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A High-Resolution Full-Earth Disk Model for
Evaluating Synthetic Aperture Passive
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Abstract A proposed instrument for deployment on next-
generation Geostationary Operational Environmental Satellite
(GOES) platforms is the Geostationary Synthetic Thinned Aper-
ture Radiometer (GeoSTAR). A high-resolution full-Earth disk
model has been developed to aid in the design of the instrument
and to characterize sensor performance. A number of ancil-
lary geophysical data elds are used as inputs into a radiative-
transfer model that also accounts for the propagation and viewing
geometries from a geostationary Earth orbit (GEO). The model
produces high-resolution (10 km 10 km) simulated full-Earth
disk microwave images from GEO. The model is used as a tool
to examine several critical aspects of GeoSTAR performance and
design. Differential image processing is assessed as a means of
mitigating the effects of the Gibbs phenomenon; its performance is
found to be excellent, even with nonideal a priori information. The
spatial resolution and precision of images generated at 50 GHz
are evaluated. The magnitude of the highest spatial-frequency
components sampled by GeoSTAR is found to be well above
its minimum detectable signal. However, the differential image
processing removes most of the high-frequency content, which is
due to static high-contrast boundaries in the scene. Most of the
residual high-frequency content lies at or below the instrument
noise oor.

Index Terms Microwave radiometry, remote sensing, synthetic
aperture imaging.

l. INTRODUCTION

EOSTATIONARY Operational Environmental Satellite

(GOES) platforms in geosynchronous Earth orbit (GEO)
to date have not included microwave sensors due to the techni-
cal difficulties associated with matching the spatial-resolution
performance of existing low-Earth-orbiting (LEO) sensors,
such as the Advanced Microwave Sounding Unit (AMSU).
Deployment in GEO would provide continuous temporal cov-
erage and so is highly desirable. Achieving comparable spatial
resolution to that in LEO with a traditional real aperture ra-
diometer system would require a prohibitively large antenna,
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and difficulties arise in scanning the beam without platform
disturbance. The difficulties can be overcome by a 2-D inter-
ferometric system. Interferometric imagers use highly thinned
arrays of very small antennas to eliminate the need for a single
large antenna, and their beam is scanned in software, negating
the need for mechanical aperture scanning [1], [2]. The Geo-
stationary Synthetic Thinned Aperture Radiometer (GeoSTAR)
is such a system that is currently under development [3], [4].
GeoSTAR directly measures the spatial-frequency components
of the brightness temperature (Tg) distribution, which are
referred to as visibilities. Each sample of the visibility function
corresponds to the cross correlation between a particular pair
of antennas in the array. The physical separation between
the antenna pairs determines which sample is measured. The
vector-valued distances between antenna pairs are referred to
as the baselines.

Operating at 50 and 183 GHz, GeoSTAR will provide tem-
perature and water vapor soundings at significantly higher
temporal resolution than is currently available from LEO [3],
[4]. The instrument is designed to provide nadir resolution
of 50 km (50 GHz) and 25 km (183 GHz) with new images
generated approximately every 15 min. The difference in reso-
lution results from differences in physical aperture size at the
two frequencies. A highly resolved full-Earth disk model of
the GeoSTAR brightness temperature image can be of great
use in assessing the relationship between numerous instrument
design parameters and the quality of the Tg images. Reduced
spatial-scale Earth models have been successfully used to ex-
amine array distortion errors [5]. While appropriate for antenna
redundancy and perturbation analysis, these models do not
accurately account for the high-spatial-frequency components
of the visibility measurement. Additional analyses have been
performed, which compare GeoSTAR to a traditional scanning
radiometer. They have the necessary spatial resolution (5 km)
but focus only on regional areas [6]. To this end, a high-
resolution full-Earth disk model has been developed. It includes
random noise levels expected of the actual instrument, but other
nonideal characteristics of the hardware are not modeled. The
spatial resolution of the model is 10 km in order to provide
multiple samples within each pixel of both the coarser 50-GHz
channels and the finer 183-GHz channels. For this analysis,
only the 50-GHz channel is modeled.

The model would be beneficial to similar microwave in-
struments being developed internationally, including the Geo-
stationary Atmospheric Sounder [7] in Sweden and the clock
scanning interferometric radiometer [8] in China.
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Il. FULL-EARTH DISK MODEL ASSUMPTION

The inputs to the model are provided by a number of existing
geophysical parameter models. In order to justify the use of
these products, several key assumptions are made.

A. High-Frequency-Visibility Contributors

One key assumption in the generation of this model is
that not all atmospheric parameters vary significantly at the
highest resolved spatial scales of the GeoSTAR measurements.
Most parameters are assumed to vary smoothly and, hence, to
contribute only minimally to the high-frequency components
of visibility. The major contributors to high-frequency visibil-
ities are assumed to be the sharp transitions, particularly the
following:

1) Earth disk/cosmic background;

2) continental boundaries;

3) clouds.

Of these three, only clouds change on the time scales of
the measurement. While high-spatial-resolution measurements
for all these three contributors are necessary, only the cloud
parameters need to be updated regularly. It is this assumption
that allows us to combine the appropriate data sets to produce
the full-resolution inputs into the radiative-transfer model.

B. Scattering-Free Assumption at 50 GHz

The current model does not include scattering from
precipitation—Iliquid or ice. The effects of liquid scattering
are known to be minimal at 50 GHz since absorption effects
dominate, except for large hydrometeors in stratiform and
convective precipitation cells [9]. However, ice scattering aloft,
particularly in deep convective storm cells, is known to reduce
brightness temperatures, and these effects are also unaccounted
for in the present model [10]. Scattering should be integrated
into the model in order to extend its operation up to the
183-GHz channels of GeoSTAR, in general, and in order to
improve the accuracy of the model at 50 GHz near deep
convective systems.

I1l. GEOPHYSICAL PARAMETER MODEL DATA SETS

Some data sets used by the model are obtained from current
spacecraft measurements. Other parameters are generated by
numerical weather prediction (NWP) models. All of the chosen
data sets are publicly distributed and available for access.

A. Surface Parameters and Vertical Atmospheric Profiles

The basis of the underlying atmosphere model is the National
Centers for Environmental Prediction (NCEP) Global Data As-
similation System (GDAS). GDAS is generated every 6 h using
a medium-range forecast model and consists of the minimum
set that is necessary to regenerate NCEP analysis fields. The
primary benefit of using GDAS over other NCEP products is
the spatial resolution of the GDAS1 data set at 1.0 1.0
gridded equally over the globe (1 in latitude at nadir is
approximately 100 km). The data are reported at 26 vertical
levels for temperature and geopotential height and 21 levels for
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relative humidity. In addition to the vertical profiles, GDAS
also provides surface fields, including wind speed, which is
necessary for the generation of the ocean-emissivity product.

B. Land-Surface Emissivity

Land-surface emissivity is derived from land-use classifi-
cation maps. However, the emissivity will vary, depending
on the conditions at any given location, particularly due to
varying moisture content, which is not easily available. The
French “Groupe de Modélisation pour I’Assimilation et la
Prévision” (GMAP) provides land emissivity atlases that are de-
rived from cloud-free measurements made using various satel-
lite microwave radiometers (Special Sensor Microwave/Imager,
Tropical Rainfall Measuring Mission Microwave Imager, and
AMSU). We rely primarily on the product derived from AMSU
[11]. Emissivity values derived from the measurements are
binned into low and high incidence angles, and atlases are
available in the form of monthly averages. The difference in the
mean emissivity between the two incidence angle bins is found
to be 0.023 at 50.3 GHz [12], and for all frequencies, emissivity
is larger at lower incidence angles.

C. SSS

Ocean-emissivity calculations require sea-surface-salinity
(SSS) values. The World Ocean Atlas from the Ocean Cli-
mate Laboratory provides objective analyses and statistics for
various parameters, including ocean temperature, salinity, and
dissolved oxygen. These fields are available ona 1.0 1.0
grid and are generated roughly every four years. The most
recent version was produced in 2005 [13]. The chosen data set
is the objectively analyzed monthly means that are smoothed
filled fields. While the salinity field is a necessary input for
generating the ocean emissivity, it has only a secondary effect
on emissivity at GeoSTAR frequencies. The single parameter
with the largest bearing on the emissivity value is the incidence
angle.

D. Cloud Products

A high-resolution cloud product is integral to the develop-
ment of the full-Earth model. Products derived from GOES
data are used. The NASA Langley Cloud and Radiation Re-
search Group generates a cloud product utilizing an algorithm
that combines the visible infrared solar-infrared split-window
technique, solar-infrared infrared split-window technique, and
solar-infrared infrared near-infrared technique [14]. Additional
inputs to the algorithm include temperature and humidity pro-
files from NOAA Rapid Update Cycle or Global Forecast Sys-
tem forecasts to provide estimates of skin temperature, cloud
height, and radiance attenuation calculations. Surface-type de-
finition is based on the International Geosphere—Biosphere
Program surface map, spatial distributions of snow/ice are
taken from real-time maps generated by the NOAA/NESDIS
Interactive Multisensor Snow and Ice Mapping System, and
clear-sky reflectance data from the Clouds and the Earth’s
Radiant Energy System are used to provide background radi-
ances for cloud detection and retrieval [15].
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TABLE |

SUMMARY OF THE VARIOUS GEOPHYSICAL PARAMETER DATA SETS USED
Measured Parameters |Data Source Spatial Res. Temporal Res. Levels
Land Emissivity NWPG France |50km x 50km Monthly Averages Surface
Ocean Wind Speed NCEP GDAS 100km x 100km |6 Hour Refresh Surface
Sea Surface Temp. NCEP GDAS 100km x 100km |6 Hour Refresh Surface
Sea Surface Salinity WOA 2005 100km x 100km | Monthly Averages Surface
Temperature Profile NCEP GDAS 100km x 100km |6 Hour Refresh 26 Pressure Levels
Geopotential Height NCEP GDAS 100km x 100km |6 Hour Refresh 26 Pressure Levels
Humidity Profile NCEP GDAS 100km x 100km |6 Hour Refresh 22 Pressure Levels
Surface Parameters NCEP GDAS 100km x 100km |6 Hour Refresh Surface
Cloud Liquid/lce water |NASA LaRC 8km x 8km ~3 Hour Refresh
Cloud Top/Bottom Temp.|NASA LaRC 8km x 8km ~3 Hour Refresh
Land Sea Mask GODAE GHSTT |1km x 1km Generated in 2002 Surface
Digital Elevation Map NGDC 4km x 4km Generated in 2006 Surface

These products are generated by the NASA Langley Cloud
and Radiation Research Group in near real time to support
NWP models (validation and assimilation), estimating surface
atmospheric radiation budgets and other “nowcasting” appli-
cations. The most recent release of the data set extends the
Continental United States to a full GOES-East disk.

E. Land/Sea Mask

The land/sea mask is crucial for the determination of tran-
sitions between the widely differing surface-emissivity values
between land and ocean. These sharp transitions have a sig-
nificant impact on the magnitude of visibilities. The GODAE
High Resolution Sea Surface Temperature Pilot Project land/sea
mask is used [16]. The 1 km 1 km resolution product is
derived from a similar product available from the United States
Geological Survey and covers latitudes 80.3 N to 80.3 S and
all longitudes. The reduced latitude range is compatible with
GEO modeling requirements.

The resolution of the land/sea mask is an order of magnitude
finer than our needs. The effective emissivity of each 10 km
10 km surface pixel in the radiative-transfer model is gener-
ated using an area-weighted average of the emissivity of each
1km 1 km pixel. This processing reduces the introduction of
unrealistic high-frequency-visibility components.

F. DEM

A digital elevation map (DEM) provides the surface height,
above which atmospheric profiles are integrated for the
radiative-transfer calculation. The National Geophysical Data
Center ETOPO2v2 Global Gridded 2-min Database is used
[17]. Its vertical resolution is 1 m, and the horizontal resolution
is approximately 4 km 4 km. The values from the 4 km
4 km grid are interpolated to the 10 km 10 km grid.

G. Summary

Table | summarizes the various data sets that are used as
inputs to the model, noting in particular their temporal and
spatial resolutions. The highlighted values represent those data
sets with spatial resolution of 8 km or better. A total of six
different data sets are utilized to produce the high-resolution
Earth disk model.

I\V. GEOPHYSICAL PARAMETER MODELS

In addition to the raw input data, many other variables have
to be derived utilizing the appropriate geophysical parameter
model prior to the application of the radiative-transfer model.
The following summarizes the various models used.

A. Ocean Emissivity

The dielectric constant of water is computed from the
Klein—Swift model [18]. A correction for roughness and foam
fraction is calculated using coefficients from FASTEM-2 devel-
oped for Radiative Transfer for the TIROS Operational Verti-
cal Sounder (TOVS) (RTTOV), with algorithms and software
developed for TOVS [19]. The specific coefficients used are
those optimized for AMSU-A, the Polar Operating Environ-
mental Satellite version instrument that performs GeoSTAR-
like measurements. Inputs to the model include frequency,
temperature, salinity, wind speed, and the angle of incidence
of the measurement. The model produces as outputs the ocean-
surface emissivity at both vertical and horizontal polarizations.

B. Gaseous Absorption

Absorption for both atmospheric gases and gaseous water
vapor is calculated using the Rosenkranz absorption model
Rosenkranz [20]. The model provides absorption coefficients
for oxygen, nitrogen, and water vapor for the given frequency,
temperature, pressure, and water vapor density.

C. Cloud Parameters

Cloud-liquid absorption is calculated under the assumption
that the absorption is proportional to the column density of
the cloud liquid [21]. Cloud-liquid profiles are assumed to
be uniform up to the freezing level and to integrate up to a
specified cloud-liquid path. This approximation is valid to the
first order because no distinction is made among different cloud
types. As such, applying any specific profile to the entire Earth
disk would not improve the accuracy. The vertical profile of
liquid in the freezing layer is assumed to decay exponen-
tially [22].
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Fig. 1. Diagram showing the components of radiative-transfer calculation.

V. RADIATIVE-TRANSFER MODEL AND
COORDINATE SYSTEM

A. Radiative-Transfer Model

Scattering-free radiative transfer is used to calculate the top-
of-atmosphere brightness temperature [9]. Fig. 1 shows the
individual components that are calculated.

B. Geophysical Parameter Grid

The 10 km 10 km geophysical parameter grid has variable
longitude spacing that is dependent on latitude. The longitude
spacing increases to compensate for the decreasing circumfer-
ence of the latitude circle as the coordinates approach either
pole. The resulting geophysical parameter grid has pixels that
are equal in area. While the atmosphere is assumed to be
plane parallel, each pixel in each layer is based on the actual
atmospheric state, so that the atmosphere is not homogeneous
across each layer.

C. GeoSTAR Image Grid

The GeoSTAR image grid is oversampled and equally spaced
in units of direction cosine. The nadir pixel size on the Earth
disk is 10 km and increases off nadir. The proposed Y-array
design, consisting of N = 100 array elements per arm with an
arm length R = 2.24 m at a frequency of f = 50 GHz, results
in a nadir pixel size of 50 km. Points on the GeoSTAR grid
are selected and colocated on the geophysical parameter grid in
terms of latitude and longitude, and the direction of propagation
of radiation is determined by the GEO geometry. The radiative-
transfer model is then applied at these points. The positions of
the pixels on the Earth disk are calculated using the vertical
plane of projection [23].

VI. IMAGE POLARIZATION

The polarization in the image plane is determined indepen-
dently for each pixel. The current GeoSTAR design uses lin-
early polarized antennas. However, the emission from the polar
region is orthogonal to that at the equatorial limb and varies
across the entire Earth disk, except at nadir. The emissivity
values of the GMAP surface atlases and those derived from
the ocean-emissivity model are combined to generate a full-
Earth emissivity map. Polarization is defined at the North Pole
and rotated accordingly across the Earth disk. Fig. 2 shows the
resulting combined vertical-polarization emissivity map.
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Fig. 2. Combined emissivity map with vertical polarization at the poles
(August 2008).

VII. INSTRUMENT SIMULATOR

The GeoSTAR simulator utilizes a rectangular sampling
scheme in both spatial and visibility domains. The actual flight
design uses a thinned Y-array of antenna elements, which
results in hexagonal sampling in the visibility domain. While
algorithms exist to utilize rectangular functions to produce
hexagonal outputs [24], [25], the rectangular processing is used
for simplicity. For the purposes of the analyses and conclusions
presented here, the use of rectangular processing is considered
adequate. Our analyses and conclusions are based on the ex-
pected range of values of visibilities over different portions
of the spatial-frequency spectrum, not on their exact values at
specific spatial frequencies. These ranges are not affected by
whether the spectrum is sampled by a rectangular or hexagonal
grid, specifically at the larger baselines that are of particular
interest.

A. NE V

The noise-equivalent delta visibility (NE V)—a term sim-
ilar to the noise-equivalent delta temperature (NE T) defined
for a real-aperture radiometer system—characterizes the sen-
sitivity of the visibility measurement. NE V refers to the
additive zero-mean Gaussian noise that is present in each
measurement of visibility. The standard deviation of that noise,

NE v, IS given for the GeoSTAR system [4] by
1 Ts

NE V—: °B

M)

where 4 is the quantization efficiency, Ts is the system noise
temperature, B is the predetection (intermediate-frequency)
bandwidth, and is the integration time. The factor of two
in (1) accounts for the decorrelation between noise originating
from different channels of a correlating radiometer. The cur-
rent GeoSTAR design for the temperature sounding channels
utilizes 2-b correlations ( ¢ = 0.88) [26] and has an expected
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Image of the intermediate products generated by the baseline algorithm. (a) Highest spatial resolution (10 km) Tg image (in kelvins). (b) Tg image

with antenna taper applied (in kelvins). (c) Spatial-frequency components of an image after 2-D FFT application (in decibels). (d) Spatial-frequency components
after truncation to a GeoSTAR spatial resolution of 50 km (in decibels). A resolution of 50 km follows from an antenna architecture of 100 elements per arm in a

Y-array with 3.77 interelement spacing.

system noise of Ts =400 K (the expected receiver noise
temperature is 250 K) and a predetection bandwidth of B =
200 MHz.

The additive noise that is present in the real and imaginary
components of visibility is generally uncorrelated, so that the
noise associated with measurements of the magnitude of the
complex visibility will have a standard deviation given by

+ 2 ne v (2

— 2 2 —
VI — NE V_real NE V_imag —

B. Retrieved-Image Pixel Noise

The relationship between the noise in the raw visibility
samples, NE V, and the per-pixel noise in the brightness
temperature image is given by

Ty Wa(,) 2N Ze y=Wa(,) N7, @

where 1  is the standard deviation of the noise in the Tg
image, ( , ) are the direction cosine coordinates, N is the total
number of visibility samples needed to reconstruct the image,
and W is a weighting due to the array-element antenna pattern.
The weighting of the element antenna pattern is 1.7 at nadir and
increases off nadir for traditional antenna patterns [27]. If we
require a nadir pixel 1,0y Of 0.85 K and assume that N =
60, 600 visibility measurements are required (resulting from
100 elements per arm) [4], the required Ng v is 1.44 mK.
If this value for ng v Is inserted into (1), the correspond-
ing integration time is =250 s. This is the minimum re-
fresh time required to produce images of Tg with 0.85-K
precision.

C. Baseline Processing Algorithm

The procedure followed to generate a simulated GeoSTAR
Tg image accounts for the fact that measurements are made in
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