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Temporal Variations of the Microwave
Polarization Difference Index and Its
Relationship to the Normalized Difference
Vegetation Index in a Densely Cropped Area

William L. Teng, Paul C. Doraiswamy, and James R. Wang

Abstract

The Microwave Polarization Difference Index (MPDI] for
densely cropped areas contains information about the mois-
ture and vegetation status of the ground surface. The surface
parameters affecting MPDI and the relationship of MPDI to the
Normalized Difference Vegetation Index (NDVI) vary season-
ally. To better understand this seasonal variation, MPDI de-
rived from the Special Sensor Microwave/Imager and NDVI

derived from the Advanced Very High Resolution Radiometer

were geo-registered and compared with ground data and
with each other. Analysis of MPDI time series showed that
moisture effects dominated at the beginning of the growing
season, vegetation effects dominated during the period of
peak canopy cover, and both effects were present at other
times. MPDI was found to have an inverse, non-linear rela-
tionship with NDVI. MPDI varied more during the early part of
the season, and NDVI varied more during the latter part of
the season. Results were basically consistent with recent
questions raised about the MPDI-vegetation relationship. The
synergism between MPDI and NDVI is important for soil mois-
ture and vegetation studies.

Introduction

The Microwave Polarization Difference Index (MPDI) and the
Normalized Difference Vegetation Index (NDVI) have been
used as vegetation indicators in many soil moisture studies
(e.g.. Choudhury and Golus, 1988; Teng et al., 1993).
Whether the soil moisture information is used in global pro-
cess models or applied to agriculture, one must first account
for the commonly occurring, natural or agricultural vegeta-
tion and its temporal variations.

Satellite microwave brightness temperatures (T},’s) have
been shown to correlate well with the antecedent precipita-
tion index (API), an indicator of soil moisture, in sparsely
vegetated areas (Blanchard et al., 1981; Wang, 1985; Wilke
and McFarland, 1986; Choudhury et al., 1987a; Choudhury
and Golus, 1988; Teng et al., 1993). These studies used data
from the Skylab radiometer, the Nimbus-5 Electrically Scan-
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ning Microwave Radiometer, the Nimbus-7 Scanning Multi-
channel Microwave Radiometer (SMMR), and the Defense
Meteorological Satellite Program (DMSP) Special Sensor Mi-
crowave/Imager ($SM/1). The results showed that vegetation
significantly affected the correlation.

Previous studies have also shown, based on ground
measurements and satellite observations, that NDVI was
highly correlated with the amount of vegetation cover
(Tucker et al., 1979; Holben et al., 1980; Asrar et al., 1984)
and the seasonal variations in vegetation extent (Goward
et al., 1985; Justice et al., 1985). NDVI was shown to be use-
ful in classifying land-cover types (Tucker et al., 1985) and
in monitoring crop development and the length of the grow-
ing season (Gallo and Flesch. 1989). The NDVI seasonal time
series generally followed crop growth and senescence. Al-
though soil moisture conditions could not be directly in-
ferred from the NDVI, the maximum NDVI value attained at
mid-season has been related to crop moisture conditions (Do-
raiswamy and Hodges, 1991). A rapid decrease in the NDVI
during the crop grain fill stage could also be an indicator of a
lack of soil moisture.

The relationship between MPDI and NDVI is also impor-
tant, because the indices provide complementary information
on vegetation. Previous studies have shown that MPDI was in-
versely and non-linearly related to NDVL In general, MPDI was
more sensitive to vegetation cover in sparsely vegetated ar-
eas, whereas NDVI was more sensitive in densely vegetated
areas (Choudhury and Tucker, 1987; Choudhury et al., 1987b;
Becker and Choudhury, 1988: Townshend, 1989; Choudhury
et al., 1990). These results were based on monthly or annual
composites of satellite data covering selected regions of Africa,
Australia, India, and the U.S., with climates ranging from arid
to humid. More recently, Tucker (1992) has critically re-exam-
ined some of the data from arid and semi-arid Africa and Aus-
tralia and found that the MPDI-vegetation relationship was
weaker than had previously been shown. It should be noted
that these previous studies all used the SMMR data, which
were only available for four to five days per month. The SSM/I
data used in this study were acquired daily.

In contrast to previous work, the current study focused on
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a portion of the temperate, densely cropped U.S. Corn Belt in
the Midwest (Figure 1), where climatic and soils conditions as
well as cropping patterns and practices were quite different.
In addition, daily satellite data and detailed ground data were
available. The study aimed to better understand the ground
surface parameters affecting MPDI and to determine if the sea-
sonal variations of the MPDI-NDVI relationship found in previ-
ous work were also valid in a densely cropped area.

Methods

T, data used to calculate MPDI were acquired from the
DMSP’s 8SM/1, a seven-channel, four-frequency, linearly polar-
ized, passive microwave radiometer (Hollinger et al., 1990;
DMSP SSM/I Cal/Val Team, 1991). The original daily antenna
temperature tapes were obtained in the “Wentz format,” and
Wentz-provided software was used to convert antenna tem-
peratures to T,'s (Wentz, 1991). The ssm/1 T,'s for each day
were geo-registered and averaged to a grid base with a cell
size of 1/4° latitude by 1/4° longitude. Footprint values were
assigned, without weighting, to cells based on their latitudes
and longitudes. MPDI was then calculated from the 1/4° cell
Ty's of the two 37-GHz, vertically (V) and horizontally (H)
polarized channels as

MPDI = (37 GHeg, V) — (37 GHz, H). (1)

For plotting time series (Figures 2 to 5), these cells were first
averaged to 3/4° quadrants (Figure 1). The data spanned the
period from July 1987 (when $SM/I data became available)
through 1990, although only the descending (afternoon)
paths during the main growing season from May through
September were used. Spatial resolution of the 37-GHz chan-
nels was about 33 km.

NDVI was calculated from the National Oceanic and At-
mospheric Administration (NOAA) Advanced Very High Reso-
lution Radiometer-Local Area Coverage (AVHRR-LAC) as

channel 2 — channel 1
NDVI = , (2)
channel 2 + channel 1

where the wavelengths of channels 1 and 2 were from 0.58
to 0.68 pm and from 0.725 to 1.05 pm, respectively. Al-
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Figure 1. Part of the densely cropped U.S. Midwest. Grid
quadrant size is 3/4° latitude by 3/4° longitude. Labeled
quadrants are those referenced in the text and other fig-
ures.
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Figure 2. Time series of MPDI (37 GHz) for quadrant

though the 1.1-km resolution AVHRR data were acquired
daily, cloud cover and the large scan angle limited the usa-
ble data frequency, ranging from one every few days to one
every few weeks. For this study, data for the middle one-
third of lowa (34 counties) in 1988, also May through Sep-
tember, were used because of availability and the presence of
a uniform mix of vegetation cover (mostly corn and soy-
beans). The data were calibrated following NOAA procedures
(Kidwell, 1991). Each NDVI image was derived from an
AVHRR image that was registered to the Digital Line Graph
mapping data, Albers projection, acquired from the U.S. Geo-
logical Survey (USGS, 1990). A registration error of less than
1 km was achieved. County NDVI averages were obtained by
overlaying a mask of the county boundaries on the NDVI im-
ages. The seasonal time series of the NDVI data was then de-
rived by fitting the data to a Gaussian function, to filter out
noise from various sources, and extracting five-day averages
from the fitted data.

MPDI and NDVI values were stratified by API, crop stage,
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Figure 3. Time series of MPDI (37 GHz) for quadrant
B.
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Figure 4. Time series of MPDI (37 GHz) for quadrant
c.

and percent crop cover. API was calculated from precipita-
tion and temperature history and potential evapotranspira-
tion (Saxton and Lenz, 1967; Choudhury and Blanchard,
1983). It is given by

APL,, = K, (APL, + P) (3)

where AP, and API,, are values (mm) at the beginning and
end of day j, respectively, P, is the total precipitation (mm)
during day j, and K, is the recession coefficient (dimension-
less) for day j, given by

K

(4

= exp (—E/W,) (4)
where E is the potential evapotranspiration (mm) for day j
and W, is the maximum depth of soil water (mm) available
for evapotranspiration (Choudhury and Blanchard, 1983).
Daily meteorological station data were obtained from NOAA's
National Climatic Data Center and also registered and aver-
aged to the 1/4° latitude-longitude grid base. The 1/4° cell
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Figure 5. Time series of MPDI (37 GHz) for quadrant
D.
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was initially used to better reflect the spatial variability of
the meteorological data. Precipitation and temperature values
for a cell that did not contain any weather stations were in-
terpolated by averaging its nearest neighboring cells that con-
tained data. API values were then calculated from the gridded
meteorological data and averaged to 3/4° quadrants (for plot-
ting Figure 7).

Phenological and percent crop-cover data of counties
were obtained from the U.S. Department of Agriculture
(USDA). In addition, for May and June, 1988 to 1990, weekly
Crop Moisture Index (CMI) values for two NOAA climatologi-
cal divisions were obtained from the USDA. A large part of
each of the two divisions, in southwest central Illinois and
central lowa, coincided with quadrants A and B, respectively
(Figure 1). A division is a more or less climatologically ho-
mogeneous geographical unit within a state. There are usu-
ally five to ten divisions per state (Palmer, 1968). Ilinois and
Jowa each have nine divisions. CMI uses weekly average tem-
peratures and precipitation as inputs and measures the de-
gree to which moisture needs of growing crops are met by
available moisture, for a division as a whole. cmI reflects the
balance between evapotranspiration and soil moisture re-
charge (Palmer, 1968).

To register the MPDI and API data sets to the NDVI, the
1/4° cell values of the MPDI and API were first converted to
rastor images. Each image represented a five-day average
within the May through September period, corresponding to
the five-day averages of the NDVI. The images were registered
to the NDVI images by using control points selected from an
MPDI image. Each MPDI and AP 1/4° cell was then divided
into units corresponding to the 1.1-km NDVI pixel size. All
units within a cell were given the value of the cell. Finally,
county boundary masks were used to extract county averages
of the MPDI and API images.

Results and Discussion

Temporal and Spatial Variations of MPDI

MPDI time series curves were constructed from monthly aver-
ages of daily 3/4° quadrant values (Figures 2 to 5). Because
the focus of the study was on seasonal trends, monthly aver-
ages were used to minimize the noise present in daily time-
series curves. The May values corresponded to field moisture
conditions, increasing from the 1988 drought year to the
1989 “normal’”’ year, to the 1990 wet year. In 1990, heavy
precipitation during May and June led to significant planting
delays as well as the flooding of many fields. The minimum
in the MPDI curves in July-August was fairly constant from
year to year. However, the minimum in 1990 was reached
about a month later than that of other years, the curve still
showing the effect of planting delays earlier in the season
(Figures 2 to 4).

In general, MPDI curves had a maximum at the beginning
of the crop season (May), a steep decrease towards a mini-
mum at peak canopy cover (July-August), and a much gentler
increase during maturation, senescence, and harvesting (Au-
gust-September). These trends accorded with expectations,
i.e., polarization difference increased with an increase in soil
moisture and decreased with an increase in vegetation cover.
In May, with most of the croplands bare, moisture effects
should dominate, and MPDI should be high. During the pe-
riod of peak canopy cover, vegetation effects should domi-
nate, and MPDI should be low. Between May and the period
of peak canopy cover and thereafter, there is a mixture of
bare and vegetated ground surfaces and a corresponding mix-
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Figure 6. Weekly cmi for (a) quadrant A and (b)
quadrant B. The exact date of the end of each
week may differ slightly from year to year.

ture of moisture and vegetation effects. Finally, the reduction
in canopy during senescence is more gradual than the in-
crease in canopy during earlier crop stages; thus, the MPDI
curve should be steeper before than after peak canopy cover.
A dry latter part of the crop season would also contribute to
the slow rise in the MPDI curve after peak canopy cover.
There were other factors which possibly contributed to the
MPDI, such as atmospheric effects, clouds, and surface rough-
ness (Tucker, 1989; Paloscia and Pampaloni, 1992; Tucker,
1992). However, despite these possible contaminants and re-
cent questions raised about the MpDI-vegetation relationship,
the above explanation for the MPDI, vegetation, and soil
moisture trends still seemed to be reasonable, based on the
clear relationships observed between MPDI values and docu-
mented ground conditions.

To check the dominance of moisture effects during May
and June, CMI values for climatological divisions roughly cor-
responding to quadrants A and B as well as API values for
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Figure 7. Time series of APl for (a) quadrant A and
(b) quadrant B.

these quadrants were compared with MPDI values. In Figures
6a and 6b, the first and second halves of the plots approxi-
mately corresponded to weeks in May and June, respectively.
For quadrant A (Figures 2 and 6a), both MPDI and CMI were
higher in May than they were in June, for 1988 to 1990. This
was also the case for quadrant B (Figures 3 and 6b) for 1988
and 1989. For quadrant B in 1990, both indices were lower
in May than they were in June. The May and June API values
for quadrants A and B showed similar trends (Figures 7a and
7b, respectively). At near peak canopy cover and beyond,
however, both cMI and ApI varied inconsistently with MPDI,
as vegetation effects became dominant.

Differences between MpDI curves of different quadrants
seemed to reflect the differences in the mix of cover types.
Vegetation cover types in quadrant B (central lowa, Figure 3),
quadrant C (northeast Missouri, Figure 4), and quadrant D
(southern Missouri, Figure 5) were, respectively, mostly corn
and soybeans, a mix of summer crops and winter wheat, and
mostly forest. These figures show the decrease in soil mois-
ture effects with an increase in vegetation cover. In areas of
mixed summer and winter crops (e.g., quadrant C), there are
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Figure 8. The relationship between MPDI and NDVI for
a temperate, densely cropped area (curve B) and that
for a composite of arid to humid areas (curve A).
Note that mpDI for curve A was derived from the 37-
GHz channel of the SMMR and that NDvI values were
curve fitted with a Gaussian function.

usually some cropped areas throughout the season. However,
in mostly summer cropped areas, there is a majority of bare
soil during the early part of the season. Notably, in all cases,
the relative positions of the 1988 to 1990 curves were mostly
preserved for the first half of the season. That is, the 1990
wet year had the highest values, and the 1988 drought year
had the lowest values.

MPDI-NDVI Variations

To determine the relationship between MpDI and NDVI for a
densely cropped area, 1988 data of 34 counties in central
Towa for both indices were compared. As Figure 8 shows, the
relationship was inverse and non-linear (curve B), similar to
that found in earlier studies (e.g., Choudhury and Tucker
(1987), curve A in Figure 8). However, curve A represented
data points collected from many different geographical and
climatic regions, whereas data points for curve B were from
the same geographical region but represented different local
meteorological conditions and crop phenology. There were
also many differences, such as soil types, associated with dif-
ferent climatic regions. In curve A, the data points ranged
from the extremely dry Sahara (upper left) to the humid cen-
tral Africa (lower right). Although the time period and geo-
graphical area of averaging for data points of A and B were
also different, the most significant difference was that in cli-
matic and associated conditions. The range of NDVI values
(near 0 to 0.5) for both curves was similar. The range of MPDI
values (2 to 15) for curve B, however, was only about one-
half that of curve A. This difference was likely related to veg-
etation density, vigor, and/or water content. The large range
of MPDI at low NDVI values was due to the mixture of bare
soil and emerged crops during the early part of the growing
season as well as due to soil moisture differences.
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The phenological effect for curve B can be better seen in
Figure 9 (a to d), where the data points have been parti-
tioned into four stages of the growing season. As indicated,
the partitioning was by the date of peak NDVI (around the
end of July to early August) and by the value of one-half
peak NDVI. Note that the MPDI-NDVI relationship was not sym-
metrical about the date of peak NDvI; that is, MPDI varied
more during the early part of the growing season (Figures 9a
and 9b) than during maturation and senescence (Figures 9c
and 9d). This seasonal variation was likely due to greater soil
moisture and vegetative changes during periods of crop
growth than during periods of crop senescence. These results
were consistent with findings from earlier studies that showed
a higher MPDI sensitivity in sparsely vegetated areas and a
higher NDVI sensitivity in densely vegetated areas (e.g., Becker
and Choudhury, 1988; Townshend et al., 1989). Again, Tucker
(1992) has questioned the MPDI-vegetation relationship; how-
ever, the result from this study indicating that MPDI did not
provide much information for densely cropped areas was basi-
cally consistent with Tucker’s conclusion.

The seasonal variations of the MPDI-NDVI relationship
was also evident from a time series of the indices (Figure
10). Again, MPDI varied more during the early part of the sea-
son (before around Julian day 180), whereas NDVI varied
more during the latter part of the season (after around Julian
day 210). Note again the inverse relationship between the
two indices.

In addition to being partitioned by crop stage, the data
points for curve B in Figure 8 were separately stratified by
API or percent crop cover as well as by different combina-
tions of the three factors. However, analysis thus far has not
vielded significantly different information than that from
stratifying by crop stage alone.

Summary and Conclusions
Time series analysis of MPDI derived from $SM/1 data for
parts of the densely cropped U.S. Midwest provided useful
regional information about the moisture and vegetation status
of the ground surface. Within-year seasonal variations of
MPDI curves were mostly a function of moisture and crop
phenology. Between-year variations were mostly a function
of moisture and crop condition. Geographical variations were
mostly related to differences in the mix of vegetation types.

A comparison of MPDI with AVHRR's NDVI showed an in-
verse, non-linear relationship, consistent with most previous
results, However, the latter corresponded to geographical and
climatic differences, whereas the former corresponded to lo-
cal meteorological and crop phenological changes. In all
cases, MPDI varied more in sparsely vegetated areas or during
the early part of the crop growing season, and NDVI varied
more in densely vegetated areas or during the latter part of
the season. Despite recent questions raised about the MPDI-
vegetation relationship, the MPDI was shown to be useful
during the early part of the crop season, notably for provid-
ing information on soil moisture condition at planting.

The seasonal variations of MPDI and NDVI indicated that
a synergistic use of the two indices should be very benefi-
cial, whether to account for the vegetation effect in soil
moisture studies, to monitor vegetation condition and dy-
namics for global models or agricultural applications, or to
assess episodic weather events such as droughts and floods.
Thus, MPDI would be more useful during the early part and
at the very end of the growing season, and NDVI would be
more useful for the period in between. Similar conclusions
on synergism were reached in previous studies with satellite
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Figure 9. Figure 8 partitioned into four stages of the crop growing season,
showing the seasonal effects on the MPDI-NDVI relationship. The partitioning
was by the date of peak NDvI and the value of one-half peak NDvi. The four
stages roughly corresponded to (a) planting and emergence, (b) vegetative,
(c) maturation, and (d) senescence and early harvesting.

Figure 10. Time series of MPDI and NDVI for the same
data set as that in Figure 8, showing the inverse relation-
ship of the two indices. Note the different scales.
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data (e.g., Townshend et al., 1989) and with ground and air-
craft data (e.g., Paloscia and Pampaloni, 1992). As an exam-
ple, areas severely affected by the 1988 drought in the U.S.
Midwest were indicated by NDVI very early in the season.
However, for areas less severely affected, drought detection
was not possible until the latter part of May or early part of
June (Gutman, 1990; Teng, 1990). For the latter areas, MPDI
could have provided a much earlier indication of the onset
of drought. It is of interest to note that Tucker (1989), using
SMMR-derived MPDI, found the NDVI to be a better indicator
of drought conditions than MPDI in areas of the Sahel and
northeastern Brazil.
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