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Revision History

1 Revision History

Table 1: ATBD Revision History

Revision Date Purpose

1:0 2022-09-13 Initial Revision

Table 2: Data Set Revision History

Revision Date Purpose

1:0 2022-09-01 Initial Revision
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Acronyms and Abbreviations

2 Acronyms and Abbreviations

Table 3: List of Acronyms and Abbreviations

AMSR-E Advanced Microwave Scanning Radiometer-Earth Observing System
ATBD Algorithm Theoretical Basis Document
AVE Weighted averaging algorithm image formation algorithm
BYU Brigham Young University
CDR Climate Data Record
CETB Calibrated Passive Microwave Daily EASE-Grid 2.0 Brightness Temperature
CF Climate and Forecast Metadata Conventions
DAAC Distributed Active Archive Center
dB decibel (10 log10)
DIB Drop-in-the-bucket averaging (used to produce GRD products)
EASE-Grid Equal-Area Scalable Earth Grid (Original De�nition)
EASE-Grid 2.0 Equal-Area Scalable Earth Grid Version 2.0
EASE2-M EASE-Grid 2.0, Mid- and Low-Latitude Cylindrical Projection
EASE2-N EASE-Grid 2.0, Northern Hemisphere Projection
EASE2-S EASE-Grid 2.0, Southern Hemisphere Projection
EASE2-T EASE-Grid 2.0, Temperate and Tropical Cylindrical Projection
EIA Earth Incidence Angle
EOSDIS Earth Observing System Data and Information System
ESDR Earth System Data Record
FCDR Fundamental Climate Data Record
GHz GigaHertz
GRD (Drop-in-the-bucket) Gridding Method
ltod Local-time-of-day
MEaSUREs Making Earth System Data Records for Use in Research Environments
MHz MegaHertz
MRF Measurement Response Function
NASA National Aeronautics and Space Administration
NOAA National Oceanic and Atmospheric Administration
NORAD North American Aerospace Defense Command
NSIDC National Snow and Ice Data Center
NetCDF Network Common Data Format
PRF Pulse repetition frequency
PSRF Pixel spatial response function
rSIR Radiometer version of SIR
SAR Synthetic Aperture Radar
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Acronyms and Abbreviations

SCP Scatterometer Climate Record Path�nder
SIR Scatterometer Image Reconstruction
SDR Sensor Data Record
Sigma-0 Normalized radar cross section or backscatter (� o)
SIR Scatterometer Image Reconstruction
SMAP Soil Moisture Active Passive
TBD To be determined
TLE Two-Line Element
UTC Coordinated Universal Time
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Purpose of this Document

3 Purpose of this Document

The Soil Moisture Active-Passive (SMAP) Mission was designed to produce globally-derived
soil-moisture maps every 2-3 days. The original SMAP mission concept relied on synergis-
tic measurements from both radar and radiometer instruments, with radar measurements
produced at higher spatial resolutions than radiometer measurements. Data products were
planned to use both radar and radiometer measurements to provide higher resolution prod-
ucts (Entekhabi et al., 2010, Entekhabi et al., 2014). Unfortunately, the loss of the radar
instrument on July 7, 2015, only 83 days after launch, compromised the ability to meet
spatial resolution mission requirements for soil moisture and freeze-thaw products.

The SMAP radar was the �rst satellite instrument to provide global L-band radar ob-
servations of global normalized radar cross section (� o) at multiple resolutions. The SMAP
radar collected high resolution ( � 1-3 km) synthetic aperture radar (SAR) measurements
over most of the Earth's land mass. It simultaneously collected low resolution full-footprint
29� 36 km measurements and higher resolution 5� 30 km �slice� measurements.

The SMAP radar was designed to make vegetation roughness measurements in support
of the SMAP primary mission to measure soil moisture, but the radar data is useful for a
variety of applications, particularly in the polar regions. Unfortunately, limitations in the
data download volume precluded downlink of high resolution data over Antarctica, sea
ice in the polar regions, and various islands. Nonetheless, low resolution slice and footprint
data were collected and downlinked over these areas. To exploit this data, we employ image
reconstruction techniques to create twice-daily enhanced resolution SMAP radar images
from the slice and footprint measurements, along with twice-daily SAR images. The new
data set is provided to the science community to support cryosphere and climate studies.
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SAR and SIR-Enhanced SMAP Product Description

4 SAR and SIR-Enhanced SMAP Product Description

4.1 Product Description

The SAR and SIR-Enhanced SMAP radar (SAR-SIR-SMAP) data product (Miller et al., 2022)
includes Level 1 gridded, twice-daily, radar backscatter data for the three SMAP 1.27 GHz
radar channels (horizontal-horizontal [HH], vertical-vertical [VV] and cross polarization
[X-pol: HV and VH, or X]). Data are gridded to the EASE-Grid 2.0 Azimuthal and Cylindri-
cal projections (Brodzik et al., 2012, 2014), at various spatial resolutions, as described be-
low. The gridded SAR-SIR-SMAPproduct is archived and distributed by the NASA National
Snow and Ice Data Center (NSIDC) Distributed Active Archive Center (DACC) (https://
nsidc.org/data/NSIDC-0774/versions/1 ). EASE Grids Ancillary Grid Information, Ver-
sion 1 (https://nsidc.org/data/nsidc-0772/versions/1 ) provides arrays of the latitude
and longitude at the center of each grid cell.

Input data for the SAR-SIR-SMAPv1.0 product, released in spring 2022, are the SMAP
L1B Radar Half-Orbit Sigma0, Version 1 (SPL1BS0) and the SMAP L1B Radar Half-Orbit
Sigma0, Version 1 (SPL1CS0) (West, 2014). Using the quality �ag on the input data, only
the highest quality measurements are included inSAR-SIR-SMAPproduct. The data cover-
age is global for days 103 through 186 of 2015.

4.2 SMAP Instrument

The SMAP instrument is based on a 6 m conically-scanning re�ector antenna with a common
L-band feed shared by the radar (1:26 GHz) and radiometer ( 1:4135 GHz). The re�ector
rotates about the nadir axis, producing the conically scanning antenna beam with a one-
way 3 dB e�ective �eld of view measuring 39 � 47 km at an Earth incidence angle of 40�

at the beam center. The swath width is approximately 1000 km wide, see Fig. 6. The
two-way footprint size is 18 � 30 km. The rotating antenna beam enables the sensor to
look in both the fore and aft directions (Piepmeier et al., 2017, West, 2014). Originally,
SMAP products were produced using both radiometer and radar measurements (Entekhabi
et al., 2010). After the failure of the SMAP radar instrument on July 7, 2015, the SMAP
radiometer continued to function (Piepmeier et al., 2017).

The SMAP radar produced� o measurements at several resolutions. The highest reso-
lution, available over only selected areas, is processed using an unfocused SAR algorithm.
This is the SL1CS0 source. Global radar data was collected in a scatterometer mode at foot-
print and `slice' resolutions in SL1BS0. As described below, twice-daily global images were
created by gridding SAR data. The SIR algorithm is applied to the footprint and slice resolu-
tion data and provided enhanced spatial resolution � o by exploiting the irregular patterns
of measurement locations and signal oversampling (from overlaps in adjacent footprints
and overlapping swaths).
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4.3 Grid Spatial Extent SAR and SIR-Enhanced SMAP Product Description

Figure 1: Northern and Southern EASE-Grid 2.0 projection extents. Land-ocean mask from Brodzik
and Knowles (2011).

4.3 Grid Spatial Extent

Azimuthal SAR-SIR-SMAPgrids extend to the full Northern (EASE2-N) and Southern (EASE2-
S) hemispheres, respectively, as described in Brodzik et al. (2012, 2014) (Fig. 1). The spatial
extent of the equal-area cylindrical projections (Fig. 2 and Fig. 3) is de�ned to match the
extent of the Mid-Latitude (EASE2-M) grid, extending to � 85:044 566 4° latitude, that has
been adopted by the SMAP user community. The Temperate and Tropical (EASE2-T) grid,
limited to latitudes equatorward of � 67:1°, is consistent with the original CETB products
de�ned for similar scanning radiometers (Brodzik et al., 2021). See Appendix A Table 9 for
grid speci�cations.

4.4 Grid Spatial Resolution

SAR-SIR-SMAPgrid resolutions are de�ned relative to a SI25km base resolution: 25 km
grids and3:125 km, which include EASE2-N, EASE2-S and EASE2-T grids that are compat-
ible with the MEaSUREs CETB data products (Brodzik et al., 2021). Nested resolutions
relative to the CETB 25 km base grids are de�ned using exact divisors of2; as illustrated
in Figure 4. SAR-SIR-SMAPprojection extents, dimensions and grid cell size details are
included in Appendix A. Grids used for SAR-SIR-SMAPprocessing are included in Table 4.
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4.5 Data Products SAR and SIR-Enhanced SMAP Product Description

Figure 2: Cylindrical EASE-Grid 2.0 projection extents. Full extent coverage is EASE2-M, with hori-
zontal red lines delineating the smaller latitudinal extent of EASE2-T grid. Land-ocean mask
from Brodzik and Knowles (2011).

Table 4: SAR-SIR-SMAPEASE-Grid 2.0 base grids produced, by projection and reconstruction algo-
rithm. See Section 5 for GRD and rSIR reconstruction details.

EASE2-M EASE2-N EASE2-S EASE2-T

n/a 25km (GRD) 25km (GRD) 25km (GRD)
n/a 3.125km

(GRD/SIR)
3.125km
(GRD/SIR)

3.125km
(GRD/SIR)

4.5 Data Products

The SAR-SIR-SMAPradar image products at the NSIDC DAAC covers the period beginning
31 Mar 2015 to 5 Jul 2015 (doy 103 to 186). During the initial 8 days, default SAR data
selection tables were used. These provided small, even-spaced patches of SAR data. Later
the control tables were updated to collect data over most land regions. Images were made
with all available radar data not �agged as �bad�. No calibration corrections were applied to
the data. Table 5 summarizes availableSAR-SIR-SMAPradar image products, which are all
in CETB-standard EASE-2 Grid projections. The �Corrections" referred to in Tab. 5 refer to
the computation of the azimuth and incidence angle model. The reported � 0 value removes
the azimuth and incidence angle e�ects.

Page 12 of 63



4.5 Data Products SAR and SIR-Enhanced SMAP Product Description

Figure 3: Relationship of EASE-Grid 2.0 cylindrical projection extents. EASE2-T extent is de�ned for
compatibility with CETB products. (Di�erence in latitudinal extent is exaggerated, see Fig. 2
for actual di�erence in projected extent.(Brodzik et al., 2021).

Figure 4: CETB nested grids based on a 25 km base resolution cell. Only 25 km and 3.125 km divisions
are used inSAR-SIR-SMAPproducts (Long et al., 2019).
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4.5 Data Products SAR and SIR-Enhanced SMAP Product Description

Table 5: Available twice-dailySAR-SIR-SMAPradar image products.

Type days Algo- Res. Re- Cor- Polar- Sizeyy

rithm (km) gions� rections ationsy N/S/T � (MB)
SAR 1 GRD 3.125 NST HH,VV,XX 36/13/36
SAR 8 GRD 3.125 NST HH,VV,XX 100/45/100
Slice 1 GRD 25 NST HH,VV,XX 2/2/2.5
Slice 3 GRD 25 NST HH,VV,XX 3/3/5
Slice 8 GRD 25 NS Y HH,VV,HV,VH 3/3/-
Slice 1 AVE 3.125 NST HH,VV,XX 80/80/100
Slice 3 AVE 3.125 NST HH,VV,XX 160/160/205
Slice 8 SIR 3.125 NS Y HH,VV,HV,VH 240/240/-
Footprint 1 GRD 25 NST HH,VV,HV,VH 1.3/1.1/1.8
Footprint 3 GRD 25 NST HH,VV,HV,VH 20/20/40
Footprint 1 SIR 3.125 NST HH,VV,HV,VH 40/41/66
Footprint 3 SIR 3.125 NST HH,VV,HV,VH 90/90/160

� Region code: N=Northern Hemisphere, S=Southern Hemisphere, T=Global
y XX=average cross-pol as provided by input SL1CS0 source for SAR. (HV+VH)/2 is used

in some slice images. (Product �le names use HV.)
yy Representative. Actual sizes vary.
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Algorithm Description

5 Algorithm Description

5.1 Background

Launched in January 2015, the SMAP spacecraft �ies in a sun-synchronous polar orbit at in-
clination 98:1° and altitude 685 km(Piepmeier et al., 2016). The SMAP swath and scanning
geometry (Fig. 5) produces a helical scan pattern on the surface with an along-track spacing
of approximately 31 km between antenna rotations. While the radiometer employed the
full one-way footprint, the radar footprint corresponds to the two-way 3-dB gain pattern
whose footprint was approximately 18 km by 30 km.

The SMAP radar was unique that that three di�erent kinds of radar measurements were
collected simultaneously using a rotating pencil beam antenna. The measurement kinds
di�ered in the way that the data was processed, which includes both real-time on board
processing and ground processing. While SMAP slice and footprint measurements could be
collected continuously over the full swath, SAR measurements are available only over part
of the full swath, see Fig. 6. The relationship between the various measurement types is
illustrated in Fig. 7.

The SMAP radar operated in quad polarization mode where it alternately transmitted
vertical (V) and horizontal (H) polarizations, but received using both polarizations. It thus
simultaneously collected cross-polarization measurements as well as like-polarization, i.e.,
HH, VV, HV, VH. In some cases the HV and VH measurements are combined, which is
expressed as XX polarization.

The e�ective resolution of an image is de�ned by the pixel spatial response function
(PSRF), where the e�ective resolution is given by the dimension(s) of one-half power (3-
dB) extent of the PSRF. In contrast, themeasurementresponse function (MRF) describes the
spatial characteristics of theindividual measurements. For a radiometer measurement, the
MRF is a �smeared� version of the one-way antenna pattern where the smearing is due to the
movement of the antenna pattern on the surface over the measurement integration period
Long and Brodzik (2016a). For a radar measurement, the MRF depends on the two-way
antenna pattern, the modulation, and the signal processing. For both radar and radiometer
measurements, the PSRF depends on the MRF and the image formation algorithm.

In creating the SAR-SIR-SMAP radar image products, multiple measurements from dif-
ferent passes are combined into single pixel values. For SAR, the SAR image formation
algorithm coherently (signal magnitude and phase) combines measurements to coherently
estimate � o on a nominally 1 km grid (West, 2014). The resulting � o values are then re-
gridded on to a 3.125 km grid using drop-in-the-bucket (DIB) techniques. The resulting
SAR pixels have an e�ective resolution slightly coarser than the pixel spacing of 3.125 km.
For slice and footprint measurements, the image formation process is inherently incoher-
ent, i.e., the � o measurements (which are proportional to the signal power) are averaged.
As a result, the e�ective resolution of the slice and footprint measurements is much coarser,
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5.1 Background Algorithm Description

Figure 5: Illustration of SMAP swath geometry (left) with antenna and feed rotation about the vertical
axis. Incidence angle (not to scale) remains constant as the antenna scans the Earth surface.
SMAP3 dB antenna footprints (right) for sample measurements along two consecutive an-
tenna rotations. Along-track footprint center spacing is approximately 31 km, with adjacent
cross-track spacing approximately 11 km (Long et al., 2019).
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5.2 SAR-SIR-SMAPGRD Image Products Algorithm Description

Figure 6: SMAP swath layout. Radar footprint and slice and radiometer measurements are collected
over a 1000 km swath. SAR measurements are not available over the central (nadir) portion
of the swath.

estimated to be � 7 km and � 12 km, respectively, even when resolution enhancement is
applied.

We call the spacing of pixels the �pixel posting� or the �posting resolution�. Note that
the posting resolution is not necessarily the same as the e�ective resolution. In general, the
e�ective resolution is coarser than the posting resolution (see (Long and Brodzik, 2016a)).
In order to be compatible with the CETB data set, two posting resolutions are considered:
25 km and 3.125 km. See Fig. 8.

To create SMAP radar CETB-compatible products, the SAR measurements are re-gridded
using DIB techniques on to a 3.125 km grid. For footprint and slice measurements, the SIR
algorithm is applied on the same 3.125 km grid (but will have coarse e�ective resolution).
In addition, DIB gridding is used to create � o images on 25 km grids for each measurement
type. The SIR algorithm exploits the irregular patterns of measurement locations and signal
oversampling (from overlaps in adjacent footprints and overlapping passes).

5.2 SAR-SIR-SMAP GRD Image Products

The SAR-SIR-SMAPproducts include both low-noise (low-resolution), �ne resolution SAR,
and enhanced-resolution data grids, each of which have di�erent noise levels and e�ective
resolutions. The various products have their advantages and disadvantages. The multiple
images allow users the �exibility of choosing the appropriate images for their research
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5.2 SAR-SIR-SMAPGRD Image Products Algorithm Description

Figure 7: Layout of the 3-dB outline of SMAP footprints and slices for di�erent antenna rotation angles:
(a) nadir swath, aft looking, (b) mid side swath, aft looking, (c) left-most swath. An aster-
isk at (0,0) is the center of the central measurement. Diamonds mark the locations of the
footprint centers for consecutive pulses for three consecutive antenna rotations with lines in-
dicating the path of the beam center. The large ovals correspond to the radiometer (one-way)
footprints, with the central measurement in blue, adjacent pulses in green, and pulses from
the previous and next rotation in magenta. The small blue dashed oval illustrates the radar
(two-way) footprint for the central measurement. The dashed boxes illustrate the approxi-
mate slice responses which are centered at the red dots. Note that the slices extend signi�cantly
outside the two-way radar footprint. The bottom two and top slices have signi�cantly higher
K p than the others are so are not included in image formation. SAR measurements are re-
ported on a 1 km by 1 km map projection grid (not shown).
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5.3 Radar Spatial Response and Image Reconstruction Algorithm Description

Figure 8: Simpli�ed illustration of coarse 25 km (left) vs. high resolution 3.125 km (right) pixels. DIB
is used for SAR images on the high resolution pixels while AVE and SIR are used for high
resolution slice and footprint images.

application.
With three input measurement types (SAR, slice, and footprint), multiple imaging peri-

ods (1 day, 3 day, and 8 day), and two output resolutions (3.125 km and 25 km), di�erent
image formation algorithms are used as appropriate for each case. Table 5 summarizes
the image product types. Simple GRD images are created using DIB techniques at 25 km
and 3.125 km. In DIB, the measurements whose center falls within a given pixel area are
averaged. AVE images use weighted averages where the weighting is the measurement
MRF, which may vary from measurement to measurement. It is used for short-time slice
images and for estimating scattering model parameters (see below). The SIR algorithm is
employed for slice and footprint images on the 3.125 km pixel grid.

5.3 Radar Spatial Response and Image Reconstruction

The e�ective spatial resolution of an image product is determined by the spatial measure-
ment response function (MRF) of the sensor and by the image formation algorithm used.
The MRF is determined by the antenna gain pattern, the scan geometry (notably the an-
tenna scan angle), and the signal processing (Long, 2017). The goal in forming a� o image
map is to estimate the backscatter properties of the surface from noisy measurements that
employ (possibly variable) MRFs that sample the surface. Though simple to implement,
DIB techniques ignore the MRF, which limits their e�ective resolution. Reconstruction tech-
niques that use the MRF can provide much �ner e�ective resolution.

Reconstruction processing techniques e�ectively assume the underlying signal (the back-
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5.3 Radar Spatial Response and Image Reconstruction Algorithm Description

scatter) being sampled is band-limited, which is the only consistent assumption possible
with sampled data. For reconstruction, the backscatter at each point of a �ne-scale pixel
grid is estimated, producing a backscatter image or map. While the image is generated on
a regular grid, the measurement locations and MRF are not aligned with the grid, and so
the measurements form an irregular sampling pattern, which can complicate signal recon-
struction.

An individual scatterometer backscatter measurementzi can be modeled as the integral
of the product of the MRF and the surface backscatter, i.e.,

zi =
ZZ

MRFi (x; y; pp)� o(x; y; �; � i ; t; pp)dxdy + noise (1)

where MRFi (x; y; pp) is the spatial MRF of the ith measurement at x; y and the surface � o

depends on spatial locationx; y, incidence angle� , azimuth angle � , time t, and polarization
pp, i.e.,

MRFi (x; y; pp) =
ZZ

G2
a(x; y; pp)Gp(x; y; pp)

R4(x; y)
: (2)

where

X =
ZZ

G2
a(x; y; pp)Gp(x; y; pp)

R4(x; y)
dxdy: (3)

where Ga(x; y; pp) is the e�ective two-way antenna gain at the surface at (x; y) for polar-
ization pp, Gp(x; y; pp) is the processor gain, andR(x; y) is the slant range from the radar
to the surface. Note that the measurement is an average of� o in spatial coordinates as well
as in azimuth and incidence angles.

Eq. 1 is discretized on the imaging grid to become

zi =
X

j 2 image

hij aj + noise (4)

where aj is the backscatter at the center of thej th pixel at ( x l ; yk) and hij = MRF (x l ; yk ; � i )
is the discretely sampled MRF for thei -th measurement evaluated at thej -th pixel center
where hij is normalized so that

P
j hij = 1. In practice, the MRF is negligible some distance

from the measurement center, so the sums need only be computed over a small area around
the pixel. Ignoring the noise, Eq. 4 can be written as the matrix equation

~Z = H~a (5)

where H contains the sampled MRF for each measurement and~Z and ~a are vectors com-
posed of the measurementszi and aj , respectively. Even for small images,H is large and
sparse, and may be over-determined or under-determined depending on the number and
locations of the measurements. Reconstruction of the surface� o is equivalent to inverting
Eq. 5.
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5.3 Radar Spatial Response and Image Reconstruction Algorithm Description

The iterative SIR algorithm (Early and Long, 2001, Long et al., 1993) is a particular
reconstruction algorithm that is speci�cally developed for scatterometer image formation.
SIR approximates a maximum-entropy solution to an under-determined equation and a
least-squares solution to an over-determined system. The �rst iteration of SIR is termed
ÀVE' (for weighted AVErage) and provides a simple reconstruction estimate that is re�ned
in later SIR iterations. The AVE estimate of thej -th pixel is given by

aj =
P

i hij ziP
i hij

(6)

where the sums are over all measurements that have non-negligible MRF at the pixel. The
SIR iteration begins with an initial image a0

j whose pixels are set to the AVE values de�ned
in Eq. 6. Thereafter, the iterative equation for single-variate SIR is given by

ak+1
j =

P
i uk

ij hijP
i hij

(7)

where

uk
ij =

8
><

>:

�
1

2pk
i

�
1 � 1

dk
i

�
+ 1

ak
j dk

i

� � 1

dk
i � 1

1
2pk

i (1 � dk
i ) + ak

j dk
i dk

i < 1
(8)

dk
i =

�
zi

pk
i

� �

(9)

where dk
i = ( si =pk

i )� with � = 1
2 . The factor dk

i is the square root of the ratio of a mea-
surement to its forward projection at the kth iteration. The update term uk

ij is a non-linear
function of both dk

i and the previous imageak
j . The sigmoid-like non-linearity in Eq. 8 con-

strains the amount of change permitted during any one iteration, thereby minimizing the
e�ects of noise Long et al. (1993). Though not used in the production of these data, a
spatial median �lter can be applied to the image between iterations to further reduce the
noise Long et al. (1993).

For scatterometers, SIR is implemented in dB (Long, 2017, Early and Long, 2001, Long
et al., 1993); i.e., the computation is done on 10 log10(zi ) rather than on the linear-space
value zi as done in the radiometer version of SIR (Long and Brodzik, 2016a, Long and
Daum, 1998). In considering the di�erences between linear and dB processing, recall the
well-known fact that computing the arithmetic mean of values in dB is equivalent to com-
puting 10 log10 of the geometric mean of the linear-space values (Wikipedia, 2016). With
the measurements in dB, the reconstruction processing can be viewed as a form of weighted
geometric mean �ltering. Since it has been found that geometric mean �lters are better at
reducing Gaussian-type noise and preserving linear features than (linear) arithmetic mean
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�lters (Pitas and Venetsanopoulos, 1986), some performance advantage to dB processing
is expected and observed (Long, 2017). The linear and dB computations yield similar, but
slightly di�erent results, due to the relatively high signal-to-noise ratio (SNR) of the mea-
surements and limited signal dynamic range.

In practice, since the � o measurements are quite noisy, attempting full image recon-
struction can produce excessive noise enhancement. To reduce noise enhancement and
resulting artifacts, regularization can be employed, at the expense of resolution (Long and
Franz, 2016, Early and Long, 2001). Regularization is a smoothing constraint introduced
in an inverse problem to prevent extreme values or over-�tting. Regularization results in
partial or incomplete reconstruction of the signal (Long and Franz, 2016). It also creates
a trade o� between signal reconstruction accuracy and noise enhancement. SIR includes
regularization achieved by prematurely terminating the iteration.

5.3.1 Local-Time-of-Day

As previously noted, the goal of image reconstruction is to estimate the surface� o from the
sensor � o measurements. Measurements from multiple orbit passes over a narrow local-
time-of-day window are combined. When multiple measurements are combined, the result-
ing images represent a temporal average of the measurements over the averaging period.
There is an implicit assumption that the surface characteristics remain constant over the
averaging period for both conventional-resolution (GRD) and enhanced-resolution (SIR)
images.

The radar backscatter of natural surface is a strong function of the state of the water
it contains, i.e., frozen or thawed. As a result of the SMAP sun-synchronous orbit geome-
try, the radar observations at a given location on the earth fall within two narrow diurnal
windows. At the equator, these correspond to the ascending and descending orbit passes.
The SAR-SIR-SMAPimages on the cylindrical EASE-Grid 2.0projections are separated by
ascending and descending passes.

Near the poles, the temporal windows widen to several hours but remain relatively
narrow. Since surface temperatures can �uctuate widely during the day, daily averaging is
not generally useful at these locations, since it smears diurnal temperature �uctuations in
the averaged� o. However, it is reasonable to split the data into two distinct images per day,
using intervals based on local-time-of-day (ltod), thereby only combining measurements
with a similar ltod. This minimizes the �uctuations in the observed TB at high latitudes
due to changes in physical temperature from daily temperature cycling.

The SAR-SIR-SMAPimages on the azimuthal projections are separated into twice-daily,
morning and evening passes based on observation ltod. At low latitudes, which typically
have few overlapping swaths at similar ltod in the same day, ltod division is equivalent to
ascending/descending division. An ancillary data array is included in each �le, to describe
the e�ective time average of the measurements combined into the pixel for a particular
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Figure 9: Histograms of typical measurement ltod for SMAP radiometer measurements falling within a
1° latitude band at 70°� 71° N (left) and 70°� 71° S (right) for July 3, 2015. All measurements
fall into only one of two narrow ltod time periods, centered at approximately 08:00 or 16:00
h in the Northern Hemisphere, and 04:00 or 20:00 h in the Southern Hemisphere. Although
the center time varies with latitude, any point on Earth is observed at one of two times within
� 90 min of the times depicted here (Long et al., 2019).

day. This enables investigators to explicitly account for the ltod temporal variation of the
measurements included in a particular pixel.

Histograms of the ltod SMAP radiometer measurements falling within two narrow high-
latitude bands (� 70� 71) are shown in Fig. 9. For the SMAP platform orbital position, a
natural division in the measurement ltod is at 00:00 and 12:00 h. For consistency with Long
and Brodzik (2016b) and Brodzik et al. (2021), the SAR-SIR-SMAPdata are produced using
this ltod division. Note how the ltod falls within one of two tight groups that correspond
to the ascending and descending orbit passes, and that there are natural divisions in the
measurement ltod at 00:00 and 12:00 hrs. Thus, the measurements provide twice-daily
sampling. Note that when more than day's worth of data, the ltod division is maintained
so that a multi-day morning image combines only morning observations.

5.4 Sample Data

Figure 10 contains sample subsets ofSAR-SIR-SMAPdata extracted from the full EASE-
Grid 2.0 Northern Hemisphere grid for di�erent measurement types and processing reso-
lutions for comparison purposes. Visual comparison of the images reveals improved detail
in the SIR images compared to the DIB GRD images. Of course, the �ne resolution SAR
images provide the �nest detail, but SAR images are not available in all locations, so SIR
images must be used in these cases. A second comparison is provided in Fig. 12.
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For considering the performance of the AVE and SIR reconstructions, the 3.125 km SAR
image is used as a reference since it has the highest e�ective spatial resolution. Figure 12
compares the various images. Di�erence statistics are computed for pixels over land and
shown in Tab. 6. Unsurprisingly, the GRD images, which have the greatest averaging, but
lowest resolution, have the smallest di�erences, while the SIR images, which exhibit �ner
detail have di�erences with SIR Slice having the smallest errors of the reconstruction im-
ages.

Table 6: Summary di�erence statistics compared to 8 day 3.125 km reference SAR image. Computed
in dB. Only pixels falling over land used.

days Measurement type Algorithm mean STD
3 Footprint GRD 0.158 0.435
3 Slice GRD 0.111 0.316
3 Footprint SIR 0.706 3.428
3 Slice AVE 0.588 3.278
8 Slice SIR 0.368 1.965
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Figure 10: Product comparison examples showing� o in dB for a zoom in area in northeast Greenland.
(a) 3.125 km SAR GRD, (b) 3.125 km Slice SIR, (b) 3.125 km Footprint SIR, (c) 3.125 km
Slice AVE, (d) 25 km Footprint GRD, (e) 25 km Slice GRD. The small white box in (a) shows
the size of a 3.125 km pixel, the SAR resolution. The small white rectangle in (b) represents
the size of a typical slice. The white oval in (c) is the size of the two-way radar footprint.
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Figure 11: � o di�erence images over land between algorithm image and 3.125 km SAR reference image.
(a) 3 day SIR Footprint. (b) 3 day AVE Slice. (c) 8 day SIR Slice. Images have been land
masked. Di�erence statistics are summarized in Tab. 6.
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5.4 Sample Data Algorithm Description

Figure 12: Evening LTOD, HH pol� o images at di�erent resolutions from di�erent measurement types.
a) 3 day Footprint 25 km GRD. b) 3 day Slice 25 km GRD. c) 3 day SAR 25 km GRD. d)
3 day SAR 3.125 km GRD. e) 3 day Footprint 3.125 km SIR. f) 3 day Slice 3.125 km AVE.
g) 8 day Slice 3.125 km SIR. h) 8 day SAR 3.125 km GRD. At the printed resolution, it is
di�cult to see the di�erence in the images. Zoom-in area comparisons are given in Figs. 10
and 13.
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