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Role of precipitation uncertainty in the estimation of hydrologic
soil properties using remotely sensed soil moisture in a semiarid
environment
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[1] The focus of this study is on the role of precipitation uncertainty in the estimation of
soil texture and soil hydraulic properties for application to land-atmosphere modeling
systems. This work extends a recent study by Santanello et al. (2007) in which it was
shown that soil texture and related physical parameters may be estimated using a
combination of multitemporal microwave remote sensing, land surface modeling, and
parameter estimation methods. As in the previous study, the NASA-GSFC Land
Information System modeling framework, including the community Noah land surface
model constrained with pedotransfer functions (PTF) for use with the Parameter
Estimation Tool, is applied to several sites in the Walnut Gulch Experimental Watershed
(WGEW) in southeastern Arizona during the Monsoon 90 experiment period. It is
demonstrated that the application of PTF constraints in the estimation process for
hydraulic parameters provides accuracy similar to direct hydrologic parameter estimation,
with the additional benefit of simultaneously estimated soil texture. Precipitation
uncertainty is then represented with systematically varying sources, from the high-density
precipitation gauge network in WGEW to lower quality sources, including spatially
averaged precipitation, single gauges in and near the watershed, and results from the
continental-scale North American Regional Reanalysis data set. It is demonstrated that the
quality of the input precipitation data set, and particularly the accuracy of the data set, in
both detection of convective (heavy) rainfall events and reproduction of the observed
rainfall rate probabilities, is a critical determinant in the use of successive remote sensing
results in order to establish and refine estimates of soil texture and hydraulic properties.
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1. Introduction

[2] The simulation of soil moisture dynamics using land
surface models (LSMs) has been addressed in a wide variety
of studies and with models of various complexity [e.g.,
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Shao and Henderson-Sellers, 1996; Albertson and Montaldo,
2003]. Soil moisture plays a well-known role in the energy
and water budgets for land-atmosphere exchange [e.g., Betts,
2000; Berbery et al., 2003; Betts et al., 2003; Findell and
Eltahir, 2003; Koster et al., 2004]. As a result, important
applications such as agriculture, water resource manage-
ment, flood forecasts, and weather and climate prediction
depend on our ability to predict soil moisture.

[3] However, soil moisture profiles required for these
applications are not collected in situ on a routine basis
except in sparse networks, such as that in Illinois [Hollinger
and Isard, 1994] or throughout the USDA Soil Climate
Analysis Network (SCAN) [Schaefer and Paetzold, 2001].
Archives of these and other historical soil moisture data sets
are available at the Global Soil Moisture Data Bank
[Robock et al., 2000]. Soil moisture profiles are also
collected and studied at experimental watersheds estab-
lished by the USDA Agricultural Research Service (ARS),
such as that managed by the Southwest Watershed Research
Center at the Walnut Gulch Experimental Watershed
(WGEW) [Hymer et al., 2000] in southeastern Arizona.
Other than these networks, soil moisture observations in
particular locations are generally carried out during short-
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term field experiments, many of which have highlighted the
heterogeneous nature of soils by measurement of water
content and texture [Mohanty et al., 2002].

[4] Indirect, integrated estimates of soil moisture can be
obtained using thermal infrared measurements [e.g., Carlson
et al., 1995]. However, other studies [e.g., Entekhabi et al.,
1994; Houser et al., 1998] have suggested that the most
promising approach to surface soil moisture estimation over
time and space may be a combination of remote sensing and
modeling. In general, microwave remote sensing methods
using passive (radiometer) and active (radar) sensors
have had the greatest success producing surface soil
moisture estimates suitable for assimilation in LSMs
[Hollenbeck et al., 1996; Moran et al., 2004; Thoma et al.,
2006]. Overall, none of the remote sensing methods provides
an estimate of the vertical distribution of moisture in the soil
column; the profile of soil moisture can, currently, only be
estimated using modeling methods.

[5] In addition to the complexity and inherent nonlinear-
ity of an LSM, the two primary uncertainties in soil
moisture modeling are precipitation and soil hydraulic
properties. Many soil models, including the community
Noah LSM employed here, require the specification of
hydraulic parameters in order to determine the vertical
transport of moisture within the soil column by a simplified
form of the one-dimensional Richards’ [1931] equation.
Hydraulic parameters are often derived from soil texture
information, but the soil parameterization schemes often
remain crude, inflexible, or inappropriate owing to the
natural heterogeneity of the soils and a lack of detailed soil
property maps. In some cases, the LSMs have been dem-
onstrated to be more sensitive to the specification of soil
hydraulic properties or soil textures than to the atmospheric
forcing variables, including precipitation [Gutmann and
Small, 2005; Pitman, 2003].

[6] In this work, the community Noah LSM [Chen et al.,
1996; Ek et al., 2003] is applied to the simulation of soil
moisture in the semiarid WGEW during the North Ameri-
can monsoon season. Water and energy balance predictions
using the Noah LSM, in numerous versions, have been
validated at the point scale [Schlosser et al., 2000] and at
watershed scales [Bowling et al., 2003]. The Noah LSM is
also one of several models incorporated into the NASA-
GSFC Land Information System (LIS) [Kumar et al., 2006],
which provides a flexible software framework for the
execution of LSMs with various methods for the specifica-
tion of atmospheric forcing, surface conditions, and soil
textures and hydraulic parameters.

[7] Because of their heritage in global and regional
weather and climate modeling, all of the LSMs included
in LIS contain simplifying assumptions with regard to their
treatment of soil hydraulic and thermal properties. The
LSMs also typically rely on texture-based lookup tables
for the specification of these parameters. Recognizing the
limitations in an approach based on discrete texture classes,
numerous studies [e.g., Gupta et al., 1999; Hess, 2001; Liu
et al., 2004; Hogue et al., 2005] have attempted to optimize
LSM parameters using observations such as soil moisture
and surface temperature as constraints. While these studies
highlight the potential for parameter estimation methods to
derive large sets of “effective” parameters and to expose or
diagnose specific model weaknesses, little progress has
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been made toward the determination of physically consis-
tent parameter sets. Because of the complexity of estimation
methods and the numbers of parameter sets employed in
these studies, it has remained difficult to infer or derive any
parameter information that could be applied to other,
independent studies or models.

[s] With these issues in mind, Santanello et al. [2007]
examined the potential for use of aircraft-based microwave
radiometer and satellite-based radar retrievals of near-
surface soil moisture with the Noah LSM to infer a
physically consistent set of hydraulic parameters for the
primary soil types found in the WGEW. One of the
significant findings of Santanello et al. [2007] was that
the success of this methodology was dependent on the
number of remote sensing images acquired and the dynamic
range in soil moisture captured by these images. It follows
that the methodology should be similarly sensitive to the
accuracy and range of precipitation data used as input to the
LSM during the parameter estimation process. This work
extends that study by examining the role of precipitation
uncertainty in the parameter estimation process. This uncer-
tainty is represented with a systematic variation of input
precipitation from the high-density precipitation gauge net-
work in WGEW to other, lower quality precipitation sources.
We examine here the impacts of using precipitation gauges
collocated with the soil moisture measurement sites, a single
gauge located elsewhere within the WGEW, a first-order
National Weather Service (NWS) synoptic site located ap-
proximately 100 km from the WGEW in Tucson, Arizona,
and the continental-scale North American Regional Reanal-
ysis (NARR) [Mesinger et al., 2006] data set at one-third-
degree spatial resolution over the region of interest.

[0] As in the study by Santanello et al. [2007], the LIS
modeling framework and the Noah LSM are applied to
selected sites in the WGEW during the Monsoon ’90 field
experiment. Constraints on the simulated evolution of soil
moisture at the selected sites are provided by the application
of pedotransfer functions (PTF) [e.g., Cosby et al., 1984]
and via calibration against in situ observations using the
Parameter Estimation Tool (PEST) [Doherty, 2004]. In
general, this work supports ongoing development of the
Army Remote Moisture System (ARMS) [Tischler et al.,
2006] for the US Army Corps of Engineers. The supporting
data sets for this study are described in section 2, including
information on the experiment locations, soil moisture
observations, and input precipitation data sets. The ap-
proach and methodology of these experiments are described
further in section 3. Results of these experiments are
described in section 4, and conclusions from this study
are given in section 5.

2. Data

[10] The focus of this study is the Monsoon ’90 field
experiment carried out in the WGEW. Below, we briefly
describe the watershed and the field experiment, as well as
the unique soils and precipitation data that are the founda-
tion for this work.

2.1. Walnut Gulch Experimental Watershed (WGEW)

[11] The WGEW, managed by the USDA ARS South-
west Watershed Research Center, is a 148 km? semiarid
watershed in southeastern Arizona. The predominant soil
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