
N
orth

w
estern

 H
aw

aiian
 Islan

d
 

S
h

allow
-w

ater C
oral R

eef E
cosystem

 
M

ap
 D

evelop
m

en
t P

roced
u

res
T

he m
aps found

 on these C
D

s w
ere d

erived
 by N

O
A

A
’s O

ceans 
and

 C
oasts (N

O
S) from

 satellite im
agery. IK

O
N

O
S high-resolu-

tion satellite im
agery w

as used
 to d

erive the d
raft benthic (sea-

bed
) habitat m

aps, estim
ated

 d
epth, and

 the color im
ages. L

and
-

sat m
od

erate-resolution satellite im
agery w

as used
 to d

erive the 
m

aps of banks.

G
enerally, features (habitats) on the seabed

 to a d
epth of 

approxim
ately 30 m

 can be seen in the satellite im
agery. In som

e 
areas, such as portions of the southeastern part of Pearl and

 
H

erm
es A

toll, turbid
ity in the w

ater lim
ited

 visibility to 12 m
 

into the w
ater colum

n. In other areas, such as the southern part 
of L

aysan, seabed
 features could

 be clearly id
entifi ed

 in w
ater 

25–30 m
 d

eep.

Satellite Technologies

T
he IK

O
N

O
S satellite provid

es com
m

ercially available 
panchrom

atic (black and
 w

hite) and
 m

ultispectral (blue/
green/

red
/

near-infrared
) im

agery. T
he panchrom

atic im
agery has a 

1-m
 pixel d

im
ension (m

eaning features as sm
all as 1 m

 square 
can be seen in the im

agery). T
he m

ultispectral im
agery has a 4-m

 
pixel d

im
ension (m

eaning features as sm
all as 16 sq. m

 can be 
seen in the im

agery). IK
O

N
O

S im
agery is purchased

 und
er strict 

licensing agreem
ent. O

nly licensed
 users can have access to the 

im
agery. D

erived
 prod

ucts, such as the habitat m
aps provid

ed
 

on these C
D

s, can be openly d
istributed

.

T
he L

and
sat 7 E

nhanced
 T

hem
atic M

apper Plus (E
T

M
+

) satellite 
im

agery has a 28.5 m
 m

ultispectral pixel d
im

ension (m
eaning 

features w
ith an area of about 812 sq. m

 can be seen). T
he 

L
and

sat satellite has six color and
 near-infrared

 band
s, includ

ing 
a red

, a green, and
 a blue band

. T
he spectral characteristics of 

the IK
O

N
O

S and
 L

and
sat satellites are sim

ilar, w
hich allow

s for 
easier analysis of the im

agery to generate m
aps. T

here are no 
red

istribution restrictions on L
and

sat 7 E
T

M
+

 im
agery.

T
he IK

O
N

O
S im

agery is purchased
 in 11-km

-w
id

e sw
aths that 

are m
osaicked

 together to prod
uce com

plete im
ages of locales. In 

total, the follow
ing areas of IK

O
N

O
S im

agery w
ere purchased

. 
For tw

o areas, K
ure A

toll and
 French Frigate Shoals, tw

o im
age 

purchases w
ere m

ad
e. T

hese tw
o im

ages w
ere m

erged
 to red

uce 
the am

ount of area obscured
 by cloud

 and
 cloud

 shad
ow

.

Im
agery P

ositioning

A
ll of the IK

O
N

O
S im

agery w
as purchased

 in N
ational Im

agery 
Transm

ission Form
at w

ith the associated
 R

ational Polynom
ial 

C
oeffi cients (R

PC
s or satellite ephem

eris d
ata). W

hen using 
im

age analysis softw
are capable of read

ing N
IT

F fi les w
ith 

associated
 R

PC
s, the horizontal positioning error never exceed

ed
 

15 m
 (for locations w

here there is little or no vertical relief to 
affect im

age pixel d
isplacem

ent).

N
O

S m
osaicked

 the IK
O

N
O

S im
agery sw

aths, both pan-
chrom

atic and
 m

ultispectral, to w
ithin one pixel. In the case of 

the 1-m
 panchrom

atic im
agery, the sw

aths overlap to w
ithin 1 

m
. For the 4-m

eter m
ultispectral im

agery, the sw
aths overlap to 

w
ithin 4 m

.

N
O

A
A

’s N
ational G

eod
etic Survey (N

G
S) recently gathered

 very 
accurate ground

 control d
ata (horizontally accurate to w

ithin 15 
cm

 of its location on the earth) on nine locales in the N
W

H
I. T

he 
only locale that w

as not successfully “occupied
” w

as M
aro R

eef, 
w

here no perm
anent site could

 be found
 above sea level. W

here 
available, N

O
S used

 these ground
 control d

ata in its efforts to 
im

prove the geopositioning of IK
O

N
O

S im
agery.

W
orking w

ith N
G

S, N
O

A
A

’s O
ffi ce of the C

oast Survey w
ill be 

publishing revised
 nautical charts for the N

W
H

I. T
he revision of 

these charts includ
ed

 obtaining satellite im
agery from

 sources 
not available to the public. N

G
S com

piled
 vector shoreline for all 

but one N
W

H
I locale (M

aro R
eef) using a com

bination of 
IK

O
N

O
S and

 restricted
-access im

agery. W
here available, N

O
S 

used
 this vector shoreline in its efforts to im

prove the geoposi-
tioning of IK

O
N

O
S im

agery. H
ow

ever, because the restricted
-ac-

cess im
agery used

 to com
pile vector shoreline for som

e areas has 
a d

ifferent resolution and
 w

as acquired
 at d

ifferent tim
es from

 
the IK

O
N

O
S im

agery, com
plete superim

position is not possible.

For K
ure A

toll, M
id

w
ay A

toll, Pearl and
 H

erm
es A

toll, L
aysan 

Island
, L

isianski Island
, and

 French Frigate Shoals, N
O

S used
 a 

com
bination of ground

 control d
ata and

 vector shoreline d
ata to 

further geoposition the IK
O

N
O

S panchrom
atic and

 m
ultispectral 

im
agery. A

s a result, the m
ean horizontal positioning error at sea 

level of this im
agery is less than 4 m

 (one pixel).

1

IK
O

N
O

S m
ultispectral im

age of a portion of M
idw

ay A
toll.

Table coral at French Frigate Shoals.

E
ndangered H

aw
aiian m

onk seal at N
ecker Island.
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N
G

S successfully gathered
 ground

 control d
ata and

 com
piled

 
vector shoreline for N

ecker Island
, N

ihoa Island
 and

 G
ard

ner 
Pinnacles. H

ow
ever, the island

s have consid
erable vertical relief. 

A
s a result, both the restricted

 access im
agery and

 IK
O

N
O

S im
-

agery for these island
s are affected

 by parallax (the d
isplacem

ent 
of an object as seen from

 tw
o d

ifferent points not on a straight 
line from

 the object). T
his parallax results in less accurate posi-

tioning of the im
agery. N

O
S used

 a com
bination of ground

 con-
trol d

ata and
 vector shoreline d

ata to im
prove the geoposition-

ing of IK
O

N
O

S panchrom
atic and

 m
ultispectral im

agery. N
O

S 
believes the IK

O
N

O
S im

agery of N
ecker Island

, N
ihoa Island

, 
and

 G
ard

ner Pinnacles to be w
ithin 15 m

 of their actual locations 
at sea level.

For M
aro R

eef, neither supplem
ental ground

 control d
ata nor 

vector shoreline d
ata are available. H

ow
ever, trackline bathym

-
etry w

ith accurate G
PS d

ata w
as recently gathered

 at M
aro R

eef.
T

hese d
ata w

ere used
 to correct the position of the im

agery. U
s-

ing these d
ata, the m

ean horizontal error at sea level for M
aro 

R
eef w

as 11 m
.

T
he IK

O
N

O
S satellite is capable of collecting im

agery of features 
on the earth’s surface at angles as m

uch as 45 d
egrees from

 nad
ir 

(w
hen the feature is d

irectly below
 the satellite). A

ll of the 
IK

O
N

O
S im

ages of the N
W

H
I w

ere collected
 w

ith collection 
angles of less than 20 d

egrees from
 nad

ir. C
onstraining the col-

lection angle is im
portant because positioning features on the 

seabed
 using satellite im

agery is affected
 by refraction of light 

through the w
ater colum

n. W
hen the collection angle is lim

ited
 

to less than 20 d
egrees, the m

axim
um

 offset of seabed
 features 

w
ould

 be less than 4 m
 (one IK

O
N

O
S m

ultispectral pixel) in 

w
ater less than 15 m

 d
eep and

 less than 8 m
 in w

ater less than 
30 m

 d
eep. T

he com
bination of horizontal positioning error and

 
light refraction error ad

d
s up to a m

axim
um

 positioning error of 
approxim

ately 12 m
 in w

ater 30 m
 d

eep.

Tw
o proced

ures w
ere used

 to georeference the L
and

sat satel-
lite im

agery used
 to d

erive the m
aps on these C

D
s. For L

and
sat 

im
agery w

here contem
porary IK

O
N

O
S im

agery w
as available, 

the L
and

sat im
agery w

as positioned
 using the IK

O
N

O
S im

agery. 
A

s a result, these L
and

sat d
ata are positioned

 to w
ithin 28.5 m

 
(one L

and
sat pixel) of the IK

O
N

O
S im

agery. For L
and

sat im
ag-

ery w
here contem

porary IK
O

N
O

S im
agery w

as not available, 
several contem

porary L
and

sat im
ages w

ere used
 to com

pute a 
least-squares fi t of tw

o or m
ore im

ages. A
s a result, these L

and
-

sat d
ata are positioned

 to w
ithin 57 m

 (tw
o L

and
sat pixels).

Im
age A

nalysis

Several interm
ed

iate, d
erived

 prod
ucts w

ere prod
uced

 as the 
satellite im

agery w
as processed

 to generate the benthic habitat 
m

aps. First, the raw
 satellite im

ages w
ere converted

 from
 D

igital 
N

um
bers (D

N
s) to norm

alized
 refl ectance. N

orm
alized

 refl ec-
tance (or at-satellite refl ectance) converts D

N
s into stand

ard
ized

, 
satellite-ind

epend
ent, com

parable values. First d
eveloped

 for 
L

and
sat satellite im

agery, the algorithm
 used

 to perform
 this 

conversion w
as m

od
ifi ed

 for IK
O

N
O

S im
age processing. A

s part 
of the conversion from

 D
N

s to at-satellite refl ectance, the follow
-

ing equation is used
 (G

reen et al., 2000):

R
 =

 pi * L
/

 (E
o cos(theta0) 1/

r^
2)

 
        L  =

  rad
iance (from

 calibration provid
ed

 by Space  
 

 
   Im

aging).
 

theta0 
=

  the solar zenith angle.
 

         r  =
  earth-sun d

istance in A
stronom

ical U
nits.

 
      E

o  =
  the m

ean solar exo-atm
ospheric irrad

iance in each  
 

    
band

. (A
 convolution of the spectral response and

  
 

 
 

solar rad
iation from

 N
eckel and

 L
abs (1984) w

as  
 

 
 

used
 to get E

o.)

T
he acquisition angles (ephem

eris d
ata) of the satellite relative 

to the ground
 at the tim

e of im
age acquisition w

ere also used
. 

C
alibration coeffi cients for the satellite, provid

ed
 by Space Im

ag-
ing, w

ere used
 to calculate at-satellite rad

iance, w
hich w

as then 
transform

ed
 to refl ectance.

T
he norm

alized
 refl ectance im

agery w
as then transform

ed
 into 

w
ater refl ectance (or the signal <

 10 cm
 above the w

ater surface). 
W

ater refl ectance uses the near-infrared
 band

 to rem
ove rad

i-
ance attributable to atm

ospheric and
 surface effects (Stum

pf et 
al., in press). W

ater refl ectance estim
ates how

 the signal (pho-

tons) received
 by the satellite is d

im
inished

 as it passes through 
the atm

osphere on the w
ay d

ow
n to the w

ater-atm
osphere 

bound
ary and

 on the w
ay back up to the satellite after the signal 

leaves the w
ater-atm

osphere bound
ary. W

ater refl ectance also 
estim

ates how
 the signal at the satellite is d

im
inished

 by w
ater 

vapor, cloud
s, specular effects at the w

ater surface (w
ave surface 

glint), and
 other signal-absorbing and

 d
iffusing m

aterials in the 
air and

 at the w
ater surface (G

reen et al., 2000).

E
stim

ating D
epth

W
ater d

epth, in the form
 of estim

ated
 d

epth, is d
erived

 from
 the 

satellite im
agery follow

ing  the proced
ure of Stum

pf et al. (in 
press). K

now
ing the d

epth of the w
ater is im

portant because 
w

ater attenuates (absorbs) light. A
s the w

ater d
epth increases, 

less and
 less light reaches the bottom

 and
 even less light is re-

fl ected
 off the bottom

 back up through the w
ater colum

n. M
ap-

ping relies on id
entifying and

 characterizing seabed
 features 

based
 on their spectral and

 m
orphologic characteristics. D

ue to 
w

ater attenuation, the spectral characteristics of a seabed
 feature 

in 2 m
 of w

ater is d
ifferent than that sam

e seabed
 feature in 10 m

 
or 15 m

 of w
ater. T

he estim
ated

 d
epth is used

 to com
pensate for 

the attenuation of light by the w
ater colum

n d
uring analysis of 

satellite im
agery. It also is used

 in the analysis to help d
eterm

ine 
seabed

 features such as patch reefs, linear reefs, and
 m

icro-atolls.

B
athym

etry provid
es valuable inform

ation for organism
 habitat 

use, w
here both structure and

 w
ater d

epth affect d
istribution 

patterns. E
stim

ated
 d

epth is being exam
ined

 for use in vessel 
navigation, and

 these C
D

s includ
e estim

ated
 d

epth for m
any 

areas in the N
W

H
I. E

stim
ated

 d
epth can be d

eterm
ined

 in clear 3

A
lgae at L

aysan Island.

Spectacled parrotfi sh at K
ure A

toll.



w
ater to betw

een 20 m
 and

 35 m
, d

epend
ing on the bottom

 type 
and

 absolute w
ater clarity. T

he absolute accuracy of estim
ated

 
d

epth varies w
ith w

ater d
epth. T

he error is generally 0.3 m
 for 

w
ater less than 1 m

 d
eep. In w

ater up to 15 m
, d

eep the error is 
plus or m

inus 15 percent. In w
ater 15 or m

ore m
eters d

eep, the 
error is plus or m

inus 30 percent. T
he estim

ated
 d

epth m
aps on 

these C
D

s d
epict structural features larger than 8 m

 in d
iam

eter.

U
sing the estim

ated
 d

epth and
 w

ater refl ectance, bottom
 albed

o 
(bottom

 refl ectance) is com
puted

. T
he im

age analysis to id
entify 

and
 characterize seabed

 features (i.e., m
ap) is perform

ed
 on the 

bottom
 refl ectance. B

ottom
 refl ectance is the approxim

ate refl ec-
tance of bottom

 features w
hen the w

ater colum
n is rem

oved
. 

A
pproxim

ations of light attenuation are com
puted

, based
 on real 

or estim
ated

 w
ater d

epth, and
 “ad

d
ed

” to the actual refl ectance 
signal received

 from
 the bottom

. T
he result is a “norm

alized
” 

bottom
 feature refl ectance.

T
he seabed

 habitat m
aps are generated

 using d
igital im

age 
analysis of the color and

 d
epth inform

ation. T
he analysis 

uses m
ethod

s originally d
eveloped

 for land
 classifi cation. 

T
he com

puter-based
 im

age id
entifi es seabed

 features in the 
im

agery based
 on spectral and

 spatial characteristics of seabed
 

features that are of sim
ilar type, but in d

ifferent w
ater d

epths. 
For exam

ple, sand
 has a m

uch brighter appearance in w
ater 

5 m
 d

eep than in w
ater 20 m

 d
eep. T

he analysis starts by 
incorporating num

erous exam
ples of the spectral and

 spatial 
characteristics of various habitats. In total, 1,130 of these site-
specifi c exam

ples w
ere available for m

apping the N
W

H
I. T

hese 
and

 other d
ata (e.g., the estim

ated
 d

epth) are used
 to analyze 

the spectral and
 spatial characteristics of the im

age. T
he habitat 

m
aps have a m

inim
um

 m
apping unit of about 100 sq. m

 (six 

IK
O

N
O

S pixels). T
hrough a series of iterative steps, a fi nal d

raft 
m

ap is generated
 that d

epicts as m
any as 25 separate seabed

 
habitats. T

he analysis also requires that a habitat classifi cation 
schem

e be d
eveloped

.

C
lassifi cation Schem

e

T
he habitat classifi cation schem

e, d
eveloped

 w
ith extensive 

input from
 locally-know

led
geable, shallow

-w
ater coral reef ex-

perts, d
escribes the characteristics of each seabed

 habitat id
enti-

fi ed
 in the im

agery. T
he schem

e is d
esigned

 to separate structure 
(e.g., unconsolid

ated
 or hard

 bottom
) from

 cover (e.g., coral or 
m

acroalgae). T
he classifi cation schem

e for m
apping the N

W
H

I is 
presented

 on page 14. T
he classifi cation schem

e separates habitat 
on the basis of substrate, structure and

 cover. A
 total of 23 habi-

tat types have been m
apped

 in the N
W

H
I. Ind

eterm
inate cover 

is id
entifi ed

 on the m
aps, but is not consid

ered
 a unique class. 

In ad
d

ition to the 1,130 site-specifi c characterizations used
, 

several other sources of inform
ation w

ere used
 as part of the 

m
apping activity. Inform

ation gathered
 d

uring several research 
cruises, includ

ing vid
eotapes and

 R
apid

 E
cological A

ssessm
ents 

by the N
M

FS C
oral R

eef E
cosystem

 Investigation program
, the 

2000 N
O

W
-R

A
M

P cruise, and
 inform

ation collected
 from

 per-
sonal com

m
unication also w

ere used
 for the m

apping effort.

M
ap V

alidation

O
nce generated

, the d
raft benthic habitat m

aps w
ere evaluated

 
for accuracy. Tw

o types of valid
ation w

ere em
ployed

 to vali-
d

ate the m
aps on these C

D
s. First, tw

o w
orkshops w

ere held
 in 

H
aw

ai`i to enable locally-know
led

geable, shallow
-w

ater coral 
reef experts to review

 the d
raft m

aps and
 provid

e com
m

ents. 
T

he com
m

ents from
 these w

orkshops w
ere incorporated

 into the 
d

raft benthic habitat m
aps on these C

D
s.

Participants in the d
raft habitat m

ap review
 w

orkshops includ
e:

A
lan Fried

land
er, O

ceanic Institute
E

d
 C

arlson, N
O

S, N
G

S
R

usty B
rainard

, N
M

FS, C
R

E
I

Jean K
enyon, N

M
FS, C

R
E

I
Joyce M

iller, N
M

FS, C
R

E
I

Stephanie H
olzw

orth, N
M

FS, C
R

E
I

Frank Parrish, N
M

FS-H
onolulu L

aboratory
R

ay B
oland

, N
M

FS-H
onolulu L

aboratory
M

ichael Parke, N
M

FS-H
onolulu L

aboratory
D

ave Foley, N
M

FS-H
onolulu L

aboratory
Jim

 M
aragos, FW

S
R

on Salz, FW
S

M
iles A

nd
erson, A

nalytical L
aboratories of H

aw
ai`i

D
ave G

ulko, D
L

N
R

D
ave Sm

ith, D
L

N
R

W
ill Sm

ith, U
niversity of H

aw
ai`i

Paul Jokiel, U
niversity of H

aw
ai`i

E
ric B

row
n, U

niversity of H
aw

ai`i
Isabelle A

bbott, U
niversity of H

aw
ai`i

Fenny C
ox, U

niversity of H
aw

ai`i
C

elia Sm
ith, U

niversity of H
aw

ai`i
Jennifer Sm

ith, U
niversity of H

aw
ai`i

E
ric H

ochberg, U
niversity of H

aw
ai`i

Second
, statistical analysis to com

pute a “user” and
 “prod

ucer” 4

Jacks (U
lua) at French Frigate Shoals.

C
hubs at M

idw
ay A

toll.

C
onvict tang and butterfl y fi sh at P

earl and H
erm

es A
toll.



error w
as perform

ed
 using a subset of the 1,100 site-specifi c hab-

itat characterization d
ata available for the N

W
H

I. T
his analysis 

quantifi ed
 the d

ifferences, i.e., the error, betw
een w

hat a habitat 
w

as in reality and
 w

hat it w
as interpreted

 to be using rule-based
 

im
age analysis. “U

ser” accuracy is the probability that a habi-
tat polygon interpreted

 from
 the im

age actually represents that 
habitat in the fi eld

. “Prod
ucer” accuracy is the probability that 

any polygon of a particular habitat is correctly classifi ed
 (G

reen 
et al., 2000). T

he m
ajor habitat categories d

epicted
 on the d

raft 
m

aps w
ill be evaluated

 for both “U
ser” and

 “Prod
ucer” error.

A
 K

appa Statistic is com
puted

 as part of the accuracy assess-
m

ent. A
 K

appa Statistic of 0.59 (59 percent) im
plies that the 

classifi cation process is avoid
ing 59 percent of the errors that a 

com
pletely rand

om
 classifi cation w

ould
 generate (C

ongalton, 
1991; G

reen et al., 2000).

In ad
d

ition, a Tau C
oeffi cient is com

puted
. T

he Tau C
oeffi cient 

m
easures the accuracy of the entire m

ap across all m
ajor catego-

ries. T
he Tau C

oeffi cient is valuable because it ind
icates how

 
m

any m
ore habitat polygons (groups of pixels) w

ere correctly 
classifi ed

 than w
ould

 be expected
 by chance alone (M

a and
 R

ed
-

m
ond

, 1995). 
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Staghorn coral at French Frigate Shoals.


