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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



SMAP HANDBOOK 13

NEN/SN Stations

Commands

SMAP Mission Ops Center (JPL)

e Antenna pointing and
signal acquisition per
schedule

e S-band and X-band

<
<

Real-Time Engineering Telemetry

¢ Planning and sequence
generation

e Command generation
and radiation

telemetry reception, frame

extraction and decoding Doppler Tracking Data

\

¢ Navigation processing
(OD, MD, Eph gen)

e S-band command
reception from MOC and
radiation to S/C

Science Telemetry Gap Reports

\/

e Engineering data pro-
cessing, storage, display
and reporting

¢ Tracking data production
and delivery to MOC
e High-rate science telem-

DSMC (WSC)

\

e S/C monitoring and
maintenance

¢ |nstrument monitoring
and maintenance

etry buffering and delivery
to LZPF

e Real-time engineering
data extraction and
delivery in near-real-time

Schedules

<

State Vectors

e Schedule NEN/SN
per requests e On-board file manage-

Sched Regsts e Telemetry auditing/ac-
< counting and retrans-
mission

State Vectors

to MOC Pass Results * Provide pass reports Schedules ment
e Recorded engineering > >« Time correlation
data extraction, recording Pass Reports e GDS monitoring and
to files and delivery to A maintenance
MOC
A A
State Vectors
LZPF and FDF (GSFC)
Recorded Recorded Ancillary
Engineering ) Engineering Data
Telemetry Pass ¢ ARl ey Telemetry Pass
Files frames reception (EDOS) Files
»| ©* Radiometer and radar
Decoded data separation into files
Instrument per pass, and delivery Science Data System (JPL) v
Telemetry Frames . tEoiDtS a
> no-to-end flows * Radar and radiometer file
monitoring and problem LOa reception and storage
resolution Radar 5 L
evel 1a through Level 3
?opE_Ier D - Siamans e - Pass Files science product generation
racking Data qorded EMEnEring eEiE » o Product distribution and
> files to MOC LOa ;
o . : archive
Key e |nitial S/C; tracking (first Radiometer « SDS monitoring and
few days Pass Files i

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
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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 refle