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1 INTRODUCTION

1.1 Purpose of Description

This document provides the algorithm theoretical basis document (ATBD) of the NASA-ISRO Synthetic
Aperture Radar (NISAR) L-SAR Level-3 Soil Moisture product to be generated by the NASA Science Data
System (SDS) and provided to the NASA Alaska Satellite Facility Distributed Active Archive Center (ASF
DAAQC)].

1.2 Document Organization

Section 2 provides an overview of the NISAR mission and the goal of the soil moisture and requirements.

Section 3 provides the physics of the radar response to soil moisture including the bare soil and vegetation
scattering models.

Section 4 provides a detailed description of the algorithm theoretical basis including the DSG, TSR, and
PMI algorithms.

Section 5 provides a detailed description of the algorithm implementation and workflow.
Section 6 provides a detailed description of the ancillary data used by the algorithms.
Section 7 provides the information of the algorithm calibration and validation before launch.
Section 8 provides the description of the algorithm calibration and validation after launch.
Section 9 provides the references.

Appendix A provides the description of the active-passive synergy.

Appendix B provides the description of the NISAR water body detection.

Appendix C provides a listing of the acronyms used in this document.

1.3 Applicable and Reference Documents

Applicable documents levy requirements on areas addressed in this document. Reference documents are
cited to provide additional information to readers. In case of conflict between the applicable documents and
this document, the Project shall review the conflict to find the most effective resolution.

Applicable Documents

[AD1] NISAR NASA SDS Level 4 Requirements, JPL D-95655, Initial, Sep. 13, 2019

[AD2] NISAR NASA SDS Algorithm Development Plan, JPL D-95678, Initial, Sep. 12, 2019

[AD3] NISAR Science Data Management and Archive Plan, JPL D-80828, June 1, 2016

[AD4] NISAR Science Management Plan, JPL D-76340, Rev A, Aug. 14, 2018

[AD5] NISAR Calibration and Validation Plan, JPL D-102256, September. 2019

[AD6] NISAR NASA SDS L4 Software Management Plan (SMP), JPL D-95656, Rev A,
Sep. 19, 2019

[AD7] ISO-19115-2, https://www.iso.org/obp/uif#iso:std:is0:19115:-2:ed-2:v1:en

This document has been reviewed and determined not to contain export controlled technical data. 6
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Reference Documents
[RD1] EOSDIS Handbook, July 2016, retrieved from
https://cdn.earthdata.nasa.gov/conduit/upload/5980/EOSDISHandbookWebFinal 2.pdf
[RD2] NISAR SDS File Naming Conventions, JPL D-102255, Initial, Mar. 2, 2023
[RD3] NISAR L1_RSLC Product Specification Document, JPL D-102268, R3.1, August
05, 2022
[RD4] HDF5 documentation at https://portal.hdfgroup.org/display/HDF5/HDF5
[RD5] Eineder, M. (2003), Efficient simulation of SAR interferograms of large areas and of
rugged terrain, IEEE Transactions on Geoscience and Remote Sensing, 41(6), 1415-
1427.
[RD6] Brodzik, M. J., B. Billingsley, T. Haran, B. Raup, M. H. Savoie. 2012. EASE-Grid 2.0:

Incremental but Significant Improvements for Earth-Gridded Data Sets. ISPRS
International Journal of Geo-Information, 1(1):32-45, doi:10.3390/ijgi1010032.

[RD7] Brodzik, M. J., B. Billingsley, T. Haran, B. Raup, M. H. Savoie. 2014. Correction: Brodzik,
M. J. et al. EASE-Grid 2.0: Incremental but Significant Improvements for Earth-Gridded
Data Sets. ISPRS International Journal of Geo-Information 2012, 1, 32-45. ISPRS
International Journal of Geo-Information, 3(3):1154-1156, doi:10.3390/ijgi3031154.

As noted on the cover of this document, the latest official versions of NISAR documents should be obtained
from JPL Engineering Production Data Management (EPDM) https://epdm.jpl.nasa.gov. This document is
a working version for the SDS R3.3 delivery and available at DocuShare: https://charlie-
lib.jpl.nasa.gov/docushare/dsweb/View/Collection-349513.

The NISAR Level 1 science requirements are translated into requirements on the various spacecraft and
instrument systems, including the requirements related to the processing system producing the LO-L3
products. These SDS requirements [AD1] fall into three general categories: resolution requirements,
radiometric and spatial location accuracy requirements, and latency and throughput requirements. Note
that there is no geophysical retrieval accuracy imposed on the NISAR L3_SME2 product per agreement
with the product sponsor — the Satellite Needs Working Group (SNWG); retrieval performance will be
attempted on a best-effort basis.

This document has been reviewed and determined not to contain export controlled technical data. 7
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2 Overview

Soil moisture is a key variable that impacts the exchange of water and heat energy between the land surface
and the atmosphere. It plays an important role in the development of weather patterns and precipitation.
Soil moisture also strongly affects the amount of precipitation that runs off into nearby streams and rivers.
Soil moisture information can be used for reservoir management, early warning of droughts, irrigation
scheduling, and crop yield forecasting. Soil moisture data has the potential to significantly improve the
accuracy of short-term weather forecasts and reduce the uncertainty of long-term projections of how climate
change will impact Earth’s water cycle [e.g., Entekhabi et al., 2010].

Satellite remote sensing of soil moisture has advanced significantly over the last decade due to the success
of the Soil Moisture and Ocean Salinity (SMOS) [Kerr et al. 2010] and Soil Moisture Active Passive (SMAP)
[Entekhabi et al., 2010] missions, both of which provide global soil moisture retrievals on an approximate
3-day revisit interval at an accuracy of approximately 0.04 m3/ms. A key limiting factor of SMAP and SMOS
soil moisture measurements is their coarse spatial resolution (~40 km), which limits their utility for field-
scale (i.e., ~200 m) agricultural monitoring.

The unique capabilities of the NISAR mission [Rosen et al, 2015; Rosen et al., 2017] clearly motivate the
production of field-scale (~200 m) land surface soil moisture products.

2.1 NISAR mission

The NASA-ISRO Synthetic Aperture Radar Mission (NISAR), a collaboration between the National
Aeronautics and Space Administration (NASA) and the Indian Space Research Organization (ISRO), is a
Synthetic Aperture Radar (SAR) satellite that will make global measurements over most of the Earth’s land
surfaces. The NISAR instrument will provide a means of resolving complex processes ranging from
ecosystem disturbances and dynamics, to behavior of the solid earth and cryosphere.

The ability of radar to penetrate clouds and operate day and night allows generation of a time-series of
images with consistent temporal spacing that will extend throughout the mission lifetime. Among the
important features of the mission characteristics are its wide swath (240 km), high resolution (~15m), 12-
day repeat orbit cycle and dual-frequency (L- and S-band) capability.

In addition to measuring radar reflectivity, the NISAR mission has a number of other capabilities that will be
useful for soil moisture estimation. Among these features is the capability of performing repeat-pass
interferometric coherence analyses, and the collection of data with a range of polarizations. While the core
payload is the L-band SAR, a secondary S-band SAR, built by ISRO, will provide opportunities to collect
dual-frequency observations over key sites in India and others distributed globally.

2.2 NISAR instrument characteristics

With the SweepSAR technology used by NISAR, the entire incidence angle range is imaged as a single
strip-map swath, at spatial resolution that depends on the mode, and with the potential for full polarization
observations, if desired. The azimuth resolution (~8 m) is determined by the 12-m reflector diameter, while
the range resolution is determined by the bandwidth. The two frequencies of the NISAR, L- and S- band,
are being designed such that they share a common clock and frequency references, allowing them to be
operated simultaneously. A list of key features of the NISAR system are provided in Table 2.2.1.

Table 2.2.1. NISAR Key Measurement System Characteristics

This document has been reviewed and determined not to contain export controlled technical data. 8
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System Characteristics Value
Altitude 747 km
Repeat Period 12 days
Ground-Track Swath 240 km
Mission Duration 3 years
Orbit Inclination 98.5 degrees
Nominal Look direction Right
Nodal Crossing Time 6AM/6 PM
Antenna diameter 12m
L-band radar Center Frequency 1260 MHz
L-band Bandwidths 5, 20+5, 25, 37.5, 40+5, 80 MHz
L-band Realizable polarizations Single through quad-pol, including split-band dual pol
and compact pol
Incidence Angle Range 34 — 48 deg

The mission itself includes a large diameter (12 m) deployable reflector and a dual frequency antenna feed
that supports implementation of the SweepSAR wide-swath mapping technology. The polarimetric
capability of the NISAR system is expected to allow collection of dual-polarized (dual-pol) global
observations over most regions for every cycle and has the potential to allow for quad-pol observations in
selected areas within India and the U.S. Over land surfaces, the transmit polarization for dual-pol
observations will principally be horizontally polarized, with both vertical and horizontal polarizations
received, resulting in polarization combinations known as HH and HV to describe the configuration.

For a limited set of targets, the NISAR mission will make fully polarimetric measurements (i.e. fully-
polarimetric, or quad-pol) by alternating between transmitting H-, and V-polarized waveforms and receiving
both H and V (resulting in HH-, HV-, VH-, VV-polarized imagery). Polarization combinations such as dual-
and quad-pol, allow for a fuller characterization of ground-target’s response. Variations in the polarimetric
responses of targets to different combinations of polarization can be related to the physical characteristics
of the target reflecting energy back to the radar and, hence, can be used for classifying target type and
performing quantitative estimates of the target state.

2.3 NISAR observation strategy

The 240 km swath and short revisit time of NISAR will allow virtually all of the Earth’s land surfaces to be
collected from the same viewing geometry every 12-days. L-band radar will map the global land, coastal
and ice regions (Fig. 2.3.1). In addition to the NASA science requirements, ISRO scientists have specified
targets of interest in India and its surrounding coastal waters. The ISRO requirements include both L-band
and S-band observations. At selected cal/val sites, quad-pol data will be acquired over one track-frame
containing the site location.

This document has been reviewed and determined not to contain export controlled technical data. 9
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Fig. 2.3.1 NISAR observation strategy

2.4 NISAR soil moisture goals and requirements

NISAR backscatter observations will be used to estimate a global high resolution soil moisture product (200
m). This product will be provided on average twice every 12 days. The NISAR soil moisture product is
expected to have a data latency of 72 hours (3 days). The NISAR level 2 backscatter product has a data
latency of 48 hours. Soil moisture estimates will be provided over areas with dense vegetation (VWC greater
than 5 kg/m?) but will be flagged during the retrieval process (Fig. 2.4.1). Areas with urban build-up,
permanent snow and ice cover, and permanent inland waterbodies (shown in red) will be flagged and no
soil moisture retrieval will be performed. No soil moisture retrieval will be performed over areas with
excessive precipitation, frozen ground, or areas with snow on ground. The NISAR soil moisture will have
an accuracy goal of 0.06 m3/m? over unflagged areas with vegetation water content below 5 kg/m?2.

The salient characteristics of the NISAR product are:

NISAR will produce a global soil moisture product with a repeat interval of 12 days (6 days when

using both ascending/descending modes)
Latency: 72 hours
Resolution: 200 m

Accuracy goal: 0.06 m3/m? (over non-urban areas with VWC below 5 kg/m?, with no permanent

show and ice cover, and no permanent inland waterbodies (Fig. 2.4.1))

This document has been reviewed and determined not to contain export controlled technical data.
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Figure 2.4.1 Soil moisture retrieval coverage. White land areas: retrievals performed with quality flag raised
only in case of time-varying properties (e.g., heavy precipitation). Light red areas (urban build-up,
permanent snow and ice cover, or permanent inland waterbodies) will be flagged and no NISAR soil
moisture retrievals will be performed. Gray areas (VWC >5 kg/m?) will be flagged but soil moisture retrievals
will be performed.
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3 Physics of Radar Response to Soil Moisture

The normalized backscattered radar cross section (NRCS) for a vegetation-covered soil layer can be
expressed as a sum of three components based on the scattering theory of distorted Born approximation
on a single-scattering case:

ogq = 0pq(&,h, 1x) exp (—qu(W, n)) +a5s(W,n,&h1¥) + apy (W,n)
(3.1)

In this expression, o}, represents the total NRCS in polarization combination pq, o3, represents the NRCS
of the soil surface that is also multiplied by the two-way vegetation attenuation, o3, is the NRCS of the
vegetation volume and o3y represents the scattering interaction between the soil and vegetation. The
medium parameters involved are the vegetation water content (VWC, represented by W), the vegetation
type (i.e. more randomly oriented, more vertical, etc.) indexed by n, the real part of the soil dielectric
constant &, which itself is a function of the volumetric soil moisture m and has been found sufficient to
capture soil moisture effects on radar backscatter, and the surface rms height, correlation length, and other
parameters (h, |, *). Soil texture, temperature, etc. used for mapping from permittivity to moisture are also
implicit parameters. A dependence on the azimuth angle is neglected here because it is assumed that any
row oriented features will occupy only a portion of the eventual 200 m product resolution. All the individual
cross section quantities and the vegetation attenuation vary with polarization in the most general case. The
above formulation neglects any information in polarimetric correlations that may be achievable in the fully-
polarimetric case to assist with separating surface and volume contributions. In general, no robust empirical
forms for any of the terms in Eqn. 3.1 exists for direct incorporation into a global retrieval strategy.

The confounding factors of vegetation and surface roughness make soil moisture retrieval challenging,
particularly when only single- or dual-polarization, single frequency measurements are available. Ancillary
information, including vegetation properties or surface roughness, is used to improve the performance of
soil moisture retrievals for the algorithms described below.

When NISAR operates in a mode having multiple polarization measurements, additional information can
be obtained. Dual-pol measurements will provide both co- and cross-polarized backscatter. The heightened
sensitivity of cross-polarization to vegetation contributions provides opportunities for its use in
compensating for vegetation effects (particularly vegetation volume scatter contributions ay,) in the
retrieval process. Quad-pol modes offer extensive additional information in the form of HH, VV, and HV
powers as well as their correlations, enabling a polarimetric decomposition of scattered fields into volume
and surface contributions. Methods for improving soil moisture retrievals in such cases are presented in the
following sections and are described in the literature [e.g., DiMartino et al., 2016]. However, the coverage
expected for quad-pol mode is expected to be limited. S-band measurements, when available, could also
provide benefits in soil moisture sensing. The algorithms reported here are focused on L-band only since
this mode will provide the widest global coverage.

This document has been reviewed and determined not to contain export controlled technical data. 12
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Figure. 3.1 Three scattering mechanisms: I) Direct volume scattering, II) Double bounce effect as exhibited
by rough surface effect on the interface of the vegetation layer and soil, and Ill) Rough surface scattering
of the soll

3.1 Bare soil scattering models

Forward modeling studies of scattering from bare surfaces have been based either on approximate or
numerical models for the solution of Maxwell’s equations. Approximate models include, for example, the
Small Perturbation Method (SPM) [Tsang and Kong, 2001], the Integral Equation Model (IEM) [Fung et al.,
1992], the Advanced Integral Equation Model (AIEM) [Chen et al.,, 2003], and the Small Slope
Approximation (SSA) [Voronovich, 1994]. Such methods provide predictions of the expected value of radar
returns with minimal to moderate computational requirements. However, their inherent approximations can
cause errors in predicting “true” radar returns in some situations.

Numerical methods, in contrast, avoid such approximations, but require Monte Carlo simulations and much
greater computational costs to obtain predictions. Numerical methods include, for example, the Method of
Moments (MoM) [Tsang et al., 2001], the Extended Boundary Condition Method (EBCM) [Kuo and
Moghaddam, 2007], the finite element method [Lawrence and co-authors, 2010; Lou et al., 1991] and the
finite difference time domain method [Chan et al., 1991]. “Fast” methods to further improve computational
efficiency have also been developed, including the Sparse Matrix Canonical Grid (SMCG) method [Johnson
et al., 1996], the Physical Based Two Grid (PBTG) method [Li and Tsang, 2001], and the multilevel UV
method [Tsang et al., 2004]. Fully 3D simulations of Maxwell equations (where the height function z = f(x,y)
of the rough surface varies in both horizontal directions) are required to predict realistic surface behaviors.
3D full wave method of moments simulations based on the “Numerical Maxwell Model in 3 Dimensions”
simulations (NMM3D) began in the mid-1990’s [Tsang et al.,, 1994; Tsang et al.,, 2001]. The
UV/PBTG/SMCG NMM3D method was used to compute L-band 40 degree 3-D surface backscattering for
200 cases including varying surface RMS heights, correlation lengths, and soil permittivities for co-
polarization [Huang et al., 2010] and cross-polarization [Huang and Tsang, 2012]. Sample results from
these simulations (averages over a minimum of 30 Monte Carlo realizations for each case) are shown in
Figure 3.1.1. Based on these cases, interpolation tables (or “data cubes”) were created (interpolated values
are within 0.2 dB of the original data values). Since the maximum RMS height considered is 0.21
wavelength (ks=1.32 which is about 5 cm at L band, where k and s are the wavenumber and RMS height),
the cases simulated and the interpolations used can be applied to cover a wide range of interests.

Results of the NMM3D approach are shown in Figure 3.1.1. and were compared with field measurements
of co- and cross-polarized backscattering [Oh et al., 1992]. The field data includes measurements of soil
permittivity, RMS heights, and correlation lengths. The soil surface correlation functions were also

This document has been reviewed and determined not to contain export controlled technical data. 13
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measured and found best matched by exponential correlation functions. These ground truth parameters
were simulated with NMM3D using the exponential correlation function description. The cross polarization
results of NMM3D are also in good agreement with experimental data.

e 1/s=10, HH 1/s= 10 \'AY 1/s=10, HV
E ﬂO 10 B + -
S Y o 13 0f
5 ° “( 7
S o x
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Figure 3.1.1. Color: ¢%(dB) generated by NMM3D bare surface simulations. | and s denote the surface
correlation length and RMS height, respectively. Simulations were not performed for very smooth (s < 0.5
cm for HV) surfaces. From [Kim et al., 2012].

3.2 Vegetation scattering models

The primary approach utilized is a “discrete scatterer” approximation [Lang and Sidhu, 1983; Tsang et al.,
2000], in which each vegetation object is assumed to scatter independently. When multiple scattering is
needed, a radiative transfer method is employed instead [Liao et al., 2016]. Fields from each vegetation
component are summed and averaged over a range of size and orientation distributions. Several variations
of the discrete scatterer model exist [Arii et al., 2010; Chauhan et al., 1994], varying in terms of the fidelity
with which the vegetation-ground interaction term is treated, the number of vegetation layers included, the
method utilized to compute scattering from vegetation and surface components, and the approach used for
estimating attenuation. Vegetation components can be represented by cylinders, disks and spheroids. For
the case of small radius cylinders, and for thin disks, analytic approximations are used [Tsang et al., 2000]
to calculate the scattering by these objects. When the radius of the cylinder is larger, numerical solutions
of Maxwell equations are solved for the object through the Body of Revolution (BOR) approach [Mautz and
Harrington, 1979].

For a layer of vegetation, the distorted Born approximation is applied for the mean field calculation. The
scattering cross section of the vegetation layer and its interaction with the soil surface are derived using a
half space Green’s function. The results are expressed as three scattering mechanisms: |) The direct
volume scattering, 11) The double bounce effect as exhibited by rough surface effect on the interface of the
vegetation layer and soil, and Ill) The rough surface scattering of the soil (Figure 3.1). The model obeys
reciprocity of backscattering in Maxwell’s equations and physically accounts for constructive interference
in the backscattering direction [Tsang et al., 1985]. The coherent reflectivities of the random rough surface
due to double bounce effects are calculated from the numerical solution (NMM3D) of the rough surface as
described in the bare soil calculations [Huang et al., 2010]. The bare soil scattering is obtained through the
NMM3D look-up table and then reduced by the computed attenuation through the vegetation layer. In Eqn.
3.1, Tis the vegetation opacity along the slant path of a radar beam and is often parameterized as a function
of vegetation water content (VWC).

This document has been reviewed and determined not to contain export controlled technical data. 14
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4 Algorithm theoretical basis

4.1 Physical Model Inversion Algorithm

In the physical model inversion algorithm, the forward scattering model is inverted to estimate soil moisture.
The theoretical foundation was developed for the SMAP’s multiple-pol backscattering observations (HH,
VV, and HV), which will be presented first. The adaptation to the NISAR’s dual-pol (HH and HV) and quad-
pol mode situation will follow.

4.1.1 Adapting and Assessing Forward Models for Inversion

The forward scattering models described in Section 3 are simplified by allowing three independent variables
that co- or cross-pol backscattering is most sensitive to at L-band. When there are three independent
measurement channels (HH, VV, HV), the retrieval will be able to estimate at most three independent
parameters. These are rms height (s), real part of dielectric constant (&), and vegetation water content
(VWC). Furthermore, because the scattering model is computationally intensive, to allow near-real-time
estimates, the retrieval algorithm inverts the lookup table representation of the physical forward models
[Kim et al., 2014]. Since there are three dimensions, the lookup table is referred to as a ‘data cube’ [Kim et
al., 2014] (Fig. 4.1.1.1). The additional benefit of the data cube is to conveniently replace and update a
forward model while retaining the same retrieval formulae and product generation system. The data cubes
were generated at every 3° of incidence angle and interpolated at the angle of interest.

vV dB Figure 4.1.1.1 An example of L-band
.  SH data cubes developed. s is surface
roughness. & is dielectric constant.
D vegetation water content is the
amount of water within a plant. From

[Kim et al., 2014].

Rationale for fixing correlation lengths. The fourth most influential independent variable in characterizing
o is the correlation length. For bare soil, the correlation length introduces relatively constant bias to
backscattering with respect to soil moisture (Fig. 4.1.1.2). Then correlation length does not affect the soil
moisture retrieval solution as the retrieval searches for the relative minimum difference between model and
data. The impact of correlation length on soil moisture retrieval was smaller than 0.005 m3/m? (Table 3,
[Kim et al., 2012]). However, this robustness in the bare soil case could be complicated when scattering
from vegetation layers (volume or double bounce) become less dominant over soil surface scattering as
soil becomes wetter, demonstrated in a shrubland study (Figures 9 and 10, [Kim et al., 2017a]). Itis fixed
to 10 (ratio of the length to roughness), after observing that the value allows matching of a® between model
and field campaign data. An exponential function is known to describe empirical measurements well [Mattia
et al., 1997; Shi et al., 1997].
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5 3p 4 middle, and bottom, respectively) and
N - e |argest ratio (15) for smooth and rough
3 °F 1 surfaces (roughness ‘s’ of 1 cm and 3 cm,
% 1: - respectively). The ratio is correlation
: : 1 length to roughness height (I/s).
=, 001 1 ] 1 | ] (0] I I L I . . .

Y s 10 15 20 25 80 5 10 15 20 25 30 Smulated by a bare soil scattering model
real(permittivity) real(permittivity) [Kim et al., 2012].

Developing data cubes for each vegetation type. Detailed characterization of vegetation properties is
needed to construct the forward scattering model as described in Eq. 3.1. The characterization of vegetation
geometry includes length, thickness, diameter, and number of branches. The plant samples were weighed
before and after drying to obtain the water fraction within a plant. All these data were collected in various
field campaigns over the past 10 years funded mainly by the SMAP project as listed in Table 4.1.1.1.

While modeling a®, VWC may vary in multiple ways. For crops in an agricultural field, VWC varies
predominantly via plant growth [Liao et al., 2016] and soybean [Huang et al., 2016]. For forest, on the time-
scale of soil moisture changes (< 20 days), VWC remains static. However, for one data cube to represent
forests at different locations, VWC are expected to vary via the changes in trunk density [Tabatabaeenejad
et al., 2012] or tree height [Kurum et al., 2020]. Shrubs in arid land grow very slowly and the dielectric
properties of the plants were found to control VWC [Kim et al., 2017a]. Except for shrubs, the VWC axis of
the data cubes reflects the plant growth (Table 4.1.1.1).

Representing vegetation types globally: the data cubes are developed for the 9 landcover types, limited
by the available field campaign data sets. Although these 9 sets represent all the IGBP’s global landcover
classes and 4 major crops in the world, there are sub-species (e.g., within the forest category) and crops
of smaller presence. Based on the geometry of stems and leaf foliage, the 9 sets are mapped to the more
detailed plant types (Table 4.1.1.1).

Table 4.1.1.1 List of data cubes developed for the PMI algorithm, field campaigns that provide the data to
train the data cubes, the additional landcover types associated with the data cubes, and how the values of
the VWC axis change.

data cube Field campaign Additional landcover VWC change
types to represent mechanism
forest SMAPVEX12 [Kurum et al., 2020] All forest Geometry growth
Savanna Australian [Burgin et al., 2011] Woody savanna Geometry growth
Shrub California [Kim et al., 2017a] Cotton, pecan, berry Dielectric change
Corn SMAPVEX12 [Liao et al., 2016] Sunflower Geometry growth
Grass Eel river [Liao et al., 2021] Pasture, rangeland, hey, [ Geometry growth
SMAPVEX12[Kim and Liao, 2021] sod

Wheat SMAPVEX12[Kim and Liao, 2021] Forage, oat, barley, rye Geometry growth
Soybean SMAPVEX12 [Huang et al., 2016] Peanut, potato Geometry growth
Canola SMAPVEX12[Huang et al., 2021] rapeseed Geometry growth

This document has been reviewed and determined not to contain export controlled technical data. 16



NISAR L3_SME2 Initial Release
JPL D-107679 April 28, 2023

| Bare soil | Michigan [Huang et al., 2010] Fallow n/a

Periodic structures and terrain slopes: Periodic structures of soil and vegetation may produce
resonance in o°. Resonance occurs only at preferred spacing of furrows and plants: such condition was not
established in the SMAPVEX12 case [Kim et al., 2018]. With the SMAPVEX12 and SMEX02 analyses, the
forward modeling without the special consideration of the periodic structure was accurate to 1-2dB RMSE
for corn and soybean [Huang et al., 2016; Liao and Kim, 2022; Liao et al., 2016]. The periodic structure is
expected to cause bias in forward model and retrieval (not the unbiased rmse), when the effect of the
structure is temporally persistent.

Terrain slopes change ¢° via surface and double-bounce scattering mechanisms. The forward models do
not currently incorporate these effects. However, when the surface scattering is dominant as in grassland,
the existing data cubes were demonstrated to reliably predict g data by correctly modeling the local
incidence angle effect (1-2 dB rmse, [Liao et al., 2021]). Such success may not be guaranteed when the
double-bounce process further complicates the effect of the terrain slope [Burgin et al., 2016], which will
pose limitations of the algorithm.

Assessing forward model fidelity with field campaign data: the forward model predictions were
assessed by comparing the SAR or scatterometer data (Table 4.1.1.2). The rms difference ranges from 1
to 2 dB for HH and VV, which is sufficient to produce soil moisture retrievals with an accuracy better than
0.06 m®/m? in most of the cases. The sufficiency is feasible thanks to the strong sensitivity of L-band a® on
soil moisture (6 to 8 dB, Kim et al. 2012) and the optimization during retrieval. For grassland, corn and
soybean, the results represent independent assessments ([Liao and Kim, 2022; Liao et al., 2021]), in that
the models were developed using the data collected from the SMAPVEX12 campaign but the model
predictions were evaluated with independently collected data at different times and locations.

Table 4.1.1.2 Performance of the physical model on SAR or scatterometer data. The references are (0)
[Kim et al., 2012], (1) [Huang et al., 2016], (2) [Liao et al., 2016], (3) [Liao et al., 2021], (4) [Kim et al.,
2017a], (5)[Kurum et al., 2020], (6) [Kim and Liao, 2021] (7) [Huang et al., 2021] (8) [Liao and Kim, 2022].

bare bean | corn?® . asture,
. wheat§ canola’| P shrub? |forest®
soil? 16,8 ) grass36
Forward model uncertain
ty ~1 ~1 ~1 ~1.7 ~2 ~1.8 ~1.5 ~1.5

,,,,,

0.044 0.050 | 0.070 | 0.071 | 0.08 0.054 0.055 (0.044

,,,,,

Soil moisture retrieval

. 0.89 0.92 0.56 0.50 0.73 0.60 0.95 0.84
correlation
# time-series dat d fi 6t 6t
1-116 series data used for 1 10 0 o 10 610 8 14 10
retrieval 10 10
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Testing the forward model on a global domain. SMAP’s radar data offered an opportunity to test the
forward model’s fidelity independently at global locations. Despite the coarse resolution of 3 km, the ground
validation network was constructed to sample the 3-km pixel with at least 6 points to meet statistical
significance. Consistent with the field campaign comparison in Table 4.1.1.2, the bias and unbiased rmse
are within 2 dB (Figure 4.1.1.3).

4.1.2 Retrieval algorithm

The algorithm searches for a soil moisture solution such that the difference between computed and
observed backscatter is minimized in the least squares sense [Kim et al., 2012]. Eqg. 4.1.2.1 formulates the
cost function to minimize when HH and VV are available in NISAR’s quad-pol mode (VV contribution to the
cost vanishes when only HH is available). The algorithm estimates s (soil roughness)