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Temporal Variations of the Microwave
Polarization Difference Index and lts

Relationship to the Normalized Difference
Vegetation Index in a Densely Gropped Area

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

Absttact
The Microwave Polarization Difference Index (tutrnt) for
densely cropped areas contains information about the mois'
ture and vegbtation status of the ground sutface. The surface
parameters-affecting MPDI and the telationship. of tvteu to the-Normalized 

Difference Vegetation Index (nnw) vary seoson'
allv. To better'understand this seasonal vatiation, tvtpot de'
riied from the Special Sensor Mictowave/Imager and NDVI
derived from the Advanced Very High Resolution Radiometer
were geo-registered and compared with ground data and
with 6ach ither. Analysis of ueu time series showed that
moisture effects dominated at the beginning of the groyvilg
season, vegetation effects dominated duting the period.of
peak canopy cover,'and both effects were presenl at olher
iimes. upit'was found to have an inverse, non-lineat rcla-
tionship with Nivt. MPDI varied more during the early part of
the season, and Nnvt varied mote during the lattet part of
the season. Resulfs were basically consistent with tecent
questions raised about the MPDl-vegetation relationship. The
iynergism between MPDI and NDzI is important for soil mois-
ture ond vegetation studies,

lntroduction
The Microwave Polarization Difference Index (tvrot) and the
Normalized Difference Vegetation Index (Novr) have been
used as vegetation indicators in many soil moisture studies
(e.g., Choudhury and Golus, 19BB; Teng et al., 1993).
W[ether 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 (Tu's) have
been shown to correlate well with the antecedent precipita-
tion index (apD, an indicator of soil moisture, in sparsely
vegetated areas (Blanchard ef o1., 1981; Wang, 1985; Wilke
anf, McFarland, tge6; Choudhury et al., 1'g97a; Choudhury
and Golus, 19BB; Teng et 41., rgsg). 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-
chairnel Microwave Radiometer (srvtun), and the Defense
Meteorological Satellite Program {nrr'tsp) Special Sensor Mi-

crowave/Iirager (sstr,tlt). The results showed that vegetation
sienificantlv 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
(Tircker et ol., 1.g7gi Holben et al., Lgloi Asrar ef al', 1'sB4)

and the seasonal variations in vegetation extent (Goward

et ol., 1.s85t fustice et al., 19Bs). NDVI was shown to be use-
ful in classifying land-cover types (Tucker et 01., 1985) and
in monitoring ciop development and the length of the-grow-
ins season (G;llo;nd Flesih, 1gsg). The NDVI seasonal t ime
t.i i"s g.tt"tully followed crop growth,and senescence' Al-
thoush"soi l  -o j t tu . .  condi t ions could not  be d i rect ly  in-
ferref, 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 th" 

"top 
gra'in fill stage could also be an indicator of a

Iack of soil moisture.
The relationship between IUPDI and Nnvt is also-impor-

tant, because the indices provide complementary information
on vesetation. Previous studies have shown that MPDI was in-
.rr".rul"y and non-linearly related to NDVI. In general, MPDI was

more iensitive to vegetition cover in sparsely vegetated ar,-
eas, whereas Nnvt wis more sensitive in densely vegetated,
areas (Choudhury and Tucker, 1987; Choudhury et al', tgazb;
Beckei and Choridhury, 19BB; Townshend, 1989; Choudhury
ef d1., 1990). These rezults were based on monthly or annual
comDosites of satellite data covering selected regions of Africa,
Austalia. 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 MPDl-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 P-er month' The SSM/I
data used in this study were acquired daily'

In contrast to previous worli, the current study focused on
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{ 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 add:tion, daily satellite data and detailed grbund 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 MIDI-NDVI relationship found in previ-
ous work were also valid in a densely cropped area.

Methods
7, data used to calculate MPDI were acquired from the
DMSP's SSM/I, a seven-channel, four-frequency, linearly polar-
ized, passive microwave radiometer (Hollinger et aL, LSSO;
DMSP SSM/I CallVal 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 Tu's (Wentz, 1991). The SSM/I TB's for each day
were geo-registered and averaged to a grid base with a celi
size of 1/4" latitude by 1/4" longitude. Footprint values were
assigned, without weighting, to cells based bn their latitudes
and longitudes. MIDI was then calculated from the 1./4. cell
T"'s of the two 37-GHz, vertically (V) and horizontally (H)
polarized channels as

MPDr : (37 GHz, V) _ (37 GHz, H). (1)

For plotting time series (Figures Z to 5), these cells were first
averaged Io 314" quadrants (Figure 1). The data spanned the
period from /uly 1987 (when SSM/r data became available)
through 1990, although only the descending (afternoon)
paths during the main growing season frornMay through
September were used. Spatial resolution of the 

'gZ-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 (avnnn-r,ic) a1

though the 1.1-km resolution AVHRR data were acquired
d_aily, clorrd 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 ihe middie one-
third of Iowa (34 counties) in iSeA, also May through Sep-
tember, were used because of availability and the piesenie of
a uniform mix of vegetation cover (mostly corn and soy-
beans). The data were calibrated followine NoAa p.o""d,r.es
(Kidwell, 1991). Each NDVr imaqe was derlved fro^m an
AVHRR image that was registerei 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 runvt 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.

Mpnt and NDVI values were stratified by arI, crop stage,
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Figure 2. Time series of vpor (37 GHz) for quadrant
A.
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Figure 3. Time series of MpDt (37 GHz) for quadrant
B .

NDVI :
c h a n n e l 2 - c h a n n e l l

c h a n n e l 2 * c h a n n e l i '

where the wavelengths of channels L and 2 were from 0.SB
to 0.68 trrm and from 0.725 to 1..05 pm, respectively. Al-

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-
u res.
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and percent crop cover. API was calculated from precipita-
tion lnd temperature history and potential evapotralspira-
tion (Saxton 

-and 
Lenz, 1967; Choudhury and Blanchard'

1983). It is given bY

API;*r : Kr (API/ + P-) (3)

where API, and API*, are values (mm) at the beginning and
end of day ;. respeitively, P, is the total precipitation (mm)

during day l, and K, is the recession coefncient (dimension-
less) for day i, given bY

19: u*p eE/W^) @)

where E, is the potential evapotranspiration (mm) for day i
and W,,, is the maximum depth of soil water (mm) available
for evapotranspiration (Choudhury and Blanchard, roas).
Daily meteorolbgical station data were obtained from NoAA's
Natibnal Climatic Data Center and also registered and aver-
aged to the 1/4" Iatitude-longitude grid base' The 1/4'cell
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Figure 5. Time series of MPDI (37 GHz) for quadrant
D .

was initially used to better reflect the spatial variability of

the meteorological data. Precipitation and temperature values

for a cell thatAid not contain any weather stations were in-

ierpolated by averaging its nearest neighboring cells that con-

i;il"J data. ipr valires"were then calculated from the gridded

meteorological data and averaged to 3/4'quadrants (for plot-

tins Figure 7).
" Ph"enological and percent crop-coverlata of counties

were obtainei from the U.S. Department of Agriculture

[uspa). In addition, for May and )une, 19BB to 1990' weekly

btop trloisture Index (ct'll) values for two uoaa climatologi-

""i'ai"irio"t 
were obtained from the usDA' A large part of

each of the two divisions, in southwest central Illinois and

..trttut Iowa, coincided with quadrants A.and B, respectively

lFieure 1). A division is a more or less climatologically ho-

^olg,"r"oot geographical unit within a state' There are usu-

"-ifrin"" 
to t?n iivisions per state (Palmer, 1968)' Illinois and

Iowa each have nine diviiions. cMI uses weekly average tem-
peratures and precipitation as inputs and measures the de-

iree to which moisture needs of growing crops are met by.
lu"ituUt" moisture, for a division as a whole' cul reflects the

balance between evapotranspiration and soil moisture re-

charge (Palmer, 1968).
io iegister the MPDI and apt data sets to the NDVI, the

1/4' cellr"ul.t"t of the vrpot and apt were first converted to

rastor images. Each image represented a five-day average

within the"May through Sep[ember-period. corresponding to.

the five-day 
"rr".ugm 

of the r.rlvr. Tlie images were- r^egistered

to the NDvi imagei by using control points selected from an

uru image. lac"h rr,rpnr andapt 'l'/4" cell was then divided

irrio ,tttits"corresponding to the-1.1-km NDVI-pixel size' All
units within 

" ""lt 
*etJgiven the value of the cell' Finally'

county boundary masks were used to extract county averages

of the tr,tPoI and ,q.Pt images'

Results and Discussion
Temporal and Spatial Vadations of MPDI
MPDI time series curves were constructed from monthly aver-

aees of daitv 3/4" quadrant values (Figures 2 to 5)' Because

tlie focus of the study was on seasonal trends, monthly aver-

ases were used to minimize the noise present in daily time-

s6ries curves. The May values corresponded to field moisture

conditions, increasingfrom the 19BB drought year to the

1989 "normal" year,-to the 1990 wet year' In 1990, he-avy

orecipitation durine May and fune led to significant planting

d"luyt as well as the flooding of many fields' The minimum

in the trlplt curves in )uly-August was fairly constant from

vear to vear. Howev"., tli" minimum in 1990 was reached
l[ot,t u'*onth later than that of other years, the curve still

showing the effect of planting delays earlier in the season
(Figures 2 Io 4).' " I.r general, MPDI curves had a maximum at the beginning
of the c"rop season (May), a steep decrease towards a mini-

.""* ut p'eak ca.topy cover (fuly-August), and a much gentler

increase'during mituration' senescence-, and harvesting (Au-

eust-septembei). These trends accorded with expectations' -
i."., potu..lrution difference increased with an increase in soil

moisture and decreased with an increase in vegetation cover'

In Mav, with most of the croplands bare, moisture effects
rtroof d dominate, and Mpnt should be high' During the pe-

riod of oeak canopy cover, vegetation effects should domi-

"ut", 
u"i MPDI sh;uld be low. Between May and the peri^od

of peak canopy cover and thereafter, there is a mixture of
bare and vegbiated ground surfaces and a corresponding mix-

PE&RS
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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 vtpDt
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 possiblv contributed to the
MPDI, such as atmospheric effecti, clouds, and surface rough-
ness (Tucker, 1989; Paloscia and Pampaloni, L992; Tucker,
1992). However, despite these possible contaminants and re-
c_ent questions raised about the MpDl-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 fune, CMI values for climatological divisions roughly cor-
responding to quadrants A and B as well as ApI values for

1036

these quadrants were compared with ltpDl 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 rr.lpnr and CMr were
higher in May than they were in lune, for lgBB to 1990. This
was also the case for quadrant B (Figures 3 and Ob) for 19BB
and 1g8g. For quadrant B in 1990, both indices were lower
!n May than they were in fune. The May and June ApI values
for quadrants A and B showed similar tiends (Figures 7a and
7b, respectively). At near peak canopy cover and beyond,
however, both cvt and apl varied incbnsistently with vrlI,
as vegetation effects became dominant.

Differences between MPDI curves of different ouadrants
seemed to reflect the differences in the mix of cov-er types.
Vegetation cover types in quadrant B (central Iowa, Figure 3),
quadrant C (northeast Missouri, Figure 4), and quadrant D
fsouthern 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 al increase in vegetation cover. In areas of
mixed summer and winter crops (e.g., quadrant C), there are
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The phenological effect for curve B can be better seen in
Figure g (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 Nnvt (around the
end-of July to early August) and by the value of one-half
peak NnvI. Note that th6 upnr-Nnvi relationship was not sym-
metrical about the date of peak Nnvr; that is, vPDI 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
iarere consistent with findings from earlier studies that showed
a higher MPDI sensitivity in sparsely vegetated areas and a
higher NDM sensitivity in densely vegetated areas (e.g', Becker
and Choudhury, 19BB; Townshend et al', 'J'gBg)' Again, Tucker
(1992) has queitioned the MPDl-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 Ir,rpot-ttlvt relationship
was also evident from a time series of the indices (Figure
10). Again, uplt 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). Nite again tlie inverse relationship between the
two indices.

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

Summary and Conclusions
Time series analysis of vpu derived from SSM/I data for
parts of the densely cropped U.S' Midwest provided useful
iegional information about the moisture and vegetation status
oflhe 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 moistuie and crop condition. Geographical variations were
mostly related to differences in the mix of vegetation-types'

A comparison of vpol 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 al-l
cases, MPDI varied more in sparsely vegetated areas or during
the early part of the crop growing season, and t'IDvI varied
mor" in densely vegetated-"t"ut or during the latter part of
the season. Despite recent questions raised about the MPDI-
vegetation relationship, the MPDI was shown to be usefuI
duiing the early part of the crop season, notably for provid-
ing inTormation on soil moisture condition at planting.-- 

The seasonal variations of upu and Novt indicated that
a synergistic use of the two indices should be very benefi-
ciai, wliether 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, irlpnt would be more useful during the early part and
at the very end of the growing season, and Nlvt would be
-o." l.rr"fr.rl for the p"iiod in-between. Similar conclusions
on synergism were reached in previous studies with satellite

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 19BB 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 19BB drought year
had the lowest values.

MPDI-NDVI Vadations
To determine the relationship between MPDI and NDVI for a
densely cropped area, 1988 data of 34 counties in central
Iowa for both indices were compared. As Figure B 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 B). 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 (Iower 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 runvt values
(near 0 to 0.51 for both curves was similar. The range of rrapnt
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 Mpu 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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stages roughly corresponded to (a) planting and emergence, (b) vegetative,
(c) maturation, and (d) senescence and early harvesting.
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Figure 10. Time series of MpDt and ruovt for the same
data set as that in Figure 8, showing the inverse relation-
ship of the two indices. Note the different scales.

data (e.9., Townshend et d/., lg8g) and with ground and air-
craft data (e.g., Paloscia and Pampaloni, 1992). As an exam-
ple, areas severely affected by the t988 drought in the U.S.
Midwest were indicated by NDvt 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
fune (Gutman, 1990; Teng, 1990). For the latter areas, MpDr
could have provided a much earlier indication of the onset
of drought. It is of interest to note that Tucker (1989), using
SMMR-derived tvtpot, found the NDVI to be a better indicator
of drought conditions than MIDI in areas of the Sahel and
northeastern Brazil.
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