B4, where brown Montipora corals were initially
dominated (Table 1), the small values for July 2000 could be
a result of the eventual death of corals, while at site BI,
where blue Acropora corals were dominated, the value for
July 2000 is the same as that before bleaching (Fig. 7B).
Thus, as suggested by Andréfouét et al. (2001) for Landsat
ETM+, Landsat TM could potentially monitor not only
bleaching events, but also the mortality of corals following
such events, if the dead corals were initially brown corals
and are not then colonized by macroalgae.

Small difference values in some bands at sites B 1 and B2
were also observed for 1993 (Fig. 6B). The 1993 bleaching
(Fujioka, 1999) could also be detected in this study. The
difference values at site B2 for 1984 are also small (Fig.
7B), suggesting that bleaching also took place in 1984. It
should be noted that severe typhoons can topple branching
coral patches established on sand substrates (Lirman &
Fong, 1997; Yamano et al., 2000), which could produce
the low values of Fig. 6B. The potential effect of typhoons
is observed at slightly or non-bleached sites (in 1984 and
1995 at A2, in 1994 at A4, Fig. 7A). No severe typhoons
struck Ishigaki Island in 1997 and 1998, however, and the
significant decrease in radiance difference at severely
bleached sites in summer 1998 was almost certainly due
to the severe bleaching event.

The area that might have been affected by coral
bleaching in 1998 is shown in Fig. 8. At Tamatorizaki
Reef, no potentially bleached area was identified in areas
with high initial coral coverage, which concurs with
previous reports (Environment Agency, 1999). At Urasaki
Reef, the area of possible coral bleaching in areas with
high initial coral coverage is much larger. Some points at
the edge of a coral patch might have been bleached, and
coral cover increased at some points. This is likely due to
spatial misregistration causing contamination of adjacent
pixels that consist of sand. Another problem is that some
points in a sparsely coral-covered area were identified as
potentially bleached. At Urasaki Reef, in addition to coral
bleaching, algae on reef areas showed significant
decreases. High SST might also affect the growth of algae
on coral reefs. This decrease in algac might explain the
appearance of potentially bleached areas in otherwise
sparsely coral-covered areas.

A Tamatorizaki

B Urasaki

Fig. 8. Potential area of coral reef bleaching in 1998 extracted using the
difference ofradiance from sand and from corals between August 1995 and
August 1998 (A; Tamatorizaki Reef) and between July 1997 and August
1998 (B; Urasaki Reef). Bottom types are as in Fig. 2. Points for temporal
change analysis of radiance values (Fig. 2) are indicated by arrows. Blue
and red points indicate increase and decrease in radiance values,
respectively. Blue points on Tamatorizaki Reef (a) are likely the result of
aerial exposure of shallow areas in 1997 due to low water levels (Table 3).
Red points on Urasaki Reef (b) are likely because of clouds (Fig. 1). Red
points in an area of seaweed (c) reflect the decrease in seaweed in 1998.
Blue and red points (d) should be caused by breaking waves at the reef
edge.

3.3. Detection limits of coral reef bleaching by satellite
remote sensing

From the radiative transfer simulation presented, a
bleaching event that produces more than 23% bleached
coral cover on reef flats can be detected using Landsat
TM bands 1 and 2. From the actual satellite data analysis, a
severe bleaching event that produced a 25-55% cover of
bleached corals on a reef flat was detected, but slight
bleaching resulting in 15% bleached coral cover on a reef
flat was not detected. The simulation and data analysis agree
well with each other, and identify reliable limits for satellite
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remote sensing for detecting coral reefbleaching. In order to
detect a bleaching event using Landsat TM, it is necessary
to assume bleached coral coverage on a shallow (<3 m
depth) reef flat to be at least 23% (210 m2) throughout a
pixel of 900 m2, because the spatial resolution of Landsat
™™ is 30 m.

Our results serve as general guidelines for detecting coral
reef bleaching using Landsat, and Fig. 6 would be a
promising approach to examine the feasibility of satellite
remote sensing for detecting coral reefbleaching in general.
Because coral reefs are established in a low latitude area
where solar zenith angle in summer is less than 25°, the
effect of solar zenith angle should be small (Fig. 6A), and
the likelihood of detecting coral bleaching will be almost
identical to that at Ishigaki Island. For aerosol (visibility)
(Fig. 6B), in tropical coral reefareas, Pacific oceanic islands
have high visibility (Smirnov et al., 2002; Yu et al., 2003),
and thus our results at Ishigaki Island can be applied without
consideration of aerosol. However, the visibility often
shows less than 25 km in Caribbean Sea, Indian Ocecan
and Southeast Asia, and this low visibility has been attrib-
uted to dust, pollutant or forest fires (Kobayashi et al., in
press; Yu et al, 2003). Low (<25 km) visibility would
decrease significantly the maximum detectable depth as
indicated in Fig. 6B, and thus the visibility is a factor that
should be considered in detecting bleaching. The likelihood
of bleaching detection is most sensitive to Chi a (Fig. 6C).
Using band 1, however, the likelihood of the detection is
expected to be greater than that in Ishigaki Island, because
many coral reefs have Chi a concentration smaller than 0.5
mg 1rU3 (e.g., 0.3 - 0.5 mg rrU3 in the Great Barrier Reefof
Australia, Brodie et al., 1997, 0.03-0.43 mg rrU3 in
Tuamotu atoll lagoons, Charpy et al., 1997). In high (>0.5
mg in 3) and variable Chi a concentrations, use of band 2
would result in reliable detection, as the maximum depth
was not affected significantly in band 2 (Fig. 6C).

Some limiting factors for the bleaching detection can be
presented. The reflectance data used for bleached corals
are for almost totally bleached coral; patchy bleaching is to
be expected in a pixel of 900 m2, however, which reduces
the reliability of satellite remote sensing. Spatial misregis-
tration resulted in a high degree of uncertainty in the
detection of changes at the edges of coral patches. There-
fore, even after removing and normalizing atmospheric
effects that are commonly problematic, satellite remote
sensing is limited in its ability to detect coral bleaching,
mainly because of the low (~ 30 m) spatial resolution,
which enhances the possibility of misidentification of
objects and misrepresentation of partly bleached coral,
and also exaggerates the effect of spatial misregistration.
Detection of coral reef bleaching by Landsat TM is limited
to sites that have particularly high coral cover over large
areas (Fig. 8). Typhoons that topple branching corals
should be carefully examined, because sand has a higher
reflectance than corals and can be easily interpreted as
bleached corals in the present analysis.

These limitations, however, can be overcome using high
spatial resolution sensors. Because bleached coral has a
higher reflectance than healthy coral in the visible wave-
length range (Fig. 4), the limiting factor is not spectral
resolution but spatial resolution. Given the heterogeneous
nature of coral reefs, higher spatial resolution should result
in better detection of bleaching. The thematic acciuacy
increased using IKONOS whose spatial resolution is 4 m
(Andréfouét et al., 2003; Mumby & Edwards, 2002), which
would contribute to detailed coral mapping. Furthermore,
because sand often occius with broader/low frequency
spatial distribution, some spatial variability analysis would
help minimize the problem caused by typhoon toppling. In
addition to high spatial resolution, a shorter recurrence
interval for the satellites would be preferable than afforded
by Landsat, in order to monitor the progress of bleaching
events. Satellite remote sensing of coral reef bleaching
should be encouraged in the future, as advanced satellite
sensors with high spatial resolution (e.g., IKONOS, Quick-
Bird, ALOS) are developed and deployed, and they are
contributing to bleaching detection (Elvidge et al., in press).
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