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Abstract

A multispectral index, designed to describe surface moisture
characteristics, was derived from the information content at
the blue, near-infrared, and thermal wavelengths of Landsat
Thematic Mapper imagery. The index is given by an open-
ended triangle within which features of varying moisture
contents are located. Although the index bears some resem-
blance to existing soil and vegetation indices as well as to
the Tasseled Cap transformation, it differs in the way in
which moisture, brightness, and vegetation information can
be expressed in one locational space. The index was found
to vary as a function of changes in the season, in vegetation
cover, and in moisture conditions. The index was also found
to be sensitive to the spatial resolution at which it was de-
scribed.

Introduction

Of the many land-surface parameters that can be derived
from remotely sensed inputs, surface moisture (be it of the
soil or overlying vegetation canopy) is perhaps one of the
least well characterized. The quantification of soil moisture
presents a sufficient challenge, in that it is highly variable
over space and time, and difficult to estimate directly with-
out in situ measurements of thermal emissivity, surface
roughness, and other key soil attributes. The problem is fur-
ther compounded by varying degrees of canopy cover. Vege-
tation response changes at small and large spatial scales, as a
result of differences in plant species, plant architecture,
growth stage, and plant stress, among other factors (Jasinski
and Eagleson, 1989),

The primary objective of the current study was to de-
velop a moisture index that was sensitive to variations across
a variety of surface types, and at the same time robust
enough to be independent of in situ measurements should
they be unavailable. Existing studies (Séguin et al., 1991;
Carlson et al., 1992) have produced moisture estimates from
remotely sensed inputs using coincident field measurements
of soil and foliar moisture. The moisture index derived in
this study does not provide actual estimates of soil moisture,
but instead characterizes surface wetness relative to other
features within a given scene. The use of within-scene re-
sponses allows for the comparison of moisture patterns
across time. The author is currently laying the groundwork
for translating the index from its current form into a cali-
brated mechanism whereby estimates of soil moisture could
be derived.

A secondary objective was to determine whether the de-
rived moisture index was sensitive to scale. Landsat The-
matic Mapper (TM) imagery for a semiarid region in northeast
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Brazil was initially used to develop the index. The method-
ology was then applied to coarser resolution NOAA/AVHRR
data, taking the differing spectral resolution of the band-
widths used by the two sensors into account.

The proposed moisture index was not developed in iso-
lation, but resembles existing vegetation and soil indices in
some respects. Its uniqueness lies in the choice of spectral
information, and the complementary ways in which features
can be located in multispectral (blue-infrared) space. The ap-
plicability of the entire approach, as well as its validity
across different spatial resolutions, will now be presented.

Background

The moisture index differs from existing approaches that use
remotely sensed inputs to parameterize vegetation or soil
properties. Such techniques try to capture a high sensitivity
to the property in question, with the elimination of other sig-
nals which are considered as noise.

One of the commonest ways of quantifying vegetation
characteristics is the use of a vegetation index (vi), which
can be defined as "‘a number that is generated by some com-
bination of remote sensing bands and may have some rela-
tionship to the amount of vegetation in a given image pixel”
(Ray, 1994). Such indices are primarily used to characterize
greenness or biomass production. There is also the assump-
tion of the presence of a “soil line” in spectral space (Ray,
1994). A soil line is given by the pixels that contain bare soil
and dry vegetation (Jasinski and Eagleson, 1989). Vegetation
indices usually involve the ratioing or linear combinations of
spectral information at the red and infrared wavelengths,
Band ratioing leads to the separation of vegetation data from
those of soils (Ustin et al., 1986), and reduces the effects of
sun-sensor-target geometry variations. Among the frequently
used VIs are the Simple Ratio (SR) or Ratio Vegetation Index
(Rv1), the Perpendicular Vegetation Index (Pv1), the Greenness
Vegetation Index (Gv1), the Soil Adjusted Vegetation Index
(savi), and the Greenness Above Bare Soil (GRABS). Compre-
hensive reviews of the computation and characteristics of
these and other indices are given in Qi et al. (1994), Major et
al. (1990), and Baret and Guyot (1991).

For such indices, noise is introduced by variations in
soil properties (moisture content, soil color, and organic mat-
ter) and atmospheric influences. SAVI (Huete, 1988) was de-
signed to reduce the effect of soil brightness by including a
soil adjustment factor. Subsequent work on this index has
produced a Moditied Soil Adjusted Vegetation Index MSAVI
(Qi et al., 1994) in which the adjustment factor is allowed to
vary depending on the soil types in the scene; TSAVI (Trans-
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formed Soil Adjusted Vegetation Index) (Baret and Guyot,
1991), which takes the slope and intercept of the soil line
into account; and the family of ARVIs (Atmospherically Resis-
tant Vegetation Index), which introduces blue wavelengths
into the NDVI to account for variations in the atmospheric
aerosol content (Huete and Liu, 1994). Numerous studies
(Huete and Jackson, 1988; Clevers, 1989; Baret and Guyot,
1991; Major et al., 1990; Huete et al., 1992; Qi et al., 1994)
have compared the various indices in terms of their sensitiv-
ity to soil interactions at varying vegetation cover extents.
Huete and Liu (1994) have also developed MSARVI, a soil and
atmospherically resistant vegetation index, to account for
both soil variations and changes in the aerosol content of the
atmosphere.

At the other end of the spectrum, studies on the infer-
ence of soil moisture have focused on bare soils, with the
view of vegetation as a contaminant to the signal. There are
three types of spectral indices of soil moisture: those em-
ploving the absolute reflectance in one or more bands; those
that examine the contrast between the visible and near-infra-
red bands to the middle infrared; and those which contrast
information at mid-infrared wavelengths only (Musick and
Pelletier, 1988). It has long been established that reflectances
at mid-infrared (MIR) wavelengths respond primarily to water
content (Currico and Petty (1951) in Verbyla (1993)). Verbyla
(1993) contends that MIR wavelengths are most useful under
an extreme range of conditions, but, for less divergent situa-
tions, complications may arise as a result of changes in soil
texture, soil structure, organic matter, clay and mineral com-
position, plant canopy, and terrain conditions. Studies which
have used MIR data to infer soil moisture include Shih and
Jordan (1992) who used Landsat T™M7 imagery with land-use
groupings within a GIS to derive qualitative surface soil mois-
ture values. Avila et al. (1994) employed a ratio of the two
Landsat TM-MIR bands to evaluate soil moisture. Lindsey et
al. (1992) fused point measurements with remotely sensed
ones to extrapolate estimates of soil moisture over a water-
shed, by using a fuzzy-c classification algorithm.

From a different approach comes the use of microwave
data to quantify soil moisture values. Lakshmi et al. (1997)
have used ssm/I-derived soil moisture with a thin-layer hy-
drologic model to compute cumulative monthly evaporation.

Apart from vegetation and soil indices, research has also
been conducted on the quantification of plant water stress,
either by using crop stress indices, or by multispectral meth-
ods involving thermal infrared (TIR) data with existing vege-
tation indices. Hope et al. (1986) used the TEGRA model to
simulate surface fluxes of energy and water from vegetation,
and the SAIL radiative transfer model to compute spectral Vi
albedo. They found a negative relationship between surface
temperature and NDVI under a series of soil moisture condi-
tions. They also suggested the division of surface tempera-
ture by the minimum canopy temperature to normalize the
former for extraneous influences apart from soil moisture and
canopy resistance response. Similar results were obtained by
Carleton et al. (1994) who concluded that the low NDVI and
high temperature regions for the study area in the American
Midwest corresponded to cropped and moisture-stressed sur-
face types. Crop water stress has also been quantified in
terms of stress degree days in a study by Séguin et al. (1991),
which demonstrated the usefulness of TIR data for assessing
such stress conditions at a regional scale.

In all of the foregoing studies, field data have been
merged with imaged data either directly or as part of a simu-
lation, at a variety of spatial scales. Such ground truthing
was not collected at the time of imaging in 1992 for the case
studies to be discussed. The challenge then became to de-
velop a method of classifying moisture across the surface, us-
ing urban areas and the Rio Sao Francisco (the largest river
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in the Brazilian northeast) as reference points. Given that
stressed areas cannot be determined from TIR data without
prior knowledge of their location (Rhode and Olson (1970) in
Pierre et al. (1990)), a multispectral approach was used in
conjunction with ancillary data on the vegetation and soils
types present to develop the moisture index.

Study Area

The sertdo (semiarid interior) of northeast Brazil (nordeste) is
a delicate ecosystem characterized by periodic droughts that
destroy vegetation and disrupt the agrarian economy. It is a
vast area (650,000 km?) with an extremely diverse geography,
topography, and climate. A high degree of variability in the
rainfall received is an inherent characteristic of this climate.
Soils tend to be poor, although fertile alluvial floors can be
found along the river valleys (de Andrade, 1980).

The study area is located along the middle reaches of
the Rio Sdo Francisco in the state of Bahia (Figure 1) in the
southern part of the sertdo. The most important precipita-
tion-generating mechanisms here are the northward-moving
cold fronts that induce moisture advection at the middle and
upper levels of the troposphere (Kousky, pers. comm., 1992).
The southerly migration of the Intertropical Convergence
Zone (ITCZ) is also associated with the receipt of precipita-
tion.

Given that drought is a cyclical component of the land-
scape, dryland and irrigated agricultural practices are com-
monplace. Cattle ranching is the most important economic
activity in the sertdo, and pastures are found along the river
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Figure 1. Map of northeast Brazil showing the location of
the study area.
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floodplains. Cattle and goats also graze native species like
caatinga, which is the natural vegetation over much of the
sertdo and represents a xerophilous adaptation to the dry cli-
mate and bare soil (Webb, 1974). In appearance, the caatinga
is a tropical scrub woodland made up of thorny, drought-re-
sisting trees with some cacti. Many of the tree species are de-
ciduous and remain leafless during the dry season (Webb,
1974; Magalhdes and Rebougas, 1988).

Data Acquisition and Manipulation
Three Landsat-5 TM images were acquired for path 218, row
69. The time of overpass was approximately 10 30LST. The
dates were chosen to reveal moisture characteristics of the
surface during the different seasons. The first image was a
summer acquisition from 04 January 1992, selected because
of the known precipitation activity that takes place in De-
cember and January over this region of Brazil. Rainfall esti-
mates for December 1991 and 03 January 1992 had already
been computed in a previous study (Dupigny-Giroux, in
preparation, 1999). With this influx of water into the system,
it is likely that a greening of the vegetation would have be-
gun. The other images were acquired during the winter of
1992 (27 May and 12 June), and were selected to provide a
contrast with the January image, in terms of vegetation se-
nescence and/or harvesting. These images were expected to
show drier conditions than those in January, because the ma-
jor precipitation-producing systems were located at the ex-
treme reaches of their annual migration patterns at this time.
Finally, with the winter image acquisitions being approxi-
mately two weeks apart, temporal differences in moisture
level, even across the dry environment, were also expected.

Of the seven bands available on the Thematic Mapper
(T™) sensor, channels 1, 3, 4, 5, and 6 were selected for each
date. Bands 2 and 7 did not significantly contribute to the
analysis and so were omitted. Geometric registration into a
UTM (Universal Transverse Mercator) projection was per-
formed, with resampling to a pixel size of 120 m being ap-
plied to bands 1, 3, 4, and 5, such that they matched the
inherent resolution of the thermal band 6. Atmospheric scat-
tering was accounted for using the dark-object subtraction
technique as outlined in Chavez (1988). The results of this
haze correction technique were checked against the crude
method of determining the DN response over a water body
(in this case, the Rio Sdo Francisco) in TM5, with results in
keeping with those recommended for the technique. Haze
correction was essential because the indices generated under
turbid atmospheric conditions vield questionable results
(Huete and Jackson, 1988). From the relative scattering mod-
els used for the correction of each day, the 12 June image
was the least haze affected, while the 04 January was the
most. This was evident from the graininess of band 1 of the
latter date. Figure 2 shows bands 1 and 3 for the 12 June im-
age. The haze-corrected DN values for the visible and short-
wave infrared bands, as well as the uncorrected thermal
infrared (TIR) band, were converted to at-satellite spectral ra-
diances (in mWem2um-'sr~') using TIPS-ERA constants in the
equation in Markham and Barker (1986; in Wilcox et al.,
1994). The thermal infrared band 6 spectral radiances were
then converted to at-satellite temperatures (K) following Lan-
sing and Barker (1985).

Ancillary data were provided in the form of digitized
maps of the vegetation, geology, topography and soils of the
area.

Derivation of a Moisture Index

The five T™™ bands were initially selected for their ability to
discriminate among the characteristics of various surface fea-
tures. The main goal was to identity a grouping of channels
that would best distinguish moisture differences across a
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(b)
Figure 2. Extract from the full Landsat-5 T™M scence (Path
218, Row 69) near the town of Bom Jesus da Lapa, Ba-
hia for (a) channel 1 and (b) channel 5 for 12 June
1992.

given scene. Band 1 (at blue wavelengths) was known to pro-
vide water penetrating properties and to be able to differenti-
ate between soil and vegetation, as well as between decidu-
ous and evergreen species. Band 3 (at red wavelengths)
provided vegetation discrimination ability, as well as a
heightened contrast between vegetated and non-vegetated ar-
eas (e.g., bare soil and roads). T™M4 (near-infrared (NIR)) has
been widely used for its biomass determination feature, but
it also allows for the separation between water bodies and
vegetation. The mid-infrared (MIR) band 5 has been described
as being the best band overall. Its wavelengths were sensitive
to water absorption and, as such, TM5 was useful for moisture
content, soil moisture, and vegetation differentiation, as well
as snow versus cloud discrimination. Bands 5 and 1 were also
sensitive to plant water stress. Finally, the TIR band can be
used in vegetation stress analyses and soil moisture discrimi-
nation (Toselli, 1989; Lillesand and Kiefer, 1994).

Initial attempts focused on ratioing a combination of
bands 3, 5, and 6. However, the resulting ratios failed to pro-
vide stable moisture descriptions for one or more of the three
days under study. Similarly, poor results were obtained for
the 4, 5, and 6 band grouping. One factor that may have lead
to the failure of these band combinations was the nature of
the vegetation present. Given the adaptation of many of the
species to drought conditions, the types and/or magnitudes
of changes that would be observed for broad-leaved species
in a more humid environment were invalid in this context.
Thus, the information content of bands 3 and 5 becomes
questionable.

The moisture index that was used in the study is given
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Figure 3. Scattergrams of the channel 6 temperatures vs.
the NIR/blue ratio for Landsat TM data — 04 January, 27
May, and 12 June 1992.

by a scattergram of TIR temperatures against the ratio of band
4 to band 1 (TM4/1). The combination of TM1 and T™M4 best
captured the differences between urban areas, water bodies,
and full-leaf versus leafless conditions. The TIR band was in-
valuable in helping to distinguish among the surface feature
types that may have had similar ratio values. This was espe-
cially useful at very low ratio values where other indices like
the NDVI would have grouped together very disparate feature
types like rivers and roads. Figures 3a, 3b, and 3c show the
corresponding scattergrams for 04 January, 27 May, and 12
June 1992. From each scattergram, three common features
were observed: a vertical cutoff at ratio values of TM4/1 = 0;
a second threshold at temperatures of 295K; and a line of
negative slope, which completed the moisture triangle.

940
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The T™M4/1 ratios and TM6 imagery were queried for the
characteristic values of the various surface types present, and
these values were used in the annotation of Figure 3. Some
of the more important surface features included water bodies
of all types including the Rio Sao Francisco, pasture and ag-
riculture along the floodplain of the foregoing river, pivot ir-
rigation agriculture, rectangular fields of varying reflectance,
irrigated agriculture in the channel of the Rio Sdo Francisco,
urban areas, roads, and cloud.

From the annotated scattergrams, it can be concluded
that the vertical line TM4/1 = 0 can be described as a “wa-
ter” line (see Figure 4). Cloud and water bodies fell along
this line, and were differentiated by their temperatures. For
example, clouds when present were always colder than
290K. The Rio Sao Francisco displayed a fairly constant tem-
perature of 298K (+ 1K). The water line does not extend over
the full range of temperatures and, as such, the triangle re-
mains open for T™M6 values greater than 298K. At the lower
end, the water line can extend to temperatures of 203K or
colder, found in the interiors of deep, cumulonimbi forma-
tions.

The horizontal boundary at TM6 = 295K represented
completely moist conditions. It was anchored at the lower
end by water bodies falling along the water line, and at the
upper end by moist, fully vegetated surfaces. Surface mois-
ture decreased and temperatures increased as one moved
away from this horizontal asymptote, towards the upper apex
of the moisture triangle. Thus, along an isoline parallel to
this asymptote, moisture values remained constant while sur-
face types or densities varied.

It therefore followed that the hypotenuse of the triangu-
lar relationship was essentially a moisture gradient from dry
conditions at the upper apex to wet surfaces at the intersec-
tion of the slope with the TM6 = 295K line. Urban areas and
fields with high radiances could be found at the upper end
of the hypotenuse, where the water line does not extend,
leaving the moisture triangle open. Queries of the same loca-
tions over time revealed that, as drying and/or senescence
occurred, there was a movement away from the horizontal
asymptote along isolines that were parallel to the hypote-
nuse.

Within these boundaries, the major feature types already
listed could be found. Floodplain agriculture tended to gravi-
tate towards the line TM6 = 295K, and low values of TM4/1.
Fields with low reflectances tended to be somewhat warmer
and exhibited higher ratio values., Urban areas, high-radiance
fields and the cultivated islands in the Rio Sdo Francisco ex-
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hibited similar values, but could be separated on the basis of
their T™M4/1 values more so than their TIR temperatures.

It has been noted that, with the exception of urban areas,
the signatures of the various feature types varied with time,
although their positions relative to each other in locational
space was essentially unchanged. For example, the T™M4/1
values for high-reflectance fields declined from the January
image to the one in June. On the other hand, features like the
floodplain pasture and the low-radiance fields increased in
TM4/1 values from January to a maximum in May, before de-
clining in June.

External Influences on the Moisture Index

The characteristic boundaries of the moisture triangle, as out-
lined above, were essentially constant from one image to the
next, although the clarity with which they were defined
changed with the season. The triangle was best defined for
the summer (January) image, with the boundaries becoming
fuzzy for the June (winter) image. One cause of this blurring
could have been the decrease in vegetation cover extent that
took place from January to June. As Figure 5a shows, the
NIR/Red scattergram for January indicates an almost complete
canopy cover. By contrast, the NIR/Red scatter for June (Fig-
ure 5b) revealed incomplete canopy coverage and the possi-
ble presence of shadows (Jasinski and Eagleson, 1989).

A second factor which affected the shape of the moisture
triangle was the nature of the existing and antecedent mois-
ture conditions. The 04 January image was known to have
been preceded by a day of precipitation inputs on 03 Janu-
ary. The range of observed T™M4/1 ratio values was large, and
the leftmost part of the moisture triangle was close to the
water line of TM4/1 = 0. The June image was much drier
overall, such that, not only was the T™M4/1 ratio range sub-
stantially smaller but, in addition, the vertical boundary had
shifted away from the water line in the direction of decreas-
ing moisture. Attempts to establish a relationship between
antecedent rainfall and the T™4/1 values or TM6 temperatures
of the following day yielded poor results.

Effect of Scale on the Moisture Index

A secondary objective of the current research was to ascer-
tain whether the effectiveness/results of the moisture index
triangle were maintained in scaling up from the original 120-
m pixel size to coarser spatial resolutions. To this end, 1-km
resolution NOAA/AVHRR images that coincided with the T™
dates were selected. The available bands from the AVHRR im-
agery did not coincide exactly with those of the Thematic
Mapper in terms of their acquisition times (a lag of 4 hours),
their bandwidths, and their sensitivity in certain regions of
the electromagnetic spectrum. The NOAA/AVHRR satellite has
two sensors in the TIR bandwidth that are covered by only
one sensor on the Landsat satellite, but lacks a sensor at the
blue wavelengths which correspond to T™M1.

In order to overcome the incompatibility of bands be-
tween the two satellites, the moisture index triangle was
modified to be defined in the TM6-TM4/3 locational space for
the T™ sensor. This grouping of bands exhibited a similar in-
formation content as TM6-TM4/1, but was not selected over
the latter because of its instability for the January image. The
corresponding AVHRR locational space was given by T4-A2/1,
where T4 was the at-sensor temperature (K) of Channel 4,
with A1 and A2 being the spectral radiances for Channels 1
and 2, respectively. The ratioed image and T4 band were
then queried using the same points as for the ™™ data, with
the resulting scattergrams for the AVHRR imagery being given
on Figure 6.

At a first glance, the AVHRR scattergrams (with the ex-
ception of the 12 June diagram) did not seem to resemble
their TM counterparts. For 04 January and 27 May, the trian-
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Figure 5. Scattergrams of the near-infrared vs. red radi-
ances for Landsat TM data — 04 January and 12 June
1992.

gular shape of the points in space appeared to have been
compressed over the range of temperatures. This was mis-
leading, however, because the triangular portion of the scat-
tergram was constrained over the same range (295 to 310K)
as had been the case for the T™ diagrams. The apparent com-
pression of the thermal range was due to the presence of sig-
nificant cloud coverage which had been absent earlier in the
day when the T™M images were acquired. The clouds present
on the scattergram were warm in nature (>245K), and occu-
pied the thermal range of 270 to 290K. Thus, in terms of
their temperatures, the clouds occupied the same portion of
locational space as they did on the ™ diagrams. It should be
noted that the clouds present on the AVHRR image were
colder and deeper than had been the case for the earlier T™™
scenes, However, due the nature of the querying process,
these cold clouds were not captured. One final caveat is that
the A2/1 values for the clouds were not zero as it had been
for the T™ ratio, and this, coupled with similar non-zero val-
ues for the other water bodies present, implies the absence of
a water line for the January and May AVHRR imagery.

The T4-A2/1 scattergram for 12 June resembled the trian-
gular nature of the ™ index with some differences. Like the
other AVHRR scattergrams, there was no water line which
acted as an asymptote at low ratio values. This was related
to the fact that the lower boundary of T4 = 295K did not ex-
tend over the entire A2/1 range, which, when coupled with
the lack of a water line, led to the absence of a perpendicu-
lar vertex at T4 = 295K, A2/1 = 0. It should be remembered
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Figure 6. Scattergrams of the channel 4 temperatures vs.
near-infrared/red ratio for NOAA/AVHRR data — 04 Janu-
ary, 27 May, and 12 June 1992.

that features, such as water bodies and floodplain agricul-
ture, tended to gravitate towards this vertex in the corre-
sponding TM triangles. It can therefore be concluded that the
12 June image was drier than the others, and cloud free as
well. The asymptotic values for the 12 June scene was at
about A2/1 = 0.85, instead of at A2/1 = 0.7, as it was for Jan-
uary and May.

From the foregoing, it can be observed that the moisture
index did present some similarities at the two resolutions.
The characteristic triangular shape was preserved, even
though it was not as well-defined as was observed for the T™
diagrams. Differences across resolution included the nature
of the vertical asymptote, as well as the much reduced range
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of values for A2/1 compared to either T™M4/1 or T™M4/3. It be-
comes imperative to examine these differences in order to
account for the divergence in results between the T™ and
AVHRR imagery.

Differences in Mechanisms Across Scale

There are four main reasons that may account for the lack of
similarity between the moisture index triangles of the Land-
sat and NOAA/AVHRR satellites. The first and perhaps most
evident is related to the spatial resolution of each sensor.
The most commonly used measure of this is the instantane-
ous field-of-view (IFOV), which, in the case of the T™ sensor,
is 30 m for the visible (1. 3) and shortwave infrared (4, 5)
bands, but 120 m for the thermal infrared band. The IFOV of
the NOAA/AVHRR sensor is approximately 1.1 km at nadir,
Even though the T™ bands 1. 3, 4, and 5 were resampled to
120 m to match the resolution of the TIR band, the difference
in the spatial resolving powers of the two satellites (120 m
versus 1.1 km) is clearly evident in the land surface types
that could be detected. For example, the TM sensors were
able to detect the various characteristics of the Rio Sdo Fran-
cisco channel, including the cultivated islands, while the
same river was not observable on the coarser scale NOAA/
AVHRR imagery. Similarly, the variations in spectral radiance
within fields and between fields observed at the finer T™ res-
olution were lost as pixel size increased. At the 1.1-km reso-
lution, only broad patterns in the vegetation types could be
observed, e.g., open scrub (caatinga) versus grassland-forest
ecotone (contato-estepe-floresta estacional ecotono). Finally,
urban areas were also below the resolution of the AVHRR sen-
sor. It was this feature type as well as the high-radiance
fields that helped to define the upper vertex of the T™ ver-
sion of the moisture index at the high thermal values and
low ratio ones. For the coarser AVHRR index, the non-resolu-
tion of settlement patterns and individual fields meant that
key data needed to define the uppermost apex of the result-
ing triangle were absent.

A second contributing factor was the difference in spec-
tral resolution between the satellites. The spectral resolution
refers to the width of the spectral bands over which informa-
tion is collected. For the red wavelengths, there was some
overlap between the AVHRR (0.58 pum) and T™ (0.63 to 0.69
um) sensors. The bandwidth of the AVHRR NIR wavelengths
(0.72 to 1.1 pm) actually encompasses that of the T™ NIR ra-
diometer (0.76 to 0.9 pm). A wider bandwidth tends to aver-
age out differences in the surface being imaged (Mather,
1989) and, therefore, the overall level of differentiability in
the TIR-NIR/Red space was lower for the AVHRR sensor than
for the T™ sensor. Measurements from these wider band-
widths tend to be more susceptible to atmospheric attenua-
tion (Goward et al., 1991). Finally, the use of AVHRR Channel
4 (10.3 to 11.3 um), which only covers about one-half of the
width of T™ band 6 (10.5 to 12.5 um), implies that the infor-
mation content at the upper TIR wavelengths was not in-
cluded in the AVHRR-based triangle.

Apart from the platform characteristics, one other cause
of the non-congruity between the two satellites was the effect
of seasonality. This was clearly evident, not only in the vege-
tation cover differences between the summer and winter im-
ages, but also in the thermal range. It should be noted that,
for the finer-scale T™M images, the temperature ranges across
the seasons were fairly constant whereas, for the AVHRR
scenes, the range was larger for the summer imagery. This
may be partly due to the presence of precipitation-producing
clouds that extended the range into colder temperatures.

Finally, the time lags between the morning T™ images
and the afternoon AVHRR scenes contributed to the differ-
ences in synoptic conditions, thermal variations, and mois-
ture changes across the diurnal period.
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Discussion

The moisture index described herein differs from vegetation
indices or soil moisture indices. Unlike vegetation indices,
which should ideally be highly sensitive to vegetation, to the
exclusion of the soil background, with a small influence from
the atmospheric path radiance (Tueller, 1987), the present
approach utilizes the response of various surface types pres-
ent in a given scene. Similarly, the index is not constrained
to bare soil surfaces only. The ability to locate features along
moisture gradient lines should provide a useful tool in deter-
mining the effectiveness with which precipitation inputs cas-
cade through the system.

Like the Normalized Difference Vegetation Index (NDVI),
bare soil and water have ratio values close to zero. However,
the choice of bands used in the current index allowed for the
differentiation between these two feature types which are
vastly different in terms of their moisture and thermal char-
acteristics. Water bodies of all types, including supercooled
water (i.e., clouds), were clustered together along a “water”
line. The water line acted as a vertical asymptote, such that
the drier the scene, the more the entire locational space
shifted towards higher ratio values and away from the water
line. This shift away from the water line also occurred in go-
ing from fine to coarser resolutions. A corollary to this right-
ward shift with decreasing moisture or increasing scale was
the fact that it also resulted in a decreased range of TM4/1. In
spite of this, similar thermal ranges (280 to 310K for the T™
and 270 to 310K for the AVHRR) were observed at both reso-
lutions.

The moisture index triangle bears a striking resemblance
to the Tasseled Cap transformation of Kauth and Thomas
(1976), who originally derived it for Landsat MSS (Multispec-
tral Scanner) data. For MsS data, the transformation repre-
sents a planar distribution of the data due to a correlation of
plant and soil properties between the two visible and two in-
frared bands present on this sensor. There are two axes of
variability — brightness and greenness. In applying the trans-
formation to six non-thermal bands on the T™ sensor, Crist
and Cicone (1984) discovered an additional wetness dimen-
sion that was initially thought to be a sole function of soil
moisture status. The brightness and wetness dimensions to-
gether define the Plane of Soils, which contains only soil
data. Changes in brightness are correlated to relative changes
in soil moisture content, but an exact association between
brightness values and a given soil moisture content value
could not be estimated. The Plane of Vegetation for fully vege-
tated data is given by the greenness and brightness where the
latter is used to characterize soil moisture status. Partially veg-
etated regions fell into a Transition Zone defined by the wet-
ness and greenness dimensions (Crist and Cicone, 1985).

The current moisture index is more triangular in shape
than the cone-shaped features given by the Plane of Soils or
the Plane of Vegetation. The horizontal boundary (T = 295K)
may be similar to the greenness dimension in the Transition
Zone, while the vertical asymptote may represent a combina-
tion of wetness and brightness information as one moves
from a dark water body to bright urban surfaces. This differ-
ence in the interpretation of the vertical line reflects the use
of thermal infrared data to define the locational space, a
band that is not used in the Tasseled Cap transformations.

In a study by Tucker and Choudhury (1987), using the
NIMBUS-7 SSMR 37GHz brightness temperatures and NOAA/
AVHRR NDVI values, graphical results that were very similar
to those of the moisture index derived in the current study
were observed. Working over cropped areas in the American
Midwest, Carleton et al. (1994) also discovered a negative re-
lationship between the NDVI and surface temperature, such
that low NDVI values were associated with high temperatures
(on the order of 301 to 306K).
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Following from the fact that the vertical line extends
from a water body surface (which is essentially wet) to urban
areas which, in the absence of rainfall to wet the surface, are
essentially dry, one way of providing a qualitative estimate
of moisture would be to find the intersection of the water-ur-
ban areas line with those parallel to the hypotenuse. A slid-
ing scale of moisture (e.g., 1 for the water body and 0 for the
urban areas) could be defined, such that the intersection of
the isomoisture lines with the water-urban line would yield
a relative value of moisture. Field measurements could then
be used to translate this relative sliding scale into actual
moisture content values. This approach is similar in concept
to the moisture availability studies of Carlson (1986).

Summary and Conclusions

A multispectral index has been proposed for use in describ-
ing surface moisture characteristics. The choice of the blue,
near-infrared, and thermal bands produced a characteristic
triangular shape, with features containing water in any state
forming a vertical asymptote. Fully vegetated areas formed a
second horizontal asymptote, with the triangle being com-
pleted by an isomoisture line.

While bearing some resemblance to existing vegetation
and soil indices, as well as to the Tasseled Cap transforma-
tion, the current index differs in its combination of informa-
tion on moisture, brightness, and vegetation into one feature
space. Brightness increases as one moves up the water line,
and moisture increases along a line perpendicular to the hy-
potenuse of the triangle.

The moisture index was found to vary as a function of
season, due to changes in the vegetation cover. The index
was also sensitive to existing and antecedent moisture condi-
tions. :

In applying the index to coarser resolution imagery, the
characteristic triangular shape was preserved, although the
thermal range appeared to have been compressed due to an
increased contribution from cloud. Due to factors such as dif-
ferences in spectral and spatial resolution, certain features
were not imaged by the AVHRR sensor, and this led to the
omission of certain parts of the triangle. The range of the ra-
tio values appeared to decrease with coarser resolutions.

In its present form, the proposed index is somewhat the-
oretical, the results of which could be refined and enhanced
in three ways. The first major area would involve conducting
a field experiment in which coincident measurements of sur-
face moisture (both foliar and soil) were made, along with ra-
diometric readings in the blue, NIR, and TIR wavelengths. The
entire experiment should be set up to coincide with the local
transit time of the satellite from which the index would be
later derived. The relationship between the moisture distri-
butions and properties at the ground level could then be
scaled up to the resolution of the satellite, and thus provide
a calibration for the moisture index values.

A corollary of the above field experiment would be the
exploration of the influences of such factors as canopy prop-
erties, atmospheric conditions, and soil variations (apart
from changes in water content) on the characteristics of the
moisture index triangle. Special attention should be paid to
the dominant vegetation types present, such as caatinga and
pasture, as well as the non-subsistence crops like cotton.

Finally, given that 1992 was a drought year, the validity
of the index should be tested by applving it to a non-drought
year, It should also be applied across all the seasons of both
drought and non-drought time frames, for the assessment of
changes and/or similarities.
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