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KBSTRACT

Damage from tropical cyclones can have major
consequences for coral reef structure gnd
ecology, as well as for human communities
and human uses of coral rgcf resources. Remote
sensing with high resolution multispectral
catellite images can be usedlto a:sess large

e cyclone damege on corel reel areas.
;;g% im!ges of the almost atoll of AITQTA%I,
Cook 1slands, taken in June 1986 and in February
1687 after the rasszge of Cyclone Sally near
the island in January, were trgnsformed and
subjected to a textural analysis, and then
compared to assess damage to the reef and
1agoon. Mew shallow sand and rubble deposits
showed increased reflectance, whi.. lower
reflectance seemed associated with damage
to reef structure, scouring in the lagoon,‘
gepositis of terrestrial sediments, and rapid
algal regrowth cn damaged surfaces. One third
of the whole shallow surface (0-3 n) of the
reef and laogoon of Aitutaki showed such changes
after the cyclome 2t a scale detectable by
satellite remote sensing.

INTRCTUCT LOM

Remote sensing with satellites such as 5POT
makes it possible to obtain data on natural
phenomena relatively rapidly in even the most
remote parts of the world and the most 1inacces-
sible environments., For instance, shallow
coastal arezas are difficult of access from
both land and sea, particularly for lerge
scale surveys, so satellite images offer great
advantages in areas where aerial photography
is not cost effective. One useful application
is in the analysis of the effects of natural
disasters such as severe storms on coaslines
and shallow marine resources in areas far

form other means of surveillance.

Corcl rezls and cvclenss

Coral reefs are unique features on the surface
of the planet beceuse they are constructions
on a geological scaleabuilt by biological
zetivity. Recent reefs are dynamic features
undergoing constant change as they adapt to
fluctuating sea levels and other changes in
the land-sea interface. Coral reefs are often
subject to cycles of conctruction and destruc-
tion, with the destructive phases often hel-
ping to consolidate the reef framework by
redistributing material and filling interstices.
Tropical cyclenes (hurricanes or typhoons)

are among the major destructive force for
reefs in regions where they occur. They are
intermittent and sometimes rare events in

any particuler locality, by many reefs bear
permanent iw.rks of their passage,

Most effects of cyclonss on reefs result from
weve ac?lon, although heavy fresh water inputs
may be important in lccalized areas, and the

winds may affect terrestrial vegetation and
sediment, On Funafuti Atoll, wave action during
tropical cyclone Bebe in 1972 built a coral
rubble rampart (storm beach) 18 km long, 37 m
wide and averaging 3.5 m in height above the
reef flat (Maragos et al. 1973 ; Baines et

al. 1974). A small cyclome that hit the raised co-
ral island of Niue ine 1979 produced waves

that broke over the top of the 18 m cliffs
surrounding the island, leaving reef fish

in the hotsl swimming pool.

Cyclones are a major mechanisms for the construc-
tion (or removal) of raised land areas on

reef platforms. Storm rampart such as that

at Funafuti become permanent island features,

and are widespread on both atolls and the reef
platforms of high islands such as Rarotonga. The
production and redistribution of reef sediments
during cyclones represent mejor effects with im-
portant consequences for the reef system and

for human uses of the land and reef areas.

Cyclone damage must inevitably have a major conse-
quences for the coral reef ecology as well as

its structure. Much of the living surface

may be damaged or removed, changing the available
surface area (Dahl 1972) and the habitats

or shelter for many reef organisms. There may be
a selective removal or more fragile or vulnerable
species, or an advantage given to species that
can regenerate rapidly, thus changing the
population structure, Much new surface is

made availalble for colonization, althcugh

rubble and sediment deposits may take time

to be stabilized enough. The arbitrary occurence
of cyclones relative to tidal, lunar or seasonal
factors regulating reproduction in reef organisms
may result in widely different primary colonizers
and successional patterns depending on the chan-
ces of timing, possibly leading to new reef
communities quite different from those that

they replaced.

Depending on the location of the reef, cyclone da-
mage may be frequent, leading to a relatively
“adapted" or 'resistant’ ecosystem, or it

may only occur once in 50 or 100 years. Such rare
extreme events may be an important determinant of
reef structure and function for decades even
though this may not be immediately apparent to

the casuval observer.

“an and island

1n the tropical cyclone belts, most islands

are built on coral reefs or are sourrounded

by them, and these reefs resources are important
for human subsistence and development. lslands
are also a special case for enviromnmental
management, with limited resources in often diver-
se environments with high environmental gradients
(Dahl, in press.). lslands are also particularly
vulnerzhble to cyclones, and man has not always
developed them with this threat in mind, leading
to great economic damagz and loss of life.

During cyclone Bebe on Funafuti, for instance,

a storm surge dm high destroyed many buildings
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Cycicnes also aff.ct fisheries, dameging the

preductivity of cosstal fishing areas, not

to mention fishing vessels anc port facilities.

The cycione on Niue obliterated the port facili-
ties and destroyed 2lmost every boat and canoe on
the island including a new fisheries research ves-
sel, Given the importance of island fisheries tor
both sutsistence and commercial purposes

acvancec pianning is important to minimize

eventual damage, and rapid assessment of storm
demage can help to plan remedial actions.

Meny traditional island fisheries included

such provisions, including reserving certain less

vulnzrabie areas or species for use after
cvclones while the rest of the reef was recove-
ring.

There are of course also cyclone effects on
island terrestrial resources such as agricultural
ereas, tree crops, forests, water supplies
and infrastructure that also need to be evaluated
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nicces for certvain types of studies.

ancs present many critical management preblems

whicn reguire careful planning and environmental

monitering, yet obtaining reliable current
informazion on island environments is still very

difficult. OF over a thousand islands recently
reviewed in Oceania only 18 could be said

te have complete and recent information available
(Dahl 1986). Most oceanic islands are too

remote for frequent aerial photographic coverage,

and whare it exists it may be decades out

cf daze. lsland terrain, whether terrestrial or

merineg, is often dif flcult and diverse, making
n-site survey methods labour intensive and
legistizally complex, while producing masses

of cetail then may be difficult to situate

an” analyse. . !
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Coteining satellite images of islands does

present some problems. Limitations of recorder ca-
pacity of receptis. by ground stations reduce
potentizl coverage, particularly since many is-
iands are far from continent-based reception faci-
lities. High islands also have frequent orogre-
phic cioud cover that mekes obtaining cloug-free
imazzs cifficult., Another important probi

is the scele of image resclution relative

to the scale of the island or reef features of
interest, A resolution of B0 metres shows

little of interest on a smeil island. However the
new highresolution imeyes such as those producsd
by _:CT. with 20 m resolution in multispeciral no-
ce and *0 @ in pancnromatic, can show many

izland features of interest, including the

rmajor icnes on cora) recfs

L2TUTERL

Aitutaki is an zlmost-atoll in the Cook lslands
(1825275, 15%%40'W) 225 km north of Rarotonga. 1t

comsicns of 2 ogmal weleenic dsland of 6.0 s,
vmoan? 2 ranitam zliitede of 119 mosurrounded by
8 large lagonn of 66 sq. km encles=¢ by o

roughily trianzolar barrier reef, hence the

term “almost-z7oil”, There are 13 low coral

islets totalling 2.2 sq. km on the 600-1000 m
wide barrier reef, The lagoon has a maximum

depth of 10.5 m and 1s mostly under 4.5 m,

with numerous patch reefs in some areas. The
population of about 3,000 lives mostly from
agricul ture and fishing, with same small-scale
tourism, Tridacna maxima is common on the

recfs and forms the basis of a major food-gathe-
ring and commercial industry (IUCN, in press).
There have been efforts to improve the revenues
from the isiand's marine resources, including

the introduction of Trochus in 1957, now harvested
commercially, and recent trials of Tridacna
derasa, Turbo marmoratus, and Eucheuma. The

status of the lagoon and reef resources is

thus of economic as well as scientific importance.
Aitutaki was studied in detail by an expedition

in 1969 (Stoddart & Gibbs 1975). Lagoon sedimenta-
“ion hes been described by Summerhayes (1971)

and more recently by Collote (in press.) the

reefs by Stoddart & Pillai {1973). A brief

marine environmental survey was made in 1976
{Dahl, 1980). Recent information on the reefs

has been summarized by TUCN (in press).

Remote sensing study of Aitutaki

A SPOT multispectral (20 m resolution) wes
aguired on 23 3upe 19B6. The first goal was,

in the framewerk of the CCOP/SOPAC 10C STAR
remote sensing study group, To deveiop a demons-
tration project to show the potential use

of high resolution satellite data for shallow
water mapping and mineral prospection.

The first step was to delineate the lagoon
automatically in the image by thresholding

X53 and XS1 respectively for elimintation

of emerged land and determination of deep
water. Fig. 1 {(Jupp et al. 1985) shows the
spectral performance of various type of bottom
according to bathymetry on XSV (x) versus

52 (y) wavelengths.
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Fig. 1 : From Jupp & al 1985 ~{iLandsat band 4 and
5 respectively equivalent te SPOT XSI and XS2.)
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This figure demonstrates the potential use
of these spectral bands to caracterizc the
type of botir: and the bathymetry, and to
describe in particular, the difference in
light penetration between band X51 (20 m and
more) and band X52 (5 to 7 meters).

The calculatién starts with the formula linking
Rify) radiance as measured in the wavelength

(i) to the depth (3)
~2ki
(1) Rifg) = R.‘_.HU,‘MSR{- Rive)e 3

4. Lwy= Luminance at the observed
R kil 4l point
iz} . .
£ E = 1lumination

Where
1 = Wavelength or spectral band
0,545 = Transmission coefficient
at th: land-sea interface
Ri (3) = Reflectance of an observed
point where the bottom is
situated at a depth of (meters)
Riwo = Reflectance of the water mass
£ with infinite depth
Re = Natural reflectance of the
totiom
Ky = Attenuation coefficient in
channel 1
Therefore : 0,545 Qf- Rivo

A
(2) 5= 2K In Lizy) = Rico
0f the three original channels X51, X5Z and
XS3, only the firstcan be used as the third
does not penetrate through water (absorption
of the near infrared). The correllation coeffi-
cient, calculated on 250.000 pixels in the
lagoon as defined here, is 0,90.

Transforming the cartesian coordinates (XS1),
XS2) of fig. 1 to polar ones :
P = (X5,)~'+(x52)

9 = Arclg (xsi/xsz)

irduces a decorrelation (r = 0,23) due to

the fact that for a definite depth the distance
(#) varies according to the bottom type while
for a definite bottom type in shallow waters

the angle (#) varies according to the bathymetry
(see fig. 1).

(3

Because the bottom of the Altutaki lagoon

is covered insplaces with coral heads and
branching ribbons of coral knolls showing as
discontinuous zones on the image, we have
created a third neo-channel (texture) created
by replacing the original digitai value at

each point on the image with the result of

the computaticn of a local standard deviation
within a 3x3 pixzls window. This method, already
described by Jupp et al. 1985, Uses the shortest
wavelength ~channel. We applied it (Loubersac
1987) using the ratio (XS51)2 /X52 which is

a good descriptor for shallow waters (Ben

Moussa 1987).

" Two new maps : 3 bathyrriric one and a map
of the sediment distribution in the lagoon
have been produced by CCOP/SOPAC using SPOT
imagery. The satellite imagery appears to
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of fer considerable advantages for those types
of study. About 75 % of the bathymetric map
(see figure 2) were drawn using the SPOT image
with little need for field calibration.

lm Ui Ato!
et st

Fig. 2 : Bathymetric map of Aitutaki

The color composition 2 in red, # in green

and texture in blue has been also used by
CCOP/SOPAC in conjuntion with ground truth measu-
rements to make a morphological study of the la-
goon (Collotte, 1988).

Lyzenga (1981) shows that through the following
transformation of raw data

X = In (40-L0)
Where Li = Luminance measured in channel
Lo = Luminance of deep water in channel

The resulting neo-~channels are linear functions
of the water depth and are linearly related

to each other. So on a bidimentional histogram of
(Xawy) plotted against (Xxs), the pixels will

fall along straigth lines whose slope 1s KXS2/KXS1
(XXS1 being the irradiance attenuation coefficient
in band X51). 1f the bottom reflectance changes,
the corresponding pixels points will fall

along a parallel line. The displacement between
the -two parallel lines corresponds to a bottom
reflectance change which can be detected even

if the bathymetry is not known.

Lyzenga demonstrated that this displacement
is related to the bottom reflectance as follows :

ijnf'L— K Inry

4) =Yoo
Vk™+ sz
“here ro bottom reflectance in band i

a constant for fixed illumination
and atmaespheric conditions

Yip

So disregarding the constants Y{, and J:714-hf
one may write :

(5) Y. es homologous to Incl _-(kd//c_;)ln ry
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1UPACT ASSESSIHENT OF CYCLCHE SALLY

-
1

ical cylcone Sally formed in the Northern Cook
a5 on 26 December 1985 and passed throuch
cok 1sland on a southeastwarcd irack before
: th of the Austral lslands en
nuzry 1987 after maintaining hurricane

ity for nearly a week (Kishore ‘95". 1z
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cutlh where the eye pac~-< over Rarc: 1

= vaves of 10 w on the reef and wings custTing
kncts. At the height of the storm on

vtaki (2 Jenuary, Sh to 8h), the winds

< to 70 knots and the minimum see level pres-

:re reached 983 Mb. There was damage o housing,

cnut trees and other vegetation, ang tne

= seas anc heavy swells damaged

go shed, The effects on Rarotongz were

isastrous (Cowan & Utanga 19€7).
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COUPARISCH GF THMAGES BEFORE AMD AFTER THZ CYCLCHIT

e two imeges of 23 June 1986 an
37 were preprouegsed for radiomet
ometric corrections.
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The iraze coizined 2fter Cyclone Selly was
process=C (.eve. 5) at CR1S {Centre de Rectifica-
Ticn imaces Spatiales) in Toulouse (France)
5C cr pirel could be superimposed on

nivel 5f the -efneance iramn

ne riormed as fol-
lows
following Degni {(1984) and Duinguirard (1986),
the digital counts Ni (3 for %51, X52 and
¥£3) can be converted to luminance Li :
L= A1 Y
where Al = 1,056 wom p1 "for Y51
= 1,0 1 owm pa "for XS2
7,020 w.rpr'for %53
and to reflectance RI - z‘A'
F.El sinh

where f is a coefficient for correcting the
variations of distance between sun and earth
William & al., 1985).

Ei = mean value of incident solar illumina-
tion
h = sun angle

According to Tenre et al {1981), aimospheric
corrections may be performed as follows

LSoL
. T, Re + RiAm
4 - 50 R
with T3 the atmospheric transmitting factor
computed with 55 software (Tanre et al, 1985).

Ri ATM the awmospheric reflectance deduced
from the lowest value observed
in the open ocean.

S1 the spheric albedo of the atmposphere.

The imzge of 23 June 1986 was acquired under
optimal atmospheric conditions, while the
image of 17 Fepruary 1957 has some clouds,
mestly in the south west pari of the atoll.
Befcre comparing the images, clouds and their
shadows were eliminated using bidimentional
histogram thresholding deduced from the radiome-
tric behaviour of the clouds and shadows on
XS3 and XS2. Interactive elimination had to
be added since the sutomatic methodology was
not efficient enough to eliminate all cloud
arnd shazdow pivels,

T v ang gcecmetricellv ceorrec—

T cempered vis

2 lew The intecr-ezzlo

< £51 ggsessment o7 the rones affec-

t he cyclone (Lemeire e% al, 1987).

A e clearly visibie impacts of Sally
Ting ; westliy on ng reef flats and

s B
around the main island

Coastel erosion of tne meiniand and islets,
mostly in the north-west and north-east
parts of the atsll,



Major modifications of sand bank patterns

9 . £
in the south-ess:t and south-west paris o
the atoll,

The presence of crevices in the coral reef,
mostly in the eastern part

After polar transformation as describeq above,
major differences are zpparent mostly in the
shallow waters. Significant changes occur

in the unconsolidated sediments and some areas
of hard bottom with a strong textural component
were replaced by soft areas witn little texture,

Since the potential advantages of remote sgnsing
for impact studies include not only synoptic
description but alseo quantification and predic-
tion, we directed the study toward two goals

2) the guantification of the ares of the shallow
water bottoms which were altered or removed.

b) The quantification of the erosion of low
lying coastal arees which can threasten
permanent housing and the conclusions which
can be cerived from such an analysis to
minimise the risks of future damage to
housing.

For the first goal, a), the methodology, based
on a multitemporal approach, uses radiometric
comparison which czn be summarized as follows

is the reflectance of the bottom on X531 and X5Z
after the cyclone higher (lighter) than lower
(¢arker) than the same as before ?

1f one considers the distribution of the pixels
in the two bidimentionnal spaces defined by

the axis XS1 before and after, and X52 before
and after, three mzin classes can be observed
(Fig. 3)

- The class of the pixels strongly correla-
ted {no changes) belonging to the first
principal component axis after PCA

_ The class of the pixels lighter after
the cyclone,

- The class of the pixels darker after
the cyclene.

Before
(xol)

N
2

x51
After
Fig. 3 : multitemporal comparison of
shallow water pixels before and after
cyclone Sally,

Fig. 4 {see back page) summarizes the differences
observed after the passage of the cyclone.

One coding shows areas that have increased
reflectance as the result of the cyclone,

such as new, re.crked of shallower sand deposits.
A second indicates areas that became darker

since the passage of the cyclone. These changes
could be variously due to deposits of terrestrial
(volcanic) sediment ercded from the high island,
increased depths from scouring or the removal

of “locks of reef framework, or the rapid

growth of algal cover on disturbed surfaces

1n the 1 1/2 months between the cyclone and

the recording of the second image.

The differences in reef and lagoon areas shal-
lower than 3 meters depth were then quantified
for the whole of Aitutaki, Lighter areas covered
15.2 % of the bottom, and darker areas 17.0 %.
Thus one third of shallow marine bottom surfaces
on the almost-atoll were severely altered

or removed by the cyclone,

For the second goal (b) the methodology is
based on the fact that the signature of the
erosional effect of Sally on coastal low lying
areas corresponds to a modification of the
coastal vegetation limit.

So applying a vegetation index (Compton 1979)

to the form of X53/X52 on the two radiometrically
calibrated images one can detect the vegetation
pixels from the no vegetation ones and so

can detect the coastal limits of the terrestrial
vegetation.

Fig. 5 {see back page) shows the coastal limits
between sand and vegetation before the cyclone
(black line) and the modifications induced

by Sally after the cyclone (dotted line).

Fig. 5 shows major areas of coastel erosion

in the north-west of the mzin land where sand
reaches up to 70 meters inland and where a

big part of the airstrip has been invaded

by sediments.;This can be also seen in the
north-east and east where the band of destroyed
vegetation averages 40 m in width and reaches
60 m at Tavesrua so as in the south-west at
Maina.

1n can be concluded that housing in the Anaugé
district on the coastal border of the road
leading to the airstrip has to be carefully
planned since the low lying coastal zone is
particularly vulperable to future storm damage.

Table 1 (see hereafter) give. (in percent)
the regression of the vegetation cover on

the islets of Aitutaki (Mainland not included
because of cloud cover).

concLysion
This preliminary study has demonstrated the
potential of remote sensing technigues for
identifying large-scale changes in coastel
and shallow marine areas, such as those produced
by a tropical cyclone, by comparing images
before and after the event. There is clearly
potential for the further development of such
techniques. For studies of the medium and
large scale sediment dynamics, it would have
been desirable to have panchromatic SPOT images
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the irmaces. However, it will take some accumclated
experience before such interpretation will

Le pcesinie,

CLOP/SOPRT 1s developing a comparison between
aeriz! photographs taken in 1955 and the two
SPCT irages. A drastic reduction in number

of pinnacles has been observed in the south-west
part cf the lagoon. this could be correlated
1o the fazt that the southern and eastern

reei {lzis being the mejor stock of the sedimen:
cf thz 2=oll have been considerchly eroded

by the wave action, Because sediment cannot
be evacuated by the Arutanga passage there
is continuiiyg infilling in the lagoon. This
has been chserved for more than 30 years by
cijezion, mostly the fishermen who are
precccucied by fish feuna changes.
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There are clearly many pctential applicetions
technique, £ setellite image of an
o area makes 3t possible to erient
grouanc-ieve) impact surveys more efficiently.
Tne ‘a'"n-scale evaluation and quantification
cf zzin types of cyclone demage visible
in the imeces cen help in planning emergency
o for reconstruction. The analysis
srable areas seen in the imeges can
: » zlenning end siting lend uses, develope-
ments ant coeste) infrastruciure to minimize
the risus of future damage. Remote sensing
may heip in following large scale reef phenomena
such a5 coral bleaching or die-offs. On a
broader sczle, this could become 'a new tool
o essist in monitoring the state, extent
enc cepezity of fisheries resource areas (Bour
et a1, 1284), and in providing the kinds of
cata reguired for isiand envirommental management

The value of image comparisons makes clear

the ir~criance of developing data banks of
erence images to be used for future compari-~

sons, in the case of Aitutaki, we were fortunete

%o have an image tu.z2n a few months before

of the cyclone. The systemaztiic

and archiving of remote sensing

cerding to care.ul’y =exected criteria

- potential scientific of human interest

crous economy is a pressing need,

z=lv 2t 2 time when the planet is

boing sucjected to increasing large-scale

changes sroduced by development, pollution,

ciimzie changs, sea level rise, etc. Only

wvhen tnis problem is solved will the type

cf study reported on in this p:.er move from

2 chance occurence to 8 systematic tool for

scientific research and human betterment.
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Map of radiometric changes in the shallow
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Fig. 5 : Map of coastal erosion.

| [ !
| MAZ OF ISLET |REGRESSION CF VEGETATION |
{ | COVER (%) |
- | - ;
i Akituz | 31,3 |
| Angarei i 23,4 !
| Ee | 15,8 i
| Mangere i 21,5 |
| Papau | 24,2 i
| Tavaeruziti | 26,4 |
] Tavaerua | 291 i
! hkziewi h 1T
| turitesua | 17,6
! Tekopua i [
| Tepuaetai | 15,6 !
| Fotukitiv | 10,6 i
; Foturakao i 18,3 )
| Rapota | 25,4 !
{ Meina 1 25 :
|

Table } : Regression of vepetatlon cover {percent)
on the islets of Aitutaki.



