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ABSTRACT
This paper describes the end-to-end simulation of the new
HIRAD, which will provide improved hurricane
surveillance. This paper (part-2 of 2) evaluates the HIRAD
instrument performance in retrieving hurricane-force wind
speeds in the presence of intense rain. Examples of retrieved
hurricane wind speed and rain rate images are presented,
and comparisons of the retrieved parameters with the MM5
numerical hurricane model data are made. Statistical results
are presented over a broad range of wind and rain conditions
over the full measurement swath.
Index Terms— HIRAD,
retrievals, wind speed, rain rate

imaging,

hurricanes,

1. INTRODUCTION
The Hurricane Imaging Radiometer, HIRAD, is a next
generation Stepped Frequency Microwave Radiometer,
SFMR, [1] for improved airborne surveillance of ocean
surface winds and rain in hurricanes. HIRAD is a multifrequency microwave radiometer at C-band that uses
synthetic aperture thinned array radiometry technology to
create a 1-D microwave imager that synthesizes brightness
temperature, Tb, images cross track and provides real
aperture imaging along track [2]. This technology is
currently under development at the NASA Marshall Space
Flight Center in a collaborative effort with NOAA
Hurricane Research Division, the Central Florida Remote
Sensing Laboratory (CFRSL) at the University of Central
Florida (UCF) and the University of Michigan.
This paper deals with the remote sensing of wind speed
and rain rate in hurricanes, which directly supports the
HIRAD instrument development. Through the use of
realistic simulations of hurricane surveillance flights over
ocean, we are able to predict the wind speed measurement
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performance of a conceptual pushbroom wide-band
radiometer system that has strong similarities with HIRAD.
The goal of this research is to use this simulation to
characterize the HIRAD hurricane surface wind speed
measurement accuracy as a function of wind speed, rain rate
and cross-swath location (earth incidence angle, EIA). We
use proven methods of microwave radiometer measurement
modeling in a Monte Carlo simulation to predict wind speed
retrieval
errors
parametrically
with
instrument
characteristics, and the results of the simulation are directly
applicable to the HIRAD performance.
2. HIRAD EQUIVALENT PUSHBROOM
RADIOMETER SYSTEM
In this paper, results are presented for a simulated real
aperture pushbroom radiometer equivalent of HIRAD,
which is shown in Fig. 1. In the simplest terms, the
equivalent system replaces the HIRAD synthetic thinned
array imaging with 41 individual antenna beams (with
boresight spaced on 3o centers ±60o). These beams are
contiguous at nadir and they overlap at the edges of the
swath.
The pushbroom antenna beams were implemented as 4
different antenna designs (one per frequency) that are
scanning phased arrays that produce similar patterns to the
synthesized beams for HIRAD. Thus, the pushbroom
patterns are equivalent in terms of the C-band operating
frequencies, approximate antenna pattern spatial resolutions,
cross-track boresight pointing angles (every 3 o) and
polarization. The HIRAD antenna is designed to measure
the horizontally polarized brightness temperature emission
from the surface over ±60o in the cross-track direction.
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different slant path. The pushbroom antenna boresight
geometry calculations are performed based on the HIRAD
antenna sampling for the cross-track scans.
3.2. Antenna Brightness Temperature

Figure 1 Equivalent real-aperture radiometer system
with 41 beams cross-track.
3. HURRICANE FORWARD RADIATIVE TRANSFER
MODEL
As part of the HIRAD development, the CFRSL radiative
transfer model, RTM, was tuned for hurricane environment.
The selected approach was to use the SFMR rain algorithm,
which is derived from the work of Jorgensen and Willis [5]
and Olsen et al. [6], and to develop an improved microwave
radiometric ocean surface emissivity model (part-1 of 2) [7].
3.1. Atmosphere Forward Model
The RTM [8], has 39 atmospheric layers of 20 km total
thickness, which are used to compute the water vapor, cloud
liquid water and oxygen absorption coefficients. For the
HIRAD frequencies, only water vapor and cloud liquid
absorption in hurricanes are significant.
The MM5 hurricane “nature run” simulations were
from a state-of-art numerical model described by Chen et al.
(2007) [9]. A model run for Hurricane Frances (2004)
provides realistic 3D environmental parameters (rain, water
vapor, clouds and surface winds) from which simulated
HIRAD Tb’s are derived for typical aircraft “Fig-4” flight
tracks. The MM5 model uses a system of nested grids with
the innermost one having a horizontal grid spacing of 0.015
degrees (~1.6 km resolution) in longitude and latitude.
In the forward radiative transfer model, we use 3D
environmental components produced by the MM5 nature
run. Each simulated HIRAD measurement (cross-track
pixel) will have a unique surface wind speed and
atmospheric profile, which uses a mesh grid criterion by
dividing the atmosphere into 39 layers and the ground into
1.67 km pixels (corresponding to the MM5 resolution) as
shown in Fig. 2. This procedure approximates the actual
HIRAD Tb measurement whereby the upwelling and
downwelling Tb components to be calculated along a
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The simulation uses a real aperture phased array antenna to
produce multiple antenna beams in a pushbroom
configuration for the wide-swath surface sampling, which is
approximately equivalent to the HIRAD brightness
temperature image synthesis. The HIRAD measurement is
horizontal (H-pol) but the cross-polarization (V-pol) must
also be included. Therefore, both the H-Pol and V-Pol scene
apparent Tb are computed from the forward model and are
convolved with the co-polarized (Co-Pol) and crosspolarized (X-Pol) antenna patterns respectively. The
resulted convolved H-Pol and V-Pol temperatures are given
by [10],
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In (3), the horizontally convolved Tb is integrated over
±θ1 = ±30o that results in ~ 100% beam efficiency for the
Co-Pol antenna pattern, whereas in the vertically convolved
Tb given by (4), the θ limits change by beam position to
insure > 90% beam efficiency.
The final convolved brightness temperature, TA, is a
superposition of TbH_conv and TbV_conv according to,
ܶ ܣൌ ሺͳ െ ߛሻܾܶ  ݒ݊ܿܪ ߛܾܸܶ ̴ܿݒ݊

(5)

where γ is the ratio of the X-Pol brightness temperature to
the total and is approximated by,
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γ changes as a function of incidence angle (beam
position) for each frequency and increases with angles; for
the nadir beam (Fig. 3(a)), nearly all the brightness is from
Co-Pol making γ approximately equal to zero. On the other
hand, for the beam position at 60o (Fig. 3(b)), where both
patterns have the same power gain, results in approximately
half of the measured brightness coming from X-Pol and half
from the Co-Pol, making γ ~ 0.5.

Figure 2 Forward model simulation.
0

4. GEOPHYSICAL RETRIEVAL ALGORITHM

The retrieval algorithm forward model is different than the
forward model used in the simulation. First, the treatment of
the atmosphere used in the retrieval is considered to be
homogeneous and constant along the line of sight at each
beam position, while in the simulated forward model, the
atmosphere is varying in 3D as described earlier. Water
vapor and cloud liquid water annuli of 5 km thicknesses
were constructed from the MM5 data. Each annulus was
assigned the mean value of the data that are circumscribed
by it which results in water vapor and cloud liquid water
profiles. The sum of these absorption coefficients along with
an additional absorption coefficient due to rain is used in the
computation of the modeled brightness temperature (Tmod) at
each of the four C-band frequencies. These Tb’s are placed
into a three dimensional matrix for each frequency with
wind speed, rain rate and angles as variables.
Another major difference between the RTM’s is in the
treatment of rain. In the retrieval, the rain is assumed to be
uniform along the slant path from the constant freezing level
of 5 km to the surface, while in the simulated forward model
the freezing level varies as does the 3D distribution of rain.
As noted in Fig. 2, for the retrieval, the upwelling and the
reflected downwelling Tb from rain assume the same
uniform rain rate.
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4.1. Atmospheric Treatment
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A retrieval algorithm known as the Hurricane Imaging
Retrieval Algorithm was developed for rain rate and wind
speed retrievals in hurricanes. It is composed of a forward
radiative transfer model and an inversion algorithm.
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Figure 3 Co-Pol and X-Pol patterns at 6.6 GHz
frequency for (a) 0o and (b) 60o scan beams.

4.2. Antenna Pattern Correction
In order to correct for the antenna pattern convolution effect
in the retrieval algorithm, the V-Pol effect was removed
from the total antenna brightness temperature (TA)
computation according to,
ܾܶ ݒ̴݊ܿ ܪൌ

ܶ ܣെߛൈܾܸܶ ̴ܿ ݒ݊Ǥ
ሺͳെߛሻ

(7)

The V-Pol convolved temperatures, TbV_conv, in (7) are
estimated based on the best linear fit relationships with the
convolved brightness temperature, TA.
After solving for TbH_conv, the Tb due to the antenna
pattern was corrected for as shown in (8),
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where TU and TB are the brightness temperatures that
correspond to the “above the boresight” and “below the
boresight” portions of the pattern. These Tb’s are computed
as part of the simulated forward model based on the best
linear fit relationships with TA.
KML, KU, and KB are the correspondent beam efficiencies of
the main lobe, above and below the boresight respectively.
4.3. Retrieval Algorithm
After correcting for the antenna pattern effect, random
errors are included in the simulation, which represent the
NEDT and the ∆G/G instrument noises. In the simulation,
these errors are additive zero mean Gaussian random
distributions with standard deviations that vary
parametrically from 1 to 8 Kelvin (even though the expected
HIRAD instrument noise does exceed a couple of Kelvin).
The modeled brightness temperature matrix, Tmod, is
compared to the corrected brightness temperature with
random errors added, (Tcorr + Noise), at each of the four
frequencies. Each element in the difference matrices is
squared and the algorithm searches for the minimum of the
summed squared difference surface, over all frequencies.
This process is repeated 50 times in a Monte-Carlo
simulation for each beam position and scan to collect RMSE
statistics.
5. RESULTS
Comprehensive simulations for assessing HIRAD
performance were conducted. The wind (see Fig. 4(a)) and
rain fields from the hurricane Frances modeled data were
used. The most common flight pattern used is the “Fig-4”
where the aircraft flies two passes, normal to each other,
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through the center of the eye. Each flight leg is
approximately 350 km long as illustrated in Fig. 4(b, c). The
maximum wind speed and rain rate in these two passes are ~
60 m/s and ~ 120 mm/hr respectively as resented by the
colorbar. These two passes show that HIRAD would cover
the eyewall region in most hurricanes with a single standard
“Fig-4” pattern.
Results include computing the retrieved wind speed
errors at each added random instrument noise level, and the
statistics are summarized in Table 1. As noted from the
table, the standard deviation values increase with increasing
the instrument noise as expected. At zero std instrument
noise, the resultant errors are mainly due to the antenna
pattern effect specially at larger angles and the different
atmospheric treatment in both the forward model and the
retrievals.
TABLE I
RETRIEVED WIND SPEED ERROR STATISTICS
Random
Instrument Error
std (Kelvin)

Mean
Std

0

1

2

4

8

1.945
1.587

1.903
1.835

1.824
2.404

1.494
4.030

0.525
7.792

Retrievals for multiple cross-track scans, forming one
complete flight pattern leg, were simulated and compared to
the nature run “surface truth” wind field, and the rms
differences (for the 1 Kelvin random error case) are plotted
for both orthogonal legs in Fig. 5. The colorbar represents
the rms wind speed error values, which are higher at larger
incidence angles. Higher wind speed errors occur at the
edges of the swath where path lengths are greatest and rain
is the most intense in that eye wall region.
5. SUMMARY & CONCLUSION
HIRAD simulation for wide swath microwave brightness
temperature observations of a hurricane and retrieval
algorithms for surface wind speed and rain rate have been
developed. Nature run using the MM5 numerical model for
wind and rain fields for hurricane Frances, 2004 were used
in estimating HIRAD wind speed retrieval errors. Retrieval
algorithm was based on the HIRAD geometry, and an
equivalent HIRAD antenna design. Realistic aircraft
surveillance flight patterns through Frances were simulated,
including instrument errors. The retrieved wind field
compares well to the surface truth over most of the swath,
but antenna pattern effects along with differences in the
atmosphere treatment caused some large wind speed errors
near ± 60o in the presence of intense rain.
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Figure 4 Surface truth wind field (a) image, (b) leg 1 and (c) leg 2.
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Figure 5 RMS retrieved wind speed errors for (a) leg 1 and (b) leg 2.
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