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NDWI—A Normalized Difference Water
Index for Remote Sensing of Vegetation
Liquid Water From Space

Bo-Cai Gao”

The normalized difference vegetation index (NDVI) has
been widely used for remote sensing of vegetation for
many years. This index uses radiances or reflectances
from a red channel around 0.66 um and a near-1R channel
around 0.86 um. The red channel is located in the strong
chlorophyll absorption region, while the near-IR channel
is located in the high reflectance plateau of vegetation
canopies. The two channels sense very different depths
through vegetation canopies. In this article, another index,
namely, the normalized difference water index (NDWI),
is proposed for remote sensing of vegetation liquid water
from space. NDWI is defined as (p(0.86 um) — p(1.24
um))/ (p(0.86 um) + p(1.24 um)), where p represents the
radiance in reflectance units. Both the 0.86-um and the
1.24-um channels are located in the high reflectance
plateau of vegetation canopies. They sense similar depths
through vegetation canopies. Absorption by vegetation
liquid water near 0.86 um is negligible. Weak liquid
absorption at 1.24 um is present. Canopy scattering en-
hances the water absorption. As a result, NDWI is sensi-
tive to changes in liquid water content of vegetation
canopies. Atmospheric aerosol scattering effects in the
0.86-1.24 um region are weak. NDWI is less sensitive to
atmospheric effects than NDVI. NDWI does not remove
completely the background soil reflectance effects, similar
to NDVL Because the information about vegetation cano-
pies contained in the 1.24-um channel is very different
from that contained in the red channel near 0.66 um,
NDWI should be considered as an independent vegetation
index. It is complementary to, not a substitute for NDVI.
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Laboratory-measured reflectance spectra of stacked green
leaves, and spectral imaging data acquired with Airborne
Visible Infrared Imaging Spectrometer (AVIRIS) over Jas-
per Ridge in California and the High Plains in northern
Colorado, are used to demonstrate the usefulness of
NDWI. Comparisons between NDWI and NDVI images
are also given. © Elsevier Science Inc., 1996

INTRODUCTION

The normalized difference vegetation index (NDVI) is
the most widely used index for remote sensing of vegeta-
tion in the past two decades. It is equal to (pxir — prep) /
(Pnir + Prep), Where prep is the radiance (in reflectance
units) of a red channel near 0.66 ym, and pnir the
radiance (in reflectance units) of a near-IR channel
around 0.86 ym. This index has been used in many
applications, including estimation of crop yields and
end-of-season above-ground dry biomass (Tucker et al.,
1986). The two channels used in NDVI sense through
different depths of vegetation canopies. The near-IR
channel can see roughly eight leaf layers, while the red
channel sees only one leaf layer or less (Lillesaeter,
1982) because of the strong chlorophyll absorption near
0.67 pum. In spite of its usefulness, NDVI is known to
be saturated when applied to images over areas having
leaf area index of 3 or greater. Numerous other vegeta-
tion indices with varying complexity have been devel-
oped using the same set of near-IR and red channels
during the past decade. These indices do not have nearly
the same popularity as that of NDVI. The recently
developed Atmospherically Resistant Vegetation Index
(ARV]) (Kaufman and Tanré, 1992) used not only the
near-IR and red channels, but also a blue channel near
0.47 um. This index has self-correction properties for
the atmospheric effect.
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Remote sensing of vegetation liquid water has im-
portant applications in agriculture and forestry. In this
article, a normalized difference water index (NDWI)
that uses two near-IR channels centered approximately
at 0.86 pm and 1.24 um for remote sensing of vegetation
liquid water from space is proposed. The 1.24-um chan-
nel has not been used previously in the formation of
vegetation indices. Preliminary research on this index
was reported in a scientific conference (Gao, 1995).

BACKGROUND

The spectral features in reflectance spectra of green
vegetation in the 0.9-2.5 um region are dominated by
liquid water absorption, and also weakly affected by
absorption due to other biochemical components (Gao
and Goetz, 1994). Tucker (1980) first suggested that the
1.55-1.75 pum spectral interval (the bandpass of Landsat
TM Channel 5) was the best-suited band in the 0.7-2.5
um region for monitoring plant canopy water status
from space. Some experimental studies showed that the
reflectances for certain types of vegetation over the
bandpass of TM Channel 5 increased as leaf water
content decreased (e.g., Cibula et al., 1992). A number
of broad-channel ratio and combination techniques
(Jackson et al., 1983; Hunt et al., 1987) using TM
Channel 4 (0.76-0.90 ym) and TM Channel 5 were
proposed for remote sensing of plant water status. Sev-
eral studies using broad-channel ratio techniques failed
to detect plant water status change within a biologically
meaningful range (Hunt and Rock, 1989; Pierce et al,,
1990; Bowman, 1990).

Imaging spectrometers acquire images in many con-
tiguous channels such that, for each picture element
(pixel), a reflectance or emittance spectrum without
gaps is measured for the wavelength region covered
(Goetz et al., 1985). Using spectrum-matching tech-
nique, both the equivalent water thickness (EWT) and
information related to biochemical components of vege-
tation canopies have been derived from airborne im-
aging spectrometer data (Gao and Goetz, 1995).

Some of the future satellite instruments, such as the
Moderate Resolution Imaging Spectrometer (MODIS)
(Salomonson et al., 1989) and Landsat TM8, will have
many narrow, discrete channels in the 0.4-2.5 um solar
spectral region with signal to noise ratios greater than
100. Because these instruments do not have contiguous
spectral coverages, spectrum-matching techniques are
obviously not suitable for the derivation of liquid water
content of vegetation from data acquired with these
instruments. However, it is still possible to get some
information about vegetation liquid water from these
data using, for example, the normalized difference water
index (NDWI) described below.
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Figure 1. Examples of laboratory-measured green and
dry vegetation reflectance spectra (Elvidge, 1990). The
positions and widths of seven MODIS channels are
marked with thick horizontal bars in this figure.

THE FORMATION OF NDWI

The normalized difference water index (NDWI) pro-
posed here uses two near-IR channels; one centered
approximately at 0.86 um, and the other at 1.24 um.
Following the simplicity of NDVI, NDWTI is defined as

NDWI = {p(0.86 um) — p(1.24 um)} /
{p(0.86 um) + p(1.24 um)}, (1)

where p(4) is apparent reflectance, and 4 is wavelength.
P(A) is equal to 7 L(4)/[cos(6o) Eo(A)] with L(4), 6o, and
Eo(4) being the measured radiance, the solar zenith
angle, and the solar irradiance above the earth atmo-
sphere, respectively. In order to show that NDWI can
be useful for remote sensing vegetation liquid water
status from space, the reflectance properties of green
vegetation, dry vegetation and soils, and the absorption
and scattering properties of atmospheric gases and aero-
sols are described below.

Green and Dry Vegetation

Sample laboratory measurements of green and dry vege-
tation reflectance spectra are shown in Figure 1. The
positions and widths of seven MODIS channels are also
illustrated in this figure. Because both the 0.86-um and
1.24-um channels are located in the high reflectance
plateau, the vegetation scattering properties for the two
channels are expected to be about the same. Two liquid
water absorption features centered, respectively, at 0.98
um and 1.20 um in the green vegetation spectrum are
small. Although the 1.24-um channel is off the center
of the 1.20-um liquid water feature, liquid water absorp-
tions at both wavelengths are comparable. The NDWI
value for this green vegetation spectrum is 0.064 (posi-
tive). The reflectances of the dry vegetation in the
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Figure 2. Liquid water transmittances for water thick-
nesses of 0.05 cm, 0.1 cm, 0.2 ¢cm, and 0.5 cm (from top
to bottom).

0.8-1.3 um region generally increase with wavelength,
except near 1.20 um, where a weak cellulose absorption
band is present. The cellulose absorption effect at 1.24
um is much smaller than that at 1.20 um. Therefore,
the use of a narrow channel at 1.24 ym in the formation
of NDWI largely avoids the cellulose absorption effects
on NDWI. The value of NDWI for the dry vegetation
spectrum is — 0.056 (negative). In general, NDWI value
for green vegetation is positive due to the weak liquid
water absorption near 1.24 ym.

Liquid water absorption in the 1.5-2.5 um region
for a green vegetation spectrum is significantly stronger
than that in the 0.9-1.3 ym region, as seen from Figure 1.
The reflectance spectra in the 1.5-2.5 um region saturate
when leaf area index reaches 4 or greater (Lillesaeter,
1982). On the other hand, because liquid water absorp-
tion in the 0.9-1.3 um is weak, the vegetation spectrum
in this region is sensitive to changes in leaf water content
until leaf area index reaches 8 (Lillesaeter, 1982). This
sensitivity to liquid water changes is illustrated in Figure 2,
in which the liquid water transmittances for water thick-
nesses of 0.05 cm, 0.1 cm, 0.2 cm, and 0.4 cm are shown.
These transmittance spectra were calculated using wa-
ter refractive indices compiled by Palmer and Williams
(1974). Figure 3 shows NDWI as a function of liquid
water thickness. NDWI varies almost linearly with lig-
uid water thickness. Because the 1.24-um channel has
similar vegetation scattering properties as the 0.86-um
channel, and because the 1.24-um channel is sensitive
to liquid water changes (see Fig. 2), NDWI is expected
to be sensitive to vegetation liquid water changes.

Soils

Some land surface areas are covered partially by vegeta-
tion. The influence of soil background on NDWI must
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Figure 3. Sensitivity of NDWI to liquid water thickness.

be studied. Reflectance spectra for a variety of natural
surfaces have been compiled by Bowker et al. (1985).
Typical soil reflectances increase with wavelength in
the 0.8-1.3 um region. The reflectances of these soils,
including very wet soils, do not show liquid water ab-
sorption bands centered near 0.98 ym and 1.20 um.
Figure 4a shows a scatter diagram between reflectance
at 1.24 um and that at 0.86 um for over 500 wet soils
(Stoner and Baumgardner, 1980), A straight 1:1 line is
also shown in this figure. Figure 4b is similar to Figure
4a, except for approximately 130 drier soils. Because
reflectances at 1.24 ym for most wet and dry soils are
greater than those at 0.86 um, NDWI values are ex-
pected to be negative for most bare soils.

Figures 5a and 5b show more explicitly the soil
effects on NDWIs. In Figure 5a, a scatter diagram
between NDWI and 0.86-um reflectance for the wet
soils is shown. Figure 5b is similar to Figure 5a, except
for the drier soils. More than 98% of soils have negative
NDWIs. Only a few soils have positive NDWIs. Both
scatter diagrams show a tendency that, as the 0.86-um
reflectance increases, NDWI increases and the absolute
value of NDWI decreases. The scatter diagrams demon-
strate that NDWI does not remove completely the back-
ground soil effects.

In order to examine the soil effects on NDWI under
the condition of partial vegetation coverage, NDWIs for
areas with mixtures of soils and vegetation are studied.
The vegetation considered here is one kind of conifer
forest. The 0.86-um reflectance for the vegetation is
0.294, and the 1.24-um reflectance, 0.261. The reflec-
tances are derived from remote sensing data acquired
over the forest with atmospheric effects being removed.
The NDWTI for this vegetation with 100% vegetation
cover is approximately 0.06. NDWIs for all the wet and
dry soils mixed with this vegetation having different
area fractions are calculated. Figure 6 shows the mean
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Figure 4. a) A scatter diagram between reflectance at 1.24
um and that at 0.86 um for over 500 wet soils (Stoner and
Baumgardner, 1980), and b) similar to a), but for approxi-

mately 130 drier soils.

NDWI for mixtures of all the wet soils with this vegeta-
tion (solid line) and the mean NDWI for mixtures of all
the drier soils with this vegetation (dotted line) as a
function of vegetation area fraction. Both curves show
that the mean NDWI increases as the vegetation area
fraction increases.

Atmosphere

The center wavelength positions of water vapor and
liquid water bands in the 0.9-2.5 ym region are rela-
tively shifted by approximately 50 nm. The shifts are
due to O-H bonding strength differences for water in
liquid phase and in gas phase. Figure 7 shows the
atmospheric water vapor transmittance and liquid water
transmittance as a function of wavelength. It is seen
that the 0.86-um and 1.24-um channels used in NDWI
are both located in atmospheric windows, where water
vapor absorption is very small. In order to quantify the
effects of atmospheric water vapor on NDWIs, the liquid
water transmittance spectra in Figure 2 are multiplied
by atmospheric water vapor transmittance spectra with
total water vapor amounts between 0 and 30 cm. NDWIs
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Figure 5. a) A scatter diagram between NDWI and the
0.86-um reflectance for over 500 wet soils (Stoner and
Baumgardner, 1980), and b) similar to a), but for approxi-
mately 130 drier soils.

are calculated from the resulting spectra. These NDWIs
are compared with NDWIs for the pure liquid water
cases. It is found that the largest errors introduced by
atmospheric water vapor to NDWIs for liquid water
thicknesses of 0.05 cm, 0.1 ¢cm, 0.2 cm, and 0.4 cm
are 1.50%, 0.74%, 0.37%, and 0.22%, respectively.
Therefore, atmospheric water vapor effects on NDW1s
are very small.

Atmospheric aerosols scatter and absorb solar radia-
tion. The relative importance of aerosol scattering and
absorption in remote sensing was previously investi-
gated by Fraser and Kaufman (1985). In order to illus-
trate the atmospheric effects on NDWI and NDVI,
radiative transfer calculations were performed using the
6S code (Vermote et al., 1996). The calculations were
made for three narrow channels centered, respectively,
at 0.66 um, 0.865 um, and 1.24 um, for a solar zenith
angle of 30°, and for a nadir looking geometry. The
rural aerosol model with adjustable aerosol concentra-
tions was used in the calculations. The assumed reflec-
tances of surface vegetation at the three wavelengths
were 0.03, 0.3, and 0.24, respectively. The true NDVI
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Figure 6. The mean NDWI for mixtures of wet soils with
green vegetation (—) and the mean NDWI for mixtures of
drier soils with green vegetation (--) as a function of vege-
tation area fraction (see text for more detailed descrip-
tions).

value for this vegetation is 0.818, and the NDWI value
is 0.107.

Figure 8a shows the resulting top-of-the-atmosphere
apparent reflectances as a function of aerosol optical
depths. For the curve of p(0.66 ym), the apparent re-
flectance increases as aerosol optical depth increases
because of the dominant aerosol and molecular scatter-
ing effects. For the curves of p(0.865 um) and p(1.24
um), however, the apparent reflectances decrease as
aerosol optical depth increases because of the dominant
aerosol absorption effects over bright targets (Fraser
and Kaufman, 1985). Figure 8b shows the NDWI
(dashed line) and NDVI (solid line) as a function of
aerosol optical depths. In order to see clearly the relative
importance of aerosol effects on NDWI and NDVI, the

Figure 7. Sample water vapor and liquid water transmit-
tance spectra. The positions and widths of two MODIS
channels are marked as short thick horizontal bars in this
figure.
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Figure 8. a) Top-of-the-atmosphere apparent reflectances
as a function of aerosol optical depths for three channels
at 0.66 ym, 0.865 um, and 1.24 ym, and b) NDWI (---)
and NDVI (—) as a function of aerosol optical depths.
See text for detailed descriptions.

two curves are scaled vertically so that the resulting
new curves, also shown in Figure 8b, both have the
same value of 1.0 at zero aerosol optical depth. It is
seen that the scaled NDWI curve (dotted line) decreases
much slower with increasing aerosol optical depth than
the scaled NDVI curve (dash-dotted line). For aerosol
optical depth increasing from 0 to 1.0, the NDWI de-
creased by 11%, and the NDVI by 34%. Therefore,
NDWI is far less sensitive to atmospheric scattering
effects than NDVI.

DEMONSTRATION WITH LABORATORY DATA

In the previous section the formulation of NDWI and
effects of surface vegetation, soils and atmosphere on
NDWI were described. In order to demonstrate the
usefulness of NDWI for remote sensing of vegetation
liquid water, the analysis of laboratory-measured reflec-
tance spectra of stacked leaves are described in this
section.

The laboratory measurements of reflectance spectra
were made using a Beckman 5270 spectrometer attached
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Figure 9. a) Laboratory-measured reflectance spectra over
stacks of leaves with two, four, and six layers in the 0.8-
1.4 um region; b) similar to a), except that the spectra are
normalized near 0.86 um.

with an integrating sphere. Broad leaves picked from a
small tree in a greenhouse were stacked inside a sample
holder. The interior bottom and side surfaces of the
holder were painted black in order to decrease the
reflection and scattering from these surfaces. Figure 9a
shows the measured reflectance spectra for stacks of
leaves with two, four, and six leaf layers in the 0.8-1.4
um region. As leaf layer increases, the absolute values
of reflectances in the entire spectral region are in-
creased. The weak liquid water absorption bands cen-
tered approximately at 0.98 um and 1.20 um are obvi-
ously seen from this figure. Figure 9b is similar to Figure
9a, except that the spectra are normalized near 0.86
um. As the leaf layer increases, the reflectance near
1.24 um relative to that near 0.86 um is decreasing due
to the increased liquid water absorption. Figure 10
shows NDWTIs calculated from the measured spectra as
a function of leaf layers. NDWIs increase as leaf layer
increases —indicating that NDWI is sensitive to the total
amounts of liquid water in the stacked leaves.

DEMONSTRATION WITH AVIRIS DATA

In order to further demonstrate the usefulness of NDWI
for remote sensing vegetation liquid water from space,
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Figure 10. a) NDWIs calculated from the measured re-
flectance spectra as a function of leaf layers.

the analysis of spectral imaging data acquired with the
NASA/Jet Propulsion Laboratory (JPL) Airborne Visi-
ble Infrared Imaging spectrometer (AVIRIS) (Vane et
al., 1993) is described in this section. AVIRIS typically
acquires data from an ER-2 aircraft at 20 km in 224
10-nm channels covering the complete 0.4-2.5 um solar
spectral region. Results from analysis of AVIRIS data
measured over Jasper Ridge, California on 2 June 1992
and an area of the High Plains in northern Colorado on
7 August 1990 are presented below.

Jasper Ridge, California
Jasper Ridge is located west of the main campus of
Stanford University, in the foothills of the Santa Cruz
Mountains. It has been the site of biological investiga-
tions for more than 90 years and has numerous ongoing
ecological and physiological studies (Elvidge et al,
1991). Figure 11a shows the false color NDVI image of
the area, which covers a surface area of approximately
11 x 10 km. The color coding scheme used is that NDVI
value changes continuously from 0.1 (blue) to 0.7 (red).
The color bar in the bottom part of this figure illustrates
the coding scheme. The upper left portion of the image
covers areas with dead grass, and the right portion of the
image covers areas with green vegetation. The spatial
variation of the NDVI image over the green vegetation
areas is small. Figure 11b shows the false color NDWI
image (a mask was applied to water surface areas). The
color coding scheme is illustrated in the bottom part of
this figure. The NDWI values over areas with dead grass
are negative, while those over green vegetation areas
are positive. In addition, the NDWI image over green
vegetation areas shows a number of “red” streaks related
to the drainage patterns. These streaks, or drainage
patterns, are almost completely absent in the NDVI
image. This indicates that NDWT is sensitive to liquid
water in vegetation.

A scatter diagram of NDVI versus NDWI for all
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Figure 11. Images of NDVI (a) and NDWI (b) calculated from spectral imaging data acquired with AVIRIS over Jasper

Ridge, California on 2 June 1992.

green vegetation pixels with NDVI greater than 0.4 is
shown in Figure 12. Many points with NDWI values
between 0 and 0.15 have similar NDVI values (approxi-
mately 0.63). This is consistent with the fact that the
spatial variation of the NDVI image over green vegeta-
tion areas in Figure 1la is small, while the spatial
variation of the NDWI image over the same vegetated
areas in Figure 11b is large. In order to see more
quantitatively the relationship between NDVI and
NDWI, the points in Figure 12 are grouped at an
equal NDWT interval of 0.01. The mean and standard

deviation of NDVI values within each NDWTI interval
are calculated. The solid line is the curve of mean NDVI
as a function of NDWI, and the two dashed lines are
the curves of mean NDVIs plus and minus 1 standard
deviation. The mean curve shows that for NDVI values
between approximately 0.55 and 0.62, NDVI increases
linearly with NDWI. However, when NDVI reaches
about 0.63, it is almost constant with NDWI. This dem-
onstrates that, at large NDVI values, NDVIs are satu-
rated while NDWIs remain sensitive to liquid water in
green vegetation.
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Figure 12. A scatter diagram of NDVI versus
NDWI for all green vegetation pixels in the
Jasper Ridge image with NDVIs greater than
0.4. The solid line is the curve of mean NDVI
as a function of NDWI, and the two dashed
lines are the curves of mean NDVIs plus and

TN ER RN N SN N N NN NN

minus 1 standard deviation. See text for more 0.00 -
detailed descriptions.

of
=3
(4]
e
-
o
=3
-
o

NDWI



264 Gao

—~ 1.2 M L T
a r -
a [ e TN 1
2 1of ASANNY EAWE N
= R 1 W ;s 1
o o : \
=) X j \ sl \ ]
5 0.8+-= i \ '-/ /, \ J’ \ A —
] { 4 ., v 1
3} § s v
Z o6l it 1!
5 7L il i
5 ) \
[ r W 1
& 0.4F / 5 A
[ : I‘.’ \i
Z Fo——— BARE SOIL Y/ \i A
e 0.2 - — - - GRASS ]
& CROP (Irrigated)
< 0.0 1 1

0.8 1.0 1.2 1.4

WAVELENGTH (um)

Figure 13. Samples of apparent reflectance spectra (nor-
malized near 0.86 pm) measured with AVIRIS over
areas covered by bare sandy soils, natural grasses, and
irrigated crops.

Clear water surface reflectances beyond 0.7 ym are
close to zero. Because Rayleigh scattering effect varies
inversely with the fourth power of wavelength, NDWIs
derived from AVIRIS images over clear water surfaces
can be as large as 0.63, which is greater than most
NDWIs over areas covered by green vegetation. This is
the case for NDWIs calculated from the AVIRIS’ Jasper
Ridge images. A mask was applied to the original NDWI
image so that lakes in Figure 11b appeared dark.

High Plains, Colorado

Another data set used in this study is the AVIRIS data
acquired over an area (40°20'N and 104°16'W) of the
High Plains in northern Colorado, approximately 50 km
north of Denver (Yuhas et al., 1993). This data set was
acquired during the vegetation peak growing season.
The imaging scene contains areas covered by sandy soils
(almost no vegetation), natural grass, and irrigated farms.
Examples of apparent reflectance spectra (normalized
near 0.86 um) over areas covered by sandy soil, natural
grass (no irrigation system), and well-irrigated crop are
shown in Figure 13. It is seen that, from bare soil to
natural grass and then to crop, the 1.24 um reflectance
(relative to 0.86 um) progressively decreases. The
NDWI values calculated from the spectra of bare soil,
grass, and crop are —0.022, 0.084, and 0.215, respec-
tively. Using the relationship between NDWI and liquid
water thickness shown in Figure 3, the NDWI values
from the grass and crop spectra are converted to equiva-
lent liquid water thicknesses, which are 0.15 and 0.40
cm, respectively. The nonlinear least squares spectrum-
matching technique (Gao and Goetz, 1995) have also
been used for the retrieval of EWTs from the grass and
crop spectra. The derived EWT values are 0.18 cm and
0.40 cm, respectively. EWT values obtained with both
methods are approximately the same.

Figure 14a shows the NDVI image of the site. A
segment of South Platte River is seen. Most of the area
to the right of the river is covered by sandy soils.
The dominant vegetation community here is short grass
prairie, which is used primarily for grazing. NDVI values
in this area are less than 0.4. The soils along the terraces
of the river range from clay loams to clay. These soils
are used for commercial dryland and irrigated farming
(Yuhas et al., 1993). The NDVI values over the farming
areas to the left of the river are mostly between 0.4 and
0.85. The fractional vegetation cover of each pixel within
the scene varies from 0% (heavily grazed sandy areas)
to 100% (well-irrigated farming areas).

Figure 14b shows the NDWI image of the scene.
Most of the nonfarming areas have negative NDWI
values, while farming areas have positive NDWI values.
Major spatial patterns seen in Figure 14a are also seen
in Figure 14b. The detailed spatial patterns in Figures
14a and 14b are, however, different. The histograms
(not shown here) of NDVI and NDWI images have
been examined. It is found that the NDVI image has
significantly more pixels peaked at the high end of NDVI
and less pixels in the middle range of NDVI in compari-
son with the NDWI image. As a result, the NDVI image
in Figure 14a has more “red” pixels resulted from the
saturation effect described previously, while the NDWI
image in Figure 14b has more “yellow” pixels. Figures
13 and 14b have shown that NDWI records different
information about vegetation condition than NDVI.

DISCUSSION AND SUMMARY

A new vegetation index, the normalized difference water
index (NDWI), is proposed for remote sensing of vegeta-
tion liquid water from space. This index uses two narrow
channels centered near 0.86 um and 1.24 um. Both
channels sense similar depths through vegetation cano-
pies, unlike the two channels used in NDVI. NDWTI is
a measure of liquid water molecules in vegetation cano-
pies that interacted with the incoming solar radiation.
It is less sensitive to atmospheric scattering effects than
NDVI. A simple test of this index using laboratory-
measured reflectance spectra of stacked leaves shows
that NDWIs increase as leaf layer increases —indicating
NDWI is sensitive to the total amounts of liquid water
in the stacked leaves. Limited tests of this index using
two sets of AVIRIS data demonstrated that NDWI images
contain information independent of NDVI images.
NDWI does not remove completely the soil background
reflectance effects (see Figs. 5 and 6), similar to NDVIL.
It is possible to infer EWTs from NDWIs over areas
fully covered by green vegetation. However, it is diflicult
to do so from NDWIs over partially vegetated areas,
because soil contributions to NDWIs are mostly nega-
tive, whereas green vegetation contributions are posi-
tive. In order to gain improved understanding of its
usefulness and limitations, NDWI should be further
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Figure 14. Images of NDVI (a) and NDWI (b) calculated from spectral imaging data acquired with AVIRIS over an area in
the High Plains in northern Colorado.

tested with laboratory and field measured reflectance
spectra of vegetation canopies. Rigorous radiative trans-
fer modeling at both the leaf level and the canopy level
will also help to understand this index. Because the
information about vegetation canopies contained in the
1.24-um channel is very different from that contained
in the red channel near 0.66 um, NDWI should be
considered as an independent vegetation index. It is
complementary to, not a substitute for NDVIL. The next
generation of satellite instruments, such as Landsat 8
and MODIS, will have channels centered at 1.24 um.
Ecologists and biologists are encouraged to develop
new techniques to extract information about vegetation
canopies from the 1.24-um channels.
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