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Abstract— Temporal Experiment for Storms and Tropical
Systems—Demonstration (TEMPEST-D) is a 6U CubeSat satellite
with a cross-track scanning millimeter-wave radiometer measuring at five frequencies from 87 to 181 GHz. It employs a directdetection architecture with InP HEMT monolithic microwave
integrated circuit (MMIC) low-noise amplifiers and related new
technologies. An end-to-end two-point external calibration is
performed every 2-s rotation of the scanning mirror, based
on observations of the cosmic microwave background and
an internal blackbody calibration target, with three thermistors to monitor the target physical temperature. Corrections
for antenna pattern effects and cross-scan biases based on
prelaunch measured values were updated using data from an
on-orbit calibration pitch maneuver. Validation of the observed
brightness temperatures (TB ) is performed by comparing to
coincident nonprecipitating ocean observations from five wellcalibrated on-orbit instruments, including Global Precipitation
Measurement (GPM) mission Microwave Imager (GMI) and
four Microwave Humidity Sounder (MHS) sensors on board
NOAA-19, MetOp-A, MetOp-B, and MetOp-C satellites. Absolute
calibration accuracy is within 1 K for all channels, well within
the 4-K requirement. Calibration precision, or stability over
time, is within 0.6 K for all channels, also well within the 2-K
requirement. The intrinsic noise of TEMPEST-D is lower than
MHS, resulting in similar on-orbit noise equivalent differential
temperatures (NEDTs), even though TEMPEST-D has a much
shorter integration time of 5 ms as compared to 18 ms for
MHS. As a result, although the TEMPEST-D radiometer is
substantially smaller, lower power, and lower cost than similar
current operational radiometers, it has comparable or better
performance in terms of instrument noise, calibration accuracy,
and calibration stability or precision.
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I. I NTRODUCTION
HE Temporal Experiment for Storms and Tropical
Systems—Demonstration (TEMPEST-D) is a 6U
CubeSat with a cross-track scanning millimeter-wave
radiometer operating at five frequencies centered near 87,
164, 174, 178, and 181 GHz [1]. The TEMPEST-D channels
were selected for their sensitivity to water vapor, cloud water,
and cloud ice to meet science requirements for the originally
proposed TEMPEST constellation mission. The TEMPEST
mission concept is a series of five identical satellites flying
in formation observing at five-minute intervals to provide
information on the temporal evolution of storms. The single
TEMPEST-D satellite is a technology demonstration mission
to reduce risk and demonstrate measurement capabilities
for 6U-Class satellite constellations for Earth Science.
It was launched on a commercial resupply mission to the
International Space Station (ISS) on May 18, 2018, and
deployed into orbit on July 13, 2018.
The requirements for the TEMPEST-D mission include
demonstrating calibration accuracy within 4 K and calibration
precision within 2 K for at least two of the five channels.
Detailed information on TEMPEST-D instrument specifications and prelaunch calibration are available in [1] and [2].
The similarity of TEMPEST-D measurement characteristics to
those of the well-calibrated operational Microwave Humidity
Sounder (MHS) instruments on board NOAA-18/19 and
MetOp-A/B/C makes it possible to verify these requirements
on orbit.

T

II. I NSTRUMENT OVERVIEW
The TEMPEST-D instrument has a scanning offset
paraboloid reflector illuminated by a single fixed feed horn and
diplexer covering the frequency range from 87 to 181 GHz.
The 87- and 164–181-GHz bands are divided into the diplexer
as part of the feed horn assembly and then input to individual
total-power direct-detection receivers based on InP HEMT
monolithic microwave integrated circuit (MMIC) low-noise
amplifiers. The frequencies for the five channels are defined
using RF bandpass filters. The analog RF signal is detected
using a detector diode and then digitized. The sensor contains
a blackbody calibration target located near the zenith direction
of the scan. A cut-out in the spacecraft frame provides a clear
view of cold space to provide the second calibration source.
Both calibration sources are viewed through the same reflector
every 2 s at the nominal reflector rotation rate of 30 r/min.
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The brightness temperature (TB ) for each channel is produced in two steps. First, the TEMPEST-D calibrated antenna
temperature (TA ) is computed from the raw voltage using
a standard two-point calibration technique referenced to the
ambient blackbody calibration target and cold sky view. TB is
then computed from TA by accounting for the feed-horn
spillover outside of the reflector. To compute TA , the radiometer gain and offset are computed once per scan. The total
integration time for each calibration source is approximately
100 ms, or 20 samples at the nominal 5-ms integration period,
during each scan. The usable angular extent for each calibration source was defined prelaunch and subsequently refined
on orbit. The 0.5-Hz calibration measurements are averaged
over multiple scans along the track to reduce noise, with
a configurable averaging window currently set to 15 scans.
To compute TA , the time series of calibration samples is
interpolated to the time of each antenna measurement.
To compute TB , the small scan-position-dependent feed
horn spill-over contribution to the TA is removed. This is a
consequence of slight asymmetries in the feed pattern as well
as asymmetries in the residual scene, producing a variable
amount of spill-over thermal emission as the reflector rotates.
This is modeled as
TB =

1
(TA − (1 − α(ϕ))Tα )
α(ϕ)

(1)

where α(ϕ) is the spillover as a function of scan angle ϕ and
Tα is the effective spillover TB .
III. P RELAUNCH I NSTRUMENT C HARACTERIZATION
Prior to launch, measurements were performed to characterize various aspects of the instrument, including the
radiometric properties over the expected temperature range
(e.g., gain, offset, and noise), end-to-end spectral response,
and antenna patterns for each channel. For cross-calibration
(i.e., validation), the spectral response knowledge is among
the most important parameters. Fig. 1 shows the spectral
response for the five TEMPEST-D channels as normalized
power versus frequency. The dashed line indicates the filter
response, while the solid line provides a more accurate characterization of the spectral response based on an end-to-end
radiometer response measurement. The end-to-end spectral
response includes the individual component spectral responses
of the reflector, low-noise amplifiers, power divider, filter,
detector, and the standing waves between them. Accurate
measurements of the instrument spectral response are critical
for radiative transfer model simulations used to validate the
instrument calibration as well as for science applications
including geophysical retrievals and data assimilation.
The spectral response patterns shown in Fig. 1 indicate
significant deviations from the standard “boxcar” response
characterization based solely on center frequency and bandwidth. This is particularly impactful when simulating channels
near the 183.31-GHz water vapor line, since variations in
atmospheric transmittance as a function of frequency are
not linear. Accurate measurements of the instrument spectral
response are particularly important for TEMPEST-D due to

Fig. 1. Spectral response weighting functions for the TEMPEST-D channels.
The dashed lines indicate the filter response, while the solid lines show the
end-to-end radiometer response.

the effect of manufacturing variations for miniaturized components. The small size of the complete 6U-Class satellite
with the radiometer integrated into a mechanical model of the
spacecraft bus made possible end-to-end measurements, providing the more accurate spectral response weighting functions
used for validation and science applications.
Measurements of the antenna patterns performed prior to
launch were used to develop the antenna pattern corrections
to convert the calibrated TA to TB [2]. The prelaunch measurements indicated that the spill-over contribution would be
less than 0.5 K, which was subsequently verified on-orbit.
Adjustments to the prelaunch measured values were made
based on an analysis of data from on-orbit calibration
maneuvers.
IV. P OSTLAUNCH I NSTRUMENT C HARACTERIZATION
The TEMPEST-D instrument began nominal operations
on September 5, 2018. Primary instrument characterization
objectives after launch included refining the angular ranges
used for the blackbody calibration target and cold sky view,
as well as tuning the antenna spill-over correction.
The top of Fig. 2 shows a schematic with the approximate
locations of the blackbody calibration target, cold sky, and
Earth view sectors during a full rotation of the antenna. The
angular ranges of the blackbody calibration target and cold
sky view were refined on-orbit by analyzing the mean and
standard deviation of the TB as a function of scan angle,
as depicted in the bottom of Fig. 2. The optimal angular region
was determined based on the flatness of the mean relative to
the center position of the calibration source and the standard
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Fig. 3. Relative spillover variation for the two TEMPEST-D bands as a
function of scan angle. Scan angles from −60◦ to 60◦ correspond to the Earth
view, while the cutout for the cold-sky view used for calibration corresponds
to approximately −100◦ .

Fig. 2. (Top) Schematic of the relative positions of the Earth view, calibration
target, and cold-sky view sectors within the 360◦ rotation of the TEMPEST-D
antenna. (Bottom) Mean and standard deviation of TB as a function of the scan
angle, where 0◦ corresponds to the nadir direction. The selected calibration
target and cold sky angular ranges are shown in red and blue, respectively.
The useable Earth view portion of the scan is in the center between ±60◦ .

deviation relative to the noise equivalent differential temperature (NEDT). The boundaries for the blackbody calibration
target were set from 152◦ to 169◦, and the boundaries for
the cold sky view were set from −107◦ to −90◦ , where 0◦
corresponds to the nadir pointing direction.
A special calibration maneuver was performed to estimate
the spill-over fraction on orbit. The spacecraft was pitched
over a complete 360◦ at the rate of 14.5◦ /min so that the
reflector scanned across the uniform cold sky over the angular
range normally used to observe the Earth. During the pitch
maneuver, the data were calibrated using one-point calibration
based on the blackbody calibration target temperature to
track the gain variation. The receiver noise temperature was
parameterized as a linear function of the receiver’s physical
temperature using one orbit of two-point calibration data

adjacent to the pitch maneuver data. Inspection of the data
from the pitch maneuver showed that the variations in TA
at a given scan angle flattened after the boresight was 10◦
above the horizon, suggesting that the contribution of the Earth
was minimal beyond this point. This is expected since the
spacecraft structure blocks the Earth in this orientation.
When the pitch angle exceeded 150◦, TA were averaged as
a function of the scan angle to estimate the relative spill-over
variation over the scan. The spill-over temperature, Tα in (1),
is approximated by the blackbody calibration target’s average
thermistor temperature, which tracks the physical temperature
of the instrument. In addition, most of the reflected spill-over
radiation inside the spacecraft ultimately terminates in the
absorber. Equation (1) is inverted to solve for α(ϕ) by setting
TB to the cosmic microwave background brightness and using
the measured TA and Tα . The relative spillover is parameterized using a fourth-order polynomial as a function of scan
angle (ϕ), as expressed in (2) and shown in Fig. 3 for the Earth
view sector (−60◦ to 60◦ ) relative to the cold-sky calibration
view (at approximately −100◦). The relative spillover shown
in Fig. 3 is normalized to 1.0. Based on the values shown
in Fig. 3, for a 200-K scene, the spill-over contribution is
less than 0.5 K, even in the worst case at an extreme 60◦
scan angle. The 164–181-GHz channels have nearly identical
spill-over values and are thus all indicated by the blue line
in Fig. 3 and use the same spillover parameterization. The
spill-over contribution is minimum near 0◦ scan angle for
the 87-GHz channel and minimum near 90◦ for the 164–
181-GHz channels. This is expected since these two channels
use orthogonal linear polarizations (due to the design of the
diplexer), and the feed pattern asymmetry is rotated by 90◦
between them. The coefficients for the polynomial fit are
provided in Table I
TB = c0 + c1 ϕ + c2 ϕ 2 + c3 ϕ 3 + c4 ϕ 4 .

(2)
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TABLE I
S PILL -OVER C OEFFICIENTS FOR TEMPEST-D
C HANNELS AT 87 AND 181 GHz

V. VALIDATION
Validation of the TEMPEST-D calibration was performed by
comparing the observed TB with coincident observations from
five well-calibrated satellite microwave radiometers measuring at similar frequencies. The calibration reference sensors
that were used include the Global Precipitation Measurement (GPM) mission Microwave Imager (GMI) along with
four copies of the MHS on board the NOAA-19, MetOp-A,
MetOp-B, and MetOp-C satellites. For the reference sensors,
the intercalibrated Level 1C TB data sets were used [3]. The
Level 1C TB data were intercalibrated to be physically consistent with GMI after accounting for sensor and view angle differences by the Precipitation Measurement Missions (PMMs)
intercalibration (i.e., XCAL) team. Details of the methodology
and results of these comparisons are provided in the following
sections.
A. Instrument Specifications
The TEMPEST-D instrument has similar characteristics to
the MHS instrument flown on board NOAA-18, NOAA-19,
MetOp-A, MetOp-B, and MetOp-C. The NOAA-18 MHS
failed in October 2018. Operational data from the MetOp-C
MHS is only available since July 2, 2019, but this still provided
25 days of coincident observations with TEMPEST-D over the
13-month period used. For both GMI and MHS, several instrument differences must be taken into account to compare the
TEMPEST-D TB to those of the reference sensors. Frequency,
bandwidth, and polarization differences must all be accounted
for, as well as view angle differences for corresponding pixels.
For radiative transfer model simulations, weighting functions
from the end-to-end spectral response measurements [2] were
used to integrate the atmospheric absorption over the instrument spectral response for each channel. Table II provides a
comparison of channel characteristics for the TEMPEST-D,
MHS, and corresponding GMI channels. The receiver noise
of TEMPEST-D is lower than MHS, yet the resulting on-orbit
NEDTs for all five channels are similar for the two sensors.
The reason for this is that the scan rate of TEMPEST-D
is constant, whereas the MHS scan slows across the Earth
scene and accelerates through spacecraft views. This allows
MHS to have a longer view of the Earth and therefore longer
integration times than TEMPEST-D. The MHS integration
time is 18 ms versus 5 ms for TEMPEST-D. Additional details
on the TEMPEST-D instrument design and performance are
available in [2].
In addition to the channel frequency and polarization
differences, the GMI instrument is a conically scanning

radiometer observing at a constant zenith angle or Earth
incidence angle (EIA) of ∼53◦ for the 89-GHz channels, and
∼49◦ for the higher frequency channels. Both the MHS and
TEMPEST-D instruments are cross-track scanning radiometers with varying EIA between 0◦ and 60◦ . The cross-track
scanning radiometers have rotating polarization vectors, which
vary as a function of the scan angle from nadir. While
the EIA is limited to similar values between the target and
reference sensors, it is important to accurately model the
effect of EIA-dependent differences on the observed TB ,
including differences in polarization, surface emissivity, and
the atmospheric slant path. As shown in Table II, both GMI
and MHS have significantly different characteristics from
TEMPEST-D for certain channels. These differences provide
challenges in comparing the reference sensor TB with those
of TEMPEST-D, but as discussed below, there is significant
value in having multiple well-calibrated reference sensors with
different characteristics.
B. Validation Approach
Validation of the TEMPEST-D calibration was performed
using a double-difference method [3], [4]. This approach
compares observed TB for coincident observations between the
target (i.e., TEMPEST-D) and reference sensors (i.e., GMI and
MHS) over nonprecipitating ocean scenes. Expected TB differences between the sensors due to variations in channel frequency, bandwidth, view angle, and so on, are then subtracted
from the observed TB differences. The 51.6◦ inclination of
the TEMPEST-D orbit results in regular intersections with the
orbits of both the polar-orbiting NOAA/MetOp satellites and
GPM. Coincident overpasses are identified that occur within
a specified time window (i.e., 60 min) between the target and
reference sensors. The TB data within the intersection region
are gridded and screened to eliminate land, the presence of
precipitation, significant inhomogeneity within the grid box,
possible sun glint, data quality issues, and so on. The input
Level 1C TB data contains data quality flags including possible
sun glint. Data quality screening is also done as part of the
TEMPEST-D Level 1B data processing. We also require that
the zenith angle between TEMPEST-D and the reference sensors matches within 5◦ to reduce potential simulation errors.
Fig. 4 shows an example of an orbit intersection between GPM
GMI and MetOp-A MHS. The black boxes in Fig. 4 indicate
1◦ × 1◦ grid boxes screened to eliminate those with partial
coverage by either sensor and/or land contamination based
on a high-resolution land mask data set. Screening for precipitation contaminated pixels is performed based on results
from a 1-D variational (1-DVAR) retrieval [5]. The resulting
grid-averaged TB values for each sensor are matched with
corresponding atmospheric and ocean surface parameters from
the NASA GEOS-5 global data assimilation system [6]. These
parameters are used as input in a radiative transfer model to
account for expected sensor TB differences for the specified
ocean surface and atmospheric conditions. The atmospheric
absorption is computed using the AER MonoRTM model [7].
The ocean emissivity is computed using FASTEM-6 [8], which
is part of the Community Radiative Transfer Model (CRTM).
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TABLE II
C HANNEL P ROPERTIES OF TEMPEST-D AND THE VALIDATION R EFERENCE S ENSORS , I NCLUDING THE MHS ON B OARD M ET O P -A,
M ET O P -B, M ET O P -C, AND NOAA-19 AS W ELL AS THE GPM GMI

Fig. 4. Example of an orbit intersection on January 3, 2015, between GPM
GMI and MHS on board MetOp-A with the corresponding 1◦ × 1◦ grid boxes
for the scan overlap region screened to remove land contamination. The red
and blue dots indicate the GMI and MHS pixel locations, respectively.

Simulated TB are computed for both the reference and target
sensors by integrating over the published bandwidth for each
channel (Table II), or over the spectral response weighting
functions available for TEMPEST-D (Fig. 1) and GMI. The
appropriate polarization and view angle for each sensor over
the specified scene are also accounted for in the radiative
transfer model calculations.
Fig. 5 shows an example of a coincident scene between the
183.31±1-GHz channel on MetOp-A MHS and the 180.8-GHz

Fig. 5.
Example of (Top row) observed, (Second row) simulated, and
(Third row) TB differences for coincident overpasses from December 1, 2018,
between the 183±1-GHz channel on (Left) MetOp-A MHS and the 180.8-GHz
channel on (Right) TEMPEST-D. (Bottom row) Resulting double-differences
for the scene, along with a histogram of the values.

TEMPEST-D channel. There are significant differences in
the observed TB between MHS (top left) and TEMPEST-D
(top right); however, the simulated TB show comparable
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differences primarily due to the frequency difference between
the two channels. There are also significant differences
between the observed (top row) and simulated TB (second row)
for each sensor, as shown in the third row, although the
patterns are similar since errors in the GEOS-5 geophysical parameters and radiative transfer models have similar
impacts on the two channels. As a result, the double-difference
largely cancels the impact of the instrument and view angle
differences as well as errors in the geophysical parameters
and/or radiative transfer models, providing a result that is very
consistent across the scene (bottom right). A histogram of the
double differences (bottom left) shows that there is significant
variability in the double difference values, but with a relatively
Gaussian distribution. Errors in the double differences are
more significant in the lower frequency channels, which are
sensitive to ocean emissivity variations. The results over a
large number of scenes, however, tend to be relatively stable.
C. TEMPEST-D Calibration Accuracy and Precision
Validation of satellite calibration by comparing with observations from reference sensors typically requires a significant
time period of corresponding observations. Intercalibration
of microwave imagers and sounders with the GPM GMI
radiometer by the PMM XCAL team utilized six months to
a year or more of corresponding data [3]. For TEMPEST-D,
validation was originally performed using data from 21 days
over a ∼3 1/2 month period from October 15, 2018 to
January 25, 2019. This has been subsequently extended to
50 days through November 17, 2019. Only days with nearly
complete global coverage were used for the validation analysis.
Although the TEMPEST-D instrument has been operating
almost continuously since September 11, 2018, due to the
limited capacity for downloading data to the single ground
station at NASA Wallops, Wattsville, VA, USA, along with
communication issues and special satellite operations, nearly
complete daily global coverage from TEMPEST-D is available
only 10%–20% of the time. The TB data files used in this
analysis, along with global quick look images, are publicly
available at https://tempest.colostate.edu/data. The locations of
the coincident satellite overpasses between TEMPEST-D and
the five reference sensors as well as the days used in the
validation analysis are shown in Fig. 6.
The panels on the left side of Fig. 7 show scatter density
plots of TEMPEST-D calibration double differences with
respect to the MHS reference sensors, composited using
NOAA-19, MetOp-A, MetOp-B, and MetOp-C results for each
of the five channels. The panels on the right side of Fig. 7
show the corresponding double-difference results by channel
with respect to GPM GMI. Each point in this density plot is
from a collocated 1◦ × 1◦ grid box that has been screened for
land, precipitation, etc., as described above. The variability of
the double-difference estimates is due to a number of factors
including errors in the geophysical parameters from the NASA
GEOS-5 model, errors in the radiative transfer model, and
inhomogeneity within the scene.
To obtain a sufficient number of samples to generate stable
statistics, a relatively large 60-min time window is used to

Fig. 6. Locations of coincident observations between TEMPEST-D and the
five reference sensors for 50 days of relatively complete global coverage over
a 13-month period from October 15, 2018 to November 17, 2019.

define temporal coincidence between the reference and target
observations. While this adds meteorological noise to the
individual double differences shown in Fig. 7 and, therefore,
increases the scatter, it does not significantly change the mean
difference values. The additional collocated double difference
estimates enable stratifying the results to investigate issues
including calibration stability over time and as a function
of instrument temperature. As long as errors such as those
mentioned above are random, estimates of the mean calibration
differences are quite stable given sufficient statistics. More
significant than random errors, however, are potential biases
due to regional variability in the double difference estimates.
The density plot for the 164-GHz channel with respect
to MHS, shown in the second row of the left-hand column
in Fig. 7, shows a significant slope or scene-temperature
dependence in the double differences. This is due to either
an instrument calibration issue or errors in the simulated
TB for the two instruments. In the case of the 164-GHz
channel, TEMPEST-D has a center frequency near 164.1 GHz
versus 157.0 GHz for MHS. In addition, the polarizations
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TABLE III
M EAN C ALIBRATION D IFFERENCES BY R EFERENCE S ENSOR AVERAGED
OVER 50 D AYS OF TEMPEST-D O BSERVATIONS

Fig. 7. Density plots of observed minus simulated double differences for
individual 1◦ × 1◦ grid boxes as a function of the observed TB . (Left)
Composite results for each of the five channels using the MHS reference
sensors (MetOp-A, MetOp-B, MetOp-C, and NOAA-19), and (Right) results
based on GPM GMI as the reference sensor. Results are based on 50 days of
collocated data over the period from October 15, 2018 to November 17, 2019.
The mean and standard deviation over 5◦ MHS or GMI TB bins (x-axis) are
indicated by the black solid lines and associated error bars.

for these two channels are orthogonal to each other, quasihorizontal for TEMPEST-D and quasi-vertical for MHS. Since
this channel is on the limb of the 183-GHz water vapor
line where the atmosphere is not normally opaque, it has
significant sensitivity to the ocean surface. These differences
in polarization and frequency thus result in larger differences,
and thus larger uncertainties, in the simulated TB for this channel. The corresponding results using GMI as the reference,
shown in the second row of the right-hand column in Fig. 7,
also indicate a slope with scene temperature, although it is
smaller, and the mean double difference is much closer to
zero at −0.40 versus −1.43 for the MHS-based results. The
GMI center frequency is 166.0 GHz, which is closer to that
of the 164.1-GHz TEMPEST-D channel. In addition, the GMI
V-Pol and H-Pol channels were combined to better match the
rotating polarization of the TEMPEST-D channel. The result
of these differences supports the conclusion that the scenetemperature dependence between MHS and TEMPEST-D for
this channel is due in large part to simulation errors. This is

further supported by the fact that the TEMPEST-D 164-GHz
channel shares the feed horn and diplexer, as well as much
of the electronics with the other high-frequency channels
(i.e., 174, 178, and 181 GHz). The PMM XCAL team has also
noted larger uncertainties in ocean emissivity model estimates
in the 160-GHz frequency band in analyzing calibration differences between GMI and the Advanced Technology Microwave
Sounder (ATMS) on board NPP and NOAA-20. For the
other channels, the double-difference values are relatively flat,
with minimal scene-temperature dependence over the range of
observed ocean scenes.
The mean calibration difference estimates are provided
in Table III for each of the reference sensors along with the
composite mean and standard deviation. The mean values are
weighted by the number of observations from satellite, with
MetOp-B and NOAA-19 providing more coincident observations with TEMPEST-D than the other satellites. To take
advantage of, and thus minimize, the impact of biases due
to reference sensor differences, the mean double-difference
values are calculated as an average of the MHS and GMIbased results, while the standard deviation is calculated among
all five reference sensors.
There is generally very good agreement between the five reference sensors with a couple of exceptions. For the 164-GHz
channel, the mean MHS double difference is −1.43 versus
−0.40 for GMI, although as noted previously we believe that
the GMI result is more representative of the true calibration
difference due to the better correspondence in frequency and
polarization with TEMPEST-D. The other notable outlier is
the double difference for the NOAA-19 183 ± 1-GHz MHS
channel versus the TEMPEST-D 181 GHz channel. This
channel on NOAA-19 has experienced elevated NEDT values
between 3.5 and 4.0 K since early in the mission. Due to the
randomness of NEDT, the slightly elevated noise values should
not significantly impact the mean daily double-difference
estimate. Instead, it is likely that the difference has more to
do with the prevalence of coincident observations at higher
latitudes, as shown in Fig. 5, than the increased noise in this
channel. As a result, we include the NOAA-19 results for this
channel, which decreases the computed mean difference versus
TEMPEST-D, but also increases the standard deviation and
thus provides a realistic measure of the residual uncertainties
in the double difference estimates. The noise in the 157-GHz
channel on MetOp-A also exceeded the specification of 1.0 K
in April of 2019 and has continued to rise ever since. As such,

Authorized licensed use limited to: COLORADO STATE UNIVERSITY. Downloaded on September 09,2020 at 22:04:06 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
8

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Fig. 8.
Estimates of calibration differences (Reference—TEMPEST-D)
composited using all five reference sensors by day. The solid lines and dots
show the estimated calibration difference, and the dashed lines indicate the
corresponding mean scene temperature. Each point corresponds to one day
of TEMPEST-D observations. A total of 50 days of collocated data over the
period from October 15, 2018 to November 17, 2019 were used.

data from this channel is not used after mid-2019 when the
noise values exceeded ∼2 K.
As shown in Table III, the mean calibration difference for all
five TEMPEST-D channels is within 1 K, well within the 4-K
absolute calibration requirement, and the standard deviation
for the various reference sensors is within ∼0.5 K. While there
is some uncertainty in the calibration of the reference sensors,
the PMM XCAL team determined that the GMI calibration
was consistent with all of the MHS instruments within 0.5 K
for all channels and that they are all very well calibrated and
stable in an absolute sense [3], [9].
D. Calibration Stability
Fig. 8 shows estimates of daily mean calibration differences
between TEMPEST-D and a composite of the five reference
sensors over the 50 days of available data. The daily mean
calibration difference values are indicated by the solid lines
and dots, and the associated mean scene temperatures are indicated by the dashed lines. For these 50 days, nearly complete
global coverage was available from TEMPEST-D, thereby
providing a reasonable number of coincident scenes with the
reference sensors. As noted previously, due to several issues

in downloading data to the single ground station at Wallops,
the availability of days with relatively complete TEMPEST-D
coverage is limited. As shown in Fig. 8, there is significant
variability in the mean double-difference values over daily
time scales due to limited, and highly variable, sampling.
Even so, the standard deviation of the daily mean values is
less than 0.51 K for all channels. Averaging the results over
15 days (not shown) results in maximum differences of less
than 0.5 K for all channels, which reduces to less than 0.35 K
when averaged over 25 days, thus indicating the stability of the
mean calibration estimates in Table III for the 50-day period
analyzed. There is also no evidence of significant calibration
drifts or changes over time. TEMPEST-D is still operating,
and we are continuing to collect data to monitor ongoing
calibration stability.
Fig. 9 shows the calibration double differences as a function
of instrument temperature. A heater is used to keep the
temperature within a relatively narrow range, turning on when
the instrument temperature drops below 2 ◦ C (275 K) and
turning off when the temperature exceeds 4 ◦ C (277 K). With
rare exceptions, the instrument temperature varies from 275 to
301 K. The instrument is turned off if the temperature exceeds
40 ◦ C (313 K), although that situation has not occurred during
the mission to date. The dashed lines in Fig. 9 show the
number of observations within each 2◦ instrument temperature
bin, indicating that the majority of the samples are within an
even narrower temperature range from 278 to 286 K. There
are relatively few samples outside of this narrow instrument
temperature range, and therefore, the corresponding double
differences have larger uncertainties due to limited sampling.
In any case, all five channels exhibit consistent calibration
differences across the full range of observed instrument temperatures. Note that the small increase in the double difference
values for the 87-GHz channel for instrument temperatures
above 291 K corresponds to a very small number of points.
Since fluctuations in the instrument temperature are primarily
due to changes in solar illumination/heating, this also indicates
that there are no significant calibration issues due to transitions
into or out of the Earth’s shadow, or with solar beta angle.
For the TEMPEST-D orbit, the solar beta angle oscillates
from minimum values of −30◦ to −75◦ to maximum values
of 30◦ –74◦ approximately every 60 days.
E. Calibration Consistency Across Track
As discussed in Section III, estimates of cross-track variations in the antenna spillover were made using data from
a pitch maneuver performed on orbit. These corrections,
which were on the order of a few tenths of a kelvin for all
channels, were applied in calculating the TB from the TA .
Cross-scan variations (not shown) do occur in the double
difference values as a function of scan position for the lower
frequency channels (i.e., 87 and 164 GHz); however, previous
comparisons between MHS and ATMS suggest that these are
largely due to radiative transfer model errors. Such cross-scan
variations are not observed in the higher frequency channels
near the 183-GHz water vapor line, which have little or no
sensitivity to changes in surface emissivity as a function of
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Fig. 9. Estimates of calibration differences (Reference—TEMPEST-D) as a
function of instrument temperature. The results are based on matchups over
the 13-month period using all five reference sensors. The solid lines show the
estimated calibration difference, and the dashed lines indicate the number of
observations within each 2◦ instrument temperature bin, as indicated by the
axis on the right-hand side of the plot.

view angle. Limiting the range of allowable EIA values to near
nadir increases the noise in the results due to sampling, but it
does not significantly change the estimated mean calibration
differences in Table III.
VI. C ONCLUSION
Validation of the TEMPEST-D TB was performed by comparing with coincident observations from five well-calibrated
satellite reference sensors including GPM GMI and MHS on
board MetOP-A, MetOp-B, MetOp-C, and NOAA-19. Based
on data from 50 different days over a ∼13-month period,
the mean calibration differences with respect to the reference
sensors are less than 1 K, which is significantly better than
the absolute calibration requirement of 4 K. Somewhat larger
values as well as apparent scene-temperature-dependent differences for the 164 GHz channel versus MHS are likely the
result of errors in the simulated or expected TB differences,
with the actual difference being closer to the estimated calibration difference of −0.40 with respect to GPM GMI. The standard deviation of the calibration differences with respect to the
five reference sensors as well as over time using daily-mean
composite estimates for all five channels is less than 0.6 K.
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Using the standard deviation of the intersatellite and daily
mean values as an estimate of the precision gives a substantial
margin compared to the 2-K precision requirement. There
is also no evidence of significant calibration changes with
instrument temperature for any of the TEMPEST-D channels.
Consistency in the calibration differences as a function
of scene temperature is also extremely good for all except
the 164-GHz channel versus MHS. For the 87-, 174-, 178-,
and 181-GHz channels, the scene temperature dependence,
or slope of the estimated calibration differences, is less
than 1 K, which is less than the standard deviation of the
bin-averaged estimates. For the 164-GHz channel, regional
variability in the double difference estimates is associated
with significant differences in the simulated TB between
TEMPEST-D and the MHS reference sensors. This is due to a
combination of sensitivity to the ocean surface emissivity and
instrument channel differences, including significant center
frequency differences and orthogonal channel polarizations.
The PMM XCAL team found similar issues with large residual radiative transfer model errors impacting intercalibration
estimates of the 165.5-GHz channel of the ATMS instruments
on board NPP and NOAA-20 versus GPM GMI. It is believed
that errors in the ocean surface emissivity estimates between
90 and 183 GHz are largely responsible for scene-temperaturedependent calibration difference estimates. This is primarily a
factor for channels with significant sensitivity to the ocean
surface away from the 183-GHz water vapor line along with
frequency, polarization, and view angle differences between
the target and reference sensors.
The on-orbit assessment of the TEMPEST-D calibration
based on multiple well-calibrated reference sensors indicates
that the absolute calibration accuracy is within 1 K for all
channels, well within the 4-K requirement. Calibration precision, or stability over time, is within 0.6 K for all channels,
also well within the 2-K requirement. While the TEMPEST-D
radiometer is substantially smaller, lower power, and lower
cost than similar operational radiometers, it has comparable
performance in terms of instrument noise, calibration accuracy,
and calibration stability/precision. The performance of the
advanced technology employed in the TEMPEST-D instrument
design suggests that such a small, low-cost satellite, and
instrument is potentially suitable for a wide range of Earth
science applications.
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