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Abstract—The Jet Propulsion Laboratory’s High-Altitude
Monolithic Microwave Integrated Circuit (MMIC) Sounding Ra-
diometer (HAMSR) is a 25-channel cross-track scanning mi-
crowave sounder with channels near the 60- and 118-GHz oxygen
lines and the 183-GHz water-vapor line. It has previously par-
ticipated in three hurricane field campaigns, namely, CAMEX-4
(2001), Tropical Cloud Systems and Processes (2005), and NASA
African Monsoon Multidisciplinary Analyses (2006). The HAMSR
instrument was recently extensively upgraded for the deployment
on the Global Hawk (GH) unmanned aerial vehicle platform. One
of the major upgrades is the addition of a front-end low-noise
amplifier, developed by JPL, to the 183-GHz channel which re-
duces the noise in this channel to less than 0.1 K at the sensor
resolution (∼2 km). This will enable HAMSR to observe much
smaller scale water-vapor features. Another major upgrade is an
enhanced data system that provides onboard science processing
capability and real-time data access. HAMSR has been well char-
acterized, including passband characterization, along-scan bias
characterization, and calibrated noise-performance characteriza-
tion. The absolute calibration is determined in-flight and has
been estimated to be better than 1.5 K from previous campaigns.
In 2010, HAMSR participated in the NASA Genesis and Rapid
Intensification Processes campaign on the GH to study tropical cy-
clone genesis and rapid intensification. HAMSR-derived products
include observations of the atmospheric state through retrievals of
temperature, water-vapor, and cloud-liquid-water profiles. Other
products include convective intensity, precipitation content, and
3-D storm structure.

Index Terms—Airborne remote sensing, microwave sounder,
tropical cyclone, unmanned aerial vehicle.

I. INTRODUCTION

THE High-Altitude Monolithic Microwave Integrated Cir-
cuit (MMIC) Sounding Radiometer (HAMSR) is a cross-

track scanning atmospheric sounder which was designed and
built at the NASA Jet Propulsion Laboratory under a grant
from the NASA Instrument Incubator Program in 2001. Be-
ginning in 2008, HAMSR was extensively upgraded under the
NASA Airborne Instrument Technology Transfer program to
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deploy on the NASA Global Hawk (GH) platform and serve
as an asset to the NASA suborbital program. The HAMSR
instrument was originally designed to be similar to the Ad-
vanced Microwave Sounding Units (AMSU) on the NOAA
environmental satellites and has many of the same channels as
AMSU. HAMSR has eight sounding channels near the 60-GHz
oxygen-line complex, ten channels near the 118.75-GHz oxygen
line, and seven channels near the 183.31-GHz water-vapor
line.

HAMSR was first deployed in the field in the 2001 Fourth
Convection and Moisture Experiment (CAMEX-4)—a hurri-
cane field campaign operating out of Jacksonville, FL. HAMSR
also participated in the Tropical Cloud Systems and Processes
(TCSP) hurricane field campaign operating out of Costa Rica in
2005. In both of these campaigns, HAMSR flew as one of the
payloads on the NASA high-altitude ER-2 aircraft. HAMSR
flew on the NASA DC-8 during the NASA African Monsoon
Multidisciplinary Analyses campaign, which took place in 2006
and operated from Cape Verde, Africa.

Since these campaigns, the HAMSR instrument has been
upgraded to dramatically improve the receiver performance and
to consolidate the instrument into a compact package. This
includes the addition of state-of-the-art low-noise amplifiers
(LNAs), in terms of gain and noise temperature, to the 118-
and 183-GHz receivers. Another significant upgrade was the
addition of a networked Linux data system, making possible
real-time data access through the GH data network. This is im-
portant because of the long-duration—up to 30 h—GH flights.
HAMSR data are transmitted to the ground in near real time,
where it is processed and distributed to users during the flight.

After completion of the instrument upgrades, an extensive
calibration and characterization campaign was conducted. This
included measurements of the end-to-end frequency response
of the system, an along-scan bias characterization, and a char-
acterization of measurement noise of the calibrated brightness
temperatures. The absolute calibration is best estimated in-
flight through comparisons to modeled brightness temperatures
generated using coincident radiosonde observations.

A main application for HAMSR data is to retrieve the ther-
modynamic state of the atmosphere through 3-D temperature
and water-vapor profiles as well as cloud liquid water. Because
of its profiling capability, HAMSR is also valuable for observa-
tions of the precipitation structure of storms. In past hurricane
field campaigns, HAMSR data have been used to reveal both
the precipitation structure of several mature hurricanes as well
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Fig. 1. Images of the (left) HAMSR instrument and (right) its deployment
location on the GH.

Fig. 2. HAMSR system-level block diagram.

as the structure of the warm core anomaly, both of which are
related to storm intensity [1].

II. INSTRUMENT DESCRIPTION

The HAMSR instrument, shown in Fig. 1, is designed to fit
in a small unpressurized downward-facing space within a wing
pod or the fuselage of an aircraft. For the NASA GH aircraft,
it is deployed in a forward bay (Zone 3) under the nose of the
aircraft. The HAMSR instrument is contained within a compact
package measuring 90 cm long, 38 cm wide, and 33 cm tall and
weighing approximately 45 kg. The instrument is a downward-
looking cross-track scanner with a scan axis that is oriented along
the aircraft flight path. A system diagram is shown in Fig. 2.

The HAMSR receiver system consists of three MMIC-based
heterodyne spectrometers covering three bands near 50, 118,
and 183 GHz. The antenna system consists of two back-to-back
reflectors which rotate together at a programmable scan rate
via a stepper motor. A single full rotation includes the swath
below the aircraft followed by observations of ambient (roughly
0 ◦C in flight) and heated (70 ◦C) blackbody calibration targets
which are located at the top of the rotation. An FPGA is used to
read the digitized radiometer counts and receive the reflector
position from the scan motor encoder, which are then sent
to a microprocessor and packed into data files. The micro-
processor additionally reads telemetry data from 40 onboard
housekeeping channels (containing instrument temperatures)

and receives packets from an onboard navigation unit, which
provides GPS time and position, as well as independent attitude
information (e.g., heading, roll, pitch, and yaw). The raw data
files are accessed through an Ethernet port. The HAMSR data
rate is relatively low, at 75 kb/s, allowing for real-time access
over the GH high-data-rate downlink. Once on the ground,
the raw data are unpacked and processed though two levels
of processing. The Level 1 product contains geolocated time-
stamped calibrated brightness temperatures for the earth scan.
These data are then input to a 1-D variational retrieval algorithm
to produce temperature, water-vapor, and cloud-liquid-water
profiles, as well as several derived products, such as potential
temperature and relative humidity [1].

A. Antenna/Scan System

The HAMSR antenna scan system consists of two rotating
mirrors: one parabolic reflector for the 50–57-GHz channels
and one flat plate for the 113–119- and 166–193-GHz channels,
which are mechanically connected to a common scan motor
and rotate about a single axis. A detailed description of the
HAMSR antenna system is found in [14] and summarized here.
Each reflector is fed by circular corrugated horns with a 16-dB
reflector edge taper. The 118- and 183-GHz signals are split
after the flat reflector using a dichroic plate that is centered
along the scan axis. The dichroic plate splits these two bands to-
ward respective parabolic reflectors which focus the beam into
the two respective receivers. This design provides matched and
coincident antenna beams in all three RF bands. The size of the
beam at each band is 5.7◦ half power full width (HPFW), and
the sidelobes for all beams for angles greater than 10◦ off bore-
sight are well below 30 dB with a beam efficiency of > 95%
(defined as the fraction of power received within 2.5 times the
main beamwidth), providing minimal footprint contamination.
From a flight altitude of 20 km, the beamwidth corresponds to a
2-km footprint on the ground at nadir. The polarization of the
beams rotates as the reflectors scan, with pure V-polarization
at nadir. The unobstructed cross-track swath spans ±45◦ from
nadir, giving a 40-km swath from a 20-km flight altitude. Past
45◦, the edge of the aperture begins to intersect the beam, but
the data may still be useable out to ±60◦ depending on the
error tolerance of the particular application. A characterization
of scan-dependent biases is given in Section III-B.

Each reflector observes two pyramidal blackbody calibration
targets during each scan that are located on the top of the
scan arc. One target is at the ambient air temperature (cold at
altitude), and the other is heated to about 70 ◦C. The targets
were procured commercially and designed to have more than
50-dB return loss from 40 to 220 GHz. The targets are about
16 × 12 cm in area with 4-cm-long pyramids separated at
the tips by 1 cm. The pyramids are constructed from heavy
aluminum and coated with a ferrite-loaded epoxy-absorbing
material. The ambient and hot targets are identical for the
50- and 118/183-GHz sides. The temperature of each target is
measured with four temperature sensors embedded within the
target near the tips. The targets are insulated with Styrofoam
to keep thermal gradients minimal. The spatial thermal gradi-
ents horizontally across both targets, measured using the four
embedded thermistors, show that the gradients in flight are less
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than 0.25 K. The Styrofoam radome covers the pyramids and
is between the antenna and the load. The Styrofoam is 0.7 cm
thick and has a measured loss that ranges from 0.04% at 50 GHz
to 0.15% at 183 GHz. The return loss of the Styrofoam is
> 37 dB at all HAMSR frequencies. Assuming that the effective
brightness of the reflected contribution is within about 100 K
of the target temperature, which is a reasonable assumption
for observations where the incidence angle on the Styrofoam
is off normal, then the dominant error term is due to the
ohmic loss component. It should be noted that the observations
where the Styrofoam is normal to the beam are excluded
when computing the average calibration target counts to avoid
local-oscillator reflections and coherent receiver noise biasing
the calibration measurement. Because the temperature of the
ambient target and the Styrofoam are nearly equivalent, the
error due to the Styrofoam over the ambient target is negli-
gible. If we assume that the Styrofoam temperature is at the
instrument frame temperature in flight (measured to be 263 K
at minimum), then the maximum error looking at the 343 K
calibration target due to the foam is 0.04 K at 50 GHz and
0.1 K at 183 GHz.

The instrument external aperture is covered by a
0.0127-mm-thick (0.5-mil) Mylar radome on the 50-GHz
side and a 0.0063-mm-thick (0.25-mil) Mylar radome on the
118/183-GHz side, which are used to limit condensation or
frosting on the reflectors and Styrofoam covers by keeping the
temperature near the targets higher than the outside ambient
temperature. The instrument housing is warmed by the receiver
subsystem baseplates, which are controlled to 30 ◦C. In flight,
the instrument outer frame temperature reached a minimum
of −10 ◦C, while the ambient air temperature was near
−60 ◦C. The RF loss through the Mylar radome at 183 GHz
is less than 0.1%, giving at most a 0.1-K error for typical
brightness temperatures at a 20-km altitude.

B. Receiver System

The HAMSR receiver system consists of three MMIC-based
heterodyne receivers with very broad (up to 18 GHz) interme-
diate frequency (IF) outputs which are subsequently amplified
and then multiplexed via filter banks into the 25 spectral
channels. The power in each channel is detected, integrated,
and digitized simultaneously and then recorded by the data ac-
quisition and control system. The HAMSR 118- and 183-GHz
receiver systems were recently upgraded, taking advantage of
the state-of-the-art high-frequency LNA development projects
at JPL [2]. A block diagram of each receiver is shown in Fig. 3.
All three receivers (55, 118, and 183 GHz) now employ InP
MMIC RF LNA front ends. The 118- and 183-GHz LNAs
were developed in 2007 at JPL under the MIMRAM Advanced
Component Technology project, and HAMSR is the first sci-
ence instrument to use this technology. These LNAs provide
state-of-the-art noise performance and give a significant perfor-
mance improvement over the previous receivers. The 183-GHz
receiver benefited the most since a conventional planar
mixer–receiver—with more than 8000-K receiver noise—was
replaced with an LNA front end with less than 600-K receiver
noise. The measured receiver-noise temperatures (measured

Fig. 3. HAMSR receiver block diagrams: (Top) 50 GHz, (middle) 118 GHz,
and (bottom) 183 GHz.

Fig. 4. Measured receiver noise temperature as a function of frequency for the
HAMSR channels.

through the entire system), shown in Fig. 4 for each channel, are
between 550 and 850 K at 50 GHz, 350 and 550 K at 118 GHz,
and 550 and 800 K at 183 GHz. Low noise performance is cru-
cial for sounding applications and even more so when observing
at small spatial scales from a moving platform. HAMSR is now
able to resolve fine-scale spatial structures in the atmosphere
which were previously masked by receiver noise.

All components of the receiver system are mounted to a
common aluminum baseplate, one for the 50-GHz side and one
for the 118/183-GHz side. The RF components are mounted
on the side of the plate facing the antenna aperture and
are insulated with a foam cover. Each plate is controlled to
30 ◦C using heaters with a thermostat control. Fans, mounted
in the side wall of the instrument housing, are used to cool the
instrument by blowing external air across the exposed back side
of the plates when the plate temperature exceeds 30 ◦C. When
the outside air temperature exceeds 35 ◦C, the instrument can
only operate for a few hours before the components reach their
upper temperature limits. In flight, the thermal system is able to
maintain the baseplate temperature at 30 ◦C.
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Fig. 5. (Top left) 50-GHz, (top right) 118-GHz, and (bottom) 183-GHz HAMSR passband measurements.

III. HAMSR CALIBRATION AND CHARACTERIZATION

After completion of the HAMSR system upgrades, a cal-
ibration and characterization effort was conducted. The ob-
jectives were to accurately measure the end-to-end frequency
response of the system, assess potential scan-dependent biases,
and characterize the system stability to optimize the scan rate
and minimize measurement noise. These tests and results are
described in the following sections.

A. HAMSR Frequency Response

Accurate characterization of the end-to-end frequency re-
sponse of the system is critical for geophysical retrievals and
data assimilation due to the significant spectral variability of the
scene within and across the HAMSR channels. The passbands
were measured at the input of the receiver just beyond the
feedhorn. The feedhorn, and the rest of the optical system, was
measured separately and found to be sufficiently broadband
and well matched (> 20 dB) to have little impact on the
end-to-end receiver passband. To get the HAMSR end-to-end
receiver gain as a function of frequency for each channel, an
upconverted signal from an RF synthesizer was swept across
the HAMSR bands and measured with a power meter at the IF
output port just before the detector. An attenuator was placed

between the RF source and receiver to protect the LNAs and
make the measurements in a linear regime of the amplifiers.
The power gain transfer function G(f) is computed from the
measurements as

G(f) =
Pout(f)

Pin(f)
=

Pout(f)

Psrc(f)A(f)
(1)

where Pout(f) is the power measured by the power meter at
the IF output port, Psrc(f) is the power of the source that
was measured after the upconversion stage, and A(f) is the
broadband attenuator that is placed between the source and the
radiometer. The attenuator was characterized separately using
a Vector Network Analyzer since the power meter used to
characterize RF output power was not sensitive enough with
the attenuator connected. The source power and attenuator
were observed to be nearly flat over the HAMSR passbands,
making errors in the characterization of their spectral response
negligible in the final HAMSR passbands. The passbands
measured for the 25 HAMSR channels are shown in Fig. 5.
From these data, the channel centroid frequency, convolution
bandwidth, and sideband weighting ratio are computed. These
values are given in Table I for each channel and for the
upper and lower sidebands separately for the double-sideband
channels. The sideband weighting ratio is the ratio of the power
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TABLE I
HAMSR FREQUENCY RESPONSE: CENTROID FREQUENCY,
BANDWIDTH, AND UPPER/LOWER SIDEBAND WEIGHTING

received in one sideband to the total power received for that
channel (e.g., from both sidebands). The centroid frequencies
and bandwidths for all the channels were found to be very
close to the original design specifications. The rejection of the
166-GHz channel upper sideband, provided by an RF image re-
ject filter, was found to be greater than 25 dB. Because the end-
to-end passbands can change with temperature, the passband
measurements were made with the instrument active thermal
control at its nominal in-flight setpoint. The temperature of the
components critical to defining the passband shape was within
a few degrees (generally less than 3 ◦C) during the test as they
are in flight.

B. Scan Bias Characterization

A common issue with microwave imagers is a calibration
bias that is dependent on the antenna scan position. The bias
results because the antenna sidelobe contributions are slightly
different for each position in the scan and these contributions
are not removed by the onboard blackbody calibration. In the
case of HAMSR, a bias can result from the portion of the beam
that spills over onto the metal frame around the scan arc. The
frame was sized to minimize this error as much as possible,
but some effect is inevitable, particularly at the scan edges. A
special test was conducted to assess any scan-dependent biases
in the HAMSR image. The test was done outside on a clear and

calm day and was designed to reveal scan biases relative to the
nadir position. It should be noted that a spill-over bias common
to all scan positions, and thus impacting the overall absolute
calibration, would not be detected by this test. An assessment of
the HAMSR absolute calibration is discussed in Section III-D.
HAMSR was positioned to view toward zenith, scanning an arc
across the sky. The instrument was then rotated in the plus and
minus direction along the direction of the scan using a special
rotation fixture so that the sky zenith was viewed at each scan
position. The instrument was rolled in increments of 5◦, and the
roll angle was accurately measured using HAMSR’s onboard
navigation system with an accuracy of better than 0.05◦. The
scan bias was computed by taking the difference of the zenith
measurement at each scan position relative to the measured
zenith value at center scan position when the roll was zero

ΔTB(θH) = TB ({θRoll = 0◦, θH = 0◦})
− TB ({θRoll − θH} = 0◦) (2)

where θRoll is the roll angle of the instrument and θH is the
scan angle of the HAMSR antenna. The HAMSR scan angle is
defined to be zero at the center of the scan, and the roll angle
is defined to be zero when the center of the scan points at the
sky zenith. The main assumption for the test is that the sky
temperature is constant over the measurement period. To avoid
changes in the sky impacting the measurement, the test was
conducted over a period of 15 min and repeated several times.

The results for each channel are shown in Fig. 6 for
scan angles between ±60◦ from the center scan position.
No significant scan bias is observed in any channel between
±45◦. In the 50-GHz channels, the bias is observed to be
less than 0.8 K for scan angles between ±45◦, and for the
118/183-GHz channels, the bias is observed to be less than
0.5 K over this scan range. It is clear that most of the spillover
energy received is from the inside of the instrument near the
ambient instrument temperature since the observed biases in
Fig. 6 scale with scene temperature, giving a larger bias for the
more transparent channels that diminishes for the more opaque
channels. The zenith brightness temperature during the test was
near 70 K at 50.3 GHz, 80 K at 113.27 GHz, and 138 K at
166.95 GHz. From these measurements and the assumption
that the spillover is largely independent of frequency within a
band, we can bound the spillover contribution within ±45◦ of
the scan center to be less than 0.35% for the 50-GHz channels
and less than 0.32% for the 118/183-GHz channels. At a flight
altitude of 20 km and excluding extreme scattering events, the
brightness temperatures are typically no less than 150 K for any
channel, making the worst case error no greater than 0.5 K and
typically on the order of 0.25 K. It should also be noted that this
error is mostly confined to the edge of the scan where the metal
frame occupies more of the field of view.

C. System Stability/NEDT Optimization

The noise on the calibrated brightness temperature measure-
ment as a function of the integration time on the scene τA and
the integration time on calibration measurements τCal can be
represented as the root sum square (RSS) of three terms: the
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Fig. 6. Relative scan bias for the HAMSR instrument for each channel.

noise on the antenna measurement, the white noise on the
calibration measurements which decreases with increasing in-
tegration time, and the systematic noise (1/f noise) which
increases with increasing integration time

ΔT 2
A(τA, τCal) =

{
NEΔT 2(τA) + ΔT 2

Cal_white(τCal)

+ ΔT 2
Cal_Systematic(τCal)

}
. (3)

We seek to minimize the contribution of the last two terms in
(3) to the overall measurement noise. A running average of
several scans of calibration measurements centered on the scene
measurement is used to increase the integration time of the
calibration measurements to reduce the white-noise component
of calibration at the expense of increasing the noise from
systematic system drift over this time window. The system
stability defines the maximum length of the running-average
window. The scan consists of a slew across the Earth scene
at a programmable scan rate, a dwell on the ambient target,
and a dwell on the hot target, with rapid steps in between.
The integration time is programmable and is nominally set to
7 ms. The Earth scene scan rate and target dwell time are set
to minimize the effective noise equivalent delta temperature
(NEDT) utilizing measurements of receiver stability and are

constrained by a requirement for Nyquist sampling in the
cross- and along-track directions. To assess the stability of the
HAMSR receivers, the instrument was configured to stare at
a blackbody target cooled with liquid nitrogen. The counts
were scaled to brightness temperature using a constant gain and
offset, computed from a previous test when the instrument was
fully scanning and thus calibrated with the onboard calibration
targets. From these data, the NEDT versus integration time
was computed for each channel to assess the time period for
which the systematic 1/f noise dominates over white noise. An
example from each channel is shown in Fig. 7. In general, the
183-GHz receiver was found to have the best stability, followed
by the 118-GHz receiver and the 50-GHz receiver. While the
systematic noise begins to dominate the white noise on time
scales of about 1 s, it only becomes significant compared with
the minimum NEDT at time scales longer than this. At 50 GHz,
systematic 1/f noise becomes significant past about 30 s of
integration time; at 118 GHz, it becomes significant past 60 s;
and at 183 GHz, it becomes significant past 100 s of integra-
tion time. Assuming a temperature difference between the hot
target and ambient target of 70 ◦C, which is typical at flight
altitude, it can be shown that the white noise on the calibration
measurements reduces to a negligible level (e.g., contributing
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Fig. 7. HAMSR NEDT versus integration time for representative channels from each receiver chain.

less than 4% excess noise to the NEDT) after about 3 s of
integration time on the calibration targets for the worst case
channel (channel 1). For the nominal scan profile, the slew
across the Earth scene, ±60◦ about nadir, is set to a scan rate
of 120◦/s and the dwell on the calibration targets is set to 0.5
s each, giving a 2.2-s repeat cycle. With a 7-ms integration
time, the beam center moves by 0.84◦ (14% of the HPBW)
during the integration period, minimizing the smearing of the
beam during the integration. For this scan profile, a minimum
running-average-window length of six scans is needed to reduce
the white noise on the calibration measurements to a negligible
level. It takes 13.2 s to complete six scans, which is short
enough so that systematic noise would not be significant for
any of the receivers. In flight, for 2-km pixels, four samples are
averaged in the along-track direction and three samples in the
cross-track direction, giving a total integration time per sample
of 0.084 s. To measure the NEDT of the calibrated brightness
temperatures, the instrument was configured to scan across
a stable 300-K blackbody target. The brightness temperature
was computed using a 6-s along-track running average of the
calibration measurements and a 4 × 3 pixel average on the
target. From these data, the NEDT was computed and is shown
in Table II, which represents the NEDT for a 300-K antenna
temperature for a 2-km sample in-flight from the GH cruising
altitude of 20 km. The measured HAMSR NEDTs at 300 K are
between 0.16 and 0.3 K at 50 GHz, 0.1 and 0.15 K at 118 GHz,
and 0.06 and 0.1 K at 183 GHz.

TABLE II
MEASURED HAMSR NEDT FOR AN EQUIVALENT

2-km PIXEL FROM 20 km

D. In-Flight Absolute Calibration

The HAMSR absolute calibration is best assessed in-flight,
since many of the error sources contributing to the absolute
calibration error are dependent on flight conditions. For exam-
ple, a dominant error arises from uncertainties in the calibration
target temperature, which will be different in flight than in
the laboratory, since the targets will exhibit different gradients
in the cold turbulent flight environment compared with those
obtained in the laboratory. The error due to calibration-target-
temperature knowledge uncertainty is estimated to be less than
0.5 K. Other errors previously discussed and estimated were
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TABLE III
HAMSR AVERAGE COMPARISON WITH THE MODEL FOR THE OPAQUE

CHANNELS DURING AIRCRAFT ASCENT AND DESCENT

errors due to the calibration target covers (< 0.1 K), errors
due to the Mylar radome (< 0.1 K), and scan-dependent biases
(< 0.5 K).

A technique was developed during TCSP to assess the abso-
lute calibration of the HAMSR TB’s using the measurements
taken during the ascent after takeoff and the descent before
landing. For the channels near the absorption line, the surface is
obscured and the measured brightness temperature as a function
of height will trace out a smoothed version of the temperature
profile, allowing one to assess gain, offset, and linearity errors.
During the TCSP flights, radiosondes (RaObs) were launched
from the originating airport every 6 h. A radiative transfer
model is used, with the upper air data from the RaObs, to model
the HAMSR upwelling TB’s during takeoff and landing using

TUP(f,H, θ) = sec θ

H∫

0

κa(f, z
′)T (z′)

× exp

⎛
⎝−

H∫

z′

κa(f, z) sec θdz

⎞
⎠ dz′ (4)

where κa is the atmospheric absorption coefficient at height z
and frequency f , T (z) is the vertical temperature profile, θ is
the incidence angle, and H is the aircraft altitude. Note that
(4) is only valid for the opaque channels where the surface
contribution is obscured by the atmosphere. The Rosenkranz
1998 [3] and the Liebe 1993 [4] models are used to determine
the atmospheric absorption coefficient using the temperature,
pressure, and water-vapor profiles from the RaObs. A clear
atmosphere is assumed. An example of the modeled (using
Rosenkranz 1998) and measured TB’s for the four highest
50-GHz channels for the ascending (shown in red) and de-
scending (shown in blue) flight portions on July 28, 2005 is
shown in Fig. 8 as a function of height from 1–20 km. For this
analysis, only the nadir pixel is used. The large spikes in the
measurements are due to aircraft maneuvers, pointing the nadir
pixel at some slant path through the atmosphere.

Table III gives the average difference between the model and
the measurements for the flights on July 5, 6, 9, 15, 16, 17,

Fig. 8. HAMSR TB’s compared with those of the model for July 28, 2005.
The red line denotes the ascending data, and the blue line shows the descending
data.

23, 25, 27, and 28, 2005 between flight altitudes of 6–16 km.
The ascending and descending data are averaged together
in the table. The data near the surface were excluded to mitigate
the error from an unknown surface emissivity. The data near the
tropopause were excluded because of the decreased accuracy
of the RaOb measurements at this altitude and because of the
fact that, in general, these measurements were spatially farthest
from the RaOb launch site. There is good agreement between
the model and the measurements for the opaque HAMSR
channels. The measurements agree to better than 1 K, with
the exception of channel 8. The uncertainty in the model
comparison arises from errors in the absorption model, errors
in the RaOb profiles, errors in the navigation data (altitude
and attitude), and possible water condensation on the reflector
cover during ascent/decent. Considering these error sources, the
inherent uncertainty in the comparison can be estimated to be
at approximately the 1-K level. If one assumes that potential
calibration errors are common to all HAMSR channels, such
as errors in the knowledge of the absolute calibration target
temperature, one can infer that the absolute calibration accu-
racy of the channels not compared with the model (the more
transparent channels) will be similar. Also, since the calibration
system was not changed during the recent instrument upgrades,
the TCSP comparisons can still be considered valid for the
HAMSR on the GH and the absolute calibration should be no
worse than during TCSP. It is conservatively estimated that the
HAMSR absolute brightness temperature calibration is better
than 1.5 K, which will be verified during GH flights using the
same technique.

IV. HAMSR APPLICATIONS

A. Monitoring the Thermodynamic State

A main application for the HAMSR instrument is monitoring
the atmospheric state by retrieving 3-D profiles of temperature
and water vapor at 2-km resolution from the GH cruising
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Fig. 9. HAMSR-derived warm core anomaly from Hurricane Erin on
September 10, 2001.

altitude of 18–20 km. An optimal estimation-based retrieval al-
gorithm developed for HAMSR has been used to derive profiles
from past campaigns in which the instrument participated [1].
The focus of the previous HAMSR deployments has been on
tropical cyclones. Of particular interest for monitoring tropical
cyclone intensity is the observations of the warm core anomaly
of the hurricane. The warm anomaly is found by differencing
the temperature profile retrieved in the eye from an environ-
mental profile retrieved away from the storm. Previous work has
shown that the magnitude of the warm anomaly in the core of a
tropical cyclone can be used to predict the central pressure and
maximum surface winds of the storm [5]–[7]. Using AMSU, a
linear relationship is found between the 200-mb warm anomaly
and maximum wind speed of 8 kt/K and a similar relationship
to central pressure depression below 1013 mb of 6.3 mb/K. On
the GH, there is the possibility of long-duration reconnaissance
near the eye to provide continuous monitoring of the evolution
of hurricane intensity.

During CAMEX-4 and TCSP, the ER-2 was fortunate
enough to fly over the eye of two mature hurricanes.
Fig. 9 shows the warm core structure for Hurricane Erin on
September 10, 2001 derived from HAMSR measurements.
The maximum magnitude of the warm anomaly peaks near
11 ◦C–12 ◦C. The warmest temperatures for Hurricane Erin
occur between 400 and 600 mb. A comparison between the
HAMSR temperature profile in the eye and a dropsonde tem-
perature profile is shown in Fig. 10 [8]. The differences between
the HAMSR-derived profile and the dropsonde profile are small
(generally less than 1 ◦C).

In addition to being able to monitor hurricane intensity over
time periods exceeding 24 h, significant improvements could
be made to AMSU algorithms which suffer from the low
spatial resolution of AMSU. The long duration of the unmanned
aerial vehicle–HAMSR observations on the GH would virtually
guarantee several AMSU overpasses, which will provide a
clear high-resolution image of the storm by which the satellite
algorithms can be improved.

Fig. 10. HAMSR temperature profile compared with the dropsonde profile in
the eye of Hurricane Erin.

Fig. 11. HAMSR vertical slices of 50/118-GHz TB differences for Hurricane
Emily. The slices represent precipitation intensity above approximately 0, 4, 8,
12, and 15 km with green qualitatively representing less intense precipitation
and red to purple indicating more intense precipitation.

B. Precipitation Structure

The profiling capability of the HAMSR channels is also
valuable for monitoring the 3-D precipitation structure of the
tropical cyclone. This is because the weighting functions for
the channels peak at different altitudes in the atmosphere
and are thus sensitive to different levels in the storm, mainly
through the scattering signature of the precipitation. There are
two approaches that have been applied to HAMSR data. The
first applies a “cloud-slicing” technique, making use of the
50- and 118-GHz channels which have matched clear-air
weighting functions [9]–[11].

In clear air, these 50/118-GHz channel pairs will have es-
sentially no brightness temperature difference between them,
but in the presence of precipitation, the 118-GHz channels will
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Fig. 12. Nadir reflectivity of Hurricane Emily from EDOP on ER-2.

see significantly more scattering from the precipitation, leading
to large differences proportional to the precipitation intensity.
Because the weighting functions for the channel pairs peak at
different vertical locations in the atmosphere, a precipitation
profile can be obtained. This is shown in Figs. 11 and 12.
Fig. 11 shows five slices through Hurricane Emily where the
slices indicate the qualitative precipitation intensity above 0,
4, 8, 12, and 15 km. Fig. 12 shows the vertical reflectivity
profile from the ER-2 Doppler (EDOP) radar on the ER-2. The
asymmetrical structure of the storm is evident in the HAMSR
slices, particularly the convective tower peaking above 15 km
on the left side of the figure (western side of the eye).

The second approach uses the full complement of the
HAMSR TB’s to derive equivalent radar reflectivity profiles
using a regression algorithm similar to those that have been
applied to AMSU/HSB data [12], [13]. This is shown in Fig. 13,
which shows derived reflectivity slices from 2 to 15 km over
Hurricane Emily, providing a qualitative view of the precipi-
tation structure of the storm. This algorithm was trained using
several flights from the TCSP campaign in which the EDOP
and HAMSR flew on the ER-2.

V. SUMMARY AND FUTURE WORK

The HAMSR instrument, which began as an Instrument In-
cubator Program technology demonstration, has been upgraded
to serve as a reliable operational asset to suborbital science pro-
grams. The addition of a state-of-the-art LNA to the 183-GHz
receiver front end and the upgrade of the 118-GHz LNA
provide excellent low-noise performance which is critical for
microwave sounding retrievals. The data system is upgraded
to provide in-flight data access through the GH data link,
making it possible to relay data to the ground in real time.
This is particularly relevant for hurricane observations where
HAMSR can provide real-time information on tropical storm
structure, intensity, and evolution. After the completion of the
instrument upgrades, the HAMSR instrument calibration and
performance were well characterized. This included characteri-
zation of the end-to-end HAMSR passbands, an along-scan bias

Fig. 13. Equivalent radar reflectivity slices derived from HAMSR TB’s for
Hurricane Emily with blue to green qualitatively representing less intense
precipitation and yellow to red indicating more intense precipitation.

characterization, and measurement noise characterization. The
HAMSR absolute calibration is validated in-flight, using data
taken during the aircraft ascent and descent from the originating
airport and comparing them with a radiative transfer model
fed by upper air sounding data from a coincident radiosonde
observation. This analysis was done during a previous cam-
paign, and the HAMSR absolute calibration is conservatively
estimated to be better than 1.5 K. The HAMSR instrument flew
on the GH for the NASA Genesis and Rapid Intensification
Processes campaign between August 15 and September 30,
2010. Following this campaign, HAMSR will fly on the GH
during the Hurricane and Severe Storms Sentinel campaign,
under the NASA Earth Science Ventures program, which is
scheduled for flights during the 2012–2014 hurricane seasons.
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