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On the cover — The Soil Moisture
Active Passive (SMAP) mission will
provide global measurements of

soil moisture and its freeze/thaw

state from a 685-km, near-polar,
sun-synchronous orbit for a period

of 3 years. The SMAP observatory’s
instrument suite includes a radiometer
and a synthetic aperture radar to make
coincident measurements of surface
emission and backscatter. SMAP data
will be used to enhance understanding
of processes that link the water, ener-
gy, and carbon cycles, and to extend
the capabilities of weather and climate
prediction models.
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Preface

The SMAP Handbook was produced in 2013 as a com-
pendium of information on the project near its time of
launch. The SMAP Science Definition Team and Project
personnel wrote this volume together to provide the com-
munity with the essential information on programmatic,
technological, and scientific aspects of the mission.

The SMAP Handbook begins with an introduction and
background that places the project in the context of other
related missions and the National Research Council (NRC)
Earth Science Decadal Survey report. The beginning
section also includes a mission overview that introduces
and traces the science goals and requirements to the
measurement approach and to the data systems. The
technological approaches to the instrument are also
outlined and unique technical capabilities of the mission
— such as radio frequency interference detection and mit-
igation — are highlighted.

The SMAP science products are introduced in three
sections: 1) Soil Moisture, 2) Value-Added Data Assimila-
tion, and 3) Carbon Cycle. The first science data product
section defines the main attributes of the SMAP passive
radiometer—based, the active radar—based, and the
synergistic active-passive soil moisture products. Each

of these soil moisture products has varying resolutions
and different accuracies and other attributes. This section
of the SMAP Handbook is meant to provide a guide to
users on how to select a surface moisture product that
best matches their requirements. The Value-Added Data
Assimilation section of the SMAP Handbook is a guide

to a unique science feature of the mission. It includes
description of data products that merge the SMAP instru-
ment measurements with other observing system data as
well as models in order to produce science data products
that are applicable to a much wider range of applications.
The Carbon Cycle section outlines the application of the
SMAP measurements to the problem of estimating the
net terrestrial carbon exchange with the atmosphere

that remains one of main sources of uncertainty in global
change.

Calibration and validation (Cal/Val) is a necessary and
major component of most Earth-observing missions. The
SMAP Project has made a concerted effort to perform

comprehensive pre-launch Cal/Val activities to test the
retrieval algorithms for its science products. The Project
also plans coordinated Cal/Val activities with collaborating
partners during the early post-launch phase. These activi-
ties are outlined in a dedicated section on Cal/Val.

A rare characteristic of the SMAP Project is its emphasis
on serving both basic Earth System science as well as
applications in operational and practice-oriented commu-
nities. The NRC Decadal Survey identified a number of
possible domains of applications with SMAP science data
products. These include weather and climate predic-

tion, agricultural and food production decision support
systems, floods and drought monitoring, environmental
human health assessments, and national security applica-
tions. The SMAP Project and the SMAP Science Definition
Team developed formal plans to engage application users
from a diversity of settings and institutions. A SMAP Early
Adopter program was launched to facilitate two-way
exchanges of needs and capabilities between the commu-
nity and the Project. The approach to applied science is
described in a dedicated section in the SMAP Handbook.

The SMAP Project is advancing rapidly as we approach
launch and enter the science data acquisition phase. The
material included in this volume may advance with time
and updates may be necessary. The SMAP Project has
taken an open approach to documentation and all major
Project reports are available on line at the project web-
site (smap.jpl.nasa.gov). The Algorithm Theoretical Basis
Documents (ATBDs), Ancillary Data reports, Cal/Val Plan,
and Applications Plan form a comprehensive set of Project
documents that correspond to the sections of the SMAP
Handbook. The posting of their most recent versions will
provide the readership with updates on the contents of
this volume as they become available.

The final section of the SMAP Handbook is a bibliography
of papers in peer-reviewed science journals that are either
about SMAP or produced in response to the development
of the SMAP mission. This list of pre-launch publications
is testimony to the broad and deep work that went into
the design and implementation of the SMAP mission. The
returns on this effort begin with the launch of the SMAP
satellite mission in the very near future.
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1. Introduction and Background

I. Soil Moisture Observations

Soil moisture is a primary state variable of hydrology and
the water cycle over land. In diverse Earth and environ-
mental science disciplines, this state variable is either an
initial condition or a boundary condition of relevant hydro-
logic models. Applications such as weather forecasting,
skillful modeling and forecast of climate variability and
change, agricultural productivity, water resources man-
agement, drought prediction, flood area mapping, and
ecosystem health monitoring all require information on the
status of soil moisture. The outcomes from these appli-
cations all have direct impacts on the global environment
and human society. Measuring surface soil moisture with
the required accuracy and resolution (spatial and tem-
poral) is imperative to fulfill the needs of these and other
applications.

Soil moisture is currently measured at scales ranging from
point scale (in situ) to satellite footprint scales (~40 km)

at various temporal resolutions. Measurement networks
of in situ sensors (such as USDA's Soil Climate Analysis
Network (SCAN) or NOAA's Climate Reference Network
(CRN) in the continental United States) have potentially
high soil moisture measurement accuracy but are spatially
very sparse. On the other hand, satellite-based soail
moisture measurements using C- and X-band channels
(6 to 11 GHz or 3 to 5 cm wavelength) from the EOS
Advanced Multichannel Scanning Radiometer (AMSR-E)
and Navy’s WindSat instruments are of coarse spatial
resolution (>50 km) with shallow sensing depth (~1 cm).
Satellite-based C- and X-band radiometers also have

low sensitivity to soil moisture for even small amounts of
vegetation, leading to high soil moisture retrieval errors.
There is significant heritage from both observations and
theory showing the relative advantages of lower frequency
(< 5 GHz) microwave radiometry for mapping soil moisture
content at the land surface. At lower frequencies the
atmosphere is less opaque, the intervening vegetation
biomass is more transparent, and the effective micro-
wave emission is more representative of the soil below
the surface skin layer. The European Space Agency'’s Saill
Moisture and Ocean Salinity (SMOS) satellite, launched

in November 2009, is the first wide-swath L-band soil
moisture mission (operating at 1.4 GHz or ~21 cm wave-
length), and retrieves soil moisture over a much higher
range of vegetation conditions at a spatial resolution of
~40 km with a sensing depth of ~5 cm (Kerr et al. 2001).

Besides satellite radiometers, radar scatterometers have
also been used to retrieve soil moisture. The European
Remote Sensing Satellite (ERS) C-band scatterometer
with resolution of ~50 km has been used to retrieve
surface soil moisture over sparsely vegetated regions with
moderate accuracy. Synthetic aperture radars (SARS) pro-
vide observations at much higher spatial resolution than

radiometers and scatterometers. The heritage of space-
borne L-band SARs includes NASA's SIR-C and JAXA's
JERS and PALSAR instruments. While SARs provide
high-resolution measurements, they typically operate with
narrow swaths and do not provide the frequent temporal
coverage needed for global land hydrology applications.

Each of these measurement technologies on its own

can only partially satisfy the criteria of high spatial and
temporal resolution, wide spatial coverage, optimal
sensing depth, and desired accuracy in retrieved soil
moisture over moderate vegetation conditions. Therefore,
soil moisture estimated from just one of these individual
technologies is not matched well to the integrated needs
of hydrometeorology, ecology, water resources manage-
ment, and agricultural applications.

To meet these needs, NASA’s Soil Moisture Active Passive
(SMAP) mission uses an L-band radar and an L-band
radiometer for concurrent, coincident measurements
integrated as a single observation system. This combi-
nation takes advantage of the relative strengths of both
active (radar) and passive (radiometer) microwave remote
sensing for soil moisture mapping. At L-band the micro-
wave emission (brightness temperature) measured by the
radiometer mostly emanates from the top ~5 cm and is
clearly sensitive to soil moisture in regions having vegeta-
tion water contents (VWC) up to ~5 kg m-2 averaged over
the radiometer resolution footprint of ~40 km. The SMAP
L-band SAR provides backscatter measurements at high-
er resolution (~1 to 3 km) than the coarser resolution radi-
ometer measurement. The accuracy of the radar is limited
for soil moisture sensing, however, by the higher sensitivity
of radar to surface roughness and vegetation scattering.
The significant advantage provided by SMAP is the con-
current L-band radar and radiometer measurement capa-
bility, so that the radar and radiometer measurements can
be effectively combined to derive soil moisture estimates
with intermediate accuracy and resolution (~9 km) that
meet the SMAP science requirements.

Il. Earth Science Decadal Survey

The National Research Council’s (NRC) Decadal Survey
Report, Earth Science and Applications from Space: Na-
tional Imperatives for the Next Decade and Beyond, was
released in 2007 after a 2-year study commissioned by
NASA, NOAA, and USGS to provide consensus recom-
mendations to guide the agencies’ space-based Earth
observation programs in the coming decade (NRC 2007).
Several factors, including science impacts, societal ben-
efits, and technological readiness of potential missions,
were considered in the process of ranking the projects

in four tiers defined by time frames for development and
launch. SMAP was considered to have high science
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value, diverse applications impacts, and technological
readiness. The accuracy, resolution, and global coverage
of SMAP soil moisture and freeze/thaw measurements
have applications across several Earth and environmental
science disciplines including hydrology, climate, carbon
cycle, and the meteorological, environmental, agricultur-
al, and ecological communities. Change in future water
resources is a critical societal impact of climate change,
and scientific understanding of how such change may
affect water supply and food production is crucial for
policy makers (Figure 1). Currently, uncertainties in existing
climate models result in disagreement on whether there
will be more or less water in any given region compared
to today — the new data from SMAP should help climate
models to be brought into agreement on future trends in
water resource availability. For these reasons, the NRC
Decadal Survey’s Water Resources Panel gave SMAP the
highest mission priority within its field of interest. Further-
more, other NRC Decadal Survey panels dealing with
weather, climate, ecosystems, and human health also
cited uses for SMAP data. The recognized broad uses of
soil moisture and freeze/thaw information in Earth system
science and applications resulted in the recommendation
that SMAP should be considered a high-priority mission
in the Decadal Survey. SMAP is one of four missions
recommended by the NRC for launch in the first-tier 2010
to 2013 period, and NASA announced in early 2008 that
SMAP would be one of the first two new Earth science
missions (along with lceSat-2) to fly in response to the
NRC Decadal Survey report and follow-on activities.

Soil freeze/thaw state

Soil moisture
effect on vegetation

g ! Linkage between
) terrestrial water, energy,

and carbon cycle

The Decadal Survey ranking and assignment of the
missions to the four tiers also considered technological
readiness as a factor. The SMAP mission concept was
substantially derived from initial formulation studies for
the Hydrosphere State (Hydros) mission (Entekhabi et al.
2004). Hydros was an Earth System Science Pathfinder
satellite mission proposed to NASA in 2001. It passed
through a selective approval process to enter the for-
mulation phase but was cancelled in 2005 due to NASA
budget constraints. The importance to SMAP of the
early formulation work done by Hydros design studies is
significant.

lll. Project Status

NASA initiated SMAP project formulation in 2008. The
project went through design studies and formulation in its
initial years, and successfully completed its Critical Design
Review in July 2012. During May 2013 the project was
approved to proceed into System Integration and Test
(Phase D). The SMAP launch is currently scheduled for
November 5, 2014. The SMAP mission is being devel-
oped by NASA's Jet Propulsion Laboratory, which is build-
ing the spacecraft, the instrument (except for the radiom-
eter), and the science processing system. NASA Goddard
Space Flight Center is providing the L-band radiometer
and Level 4 science processing. The Canadian Space
Agency (CSA) is also a mission partner to provide critical
support to science and calibration/validation (pre- and
post-launch). SMAP will be launched from Vandenberg Air
Force Base in California on a Delta Il launch vehicle, and

Drought early warning
and decision support

Predictions of
agricultural
productivity

More accurate,
longer-term weather
forecasts

Figure 1. Some of the applications associated with SMAP data products highlighted in the Decadal Survey report.
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will be placed into a polar sun-synchronous 6 AM/6 PM
orbit with a 685 km altitude. The L-band SAR and radiom-
eter share a 6-m mesh deployable offset-fed reflector
antenna that rotates at 13 to 14.6 rpm to provide high
spatial resolution with a 1000 km measurement swath
that enables global coverage every 2-3 days (Figure 2).
Major challenges that have been and are being addressed
by SMAP include: (1) mitigation of L-band radio frequency
interference to both radiometer and SAR measurements
from terrestrial and other spaceborne sources; (2) use of
a mesh reflector antenna for L-band radiometry mea-
surements; (3) dynamics and control of a relatively large
spinning payload by a comparatively small spacecraft
bus; (4) cost-effective adaptation of an existing avionics
architecture to accommodate the unique demands of a
high-data-volume SAR; and (5) accommodating a relative-
ly late in the design lifecycle selection of launch services
and vehicle.

Figure 2. The SMAP observatory is a dedicated spacecraft with a rotating
6-m lightweight deployable mesh reflector. The radar and radiometer
share a common antenna feed.
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2. Mission Overview

I. Science Objectives

SMAP observations of soil moisture and freeze/thaw state
from space will allow significantly improved estimates of
water, energy, and carbon transfers between the land and
atmosphere. The accuracy of numerical models of the
atmosphere used in weather prediction and climate pro-
jections is critically dependent on the correct characteri-
zation of these transfers. Soil moisture measurements are
also directly applicable to flood assessment and drought
monitoring. SMAP observations can help mitigate these
natural hazards, resulting in potentially great economic
and social benefits. SMAP observations of soil moisture
and freeze/thaw timing will also reduce a major uncertain-
ty in quantifying the global carbon balance by helping to
resolve an apparent missing carbon sink on land at boreal
latitudes.

The science objectives of the SMAP project are captured
by five specific goals:

1. Understand processes that link the terrestrial water,
energy, and carbon cycles,

2. Estimate global water and energy fluxes at the land
surface,

3. Quantify net carbon flux in boreal landscapes,
4. Enhance weather and climate forecast skill, and

5. Develop improved flood prediction and drought-
monitoring capability.

Soil moisture controls the partitioning of available en-

ergy into sensible and latent heat fluxes across regions
where the evaporation regime is, at least intermittently,
water-limited (as opposed to energy-limited). Since the
fluxes of sensible and latent heat and moisture at the base
of the atmosphere influence the evolution of weather, soil
moisture is often a significant factor in the performance of
atmospheric models, both in weather and in climate appli-
cations. Given the persistence of soil moisture anomalies,
the initialized soil moisture can influence land fluxes, and
thus simulated weather or climate, for days to months into
the forecast. In this context, the metric that is used to de-
fine soil moisture measurement requirements is influenced
by the need to capture soil moisture’s control over land—
atmosphere interactions in atmospheric models.

The above goals cover both the science impacts and
applications goals of the SMAP mission. Applied science
and applications have been particularly important to the
development of the project. A SMAP Applications Plan
has been developed and will be implemented with the
cooperation of applications partners during the course of

mission life. For example, the diverse application areas
directly addressed by SMAP measurements include:

e Weather forecasting through initialization of numerical
weather prediction models

e  Seasonal climate forecasting through use of soil
moisture as model initial and boundary conditions

e Agricultural and hydrological drought monitoring
through mapping of soil moisture deficits

e Flood and flashflood forecasting and hazards mitiga-
tion through soil moisture-based flood guidance

e Agricultural productivity and early famine warning
through assessment of crop water stress

Human health through monitoring and prediction of
heat stress and conditions for waterborne diseases

e National security through assessment of terrain traffi-
cability and density altitude for air transport

Chapter 8 provides more detailed explanation of these
applications and outlines their traceability to SMAP data
products. The SMAP project strategy for engaging with
the applications community is also described.

Il. Level 1 Requirements

The SMAP Level 1 Requirements and Mission Success
Criteria document specifies the SMAP baseline require-
ment for soil moisture and freeze/thaw measurements.
This document is essentially a contract with the imple-
menting center (Jet Propulsion Laboratory, California
Institute of Technology, for SMAP) to design, build, deliver,
and operate a science mission to produce science prod-
ucts with specified requirements. The baseline science
requirement for SMAP is to provide estimates of soil
moisture in the top 5 cm of soil with an error of no greater
than 0.04 cm3 cm-3 volumetric (1-sigma) at 10 km spatial
resolution and 3-day average intervals over the global land
area, excluding regions of snow and ice, frozen ground,
mountainous topography, open water, urban areas, and
vegetation with water content greater than 5 kg m-2 (aver-
aged over the spatial resolution scale). Figure 3 shows the
global regions where this requirement is expected to be
met. Land regions affected by the exclusions are blank on
the map in Figure 3.

The mission is additionally required to provide estimates
of surface binary freeze/thaw state in the region north of
45°N latitude, which includes the boreal forest zone, with
a classification accuracy of 80% at 3 km spatial resolution
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Figure 3. SMAP is expected to meet its Level 1 Requirements over the
shaded regions that exclude regions of snow and ice, frozen ground,
mountainous topography (areas with greater than 300 m standard devi-

and 2-day average intervals. The baseline science mission
is required to collect space-based measurements of soil
moisture and freeze/thaw state for at least three years to
allow seasonal and interannual variations of soil moisture
and freeze/thaw to be resolved. Finally, the document
specifies that the SMAP project shall conduct a calibration
and validation program to verify that its delivered data
meet the requirements.

Ill. Traceability Matrix

In order to meet its science measurement requirements,
the SMAP approach is to integrate an L-band radar

and L-band radiometer as a single observation system
combining the relative strengths of active and passive
microwave remote sensing for soil moisture mapping. The
radar and radiometer measurements can be effectively
combined to derive soil moisture maps that approach

the accuracy of radiometer-only retrievals, but with a
resolution intermediate between the radar and radiometer
resolutions (and that can approach the radar resolution
under some conditions). The SMAP mission requirements
include simultaneous measurement of L-band brightness
temperature and backscatter, at spatial resolutions of
about 40 km across the entire swath and 3 km over outer
70% of the swath, respectively. The combined radar/radi-
ometer—based soil moisture product is generated at about
an intermediate 10 km resolution. Because the effects

of vegetation and surface roughness are dependent on
incidence angle, the SMAP mission adopted a conical
scan, constant incidence angle approach. This reduces
the retrieval complexity and also facilitates the use of
time-series retrieval algorithms. To maximize the indepen-
dent information obtainable from the polarized V and H
brightness temperature channels and avoid large antenna
footprints at high incidence angles, a single incidence
angle in the range between 35 and 50 degrees is desired.
A 40° incidence angle was adopted for SMAP as a

ation of elevation), open water (greater than 10%), urban areas (greater
than 50%), and vegetation with water content greater than 5 kg m-2.

suitable angle for both the radiometer and radar designs.
The wide 1000 km swath that results from this approach
enables SMAP observations to provide global coverage in
2-3 days. Table 1 is a summary of the SMAP instrument
functional requirements derived from the science mea-
surement needs.

IV. Mission Concept of Operations
A. Mission Synopsis

The goal of the SMAP mission is to establish a satellite
observatory in a near-polar, sun-synchronous Earth orbit
to collect a 3-year dataset that will be used to determine
the moisture content of the upper soil and its frozen or
thawed state, with global measurements every 3 days.
This is accomplished using an instrument that combines
an L-band radar and an L-band radiometer, which share
a rotating 6-m-aperture reflector antenna that scans a
wide 1000-km swath as the observatory orbits the Earth.
The radiometer provides “passive” measurements of the
microwave emission from the upper soil with a spa-

tial resolution of about 40 km, and is more sensitive to
near-surface soil moisture and less sensitive to the effects
of surface roughness and vegetation than the radar. The
radar makes “active” backscatter measurements of the
surface, and the ground processing system performs the
synthetic aperture radar processing to achieve a spatial
resolution of 3 km across about 70% of the swath in

its high-resolution mode. Utilizing a combination of the
active and passive datasets provides greater accuracy
and spatial resolution in measuring moisture in the upper
5 cm of soil than is possible with either of the individual
instruments alone. The radar data also provide information
on the frozen/thawed state of the soil, which is important
to understanding the length of the vegetation growing
season and the contribution of the boreal forests to the
global carbon balance.
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Table 1. SMAP mission requirements.

Scientific Measurement Requirements

Instrument Functional Requirements

Soil Moisture:
~+0.04 cm3cm-3 volumetric accuracy in the top 5 cm
for vegetation water content <5 kg m=2

Hydrometeorology at ~10 km resolution

Hydroclimatology at ~40 km resolution

L-Band Radiometer (1.41 GHz):

Polarization: V, H, 3rd and 4th Stokes Parameters
Resolution: 40 km

Radiometric Uncertainty*: 1.3 K

L-Band Radar (Tunable from 1.22-1.3 GHz):
Polarization: VWV, HH, HV (or VH)

Resolution: 10 km

Relative accuracy*: 0.5 dB (VV and HH)
Constant incidence angle*™ between 35° and 50°

Freeze/Thaw State:

Capture freeze/thaw state transitions in integrated vegeta-

tion-soil continuum with two-day precision, at the spatial
scale of landscape variability (~3 km).

L-Band Radar (Tunable from 1.22-1.3 GHz):
Polarization: HH

Resolution: 3 km

Relative accuracy*: 0.7 dB (1 dB per channel if 2 channels
are used)

Constant incidence angle* between 35° and 50°

Sample diurnal cycle at consistent time of day (6 AM/6 PM

equator crossing)
Global, ~3 day (or better) revisit
Boreal, ~2 day (or better) revisit

Swath width: ~1000 km

Minimize Faraday rotation (degradation factor at L-band)

Observation over minimum of three annual cycles

Baseline 3-year mission life

* Includes precision and calibration stability ** Defined without regard to local topographic variation

SMAP is a NASA-directed project managed by the Jet
Propulsion Laboratory, with the Goddard Space Flight
Center (GSFC) as a mission partner. JPL provides project
management, the project scientist, systems engineering,
the radar, the spacecraft, mission operations, and leads
the science data processing. GSFC provides the radiom-
eter, the deputy project scientist, the Near-Earth Network
(NEN) tracking services, and supports science data
processing.

Figure 4 shows the timeline for the 40-month SMAP
mission based on a launch date of November 5, 2014.
Four mission phases are defined to simplify description of
the different periods of activity during the mission. These
phases are the launch, commissioning, science observa-
tion, and decommissioning. Launch (L) is the time of liftoff
of the launch vehicle.

B. Launch Phase

The launch phase is the period of transition that takes the
observatory from the ground, encapsulated in the launch
vehicle fairing, to its initial free flight in the injection orbit.

[t begins with the start of the launch countdown at

L — 5 hours. The end of the launch phase is defined at

L + 24 hours to allow time to establish regular and
predictable ground station contacts before the start of
the commissioning activities. After ascent and separation
from the launch vehicle upper stage, the spacecraft flight
software controls initiation of the telemetry link, stabili-
zation of any tipoff rates, deployment of the solar array,
and establishment of a sun-pointed attitude. At this point,
the ground operations team monitors the health of the
observatory, collects data to establish the initial orbit,
commands release of launch restraints on the stowed
instrument boom and reflector, and commands playback
of the launch telemetry.
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Launch
(November 5, 2014)

Mission Phase Launch

Commissioning (up to L + 90 days)

Science Observation (36 months)

ibrat idation Peri Cal/Val
Calibration/Validation Period Level 1 Level 2/3/4
Orbit Injection

Science

Disposal

Eclipse Season

8-day repeat, sun-synchronous, 685 km altitude, 6 AM descending node equator crossing

Calendar Years 2014 2015

Figure 4. SMAP mission timeline.

C. Commissioning Phase

The commissioning phase, sometimes known as in-

orbit checkout (I0C), is the period of initial operations
that includes checkout of the spacecraft subsystems,
maneuvers to raise the observatory into the science orbit,
deployment and spin-up of the instrument boom and
reflector, and checkout of the full observatory. It extends
from the end of the launch phase until both the ground
project elements and the spacecraft and instrument sub-
systems are fully functional and have demonstrated the
required on-orbit performance to begin routine science
data collection. The Level 1 requirements call for these
activities be completed by L + 90 days. During this phase,
up to eight commissioning maneuvers, including two cali-
bration burns, are executed to raise the observatory from
the initial injection orbit to the 685-km science orbit.

D. Science Observation Phase

The science observation phase is the period of near-con-
tinuous instrument data collection and return, extending
from the end of the commissioning phase for 3 years. The
observatory is maintained in the nadir attitude, except for
brief periods when propulsive maneuvers are required to
maintain the orbit and for periodic radiometer calibrations
that require briefly viewing cold space. During the first
year of science acquisition, a period of calibration and

EOM
(February 2018)

Decommissioning
(up to 30 days)

2016 2017 2018

validation of the science data products is conducted. This
includes special field campaigns and intensive in situ data
acquisitions, data analysis, and performance evaluations
of the science algorithms and data product quality. These
activities continue at a lower level for the remainder of the
science observation phase, but primarily for the purpose
of monitoring and fine-tuning the quality of the science
data products.

During science operations, the mission must return an
average volume of 135 GB per day of science data to be
delivered to the science data processing facility. SMAP
does not have an onboard Global Positioning System
(GPS) receiver and the associated ephemeris knowl-
edge because the large instrument reflector in the zenith
direction obscures GPS visibility. For this reason, Doppler
ground tracking with frequent ephemeris table uploads to
the observatory are used to maintain position and pointing
accuracy.

E. Decommissioning Phase

At the end of its useful life, the observatory is maneuvered
to a lower disposal orbit and decommissioned to a func-
tional state that prevents interference with other missions.
The observatory is maneuvered to the lower disposal
orbit to reduce its orbital lifetime and passivated (energy
sources depleted to the extent allowed by the design)
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to reduce the risk of explosion or fragmentation if struck
by orbital debris. Up to 30 days have been allocated for
decommissioning to end the active operations of the
observatory (EOM, end of mission). The disposal orbit has
been designed to ensure that the observatory re-enters
the atmosphere within 15.5 years as is required to meet
orbital debris probability of collision requirements after the
observatory is decommissioned.

F. Science Orbit

SMAP observes the Earth for 3 years from a sun-synchro-
nous, near-circular science orbit with an equator-crossing
altitude near 685 km and an ascending node at 6 PM
local mean solar time. At this altitude, a sun-synchronous
orbit has an inclination of about 98.12° and an orbit period
of 98.46 minutes. The science orbit altitude has been
selected to allow near-global coverage of the Earth to be
obtained in 3 days (44 orbits) with an instrument swath of
about 1000 km and a ground track that repeats exactly

in 8 days (117 orbits). This repeat pattern provides even
coverage of the planet with an ideal longitude spacing
between ground tracks at the equator of 3.077° (343 km).
Table 2 gives the mean orbital elements for the science
orbit.

The terminator orbit was selected to allow soil moisture
measurements near the morning terminator, where ion-
ospheric effects and land-atmosphere thermal gradi-
ents are minimized. This design also minimizes thermal
variations on the instrument and simplifies the spacecraft
design. The 6 PM ascending node was selected so that
the annual eclipse season (about 12 weeks per year from
mid May to early August) occurs near the southern part
of the orbit, and this minimizes thermal effects on freeze/
thaw measurements in the northern hemisphere. The
maximum eclipse duration is about 18.6 minutes.

Because of the asymmetric mass distribution of the
Earth, a purely circular orbit cannot be maintained and

a frozen-orbit geometry is used to minimize altitude
variations. A frozen orbit uses a small eccentricity and
locates the perigee at the northern extreme of the orbit to
minimize the altitude perturbations. This approach results

Table 2. Science orbit mean elements.

Orbital Element

in slightly higher altitudes in the southern hemisphere, but
altitudes are fairly stable at each latitude. Figure 5 shows
the geodetic altitude of the observatory versus latitude

for the 685-km orbit. Geodetic altitude is the altitude at

a point in the orbit measured normal to the reference el-
lipsoid for mean sea level, which has an equatorial radius
of 6378.137 km (with a flattening of 1/298.257223563,
resulting in a polar radius of approximately 6356.752 km).
This is based on the World Geodetic System (WGS 84).
The geodetic altitude is highest at the southern extreme of
the orbit (711.4 km at 81.9°S) and lowest just north of the
equator (684.0 km at 13.6°N). While perigee is the point
closest to the center of the Earth, the geodetic altitude is
increased at the northern extreme of the orbit (694.9 km
at 81.9°N) because of the Earth flattening. The orbit must
be maintained such that the geodetic altitude never varies
by more than 1 km from this profile at any given latitude.

The altitude for the science orbit repeat pattern of 117
orbits in 8 days (Q8 = 117/8 = 14.625 orbits/day,) is
selected slightly above the altitude for an exact 3-day
repeat pattern (Q3 = 44/3 = 14.667 orbits/day) so that
the ground track walks to the west and fills in the gap
between consecutive orbits (S = 360°/Q8 = 24.615° or
2740 km). This design provides an average sampling in-
terval of three days (spatial average) and fills in gaps in the
high-resolution radar swaths, which have degraded azi-
muthal accuracy over the inner 30% of the swath near the
ground track. The 8-day repeat pattern allows consistent
spatial datasets for time histories of the measurements.

Figure 6 shows the science orbit ground track pattern in
the 2740-km spacing between two consecutive orbits at
the equator (orbits 1 and 2 at the descending node). Two
days later, ground tracks for orbits 16 and 31 have re-
duced the maximum spacing at the equator to 1028 km,
and over 8 days the maximum spacing is reduced to

343 km. Figure 7 shows the pattern of descending (morn-
ing) and ascending (evening) ground tracks over North
America over 1 day. The ground track spacing is closer
away from the equator, and coverage of boreal forest re-
gions northward of 45°N has an average sampling interval
of 2 days (spatial average). The specific values of equa-

Mean Element Value

Semi-major Axis (a)
Eccentricity (e)
Inclination (i)

Argument of Perigee (w)
Ascending Node (W)
True Anomaly

7057.5071 km
0.0011886
98.121621 deg
90.000000 deg
-50.928751 deg
-89.993025 deg
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Figure 5. Science orbit geodetic altitude vs. latitude.

tor-crossing longitudes are defined after the science orbit
is established near the end of the commissioning phase.

V. Observatory

The observatory is the key implementing element of the
project in space, and is defined as all hardware elements
released into orbit from the launch vehicle. The obser-
vatory is made up of the spacecraft bus, which includes
the engineering subsystems necessary to maintain and
support operation of the spacecraft and instrument; the
instrument, which includes the radar and radiometer pro-

cessing electronics and hardware, the reflector antenna
and its supporting structure, and the deployment and spin
mechanisms; and a portion of the launch system hard-
ware that remains attached to the spacecraft bus after
separation from the launch vehicle upper stage.

A. Configuration

As seen in Figure 8, the observatory is made up of a
rectangular bus structure, which houses the engineer-

ing subsystems and most radar components, and the
top-mounted instrument, including the spin mechanism
and radiometer and the reflector and its deployment
structure. The three-panel solar array is part of the
spacecraft bus and is folded against the bus in the launch
configuration (Figure 9). The instrument hardware above
the spin plane is designated the spun instrument assem-
bly (SIA).

For science data collection, the observatory is oriented

to the science orbit reference frame with the -ZSC axis
pointed to the geodetic nadir and the +XSC axis coplanar
with the nadir direction and the inertial velocity vector in
the general direction of orbital motion, so that the +YSC
axis is generally normal to the orbit plane on the sunward
side of the orbit. After deployment, the instrument anten-
na spins about the +ZSC axis at a rate of up to 14.6 rpm
in a right-handed sense (counterclockwise as viewed from
above) with the antenna reflecting the transmitted and
received signal 35.5° off the nadir. The instrument spin

Orbit 294
Orbit 236
Orbit 265
Orbit 250
Orbit 236 Orbit 235
Orbit 221
, Orbit 206
Orbit 192 .
Orbit 119 Orbit 177 Orbit 118
Day 9 Ot 148 Orbit 104 Orbit 162 Day 9
rol Day 8 , Orbit 89
Y Orbit 75 v Orbit 133 Day 7 V
Orbit 119 Day 6 Orbit 60 Orbit 118
Orbit 104 Day 5 Orbit 45
Orbit 75 Orbit 31 v Orbit 89 Day 4
ol ‘.
- Day 3 Orbit 60 Oroit 16  / Orbit 1
Orbit 2 v Day 2 A Dav 1
Day 1 v Orbit 45 ay
Orbit 31
\/ Orbit 16 ' \
Orbit 2 ]<
Lo | \ w | \ ‘ ‘ ‘ I Orbit 1

-2800 -2500 —2200 -1900 -1600 -1300 -1000 —700 -400 -100

Relative Groundtrack Spacing (km, E)

Figure 6. Science orhit ground track pattern at equator (arrows show the
ideal position and spacing of the ground track equator crossings for the
descending orbits).
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Figure 7. One-day ground track pattern over North America
(Orbit 16 begins about 24.615 hours after Orbit 1).

rate between 13.0 to 14.6 rpm for science will be deter-

mined before launch based on margin in the observatory
pointing control authority to balance the instrument spun
momentum.

The observatory transitions through three main configura-
tions, as shown in Figure 9:

Launch: For launch, the solar array and reflector boom
assembly (RBA) are folded against the spacecraft bus to
fit within the launch vehicle fairing.

Partially Deployed: After separation from the Delta |l
second stage, the launch behavior deploys the solar
array and the observatory remains in this configuration for
about four weeks. During this period the initial engineering
checkout is accomplished and the first commissioning
maneuvers are executed to reach the science orbit.

Fully Deployed: Beginning about 30 days after launch,
the instrument reflector boom assembly is deployed in
two steps and then spun up in two steps to a rate of up
to 14.6 rpom used for science data collection. (Note that
there are brief transition periods of a few days, with in-
termediate configurations, between these steps of boom
deployment, reflector deployment, and spin-up.)

VI. Mission System

The mission system consists of the people, facilities,
hardware, networks, software, and processes necessary
to operate the observatory after launch and to acquire
and process the returned data into scientific products.
For operations, the mission system is composed of three
functional elements: the Mission Operations System
(MOS), the Ground Data System (GDS), and the Science
Data System (SDS). Before launch, the mission system in-
cludes the mission and navigation design element, which
defines the orbit design, the launch strategy, the naviga-
tion approach, and the mission plan.

A. Mission Operations System (MOS)

The mission operations system consists of the people
and processes necessary to operate the observatory
after launch and to acquire the instrument and engineer-
ing data. Located at the JPL mission operations center
(MQOC), the MOS is organized into two teams. The flight
operations team (FOT) is responsible for planning and
executing all the processes necessary to operate the
observatory, including the following:
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Figure 8. Observatory fully deployed configuration.

e Plan, build, and execute spacecraft activities (launch,
commissioning, maneuvers, calibrations, routine
operations, anomaly responses)

e Monitor and operate observatory systems, subsys-
tems, and instruments

e Manage onboard data products (file deletion)

e  Schedule Near-Earth Network (NEN) and Space
Network (SN) coverage and generate background
sequences to manage communications

e Perform flight controller (ACE) functions (command,
real time station interface) as needed [Passes are
unattended during routine operations]

e Perform navigation operations (orbit determination,
maneuvers)

e  Perform time correlation (automated)
e Operate and maintain system testbeds

The mission data operations team (MDOT) is responsible
for operating and maintaining the GDS and SDS commu-
nications networks and hardware as follows:

e Perform data accounting
e QOperate GDS
e Operate SDS

e Maintain NEN/EDOS interface

Launch
Configuration
Fully Deployed
(solar array and RBA)
Partially Deployed
(solar array)

Figure 9. Observatory configurations.

e Maintain/upgrade data systems software

e Maintain hardware, communications net and facility

B. Ground Data System (GDS)

The ground data system consists of the facilities, commu-
nications networks, hardware, and software used by the
MOS. Figure 10 shows the four main facilities that support
the SMAP mission and the functions executed at each
facility. Figure 11 illustrates the SMAP communications
paths. Operations are centered at the Mission Opera-
tions Center at JPL (MOC). Communications with the
observatory are handled through the ground and space
assets of the NEN and SN. Scheduling and pass report-
ing for the NEN and SN assets are handled through the
Data Services Management Center (DSMC) at the White
Sands Complex (WSC), where the primary Tracking and
Data Relay Satellite (TDRS) ground terminals are located.
Science telemetry from the NEN stations flows to the EOS
Data and Operations System (EDOS) Level Zero Process-
ing Facility (LZPF) at GSFC, which formats the data into
files and passes the radar and radiometer data to the
Science Data System. Engineering data from the NEN
and SN stations flows to the MOC at JPL, which gener-
ates displays and other products to support both mission
operations and science processing.

The primary path for commanding the observatory and
returning science and engineering data is through three
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Figure 10. Ground data system facilities and functions.

northern-hemisphere tracking stations and one south-
ern-hemisphere station in Antarctica. Data return at the
northern-hemisphere stations is via 11.3-m antennas
located at Wallops, Virginia (WGS), Fairbanks, Alaska
(ASF), and Svalbard Island, Norway (SGS). Data return at
the southern-hemisphere station is via the 10-m anten-
na (MGS) at McMurdo Station, Antarctica. Table 3 gives
characteristics of the four stations and average contact
statistics from the science orbit. Because SMAP is in a
near-polar orbit, the higher latitude stations have more
frequent contact opportunities.

C. Science Data System (SDS)

The science data system provides the hardware and
software to process the radar and radiometer instrument
data and the supporting engineering data into science
data products for the science team, applications users,
and the public. Files of radar and radiometer data derived
from the downlink telemetry are delivered from the GSFC
EDOS/LZPF, and engineering ancillary data, including
timing, pointing, and ephemeris information, are delivered
from the MOC. Algorithms developed before launch are
used to process the data into science data products. The
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Table 3. Ground station characteristics (X-band).

Ground Station Antenna Latitude Average # of Average Coverage
Contacts per day* Minutes/day*

Svalbard (SGS) Norway 11.3m 78.2°N 10.3 88.3

Fairbanks (ASF) Alaska 11.3m 64.9°N 6.8 53.7

Wallops (WGS) Virginia 11.3m 37.9°N 3.3 25.8

McMurdo (MGS) Antarctica 10.0m 77.8°S 10.4 90.7

* These are maximum capabilities if all available passes with a duration of
at least 5 minutes above 10° elevation are utilized. Horizon terrain
masks not considered.

SDS has data latency requirements on delivering data
products to the science team and to operational users:
Level 1 products (within 12 hours of acquisition), Level 2
(within 24 hours), Level 3 (within 50 hours), and Level 4
(within 7 days for soil moisture and 14 days for carbon
net ecosystem exchange). Data latency is defined here
as from the time of data acquisition by the observatory
to the time data products are available to the public at
the NASA DAACs. SMAP data will be archived by the
NASA-designated Earth science data centers at the Na-
tional Snow and Ice Data Center and the Alaska Satellite
Facility. During the first year of routine science collection
(which comprises the formal mission cal/val period), all
SMAP data product algorithms are updated as needed by
comparing SMAP estimates of soil moisture and freeze/
thaw state with data collected on the ground at specific
cal/val sites.

The key SDS operations functions are:

e Ingestinstrument and ancillary data and generate
higher-level data products. The range of higher-level
products is Level 1A (L1A) through Level 4 (L4). The
definition of what the SDS produces is dictated by
the science requirements.

e  Support calibration and validation of science data
products

e Provide science data accounting/auditing

e Provide data access to Project, Science, and Flight
Engineering Teams

e Manage long-term data storage (products, metadata,
test data, etc.); prepare and make available validated
products to a public archive data center

e Maintain the SDS production and testbed systems

The SDS implementation organizations include:

e  SMAP Science—responsible for the L1 radiometer
and L2-L4 algorithms and science software

e JPL SDS—responsible for L1 radar algorithms and
L1-L3 production code and product generation

e  GSFC Global Modeling & Assimilation Office
(GMAQO)—responsible for Level 4 soil moisture
and Level 4 carbon production code and product
generation

The SDS architecture and data flow among different enti-
ties are summarized in Figure 12.

VIl. Data Products

The SMAP radiometer is capable of acquiring H and V
polarization measurements as well as the third and fourth
Stokes parameters. In addition, it has the capability to
measure in sixteen discrete spectral subbands (each

1.5 MHz wide) within the 24 MHz fullband centered at
1.4135 GHz as an RFI mitigation approach. The subband
data volume can be substantial. The radar measurements
(HH, VV, and HV polarizations) have even larger volumes
during each orbit. Even though the instruments are capa-
ble of acquiring the data, not all of the data can be trans-
ferred to the ground because of limitations in downlink
rates. As a result, masks are applied to limit the portion

of the data that can fit the downlink bandwidth. The selec-
tion of the mask is based on the science requirements.

Figure 13 shows the “Global Land” mask that is applied to
the radar and radiometer instruments for downlinking the
measurements needed to meet the Level 1 soil moisture
requirements. Low-resolution radar measurements and
fullband radiometer measurements (integrated over all the
spectral subbands) are transmitted to the ground for the
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Figure 11. SMAP communications paths.

fore and the aft scan, globally (land and ocean), and for
both the AM and PM overpasses (additional information
on the SMAP measurement approach will be given in the
next chapter on Instrument Design and L1 Data Prod-
ucts). Over the Global Land region, subband (full spectral
resolution) radiometer measurements (fore and aft scan)
are transmitted to the ground network during both AM
and PM overpasses. Thus, for global land areas, both
fullband and subband radiometer data are available for
both AM and PM overpasses — for global oceans, only

fullband radiometer data will be downlinked to the ground.

The high-resolution radar data (fore and aft scan) are
sent to the ground over all global land areas for the AM
overpass and only over land areas north of 45°N latitude
for the PM overpass. Figure 14 shows the regions where
the high-resolution radar data (fore and aft) are acquired

Data Archives

and transmitted to the ground for the PM overpass. Over
regions above 45°N, both AM and PM high-resolution ra-
dar data are available to meet the landscape freeze/thaw
detection science requirement.

High-resolution radar data are also acquired (fore-look,
AM overpass only) across one swath width (~1000 km)
for coastal waters along continents (except Antarctica)
and major islands. Figure 15 shows the extent of the
high-resolution radar data downlink over oceans and
open waters. These data are used for geolocation as well
as potentially useful applications for the ocean and sea ice
science and applications communities.

The SMAP baseline data products are listed in Table 4.
Level 1B and 1C data products are calibrated and
geolocated instrument measurements of surface radar
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Figure 12. SMAP Science Data System architecture and data flows.

backscatter cross-section and brightness temperatures.
Level 2 products are geophysical retrievals of soil mois-
ture on a fixed Earth grid based on Level 1 products and
ancillary information; the Level 2 products are output on
a half-orbit basis. Level 3 products are daily composites
of Level 2 surface soil moisture and freeze/thaw state
data. Level 4 products are model-derived value-added
data products of surface and root zone soil moisture and
carbon net ecosystem exchange that support key SMAP
applications and more directly address the driving science
questions.

In total, the SMAP mission will generate 15 distributable
data products representing four levels of data process-
ing. Level 1 products contain instrument-related data
and appear in granules that are based on half orbits of
the SMAP satellite. The northernmost and southernmost
orbit locations demarcate half orbit boundaries. Level 2
products contain output from geophysical retrievals that
are based on instrument data and also appear in half orbit
granules. Level 3 products are daily global composites of
the Level 2 geophysical retrievals for an entire UTC day.
Level 4 products contain output from geophysical models
utilizing SMAP data.

There are three L2 soil moisture products resulting from
the radar and radiometer data streams. L2_SM_Ais a
high-resolution research-quality soil moisture product that
is mostly based on the radar measurements and is posted
at 3 km. L2_SM_P is soil moisture derived from the
radiometer brightness temperature measurements and is
posted at 36 km. L2_SM_AP is a combination active and
passive (radar and radiometer) product that produces sail
moisture estimates at 9 km resolution.

The radar-only soil moisture (L2_SM_A) is a fine-resolution
(8 km) soil moisture estimate derived from high-resolution
radar backscatter data (L1C_SO_HiRes). Although the
L2_SM_A data product is unlikely to be as accurate as
the L2_SM_P and L2_SM_AP products, it will produce
useful soil moisture information at higher spatial resolution.
L2_SM_A produces radar backscatter values aggregated
to 3 km during the early stages of its processing. This
dataset, along with water body and freeze/thaw flags gen-
erated from the radar data, is made available during data
processing to the other products as input.

The combined radar/radiometer soil moisture product L2_
SM_AP is posted on a 9-km Equal-Area Scalable Earth-2
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Table 4. SMAP data products.

Product Description Gridding Latency**
(Resolution)
L1A_Radiometer Radiometer Data in Time-Order — 12 Hrs Instrument
Data
L1A_Radar Radar Data in Time-Order — 12 Hrs
L1B_TB Radiometer Tg in Time-Order (86x47 km) 12 Hrs
L1B_SO_LoRes Low-Resolution Radar o in Time-Order (5x30 km) 12 Hrs
L1C_SO_HiRes High-Resolution Radar o, in Half-Orbits 1 km (1-3 km)* 12 Hrs
L1C_TB Radiometer Tg in Half-Orbits 36 km 12 Hrs
L2_SM_A Soil Moisture (Radar) 3 km 24 Hrs Science
. . . , Data
L2_SM_P Soil Moisture (Radiometer) 36 km 24 Hrs (Half-Orbit)
L2_SM_AP* Soil Moisture (Radar + Radiometer) 9 km 24 Hrs
L3_FT_A* Freeze/Thaw State (Radar) 3 km 50 Hrs Science
Data
L3_SM_A Soil Moisture (Radar) 3 km 50 Hrs (Daily
L3_SM_P* Soil Moisture (Radiometer) 36 km 50 Hrs Composite)
L3_SM_AP* Soil Moisture (Radar + Radiometer) 9 km 50 Hrs
L4_SM Soil Moisture (Surface and Roof Zone) 9 km 7 days Science
Value Added
L4_C Carbon Net Ecosystem Exchange (NEE) 9 km 14 days

# Over outer 70% of swath.

** The SMAP Project will make a best effort to reduce the data latencies beyond those shown in this table.

* Product directly addresses the mission L1 science requirements.

(EASE2) grid (Brodzik et al. 2012) that is nested consis-
tently with the 36 km and 3 km grids used by other SMAP
products. It uses both the high-resolution radar backscat-
ter gridded at 3 km and the radiometer brightness tem-
perature data gridded at 36 km. L2_SM_AP combines the
two data streams to produce disaggregated brightness
temperatures posted at 9 km. The retrieval algorithm used
to estimate soil moisture from the disaggregated 9 km
brightness temperatures uses the same approach as the
L2_SM_P radiometer-only soil moisture product. The an-
cillary data inputs and implementation of the L2_SM_AP
may differ from those used by L2_SM_P because of the
spatial resolution differences at 9 and 36 km.

L3_FT_A, the only SMAP freeze/thaw product, consists
of a daily composite of landscape freeze/thaw state for
the boreal land region north of 45°N latitude output on a
polar EASE2 grid at 3 km. It is derived from high-resolu-
tion radar data (L1C_SO_HiRes half-orbits) using both the
AM (descending) and PM (ascending) overpasses. The

L1C_SO_HiRes AM data will also be utilized to generate
a freeze/thaw binary state flag for use in the L2/3_SM
product algorithms.

SMAP measurements provide direct sensing of soil
moisture in the top 5 cm of the soil column. However,
several of the key applications targeted by SMAP require
knowledge of root zone soil moisture in the top 1 m of the
soil column, which is not directly measured by SMAP. As
part of its baseline mission, the SMAP project will produce
model-derived value-added Level 4 data products to fill
this gap and provide estimates of root zone soil moisture
that are informed by and consistent with SMAP surface
observations. Such estimates are obtained by merging
SMAP observations with estimates from a land surface
model in a data assimilation system. The land surface
model component of the assimilation system is driven
with observations-based meteorological forcing data,
including precipitation, which is the most important driver
for soil moisture. The model also encapsulates knowledge
of key land surface processes, including the vertical trans-
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Figure 13. The SMAP radiometer data will include the four Stokes
parameters in all spectral subbands over the 360 degrees of the antenna
scan (fore and aft looks) for the AM and PM portion of the orbit over the
“Global Land” region. SMAP high-resolution data will be collected over

fer of soil moisture between the surface and root zone
reservoirs. Finally, the model interpolates and extrapolates
SMAP observations in time and in space, producing
3-hourly estimates of soil moisture at 9 km resolution. The
SMAP L4_SM product thus provides a comprehensive
and consistent picture of land surface hydrological condi-
tions based on SMAP observations and complementary
information from a variety of sources.

The L4_C algorithms utilize daily soil moisture and
temperature inputs with ancillary land cover classification
and vegetation gross primary productivity (GPP) inputs to
compute the net ecosystem exchange (NEE) of carbon
dioxide with the atmosphere over global vegetated land
areas (with an emphasis on boreal areas north of 45°N lat-
itude). Carbon NEE is a fundamental measure of the bal-
ance between carbon uptake by vegetation and carbon
losses through autotrophic and heterotrophic respiration.

Table 4 specifies several important characteristics of the
SMAP baseline data products. Among these are:

e  The product short name — these provide a short-
hand method to differentiate among the products

e A very brief product description — additional SMAP
project documents provide complete specifications of
the format and the content of each data product; the

the Global Land region over the AM portion of the orbit. Low-resolution
radar data and radiometer without the spectral resolution will be collect-
ed globally over land and oceans during both the AM and PM overpasses.

SMAP DAACs will make these documents available
to the user community

e Product spatial resolution or grid posting — the
resolution of some Level 1 products is based on the
size of the instantaneous field of view (IFOV) of the
radar or radiometer instrument, while the resolution
of higher level products is based on the selected grid
spacing

e Product latency to the user community — latency
measures the time between the acquisition of the first
element in the data product and the time the product
is available for use at one of the SMAP Data Centers.
Although the latencies listed in Table 4 are being
used by the project to construct the data processing
system, the SMAP project will do its best to deliver
products sooner, whenever possible.

A. SMAP Data Product File Format

All SMAP standard products appear in the Hierarchical
Data Format version 5 (HDF5). HDF5 is a general purpose
file format and programming library for storing scientific
data. HDF5 functions flexibly over a wide range of com-
puter hardware, operating systems, and software tools.
Thus, users can read HDF5 files on multiple platforms
regardless of the platform or data architecture. HDF5 files
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are equally accessible to routines written in a large number
of standard software languages, including Fortran, C, C++
and Java, and popular software packages employed by
the scientific community, such as IDL and Matlab, include
well established and easy to use HDF5 interfaces. Users
can reference the HDF Group website at http://www.hdf-
group.org to download HDF software and documentation.

B. SMAP Data Product Organization

A critical component of data product design is the orga-
nization of the data elements within the product. To ease
user interfaces, the SMAP Science Data System team
devised a common data organization across all mission
products. HDF5 provides a means to divide the product
content into distinct groups. All products contain at least
two HDF5 groups. One group, named Metadata, contains
the file level metadata. The other HDF5 groups in a SMAP
data product contain sets of HDF5 Datasets. Each HDF5

Dataset contains a data array. All of the arrays in the same
group share a common theme and a common set of
dimensions. Within any given group, the common array
dimensions appear in the same order and have the same
length. Thus, if two elements in different arrays in the
same group have identical dimension indices, those array
elements correspond to the same pixel. This standard
organizational pattern enables product users to estab-
lish a clear correspondence among elements in SMAP
product arrays. For example, all of the arrays in the SMAP
L2_SM_AP product appear in a group named “Soil Mois-
ture Retrieval Data.” All of the HDF5 Datasets in the “Soil
Moisture Retrieval Data” group contain two-dimensional
arrays. The slower moving index in each array represents
the pixel latitude. The faster-moving index in each array
represents the pixel longitude. Thus, given longitude index
m and latitude index n, a user of column major software
such as Fortran, MATLAB and IDL can conclude that the
disaggregated brightness temperatures in array elements

Figure 14. The SMAP high-resolution radar data will be collected during the

PM overpasses across land regions above 45N in order to detect freeze/thaw transitions.

Figure 15. The SMAP high-resolution radar data will be collected one
swath width across coastlines of continents and major islands

for geolocation and possible use in coastal applications. In the Arctic, the
Level 1 radar products may also have sea ice detection applications.
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tb_v_disaggregated (m,n) and tb_h_disaggregated (m,n)
were used to retrieve the soil moisture stored in array
element soil_moisture (m,n). Likewise, a user of row major
software such as C, C++ or Python can conclude that the
disaggregated brightness temperatures in array elements
tb_v_disaggregated(n,m) and tb_h_disaggregated (n,m)
were used to retrieve the soil moisture stored in array
element soil_moisture (n,m).

As previously mentioned, HDF5 usage adopts to the lan-
guage the user employs to access the data. Thus, users
can utilize row-major or column-major representation of
arrays in their favorite software language and achieve
equivalent results. To avoid confusion about array index
order, SMAP documentation typically references “faster
moving” and “slower moving” indices. The “faster or fast-
est moving” index is the one that represents contiguous
storage for sequential index values. In other words, given
two array elements with all indices equal except for those
in the “fastest moving” position, if the fastest moving
indices are consecutive numbers, one can conclude that
those two elements are stored contiguously in memory
and on disk.

C. The EASE2 Grid

All of the SMAP Level 2, Level 3, and Level 4 products,
as well as the Radiometer Level 1C product, employ

the EASE2 grid (Brodzik et al. 2012) developed at the
National Snow and Ice Data Center (NSIDC) to specify
the location of data pixels. The flexible formulation of the
EASE2 grid makes it ideal for SMAP use. A simple adjust-
ment of just one scaling parameter enables generation

of a family of multi-resolution grids that “nest” within one
another. This nesting can be designed so that smaller grid
cells are perfectly tessellated to form larger grid cells. Fig-
ure 16 displays the perfect nesting for 3-km, 9-km, and
36-km SMAP grids, while Figure 17 provides an example
of SMAP NDVI ancillary data posted at these three grid
resolutions.

The perfect nesting of EASE2 grids enables the SMAP
team to provide data products with a convenient common
projection for both the higher resolution radar observa-
tions and the lower resolution radiometer observations.
EASE2 also provides the capability to generate cylindrical
global grids as well as Northern and Southern Hemi-
sphere polar grids.

The Level 1B and Level 1C radar products do not employ
the EASE2 grids for data organization. Instead, these
products contain an array of floating-point indices that
specify either the center of the instrument IFOV or the
center of the cells in an instrument swath grid. These
floating point indices also reference a 1-km EASE2 grid
that nests perfectly into the 3-km, 9-km and 36-km

grids used in the higher-level products. This information

3 km

A
A

9 km

36 km

A

Figure 16. Nesting of SMAP 3-km, 9-km and 36-km EASE2 grids as
employed in SMAP data products.

enables users to easily translate Level 1 radar data onto
the EASE2 grids employed in the higher-level SMAP data
products.

D. Quality and Descriptive Information in SMAP
Data Products

SMAP data products include content that enables users
to assess data quality as well as gain a better under-
standing of geophysical conditions. This descriptive
content can be classed into three identifiable categories:

e Auxiliary data elements that provide measures that
enhance assessment of product content — these
include statistical measures of uncertainty as well
as physical measures that either impact or validate
product results

e Metadata that provide an overall description of the
entire product content

e Bit flags that provide quality assessments of indi-
vidual pixels as well as binary indicators of existing
conditions when and where the data were acquired

E. Auxiliary Data Elements

Most SMAP products include many auxiliary arrays. Each
of these arrays appears in HDF5 Datasets. Elements
in these auxiliary arrays correspond directly with the
elements in the arrays that specify major product output,
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June 15 NDVI Climatology (36 km)

June 15 NDVI Climatology (9 km)

June 15 NDVI Climatology (3 km)

0.30 045 0.60 0.75

Figure 17. Example of ancillary Normalized Difference Vegetation Index (NDVI)

climatology data displayed on the SMAP 36-km, 9-km, and 3-km grids, respectively.

such as brightness temperature or normalized backscat-
terin Level 1, or retrieved soil moisture in Level 2. Many
of these auxiliary arrays provide a measure of noise in the
major product output. Thus, the radiometer L1B product
contains a noise equivalent delta temperature (NEDT) that
users can employ to assess the quality of each brightness
temperature measure. Likewise, the Level 1B and Level
1C radar products include a Kpc, which contains the nor-
malized standard deviation of the backscatter measure.
Based on algorithmic functions, each of the Level 2 prod-
ucts incorporate different uncertainty measures, which
provide users with a sense of measurement noisiness for
each individual pixel. Additional auxiliary arrays provide
information about geophysical conditions that might
impact the quality and/or the viability of data within each
pixel. Examples might include the boresight angle or the
Faraday rotation angle in the Level 1 data products, as
well as a representative surface temperature or vegetation
information from ancillary data sources in the Level 2 and
Level 3 data products.

F. SMAP Metadata

Metadata are data that describe data. SMAP products
contain two distinct types of metadata:

e File level metadata — these metadata describe the
overall content of the data product and appear in an
HDF5 group entitled “Metadata”

e |ocal metadata — these metadata describe individ-
ual arrays in the product and are provided by HDF5
Attributes associated with each array

G. File-Level Metadata in SMAP Data Products

SMAP file-level metadata conform to the ISO 19115 (ISO
2008) and ISO 19115-2 (ISO 2007a) standards. SMAP
is the first NASA Earth science mission to employ these
standards. The ISO standard provides an overarching
model for metadata organization which delineates the
metadata into a set of standard groups that address a
common topic. Each of these metadata groups appears
in a specific class. The major ISO metadata classes in
SMAP products include:

e MI_Metadata — defines basic information about the
metadata

e MD_Dataldentification — contains descriptive infor-
mation about the output data product

DQ_Quality — provides overall quality information
about the entire data product

e Ll_Lineage — covers all input data employed to
generate the output data product. LI_Lineage incor-
porates listings of all input files as well as informa-
tion about the software processing and algorithmic
approach.

e EX_Extent — describes the spatial and temporal
coverage of the data product

e MI_Acquisitioninformation — contains informa-
tion about the flight platform and measurement
instruments

The ISO standards define specific attributes within each
of these classes. Each attribute provides a segment of the



22 SMAP HANDBOOK

necessary detail required to fully describe the entire data
product. The ISO 19139 (ISO 2007b) standard provides
a common XML serialization for representation of ISO
model metadata. The combination of the 19115 and
19139 standards ensures that users of disparate Earth
data products generated by any agency or organization
can locate the metadata that they seek based on model
organization and can read those metadata with reusable
software tools.

H. Local Metadata in SMAP Data Products

SMAP standards incorporate additional metadata that
describe each array within the HDF5 file. Each of these
metadata elements appear in an HDF5 Attribute that is
directly associated with the HDF5 Dataset that stores the
array. Wherever possible, these HDF5 Attributes employ
names that conform to the Climate and Forecast (CF)
conventions. The Wikipedia page at http://en.wikipedia.
org/wiki/Climate_and_Forecast_Metadata_Conventions
provides an overview of the content and development of
the CF conventions. Table 5 lists the CF names for the
HDF5 Attributes that SMAP products typically employ.
The table also indicates which of these local metadata
elements are mandatory for all arrays, and which are
optional.

I. Bit Flags in SMAP Data Products

Bit flags provide a compact means to specify descriptive
and quality information for individual pixels represented in
the data product. Bit flags serve at least three important
data processing functions. These include:

e  Specification of data quality and ambient informa-
tion — product users can inspect these flags to
determine which pixels are applicable and/or have
appropriate quality for use in their research

e Provision of pre-conditions for use in subsequent
data generation processes — for instance, the SMAP
Level 2 executables that retrieve soil moisture will not
employ Level 1 pixels that are flagged with uncorrect-
ed radio frequency interference (RFl). These same
Level 2 executables will not attempt to retrieve soil
moisture for pixels that are mostly or entirely over
open water, since such an effort makes no sense,
even if the quality of the pixel is deemed good.

e Compilation of the overall quality of a granule — at
the completion of processing, SMAP executables
collect the content of bit flags to perform statistical
analyses of the overall data granule

In general, bit flags serve two major purposes:

e Quality indicators — indicate whether a particular
quality characteristic is good or acceptable

e  State indicators — indicate other states or condi-
tions about each pixel that may be important to the
product user, but not reflective of quality. A SMAP
example of a state indicator might specify whether
a particular instrument footprint was acquired to the
fore or to the aft of the spacecraft. Another might
indicate whether the results are based on high-reso-
lution or low-resolution instrument data.

Bit flags in all SMAP data products conform to the follow-
ing convention:

e SMAP products separate quality indicator bits from
state indicator bits. Quality indicator bits with state
indicator bits do not appear in the same bit flag vari-
ables in SMAP data products.

Bit flags that contain quality information and bit flags
that list conditions that can be classed as favorable
or unfavorable adhere to the following convention:

e Bits that indicate good quality or favor-
able conditions contain zeros.

e Bits that indicate poor or unacceptable
quality or unfavorable conditions
contain ones.

e  SMAP executables initialize bits at the beginning of
each process. Software always initializes defined bits
with a value of one and initializes undefined bits with
a value of zero. Processing executables therefore
need to actively clear all defined bits when good
quality is identified or when acceptable conditions
are realized. Thus, when examining flags that contain
quality information or ambient condition information
that can be qualified, users can choose whether they
wish to parse bit flag variable contents. If the entire
flag is zero, users can rest assured that no adverse
conditions were detected.

VIil. Data Archive

The Earth Observing System Data and Information
System (EOSDIS) is a key core capability in NASA's Earth
Science Data Systems Program. It provides end-to-end
capabilities for managing NASA's Earth science data from
various sources — satellites, aircraft, field measurements
and various other programs. Included within the capa-
bilities of EOSDIS are the EOSDIS Science Operations,
which are managed by the Earth Science Data and
Information System (ESDIS) Project. These capabilities
include generation of higher level (Level 1-4) science data
products for EOS missions and archiving and distribution
of data products from EOS and other satellite missions,
as well as data from aircraft and field measurement cam-
paigns. The EOSDIS science operations are performed
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Table 5. SMAP-specific local attributes.

CF Compliant Description Mandatory?

Attribute Name

Units Units of measure Yes

valid_max The largest valid value for any element in the associated array. The data No
type in valid_max matches the type of the associated array.

valid_min The smallest valid value for any element in the associated array. The No
data type in valid_min matches the type of the associated array.

_FillValue Specification of the value that will appear in the array when an element Yes for all numeric
is missing or undefined. The data type of _FillValue matches the type of data types
the associated array.

long_name A descriptive name that clearly describes the content of the associated Yes
array.

coordinates Identifies auxiliary coordinate variables in the data product. Coordinate No
variables are arrays with matching shape that enable users to correlate
data to spatial data or to temporal data.

flag_values Provides a list of flag values that appear in bit flag variables. Only No
appears with bit flag variables.

flag_masks Provides a list of bit fields that express Boolean or enumerated flags. No
Only appears with bit flag variables or enumerated data types.

flag_meanings Provides descriptive words or phrases for each potential bit flag value. No

within a distributed system of many interconnected nodes
(Science Investigator-led Processing Systems and dis-
tributed, discipline-specific, Earth Science Data Centers)
with specific responsibilities for production, archiving and
distribution of Earth science data products (NASA 2013).

The EOSDIS Data Centers serve a large and diverse user
community by providing capabilities to search and access
science data products and specialized services. Twelve
discipline-specific EOSDIS Data Centers are collocated
with science and academic institutes around the country;
eight of these are referred to as Distributed Active Archive
Centers (DAACs). Data Center holdings can be searched
from the Reverb search and order client (http://reverb.
echo.nasa.gov) powered by the EOS Clearing House
(ECHO.

The ESDIS Project, through its development, manage-
ment, and operation of the EOSDIS, oversees the transfer
of SMAP mission data to its Data Centers for archiving
and distribution to the Earth science user community.

The Alaska Satellite Facility (ASF) DAAC, specializing in
SAR data, and the National Snow and Ice Data Center
(NSIDC) DAAC, specializing in cryospheric science and

land microwave data, were selected as the co-managing
Data Centers for SMAP data. ASF and NSIDC will collab-
oratively develop a data system strategy to provide seam-
less discovery and access of all SMAP and SMAP-related
data.

A. SMAP Data Management at the ASF DAAC

The ASF of the Geophysical Institute operates the SAR
Data Center for NASA at the University of Alaska in Fair-
banks (UAF). For more than 20 years, ASF has worked in
conjunction with the SAR research community and scien-
tists across the globe providing near-real-time and archive
data from several key Earth-observing satellites. In sup-
port of this user community, ASF offers interactive web
resources for data search and download, creates custom
software tools for data interpretation and analysis and
provides public outreach activities (http://www.asf.alaska.
edu). ASF’'s DAAC is one of 12 Data Centers supported
by NASA and specializes in the processing, archiving, and
distribution of SAR data to the global research commu-
nity. In the past 2 years, ASF DAAC has moved from a
process-on-demand to a download-on-demand data
system that provides direct access to over 1 PB of SAR
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data. The ASF data system, comparable to the EOSDIS
Core System, provides ingest, cataloging, archiving, and
distribution of ASF DAAC’s complete data holdings. ASF
distributes focused and unfocused SAR data products,
browse images, and relevant metadata in multiple formats
through the Vertex data search portal (https://vertex.daac.
asf.alaska.edu).

ASF DAAC Support of NASA Missions

The ASF DAAC provides support for NASA and
NASA-partner missions assigned to it by the ESDIS Proj-
ect. The ASF DAAC has extensive experience managing
diverse airborne and spaceborne mission data, working
with various file formats, and assisting user communities
to further the use of SAR data. These efforts are facil-
itated, in part, by ASF Scientists and Data Managers,
who interact with mission teams, provide subject matter
expertise, inform data and metadata formats, evaluate
data structure and quality, and address data support
needs. A key project component at ASF is the core prod-
uct team, which provides integration of new datasets into
the ASF data system and ensures efficient coordination
and support of each mission. The team members have
mission-specific expertise and consist of the following
personnel:

e The Project Manager is the team leader who over-
sees mission activities at ASF and coordinates with
external groups.

e The Product Owner is a primary product stakeholder
and oversees ingest, archive, documentation, and
distribution of data products as well as managing in-
teractions with mission and ASF scientists and other
stakeholders.

e The User Services Representative (uso@asf.alaska.
edu) supports data users with products and software
tools and communicates user feedback or sugges-
tions for improvement to the Project Manager and
Product Owner.

e  Software Engineers design, develop, and maintain
software for the acquisition, processing, archiving,
and distribution of satellite and aerial remote sensing
data.

e  Software Quality Assurance technicians provide soft-
ware and web-based-application testing prior to de-
livery to the production data system to ensure integ-
rity, quality, and overall proper functionality through
testing methods to uncover program defects, which
in turn are reported to software engineers.

e The technical science writer composes and edits a
variety of ASF materials, from newsletter articles to
technical documentation.

The core product team'’s responsibilities for data manage-
ment include:

e Ingesting, cataloging, archiving, and distributing data

e Providing guidance on file formats and integration of
new file formats into the ASF data system

e Describing data products and producing user manu-
als and guide documents

e  (Creating metadata and exporting it to ECHO and
GCMD (Global Change Master Directory)

e  Ensuring accurate metrics are reported to EMS
(ESDIS Metrics System)

e Designing, developing, and deploying specialized
data portals that allow online access to data prod-
ucts and information

e  Creating software tools for data interpretation and
analysis

e Assisting users with the selection and usage of data

ASF also supports NASA and partner missions through
the operation of a ground station with two 11-m anten-
nas, providing complete services, including data down-
linking, commanding, and range/Doppler tracking. ASF is
part of the NASA NEN supporting a variety of low-Earth-
orbit spacecraft.

ASF DAAC Data Systems

The ASF DAAC operates a custom data system designed,
implemented, and supported by DAAC personnel. During
its evolution, the ASF data system has moved from

using primarily custom software on capital equipment

to commodity hardware and commercial off-the-shelf
(COTS) software and hardware solutions. This has greatly
lowered development and maintenance costs for the data
system, while simultaneously providing a higher level of
performance. The ASF DAAC data system provides the
following capabilities:

Data Ingest

e  Automated data ingest occurs from the ASF ground
station as well as external data providers in a variety
of media and formats.

e Ingested data are pre-processed when necessary,
providing browse or derivative products.
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Data Archive

e The central ASF data system archive is provided by a
Data Direct Networks gridscaler storage system.

e This system provides direct access to over 1 PB of
processed data as well as the capability for automat-
ed backups to an offsite location.

e Raw data are held in a robotic silo for access by the
processing system. ASF maintains a backup in an
external location in case of silo failure.

Data Distribution

e ASF provides direct http access to DAAC data prod-
ucts and utilizes NASA's User Registration System
(URS) for user authentication.

e NASA data are provided to public users with no
restrictions. Partner data are provided to NASA-ap-
proved users through URS for authentication and
ASF'’s internal database for access control.

e The data system provides web-based access to the
archive through distribution portals Vertex and URSA
(User Remote Sensing Access). Vertex supports the
data pool with direct download of processed data,
while URSA provides the DAAC’s more advanced
users with custom processing for particular science
applications.

e  Through custom portals and applications, the DAAC
provides additional services such as mosaic subset-
ting, mosaicking, and time-series analysis.

Data Support

e ASF DAAC exports relevant metadata to NASA's
ECHO system.

e ASF DAAC exports ingest, archive, and download
metrics to NASA's EMS system.

Table 6. SMAP science data products at ASF DAAC.

e ASF DAAC assists users with data discovery and
usage, maintains product documentation and use
guides, and supports feedback between the ASF
user community and the core product teams.

SMAP at ASF DAAC

ASF provides a variety of services, software tools, and
user support to address the needs of the SMAP user
community. The ASF core project team will leverage
on-going collaborations with the SMAP Project to identify
and prioritize SMAP user community needs, which in
turn will inform development and implementation of data
support and value-adding services for the mission. The
SMAP website at ASF (https://www.asf.alaska.edu/smap)
will serve as an interactive data portal, providing users
with relevant documentation, custom tools and services,
and ancillary data and resources.

Post-Launch SMAP Data

ASF will ingest, distribute, archive, and support post-
launch Level 1 radar products for the SMAP mission. ASF
will receive the Level 1 radar products from the SMAP
Science Data System at the Jet Propulsion Laboratory
(JPL) in Pasadena, California (Table 6).

Non-SMAP Data of Interest to SMAP

ASF will cross-link from the SMAP website to data col-
lections that complement SMAP data and are of interest
to the user community. Some of these collections are
distributed by ASF, including the following:

e Airborne Microwave Observatory of Subcanopy and
Subsurface (AirMOSS) data products

e Jet Propulsion Laboratory Uninhabited Aerial Vehicle
SAR (UAVSAR) data products

e MEaSUREs (Making Earth System Data Records for
Use in Research Environments) Inundated Wetlands
data products

SMAP Mission Short Name = DAAC Short Name Description File Size (MB) Files per Day
L1A Radar SPL1AA Parsed Radar Telemetry 2,965 30
L1B_SO_LoRes SPL1BS0 Low-Resolution Radar o, 300 30

in Time Order
L1C_SO_HiRes SPL1CSO High-Resolution Radarc, 1,557 30

on Swath Grid
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e Advanced Land Observing Satellite-Phased Array
L-band SAR (ALOS PALSAR)

e Japanese Earth Resources Satellite-1 (JERS-1)
image data and mosaics

B. SMAP Data Management at the NSIDC

The NSIDC is a part of the Cooperative Institute for
Research in Environmental Sciences (CIRES) at the
University of Colorado Boulder. NSIDC supports research
into the world’s frozen realms: the snow, ice, glaciers,
frozen ground, and climate interactions that make up
Earth’s cryosphere. NSIDC also manages and distributes
scientific data, creates tools for data access, supports
data users, performs scientific research, and educates
the public about the cryosphere. NSIDC distributes more
than 500 Earth science datasets collected from satellite,

aircraft and ground instruments through its website (www.

nsidc.org). The NSIDC DAAC within NSIDC is one of NA-
SA's EOSDIS Data Centers and focuses primarily on the
study of the cryosphere. The NSIDC DAAC (http://nsidc.
org/daac/index.html) provides data support for NASA's
past and current EOS satellites and field measurement
programs. NASA Headquarters assigned data manage-
ment of the Decadal Survey SMAP mission to the NSIDC
DAAC, in collaboration with ASF, based on the center’s
experience managing passive microwave soil moisture
data for NASA's Advanced Microwave Scanning Radiom-
eter— EOS (AMSR-E) mission.

NSIDC DAAC Support of NASA Missions

The NSIDC DAAC has been archiving and distributing
data for NASA missions assigned to it by the ESDIS Proj-
ect for more than 20 years. The DAAC has breadth and
depth of experience managing heterogeneous data prod-
ucts, data formats, and user communities. Through early
engagement with mission teams, NSIDC scientists and
data managers bring significant value to the missions by
providing expert counsel on data and metadata formats,
data structures, and data support needs.

To aid in the efficient coordination of support, NSIDC
DAAC assigns a dedicated Product Team Lead (PTL) to
each mission. The PTL performs external coordination
with instrument teams, data production facilities, and the
ESDIS Project to develop formal agreements and define
overarching operational processes and data flows. PTLs
coordinate internal activities through a dedicated Product
Team. The Product Team combines functional skills, such
as Data Operations, Technical Writing, User Support,
Science Support, and Programming, with mission-spe-
cific expertise enabling customized support of the
mission data and the scientific community. The Product
Team model, shown in Figure 18, provides a continuous
feedback loop between the science users and the DAAC,

Product Team Lead

e Technical
Writers
e Scientists

e Data
Operations
® Programmers

e Scientists

Acquire/ Describe

Produce

e Data
Operations
e Programmers

e User Services
e Scientists

Figure 18. NSIDC DAAC mission support product team model.

which drives enhancements to documentation, data hold-
ings, and services. The continuous feedback also extends
to the external mission teams when data quality assess-
ments or data user requests warrant involvement from the
science team or data production facility.

The Product Team’s core functions for data management
center around four areas:

Acquire and/or Produce Data

e  Advise on data formats, structure, and delivery
methods

e  Establish automated processes for the transfer of
data into DAAC data systems

e Develop or integrate, test, verify, and run data pro-
duction code (for applicable data)

Describe Data

e  Create collection-level metadata and, when nec-
essary, extract file-level metadata for provenance
tracking and data discovery

e  Export metadata to ECHO and the GCMD (Glob-
al Change Master Directory) for cross-mission,
cross-sensor NASA Earth science data discovery
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e Develop user documentation and supplemental infor-
mation based upon the scientific community needs
and NSIDC best practices

Distribute Data

e Provide free online access to data (FTP and sub-
scription service)

e  Provide specialized portals and data services in ac-
cordance with the scientific community needs

Support Data

e  Assist user communities with the selection and
usage of data and tools

e Work with user communities to identify data and tool
needs

e  Provide outreach and education to broaden the
mission user community

NSIDC DAAC Data Systems

NSIDC is one of three DAACs that operate the EOSDIS
Core System (ECS) for management of NASA mission
data (Maurer and Leon 2009). ECS, developed and
maintained by Raytheon for ESDIS, is a robust system of
hardware, custom-developed software and COTS soft-
ware operated and monitored by NSIDC Data Operations
staff with support from on-site Raytheon contractors.
ECS’s flexibility to manage a wide range of Earth science
data is a function of its inventory management systems.
Comprehensive, accurate, and consistent metadata (i.e.,
data about data) provide the foundation for aimost all
data preservation and access functions. ECS provides a
well-established and adaptable system for capturing and
storing metadata. In addition to rich metadata defined

by the missions stored within data files, ECS requires

a separate metadata file that defines core attributes for
preservation and discovery. The metadata is stored within
ECS and plays a critical role in ensuring the integrity of
science data. Checksums, a digital signature used to
detect whether errors have occurred in transmission or
storage, are recorded in the metadata and validated after
files have been ingested and periodically throughout their
storage life.

A portion of metadata is sent to NASA's ECHO, a meta-
data registry and order broker developed by ESDIS to
enable the science community to more easily locate and
access NASA's data and services. NSIDC DAAC utilizes
NASA’s Reverb (http://reverb.echo.nasa.gov/reverb) as
the search and order portal for data held in the ECS. Re-
verb connects to ECHO and exposes data from all NASA
Data Centers. This distributed discovery enables users to

obtain multidisciplinary, multimission data from one portal
regardless of its physical location. Orders for NSIDC data
placed through Reverb are sent to the DAAC for pro-
cessing and delivery. Reverb also enables the invocation
of data services such as reformatting, re-projection, and
subsetting. ECS provides the following capabilities:

Data Ingest

e Automates ingest of data in multiple formats from
external data providers

e Performs data transfer reconciliation and verification

e Allows for the ingest of science data, metadata,
quality assurance, and production history files as well
as quick-look browse images

Data Archive

e Maintains a primary online disk copy of science data
and a redundant tape backup

e Provides automated file management (e.g., duplicate
file detection and deletion) and file integrity (e.g.,
checksum verification) functions

Data Distribution
e  Provides direct FTP access to all public data holdings

e  Offers data subscriptions for automated delivery of
data

e Provides data search and order through NASA's
Reverb Portal (http://reverb.echo.nasa.gov/reverb)

e Displays quick-look browse images to
assist with data selection

e Enables services for select datasets,
such as spatial subsetting, reformat-
ting, and re-projection

Inventory Management

e  Stores collection-level and file-level metadata for the
following:

e Preservation — checksums, algorithm
versions, input data files

e Data Discovery and Usage — platforms,
instruments, parameters, temporal
coverage, spatial coverage

e Exports inventory metadata to NASA's ECHO to
enable discovery of NSIDC DAAC holdings
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SMAP at NSIDC DAAC

NSIDC supports a range of services designed to meet
the needs of user communities with varying requirements
and applications. Through collaboration with the SMAP
Project and insight into the SMAP community through
the Application Working Group and the Early Adopter
program, NSIDC will strategically develop and implement
data support and value-adding services for the mission.
The SMAP website at NSIDC (http://nsidc.org/data/
smap/index.html) serves as a gateway to data, compre-
hensive user documentation, tools and services, and
related data and resources.

The NSIDC DAAC will provide management of three main
categories of data for the SMAP mission: post-launch
SMAP data, pre-launch SMAP data, and non-SMAP data
of interest to SMAP. These data categories, as well as
the classification of user communities and corresponding
data access policies, are being formally defined by the
SMAP Project with collaboration from NSIDC DAAC.

Table 7. SMAP science data products at NSIDC DAAC.

Post-Launch SMAP Data

NSIDC is responsible for the archival, distribution, and
support of post-launch Level 1 passive microwave prod-
ucts and Level 2-4 passive microwave and radar prod-
ucts (Table 7). NSIDC will receive the Level 1-3 products
from the SMAP Science Data System at the Jet Propul-
sion Laboratory in Pasadena, California and the Level 4
products from the Global Modeling and Assimilation Office
at NASA Goddard Space Flight Center in Greenbelt,
Maryland.

NSIDC DAAC will also provide data access, information
and support for post-launch SMAP validation datasets.
The validation data suite includes data archived and
distributed by NSIDC and data held at other established
Data Centers. The NSIDC SMAP website will provide cen-
tralized access to validation data regardless of physical
location.

SMAP Mission Short Name DAAC Short Name  Description File Size (MB)  Files per Day
L1A_Radiometer SPL1AP Radiometer Data in Time-Order 3,466 30
L1B_TB SPL1BTB Radiometer Ty in Time-Order 54 30
L1C_TB SPL1CTB Radiometer Tg in Half-Orbits 12 30
L2_SM_A SPL2SMA Soil Moisture (Radar) 71 30
L2_SM_P SPL2SMP Soil Moisture (Radiometer) 1 15
L2_SM_AP SPL2SMAP Soil Moisture (Radar + Radiometer) 10 15
L3_FT_A SPL3FTA Freeze/Thaw State (Radar) 1,410 1
L3_SM_A SPL3SMA Soil Moisture (Radar) 3,335 1
L3_SM_P SPL3SMP Soil Moisture (Radiometer) 15 1
L3_SM_AP SPL3SMAP Soil Moisture (Radar + Radiometer) 281 1
L4_SM SPL4SMGP Soil Moisture (Surface and Root 2,109 1
Zone ) Geophysical Data
L4_SM SPL4SMAU Soil Moisture (Surface and Root 2,776 1
Zone ) Analysis Update Detail
L4 C SPL4AC Carbon Net Ecosystem Exchange 116 1




SMAP HANDBOOK 29

Pre-Launch SMAP Data

The SMAP Applications Working Group Early Adopter
program was developed to provide a fundamental under-
standing of the utility and the integration of SMAP data
into applications research. As part of joining the program,
the SMAP Early Adopters are provided access to simulat-
ed SMAP products and pre-launch calibration and valida-
tion data from SMAP field campaigns. The NSIDC DAAC
leverages its data distribution infrastructure to provide
access to these pre-launch data to the Early Adopters
and other approved users on behalf of the SMAP Project.
After approval by the SMAP Project and acknowledgment
of the pre-launch data use agreement, users are provided
a login to the NSIDC SMAP Restricted Data website for
convenient access to SMAP simulation and validation
data, product documentation, and other resources.

Non-SMAP Data of Interest to SMAP

NSIDC will also provide a connection to those data
collections that are complementary to SMAP data and
provide value to the user community. A selection of these
collections is distributed by NSIDC, such as the AMSR-E
mission data and the AMSR-E Validation Soil Moisture
Experiment (SMEX) field campaign data. Data collections
held at other centers, including international missions
such as the European Space Agency’s Soil Moisture and
Ocean Salinity (SMOS) data, will be referenced.
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3. Instrument Design and L1 Data Products

I. SMAP Instrument Overview

The SMAP instrument is required to meet the following
high-level measurement objectives:

e 1000-km swath width at orbit altitude of 685 km in
order to meet 3-day revisit time for soil moisture
(2-day revisit time at high latitudes for freeze/thaw)

e  (Co-located L-band active radar measurements and
passive radiometer measurements at a constant
incidence angle near 40°

e  Polarimetric radiometer measurements at spatial
resolution of 40 km

e Dual-polarized radar measurements at spatial resolu-
tion of 3 km

To accomplish this challenging set of requirements, a
6-m conically-scanning reflector antenna architecture
was selected for the instrument design. The deployable
mesh antenna is shared by both the radiometer and
radar instruments by using a single L-band feed. While
the radiometer resolution is defined as the real aperture
antenna footprint, the higher resolution radar measure-
ments are obtained by utilizing synthetic aperture radar
(SAR) processing. These are common techniques, but
newly applied by the SMAP Project to a scanning mesh
antenna. At the nominal SMAP altitude of 685 km, the
reflector must be rotated at a minimum rate of 13.0 rpm
to maintain contiguity (i.e., minimum overlap) of the mea-
surements in the along-track direction (Figure 19).

The overall SMAP instrument architecture is shown in
Figure 20. Because the rotating reflector is shared by the
radiometer and radar, the RF signals from the Earth must
be separated by frequency diplexers into the active and
passive bands. These diplexers are located on the spun
side of the observatory as shown in Figure 20. Note that
all of the radiometer electronics are located on the spun
side of the interface to minimize front-end losses, with slip
rings providing a telemetry, signal, and power interface
to the spacecraft. The more massive and more thermally
dissipative radar electronics are on the fixed side, with
the transmit/receive pulses routed to the spun side via a
two-channel RF rotary joint.

The following sections describe in detail the radiometer
and radar instruments, along with their associated pro-
cessing and data products.

Il. The SMAP Radiometer
A. Radiometer Performance Requirements

The SMAP radiometer is required to meet the following
performance requirements:

e Obtain time-ordered measurements of brightness
temperature at the surface of the Earth at Vertical (V)
and Horizontal (H) polarizations along with the third
and fourth Stokes parameters (T3 and T4) of the
microwave radiation

Nadir Track

Antenna
Beam

Footprint \

|:| Radiometer and

0
Q
047)7 Low-Res Radar

High-Res Radar
Nadir gap in high-resolution radar data: 200-300 km

Figure 19. Schematic of the SMAP conically scanning antenna beam
mapping out a swath width of 1000 km at Earth’s surface. Top: Helical
pattern mapped out by the conical antenna scan coupled with the for-
ward motion of the spacecraft; light blue depicts the antenna boresight
direction and intersection at the surface; dark blue depicts the 3-dB
real-aperture footprint area (characteristic of the radiometer spatial res-
olution). Bottom: Synthetic aperture processing applied to the radar data
results in variable spatial resolution across the swath, from approximate-
ly 1 km (high resolution) at the edge of the swath to approximately 30 km
(low resolution) at the nadir track; the cross-hatched portion illustrates
the region of the swath where the spatial resolution is between 1 and

3 km (referred to as the “hi-res” radar data region).
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Figure 20. Simplified instrument functional diagram.

Obtain time-ordered brightness temperatures at
40 km spatial resolution

Obtain time-ordered brightness temperatures at V
and H polarizations with errors from the following
sources removed: antenna pattern and loss effects,
Faraday rotation, atmospheric effects (excluding rain),
and solar, galactic, and cosmic radiation

Obtain geolocation information with an uncertainty
(8-sigma) of less than 4 km

Achieve radiometric accuracy for H and V brightness
temperature measurements of 1.3 K or less (1-sigma)
computed by binning fore- and aft-look samples into
36 km x 36 km grid cells

Mitigate TB measurement errors due to RFI of
0.3 K (1-sigma) or less

Collect data that meet the above requirements over
all land areas of science interest
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B. Radiometer Technical Design

The SMAP instrument architecture consists of a 6-m con-
ically-scanning reflector antenna and a common L-band
feed shared by the radar and radiometer. The reflector ro-
tates about the nadir axis at a stable rate that can be set
in the range between 13-14.6 rpm, producing a conically
scanning antenna beam with an approximately 40-km,
3-dB footprint at the surface with an Earth incidence angle
of approximately 40°. The conical scanning sweeps out a
1000-km-wide swath with both fore and aft looks for the
radiometer.

The feed assembly employs a single-horn, orthomode
transducer, with V and H polarizations aligned with the
Earth’s surface polarization basis, and covers both radar
and radiometer bands. The radiometer uses 24 MHz

of bandwidth centered at 1.4135 GHz. The radar and
radiometer signals are separated by frequency diplexers
within the coaxial cable-based feed network and routed to
the appropriate electronics for detection. The radiometer
electronics are located on the spun side of the interface.
Slip rings provide a signal interface to the spacecraft. The
more massive and more thermally dissipative electronics
of the radar are on the de-spun side, and the transmit/
receive pulses are routed to the spun side via a two-chan-
nel RF rotary joint. The radiometer timing for the internal
calibration switching and detection integrators is synchro-
nized with the radar transmit/receive timing to provide
additional RF compatibility between the radar and radi-
ometer and to ensure co-alignment of the brightness tem-
perature and backscatter cross-section measurements.

The radiometer block diagram is shown in Figure 21. The
front-end comprises a coaxial cable-based feed network
and radiometer front-end (RFE) box. The feed network
includes a coupled noise source (CNS) for monitoring
front-end losses and phase changes. The diplexers (DIP)
separate the radar and radiometer bands. Internal cali-
bration is provided by reference switches and a common
noise source (Noise SRC) inside the RFE. The RF back-
end (RBE) downconverts the 1413 MHz channel to an
intermediate (IF) frequency of 120 MHz. The IF signals are
then sampled and quantized by high-speed analog-to-
digital converters in the radiometer digital electronics
(RDE) box. The RBE local oscillator (PLO-OSC) and RDE
sampling clocks are phase-locked to a common refer-
ence to ensure coherency between the signals. The RDE
performs additional filtering, subband channelization,
cross-correlation for measuring T3 and T4, and detec-
tion and integration of the first four raw moments of the
signals. These data are packetized and sent to the ground
for calibration and further processing.

The radiometer timing diagram is shown in Figure 22. For
every pulse repetition interval (PRI) of the radar, the radi-
ometer integrates for ~350 ps during the receive window.

(The exact amount of time can vary based on the radar
PRI length and blanking time length chosen by the instru-
ment designers.) Radiometer packets are made up of

4 PRIs. Each science data packet includes time-domain
data of the entire passband (called “fullband” data) for
each of the 4 PRIs, and subbanded data, which have
been further integrated to 4 PRIs or ~1.2 ms. The science
telemetry includes the first four sample raw moments

of the fullband (24 MHz wide) and 16 subband (each

1.5 MHz wide) signals, for both polarizations and sepa-
rately expressed in terms of the in-phase and quadrature
components of the signals. The 3rd and 4th Stokes pa-
rameters are also produced via complex cross-correlation
of the two polarizations for the fullband as well as each

of the 16 subbands. Every science data packet therefore
contains 360 pieces of time-frequency data.

A radiometer footprint is defined to be 12 packets long,
8 of which are for observing the scene and the 5th, 6th,
11th, and 12th for internal calibration. Figure 23(a) shows
the formation of a footprint in terms of 3-dB contours.
Integration of the 8 observing packets slightly enlarges
the antenna’s instantaneous field of view (IFOV) from

36 km x 47 km to an effective field of view (EFOV) of

39 km x 47 km. The EFQV spacing shown in Figure 23(b)
is approximately 11 km x 31 km near the swath center.

C. RFI Detection and Mitigation

SMAP’s radiometer passband lies within the 1400-

1427 MHz Earth Exploration Satellite Service (EESS)
passive frequency allocation. Both unauthorized in-band
transmitters as well as out-of-band emissions from trans-
mitters operating at frequencies adjacent to this allocated
spectrum have been documented as sources of radio
frequency interference (RFI) to the L-band radiometers on
SMOS (Mecklenburg et al. 2012) and on Aquarius (La-
gerloef et al. 2008; Piepmeier and Pellerano, 2006; Misra
and Ruf, 2008; Ruf et al. 2012). RFl impacts the amount
and quality of radiometer measurements from space that
are available for routine science from these missions.
Since this is a serious issue that is expected to be present
during the SMAP mission lifetime, SMAP will be the first
spaceborne radiometer to fly a dedicated subsystem to
enable detection and mitigation of RFI.

SMAP takes a multidomain approach to RFI mitigation
utilizing an innovative onboard digital detector back-end
with digital signal processing algorithms to characterize
time, frequency, polarization, and statistical properties of
received signals. Almost 1000 times more measurements
than conventionally necessary are collected to enable

the ground processing algorithms to detect and remove
harmful interference. The SMAP radiometer instrument
provides a large amount of information with time frequen-
cy diversity that is telemetered from the satellite to enable
the use of multiple RFI detection methods on the ground.
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Figure 22. Radiometer observation/internal calibration timing.
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Many of these detection techniques have been previously
demonstrated; however, the SMAP radiometer is the first
to enable complex RFI detection and mitigation in the
ground software. The outputs of multiple RFI detection
algorithms will be combined using a maximum probabil-
ity of detection algorithm. Data indicated as RFI will be
removed within a certain number of samples defined as a
footprint and the rest of the “clean” data will be averaged
to produce an RFI-free brightness temperature footprint
product.

Samples measured every 350 us over the full 24-MHz
radiometer bandwidth are referred to as fullband mea-
surements. One of the detection methods used is the

time-domain or pulse-detection algorithm, which searches
in time for increased levels of observed antenna tem-
peratures above those produced by geophysical prop-
erties. This detection method is applied to the fullband
time series data with an RFI detection occurring if a time
sample is a certain number of standard deviations above
the mean brightness temperature of the scene which

is estimated by removing a certain percent of samples
within a time measure (Niamsuwan et al. 2005; Johnson
and Potter, 2009). The number of standard deviations,

B, is defined as the threshold level and is set to accept a
certain number of false alarms, which are detected RFI
samples when RFl is not present. Each detection method
has an associated threshold level, 3, which varies geo-
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Figure 23. Radiometer EFOV formation (a) and spacing (b).
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graphically with a 1x1° resolution in latitude and longitude
— this is consistent with the Aquarius approach and grid
for B. The 1x1° resolution grid was also chosen because
it includes the full null-to-null beamwidth of the SMAP ra-
diometer on the ground. This approach allows aggressive
lower thresholds to be set in areas of persistent RFl and
higher thresholds in RFI “quiet” areas, thereby reducing
loss of “good” samples due to false alarms. In the ground
processing, each detection algorithm produces a set of
flags, with 1 indicating RFI detected for a particular sam-
ple and O indicating no RFI detected.

To produce more sensitive RFI detections, the measure-
ment bandwidth is divided into 16 subbands, each with

a 1.5-MHz bandwidth. These data are sampled every

1.4 ms and are referred to as subband measurements.
One detection method that uses these data is called the
cross-frequency detector. It is similar to the pulse detector
except that it searches for increased levels of antenna
temperatures in any subband relative to other subbands
(Guner and Johnson 2010; Guner et al. 2007). The
cross-frequency detection method has been shown to be
more sensitive to wideband interfering sources than other
methods.

Another detection method employed is a standard test for
normality. The SMAP instrument produces the first four
raw moments of the radiometer signal voltage in both the
time and frequency domain. These moments are used

to compute the kurtosis statistic, which has the unique
property of being equal to 3 if the input is Gaussian in
nature, such as thermally generated radiometric sources
measured by SMAP. If the kurtosis statistic deviates from
a value of 3, this is a clear indicator of the presence of
man-made RFI sources which tend to have a non-Gauss-
ian distribution (Ruf et al. 2006).

Included in the SMAP radiometer data are the 3rd and
4th Stokes parameters, which are produced via complex
cross-correlation of the vertical and horizontal polariza-
tions for the fullband as well as each of the 16 subbands.
Polarization detection uses the 3rd and 4th Stokes
parameters to search for variations greater than a fixed
number of standard deviations away from reasonable
geophysical values to identify RFI (Kristensen et al. 2012).

Since each of these detection methods is sensitive to
different kinds of RFI, a complex method of integrating
multiple detection results was developed. A single maxi-
mum probability of detection (MPD) flag, which minimizes
the probability of missing the detection of RFl, is formed
by a logical OR of each of the individual RFI detector
outputs. Due to the logical OR operation, no RFl that is
detected by any individual algorithm can ever be missed
by the MPD algorithm. For this reason, the MPD flag
minimizes the probability of missed detection — in other

words, the probability of RFI detection is maximized given
the available individual detectors. The MPD algorithm
operates on both the fullband data (350 ps samples) and
the 16-subband data (1.4 ms samples). The philosophy
of using a logical OR operation to combine individual flags
is used to combine the outputs of the two versions. If a
fullband MPD flag is set high (indicating the presence of
RFI), then all 16 subbands that include that time interval
are considered contaminated with RFI. This methodology
is illustrated in Figure 24. RFI removal is accomplished

by including in the final product average (over the 8

time sample by 16 subchannel spectrogram) only those
second moment subband counts for which the composite
MPD flag is not set. Thus, the final product is an average
of the RFI-free samples forming an RFI-free footprint.

D. Radiometer Processing

The radiometer processing algorithms are described more
completely in the L1B_TB ATBD. The L1B_TB Radiometer
processing subsystem consists of four separate execut-
able programs:

e LOa preprocessor — collects metadata from each
downlink telemetry file

e | Ob preprocessor — organizes the downlink teleme-
try files into half-orbit granules

e 1A processor — unpacks telemetry data, sorts data
into various radiometric states, and performs digital
numbers to engineering units conversions

e 1B processor — performs calibration, RFI detec-
tion and mitigation, and removes error sources to
produce brightness temperature products

The LOa and LOb preprocessors prepare the incoming
downlinked telemetry files by stitching and splitting them
into half-orbit granules. Some overlap is included at the
beginning and end to ensure that all data are included

in the final L1B_TB product files. The L1A processor un-
wraps the CCSDS packets which make up the telemetry
files, parses the radiometer science data into various
radiometric states, and creates and stores the time
stamps for science data. Housekeeping telemetry such as
temperature, voltage, and current monitor points are con-
verted to engineering units for each scan. These telemetry
points are stored before and after unit conversion.

Each record of the resulting L1A file contains both
fullband and subband data in high-rate mode (over land
and calibration targets) and only fullband data in low-rate
mode (over ocean). The L1A file is stored in HDF format
and will be submitted for archival storage along with the
output data products. The L1A file becomes the primary
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Figure 24. Example of the MPD operation. The bottom left plot shows the
pulse-detection algorithm detecting RFl in the time domain and the cor-
responding time slice in the time-frequency data is flagged for removal,
shown on the right plot. The cross-frequency algorithm detects RFl in the
time-frequency data shown on the top left and that spectrogram element

input to the L1B processor. The L1A file provides the first
four raw moments of the science telemetry needed for
processing. In addition to the radiometer telemetry data,
these processors will also require ancillary data to support
geolocation and calibration. Processing radiometer data
and locating them accurately on the Earth’s surface will
require precise data on the location of the spacecraft and
the attitude of the spacecraft and of the spinning antenna.
All of these data will be supplied in the form of standard-
ized SPICE kernel files by the navigation element of the
project in coordination with the Navigation and Ancillary
Information Facility (NAIF) at JPL. SPICE files follow format
standards used by many JPL planetary missions and
include a software library to access and manipulate them.
More detailed information about NAIF and SPICE is avail-
able at http://naif.jpl.nasa.gov. Some additional instrument
parameters and processing parameters will be supplied to
the processors in instrument parameter files read by each
of the executable programs.
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in addition to the elements of adjacent subbands are flagged for removal.
All time-domain and frequency-domain detection methods similarly flag
elements in the time-frequency data for removal. The remaining clean
elements are then averaged to form a product.

E. L1B Product Description

The output L1B file in HDF format contains five main
sections of data. The first is a metadata block, which
contains information about the entire file. Metadata are
divided into two groups: a general group present in all
SMAP data products (including higher levels), and a prod-
uct-specific group that contains more specialized fields
appropriate to the corresponding product. The general
fields include input and output file names, types, and
versions, time ranges of the contained data, generating
software names, versions, dates of modification, and pro-
ducer description information. The product-specific group
for L1B_TB includes bounding coordinates on the Earth
for contained data, orbital parameters and times, output
projection used, antenna rotation rate, product resolution,
algorithm version, and thresholds applied during process-
ing. Following the metadata is the spacecraft data group,
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which records basic geometric fields once every revolu-
tion of the antenna. Included are the spacecraft position
and attitude, and the nadir track position on the surface.
Following the spacecraft data group is the high-resolu-
tion calibration data group, which consists of values for
instrument component losses and noise temperatures for
the vertical and horizontal polarizations for all 16 radiom-
eter subbands used in the internal calibration part of the
algorithm.

The next group is the calibration data group, which con-
tains values for instrument component losses and noise
temperatures for the vertical and horizontal polarizations
for the radiometer fullband. The brightness temperature
group contains the products that are required based on
science objectives. It contains time-ordered footprint
averaged brightness temperatures (Tgs) referenced to the
Earth’s surface with error sources removed. This group
also includes geolocation information, antenna tempera-
tures referenced to the feedhorn before and after radio
frequency interference mitigation, error sources, quality
flags, Tg error, and noise-equivalent delta temperature
(NEDT) along with relevant bit flags.

F. Calibration

Calibration of the radiometer science data reported in the
L1B_TB product requires measuring and characterizing
the gain and noise contributions from every part of the
radiometer system from the antenna radiation pattern

all the way through to the radiometer back-end. Most

of these elements will have nominal values determined
pre-launch during system integration and testing. Ground
processing will incorporate these nominal values through
an instrument parameter file read by the L1B processor.
These parameters provide an initial calibration. The ra-
diometer is designed to meet stability requirements over
a time span of 1 month in its gain and noise parameters
that satisfy the measurement error budget. Long-term
trends, biases, and systematic errors are corrected
through the viewing of external calibration target areas
that exhibit spatial uniformity and/or temporal stability.

Since a full end-to-end calibration of the SMAP radi-
ometer including the reflector (effects of mesh emission
and certain other reflector-related effects) can only be
performed on orbit after the main reflector has been de-
ployed, end-to-end Tg calibration shall be performed on
orbit using external calibration targets. Desirable external
calibration targets should be beamfilling, spatially homo-
geneous, temporally stable, and have a Tg value that is
independently known via measurement or calculation to
a useful level of uncertainty. SMAP is considering several
natural targets for use in external calibration: Antarctica,
Amazon rain forests, the ocean, and cold space.

Aquarius and SMOS are using Antarctica to verify the cal-
ibration stability of the radiometer. Measurements across
East Antarctica show subkelvin temporal stability. SMAP’s
polar orbit will allow viewing of East Antarctica during

~6 orbits every day. Amazon rain forests have been
useful for trending the Aquarius radiometer’s calibration
as well as the Aquarius scatterometer, although the
temporal coverage is much less than for the Antarctic,
and independently determining the Amazon forest Tg is
still a research area. SMAP has defined an area in the
South Pacific that, based on oceanographic and clima-
tological considerations, should serve as a good external
calibration target and that is viewable ~2 times per day.
Knowing the ocean Tg accurately requires knowledge of
the sea state over the viewed area, as well as sea surface
temperature (SST) and sea surface salinity (SSS). The
Aquarius forward simulator will be used to help with this
calculation. (The globally averaged open ocean is also
relatively stable, with a Tg around ~100 K. The global
ocean TB requires global coverage, which means it would
be available every 7 days.) Together, the ocean, East Ant-
arctica, and the Amazon will be complementary external
calibration targets covering brightness temperatures from
about 100 K to 300 K. For absolute Tg calibration, the
ocean and cold space (described next) remain the prima-
ry calibration targets since their Tgs can be determined
through independent means with the smallest uncertainty.
East Antarctica and the Amazon forest will be used initial-
ly as stability references.

Monthly cold space calibration (CSC) is part of the SMAP
mission baseline. A pitch maneuver will allow the entire
conical scan to view space. In contrast to the other three
external target candidates, the expected Tg of cold sky
can be computed in an absolute sense from basic phys-
ical principles and L-band brightness temperature maps
of cold sky. For calibration purposes, L-band maps of the
radio sky from radio astronomers will be used to avoid
“hot spots” and to calculate the Tg seen when integrating
over the SMAP radiometer solid angle. The back lobe
contributions from the Earth will be computed using the
antenna gain of back lobes and expected brightness
temperatures of Earth. Other uses of CSC include: (a) drift
detection, (b) scan bias detection because the brightness
temperatures of cold space are known quite well, and

(c) on-orbit characterization of nonlinearity together with
the other three external calibration targets. SMOS was
able to use CSC to detect and correct for drift that took
7 months to diminish as well as to use CSC for flat-field
purposes. The SMAP L1B_TB simulator already incorpo-
rates the data and analysis tools to analyze the optimum
locations over the Earth for the cold space viewing.
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G. Heritage and Data Continuity (Aquarius and
SMOS)

As mentioned in Chapter 1, the SMAP mission was
developed in response to the NRC’s Earth Science
Decadal Survey and has significant roots in the Hydros
Earth System Science Pathfinder (ESSP) mission, which
was initially selected as an alternate ESSP mission and
subsequently cancelled in late 2005 prior to Phase A.

One significant feature SMAP adopted from Hydros is the
footprint oversampling used to mitigate RFI from terrestrial
radars. The Aquarius/SAC-D project, a NASA ESSP ocean
salinity mission launched in June 2011, also influenced the
SMAP hardware and calibration algorithm. The radiometer
front-end design is very similar to Aquarius; for example,
the external correlated noise source (CNS) is nearly an
exact copy of that from Aquarius. Features of the Aquarius
calibration algorithm, such as calibration averaging and ex-
traterrestrial radiation source corrections, are incorporated
into the SMAP algorithm. Finally, the SMAP orbit simulator
is a modification of the Aquarius simulator code.

SMAP’s antenna is conical scanning with a full 360° field of
regard. However, there are several key differences (some
unique) from previous spaceborne conical scanning radi-
ometers. Most obvious is the lack of external warm-load
and cold-space reflectors, which normally provide radio-
metric calibration through the feedhorn. Rather, SMAP’s
internal calibration scheme is based on the Dicke-Switch-
ing design used by Aquarius/SAC-D and Jason Advanced
Microwave Radiometer (AMR) pushbroom radiometers,
and uses a reference load switch and a coupled noise
diode. The antenna system is shared with the SMAP radar,
which requires the use of a frequency diplexer in the feed
network. Like the Naval Research Laboratory’s WindSat
instrument, SMAP measures all four Stokes parameters,
although unlike WindSat, SMAP uses coherent detection
in a digital radiometer back-subend. The first two modified
Stokes parameters, TV and TH, are the primary science
channels; the T3 and T4 channels are used to help detect
RFI, which has recently proven quite valuable for the
SMOS mission (Skou et al. 2010). The T3 channel mea-
surement can also provide correction of Faraday rotation
caused by the ionosphere. Overall, the most significant
difference SMAP has from all past spaceborne radiom-
eter programs is its aggressive hardware and algorithm
approach to RFI mitigation.

lll. The SMAP Radar
A. Radar Performance Requirements

The SMAP radar is required to meet the following perfor-
mance requirements:

e Obtain measurements of surface backscatter cross-
section for HH and VV polarizations (co-polarized
measurements)

e Obtain measurements of surface backscatter
cross-section at HV or VH polarizations
(one cross-polarized measurement selectable by
ground command)

e Obtain measurements of co- and cross-polarized
surface backscatter cross-section consistent with a
multi-look data product at 3-km resolution over 70%
of the approximately 1000-km scanned instrument
swath using synthetic aperture processing

e Achieve radiometric accuracy of 1 dB for co-polar-
ized (HH and V) measurements multi-looked/aver-
aged to 3-km spatial resolution

e Achieve radiometric accuracy of 1.5 dB for cross-
polarized (HV or VH) measurements multi-looked/
averaged to 3 km

e  Collect data that meet the above requirements over
all land areas of science interest

e  Collect data continually at a reduced, real-aperture
resolution of 30 km continuously over the entire Earth
(including oceans)

B. Radar Technical Design

Figure 25 displays a simplified block diagram of the
SMAP radar functions. As the antenna rotates, the SMAP
radar emits H-polarized and V-polarized pulse pairs

at a pulse-repetition frequency (PRF) of approximately
2850 Hz (Figure 26). The exact PRF varies slightly around
the orbit to account for Earth’s oblateness. Each pulse

is 15 ps in length, and is modulated to a linear-FM chirp
of 1-MHz bandwidth. The H-polarized and V-polarized
signals are transmitted in succession with a separation

of 9 ps using a single high-power transmitter, and routed
respectively to the H-pol and V-pol ports of the antenna
by a polarization selection switch. The H-polarized and
V-polarized transmit signals are at two different frequen-
cies, fy and fy, separated by 3 MHz. This frequency
separation allows the resultant echoes from each transmit
polarization to be distinguished during their simultaneous
reception (Figures 26 and 27). In essence, the SMAP
radar can be thought of as two simultaneously operating
dual-polarized systems: one measuring HH and VH polar-
ization echoes, the other measuring VV and HV polariza-
tion echoes (where the convention of the notation used
here is ordered first “receive polarization” then “transmit
polarization”).

Upon receive, the signals from the V- and H-polarized
antenna ports are routed to two identical receivers. After
downconversion and sampling, each receiver applies

a set of three digital filters (Figure 27). In the H-channel
receiver, there is a 1-MHz filter centered on fH to measure
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the HH co-polarized backscatter, and a filter centered on
fiy to measure the Hy cross-polarized backscatter. The
situation is reversed in the V-channel receiver, where fy
and fy measure the VWV co-polarized backscatter and
VH cross-polarized backscatter, respectively. The output
samples from the co-polarized and cross-polarized
filtering operations are telemetered to the ground for
SAR processing. In both receivers, there is also a 1-MHz
“noise-only” filter in between the transmit frequencies

for the purpose of measuring the thermal noise back-
ground. Note that SMAP is a relatively narrow-band radar
compared to other spaceborne SARs. This is consistent
with the SMAP mission’s moderate spatial resolution
requirements. Following a standard technique utilized

in radar scatterometry, a measurement of the receiver’s
thermal noise power is subtracted from the signal power
in ground data processing. This is a necessary step to
prevent biasing the backscatter measurement at low
signal levels. All of the filters are designed with high out-
of-band rejection to ensure suppression of RFI signals at
frequencies outside the filter pass bands.
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Figure 25. Simplified block diagram of SMAP radar functions.

To obtain the required 3-km resolution for the freeze/
thaw and soil moisture products, the radar employs pulse
compression in range as well as Doppler discrimination in
azimuth to subdivide the antenna footprint. This is equiv-
alent to the application of SAR techniques to the conically
scanning radar case. Due to squint angle effects, the
high-resolution products will be somewhat degraded with-
in the 300-km region of the swath centered on the nadir
track, with azimuth resolution capability decreasing over
this region as the pixel location approaches the spacecraft
sub-satellite track (Figure 28).

Radiometric calibration is accomplished by using a “loop-
back” approach whereby some of the energy in the trans-
mit pulse is coupled into the receiver to continuously track
the transmit power—receiver gain product, which is used
in the radar equation. Radiometric calibration “outside of
the loopback” is accomplished by careful measurement
of transmission losses (through cables, diplexer, rotary
joint, etc.) over temperature pre-launch. A summary of the
SMAP radar parameters is given in Table 8.

C. RFI Detection and Mitigation

The L-band region of the electromagnetic spectrum is
heavily used, and it is well known that Earth remote sens-
ing at this frequency is subject to significant RFI. In order
to meet radiometric accuracy requirements, the SMAP
project has taken aggressive measures to both identify
and mitigate the effects of RFI. Because SMAP is a global
mapping mission with continuous, near-real-time genera-
tion of data products, any RFI mitigation techniques must
lend themselves to reliable automation in ground pro-
cessing software. The SMAP radar operates in a “shared”
band between 1215 and 1300 MHz with other services
such as long-range aircraft tracking systems and satellite
global positioning systems. The most dominant sources
of interference globally are ground-based radiolocation
radars used for long-range surveillance and tracking of
aircraft. This category of systems employs rotating or elec-
trically scanning antennas with transmit powers anywhere
from kilowatts to megawatts. These radiolocation systems
operate over the entire 1215-1300 MHz remote sensing
allocation, and conspicuously appear in all previously
flown L-band radar missions (e.g., JERS, ALOS PALSAR,
Aquarius, and the airborne NASA UAVSAR). In addition to
these radiolocation systems, a variety of “other” services
are observed less frequently, most notably near a few
specific urban centers. These other emissions range from
very low-power tonal signals to coded signals of unknown
purpose. Finally, there are space-based systems, the
largest of which are the global radio navigation satellites
(GNSS) such as GPS. These systems are low power, but
transmit a continuous broadband coded signal.
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Figure 26. Time-domain illustration of the SMAP radar transmit, reception, and polarization scheme.
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Figure 28. Range-Doppler geometry of rotating radar antenna beam,
showing azimuth resolution degradation in the upper right panel at high
squint angles.

For the SMAP radar, the most severe RFl issue will be
from surface-based systems. In order to quantify this
effect for the specifics of the SMAP design and to test
mitigation algorithms, a simulation that consists of the
many known emitters on the ground was constructed.
This simulation of terrestrial RFI compares extremely well

Table 8. Approximate SMAP radar parameters.

Antenna Key Parameters

with actual Aquarius data observed over North America,
validating the model. Studies have shown that a slow-time
thresholding (STT) approach is effective for detecting and
excising terrestrial RFI (Belz et al. 2011; Chan and Spen-
cer 2009; Spencer et al. 2013). This approach involves the
excision of raw radar data samples whose power exceeds
a threshold that is set relative to the median power over

a sliding window in the slow-time or azimuth dimension
for each range bin. Excised samples can be filled with
statistically representative data in order to avoid an addi-
tional radiometric bias. RFI mitigation studies with SMAP
parameters indicate that, under nominal assumptions, the
overall measurement errors due to RFI will be within the
budgeted allocation of 0.4 dB RMS. The errors due to RFI
are expected to show great temporal and spatial variabil-
ity; they will be undoubtedly quite large for some small
fraction of measurements, and some geographical areas
will likely be characterized by larger errors than others.
However, the range of global variation seen in the Aquar-
ius data suggest that even over challenging geographic
areas, reasonable measurements will still be possible.

Interference from satellite-based GNSS sources is expect-
ed to be much lower than that from terrestrial sources.
Whereas Earth-based sources can generate interference
many decibels above the expected echo signal levels,
satellite sources typically generate interference below the

Beamwidth (1-way, 3 dB) 2.7°
Look Angle, Incidence Angle 35.5° 40.0°
Peak Gain 36 dBi

Rotation Rate

13.0to 14.6 rpm

Radar Key Parameters

Transmit Carrier Frequencies

Tunable from 1217.25 MHz to 1275.75 MHz

Channels

HH, WV, HV (or VH)

PRF, Pulse Length

2.9 kHz, 15 psec

Azimuth Dwell Time

42 ms

Transmit Bandwidth

1 MHz

Peak Transmit Power

500 W (at output of amplifier)

Single-Look Res (broadside)

250 m x 400 m

Noise Equiv. oo (broadside)

<-30dB
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receiver noise-floor level. The low-level “hum” associated
with this interference can be significant for low-echo signal
levels, but is readily removed by the use of the noise-only
value in the noise subtraction process. The noteworthy ex-
ception to this is when there is a strong specular reflection
off of a very smooth surface. The percentage of measure-
ments that will experience strong specular events above
the noise floor, however, is much less than 2%. Such
specular cases should have a readily recognizable “profile”
in the noise-only measurement, and should be easy to flag
in the radar data product.

If unexpected interference is encountered that is substan-
tially different from the readily mitigated RFI, the SMAP
radar still has the ability to selectively tune the receiver

to avoid these sources. A key feature of the SMAP radar
design is that the transmit frequencies, along with the as-
sociated filter center frequencies, can be tuned anywhere
within the 1217.25 MHz to 1275.75 MHz remote-sensing
allocation (Figure 28) in steps of 1.25 MHz. Tuning to the
desired frequency is accomplished by using a look-up ta-
ble that is dependent on geographic location. This tuning
capability was implemented to allow frequency adjust-
ments in response to persistent interferers operating at a
specific location, or in response to new emitters that may
appear over time. During the early post-launch period,

an “RFl survey” will be conducted. During this survey, the
SMAP transmitter will be disabled, the radar frequency will
be continuously tuned up and down the 1215-1300 MHz
allocation, and the SMAP receiver will simply listen to the
RFI environment. Results from this survey will be analyzed
to determine the best frequencies to use for the SMAP
radar during the science acquisition phase of the mission.

D. Radar Processing

The radar processing algorithms are described more com-
pletely in the L1 Radar ATBD. The L1 radar processing
subsystem consists of six separate executable programs:

e | Oa preprocessor — collects metadata from each
downlink telemetry file

e | Ob preprocessor — organizes the downlink teleme-
try files into half-orbit granules

e 1A processor — unpacks telemetry data and per-
forms unit conversions

e  Calibration Preprocessor — collects calibration data
and updates calibration models

e 1B processor — Low-resolution radar processor

e L1C processor — High-resolution (SAR)
processor

The LOa and LOb preprocessors prepare the incoming
downlinked telemetry files by stitching and splitting them
into half-orbit granules. Some overlap is included at the
beginning and end to ensure that all data are included in
the final L1B and L1C product files. The L1A processor
unpacks the telemetry files, assembling radar records
and decoding the raw telemetry data. Decoding includes
all the necessary bit-level decoding and conversion of
fields to floating-point values with standard Sl units where
needed.

Each record of the resulting L1A file contains data from
one pulse-repetition interval (PRI) when the instrument

is in high-resolution mode, and from one 48-PRI-long
low-resolution interval when the instrument is operating
in low-resolution mode. The block floating-point quan-
tized (BFPQ) encoded high-resolution samples are left
unchanged at this stage so that diagnostic tools can
examine the raw data using the L1A file. The L1A file is
stored in HDF format and will be submitted for archival
storage along with the output data products. The L1A file
becomes the primary input to the L1B (low-resolution, re-
al-aperture) processor, the L1C (high-resolution, synthetic
aperture) processor, the calibration preprocessor, and var-
ious diagnostic and support tools. The L1A file provides
the echo samples measured by the radar along with the
corresponding timing and frequency parameters needed
for processing. In addition to the radar telemetry data,
these processors will also require ancillary data to support
geolocation and calibration. Processing radar data and
locating them on the Earth’s surface will require precise
data on the location of the spacecraft, the attitude of the
spacecraft and of the spinning antenna, and the topogra-
phy of the Earth. All of these data will be supplied in the
form of standardized SPICE kernel files by the navigation
element of the project in coordination with the Navigation
and Ancillary Information Facility (NAIF) at JPL. SPICE
files follow format standards used by many JPL planetary
missions and include a software library to access and ma-
nipulate them. More detailed information about NAIF and
SPICE is available at http://naif.jpl.nasa.gov. Some addi-
tional instrument parameters and processing parameters
will be supplied to the processors in algorithm parameter
files read by each of the executable programs.

E. L1B Product Description

The output L1B file in HDF format contains four main sec-
tions of data. The first is a metadata block that contains
information about the entire file. Metadata are divided into
two groups: a general group present in all SMAP data
products (including higher levels), and a product-specific
group that contains more specialized fields appropriate

to the corresponding product. The general fields include
input and output file names, types, and versions, time
ranges of the contained data, generating software names,
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versions, dates of modification, and producer description
information. The product-specific group for L1B includes
bounding coordinates on the Earth for contained data,
orbital parameters and times, output projection used, an-
tenna rotation rate, product resolution, algorithm version,
the DEM used, and thresholds applied during processing.
Following the metadata is the spacecraft data group,
which records basic geometric fields once every revolu-
tion of the antenna. Included are the spacecraft position
and attitude, and the nadir track position on the surface.
Following the spacecraft data group is the sigma0 data
group, which consists of vectors of data organized in
time-order. The primary field is the radar normalized
backscattering cross-section with one value per 48-PRI
low-resolution interval. 1-D arrays with shapes of one
value per low-resolution interval are called sigma0 arrays.
Included are vectors of data providing:

e Geographic coordinates

e Equal-Area Scalable Earth-2 (EASE2) grid
coordinates

e Topographic data for the beam center point

e Geometric look vector data (e.g., azimuth and
incidence angles, range)

e  Surface type flag
e Number of looks
e Data quality flags

e Normalized radar cross-section (NRCS) for all
channels

e NRCS standard deviations for all channels
e  Calibration factors used

e  Signal-to-noise ratio (SNR)

e  Spatial resolution

Because the vectors are organized in time-order, the spa-
tial locations follow the scanning motion of the antenna
and the orbital motion of the spacecraft. These measure-
ments are real-aperture results that apply to the full beam
footprint on the surface (about 40 km across). The EASE2
grid is a set of standard projections used by many Earth
science missions. Following the sigma0 data group is an-

other set of 2-D arrays called the sigma0 slice data group.

These arrays divide the beam footprint into 9-14 range
slices with sizes of about 6 km by 40 km. The same fields
are present here as in the sigma0 data group, but with

higher range resolution. The range binning is actually done
by the instrument before downlink to reduce data volume.
These 2-D arrays called sigma0 slice arrays will have a
second dimension size determined by the L1B processor
to accommodate the data take.

F. L1C Product Description and Swath Grid

The output L1C product in HDF format is spatially orga-
nized (unlike the time-ordered L1B product) using a 2-D
swath grid. A special coordinate system developed at JPL
called SCH coordinates defines the swath grid used to
project the output data. SCH coordinates are a spherical
coordinate system that best approximates the WGS84 el-
lipsoid in the along-track direction. This coordinate system
is readily referenced to conventional geodetic coordinates
(latitude and longitude) and these coordinates are also
supplied in the output swath format. Level 2 and higher
SMAP products are also spatially organized, but they will
use EASE?2 grid projections instead of a swath-oriented
projection. To aid in translating data between the radar
swath grid and the EASE2 grids, the L1C product will
include the index coordinates of the cylindrical and one of
the polar EASE2 grids along with the WGS84 latitude and
longitude for each swath grid point. The swath grid will
have approximately 1 km posting; however, it should be
noted that all performance requirements are specified for
the corresponding 3-km grid obtained by averaging the
1-km grid. The L1C product uses the swath grid rather
than one of the EASE2 grids because the swath grid is
more space efficient (fewer empty array positions in a
half-orbit), and suffers from much less distortion. Further-
more, many important performance characteristics of the
radar data such as the number of looks, the effective res-
olution, and the random error are functions of cross-track
position but not of along-track position. Using a swath
grid makes validation of the data an easier task.

The L1C product contains three sections of data. The first
is the same metadata present in the L1B file. The second
is the spacecraft data group that contains time-ordered
geometry data (spacecraft position, velocity, and attitude)
at the times when the spacecraft nadir point crosses each
swath row. The third is the sigma0 data group organized
as 2-D swath grid arrays. The primary field again is the
sigmao field. The L1C SAR processing algorithms will
geolocate sigma0 results with respect to the 3-D ellip-
soidal surface of the Earth as defined by the WGS84
Earth model. These data are then projected onto the 2-D
swath grid. The same basic data fields listed earlier for the
L1B file are also present in L1C files, but they will be 2-D
spatially organized arrays rather than 1-D time-ordered
vectors.
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G. SAR Processing Algorithm

The L1C processor begins with the formation of the
output swath grid tailored for the current data granule.

A full-resolution grid with 250 m spacing is generated to
accumulate the correlation contributions that each pulse
makes to its illuminated grid points. The processor works
through the input data in time order, computing the illumi-
nated area for each pulse echo, and accumulating results
in 2-D arrays over the swath grid. The basic processing
flow follows the rectangular algorithm, which breaks

the general 2-D correlation required for SAR processing
into two successive 1-D matched filtering steps. First is
range compression, which correlates the echo data with
a replica of the transmitted FM chirp waveform. Second
is azimuth compression, which correlates the range com-
pressed data with the computed Doppler history for each
grid point. Azimuth compression is implemented using
time domain correlation with back projection. A time-do-
main approach is favored because it easily accommo-
dates the varying squint angle around the conical scan.
The scan is fast enough that the beam dwell time over
any given grid point is relatively small (38 ms) compared
to other SAR systems. This decreases the computational
burden of a time domain algorithm. Nonetheless, latency
requirements are a challenge since SMAP processing runs
in real time. The three polarization channels and the fore
and aft data are processed in parallel to reduce process-
ing times. Contributions to each grid point are scaled with
the effective area of a resolution cell at that point and the
beam gain in the look direction. Noise subtraction and
gain calibration using an internal loop back measurement
are applied to produce calibrated sigma0 values for the
output. The full-resolution grid is averaged to 1-km spac-
ing and written into the output HDF product. The L1C
processor also applies RFI filtering described earlier to
each pulse echo, and a Faraday rotation correction based
on externally supplied measurements of the ionosphere.

H. Calibration

Calibration of the co-polarized and cross-polarized
backscatter measurements reported in the L1C product
requires measuring and characterizing the gain and noise
contributions from every part of the radar system from the
antenna radiation pattern all the way through the ground
processing algorithms. Most of these elements will have
nominal values determined pre-launch during system
integration and testing. Ground processing will incorpo-
rate these nominal values through an algorithm parameter
file read by the L1C processor. These parameters provide
an initial calibration. The radar system is designed to
meet stability requirements over a time span of about

1 month in its gain and noise parameters that satisfy the
measurement error budget. Long-term trends, biases,

and systematic errors are corrected through the use of
external calibration target areas that exhibit spatial uni-
formity and temporal stability. Examination of backscatter
data from other missions such as JERS-1, PALSAR-1,
QuikSCAT, and Aquarius shows that suitable target areas
fall into three broad geophysical categories: rain forests in
the Amazon, Congo, and parts of Indonesia; ice sheets in
Greenland and Antarctica; and a wind-corrected globally
averaged ocean. The specific target areas for operational
use will be selected during the post-launch SMAP cal/val
period. The Amazon is particularly suitable because other
missions like ALOS/PALSAR have used and future ALOS-
2 PALSAR will use it as a calibration reference, so there
will be larger amounts of high-resolution data available.
The ocean is also a suitable target for SMAP because
the low-resolution radar data cover it frequently, and a
wind correction using externally supplied wind fields can
be applied similar to the approach used by the Aquarius
mission.

The stable external target areas provide a cross-cali-
bration reference for the SMAP L1 radar backscatter,
which will be used to set a global bias correction for the
backscatter measurements. The bias correction will mini-
mize the differences between the SMAP backscatter over
these target areas and the measurements made by the
ALOS/PALSAR mission. PALSAR is a high-resolution, fully
polarimetric L-band SAR system that made extensive use
of man-made calibration references such as corner reflec-
tors and transponders to establish an absolute calibration
level. The relatively lower resolution of the SMAP radar
does not allow accurate calibration against corner reflec-
tors because the effective areas of these targets are too
small relative to the SMAP resolution cell. By cross-cali-
brating with PALSAR, SMAP can indirectly make use of
the PALSAR corner reflector based absolute calibration.

The radar system is designed to meet short-term stability
requirements that add up to a relative calibration error

of 0.35 dB. Here, “short term” means about 30 days,
which is the time scale that pre-launch testing can test
and verify. The radar error budget includes an addition-

al 0.2 dB of relative error due to long term variations in
system gain. Long-term variations are expected due to
component aging effects, seasonal temperature variation,
and imperfections in the short-term temperature calibra-
tion models. Detecting and correcting long-term variations
is performed using external targets with good long-term
stability. The best candidate identified so far is the globally
averaged wind-corrected ocean. Aquarius ocean data
have shown backscatter stability around 0.1 dB over a
2-year time span. Selected areas of the Amazon rain for-
est are another candidate. These have shown long-term
stability of 0.2 dB if data are separated between dry and
rainy seasons.
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The choice of external target to use for long-term de-
trending will be made during the SMAP post-launch
cal/val period. Pre-launch studies are performed using
PALSAR and Aquarius data to provide initial target areas.
During the L1 cal/val period, measurements from different
target types will be compared for consistency and one
will be chosen. A mixture of two target types may also be
used for the final SMAP calibration.
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4. Soil Moisture Data Products

I. Passive, Active-Passive, and Active
Products Overview

The SMAP Project produces three soil moisture products
(see Chapter 2, Table 4). These products at Level 2 are
titled L2_SM_P, L2_SM_A, and L2_SM_AP. They are
half-orbit retrievals of soil moisture (SM) posted on nested
fixed Earth grids of different spacing (36, 3, and 9 km,
respectively). In the equivalent Level 3 products, individual
half-orbit granules acquired over 24 hours are compos-
ited to produce daily multi-orbit global maps of retrieved
soil moisture. Each of these soil moisture products has
different attributes and uses the SMAP instrument data in
different ways. The SMAP instrument package will deploy
an L-band SAR and an L-band radiometer for concur-
rent coincident measurements. The L2_SM_P product is
principally based on the passive (P) radiometer measure-
ments and hence its resolution and other data attributes
are related to the radiometer brightness temperature
characteristics. The L2_SM_A product uses the SMAP
radar backscatter cross-sections and hence its data
attributes and resolution are compatible with the active
(A) instrument measurements. The active-passive (AP)
soil moisture product combines the radar and radiometer
measurements and hence its resolution is intermediate
between the two. Besides their characteristic spatial
gridding (36 km for the passive, 3 km for the active,

and 9 km for the active-passive), the three soil moisture
products will have other varying attributes owing to which
instrument data are the primary input to their retrieval
algorithms. These attributes additionally include accuracy
because of the differences in the sensitivity of active and
passive measurements to soil moisture. Factors such as
vegetation water content and canopy density as well as
surface roughness affect data from the two SMAP instru-
ments to varying degrees. Also, differences in retrieval
algorithms affect the products. A good understanding of
these considerations is critical to the selection of the most
appropriate soil moisture product by SMAP users. In this
chapter these three soil moisture products are described
in detail, and the material presented should provide a
valuable guide to their eventual use in diverse science
and applications research.

At L-band, the observed radiometric brightness tem-
perature represents emission determined mainly by
the physical temperature and dielectric constant of the

observed scene (related to soil moisture in the top ~5 cm).

The sensitivity to soil moisture decreases significantly for
surfaces with vegetation water content (VWC) above

~5 kg m=2. The SMAP radiometer instrument is designed
to provide measurements of brightness temperature with
better than 1.3 K uncertainty (1-sigma). Given that the
brightness temperature difference across the dynamic
range of surface soil moisture can be many tens of K (up
to ~70 K and higher), the L-band radiometer is a highly
sensitive indicator of surface soil moisture content. As a

result, based on multiple airborne and other field cam-
paigns over the last two decades, passive microwave soil
moisture retrieval algorithms have evolved to be reason-
ably robust and reliable. However, spaceborne radiometer
measurements, including those by SMAP, suffer from
coarse spatial resolution. The SMAP real-aperture anten-
na, with a 6 m-diameter lightweight deployable mesh re-
flector, can yield ~40-km resolution (3 dB) measurements
at the elevation of the SMAP low-Earth orbit. Because of
this, SMAP brightness temperature measurements and
derived products are posted on a 36-km fixed Earth grid.
The SMAP L2_SM_P is a soil moisture product based on
brightness temperature measurements that are sensitive
to soil moisture. Given the extensive heritage of L-band
passive microwave soil moisture retrieval algorithms, this
product is expected to be reliable and robust (better than
0.04 cm3 cm3 (1-sigma) accuracy) with about 40 km
resolution, which is compatible with hydroclimatological
applications.

Using the same antenna system but with synthetic aper-
ture radar (SAR) processing, the SMAP L-band radar pro-
vides backscatter cross-section measurements at much
higher spatial resolution (~1 to 3 km over the outer 70%
of the swath; measurements approach 3 to 30 km reso-
lution in the 30% area along the nadir flight track directly
beneath the satellite). The high-resolution advantage of
SAR is diminished for soil moisture sensing by the higher
sensitivity of SAR to surface roughness and scattering
by vegetation. Owing to these latter factors, SAR-based
algorithms used for soil moisture retrieval have relatively
more uncertainty. It is anticipated that the L2_SM_A will
have a lower accuracy (up to 0.06 cm3 cm™3) over regions
with VWC below ~3 kg m=2. Thus, the L2_SM_A soil
moisture product has the advantage of increased spatial
resolution but with less accuracy for regions with higher
vegetation cover. Depending on the specific application
and requirements for the levels of discrimination of soil
moisture in its dynamic range, certain users may prefer
to have soil moisture information at higher resolution and
will accept the higher error and reduced sensitivity that
may be present with the radar-only-based soil moisture
products.

Concurrent SMAP SAR and radiometer measurements
and their respective advantages can be effectively com-
bined to derive soil moisture estimates with intermediate
accuracy and at intermediate resolution (~9 km) that
meet the SMAP project requirements (see next section).
The SMAP L2_SM_AP soil moisture product uses the
coarse resolution but sensitive (to soil moisture) passive
radiometer measurements and the high resolution but
relatively less sensitive active radar measurements to
produce an intermediate resolution soil moisture product.
The algorithm for this product uses the SAR backscat-
ter cross-section measurements to disaggregate the
radiometer brightness temperatures. The spatially higher
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resolution disaggregated brightness temperatures and the
instrument radiometer brightness temperature fields are
compatible in that their field averages are identical. The
brightness temperature retrieval algorithm used for L2_
SM_P (with ancillary information of the right type and at
the right scale [9 km)) is then utilized to retrieve intermedi-
ate-resolution soil moisture fields based on the disaggre-
gated brightness temperature fields. The L2_SM_AP ac-
curacy is equal to or better than 0.04 cm3 cm-3 (1-sigma)
for regions with VWC below ~5 kg m-2. This soil moisture
data product is unique to SMAP and is possible given that
the SMAP radar and radiometer share the same antenna
and data acquisition strategy. The resolution scale of this
soil moisture product is 9 km, which is compatible with
hydrometeorological applications.

Il. Requirements and Validation Metrics

The SMAP Level 1 Requirements and Mission Success
Criteria document specifies the SMAP baseline require-
ment for soil moisture as estimates of soil moisture in the
top 5 cm of soil with an error of no greater than 0.04 cm3
cm-3 volumetric (1-sigma). This accuracy must be met at
10 km spatial resolution and with 3-day average intervals
over the global land area (see Chapter 2 for more detail).
The SMAP soil moisture data products suite must include
a product that meets these requirements, which must

be demonstrated within the cal/val (calibration/validation)
phase of the project (the first 12 months of science data
acquisition). The soil moisture accuracy requirement ap-
plies over global coverage but excludes regions of snow
and ice, frozen ground, mountainous topography, open
water, urban areas, and vegetation with water content
greater than 5 kg m=2. The SMAP Project has a Calibra-
tion/Validation (Cal/Val) Plan (Chapter 7) that is designed
to demonstrate that SMAP baseline products meet the re-
quirements over sites with diverse climate and land cover.

The “1-sigma” specification on the accuracy requirement
is a quadratic performance statistical metric. The root
mean square error (RMSE) is such a statistical measure
and it is the one adopted by the SMAP Project. Entekhabi
et al. (2010) provide a detailed definition of this metric and
relate it to time series correlation, bias, and other metrics
that are often used to assess the accuracy of geophysical
retrievals from satellite measurements with respect to true
fields. Each of these metrics has advantages and disad-
vantages. Entekhabi et al. (2010) explore the relationship
between RMSE and correlation metrics in the presence of
biases in the mean as well as in the amplitude of fluctu-
ations (standard deviation) between estimated and true
fields. They also introduce an approach for converting a
requirement in an application product into a correspond-
ing requirement for soil moisture accuracy.

Even with the specification that RMSE is to be used to
measure accuracy, there are still many important consid-

erations in evaluating this statistic. The most challenging
issue with the validation is the representativeness of the
in situ validation measurements. The validation measure-
ments themselves can only provide an estimate of the
true surface soil moisture. There may be bias and am-
plitude errors in the estimates because of in situ sensor
errors, but also, and perhaps more importantly, due to
undersampling of the true field mean soil moisture based
on a finite number of point samples. The heterogeneity in
soil moisture fields, due to spatial variations in soil texture,
in topography, in land cover, and in other factors, com-
monly results in undersampling of the true field. Hence,
statistical errors are also a characteristic of the estimates
to be considered ground truth. This is the problem of
“upscaling,” which is defined further in Chapter 7. Valida-
tion of satellite retrievals with ground truth will include the
upscaling error. If the errors in upscaling are considered
independent of the retrieval algorithm errors, the RMSE of
retrievals (with truth as reference) will additively include the
upscaling error (RMSE of estimate ground truth with truth
as reference).

Beyond upscaling, the RMSE has several other subtle
issues that affect its use. If the true surface volumetric

soil moisture (at a given scale) is defined as 6y, (actually
the upscaling estimate of the truth) and the corresponding
estimated retrieval is 844, then the root mean square error
(RMSE) metric is simply

RMSE = \/E[( Oest — Otrue )2]

—
—
=

where E[.] is the expectation or linear averaging opera-
tor. This metric quadratically penalizes deviations of the
estimate with respect to the true soil moisture (in units
of volumetric soil moisture) and is a compact and easily
understood measure of estimation accuracy. This metric,
however, is severely compromised if there are biases in
either the mean or the amplitude of fluctuations in the
retrieval. If it can be estimated reliably, the mean bias

b= E[eest] —E [etrue]

can easily be removed by defining the unbiased RMSE

UbRMVISE =\E [((Bost—E[Oast)) — Orue—ElOrrue]))?
@)

that characterizes random errors.

The RMSE and the unbiased RMSE are related through
RMSE? = ubRMSE?Z + b2 )

which implies RMSE > |b| and underscores the short-
comings of the RMSE metric in the presence of mean
bias. The bias in soil moisture may vary with season.
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The validation of SMAP soil moisture products will report
the unbiased ubRMSE and bias b separately for more
complete diagnoses of the accuracy of the soil moisture
products.

A final issue to consider is related to where and over
what period the accuracy RMSE is applied. A validation
site may be composed of one or more grid cells in the
data product grid. The SMAP cal/val activity is based on
a number of sites distributed across the globe covering
representative climates and land covers. At each site the
RMSE statistics may be estimated. The accuracy require-
ment implies that for the NV, validation sites (within the
global land area excluding regions of snow and ice, frozen
ground, mountainous topography, open water, urban
areas, and vegetation with water content greater than

5 kg m) for which validating in situ observations are
available from verified sites, the SMAP surface (0-5 cm)
soil moisture products must satisfy

N.

1
1
N Y [ubRMSER] < 0.04 [om3 cme] @)
i=1
that is, the mean of the anomaly RMSE of the SMAP
product (ubRMSE) across all N; validation areas must be
less than 0.04 cm3 cm=3. For the purposes of assess-
ing the accuracy of SMAP baseline products in meeting
mission L1 requirements, the SMAP Science Definition
Team has decided that data will be binned over 6-month
time-domain periods globally within the SMAP mask to
capture seasonal extremes.

Il. Radiometer-Only Soil Moisture Retrievals
(L2/3_SM_P)

A. Overview

This section covers the two coarse spatial resolution

soil moisture products which are based on the SMAP
radiometer brightness temperatures: L2_SM_P, which is
derived surface soil moisture in half-orbit format at 40-km
resolution output on a fixed 36-km Equal-Area Scalable
Earth-2 (EASEZ2) grid, and L3_SM_P, which is a daily
global composite of the L2_SM_P surface soil moisture,
also at 40-km resolution output on a fixed 36-km EASE2
grid. Utilizing one or more of the soil moisture retrieval
algorithms to be discussed later in the chapter, SMAP
brightness temperatures are converted into an estimate of
the 0-5 cm surface soil moisture in units of cm3/cma3,

As mentioned earlier in this Handbook, the SMAP science
objectives are based in part on the requirements of the
hydrometeorology, hydroclimatology, and carbon flux
communities. To resolve hydrometeorological water and
energy flux processes and extend weather and flood

forecast skill, a spatial resolution of 10 km and temporal
resolution of 3 days are required. To resolve hydroclima-
tological water and energy flux processes and extend
climate and drought forecast skill, a spatial resolution of
40 km and temporal resolution of 3 days are required.
The SMAP L2/3_SM_P products will meet the needs of
the hydroclimatology community. Although generated

at a coarser 40-km spatial resolution, the L2/3_SM_P
radiometer-based data products should still satisfy the
0.04 cm3/cm3 volumetric soil moisture retrieval accuracy
specified in the mission Level 1 requirements. Addition-
al details can be found in the SMAP Level 2 & 3 Soil
Moisture (Passive) Algorithm Theoretical Basis Document
(O’Neill et al. 2012).

B. Science Basis for Baseline Algorithm

The microwave portion of the electromagnetic spectrum
(wavelengths from a few centimeters to a meter) has long
held the most promise for estimating surface soil mois-
ture remotely. Passive microwave sensors measure the
natural thermal emission emanating from the soil surface.
The intensity of this radiation depends on the dielectric
properties and temperature of the target medium, which
for the near surface soil layer is a function of the amount
of moisture present. Low microwave frequencies (at
L-band or ~1 GHz) offer additional advantages: (1) the
atmosphere is aimost completely transparent, providing
all-weather sensing; (2) transmission of signals from the
underlying soil is possible through sparse and moderate
vegetation layers (up to at least 5 kg/m? of vegetation wa-
ter content); and (3) measurement is independent of solar
illumination which allows for day and night observations.

At microwave frequencies, the intensity of the observed
emission is proportional to the product of the temperature
and emissivity of the surface (Rayleigh-Jeans approxi-
mation). This product is commonly called the brightness
temperature (Tg). If the microwave sensor is in orbit above
the Earth, the observed Tg is a combination of the emitted
energy from the soil as attenuated by any overlying vege-
tation, the emission from the vegetation, the downwelling
atmospheric emission and cosmic background emission
as reflected by the surface and attenuated by the vegeta-
tion, and the upwelling atmospheric emission (Figure 29).

At L-band frequencies, the atmosphere is essentially
transparent, with the atmospheric transmissivity Ty, = 1.
The cosmic radiation at the radio astronomy band (Tgy)

is on the order of 2.7 K. The atmospheric emission is also
small, about 2.5 K. These small atmospheric contribu-
tions will be accounted for in the L1B_TB ATBD, since
the primary inputs to the radiometer-derived soil moisture
retrieval process described in this chapter are atmospheri-
cally corrected surface brightness temperatures.
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Figure 29. Contributions to the observed brightness temperature Tg from
orbit. From SMOS ATBD (Kerr et al. 2006).

Retrieval of soil moisture from SMAP surface Tg observa-
tions is based on a well-known approximation to the ra-
diative transfer equation, commonly known in the passive
microwave soil moisture community as the tau-omega
model. A layer of vegetation over a soil attenuates the
emission of the soil and adds to the total radiative flux
with its own emission. Assuming that scattering within
the vegetation is negligible at L-band frequencies, the
vegetation may be treated mainly as an absorbing layer.
A model following this approach to describe the bright-
ness temperature of a weakly scattering layer above a
semi-infinite medium was developed by Basharinov and
Shutko (1975) and described in Ulaby et al. (1982). The
equation includes emission components from the soil and
the overlying vegetation canopy (Jackson and Schmugge
1991):

TBp = Tsepexp(=Tpsech) + T(1-mp) o)
[1-exp((-TpsecO)][1+rp,exp(-Tysech)]

where the subscript p refers to polarization (V or H), T is
the soil effective temperature, T, is the vegetation tempera-
ture, 1, is the nadir vegetation opacity, w, is the vegetation
single scattering albedo, and r, is the rough soil reflectivity.
The reflectivity is related to the emissivity (g,) by e, =

(1 -rp), and wy, r,, and e, are values at the SMAP look
angle of 8 = 40°. The transmissivity y of the overlying
canopy layer is v = exp(-1, sec 6). Equation (5) assumes
that vegetation multiple scattering and reflection at the
vegetation—air interface are negligible. The surface rough-
ness effect is modeled as r, =1, ¢oom EXP (= OS2 6)
where the parameter h is assumed linearly related to the
root mean square surface height (Choudhury et al. 1979;
Wang 1983). Nadir vegetation opacity is related to the total
columnar vegetation water content (VWGC, in

kg/m?) by 1, = b,"VWC with the coefficient b, dependent
on vegetation type and microwave frequency (and proba-
bly polarization) (Jackson and Schmugge 1991).

If the air, vegetation, and near-surface soil are in thermal
equilibrium, as is approximately the case near 6:00 AM
local time (the time of the SMAP descending pass), then
T, is approximately equal to T and the two temperatures
can be replaced by a single effective temperature (7).
Soil moisture can then be estimated from r,, ¢001, USING
the Fresnel and dielectric-soil moisture relationships.

The smooth surface reflectivity 1, oo IS defined by the
Fresnel equations, which describe the reflection of an
electromagnetic wave by a smooth dielectric boundary.
At horizontal polarization, the electric field of the wave is
oriented parallel to the reflecting surface and perpendicu-
lar to the direction of propagation. At vertical polarization,
the electric field of the wave is on the incidence angle
plane, which is spanned by two vectors corresponding to
the surface normal and the direction of wave propagation.
In the Fresnel equations below, 6 is the SMAP incidence
angle of 40° and € is the complex dielectric constant of

the soil layer:
1416) = cos6 —m ? ©)
cosH +\/m
A6) = ecose—\/m ? 7
€cosf +\/m

In terms of dielectric properties, there is a large con-

trast between liquid water (real part of dielectric €, ~ 80)
and dry soil (¢, ~ 5). As soil moisture increases, the soil
dielectric constant increases. This leads to an increase in
soil reflectivity or a decrease in soil emissivity (1 —r,). Note
that low dielectric constant is not uniquely associated
with dry soil. Frozen soil, independent of water content,
has a similar dielectric constant to dry soil. Thus, a freeze/
thaw flag is needed to resolve this ambiguity. As Tg is
proportional to emissivity for a given surface soil tem-
perature, Tg decreases in response to an increase in sail
moisture. It is this relationship between soil moisture and
soil dielectric constant (and hence microwave emissivity
and brightness temperature) that forms the physical basis
of passive remote sensing of soil moisture. Given SMAP
observations of Tg and information on Tey, h, 1,, and w,
from ancillary sources (section VI) and using single-chan-
nel or multichannel algorithm approaches (later in this
chapter), Eqg. (5) can be solved for the soil reflectivity r,,
and Eqg. (6) or (7) can be solved for the soil dielectric e.
Soil moisture can then be estimated using one of several
dielectric models and ancillary knowledge of soil texture.
SMAP production software will include the option of using
the dielectric models of Mironov et al. 2009, Dobson et al.
1985, or Wang and Schmugge 1980.
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C. Rationale for the Use of L-Band 6 AM Data

Within the microwave portion of the electromagnetic
spectrum, emission from soil at L-band frequencies can
penetrate through greater amounts of vegetation than

at higher frequencies. Figure 30 shows microwave trans-
missivity as a function of increasing biomass at L-band
(1.4 GHz), C-band (6 GHz), and X-band (10 GHz) frequen-
cies, based upon modeling. The results show that L-band
frequencies have a significant advantage over the C- and
X-band frequencies (and higher) provided by current sat-
ellite instruments such as AMSR-E and WindSat, and help
explain why both SMOS and SMAP are utilizing L-band
sensors in estimating soil moisture globally over the widest
possible vegetation conditions. Another advantage of
measuring soil moisture at L-band is that the microwave
emission originates from deeper in the soil (typically 5 cm
or so), whereas C- and X-band emissions originate mainly
from the top 1 cm or less of the soil (Figure 31).
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Figure 30. Vegetation transmissivity to soil emission at L-band frequen-
cies (1.4 GHz) is much higher than at C- (6 GHz) or X-band (10 GHz)
frequencies. (Adapted from Ulaby et al. 1996.)

Although the above arguments support the use of low
frequencies, there is, however, a lower frequency limit for
optimal Tg measurements for soil moisture. The micro-
wave observations made by a satellite radiometer will

be affected by ionospheric Faraday rotation effect and
emission. Faraday rotation is a phenomenon in which the
polarization vector of an electromagnetic wave rotates

as the wave propagates through the ionospheric plas-
ma in the presence of the Earth’s static magnetic field.
The phenomenon is a concern to SMAP because the
polarization rotation increases as the square of wave-
length. At frequencies lower than L-band, the ionospheric

Faraday rotation will become more significant. Thus,
L-band frequency is an optimal choice for orbiting satellite
radiometers with balanced vegetation and ionospheric
effects. Within the L-band, radiometric measurements
could be significantly degraded by man-made and ga-
lactic noise. Since there is a protected band at L-band at
1.400-1.427 GHz that is allocated exclusively for radio
astronomy use, the SMAP radiometer operates in this
band.
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Figure 31. L-band TB observations are sensitive to emission from deeper
in the soil than at higher frequencies (adapted from Njoku and Kong
1977). Soil moisture curves are given for 10, 20, and 30% (or in absolute
units, 0.10, 0.20, 0.30 cm3/cm3).

The decision to place SMAP into a sun-synchronous

6:00 AM / 6:00 PM orbit is based on a number of science
issues relevant to the L2_SM_P product (Fagerlund

et al. 1970; Jackson and Kimball 2009). Faraday rota-
tion depends on the total electron content (TEC) in the
ionosphere. If the Faraday rotation is uncorrected, the
SMAP polarized (H and V) radiometer measurements will
contain errors that translate to soil moisture error. The TEC
(or Faraday rotation) varies greatly during the day, reaching
a maximum during the afternoon and a minimum in the
pre-dawn hours. By using Tg observations acquired near
6:00 AM local solar time as the primary input to the L2_
SM_P product, the adverse impacts of Faraday rotation
are minimized. Faraday rotation correction to SMAP Tg is
described in the L1B_TB ATBD.
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At 6:00 AM, the vertical profiles of soil temperature and
soil dielectric properties are likely to be more uniform
(Basharinov and Shutko 1975) than at other times of the
day (Figure 32). This early morning condition will minimize
the difference between canopy and soil temperatures and
thermal differences between land cover types within a pix-

el (Figure 33). These factors help to minimize soil moisture
retrieval errors originating from the use of a single effective
temperature to represent the near surface soil and canopy
temperatures. This same effective temperature can be
used as the open-water temperature in the water-body
correction to Tg that will be discussed in section VI.

Mean Daily Temperature Profiles of Mesonet (sod plots)
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Figure 32. Soil temperature as a function of time based on June 2004
Oklahoma Mesonet data: (a) vertical profiles for a sod-covered site and
(b) the mean soil temperatures for bare soil (TB05 at 5 cm below the
surface, TB10 at 10 cm below the surface), and sod (TS05, TS10). The

Hour

shaded region identifies the period of the day when these effects result
in less than 1 °C difference among the four temperatures (T. Holmes,
personal communication).
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Figure 33. Schematic showing diurnal variation in temperature and ther-
mal crossover times at approximately 6:00 AM / 6:00 PM local time for
various broad classes of land surface covers. (Modified from Fagerlund
etal. 1970.)

As will be discussed in the next section, the current
approach to generation of the baseline L2_SM_P product
will be restricted to input data from the 6:00 AM descend-
ing passes because of the thermal equilibrium assump-
tion and near-uniform thermal conditions of surface soil
layers and overlying vegetation in the early morning hours.
Accurate soil moisture retrievals using data from 6:00 PM
ascending passes may require use of a land surface mod-
el and will be generated as part of the L4_SM product
(see ATBD for L4_SM).

D. Soil Moisture Retrieval Process

From a broad perspective, there are five steps involved in
extracting soil moisture using passive microwave remote
sensing. These steps are normalizing brightness tempera-
ture to emissivity, removing the effects of vegetation, ac-
counting for the effects of soil surface roughness, relating
the emissivity measurement to soil dielectric properties,
and finally relating the dielectric properties to soil moisture.
Decades of research by the passive microwave soil mois-
ture community have resulted in a number of viable soil
moisture retrieval algorithms that can be used with SMAP
Tg data. ESA's SMOS mission currently flies an aperture
synthesis L-band radiometer which produces Tg data at
multiple incidence angles over the same ground location.
The baseline SMOS retrieval algorithm is based on the
tau-omega model described earlier, but utilizes the SMOS
multiple incidence angle capability to retrieve soil moisture.
SMAP retrievals will also be based on the tau-omega

model, but will use the constant incidence angle Tg data
produced by the SMAP conically-scanning radiometer.
Other needed parameters in the retrieval will be obtained
as ancillary data.

For the SMAP L2_SM_P product, four soil moisture re-
trieval algorithms are currently being evaluated:

e  Single-channel algorithm at H polarization (baseline)
(SCA-H)

e  Single-channel algorithm at V polarization (SCA-V)
e Dual-channel algorithm (DCA)
e Microwave Polarization Ratio Algorithm (MPRA)

Figure 34 illustrates the conceptual process used in
retrieving soil moisture from SMAP radiometer brightness
temperature measurements. The process begins with the
ingestion and merging of the fore- and aft-look gridded
brightness temperature data from the SMAP L1C_TB
product. It then identifies grid cells where the Tg quality
and surface conditions (brown diamonds in the figure) are
considered favorable for soil moisture retrieval and sets
the retrieval quality flag accordingly. The observed Tgs are
then corrected for the presence of standing water prior
to being converted into soil moisture estimates by the
baseline retrieval algorithm.

In order for soil moisture to be retrieved accurately, a vari-
ety of global static and dynamic ancillary data are required
(section VI). Static ancillary data do not change during

the mission, while dynamic ancillary data require periodic
updates in time frames ranging from seasonally to daily.
Static data include parameters such as permanent masks
(land/water/forest/urban/mountain), the grid cell average
elevation and slope derived from a DEM, permanent
open water fraction, and soils information (primarily sand
and clay fraction). The dynamic ancillary data include

land cover, surface roughness, precipitation, vegetation
parameters, and effective soil temperatures. Measure-
ments from the SMAP radar will be the primary source

of information on open water fraction and frozen ground,
supplemented by water information from a MODIS-de-
rived surface water data base and temperature informa-
tion from the GMAO model used in L4_SM. Ancillary data
will also be employed to set flags which help to determine
either specific aspects of the processing or the quality of
the retrievals. All input data to the L2_SM_P process are
pre-mapped to the 36-km EASE2 grid.

The SMAP L2_SM_P product contains two 16-bit integer
data flags that enable users to examine (a) the surface
conditions of a grid cell and (b) the quality of soil moisture
estimate when retrieval is attempted.



54 SMAP HANDBOOK

Merge Fore- and

Analyze Tg Quality and |

e
SMAP L1C_TB Aft-look Tg

Poor Tg Quality

Surface Conditions Angillary Data

:

Tg Quality

.

Y

Skip Retrieval and Set |

Significant Presence

Acceptable Tg Quality l

Water fraction
Urban fraction
Precipitation fraction
Frozen ground fraction

Flags Accordingly

VWC

Insignificant
Presence

Surface temperature
DEM statistics
Snow fraction

Ice fraction
Moderate to Insignificant Moderate
Excessive Presence Presence Presence

A

Apply Water v

Tg Correction

A

Set Retrieval Flag for Uncertain Quality

> Run Baseline Retrieval Algorithm

—— > SMAP L2_SM_P

Figure 34. A simplified schematic of the processing flow used to produce the L2_SM_P products.

a. surface_flag: The surface_flag field is a 16-bit integer
field whose binary representation consists of bits that
indicate the presence or absence of certain surface con-
ditions at a grid cell. Each surface condition is numerically
compared against two non-negative thresholds: T1 and
T2, where T1 < T2. When a surface condition is found

to be below T1, retrieval is attempted and flagged for
recommended quality. Between T1 and T2, retrieval is still
attempted but flagged for uncertain quality. Above T2,
retrieval is skipped. The definitions of surface conditions
and their thresholds are included in the algorithm ATBD
and data product guides that are accessible along with
the data products at the DAACs. The updated documents
will include changes to the flag definitions and to their
thresholds.

b. retrieval_qual_flag: The retrieval_qual_flag field is a
16-bit integer field whose binary representation consists
of bits that indicate whether retrieval is performed or not
at a given grid cell. When retrieval is performed, it con-
tains additional bits to further indicate the exit status and
quality of the retrieval. A summary of bit definition of the
retrieval_qual_flag field is listed in Table 9.

At the 40-km footprint resolution scale of the SMAP
radiometer, a significant percentage of footprints within
the SMAP land mask will contain some amount of open
fresh water due to the presence of lakes, rivers, wetlands,
and transient flooding. It is assumed that all ocean pixels
will be masked out using the SMAP ocean/land mask.
For soil moisture retrieval purposes, the presence of open
water within the radiometer footprint (IFOV) is undesirable
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Table 9. Retrieval_qual_flag bit information.

Bit Retrieval Information Bit Value and Interpretation
0 Recommended Quality 0: Retrieval has recommended quality
1: Retrieval does not have recommended quality
1 Retrieval Attempted 0: Retrieval was attempted
1: Retrieval was skipped
2 Retrieval Successful 0O: Retrieval was successful
1: Retrieval was not successful
3-15 Undefined 0 (not used in L2_SM_P)

since it dramatically lowers the brightness temperature
and results in anomalously high retrieved soil moisture for
that grid cell if soil moisture is retrieved without knowledge
of the presence of open water. This results in a bias that
degrades the overall soil moisture retrieval accuracy. It

is therefore important to correct the SMAP Level 1 Tg
observations for the presence of water, to the extent fea-
sible, prior to using them as inputs to the L2_SM_P sail
moisture retrieval. Fortunately, this bias can be corrected,
especially when it occurs at dawn near inland water/
land boundaries where the temperature of water can be
reasonably approximated as the temperature of land (as
shown in Figure 33).

The procedure to correct for water Tg is quite simple.
Given a mixture of land and water within the antenna
IFQV, the observed Tg is an areal weighted sum of the
Tp contributions from the water and from the land:

Tg/IFOV = aTgwater + (1—o) T gland (8)

where o denotes the areal fraction of water within the an-
tenna IFQV, and Tgwater denotes the Tg emission from wa-
ter computed from a theoretical model (for example, the
Klein-Swift model) (Klein and Swift 1977) with an estimat-
ed physical temperature obtained from ancillary sources.
At the 6 AM SMAP overpass time, the temperature of
the water is approximately the same as the temperature
of the surface soil layer, so the same ancillary tempera-
ture data can be used for both. Once o and Tgwater are
known, Tgand can be solved for and then used to retrieve
soil moisture in the non-open water part of the IFOV.

E. Baseline Algorithm

In the single-channel algorithm (SCA) (Jackson 1993),
horizontally polarized (H-pol) Tg data are traditionally used
due to their sensitivity to soil moisture, but the same al-
gorithm can also be applied to V polarization Tg. The use
of H-pol Tg with the SCA is the current SMAP baseline
algorithm. In this approach, brightness temperatures are
converted to emissivity using a surrogate for the physical

temperature of the emitting layer. The derived emissivity is
corrected for vegetation and surface roughness to obtain
the soil reflectivity. The Fresnel equation is then used to
determine the dielectric constant. Finally, a dielectric mix-
ing model is used to obtain the soil moisture. Additional
details on these steps follow.

At the L-band frequency used by SMAP, the brightness
temperature of the land surface is proportional to its
emissivity (€) multiplied by its physical temperature (7).
It is typically assumed that the temperatures of the soil
and the vegetation are the same, especially at the SMAP
overpass time of 6 AM. The microwave emissivity at the
top of the soil surface or vegetation canopy is given by
(the polarization subscript p is suppressed in the following
equations):

o= B ©

T

If the physical temperature is estimated independently,
emissivity can be determined. SMAP will use GMAO mod-
eled temperatures to represent the temperature of the
near surface soil layer (see “SMAP Ancillary Data Report:
Surface Temperature,” JPL D-53064). The emissivity
retrieved above is that of the soil as modified by any over-
lying vegetation and surface roughness. In the presence
of vegetation, the observed emissivity is a composite of
the soil and vegetation. To retrieve soil water content, it

is necessary to isolate the soil surface emissivity (esu).
Following Jackson and Schmugge (1991), the emissivity
can be represented by:

e = [1-][1-y[1+(1-esurfyy] + esufy  (10)

Both the single scattering albedo (w) and the one-way
transmissivity of the canopy (y) are dependent upon the
vegetation structure, polarization, and frequency. The
transmissivity is a function of the optical depth (1) of the
vegetation canopy where vy = exp(-t sech). At L-band,
the single scattering albedo tends to be very small, and
sometimes is assumed to be zero in order to reduce
dimensionality for computational purposes. For SMAP,
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the capability for a nonzero w will be retained. Substituting
yinto Eq. 10 and rearranging yields

-1+ P+ 0-wy
¥+ Y-y

The vegetation optical depth is dependent upon the vege-
tation water content (VWC). In studies reported in Jackson
and Schmugge (1991), it was found that the following
functional relationship between the optical depth and
vegetation water content could be applied:

T=b*"VWC (12)

where b is a proportionality value that depends on both
the vegetation structure and the microwave frequency.
Since b is related to the structure of the overlying veg-
etation, it is likely that b will also vary with microwave
polarization. The variation of the b parameter with polar-
ization is currently being studied by the SMAP team — it is
expected that analysis of SMOS data and other field data
will resolve whether a polarization dependence is needed
to improve soil moisture retrieval accuracy.

esurf =

(11)

For SMAP implementation of the SCA, values of b and ®
will be provided by means of a land cover look-up table
that is currently under review (a very preliminary version

of this table can be found in the L2_SM_P ATBD, which
will be updated prior to launch). The baseline approach to
estimating vegetation water content utilizes a set of land
cover-based equations to estimate the combined foliage
and stem VWC from values of the Normalized Difference
Vegetation Index (NDVI) (an index derived from visible-near
infrared reflectance data from the EOS MODIS instruments
now and the NPP/JPSS VIIRS instrument in the SMAP
time frame) (see additional details and Eqg. 18 in O’Neill

et al. 2012). A 10-year MODIS-based NDVI vegetation
climatology has been used in pre-launch studies for
vegetation correction which results in robust and stable
soil moisture retrievals. This climatology will be updated

to cover 14 years (through 2013) by the time of the SMAP
launch. Methods are currently under evaluation to tie this
long-term climatology to real-year NDVI conditions for
more accurate retrievals under anomalous conditions.

The emissivity that results from the vegetation correction

is that of the soil surface, including any effects of surface
roughness. These roughness effects must be removed in
order to determine the smooth surface soil emissivity (eSOl
which is required for the Fresnel equation inversion. One
approach to removing this effect is a model described in
Choudhury et al. (1979) that yields the bare smooth sail
emissivity:

esoil = 1 — [1 — esurf] exp[hcos?0] (13)

Some studies drop the cos2 6 term or change it to cos 6
to avoid overcorrecting for roughness. The parameter h is

dependent on the polarization, frequency, and geometric
properties of the soil surface and is related to the surface
height standard deviation s. h values for different land
cover types will be included in the look-up table used in
SMAP retrievals (O’Neill et al. 2012).

Emissivity is related to the dielectric properties (€) of the
soil and the viewing or incidence angle (0). For ease of
computational inversion, it can be assumed that the real
component (g,) of the dielectric constant provides a good
approximation of the complex dielectric constant; how-
ever, the more complex formulation can also utilized,

and both approaches produce very similar results. The
Fresnel equations link the dielectric constant to emissiv-
ity — for horizontal (H) polarization (Eq. 6 rewritten for
emissivity):

2
CcosO —4\/g,—sin2 0
ey0) =1- A (14)
cosO +1/€, — sin2 @
and for vertical (V) polarization (Eq. 7 rewritten for
emissivity): )
0)=1 €,c0s0 — \/ g, — sin2 O 5
efd)=1-
€,c0s0 +1/€g,—sin2 0

The dielectric constant of soil is a composite of the values
of its components — air, soil, and water, which have
greatly different values. In the final step of the soil moisture
retrieval process, one of three dielectric mixing models

is used to relate the estimated dielectric constant to the
amount of soil moisture (Mironov et al. 2009; Dobson

et al. 1985; and Wang and Schmugge 1980). The SMAP
algorithm team is currently evaluating the relative merits
of these dielectric models and their impact on overall

soil moisture retrieval accuracy. The SMAP processing
software will retain coding for all three dielectric model
options.

In terms of soil moisture retrieval performance, the Hydros
OSSE (Crow et al. 2005) revealed that the SCA could
produce biased retrievals based on linear VWC correction
aggregated from high-resolution vegetation data. How-
ever, two relatively simple approaches were developed to
create an effective VWC using nonlinear aggregation that
helps to reduce the bias and overall RMSE in retrieved sail
moisture (O’Neill et al. 2006; Zhan et al. 2008). Figure 35
demonstrates the effectiveness of these nonlinear veg-
etation aggregation methods in improving the accuracy

of retrieved soil moisture, especially in areas with heavier
vegetation.

F. Alternate Algorithms

The Dual-Channel Algorithm (DCA) is an extension of

the SCA described in the previous section — it uses both
H-polarized and V-polarized Tg observations to simultane-
ously retrieve soil moisture and VWC (Njoku and Li 1999).
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The inversion mechanism of the DCA starts with feeding
the tau-omega model (Eq. 5) with initial guesses of soil
moisture and VWC. The quantities are then adjusted
iteratively until the difference between the computed and
observed Tg observations is minimized in a least square
sense. Similar to the SCA, estimates of model parameters
(e.g., surface temperature, surface roughness, and veg-
etation single scattering albedo) must be provided using
ancillary datasets in the inversion process. The DCA has
been used with reasonable success in a number of cases,
including the 2007 CLASIC field campaign conducted in
Oklahoma, USA (Yueh et al. 2008).

The ability of the DCA to simultaneously estimate two
geophysical parameters may come with a penalty. While
the additional channel allows for estimation of VWG, it
also brings in additional Tg errors (uncorrelated between V
and H channels) that may adversely affect retrieval accu-
racy. Also, an assumption implicit in this algorithm is that
the optical depth is identical for both polarizations, which
is not likely to be true for structured vegetation. Exactly
which effect outweighs the other is under investigation.

The Microwave Polarization Ratio Algorithm (MPRA) is
based on the Land Parameter Retrieval Model (LPRM)

(Owe et al. 2001). The LPRM is an index-based retrieval
model that uses dual polarization channels at a single low
microwave frequency (typically C- or X-band) to derive soil
moisture and vegetation optical depth. As implemented on
multifrequency satellites such as AMSR-E, it also uses the
Ka-band V-polarized channel to retrieve physical tempera-
ture of the surface. Only a few studies (de Jeu et al. 2009)
have examined the applicability of this model at L-band
frequencies, although analysis of SMOS data with LPRM
is currently underway [R. de Jeu, personal communica-
tion, 2011]. Because there are no Ka-band V-polarized Tg
observations available from the SMAP instruments, sur-
face temperature will be obtained using ancillary datasets
as with the other L2_SM_P algorithms.

In the MPRA, the radiative transfer model operates on two
assumptions: (1) the soil and canopy temperatures are
considered equal (T), and (2) the vegetation transmissivity
(y) and the single-scattering albedo (w) are the same

for both H and V polarizations. If ey is the soil emissivity,
the Tg can be expressed by the tau-omega model
(Equation 5) with To =Tg =T:

Tg = esyT+(1-o)(1-yT+y(1—es)(1-m)(1-Y)T (16)
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Figure 35. Improvement in simulated Hydros soil moisture retrieval
error using a simple effective VWC correction with the SCA algorithm for

existing vegetation (1X) and for artificially increased simulated vegeta-
tion amounts (3X) (O’Neill et al. 2006).
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The single scattering albedo w represents the loss of
energy in the canopy and is assumed by MPRA to be
constant globally (such as o = 0.05), in contrast to the
other L2_SM_P algorithms where a nonzero w is as-
sumed to be a function of land cover type and is input as
an ancillary parameter.

The Microwave Polarization Difference Index (MPDI) and
the observed emissivity (e and e)) are used in MPRA to
derive the vegetation optical depth (Meesters et al. 2005),
which is used to calculate the transmissivity (y). The MPDI
and vegetation optical depth are calculated as follows:

Ty - TBH (17)
Ty + TpH
T= cos0/n[ad +\/(@d)?2 +a + 1] (18)

MPDI =

where a = 0.5 ~ (e, — ey) / MPDI — e, — e,] and
d=05+w/(1-n).

With this set of equations, soil moisture is retrieved in an

optimization routine that minimizes the error between the
modeled and observed H-polarized brightness tempera-
tures. The vegetation optical depth at this optimized soil

moisture value is an additional retrieval result.

G. Algorithm Performance

One measure of algorithm performance is determin-

ing the accuracy of the retrieved soil moisture in a root
square sense. Different algorithms respond differently to
uncertainty in a given model / ancillary parameter. One
test performed by the SMAP team involved retrieving soil
moisture from one year of global simulated SMAP bright-

Table 10. Simulated retrieval error by parameter for each algorithm.

ness temperatures (GloSim1), varying one parameter in
turn while keeping the other parameters constant with no
error. Table 10 lists the error in retrieved volumetric soil
moisture in cm3/cms3 for each of the four SMAP L2_SM_P
candidate algorithms over the full range of soil and veg-
etation water content (VWC) conditions encountered in
the global simulation. The first column lists the parameter
and its assigned error. Across this full range of conditions,
with error only in one parameter at a time, all of the algo-
rithms appear to perform to acceptable levels in retrieving
soil moisture (last line in Table 10 is Total RSS).

A more stringent simulation is to assign some error to all
parameters simultaneously and then assess the accuracy
in retrieved soil moisture. Figure 36 shows the results
obtained when the indicated errors were applied to the
indicated parameters and soil moisture was retrieved for
one year and compared to the “true” soil moisture. The
soil moisture retrieval error was plotted for all of the algo-
rithms as a function of VWC. As expected, retrieval errors
went up as the vegetation increased. The baseline sin-
gle-channel H pol algorithm shows the smallest error and
meets the required accuracy even at the highest VWC
bin that is included in the accuracy statistics. Results

for the SCA-V pol are similar. However, the RMSE for

the DCA and MPRA options exceed the target accuracy
of 0.04 cm3/cm3 when VWC >~ 4 kg/m?2 based on the
simulated data. When the RMSE is averaged across all
of the VWC bins, all retrieval algorithm options meet the
required accuracy. For this simulation, parameters such
as b and h were assumed to be the same for both H and
V polarization. This assumption is being re-examined as
new information is obtained (through analysis of SMOS
and other field data) regarding quantification of any polar-
ization dependence of any of the algorithm parameters.

Baseline Option 1 Option 2 Option 3
Model/Ancillary Uncertainty Single Pol (H) Single Pol (V) Dual Pol MPRA

RMSE (cm3/cm3) RMSE (cm3/cm3) RMSE (cm3/cm3) RMSE (cm3/cm3)
Gridding + aggregation 0.0061 0.0058 0.0059 0.0058
5% h 0.0065 0.0060 0.0060 0.0058
5% omega 0.0063 0.0061 0.0062 0.0061
5% sand fraction 0.0073 0.0070 0.0070 0.0070
5% clay fraction 0.0062 0.0059 0.0059 0.0059
2K T5 0.0087 0.0100 0.0112 0.0120
5% VWC 0.0066 0.0061 — —
10% VWC 0.0072 0.0065 — —
5% water fraction 0.0061 0.0059 0.0059 0.0058
10% water fraction 0.0061 0.0058 0.0059 0.0058
20% water fraction 0.0061 0.0058 0.0059 0.0058
1.3KTB 0.0068 0.0067 0.0083 0.0095
Total RSS Error 0.0203 0.0201 0.0205 0.0214
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Figure 36. Simulated error performance of all L2_SM_P candidate
retrieval algorithms given the indicated RMSE in the algorithm input
parameters listed above.

Microwave observations from the SMOS mission have
been reprocessed to simulate SMAP observations at a
constant incidence angle of 40° (details of this reprocess-
ing are explained in the L2_SM_P ATBD) (O’Neill et al.
2012). This procedure provides a brightness temperature
dataset that closely matches the observations that will

be provided by the SMAP radiometer. SMOS brightness
temperatures provide a global real-world, rather than
simulated, input for evaluating the different SMAP radiom-
eter-only soil moisture algorithm alternatives. Initial results

using the SCA with a SMOS-based simulated SMAP Tg
dataset and MODIS-based vegetation (NDVI) climatology
data are presented here. For this preliminary analysis, the
roughness parameter (h), vegetation parameter (b), and
the single scattering albedo () were assumed constant
for all land cover classes (h = 0.1, b = 0.08, o = 0.05).

In subsequent analyses, these parameters will be further
refined for different land cover classes as information
becomes available. Figure 37 shows the average soil
moisture estimated using the SCA algorithm with the
SMAP-simulated SMOS TB data for the ascending orbits
(overpass time of 6 AM) for July 1-10, 2011. The sail
moisture spatial patterns are consistent with geograph-
ical features. Soil moisture retrieved using the SCA with
SMOS-simulated SMAP TB for January 2010-May 2013
was compared to data from in situ soil moisture networks
in USDA ARS watersheds that have previously been
extensively used in satellite-based soil moisture validation
(Jackson et al., 2010, 2012). Figure 38 shows the com-
parison between observed and estimated soil moisture
over the Little River (LR), Little Washita (LW), Walnut Guich
(WG), and Reynolds Creek (RC) watersheds for SMOS
ascending orbits (overpass time of 6 AM). Table 11 shows
the statistical performance of the SCA algorithm over
these watersheds. Despite the presence of two obvi-
ous outliers which did not get thrown out during routine
flagging, the overall RMSE and the individual watershed
UbRMSEs meet mission requirements. All of these results
are encouraging for the potential of SMAP to meet its
required soil moisture accuracy of 0.04 cm3/cm3 for the
L2_SM_P product.

H. Level 3 Radiometer-Only Soil Moisture Product
(L3_SM_P)

The L3_SM_P product is a daily global product. To gen-
erate the product, individual L2_SM_P half-orbit granules
acquired over one day are composited to produce a daily
multi-orbit global map of retrieved soil moisture.

The L2_SM_P swaths overlap poleward of approximately
+65° latitude. Where overlap occurs, three options are
considered for compositing multiple data points at a given
grid cell:

Table 11. Statistical summary of the SMOS/SMAP/SCA retrieval algorithm results over USDA watersheds for SMOS ascending orbits (6 PM overpass

time), January 2010-May 2013.

Watershed Count RMSE R Bias ubRMSE
Little River, GA 247 0.028 0.767 -0.003 0.028
Little Washita, OK 245 0.047 0.841 -0.028 0.037
Walnut Gulch, AZ 231 0.025 0.789 -0.008 0.024
Reynolds Creek, ID 74 0.050 0.219 -0.045 0.022
Overall 797 0.037 0.745 -0.016 0.033
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Figure 37. Average estimated soil moisture using the single-channel algorithm (SCA) for SMOS ascending orbits for the period of July 1-10, 2011.

1. Use the most recent (or “last-in”) data point
2. Take the average of all data points within the grid cell

3. Choose the data point observed closest to 6:00 AM
local solar time

The current approach for the L3_SM_P product is to use
the nearest 6:00 AM local solar time (LST) criterion to
perform Level 3 compositing. According to this criterion,
for a given grid cell, an L2 data point acquired closest

10 6:00 AM local solar time will make its way to the final
Level 3 granule; other “late-coming” L2 data points falling
into the same grid cell will be ignored. For a given granule
whose time stamp (yyyy-mm-ddThh:mm:ss) is expressed
in UTC, only the hh:mm:ss part is converted into local
solar time. For example:

UTC Time Stamp Longitude Local Solar Time
2011-05-01T23: 60E 23:19:59 + (60/15) hrs =
19:59 03:19:59

0.5
USDA ARS Watersheds (Asc)

wE 0.4
>
— 0.3
5 ' ® LR
3 o2 e W
T ® WG
£ A RC
@ 0.1

0.0 | | | | |

0 0.1 0.2 0.3 0.4 0.5

In Situ VSM (m3/m3)

Figure 38. Comparison of estimated soil moisture using SMOS-simulated
SMAP T with in situ observations over USDA ARS watershed sites for
ascending orbits (6 AM overpass time) for January 2010-May 2013.

Two outliers can be explained: on 2/25/2011, the surface temperatures
were very low and there is likely some wet snow in the SMOS footprint
that ECMWF did not predict; on 9/16/2011, there is an active rain event
that ECMWF did not predict (so these two points did not get thrown out
during routine flagging).
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The local solar time 03:19:59 is then compared with solar time at the equator. Note that this is also

06:00:00 in Level 3 processing for 2011-05-01 to de- the conventional way to produce Level 3 products in
termine if the swath is acquired closest to 6:00 AM local similar missions and is convenient to users interested in
solar time. If so, that data point (and only that data point) global applications. Figure 39 shows an example of the
will go to the final Level 3 granule. Under this convention, L3_SM_P soil moisture output for one day’s worth of sim-
an L3 composite for 2011-05-01 has all Level 2 granules ulated SMAP descending orbits (6 AM) globally and over
acquired within 24 hours of 2011-05-01 UTC and just the continental U. S. (CONUS).

Level 2 granules appearing at 2011-05-02 6:00 AM local

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Figure 39. Simulation of L3_SM_P retrieved soil moisture in cm3/cm3. H-polarized Ty observations simulated using geophysical data from a
This example is based on the single-channel algorithm operating on land surface model.
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IV. Combined Radar-Radiometer Soil
Moisture Retrievals (L2/3_SM_AP)

A. Science Basis for Baseline Algorithm

The SMAP instrument package will deploy an L-band
SAR and an L-band radiometer for concurrent coincident
measurements. By combining the relative advantages

of active and passive microwave remote sensing, more
robust soil moisture mapping is possible (Entekhabi

et al., 2010). Due to the concurrent SAR and radiometer
measurements and their respective advantages, they can
be effectively combined to derive soil moisture estimates
with intermediate accuracy and at intermediate resolution
(~9 km) that meet the SMAP science requirements. The
SMAP L2_SM_AP surface soil moisture baseline retriev-
al algorithm takes advantage of unique features of the
SMAP dual-instrument measurement approach and first
produces estimates of brightness temperature at an inter-
mediate scale between the SMAP SAR and radiometer,
using the SAR backscatter measurements to disaggre-
gate the radiometer brightness temperature. The disag-
gregated and the true radiometer brightness temperature
fields are compatible in that their field averages are iden-
tical. The brightness temperature retrieval algorithms with
ancillary information of the right type and at the right scale
are then utilized to retrieve intermediate-resolution soil
moisture fields based on the disaggregated brightness
temperature fields.

An L-band radiometer measures the natural microwave
emission in form of the brightness temperature (Tg) of the
land surface, while the L-band SAR measures the energy
backscattered (o) from the land surface after transmission
of an electromagnetic pulse. If the L-band radiometer and
L-band SAR make a concurrent and constant look angle
measurement over a particular region on the Earth, then
the influence of azimuthal and viewing-angle dependent
factors are minimized. Over short periods of time, the
land surface vegetation and surface roughness factors
remain stable, whereas variability in soil moisture status
exists due to wetting and dry down of the soils. In such

a scenario, the increase of surface soil moisture or soil
dielectric constant will lead to a decrease in radiometer
Tg (at polarization v or h) and an increase in SAR co-pol
(hh or w) o measurements, and vice-versa (Njoku and
Entekhabi 1996; Ulaby et al. 1996). During this short time
period, Tg and co-pol ¢ are negatively correlated due to
soil moisture variations in time. The time period should
be much shorter than the seasonal phenology of vegeta-
tion. It should be noted that in some agricultural land use
regions the vegetation can grow and change attributes
rapidly over a few days,which may be a source of error.
Also, precipitation and associated surface disturbances
can change the soil roughness characteristics that may
introduce another source of error. Despite these sources
of uncertainty, within this region of interest over a short

period of time the measured Tg and co-pol ¢ are expect-

ed to have a functional relationship, and thus a hypothesis
of linear functional relationship is established on the same
spatial scale:

Tg=o+p.o (19)

The linear dependence in (19) is based on units of dB for
the SAR backscatter cross-section. The unknown param-
eters o [K] and B [K/dB] are dependent on the dominant
vegetation and soil roughness characteristics, and the

Tg polarization can either be v or h and the ¢ polarization
is either vv or hh. To overcome the limitations of existing
active-passive algorithms, a new algorithm is proposed
that disaggregates the radiometer-based brightness
temperature using high-resolution SAR backscatter by
implementing Eq. (19).

SMAP grid configurations used in the algorithm are shown
in Figure 40, where “C” represents coarse-scale (36 km),
“F” represents fine-scale (3 km), and “M” represents me-
dium-scale (9 km) for the radiometer, SAR, and combined
product grid spacing, respectively. This convention is
used throughout the text. The SMAP grid configurations
are nested: within a single (nc = 1) 36 km x 36 km pixel

of grid C there are nm = 16 pixels of grid M and nf =

144 pixels of grid F. SAR backscatter cross-sections are
averaged in power to obtain the coarse-resolution (M & C)
backscatter cross-sections.

Equation (19) evaluated at scale C (36 km) is:
T8(C) = 0(C) + B(C) - 6(C) (20)

1
Here 6(C) = WZ,-’L o(F;) where F = 3 km grid reso-
lution and nf is the number of F grid cell within C. Tg(C)
and o(F) are available in the SMAP L1C_TB and L1C_
SO_HiRes data products, respectively. [Note: o(F;) while
averaging is in linear units.] The parameters o(C) and B(C)
can be statistically estimated based on the time-series re-
gression in (20), i.e., pairs of SMAP radiometer Tg(C) and
spatially-averaged SAR data o(C) from successive over-
passes over the same Earth grid are used in the statistical
linear regression Tg(C) = intercept + slope - 6(C).

Das et al. (2014) test the robustness of the assumption of
the linear functional relationship (20) between brightness
temperature and radar backscatter cross-section, using
data from the Passive Active L-band System (PALS) air-
craft instrument taken during the Soil Moisture Experiment
2002 (SMEX02) to show the strength of linear functional
dependence (i.e., R2) between the time-series of T,

(4 km) and 6, (4 km) specific to a particular location or
coarse radiometer pixel (Figure 2 in Das et al. 2014; also
see Colliander et al. 2012). The explained variance (high
R2) of the linear approximation TBV= o+ B.o,, is between
65% and 93% for the SMEX02 PALS observations. There
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were only 8 days of PALS flights during SMEX02 and in
some locations of the flight domain not enough soil mois-
ture change was observed.

To confirm the fidelity of the linear functional relationship
between Tg (C) and o for different hydroclimatic regions
and various land covers, PALS data from multiple field
campaigns (SGP99, SMEX02, CLASIC, and SMAPVEX08)
are consolidated and analyzed. The Tg (C) and 6 mean
values from each field experiment are removed from the
observations of each experiment in order to remove ex-

(L2_SM_AP)
36 km
27
M
0
0 9 18 27 36 km
oM,y
nm=16

Figure 40. SMAP radiometer, SAR, and combined product grid configu-
rations, where nfand nm represent the number of grid cells of SAR and
combined product, respectively, within one radiometer grid cell nc.

periment-to-experiment instrument calibration differences.
Figure 2 in Das et al. (2011 and 2014) shows the ex-
plained variance between the various radar and radiome-
ter polarization measurements from the combined SGP99,
SMEX02, CLASIC, and SMAPVEX PALS field campaigns
(Colliander et al. 2012). The results are segmented based
on the magnitude of vegetation cover. The explained
variance ranges from 0.4 to 0.6 (for various polarization
combinations) for low vegetation conditions and diminish-
es to zero for full vegetation cover.
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The amount of vegetation cover is quantified using the
radar measurements and the Radar Vegetation Index (RVI)
that is defined as

Rv=__ S (21)

Ohh + Oyy + 20hy

with the radar backscatter values in units of power (Kim
and van Zyl 2009). RVl is an index that is directly propor-
tional to the amount of vegetation on the land surface, and
is influenced by the geometric structure of vegetation. It
can be derived directly from SMAP radar measurements.
When the vegetation cover is dense and there is complete
unpolarized volume scattering from the vegetation canopy,
which consists of randomly oriented dipoles, RVI has the
upper limit of unity. If the vegetation cover consists of
dipoles oriented at 45° with respect to the V polarization,
then the scattering from vegetation alone will have RVI=2;
however, natural vegetation cover is unlikely to have only
uniformly oriented dipoles. For bare smooth surfaces, the
cross-pol radar backscatter cross-section is much smaller
than the co-pol values. This leads to a near-zero RVI.
Conveniently, the RVI is nominally between zero and
unity.

The parameter B is estimated for the measurements from
the combined SGP99, SMEX02, CLASIC, and SMAPVEX
PALS field campaign datasets (Colliander et al., 2012).
The brightness temperature change sensitivity to back-
scatter change is highly dependent on vegetation density
(Figure 41). Values of B for different classes of RVI show
that dense vegetation cover masks the soil moisture sen-
sitivity of radar measurements (3 approaches zero for RVI
approaching unity). Across low vegetation cover regions
(low RVI), the changes in radiometer brightness tempera-
ture are also reflected in changes in radar backscatter,
leading to large (negative) values of the statistically-
estimated f.

All Observations: SGP99, SMEX02, )
O |— CLASIC, SMAPVEX08
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Figure 41. Parameter 3 estimated from consolidated PALS data taken
over four field experiments and for different landcover types.

The statistically estimated slope parameter B(C) in (20)
(when based on SMAP measurements) is specific for a
given location. This is because B(C) is a sensitivity pa-
rameter relating T, (C) and o,, (C) and it is a function of
surface characteristics like the local vegetation cover and
soil roughness. The parameter varies seasonally as well
as geographically depending upon land cover.

To develop the satellite-based active-passive algorithm,
(19) can also be conceptually evaluated at the 9-km scale
M [same as was done for 36-km scale C in (19)] within
the radiometer footprint C:

(M) = (M) + B(M)) - 61, (M) (22)

’
where 6,,(M)) = im 221 OwFi) obtained from the SMAP
high-resolution (3 km) SAR data product. Here Tg (M) is
the unknown brightness temperature at scale M. This
scaled brightness temperature is not available given the
SMAP radiometer instrument resolution. In fact, this vari-
able is the target of our estimation and it is referred to as
the disaggregated/downscaled brightness temperature.
The first step in developing the algorithm is to subtract
(20) from (22):

T8,M) = Tg,(C) = {M)) —o(C)} +
{{B(V)+ o (M))] = [B(C) - oc(C)l}

(23)

Because T, (M) is not available, the parameters a(M,)
and B(M}j) cannot be estimated in the manner that was
followed at scale C. The path forward to incorporate the
effects of the variations of these parameters at scale M,
with respect to the coarser scale C begins with rewriting
(23) algebraically as

T,M) = Tg,(C) + {B(C) « [on(M)) - S (C)l} +
{{oM)) = o(C)] + BM) = B(C)] - 5 (M)}

The left-hand side of (24) is the target variable of the
active-passive algorithm, i.e., the disaggregated bright-
ness temperature at the 9 km scale M. The first term

on the right-hand side (RHS), T,(C), is the radiome-
ter-measured brightness temperature at 36 km or scale
C. The second RHS term, {B(C) « [o,v(M)) — 5, (C)]},
can be calculated based on the regression parameter
B(C) that is estimated through the time-series of radiom-
eter brightness temperature measurements and SAR
measurements aggregated to scale C. The remainder of
this second RHS term is also based on the SAR mea-
surements aggregated to scales Mj and C. The third RHS
term accounts for the deviations/heterogeneity of

the parameters o and B within the grid C. The term
{[o(M))— o(C)] + B(M)) = B(C)]+ ov(M))} is in units of
brightness temperature and represents the subgrid scale
heterogeneity effects. The parameters oo and 3 depend

(24)
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on vegetation and surface roughness. The SMAP SAR
also provides high-resolution cross-polarization backscat-
ter measurements that are principally sensitive to vege-
tation and surface characteristics. The cross-polarization
backscatter at scale M deviations from its coarse-scale
aggregate [op,(C) — opy(M))] are indicators of the sub-
grid heterogeneity in vegetation and surface physical
characteristics.

This heterogeneity indicator [c,(C) — opy(Mj)] can be
converted to variations in co-polarization backscatter
S99 This

SGhV(MJ) °r80, M)
sensitivity, denoted by the scale C parameter I'= [8 G;V(W]é

is specific to each grid C and the particular season for this
grid C. It can be estimated using high-resolution SMAP
co-polarization and cross-polarization SAR measurements
through statistical regression. For any scale C data granule
there will be a reasonable number of scale M SAR data
pairs to estimate the sensitivity parameter I'. The parame-
ter T derived from consolidated PALS data taken over four
field experiments (Colliander et al. 2012) for different land
covers is shown in Figure 42. Except for low vegetation
cover, the parameter T" tends to converge among different
land covers.

through multiplications by the sensitivity [

The term T+ [64(C) — opy(M])] is the projection of the
variations due to the heterogeneity in parameters o and B
in the SAR co-polarization space. It can be converted to
brightness temperature units for use in (23) through mul-
tiplication by B(C), i.e., B(C) - - [6pu(C) — op(M])], where
B(C) is the particular radiometer grid scale C conversion
factor relating co-polarization backscatter variations to
brightness temperature variations. Therefore,

B©C) - T+ [oav(C) = onu(Mj)] = {[odM)) — aCY1+[B (V) -
BON - ow (M)}

The SMAP active-passive brightness temperature disag-
gregation algorithm is complete by substituting this term
for the third RHS term in (24),

T, M) = Tg,(C) + {B(C) « [ow(M) — o (C)]} + ©5)
B(C) - T+ [on(C) — oh(M))]

which can be written more compactly as

Tg,M) = Tg,(C) + B(C) « [ow/(M) = oW (C)] +
I+ [op(C) = Spy(M))]

The disaggregated brightness temperatures T (M) from
(26) are expected to have more noise than T (C) due to
inherent errors in Tg (C), 6,,(M)), and cp,(Mj), and the
degree of uncertainty associated with parameters B(C) and
T" that are derived from regressions. The disaggregated
brightness temperature T, (V)) at 9 km is an interme-
diate product of the proposed active-passive algorithm.
Since the second and third terms in (26) are deviations

(26)

of the backscatter from the 36-km pixel mean values,

the statistical expectation of the disaggregated bright-
ness temperature will necessarily always be equal to the
radiometer measurement. Thus, there is a built-in consis-
tency between the L2_SM_AP and L.2_SM_P soil moisture
products.
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Figure 42. Parameter I determined using c,, and ,, from consolidated
PALS data taken over four field experiments and for different land cover
types.

B. Baseline Algorithm Implementation

The L2_SM_AP algorithm is implemented on the SMAP
Science Data System (SDS). The two primary inputs

into the baseline algorithm are 36-km radiometer-based
brightness temperature and the 3-km radar-based back-
scatter cross-sections. These data are derived from the
L2_SM_P and L2_SM_A processing stream instead of the
lower-level (Level-1) data products suite. The water-body
correction and the freeze/thaw flags derived from the
SMAP radar measurements are available at the early
stages of Level 2 product processing. The water-body
corrected brightness temperature at 36 km (TBp(C) for
polarizations p=v and h) along a swath with associated
QC flags is available as part of the L2_SM_P product, and
is a direct input to the L2_SM_AP algorithm. The 3-km
gridded opq (F) data for polarizations pg=vv, hh, and hv,
3-km transient water body and freeze/thaw flags pro-
duced during the L2_SM_A processing are also input to
the L2_SM_AP algorithm. The fine-resolution 3-km radar
backscatter cross-section data contained in the coarse-
scale (36-km) grid are averaged to the intermediate and
coarse-scale resolutions. The results are o(C) and o(M)).

C. Algorithm Flow

There are two main derived parameters based on the
water-body corrected and flagged radar backscatter
cross-section (I'(C) and B(C)). Each is a scalar for the
36-km grid. These are estimated statistically from opp(F),
Opq (F), and TBp(C). The parameter T'(C) is the slope of the
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. , . 301
linear regression between deviations of I'= |55 3] where
Pq c

4 is defined as the deviation a(M)) — o(C). The parameter
B(C) is estimated as the regression slope of a time-series
of 6pp(C) and TBP(C)- The time window over which the
statistical regression is implemented must balance the
sample size (favoring longer windows) and changes in the
linear slope due to changing vegetation phenology (favor-
ing shorter windows). Trade-off studies on the size of this
time window are ongoing, and early indications (based on
Aquarius active-passive data) are that a 3-month window
is applicable in most climate zones.

Prior values for T'(C) and B(C) are also available in data
files during processing. The priors are established using
the field experiment-based parameterizations of the pa-
rameters as a function of RVI (Figures 41 and 42) as well
as Aquarius heritage observations. The standard error of
estimation of slope is also derived during the regression
steps described above. The same is available for the
archive prior values for the parameters. The statistical re-
gression values and the priors are combined in a Bayesian
framework based on their respective errors of estimation.
This leads to more robust estimates for T'(C) and B(C).

At this point the disaggregated brightness temperatures
at the intermediate 9-km scale can be calculated using
(26). At this stage the same baseline algorithm used for
L2_SM_P is applied to estimate surface soil moisture. The
ancillary data used in the process will be at a finer reso-
lution than those used in L2_SM_P. But the architecture
of the algorithm and the parameterizations used will be
the same. This ensures a high level of consistency among
all the SMAP soil moisture products. Documentation for
these static and dynamic ancillary datasets can be found
at http://smap.jpl.nasa.gov/science/dataproducts/ATBDY/.

D. Alternate Algorithms

The alternate algorithms for the active-passive soil mois-
ture product are variations of the brightness temperature
disaggregation of the baseline algorithm. In the first
alternative, the brightness temperature disaggregation is
performed at the fine scale Fj instead of the intermediate
scale Mj ( Figure 40). Then the brightness temperature
values are aggregated to 9 km and soil moisture values
are retrieved at the 9-km scale. The performance of this
alternate implementation is highly dependent on the
impact of increased radar noise at the higher resolution.
In a second alternate implementation, the soil moisture
retrievals are performed on the estimates of 3-km disag-
gregated brightness temperatures. Then the soil moisture
values are averaged to the intermediate 9-km resolution.
Since over the dynamic range of surface soil moisture and
brightness temperature the variations are nearly linear, the
nonlinearity of the tau-omega model is not expected to
affect the relative performance of this (second) alternate

algorithm. Aggregation of soil moisture to 9 km is also
affected by the quality of the ancillary data such as land
cover, physical temperature, and soil classification. These
alternate implementations of the baseline algorithm are
currently undergoing testing using simulated SMAP data
products (see next section).

E. Algorithm Performance

The performance of the baseline algorithm is evaluated
using the PALS datasets from SMEX02. The reason for
using the PALS SMEXO02 dataset is the availability of

wet and dry soil moisture conditions and the range of
vegetation conditions within the PALS flight domain for
the campaign duration. PALS was flown over the SMEX02
region (the Walnut Creek watershed, lowa) for eight days
during the months of June and July, 2002.

Although the PALS L-band radar and radiometer have
similar frequencies to SMAP, the PALS instruments have
much finer spatial resolution (approximately ~0.8 km
depending on flight altitude). To apply the L2_SM_AP
algorithm to PALS data, the data are gridded for the
radiometer at ~4 km and for the radar at ~0.8 km.
Equation (8) is implemented to obtain the disaggregated/
downscaled TBV at ~0.8 km, and the L.2_SM_P algorithm
(see L2_SM_P algorithm description in this chapter) is
then used to retrieve soil moisture from disaggregated 7p,
at ~0.8-km resolution. Das et al. (2014) report that

the RMSE of the brightness temperature disaggregation
(4 km to 0.8 km) is 1.8 K. When the 4-km radiometer data
are resampled (using just simple assignment) to 0.8 km,
the RMSE is 2.75 K. The improvement 2.75 to 1.8 K'is
due to the inclusion of heterogeneity information from the
radar in the disaggregation process. The higher resolution
and accuracy of the disaggregated brightness tempera-
ture enables soil moisture retrieval at high resolution.

Soil moisture retrievals on disaggregated T, are per-
formed using the t-w algorithm with ancillary data
measured/sampled during the SMEX02 experiment. To
validate the retrieved soil moisture estimates at ~0.8 km
resolution, the field averaged soil moisture calculated from
in situ measurements in 31 fields over 4 days are used
(Figure 43a—c). The representative spatial resolution of a
field is near ~0.8 km, making the comparison between
field measurements of soil moisture and retrieved soil
moisture from disaggregated Tg at 0.8 km compatible.
Figure 43(a) results indicate that the proposed algorithm
(RMSE: 0.033 cms/cmg3) outperforms the minimum
performance (RMSE: 0.056 cm3/cm3) as shown in

Figure 43(b). The Minimum Performance intermediate-
resolution soil moisture values are the retrieval results
from Tg, resampled at ~0.8 km. They are obtained by
direct resampling of T, at ~4 km to high-resolution

~0.8 km pixels. The Minimum Performance is a reference
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for comparison. It is essentially a resampling of brightness
temperature to finer scale without use of information from
the radar. Results from this study establish the applicabili-
ty of the algorithm (26) by clearly outperforming the results
from Minimum Performance. The baseline algorithm also
captured the spatial variability in soil moisture with reason-
able accuracy for vegetation having <5 kg/m2 VWC. The
baseline algorithm reduces the Minimum Performance
algorithm error by 40%.

Another test was performed to evaluate the contribution
of radar cross-pol backscatter measurements (cpq) on
the algorithm (26). The radar 6pq addresses the hetero-
geneity especially due to vegetation within the coarse
radiometer footprint. The test was conducted by ignoring
the radar cross-pol measurement (Gpg) in the algorithm
(25) or essentially I' = 0. Therefore (26) becomes

T, (M) = Tg,(C) + B(C) « [0pp(M)) = 0pp(C)]  (27)

The retrieval using (27) is shown in Figure 43(c). The
RMSE (0.043 cm3/cm3) in this scenario is greater than

the RMSE (0.033 cms/cmg) obtained from the baseline
algorithm (26). This test clearly captures the important
contribution of opq in capturing sub-radiometer measure-
ment scale vegetation heterogeneity for the baseline algo-
rithm. However, (27) performed better than the Minimum
Performance and hence strengthens the applicability of
radar measurements to disaggregate the coarse radiome-
ter measurement.

In order to test the algorithm across a wider range of
conditions than those encountered in the limited airborne
field campaigns, simulation environments are used. A
global-scale simulation (GloSim) for the SMAP mission

is developed and implemented on the SMAP Testbed

at JPL. The GloSim orbit simulator on SDS mimics the
SMAP configuration and follows an 8-day exact repeat
pattern that provides total global coverage in 2-3 days.
GloSim includes the capability of generating orbital files
of simulated radiometer and radar observations of Tg and
o, respectively. Description of models used in forward
simulation of Tg and ¢ are beyond the scope of this pa-
per; however, details are available at the SMAP webpage
(http://smap.jpl.nasa.gov/science/dataproducts/ATBDY/).
Geophysical data (e.g., soil moisture and soil temperature)
obtained from GMAO MERRA at 9-km resolution covering
a 1-year period and ancillary data (e.g., model parame-
ters, soil texture, land cover, water bodies, and VWC) at
high resolution are used as underlying truth maps to sam-
ple forward observations of Tg and ¢ to mimic SMAP-like
measurements. GloSim also applies realistic instrument/
antenna beam sampling and orbital sampling to simu-
late the footprint-averaged observations within swaths
acquired by the SMAP instruments. These simulated
observations, along with their noise-perturbed versions,
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Figure 43. Comparison of field averaged soil moisture and retrieved soil
moisture estimated from PALS data for 8 days: (a) Baseline Algorithm,
(b) Minimum Performance, and (c) Baseline Algorithm soil moisture
retrieval with no heterogeneity information provided by cross-pol 6,
radar backscatter information.

are essential to the testing, development, and operational
implementation of all SMAP Level 2 and Level 3 soil mois-
ture and freeze/thaw algorithms.

L2_SM_AP retrieval is performed on the simulated SMAP
half orbit granules of L2_SM_P and L2_SM_A generated
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from GloSim. The algorithm is implemented for extensive
analyses. These analyses help to understand and develop
solutions and risk reduction of various important opera-
tional and algorithm related issues such as: a) determine
size of temporal window required over valid land pixels of
radiometer and radar data to derive high-fidelity algo-
rithm parameters; b) identify regions of the world where
updates to the temporal window are essential due to
changing vegetation phenology and ground conditions;
c) develop and mature algorithm parameters database;
d) develop and mature L2_SM_AP error budget table;
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Figure 44. (a) Tp, (C) data gridded at 36 km from GloSim for 1 day in
June; (b) Swath of aggregated o, at 9-km grid from GloSim for 1 day in
June; (c) Beta () parameter used for the swath from GloSim for 1 day

e) highlight the sensitivities of various ancillary data,
masks and flags on the retrievals; and f) assess the limita-
tions of the algorithms and help to tune the algorithms.

For discussion and illustration of L2_SM_AP retrievals,
the particular swath as shown in Figure 44 is selected
because it covers a wide range of conditions in soil mois-
ture state (dry—wet), soil texture (sand—clay), land covers
(rainforest—desert), and different hydroclimatic domains.
Along with the SMAP products as inputs, the L2_SM_AP
processor implemented in the SMAP SDS also ingests
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in June; (d) Gamma (') parameter used for the swath from GloSim for
1 day in June.
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static (e.g., soil) and dynamic (e.g., VWC and soil tem-
perature) ancillary datasets, and global masks (e.g., ur-
ban, inland water bodies) at 9-km Earth fixed grid. For the
GloSim L2_SM_AP retrievals, the parameter () estimation
is conducted using time series of Tg (C) and 6,,,/(C) for all
grid cells. Figure 44(c) illustrates the state of parameter 3
(derived from a 3-month time series) used over the swath
that clearly exhibits dependency of B with respect to land
cover. The land cover mostly influences the dynamic
range of T, (C) and 6,,,(C), and hence the parameter p.
Another parameter T in (26) that detects the heterogeneity
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Figure 45. (a) Swath of disaggregated Tp, at 9-km grid from GloSim for
1 day in June; (b) Swath of retrieved soil moisture at 9-km grid from
GloSim for 1 day in June; (c) Errors in soil moisture at 9-km grid from

within C is determined on the fly over the swath and is
shown in Figure 44(d) for a particular day in the month of
June. Typically, very high correlation is observed between
oy and op,, and that is well captured (Figure 44d). The
parameter I also displays dependency for land cover.

The L2_SM_AP algorithm (26) is applied on data obtained
from L2_SM_P and L2_SM_A. Figure 45(a) shows that
the disaggregated Tg at 9 km that captures the spatial
heterogeneity detected by the SMAP radar that would
otherwise be masked by the coarse-resolution scale of
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the brightness temperature measurements. Soil mois-
ture retrieval is conducted on the disaggregated Tp,
using the tau-omega (t-) model (SCA). Figure 45(b) and
Figure 45(d) show the retrieved and truth soil moisture

at 9 km, respectively. Applicable noise is introduced in
the ancillary data while performing the retrievals. Com-
parisons of Figure 45(b) and Figure 45(d) show similar
spatial patterns of soil moisture for most of the regions.
However, over highly-vegetated regions (e.g., rain forest),
the 1-@ model did not converge and therefore a null value
is assigned during the retrieval process. To get an initial
assessment of retrievals, errors are computed for the
swath and are shown in Figure 45(c), with higher error for
regions having high vegetation as expected.

Nearly ~5300 half-orbit granules of L2_SM_P and L2_
SM_A are processed for a 1-year period for the GloSim
L2_SM_AP retrievals. RMSE is computed for each 9 km
grid cell. The global spatial pattern of RMSE is shown

in Figure 46 for a 6-month period (April-September)
period. The spatial pattern of RMSE in Figure 46 matches
with the global VWC spatial distribution. RMSEs are not
computed for the 9 km grid cells having more than 5%
water fraction within the 9 km, more than 25% urban
areas, open water bodies, and mountainous regions.
These threshold values are currently being evaluated and
harmonized for consistency across all SMAP Level 2 soil
moisture products. Quantitative values of RMSE with re-
spect to a range of VWC over the global extent is shown
in Figure 47. The RMSE curve in this plot clearly meets
the SMAP L1 requirements.

V. Radar-Only Soil Moisture Retrievals
(L2/3_SM_A)

A. Science Basis for Baseline Algorithm

Retrieval of soil moisture from measured backscatter data
typically implies an inversion of the radar forward scatter-
ing process. It has been common in the literature to use
radar measurements to develop empirical or semi-empiri-
cal models for scattering or for inversion for bare surfaces
(Dubois et al. 1995; Oh et al. 1992) and for vegetated
surfaces (Bindlish et al. 2009; Joseph et al. 2008; Kim
and van Zyl 2009). The empirical models face challenges
when compared with datasets not used in the original
model development (Zribi et al. 1997). Analytical inver-
sion of a complex forward model is not feasible; iterative
numerical inversion often requires significant computing
time, especially for the global and frequent mapping to
be done by SMAP (Verhoest et al. 2007), although the
iterative techniques have become more effective and
computationally efficient (Tabatabaeenejad et al. 2012).
Forward model fits (e.g., using polynomials) were inverted
analytically (Shi et al. 1997), iteratively (Moghaddam et al.
2000), using a genetic algorithm approach (Oh 2006), or

through neural-network training (Paloscia et al. 2008).
The performance of all these methods is dependent on
the fidelity of the inversion formulas, the accuracy of the
model fitting, and the inherent accuracy of the forward
model. As a different strategy, the effects of time-invariant
surface roughness and vegetation were corrected by de-
riving the relative change index (Wagner and Scipal 2000)
or through temporal differencing (Balenzano et al. 2011).
Such approaches are susceptible to errors caused by
changes in vegetation or other geophysical conditions
over the time series of data used.

Recently, a look-up table representation of a complicated
forward model was demonstrated to be an accurate and
fast tool for retrieval (Kim et al. 2012a; Kim et al. 2014).
Bare rough surfaces can be characterized in terms of
their root mean square (rms) roughness height, correlation
length, and moisture content (a surrogate for dielectric
constant). The use of time-series data makes the retrieval
a well-constrained estimation problem, under the as-
sumption of a time invariant surface roughness (Verhoest
et al. 2007). By taking a co-polarized ratio (Shi et al.
1997) or its equivalent (Kim et al. 2012a), the soil moisture
retrieval becomes insensitive to the correlation length
except for very rough surfaces, which enables an accu-
rate retrieval of soil moisture without correlation length
information. This approach has been extended to the
vegetated surface by introducing a vegetation axis to the
lookup table (Kim et al. 2014). One axis representation of
the vegetation effect is clearly a simplification, considering
that different sets of vegetation parameters result in dif-
ferent backscattering coefficients. However, with SMAP’s
three measurement channels (HH, VV, HV), at most three
independent parameters can be uniquely estimated, and
therefore simplified forward models must be represented
in terms of at most three dominant parameters. The sim-
plification will result in some errors in soil moisture retriev-
al, especially in heavily vegetated areas such as forests.
Allometric relationships, if available, reduce the number of
unknowns and may improve the retrievals (Tabatabaeene-
jad et al. 2012). The three parameters used to simplify the
scattering model are then the dielectric constant of sail,
soil surface roughness, and VWC. Accordingly, the lookup
table is referred to as a “data cube” (van Zyl 2011), shown
in Figure 48.

The merits of using a data cube to estimate the desired
unknowns are summarized below:

e |t avoids numerical or analytical inversion that is often
not feasible for a sophisticated forward model

e |t achieves similar inversion accuracy as the numer-
ical or analytical inversion by adopting a fine interval
for the data cube axis, as demonstrated by van Zyl
2011
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Figure 48. An example of data cubes for grass surfaces. s refers to rms
height of isotropic surface, and rages from 0.5 to 5 cm. €,is the real part
of relative permittivity (3 to 30). VWC denotes vegetation water content
(0 to 5 kg/m?).

e |t simplifies forward model modification or replace-
ment while retaining the same retrieval formula

e Anew data cube can be added for a new vegetation/
forest class or for the same vegetation class but at a
different season

Forward models are developed for each land cover class
of the International Geosphere-Biosphere Programme

(IGBP). All crops belong to one class according to the
IGBP classification although their scattering characteris-
tics may not be the same. Considering that SMAP’s 3-km
resolution radar will be useful in monitoring croplands that
have relatively small spatial extent, four dominant crop
classes of the world were selected according to the sta-
tistics provided by the Food and Agriculture Organization
of the United Nations and regional crop maps. The SMAP
project initially employs data cubes for 17 classes (13
IGBP classes plus 4 crops), and will expand the classes
in the future if needed.

The distorted Born approximation (DBA) scattering theory
is applied to model radar backscattering for a vegeta-
tion-covered soil layer, which can be qualitatively decom-
posed into a sum of three dominant contributions:

Opg = Opg &, S, 1) €xp (-2tp(VWC)) + (28)
Opq (VWC) +0pg (VWC, &, s, )

In this expression, cﬁgq represents the total radar scat-
tering cross-section in polarization pqg (HH, VV, or HV

for SMAP radar), opq exp(—21pq) denotes the scattering
cross-section of the soil surface modified by the two-way
vegetation attenuation, cp"q is the scattering cross-sec-
tion of the vegetation volume, and 055 represents the
scattering interaction between the soil and vegetation.
The quantity € is the complex dielectric constant of bare
soil, s and / are the rms height and the correlation length
for surface roughness, respectively, T is the vegetation
opacity along the slant path of the radar beam, and VWC
is the vegetation water content. The latter two parameters
can be derived from specific geometric and dielectric
properties of the discrete scatterers contained within the
vegetation canopy. Full details of the forward model de-
velopment are provided in Burgin et al. (2011), Duan and
Moghaddam (2011), Huang and Tsang (2012), Huang

et al. (2010), and Kim et al. (2014).
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The range of the VWC axis varies by each land cover °
class. To determine the range in VWC, a 10-year clima-

tology of global VWC for each IGBP class was construct-

ed using a 10-year climatology of MODIS normalized

difference vegetation index (NDVI) information, which was
subsequently converted into VWC using a set of land
cover-based equations to estimate the combined foliage

and stem VWC (Jackson et al. 2004; Hunt et al. 2011). °
The full details of the VWC estimation are available in the

SMAP Vegetation Water Content Ancillary Data Report
(http://smap.jpl.nasa.gov/science/dataproducts/ATBD/).

The resulting VWC values range from zero to the maxi-

mum specified in Table 12.

The evaluation of the data cubes was presented else-
where by comparing with field campaign datasets and
satellite data. The list of the field campaigns used is
shown in Table 12. The evaluation results are summarized
as:

Table 12. Specification of the data cubes.

VWC percentile

Bare surface (Duan and Moghaddam 2011; Oh et al.
2002). Compared with the in situ data over a wide
range of soil moisture, roughness, and correlation
length, the data cubes are in good agreement for
both co-pol and cross-pol with an RMSE smaller
than 1.5 dB (co-pol) and 2.2 dB (cross-pol).

Woody vegetation (Burgin et al. 2011). The fidelity

of training the data cubes is such that the model
predictions of evergreen needleleaf forest match the
concurrent overflight observations by the Uninhabited
Aerial Vehicle Synthetic Aperture Radar (UAVSAR)
with a RMS difference of 0.13 (HH) and 0.09 (VV) dB.
For old Jack pines, their relatively simple geometry,
smooth and dry ground, and absence of thick and
wet understory helped achieve the very small training
error (the errors do not represent validation using
independent data at present). The same modeling
approach was validated for a variety of mixed forests

% cover of Training or Validation

IGBP class ID, class name (50th, 95th, Max, kg/m?2) global land Reference

1 Evergreen needleleaf 13.2, 14.7, 16.8 4.0 CanExSM10
2 Evergreen broadleaf 17.9, 18.5, 20.1 10.0 CanExSM10
3 Deciduous needleleaf 73, 7.9, 87 0.6 CanExSM10
4 Deciduous broadleaf 12.0,12.9, 13.6 1.6 CanExSM10
5 Mixed forest 12.0,12.7,13.7 4.7 CanExSM10
6 Closed shrub 1.6, 2.9, 41 0.5 Tara Downs

7 Open shrub 0.5, 1.9, 28 18.3 Tara Downs

8 Woody savanna 3.6, 4.4, 54 7.5 Tara Downs

9 Savanna 24, 32, 4.2 7.0 Not available
10 Grassland 0.5, 1.7, 29 9.3 SGP99

11 Wetlands 3.5, 43, 54 0.2 CanExSM10
12 Crop : wheat Not available
12 :corn SMEX02

12 : soybean 25, 88,48 90 SMEX02

12 : rice Not available
14 Crop/natural vegetation 3.3, 39,47 2.1 Not available
16 bare surface n/a 13.7 Michigan92

Vegetation Water Content (VWC) was derived from the 10-year
MODIS NDVI climatology. % cover of each class is compiled

by the MODIS-IGBP product. “urban” and “ice” (ID=13 and 15,
respectively) were not simulated. Further details of the validation
datasets and results can be found in material related to various

field experiments: Canadian Experiment for Soil Moisture in 2010
(CanEx-SM10) (Tabatabaeenejad et al. 2012), Southern Great
Plains (SGP) 1999 (Njoku et al. 2002), Michigan 92 (Oh et al.
2002), Soil Moisture Experiment 2002 (SMEX02) (Jackson et al.
2004), Tara Downs (Burgin et al. 2011).
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in Australia using independent data (JPLs Airborne
SAR, AIRSAR): the co-pol RMSE is smaller than

3.4 dB even without removing any biases (Figure 5
of Burgin et al. 2011). The models for woody savan-
na were validated by comparison with independent
spaceborne data (Phased Array type L-band SAR,
PALSAR): the co-pol RMSE is better than 2.7 dB
(Figure 4, Burgin et al. 2011).

e Non-woody vegetation (Kim et al. 2014). Co-pols
are simulated with an accuracy of better than 1.8 dB
RMSE (pasture and grass). Both co-pols are simu-
lated with an accuracy of better than 2.9 dB RMSE
(corn).

e  The backscatter predictions by the data cubes were
compared with observations of the scatterometer on-
board the Aquarius/SAC-D satellite (Kim et al. 2013).
The co-pols compare well with a mean difference of
3 dB for bare surface and 2 dB for the other classes.
Part of the bias may be explained by the difference
in incidence angle, a bias in input data used by the
evaluation process, and the terrain slope (note the
Aquarius spatial resolution is nominally 80—-120 km).
The standard deviation of the difference between
simulation and observation is about 2.5 dB (shru-
bland, savanna, and grassland) and 4 dB (cropland
and bare soil). Parts of the 4 dB standard deviation
error may be caused by the terrain slope and diversi-
ty of crops.

B. Baseline Retrieval Algorithm

The SMAP radar provides three independent chan-

nels (HH, VV, and HV). HV-channel measurements are
reserved for possible use in correcting vegetation effects.
The remaining two co-pol measurements (HH and W)
are not always sufficient to determine s and €. One of the
main causes is the ambiguity in bare surface scattering —
a wet and smooth surface may have the same backscat-
ter as a dry and moderately rough surface. Very often

the time scale of the change in s is longer than that of €
(Jackson et al. 1997). Then s may be constrained to be a
constant in time, thus resolving the ambiguity (Kim et al.
2014). The concept of a time-invariant s has also been
utilized in other studies (Joseph et al. 2008; Mattia et al.
2009; Verhoest et al. 2007). The SMAP baseline algorithm
differs from these studies in that no ancillary or ground
measurements or statistical assumptions are required to
constrain s and in that the algorithm may apply generally
to temporally changing vegetation.

The SMAP baseline approach (Kim et al. 2012a; Kim et al.
2014) is a multichannel retrieval algorithm that search-
es for a soil moisture solution such that the difference
between modeled and observed backscatter is minimized
in the least squares sense. The algorithm estimates s first

and then retrieves €, using the estimated s. Vegetation
effects are included by selecting the forward model’s o0 at
the VWC level given by an ancillary source or the SMAP
HV measurements. The algorithm retrieves s and the real
part of the dielectric constant (€,) using a time series of N
co-pol backscatter measurements: 69(t;), 6On(t1),

69 4(t2), 00w (to), ... , 0% (tn), and a0 (ty). There are thus
2N independent input observations and N+1 unknowns
consisting of N g, values and one s value. Note that the
VWC provided by ancillary information is allowed to be
varying throughout the time series.

Radar backscattering coefficients before conversion to
decibels can be modeled as Gaussian random variables
(Ulaby et al. 19864a) to account for speckle and thermal
noise effects. Assuming sufficient integration following
power detection, the backscattering coefficient after con-
version to decibels can also be modeled as a Gaussian
random variable. Because SMAP will observe HH and VW
returns at slightly different center frequencies, the effects
of speckle and thermal noise on these measurements
are statistically independent. Statistical independence

of speckle in measurements at differing time steps is also
expected. These facts and a maximum likelihood form-
ulation motivate least-squares retrieval approaches
based on the average of individual error terms. It is noted
that calibration, radio frequency interference, and other
error sources may produce correlated error terms. The
systematic and correlated components from these
sources will be corrected. Any residuals may impact
overall algorithm performance and are modeled as un-
correlated Gaussian noise (although they may still contain
correlated noise).

The retrieval algorithm therefore minimizes the cost func-
tion (C):

C (s, n, €1, €,...,&nN)

= W1 HH (O (t1) - GIE)IH, fwd (S, N, €r1))
+ Wi (Vv (1) = O fwdl (5, N, €01))2

+ W1 (G5 () = OHY, fwal (S 1, €12))2
+ Wi (O (t2) = OO fwdl (S, N, €2)2

+ ..

+ W1 HH (G () - 0/—?/—/, fwd (S, N, €n))2
+ Wi (OO (th) — OO, fwdl (5, N, €2
E1 (05 (1), oy (t1). S, 1, £1) +
E2 (01 (o) oy (t2). S, 1, €2) + .
En (OHiH (), 00y (). S, 1, €)

zZ|=

where values from observations and from the forward
model are denoted as 6% and ¢%,,, (both in dB), respec-
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tively. An additional parameter n is included above (so that
a total of N+2 parameters are now involved) to account
for bias discrepancies between data-cube simulations
and actual vegetation properties. Again, note that the
above formulation can accommodate temporal change in
VWG, because 6%,,, is chosen by the VWC value avail-
able at each time. The weights w; in the cost function

are associated with differing errors in the cross-section
measurement as a function of time or polarization, and the
subscript i indexes the time sequence. Uniform weights
are utilized in the results to be shown, based on the
measurement errors of each channel at each time step
(Kim et al. 2012a). The cost function then is an average of
terms E; that depend individually on only three (e.g., s, n,
and g,4) of the N+2 parameters. This allows the minimum
of the cost function to be located without a search over
the complete N+2 dimensional space.

Because s and n are the only parameters in common
among the terms of the cost function, the retrieval
algorithm considers all possible values of s and n. For
each s value, values of g;j are found that minimize each

E; term individually (i.e., N one dimensional searches are
performed), and the resulting average of E; values is the
minimum value of the cost function for the assumed value
of s, notated Cpjn(s). The retrieved estimate of sy, is
determined as the value of s that minimizes Cpjn(s), and
retrieved estimates of soil moisture are the correspond-
ing & values determined when constructing Cpmjn(Sr)-
Because 6? is a monotonic function of s, the minimum is
unique with respect to s. 69 is also @ monotonic function
with respect to €,. Therefore, the minimum associated with
€ is unique for a given s.

The least-square minimization of Eq. 29 is implemented
using the forward model data cube (generated using the
models described in Figure 48). The current baseline
retrieval is generally independent of the correlation length
(that therefore is not a part of the data cube) as long as
the soil surface is not too rough (Kim et al. 2012a).

C. Algorithm Flow

The algorithm flow is presented in Figure 49. The proces-
sor reads in 1-km resolution 6© from the SMAP L1C_S0
(1-km radar data). The 1-km data in natural units are
aggregated onto a 3-km EASE2 grid, during which various
quality flags are applied. The complete set of the quality
flags is presented in the SMAP Data Specification Docu-
ment. Among these, three quality flags are derived using
the 3-km o9: freeze/thaw (F/T) state (see Chapter 6 for
details), radar vegetation index (RVI), and transient water
body. Described briefly, these three parameters contribute
to SMAP’s soil moisture retrieval as follows:

e Based on the F/T state, soil moisture will be retrieved
only for unfrozen ground

e The RVl is the normalized ratio of cross-pol 69 to the
total power (Kim and van Zyl 2001), and is designed
as a normalized index of the vegetation amount. For
rice and soybeans, the RVI may provide an estimate
of VWC (Kim et al. 2012b), which in turn is under
consideration for use in choosing the vegetation axis
of the data cube during the retrieval.

e The spatial coverage of inland open water bodies is
not yet well monitored (Alsdorf et al. 2007) and highly
variable in time. Due to the difference in brightness
temperature and 6° between water and land surfac-
es, accurate knowledge of a transient water body
is important for SMAP’s soil moisture retrieval. The
presence of transient water bodies may be retrieved
with multi-polarized L-band radar observations (Kim
et al. 2011). Accordingly, water-body information that
is synchronized and simultaneous to SMAP’s soil
moisture retrieval will be derived with SMAP’s radar
data.

Static and dynamic ancillary data are sampled for each
pixel. The complete set of the ancillary data is defined in
“SPS-SPDM Interface Memorandum for the L2_SM_A”
(SMAP JPL document, SMAP-860-026-12 D, May 20,
2013). 69 values from past time stamps are sampled and
used by the time-series algorithm. For each 3-km pixel,
land cover class information is obtained from annual
ancillary data. The land cover information allows the
determination of an appropriate data cube for each pixel.
Finally, the retrieval over all land cover classes is spatially
assembled to create a half-orbit output, followed by the
conversion from the dielectric constant to soil moisture.

D. Alternate Algorithms

Two alternative algorithms have been implemented. The
official product will include only the retrieval output from
the baseline algorithm. However, internally the soil mois-
ture retrieval outputs from the baseline and alternative
algorithms will be continuously assessed and compared
with one another.

Change detection by Wagner et al.

A radar-only time-series algorithm (Wagner et al. 1999)
was proposed to retrieve an index of m, change using
C-band ERS scatterometer data. The index (M) is given
by

Ms = (0 (1) - GOdry) / (Opet = Godry)a (30)
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Figure 49. Flow of the baseline algorithm. F/T stands for freeze/thaw.

where 69(t) is the observation at one time. 6%e: and 6%,
are two extreme values of o of a pixel, which may be
derived from a multi-year database of radar records. At
least one year worth of the SMAP data are needed to de-
rive the two extreme values of 69. My is an index ranging
from 0 to 1, and can distinguish 5 different levels of soil
moisture states. Later studies retrieved the index varying
continuously, and correction of the vegetation effects was
applied (Naeimi et al. 2009). Most of the studies were
applied to low-speckle scatterometer data with the spatial

resolution of 25 km or larger. When applied to the 1-km
resolution data from the ENVISAT Advanced SAR (ASAR),
the speckle began to impact the performance even at
3-km resolution; 3—10 km resolution was recommended
for reliable retrieval of the index (Pathe et al. 2009). The
algorithm has so far been implemented with vertical po-
larization due to availability. The sensitivity to soil moisture
may be stronger with horizontal polarization thanks to the
double-bounce process than with vertical polarization.
Both polarizations will be studied for SMAP.
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Change-detection based on Kim and van Zyl

The algorithm is based on concepts developed in Kim
and van Zyl 2009. After the SMAP radar data are accu-
mulated for a moderate time period (nominally 6 months),
an expression will be derived to relate the backscattering
cross-section to soil moisture as

my = f(Spn, Ow) (31)

where the normalized radar cross-sections are expressed
in decibels. Since this expression depends on the biomass
level, the cross-polarization will be used to compensate
the biomass variation over time; how this will be imple-
mented is being studied. f () is given by

th + cSVV (32)

f(ohn, Ow) = Co + C1
The two coefficients for each pixel will be determined
using the expected minimum and maximum values for soil
moisture and the time-series backscattering cross-section
data. The minimum and maximum values for soil moisture
may be estimated using soil porosity models that are com-
monly available. Accommodating different vegetation phe-
nology during the implementation of the above relationship
remains as a task. The obvious assumption contained in
Equation 32 is that there is a linear relationship between
the radar cross-sections and the soil moisture. However,
simulated data suggests that this relationship is nonlinear.
Ground radar and airborne data will be used to derive the
final expression for the function f (6pp, o). The slowly
varying backscattering cross-section component due to
the biomass variation will be estimated and compensated
using the cross-polarization backscattering cross-section.
Ground radar measurements will help derive the expres-
sion before the SMAP instrument is launched. However,
since the ground measurements are limited, various
vegetation environments will be considered with simulated
data. When the two extreme conditions (completely dry
and wet) of the soil moisture and radar backscatter are
known exactly, a test with a corn field experiment shows
that the soil moisture may be retrieved with an error of
0.026 cm3/cm3. When the errors in the two extreme
values are simulated with the random noise, the retrieval
error reaches 0.05 cms3/cm3 (Kim and van Zyl 2009).

E. Algorithm Performance and Error Budget

The performance of the baseline algorithm is evaluated

in the pre-launch phase using (1) global representative
simulations on the SMAP Testbed at JPL and (2) field ex-
periment data that offer the radar backscatter and ground
truth observations. The implementation of the complete
pre-launch Cal/Val process is described in the “SMAP
Calibration and Validation Plan” (JPL D-52544, Apr. 2011).

The performance of the retrieval approach is evaluated
below. The main sources of retrieval error are (a) radar
measurement error (speckle and calibration of thermal
effect after removing any drift), (b) data-cube modeling
error including the contribution from the scheme of using
the VWC to represent many vegetation parameters,

(c) dielectric model error that is estimated to be about
0.02 cm3/cm3 (Mironov et al. 2009), and (d) spatial hetero-
geneity in vegetation. The source () is simulated below
by modeling the radar measurement error as a Gaussian
random variable (Figure 7.15, Ulaby et al. 1986b) with

a Monte Carlo approach, because an operating SMAP-
like radar is not available at present. The assessment of
the sources (b—c) will be presented below using a field
campaign dataset over grass vegetation. Unlike the radar
measurement uncertainty, statistical characterization (e.g.,
zero-mean Gaussian distribution) of data-cube error and
dielectric model error is not straightforward. Furthermore,
separating the field validation result into the contributions
by the individual sources (data cube, VWC, and dielectric
conversion) would require dedicated experiments that are
not available at present. The source (d) may occur within
a 3-km SMAP pixel, but not in the homogeneous field
environment used below. The retrieval algorithm to be
implemented for SMAP will allow for pixel heterogeneity
by modeling heterogeneous pixel scattering as a combi-
nation of each of the component class data cubes.

For the performance analysis through simulation, the
specified error allocation of SMAP radar measurements
was used. The total error in 6 measurement for a

3-km x 3-km pixel is 0.71 dB (HH and VV) and 1.06 dB
(HV) at the worst-case cross-track position after combin-
ing fore-scan and aft-scan records, and for a scene o of
—25 dB (HH and W) and -30 dB (HV). At the best-case
cross-track position, 69 errors are 0.58 dB (HH and W)
and 1.01 dB (HV). The “total” error includes speckle,
residual calibration, and residual radio-frequency contam-
ination. The noise floor allocation varies from —28.5 dB to
-31.5 dB (very similar between co- and cross-polariza-
tion) depending on the swath position. The “current best
estimate” of radar measurement errors is better than the
allocation. According to the analysis of the theoretical
antenna pattern for SMAP, the cross-coupling of co-polar-
ization into cross-polarization is estimated to 0.2 dB.

The details of the Monte Carlo simulation are available

in Kim et al. (2013). The retrieval results are presented in
Figure 50 for the grass and shrub data cubes. Each
case of the Monte Carlo analyses is defined by different
values of dielectric constant, surface roughness, and
VWC. In the grass case, the retrieval error is better than
0.06 cm3/cm3 except for VWC greater than 2 kg/m2 and
m,, larger than 0.3 cm3/cms3. Generally the m, retrieval
error increases with the surface soil moisture, reflecting
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the reduced sensitivity (Kim et al. 2012a). Similarly, the

m, retrieval error increases with VWC as a result of the
attenuation by vegetation. In the shrub case (Figure 50),

in comparison, the woody stems produce double-bounce
scattering that becomes stronger when the soil surface
becomes wet and a sizable amount of stems exist. As a
result, at m, of about 0.3 cm3/cm3 in the shrub case, the
m, retrieval becomes more accurate for higher VWGC; such
is not the case for grass or the dry-soil shrubs.

The results of the Monte Carlo study are organized as a
function of VWC in Figure 51 covering a large variety of
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=
mﬁ 0.25 0.25
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Figure 50. RMS errors in m, retrieval (cm3/cmd) given by the Monte

Carlo simulation of the radar measurement error (13% for the signal,
1c) and VWC uncertainty (10%, 1o): (left) grass (right) shrub. The cases
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Figure 51. Monte Carlo simulation of the radar measurement error (13%
for the signal, 0.5 dB) on the data-cube m, retrieval. Each point on a
curve is an average of m, RMSE from the Monte Carlo simulation (e.g.,

land cover classes. For non-woody classes such as grass
and soybean, the m, retrieval error increases with VWC
due to the vegetation attenuation; for woody-vegetation
(shrub and woody savanna), the m, retrieval improves
with VWG, by benefiting from the double bounce process.
The double-bounce process depends strongly on ground
soil moisture and ground reflectivity, thus allowing the soil
moisture retrieval. Corn, evergreen needle, and deciduous
broadleaf classes also have a dominant vertical structure
for trunks or stems, and the double-bounce mechanism
again helps the retrieval. The two forest classes (evergreen
broadleaf and deciduous needle) were modeled to have
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Figure 50) over roughness values of 0.5 cm to 4 cm, and soil moistunle
truth ranging from 0.05 to 0.45 cm3/cm3. (From Kim et al. 2013.)
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prominent non-vertical trunk structures according to the
current simulation, producing a weak double-bounce
return. Furthermore, the geometry of the branch structure
within the canopy layer becomes much denser as VWC
increases, compared with the conifer case. As a result, the
attenuation of the soil moisture signal by the canopy layer
increases with VWC. Therefore, the sensitivity of 69 to

m,, decreases and m, retrieval deteriorates. The apparent
difference in retrieval performance among the five forest
classes is due also to representing a forest class with only
a few species (because of limited experimental data). In
the future, the forest classes will be further divided into
more specific ones and the retrieval results fine-tuned.
The bare surface case shows retrieval performance better
than the above vegetated cases (0.028 cm3/cm3 at

0 kg/m2 VWC for the soybean class in Figure 51). The
retrieval errors increase with VWG for grass and soybean,
because 6° becomes less sensitive to m, towards high
VWC. The worst-case scenario for SMAP radar measure-
ment noise is 0.7 dB, in which case the retrieval RMSE

in Figure 51 increases slightly by about 0.005 cm3/cms3
for most of the IGBP classes, when model errors are not
considered in the budget.

F. Algorithm Evaluation: Field Campaign Data
The baseline algorithm was tested with

e  Scatterometer data collected over four bare surface
sites near Ypsilanti, Michigan during a 2-month period
(Oh et al. 2002). The observed m,, at four sites ranges
from 0.06 to 0.3 cm3/cm3. The surface roughness is
time-invariant at each site, but changes from 0.55 cm
to 3.5 cm rms height from site to site and the ratio of
correlation length to the roughness varies from 4 to
15.

e  The airborne Passive/Active L-band Sensor (PALS)
data collected over pasture fields during the 1999
Southern Great Plains (SGP99) experiment in the
Little Washita watershed region, Chichasha,
Oklahoma, USA (Colliander et al. 2012; Jackson
et al. 1999). Across six fields, surface roughness
changed from 0.3 to 0.9 cm, and VWC varied from
0.1 to0 0.5 kg/m?2. In situ soil moisture varied from
0.05 to 0.3 cm3/cm3 temporally and spatially.

e UAVSAR data over seven agricultural types and 50
fields in Winnipeg, Canada in 2012 (McNairn et al.
2013) (SMAPVEX12). Over the 2-month period, the
soil moisture was recorded from dry to 0.6 cm3/cms.
The surface roughness is time-invariant at each site,
but varies from 0.3 cm to 2.0 cm RMS height from
site to site and the ratio of correlation length to the
roughness varies from 6 to 88. The crops grew fully
from seeds and the VWC reached maximum (e.g.,
4.2 kg/mz2 for corn) during the observed time series.

Figure 52(a) shows that the bare surface retrieval has an
RMSE of 0.044 cm3/cms? after compiling the retrievals
over the four in situ locations. The retrieval over the pas-
ture surface has an RMSE of 0.054 cm3/cms3 (Figure 52b).
The slightly larger error for the pasture surface may reflect
the effect of vegetation.
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Figure 52. RMS errors in soil moisture retrieval using the baseline
algorithm, assessed with (a) the Ypsilanti bare surface data and (b) the
SGP99 pasture surface data. (From Kim et al. 2012a; Kim et al. 2014.)
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Two of SMAP’s candidate algorithms were applied to the
data from the SMAPVEX12 campaign, the baseline and
the change index method by Wagner et al. (Figure 53). To
apply the baseline algorithm, the UAVSAR data were nor-
malized to SMAP’s 40° angle by the histogram method of
Mladenova et al. (2012). The correlation between retrieved
and measured m, was higher when biomass was stable
over time (spring wheat). For bean crop, the retrieved in-
dex (based on VW) correlated with the measured m,, better
than the data-cube retrieval (based on HH and VWV). This
suggests that VV backscatter responds to relative chang-
es in in situ m, more strongly than when dual-polarizations
are used together. However, both VV and HH backscatter
are needed to retrieve absolute soil moisture. Corn data
cubes were able to correct for the effect of the significant
temporal change in vegetation; as a result, the correlation
of its retrieval is better than that of the index approach.
The errors in the baseline retrieval ranged from 0.037 to
0.086 cm3/cm3 over these four fields.

Based on the above results, the error budget is derived

in Table 13. The Monte Carlo analyses presented in
Figure 51 assess the errors due to the K, noise and the
vegetation water content uncertainty. However, the analy-
sis does not capture forward model errors. The conversion
from dielectric constant to soil moisture is accurate to
about 0.02 cm3/cms3 (Mironov et al. 2009), which would
not affect the total error budget when added to the total
error by root square sum. The in situ evaluation with the
airborne radar data described in Figure 52 and Figure 53
accounts for the errors associated with data-cube mod-
eling and dielectric conversion (as well as the errors in

in situ measurements of soil moisture, both instrumental
and scaling). A small degree of heterogeneity exists within
the airborne radar footprint, which would also contribute
to the in situ evaluation result. The effect of scaling and
heterogeneity within the 3-km pixel will be studied further.
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Figure 53. Preliminary retrieval of soil moisture for one field per crop
type where SMAP’s forward scattering models are available: in situ
moisture (red), baseline retrieval (black), and change index (blue). The
legend (top to bottom) reads: crop type and field number, RMS error of

the data-cube retrieval in cm3/cm3 units, and correlation (r) between
retrieval and in situ m,. The retrieved change index was scaled to match
in situ m,. (From McNairn et al. 2013.)
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Table 13. Error budget for the baseline algorithm.
Budget (cm3/cm3)

Outer Inner

Error sources swath edge swath edge

A) Kp 0.75-1.0 dB 1o error
(1o, co-pol, fore look)

0.035 0.043

B) Vegetation water content
error (1o, 10%)

C) Forward model error (data
cubes and heterogeneity)

0.01

0.04

D) Dielectric model uncertainty 0.02
0.004

E) Soil texture: 5% error

m,, retrieval error up to VWC

of ~3 kg/m?2 0.058

0.063

The K, and VWC errors are modeled with Gaussian random vari-
ables with zero mean. The soil moisture retrieval error is obtained
from the Monte Carlo analysis in Figure 51. Number of the pair
of HH and VVV radar backscatter used as time-series input (6,
equivalently 18 days).

VI. Ancillary Data

Ancillary data are data acquired from external sourc-

es that are required as inputs to the SMAP retrieval
algorithms in generation of the SMAP data products.
Ancillary data needed by the SMAP mission fall into two
categories: (a) static ancillary data, which do not change
substantially over the course of the mission, and (b) dy-
namic ancillary data that require periodic updates on time
frames ranging from seasonal to daily. Static data include
parameters such as permanent masks (land / water /
forest / urban / mountain), the grid cell average eleva-
tion and slope derived from a DEM, permanent open
water fraction, and soils information (primarily sand and
clay fraction). Dynamic ancillary data include land cover,
surface roughness, precipitation, vegetation parame-
ters, and effective soil temperatures. Ancillary data are
by definition external to SMAP. However, there is some
sequential transfer of parameters between algorithms as
needed for downstream processing. For example, the
SMAP HiRes radar data product provides key pieces of
dynamic information to the L2_SM_P algorithms such
as open water fraction and a frozen ground flag (see
L2_SM_A and L3_FT_A ATBDs).

Table 14 lists the 14 ancillary data parameters required
by one or more of the SMAP L2/3 product algorithms
along with the primary source of information for that
parameter (in all cases, there are alternative options for

these parameters from climatological datasets, forecast
models, or datasets acquired in past or current missions).
The choice of which ancillary dataset to use for a par-
ticular SMAP product is based on a number of factors
including its availability and ease of use, its inherent error
and resulting impact on the overall soil moisture or freeze/
thaw retrieval accuracy, and its compatibility with similar
choices made by the SMOS mission. Latency, spatial res-
olution, temporal resolution, and global coverage are also
important. The choice of a primary source for each of the
fourteen ancillary data parameters is fully documented in
individual SMAP Ancillary Data Reports which are available
to the user community.

In most cases, the raw ancillary data must go through a
number of pre-processing steps to convert them to the
appropriate quantity and format for use by the SMAP
algorithms. For example, the NDVI must be converted into
vegetation water content, ECMWF or GMAQO temperatures
must be temporally interpolated to the time of SMAP ob-
servations, and all of the static ancillary data must be res-
ampled to the same 3-, 9-, and 36-km EASE grids as the
SMAP output products. While the exact types of ancillary
datasets needed are specific to a given retrieval algorithm,
all standard L2/3 products require some ancillary datasets
to meet the specified retrieval accuracies.
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5. The Value-Added L4 SM Soil Moisture Product

I. Motivation and Overview

The primary SMAP measurements, land surface micro-
wave emission at 1.41 GHz and radar backscatter at a
frequency tunable from 1.215 to 1.300 GHz are directly
related to surface soil moisture (in the top 5 cm of the soil
column). However, several of the key applications targeted
by SMAP (e.qg., in agriculture and in short-term climate
forecasting, among others) require knowledge of root
zone soil moisture (defined here as soil moisture in the
top 1 m of the soil column), which is not directly linked to
SMAP observations. The foremost objective of the SMAP
Level 4 Surface and Root Zone Soil Moisture (L4_SM)
product is to provide estimates of root zone soil moisture
that are informed by and consistent with SMAP observa-
tions. The second main objective of the L4_SM product is
to provide spatially and temporally complete soil moisture
to fill the spatial and temporal gaps in SMAP observations
that are due to orbit and land surface characteristics.
SMAP observations are only available in 1,000-km-wide
swaths that cover the Earth with a 2-3 day repeat fre-
quency and contain only limited soil moisture information
in regions of dense vegetation or mountainous topogra-
phy. To address these limitations in sensing depth and
coverage, the L4_SM algorithm merges lower-level SMAP
data with model estimates in a soil moisture data assimi-
lation system.

At the heart of the data assimilation system is a land
surface model that monitors the evolution of soil moisture,
snow, and temperature states as they respond to mete-
orological drivers such as rainfall and incident radiation.
The land surface model is driven with observation-based
precipitation, which is the most important driver for soil
moisture. The model also encapsulates knowledge of key
land surface processes, including the vertical transfer of
soil moisture between the surface and root zone reser-
voirs. In essence, the land model is designed to conserve
both water (converting precipitation inputs into evapora-
tion, runoff, and storage change) and energy (converting
incident radiation into outgoing radiation, latent heat flux,
sensible heat flux, storage change, and other miscella-
neous terms). Given realistic forcing, these conservation
principles ensure at least some first-order reliability in the
simulation products — when it rains, for example, the
modeled soil will typically get wetter. Finally, the model
provides spatially and temporally complete estimates
that serve as background information in the assimilation
update procedure.

The assimilation updates of the L4_SM algorithm merge
the model estimates with SMAP observations using
weights that consider the uncertainties of each, resulting
in a product that is superior to satellite or land model data
alone. In the course of the data assimilation process, the
subsurface assimilation updates (along with the subsur-
face transport formulations in the land model) effectively

advect SMAP-based surface soil moisture information into
deeper soil levels. Error estimates for the L4_SM product
are generated as a by-product of the data assimilation
system. This chapter provides a detailed description of
the SMAP L4_SM product and its algorithm. Chapter 7
includes details on the validation of the L4_SM product.

Il. Assimilation System and Algorithm Flow
A. Algorithm Overview

The L4_SM algorithm consists of two key elements
adapted from the Goddard Earth Observing Model Sys-
tem, Version 5 (GEOS-5): (i) the GEOS-5 Catchment land
surface model, which is a numerical description of the
water and energy transport processes at the land—-atmo-
sphere interface, augmented with a model that describes
the land surface microwave radiative transfer, and (i) the
GEOS-5 ensemble-based land data assimilation system,
which is the tool that will be used to merge SMAP obser-
vations with estimates from the land model as it is driven
with observation-based surface meteorological forcing
data. The latter includes a soil moisture analysis based on
the ensemble Kalman filter and a rule-based freeze/thaw
analysis. Downscaled (9-km) brightness temperatures
(L2_SM_AP) will be assimilated when and where available,
supplemented with 36-km brightness temperature ob-
servations (L1C_TB; ascending and descending passes)
where downscaled data are unavailable. Moreover,

3-km freeze/thaw observations (L3_FT_A) will also be
assimilated.

After initialization of the system with estimates derived
from a model spin-up procedure, the L4_SM algorithm
steps recursively through time, alternating between model
forecast (FCST) and analysis (ANA) steps. Figure 54
provides an overview of one forecast and analysis cycle.
The algorithm begins with a Catchment model ensemble
forecast, initialized with the analysis at time t—1 and valid
at time t (labeled FCST(t) in Figure 54). For each 9-km
model grid cell, the forecast freeze/thaw (F/T) state is
first compared to the corresponding SMAP freeze/thaw
observations (aggregated to the resolution of the model
forecast). If the Catchment model forecast and the SMAP
observations disagree, the model states in the 9-km grid
cell in question are corrected towards the observations

in a freeze/thaw analysis. If the forecast and observed
freeze/thaw states agree and indicate non-frozen condi-
tions, the grid cell in question is included in a distributed
soil moisture analysis. If the model indicates non-frozen
conditions and freeze/thaw observations are not available,
the grid cell is also included in the soil moisture analysis.
Otherwise, the analysis step is skipped for the grid cell

in question. After the analysis has been completed for all
grid cells, the algorithm continues with a model forecast
to time t+1, and so on.
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Figure 54. L4_SM algorithm overview. See Figure 57 for a flowchart of
the soil moisture analysis.

B. The NASA GEOS-5 Catchment Land Surface
Model

Model soil moisture is obtained from integrations of

the NASA Catchment Land Surface Model (hereinafter
Catchment model; Koster et al., 2000; Ducharne et al.,
2000). Although in standard practice the basic compu-
tational unit of the Catchment model is the hydrological
catchment (or watershed), for SMAP the Earth-fixed 9-km
EASE2 grid (same as that of the L2_SM_AP product) will
be used to define the surface elements. The conceptual
physics underlying the model, which focus on topograph-
ical variations smaller than the 9-km scale, are still import-
ant and valid for such a surface element definition.

Figure 55 provides a simplified picture of the three prog-
nostic variables related to soil moisture: catchment deficit
(CATDEF), root zone excess (RZEXC), and surface excess
(SRFEXC). In effect, the vertical profile of soil moisture at
each point in each computational unit (related to CATDEF;
see Figure 55) is determined by the equilibrium soil mois-
ture profile from the surface to the (spatially varying) water
table (defined by a balance of gravity and capillary forces)
and by two additional variables that describe deviations
from the equilibrium profile: the average deviation in a 1-m
root zone layer (RZEXC), and the average deviation in a
5-cm surface layer (SRFEXC). A single “root zone” depth
of 1 mis chosen here to make the SMAP product more

straightforward; in nature, the depths tapped by roots
vary with vegetation type.

As indicated in the bottom left of Figure 55, the Catch-
ment model differs from traditional layer-based models

by including an explicit treatment of the spatial variation
of soil water and water table depth within each compu-
tational unit (that is, within each 9-km EASE grid cell for
L4_SM) based on the statistics of the catchment topog-
raphy. This spatial variation enters into the calculation of
moisture diffusion between the root zone and lower soil
moisture storage. Extensive preprocessing produces a
pre-computed functional relationship between RZEXC,
CATDEF, and the amount of moisture transferred between
the two in a given time step, a functional relationship that
is based on a spatially distributed set of one dimension-
al Richard’s equation calculations, each representing
moisture transport at some location in the catchment and
each performed on a soil column fitted with high vertical
resolution. The transfer of moisture between the 0-5 cm
surface layer and the root zone, of particular relevance to
SMAP, is computed similarly, though without a spatially
distributed component; a highly-resolved, one-dimension-
al representation of the root zone is used to pre-compute
a functional relationship between the moisture variables
and the amount of moisture transferred between SRFEXC
and RZEXC within the time step.

The treatment of spatial heterogeneity also allows the
diagnostic separation of the catchment into saturated,
unsaturated, and wilting sub-grid areas. The sizes of
these three sub-grid areas vary dynamically; wetter con-
ditions, for example, expand the saturated sub-grid area
and reduce the wilting sub-grid area (if it is not already
zero). The surface energy balance is computed separately
for each sub-grid area using physics specific to the corre-
sponding hydrological regime. This entails the monitoring
of independent prognostic surface temperature variables
for each sub-grid area (TC1, TC2, and TC4). The three
surface temperature prognostic variables interact with

an underlying heat diffusion model for soil temperature
(consisting of six layers with depths equal to about 0.1,
0.2,0.4,0.75, 1.5, 10 m from top to bottom) that is com-
mon to all three sub-grid areas. The model prognostic
variables for this heat diffusion model component are the
ground heat contents associated with the six soil layers
(GHT1, GHT2, ..., GHT®).

Surface runoff processes are computed separately for
each sub-grid area, again using hydrological regime-spe-
cific physics, whereas subsurface baseflow is computed
directly from the diagnosed spatial distribution of water
table depth. A snow model component describes the
state of snow pack in terms of snow water equivalent,
snow depth, and snow heat content (three layers for
each variable). The time step for the model integration is
20 minutes.
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“Catchment Deficit” Variable

Consider an arbitrary point in the catchment:

0

|~ Integrate: Yellow
] area = moisture
deficit, D, at this
point.

Equilibrium
Depth profile
Water table
Depth to
bedrock —

0 1
Degree of Saturation

Now integrate D across the catchment:
CATDEF = (1/A) [,D dA =
the average amount of water, per m2, that must
be added to the catchment to bring it to complete
saturation, assuming equilibrium profiles.

Figure 55. Unique elements of the Catchment land surface model
related to the diffusion of moisture between the 0-5 cm surface zone
and the remainder of the soil profile. Shown are descriptions of the

A salient feature of the land model integration is that it
uses meteorological forcing inputs that rely on observed
data as much as possible. Reichle et al. (2011), Yi et al.
(2011), and Holmes et al. (2011) provide a comprehensive
assessment of large-scale land surface estimates derived
with the Catchment model as part of the Modern-Era
Retrospective Analysis for Research and Applications
(MERRA) reanalysis (Rienecker et al., 2011) and demon-
strate that the Catchment model is a state-of-the-art
global land surface model.

C. The NASA GEOS-5 L-band Microwave Radiative
Transfer Model

The Catchment model has been augmented with a micro-
wave radiative transfer model that transforms the simulat-
ed surface soil moisture and temperature fields into model
estimates of L-band brightness temperature (at the 9-km
scale). Like the L2_SM_P and L2_SM_AP algorithms,

the L4_SM algorithm uses the “tau-omega” model, an
approximation of the radiative transfer processes that is
appropriate for low frequency microwave emission. In this
model, “tau” is the vegetation optical depth and “omega”
is the scattering albedo. A layer of vegetation over the

soil attenuates the emission from the soil and adds to the
total radiative flux with its own emission. Assuming that

“Root Zone Excess” and “Surface Excess” Variables:
The View at a Point

Ground surface

\ SRFEXC: Amount by which
surface moisture exceeds equil.
in root zone

RZEXC: Amount by which root
zone moisture exceeds equil.
value

Water table

Diffusion Calculation

Functions relating time scales of diffusion
to the moisture variables are pre-computed
from Richard’s equation calculations at
high vertical resolution. The time scales for
diffusion between RZEXC and CATDEF re-
