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Parameter Sensitivity of Soil Moisture Retrievals
From Airborne L-Band Radiometer

Measurements in SMEX02
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Abstract—Over the past two decades, successful estimation of
soil moisture has been accomplished using L-band microwave
radiometer data. However, remaining uncertainties related to
surface roughness and the absorption, scattering, and emission
by vegetation must be resolved before soil moisture retrieval
algorithms can be applied with known and acceptable accuracy
using satellite observations. Surface characteristics are highly
variable in space and time, and there has been little effort made
to determine the parameter estimation accuracies required to
meet a given soil moisture retrieval accuracy specification. This
study quantifies the sensitivities of soil moisture retrieved using
an L-band single-polarization algorithm to three land surface
parameters for corn and soybean sites in Iowa, United States.
Model sensitivity to the input parameters was found to be much
greater when soil moisture is high. For even moderately wet
soils, extremely high sensitivity of retrieved soil moisture to some
model parameters for corn and soybeans caused the retrievals to
be unstable. Parameter accuracies required for consistent estima-
tion of soil moisture in mixed agricultural areas within retrieval
algorithm specifications are estimated. Given the spatial and
temporal variability of vegetation and soil conditions for agri-
cultural regions it seems unlikely that, for the single-frequency,
single-polarization retrieval algorithm used in this analysis, the
parameter accuracy requirements can be met with current satel-
lite-based land surface products. We conclude that for regions
with substantial vegetation, particularly where the vegetation is
changing rapidly, any soil moisture retrieval algorithm that is
based on the physics and parameterizations used in this study
will require multiple frequencies, polarizations, or look angles
to produce stable, reliable soil moisture estimates.

Index Terms—Microwave radiometry, parameter space
methods, sensitivity, soil moisture, vegetation.

I. INTRODUCTION

RESULTS from many previous studies (cf. [1]) sug-
gest that, within protected microwave frequencies, the

optimal frequency for remote sensing of soil moisture is
L-band ( 1.4 GHz) taking into account the greater emitting
depth and lesser roughness and vegetation effects at this long
wavelength. Although there is no operational satellite-borne
L-band radiometer today, plans are underway to deploy two
by 2010—Soil Moisture and Salinity Mission (SMOS) [2]
and Hydrosphere State Mission (HYDROS) [3]. Many recent
experiments in the U.S. and Europe have demonstrated success
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in mapping the spatial distribution of near-surface moisture
with ground-based and aircraft-borne radiometers at various
wavelengths [4]–[10]. The focus in these experiments has typi-
cally been on correlating daily changes in observed microwave
brightness temperatures with in situ soil moisture. Despite
the advantages and successes at L-band, there are remaining
uncertainties that must be resolved, or at least quantified, before
soil moisture retrieval algorithms can be applied with known
and acceptable accuracy over large land areas using satellite
observations. These issues include surface roughness and
the absorption, scattering, and emission by vegetation. These
surface characteristics are highly variable in space and time
and there has been little effort made to determine the parameter
estimation accuracies required to meet a given soil moisture
retrieval accuracy specification.

The objective of this paper is to carefully examine and
quantify the sensitivities of soil moisture retrieved via a
single-channel, single-polarization algorithm to the key model
parameters describing the land surface. Although many current
algorithms based on multiple frequencies or polarizations are
more complex and perhaps more accurate, we feel that it is
important to understand sensitivities, retrieval performance
and limitations for this simple model at each frequency and
polarization in order to apply such algorithms appropriately.
The analysis has been performed for corn and soybean sites in
the midwestern United States; these field conditions represent
typical grain-producing regions in the U.S. and globally. By
quantifying model sensitivities, we are able to make inferences
about how input parameter uncertainties will translate into soil
moisture estimation errors when this type of model is applied
in similar conditions.

II. MEASUREMENTS AND METHODS

A. SMEX02 Experiment Description

SMEX02 (Soil Moisture Experiments in 2002) was con-
ducted in central Iowa from June 24–July 12, 2002 to validate
remote sensing algorithms and observations made by a satel-
lite-based passive microwave instrument and an aircraft-based
microwave sensor, Passive and Active L- and S-band Ra-
diometer (PALS). This agricultural region was selected in part
so that microwave remote sensing algorithms could be tested in
a simple landscape consisting primarily of two crops, corn and
soybeans, with large homogeneous fields. Although individual
fields in SMEX02 were quite uniform in vegetation cover, there
was a large contrast in vegetation conditions between the two
crops. In addition, there was a substantial increase in vegetation
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Fig. 1. Time series of all-site means of 0–6 cm volumetric soil moisture.
Vertical bars represent �2 standard errors for the daily mean.

density and coverage during the 19-day experiment. Ground
sampling teams collected data on a near-daily basis at field, wa-
tershed and regional scales for validation efforts. In this study,
we utilize in situ data collected within the small-scale intensive
sampling domain of about 10 20 km centered over the Walnut
Creek watershed as well as PALS brightness temperature data
collected over a slightly larger area (see Section II-C).

Land cover was classified using Landsat Enhanced Thematic
Mapper scenes from May 14, July 1, and July 17, 2002. A tassel
cap transformation was performed on the July 1 image and a
standard NDVI with red and near-infrared bands was computed
using the May 14 and July 17 images. The three output bands
of the tassel cap transformation and the two NDVI images were
utilized with equal weight in a segmentation-based supervised
classification with 11 classes. The two dominant classes, corn
and soybeans, make up over 80% of the area covered by PALS
observations. A segmentation process was used to cluster indi-
vidual pixels into groups (objects) based on scale and similarity
criteria defined by the image analyst. The typical corn or soy-
bean segment dimension is 500–800 m. The classification was
verified to be 100% accurate at 31 study sites in the PALS map-
ping area.

B. In Situ Soil Moisture and Vegetation Conditions

Volumetric soil moisture content (VSM) was measured on
11 mornings during the experiment, usually between 8:30 and
11:30 LDT, at 31 observation sites as indicated by the triangles
in Fig. 1. During the first nine days of the experiment, soils in
the watershed were very dry. On June 25 (day 176), near-surface
(0–6 cm) VSM, averaged over all observation sites, was about
0.15. Over the following week, VSM decreased to about 0.10.
Light rainfall was distributed sporadically around the watershed
on July 4–5 (days 185–186), elevating mean VSM to about 0.17.
On July 6 (day 187), more significant rainfall occurred over the
watershed and the mean VSM increased to almost 0.25 on July 7
(day 188). Even heavier rain fell on July 10 (day 191), resulting
in VSM values approaching 0.35. The uncertainty in the mean
VSM across all sites is also indicated in Fig. 1 in the form of 2
standard errors for each daily mean. During the early dry period,
the daily standard errors were approximately 0.01 VSM. The
scattered rains on days 185–186 increased the standard errors to
about 0.02 VSM. With the more widespread and heavy rainfalls

Fig. 2. Time series of vegetation water content means for corn and soybean
land cover segments, derived from remotely sensed vegetation indices. Vertical
bars represent the standard deviations of the remotely sensed estimates.

on days 187 and 191, variability decreased to levels similar to
those of the dry period.

For each soil moisture site in the study area, vegetation prop-
erties including vegetation water content, plant height and frac-
tional vegetation cover were estimated from remotely sensed
normalized difference water index (NDWI) on June 23 (day
174), July 1 (182), and July 8 (189) [11], [12]. Fig. 2 shows
the daily mean vegetation water contents for corn and soybean
land cover segments. Linear interpolation was used between the
observations to create the continuous time series shown here
and used in the VSM retrievals. During the 13-day period of
days 176–189, the vegetation grew very rapidly. Over this pe-
riod, mean vegetation water content for soybean fields increased
from about 0.37 to 0.73 kg/m , and for corn sites increased from
about 2.0 to 4.0 kg/m . The vertical bars in Fig. 2 indicate the
daily standard deviations, also interpolated between observa-
tions days, of the estimated vegetation water contents for each
crop. The root mean square error of the remotely sensed esti-
mates with respect to in situ observations at the field sites is
approximately 0.7 kg/m [12].

Surface roughness was measured at several locations at each
SMEX02 field site using the “grid scanning” and “slope scan-
ning” methods [13]. The two methods gave very similar results,
with measured roughness values ranging from 0.5–1.5 cm with
a mean of about 0.9 cm. The mean roughness was 1.0 cm for
corn sites and 0.7 cm for soybean sites.

C. PALS

1) Instrument Description: The PALS passive and active
microwave instrument operates at L-band (1.41 GHz radiometer
and 1.26 GHz radar) and S-band (2.69 GHz radiometer and
3.15 GHz radar) with dual polarization [14]. During SMEX02
the instrument was flown on a C-130 aircraft with the antennas
viewing out the rear door directed downward behind the aircraft
at an incidence angle of 45 . The instrument is nonscanning,
thus a single-footprint track is sampled along the flight path.
In this study, we performed separate soil moisture retrievals
with L-band horizontally and vertically polarized brightness
temperatures.

During SMEX02, PALS was flown over the watershed study
area on eight days (June 25, 27, July 1, 2, 5, 6, 7, and 8) al-
though data on July 1 and July 5 were incomplete. Flights were
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Fig. 3. PALS flight lines for July 7 overlaid on the land cover segments.
Stars show the locations of sampling sites. Inset: location of individual PALS
observations and an example of a 95% power PALS footprint corresponding to
the observation at the center of the footprint.

made from approximately 8:30 to 10:30 A.M. LDT except from
10:00 to 12:00 A.M. LDT on July 7. Fig. 3 shows the flight
lines flown on July 7 along with the field sampling locations.
PALS was flown at an average altitude of about 1160 m with
little variation. Instrument calibration flights were conducted in
addition to the data flights and the absolute calibration accu-
racy was determined to be within 2 K (E. Njoku, 2003, personal
communication).

Observed brightness temperatures on June 25 for both corn
and soybeans appear to be anomalously high compared with
other days. and were 6–9 K higher on June 25 than on
June 27 and nearly identical to July 2 in spite of the fact that on
the two later days soil moisture was lower and vegetation more
dense, implying higher brightness temperatures. Surface tem-
peratures were about 4 K higher on June 25, explaining part of
the discrepancy. Nonetheless, calculations with a forward radia-
tive transfer model indicate that the June 25 ’s were 5–10 K
too high relative to June 27 and July 2. For these reasons, we
have excluded June 25 from further analysis.

2) PALS Observations: PALS brightness temperature obser-
vations, like those of any microwave sensor, represent the con-
volution of the various land cover elements within the sensor
footprint. The extent of the footprint is a function of sensor alti-
tude and look angle among other engineering factors. Conven-
tionally, a footprint represents the extent from which half of the
total power is returned. For the purpose of this study, we have
extended the footprint to represent 95% of the energy returned
to the sensor (Fig. 3). Due to the relative sizes of the footprints
and a typical land cover segment, most PALS footprints contain
a mixture of land cover types and thus cannot be considered to
represent a single land cover type. However, the footprint mid-
points for a few observations are located near the center of large
fields so that at least 95% of the footprint is contained within
a land cover segment. Because the T variability within a corn
or soybean segment is significantly less than the variability be-
tween crops, such observations provide excellent estimates of
the for each crop type. Such observations are referred to as
pure observations [15].

Because vegetation water contents of soybeans and corn were
significantly different, the resulting L-band microwave bright-
ness temperatures of corn and soybeans (based on the mean
of all pure observations for each crop type) were also signifi-
cantly different (Table I). Following the rains of July 4–6, PALS

vertical and horizontal (subscripts V and H) polarization
decreased for both crop types. The decrease in soybean
from July 2 to July 7 was much greater (58 K) than that for
corn (18 K). The differences between crop types were
much greater on wet days (corn 44 K higher than soybeans on
July 7) than on dry days (corn 5 K higher than soybeans on
July 2). These differences were found to be statistically signif-
icant. Comparatively, the variability among pure observa-
tions within each crop type was much less than the differences
between crops (Table I). Similar trends can also be seen in ,
although the between-crop and temporal differences were much
smaller. The temporal range of was 280–291 K for corn and
260–291 K for soybeans. Differences between and
were smaller for corn due to the depolarizing effect of the veg-
etation. For soybean fields, the polarized emission of the bare
soil contributed to larger differences [7].

D. Soil Moisture Retrieval Algorithm

1) Description of Algorithm: The inverse retrieval algo-
rithm used in this study is summarized in [1] and described
more completely in [16]. The theory behind microwave remote
sensing of soil moisture is based on the large contrast between
the dielectric properties of liquid water ( 80) and dry soil
( 4). The brightness temperature of an emitter of microwave
radiation is related to the physical temperature of the source
through the emissivity such that

(1)

where is the reflectivity from the surface, is the effective
radiating temperature of the surface, and is the
effective emissivity, which depends on the dielectric constant of
the medium [17]. is parameterized similar to [18] in terms
of the soil surface temperature and “deep” soil temperature

as

(2)

where is an empirical parameter weighting the relative con-
tributions of the surface and deep soil to . Although in
principle depends on soil moisture, it is impractical in this algo-
rithm to consider this dependence. We estimated the param-
eter utilizing the output of the forward radiative transfer model
simulations performed using detailed soil profile measurements
for both crops on all days of the study. The parameter was cal-
culated from the model output by multiplying the relative con-
tributions of the total microwave energy for each soil layer by
the linear weights used to interpolate surface temperature in the
radiative transfer model. From this analysis we determined that,
at L-band and for a soil depth of 10 cm, the appropriate values of

ranged from 0.88–0.96 for dry to wet conditions. We used a
constant value of 0.92 in all soil moisture retrievals in this study.
This is much higher than the value of 0.25 determined in [18].
We evaluated the impact of the differences in the parameter
by comparing soil moisture retrievals using both values. The re-
sulting differences in range from 1.5 K in wet conditions
to 7.8 K under dry conditions when the soil temperature gradi-
ents were stronger. The impact on retrieved soil moisture ranged
from 0.005–0.055 VSM, with the greater impact being for corn.
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While these differences might be fairly significant if we were
interested in the absolute values of retrieved VSM, they do not
substantively affect our parameter space or sensitivity analyses
presented in Section III.

Compensation for energy attenuation by vegetation is based
on the relationship between the vegetation transmissivity
and optical depth [19]

(3)

and the optical depth is parameterized in terms of the vegetation
water content and an empirical parameter B

B (4)

According to [20], the B parameter depends on frequency, polar-
ization, and incidence angle. An expression for the bare rough
soil surface reflectance can be derived from (1) in [19] in
terms of the transmissivity and the single-scattering albedo

(5)

Correction for the amount of scattering that takes place due to
roughness of the soil surface uses the simple statistical model of
[21], which treats the soil surface height as having a Gaussian
distribution with variance . The microwave reflectance of a
bare smooth surface is thus given by

(6)

where

(7)

and wavelength. This single-parameter roughness correc-
tion is very simple and is certainly not adequate under all con-
ditions. More elaborate models incorporate information on the
correlation length scale for surface roughness and even allow
roughness to vary as a function of soil moisture [22].

Reflectivity is described by the Fresnel equation that defines
the behavior of electromagnetic waves at a smooth dielectric
boundary. For horizontal and vertical polarized waves at
nonnadir incidence , the Fresnel reflectivity may be derived
from electromagnetic theory [23] as

(8)

(9)

where is the real part of the complex dielectric constant, or
relative permittivity, of the emitter. Because the contribution of
the imaginary part of the dielectric constant is relatively small,
inversion of (8) and (9) is simplified by considering only the real
part of . Application of the Fresnel equation requires remote

observations of reflectivity and assumptions that the dielectric
and temperature properties of the soil are uniform throughout
the emitting layer, that emissivity is related principally to the
relative permittivity, and that the soil depth emitting the energy
being measured is known. By inverting the Fresnel equation, we
obtain a “retrieved” relative permittivity of the emitting layer
( or ) in terms of the observed reflectivity at each
polarization. For H-pol we obtain from (8)

(10)

and for V-pol from (9)

(11)

where and . Volumetric soil moisture
content is determined from or by inverting the soil
dielectric mixing model of Dobson [24] using known dielectric
properties of soil, water, and air.

2) Input Data: The soil moisture retrieval algorithm re-
quires the following inputs: brightness temperature ( or

), surface temperature, deep soil temperature, vegetation
water content , soil surface roughness , vegetation B
parameter, and single-scattering albedo . Of these, the first
four are temporally variable and are supplied by remote and
in situ daily measurements whereas the last three are “fixed”
parameters. Although these three parameters are not strictly
constant, we assumed initially that they vary on time scales
long enough to consider them constant for the 13-day period
between the first and last PALS flight days. Surface roughness
may increase significantly due to tillage operations [25] or
from extended drought which may lead to soil cracking. On
the other hand, rainfall may decrease soil surface roughness.
The vegetation B parameter and single-scattering albedo are
generally treated as functions of land cover type, although the
latter may increase as the vegetation becomes more dense [20].

Values of the input temperatures and vegetation water content
used in the retrieval algorithm are shown in Table I. We used the
means of the PALS pure observations for each land cover type
for the brightness temperature inputs. Vegetation water con-
tent estimates were derived from aircraft-based remotely sensed
NDWI. Soil temperature means were calculated each day for
each crop type using the in situ observations from the 21 corn
and 10 soybean sites. The surface temperatures represent an in-
frared measurement of the soil surface, whereas for the deep soil
temperature we used the mean of the measured 10-cm soil tem-
peratures for each crop [26]. Due to more complete shading by
the corn canopy, the surface and deep temperatures were typi-
cally slightly lower than for the soybean sites. The July 2 soil
temperatures shown in Table I were actually measured on July 1
as there were no in situ measurements made on July 2. Soil mois-
ture and meteorological conditions were very similar on the two
days, so we do not believe that this is a significant source of
error. As discussed in Section II-B, vegetation water content in-
creased dramatically, more than doubling for each crop between
June 25 and July 8.
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TABLE I
VALUES OF INPUT VARIABLES USED IN THE SOIL MOISTURE RETRIEVAL ALGORITHM. T , T = pure H, V-POLARIZED BRIGHTNESS

TEMPERATURES, T = surface temperature, T = deep soil temperature, AND W = vegetation water content. STANDARD

DEVIATIONS ARE SHOWN BELOW THE MEANS FOR EACH QUANTITY. THE PALS INCIDENCE ANGLE WAS 45

III. MODEL SENSITIVITIES AND PARAMETER SPACE ANALYSIS

In this study, we examined the sensitivity of retrieved mois-
ture to the model input parameters by performing a suite of re-
trievals based on a set of parameter combinations that spans a
three-dimensional parameter space. Here “sensitivity” refers to
the change in retrieved soil moisture per change in the param-
eter. Most of the results presented here represent a view of the
parameter space in one or two dimensions. The analysis was
conducted for each of the five days for which PALS data are
available, and for hypothetical homogeneous land areas repre-
sentative of the corn and soybean fields within the study domain.
Our original hypothesis was that, for each crop, there would
be day-to-day consistency between the regions within the pa-
rameter space that produce soil moisture retrievals that agree
well with in situ observations. This hypothesis is tested by ana-
lyzing the daily parameter spaces for each crop. The emphasis
is on horizontal polarization, but some results for V-pol are also
presented.

In order to evaluate soil moisture retrieval sensitivity and tem-
poral consistency, we first present retrieval algorithm results for
various combinations of surface roughness and vegetation B pa-
rameter. In these retrievals, was varied from 0.2–2.0 cm in
intervals of 0.2; the corresponding roughness values ranged
from 0.01–1.38. B ranged from 0.07–0.16 in intervals of 0.01.
The suite of retrievals was repeated for single-scattering albedo
values of 0.00, 0.03, 0.06, and 0.09. These ranges were guided
by previous studies [6], [7], [20], [22], [25], [27] and adjusted
in some cases based on preliminary analysis. We have also per-
formed retrievals for a hypothetical “mixed pixel” region of
corn and soybeans to more realistically evaluate soil moisture
estimation issues in a mixed agricultural region, such as the
SMEX02 study area. Comparisons of the retrieved and observed
soil moisture values across the parameter space help identify the
parameter combinations that yield accurate moisture estimates
for each day and crop. By fixing two parameters and allowing
the third to vary, we evaluate the sensitivity of retrieved VSM to
a given parameter.

Fig. 4. H-pol parameter space for corn with single-scattering albedo = 0:03.
Values shown are the retrieved VSM for each roughness/B-parameter
combination. Values highlighted in dark gray are within �0.04 VSM of the
mean of the observations at the corn sites. Cells shaded light gray indicate
values below 0.02 VSM and are considered unrealistically low. Cells with no
values represent unrealistically high soil moisture whereby retrieved values are
greater than the soil porosity.

A. Corn

1) Parameter Space Analysis: Soil moisture values for corn
conditions retrieved using , a single-scattering albedo of
0.03, and all combinations of roughness and vegetation B pa-
rameter are shown in Fig. 4 for July 2, June 27, and July 7. In
this and other parameter space representations, VSM observa-
tions for July 1 are used to define the valid soil moisture ranges
for July 2. Soil moisture during this period was very low and
stable and we do not believe this to be a large source of error,
but any drying that occurred from July 1 to July 2 would shift
the valid regions slightly to the left. The first two days were
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Fig. 5. Same as Fig. 4 except for single-scattering albedo = 0:06.

dry, with July 2 being the driest, and the third was the wettest
of the five PALS observation days. Not shown are the param-
eter spaces for the two moderately wet days, July 6 and July 8,
but these are very similar to July 7. In these matrices, values
highlighted in dark gray are within 0.04 VSM of the mean
of the observations at the corn sites. This tolerance was chosen
to match the HYDROS soil moisture estimation accuracy re-
quirement for vegetation water content values kg/m [3].
Cells shaded light gray indicate values below 0.02 VSM and
are considered unrealistically low. Cells with no values repre-
sent unrealistically high soil moisture whereby retrieved values
are greater than the soil porosity. Ideally, the valid (dark gray)
regions within parameter spaces for each day would be very sim-
ilar. However, in Fig. 4, the valid parameter regions for the days
appear quite different, as the lower sensitivity of retrieved soil
moisture to the two parameters under dry conditions (June 27
and July 2) causes the valid regions to be much larger than for
the wet conditions (July 7), where higher sensitivity results in a
narrow valid region. Nonetheless, there is considerable overlap
in the regions for all five days, encompassing completely the
valid region of July 7.

The parameter space representations for corn for
are shown in Fig. 5. For a given , increasing results in
a lower VSM than determined for (Fig. 4). Conse-
quently, the valid parameter regions shift toward higher rough-
ness or B values to offset the albedo effect. Again, for all days
there is a substantial intersection in the valid regions that in-
cludes most of the July 7 valid region for cm.

Fig. 6 illustrates the parameter space for corn when is
used to retrieve VSM with . The valid parameter re-
gions for the dry days are characterized by much lower or B
values than for the wet day, and there is no overlap of valid re-
gions for all days. This is also true using with other values
of single-scattering albedo. This lack of consistency between
days at V-pol is unexplained at this time.

Fig. 6. Same as Fig. 4 except for V-pol.

Fig. 7. Sensitivity to surface roughness of VSM retrieved using T for corn
with single-scattering albedo = 0:03 and B = 0:13. The upper and lower
curves correspond to July 7 and July 2, respectively. The dashed lines indicate
the observed mean �0.04 VSM for each day.

2) Sensitivities of Retrieved VSM to Model
Parameters: Based on the suite of soil moisture re-
trievals performed, we examine the VSM retrieval sensitivity
to each of the model parameters. For each crop and each
polarization, the reference point around which sensitivity
analyses were performed represents a parameter combination
that is as close as possible to a best fit solution for all five PALS
days. The sensitivity analyses presented here are for illustrative
purposes only, with the focus being on the change in VSM as
a function of the model parameters rather than the retrieved
VSM values in an absolute sense. For H-pol, the sensitivity to
surface roughness for corn is illustrated for July 2 and July 7
in Fig. 7 by fixing B at 0.13 and at 0.03. This combination
of B and is just one of numerous combinations that could
be used to illustrate model sensitivity, but it does result in
intersection with the valid parameter region for certain values
on the two days shown, as can be seen in Fig. 7. For the two
days, retrieved VSM is shown for ranging from 0.2–2.0 cm,
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Fig. 8. Sensitivity to surface roughness of VSM retrieved using T for corn
with single-scattering albedo = 0:03 and B = 0:10. The upper and lower
curves correspond to July 7 and July 2, respectively. The dashed lines indicate
the observed mean �0.04 VSM for each day.

Fig. 9. Sensitivity to vegetation B parameter of VSM retrieved using T for
corn with single-scattering albedo = 0:03 and surface roughness = 1:0 cm.
The upper and lower curves correspond to July 7 and July 2, respectively. The
dashed lines indicate the observed mean �0.04 VSM for each day.

although for July 7 reasonable estimates are obtained only up
to cm. The dashed lines represent the daily observed
VSM 0.04, i.e., the tolerance limit for remote sensing used
to constrain valid ranges as shown in the parameter space
matrices. Intersection of the retrieved VSM with the two
dashed lines indicates the acceptable range of that parameter
for the day. For July 2 (dry), the slope of retrieved VSM with
respect to is small over a broad range of values ( 2 cm),
i.e. the retrieval is insensitive. For the wetter conditions of
July 7, the slope is much steeper (sensitivity is greater), and
consequently a very narrow acceptable range of roughness
values is indicated. Sensitivity of retrieved VSM to roughness
is slightly less at V-pol than at H-pol, as shown in Fig. 8.
For dry conditions, sensitivity is very low. For the wet case,
sensitivity is considerable only for high roughness values.

Fig. 9 shows the VSM retrieval sensitivity at H-pol to the B
parameter for corn for July 2 and July 7, with a parameter vector
of cm and . Because vegetation optical depth
is given by the product of B and the vegetation water content,
an error in estimating B has the same effect on retrieved soil
moisture as a proportional error in estimating . In practice,
B is a fixed parameter, whereas may have significant tem-
poral and spatial variability, especially in agricultural regions.

Fig. 10. Sensitivity to vegetation B parameter of VSM retrieved using T for
corn with single-scattering albedo = 0:03 and surface roughness = 0:6 cm.
The upper and lower curves correspond to July 7 and July 2, respectively. The
dashed lines indicate the observed mean �0.04 VSM for each day.

Fig. 11. Sensitivity to single-scattering albedo of VSM retrieved using T

for corn with surface roughness = 1:0 cm and B = 0:13. The upper and lower
curves correspond to July 7 and July 2, respectively. The dashed lines indicate
the observed mean �0.04 VSM for each day.

Thus, the sensitivity and error analysis discussed here are appli-
cable for understanding the effects of uncertainties in estimating
vegetation water content. Results are very similar to those for
roughness in that sensitivity is much higher for July 7, leading
to a much narrower acceptable range of B values. As shown in
Fig. 10, the sensitivity to B is lower at V-pol than at H-pol. On
the dry day, there is very little sensitivity at V-pol; for the wet
day, the sensitivity is slightly greater.

The effect of single-scattering albedo on retrieved VSM for
H-pol is shown in Fig. 11 for corn for July 2 and July 7; here

cm and B . Again, retrieval sensitivity is much
higher for wet conditions. For dry conditions, in this example
the valid range for is approximately 0.00–0.05, whereas for
wet conditions the range is approximately 0.02–0.04. At V-pol,
sensitivity to is only slightly higher for wet conditions com-
pared to the dry case (Fig. 12).

In a separate analysis (not shown) in which we varied model
input below and above the observed value for a given day,
we estimated the sensitivity of retrieved VSM to to be ap-
proximately 0.01 VSM per Kelvin for both wet and dry days
for corn. Based on a specified error bound of 0.04 VSM, this
implies an error tolerance in of 4 K. For , sensitivity
is estimated to be approximately 50% higher than for , or
about 0.015 VSM per Kelvin.
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Fig. 12. Sensitivity to single-scattering albedo of VSM retrieved using T

for corn with surface roughness = 0:6 cm and B = 0:10. The upper and lower
curves correspond to July 7 and July 2, respectively. The dashed lines indicate
the observed mean �0.04 VSM for each day.

3) Valid Parameter Ranges: To address issues of input pa-
rameter error tolerances and how they vary as functions of
moisture conditions, for each day we determined ranges for each
parameter that produce retrieved VSM values within 0.04
VSM of the observations. For corn, this was done using a ref-
erence vector defined by , B , and cm

; this point falls within the intersection of valid
parameter regions at H-pol for all days. Around this point,
each parameter was allowed to vary within its respective range
while the other parameters were fixed. Fig. 13(a)–(c) shows,
for H-pol, valid ranges for each parameter plotted as func-
tions of the mean observed VSM for each day. This is simply
another way to represent the valid parameter regions for all
days, as shown in Figs. 4–6 for selected days. The ranges
are shown here solely to illustrate the general relationships
between soil moisture and the parameter tolerances; because
of the interrelated nature of the parameters, the exact ranges
of valid parameter values could be quite different for another
reference point in the parameter space. For each parameter,
there is a clear tendency for the range to narrow as soil mois-
ture increases. This is an obvious consequence of the higher
sensitivity of retrieved VSM to all parameters for wet con-
ditions, as demonstrated in Figs. 7, 9, and 11. From the dry
days to the wettest day, the width of the valid range of surface
roughness decreases by a factor of 5, the range of B decreases
by a factor of 4, and the range of single-scattering albedo
decreases by a factor of 2. At V-pol (not shown), there is
a tendency for the valid ranges to narrow on the wet days,
especially for roughness and single-scattering albedo, but due
to the generally lower parameter sensitivity this pattern is not
as clear as at H-pol.

B. Soybeans

1) Parameter Space Analysis: Retrieved VSM at H-pol for
soybean conditions are shown as functions of surface roughness
and vegetation B parameter in Fig. 14. These retrievals were
performed using a single-scattering albedo of 0.03. The valid
parameter region is much larger on the two dry days (July 2
and June 27), and the region is shifted toward higher roughness
values compared with the wet case of July 7. There is a small

Fig. 13. Valid ranges of (a) roughness, (b) B parameter, and
(c) single-scattering albedo as functions of VSM for corn at H-pol.

intersection of the valid parameter regions for the three days for
roughness values of 1.2–1.4 cm. At V-pol, the valid parameter
regions are quite large for all days, resulting in considerable
overlap for all days (Fig. 15).

2) Sensitivities of Retrieved VSM to Model Parameters: The
relationship between retrieved VSM and input surface rough-
ness at H-pol for soybeans is shown in Fig. 16. In this example,
B and . As was the case for corn conditions
discussed above, retrieval sensitivity to is relatively low on
July 2 for low to intermediate values, but for July 7 the sen-
sitivity is much greater. The range of that produces accurate
VSM retrievals is only about 1.2–1.5 cm for July 7, but about
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Fig. 14. Same as Fig. 4 except for soybeans.

Fig. 15. Same as Fig. 14 except for V-pol.

1.0–2.0 cm for July 2. The sensitivity to roughness for soybeans
at V-pol is similar to, but slightly lower than, that at H-pol.

For soybean conditions, the retrieval sensitivity to the vegeta-
tion B parameter is quite small at H-pol, especially for dry con-
ditions. Results in Fig. 17, based on cm and
indicate that retrieved VSM has almost no sensitivity to B on
July 2 and moderate sensitivity on July 7. For V-pol, sensi-
tivity to B is very small for both days such that valid VSM es-
timates could be obtained with any value of B within the range
of 0.07–0.16.

Sensitivity to single-scattering albedo for soybeans for both
polarizations was found to be very low. This is consistent with

Fig. 16. Sensitivity to surface roughness of VSM retrieved using T for
soybeans with single scattering albedo = 0:03 and B = 0:10. The upper and
lower curves correspond to July 7 and July 2, respectively. The dashed lines
indicate the observed mean �0.04 VSM for each day.

Fig. 17. Sensitivity to vegetation B parameter of VSM retrieved using T

for soybeans with single scattering albedo = 0:03 and surface roughness =

1:4 cm. The upper and lower curves correspond to July 7 and July 2,
respectively. The dashed lines indicate the observed mean �0.04 VSM for
each day.

results of [7]. Over the examined range of 0.00–0.06, retrieved
VSM typically varied by less than 0.02 for wet conditions and
less than 0.01 for dry soils.

The sensitivities of retrieved VSM to and for soy-
beans were estimated to be approximately 0.005 and 0.007 VSM
per Kelvin, respectively, or about half of the values found for
corn. For our imposed error bound of 0.04 VSM, this implies

and tolerances for soybeans of 8 K and 6 K.
3) Valid Parameter Ranges: Fig. 18(a) and (b) shows the

valid surface roughness and B parameter ranges at H-pol for
soybeans plotted against observed VSM for each day. The pa-
rameter reference vector here is , B , and

cm; this parameter combination produces accurate
VSM retrievals for four of the five days but underestimates VSM
on June 27. Similar to the results shown for corn in Fig. 13, the
valid range of surface roughness narrows with increasing soil
moisture, in this case by a factor of at least 3 from dry to wet
conditions. Due to the fairly small sensitivity to the B parameter,
the ranges are quite wide and the lower and upper bounds exceed
the limits used in the retrievals on many days, so the true ranges
are difficult to define. For V-pol (not shown), valid parameter
ranges are in general quite large due to the lower sensitivities
compared to H-pol.
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Fig. 18. Valid ranges of (a) roughness and (b) B parameter as functions of
VSM for soybeans at H-pol.

C. Mixed Crop

In order to help understand the performance and sensitivities
of a soil moisture retrieval algorithm using microwave remote
sensing data in an agricultural setting such as central Iowa in
which sensor footprints typically contain mixtures of various
land cover elements, we have applied the algorithm based on
linear combinations of corn and soybean inputs. This repre-
sents an idealized corn–soybean landscape that is not too unlike
the SMEX02 study area. Here, we have assumed the surface
to be covered with 56% corn and 44% soybeans, based on the
landcover classification within the PALS region, neglecting the
areas of other classes. This weighting was applied to brightness
and soil temperatures and vegetation water contents and the re-
sulting “mixed crop” values were used as input to the retrieval
model. Observed soil moistures for corn and soybean sites were
also weighted to produce the VSM against which the retrievals
were compared. Retrieved VSM values for the mixed crop case,
for a given input parameter vector, are quite similar to retrievals
for corn, even more so than expected given the 56% weighting
applied to corn. Thus, the valid parameter regions for mixed
crop conditions are very similar to those for corn. Also, sen-
sitivities of retrieved VSM to model parameters were very con-
sistent with the corn results. This appears to be the result of the
generally higher parameter sensitivities for corn dominating the
retrieval process.

IV. SUMMARY AND CONCLUSION

Using aircraft-based microwave brightness temperature mea-
surements as well as observations of vegetation water content
and surface and deep soil temperatures for a mixed agricul-
tural region in Iowa, we applied a standard single-frequency,
single-polarization soil moisture retrieval algorithm in order to
test the model’s sensitivities to variations in model parameters.
By doing so, inferences are made about the model’s accuracies
when applied for the two dominant crop types (corn and soy-
bean) within the study area. Possible limitations of model ap-
plication, based on moisture and land cover conditions, are also
inferred.

For corn conditions using horizontally polarized brightness
temperatures, examination of the valid three-dimensional pa-
rameter space (combinations of surface roughness, vegetation
B parameter and single-scattering albedo) showed reasonable
day-to-day consistency. That is, there are certain parameter
vectors that produce soil moisture retrievals within a prescribed
tolerance ( 0.04 VSM) of the observed values on all five days
analyzed. For soybeans, the valid parameter region corresponds
to lower roughness or B parameter values on the wet days, but
there is a small overlap of the regions for all days. At V-pol,
there was no intersection of the valid parameter spaces among
the five days for corn, but for soybeans the valid parameter re-
gions were large with considerable intersection between days.
The better day-to-day consistency for soybeans is related to
the significantly lower retrieval sensitivity to the vegetation
B parameter.

Model sensitivity to the three input parameters was found to
be much greater when soil moisture is high. The soil surface
emissivity is quite high for dry soil and the effects of surface
roughness and vegetation on brightness temperature are much
smaller than for wet soil. For even moderately wet soils, ex-
tremely high sensitivity of retrieved VSM was observed to both
B and for corn and to for soybeans. On first inspection
it may appear that excellent soil moisture estimation can be
achieved across a wide range of moisture conditions using the
best fit parameter vector. However, parameter sensitivity causes
the retrievals to be unstable. This can be quantified by exami-
nation of the parameter space representations for each crop. As
an example, consider corn retrievals at H-pol with ,
B , and cm as the best fit parameters.
Because any of these estimates is subject to uncertainty, assume
that the estimate of B is in error by 20%. This is equivalent to
a 20% error in vegetation water content since the two are mul-
tiplied as part of the vegetation correction; note that vegetation
water content for corn and soybeans increased by 20% every
3–4 days during SMEX02. For the driest day, July 2, the VSM
estimate with the best fit parameters is 0.059, with a range as-
sociated with a 20% error in B of 0.040–0.084. These limits are
within the tolerance of 0.04 VSM with respect to the best fit
estimate. However, for the wettest day, July 7, the best estimate
of VSM is 0.290 with an error range of 0.178–0.520. Clearly,
the uncertainty in this case well exceeds the 0.04 VSM toler-
ance. Similar errors in VSM result from uncertainties in surface
roughness for corn and in the B parameter for soybeans.
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Although the analyses presented here are not meant to pro-
vide exact estimates of model parameters, they can be used to
approximate the accuracies required in estimating these param-
eters in order to reliably estimate soil moisture using similar
single-frequency models in mixed agricultural areas like the one
used in this study. The required accuracies certainly depend on
moisture conditions; in order to ensure that retrieval algorithm
specifications ( 0.04 VSM tolerance) are consistently met, we
use high moisture conditions to define parameter accuracy re-
quirements. Based on L-band H-pol moisture retrievals, we can
approximate these requirements for corn crops as a percentage
of the true values: 15% to 20% for surface roughness, 10%
to 15% for the vegetation B parameter (or vegetation water con-
tent) and 0.01 for single-scattering albedo. The tolerance on

is approximately 4 K. For soybeans at H-pol, the accu-
racy requirements for surface roughness and vegetation B pa-
rameter are about 10% to 15% and 25% to 30%, respectively,
while retrievals are quite insensitive to single-scattering albedo.
The tolerance for for soybeans is approximately 8 K. For
a remote sensing footprint consisting of a mixed crop, accuracy
requirements would be between the corn and soybean values
given.

At V-pol, the parameter tolerances are somewhat less well de-
fined by this analysis, but our best estimates for corn are 10%
to 20% for surface roughness and B and 0.005 for single-scat-
tering albedo. For soybeans at V-pol the tolerance for roughness
and B are approximately 50%; sensitivity to single-scattering
albedo is very low and thus the tolerance is large. Tolerances on

for corn and soybeans are approximately 3 K and 6 K,
respectively.

This analysis may shed light on the potential accuracies of
dual-polarization algorithms because they involve independent
application of radiative transfer model calculations at each po-
larization. Based on the results shown in the parameter space
figures, one can infer how well a dual-polarization algorithm,
based on the same physics and parameterizations, might have
worked in our study. For example, in a dual-polarization ap-
proach, one parameter, say roughness, would be assumed known
and the algorithm would determine the combination of VSM
and B-parameter (or vegetation water content) that minimized
the difference between RTM-estimated and observed brightness
temperatures. A comparison of Fig. 5 (H-pol) and Fig. 6 (V-pol)
for July 2 or June 27 shows that the VSM obtained through such
an algorithm would be a compromise between the lower values
estimated at H-pol and the higher values at V-pol. Accuracy in
this case may be low; this is graphically depicted by the funda-
mentally different parameter space regions at H-pol and V-pol
for a given day.

Given the spatial variability of vegetation and soil condi-
tions and the temporal changes in vegetation density, it seems
unlikely that, for agricultural conditions like the ones used
here, the accuracy requirements for model parameters in the
single-frequency, single-polarization retrieval algorithm used
in this analysis can be met with any current satellite-based
land surface products, such as vegetation indices from the
Moderate Resolution Imaging Spectroradiometer, available at
eight-day intervals. This supports the conclusions of [7] that
a single-channel algorithm failed to provide robust soil mois-

ture estimates for wheat and soybean crops due to sensitivity
to model parameters. In that study, better results were ob-
tained using multiple frequencies or look angles. Based on
our study, we conclude that for regions with substantial vegeta-
tion, particularly where the vegetation is changing rapidly, any
soil moisture retrieval algorithm that is based on the physics
and parameterizations used in this study will require multiple
frequencies, polarizations, or look angles to produce stable,
reliable soil moisture estimates.
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