Remote Sensing of Environment 287 (2023) 113479

Contents lists available at ScienceDirect

Remote Sensing of Environment

ELSEVIER journal homepage: www.elsevier.com/locate/rse

L)

Check for

Atmospheric humidity and temperature sounding from the CubeSat | e
TROPICS mission: Early performance evaluation with MiRS

40" yong-Keun Lee ®”, Christopher Grassotti ", Kevin Garrett”, Quanhua Liu

f

John Xun Yang
(Mark)", William Blackwell ¢, R. Vincent Leslie , Tom Greenwald ¢, Ralf Bennartz ¢, Scott Braun

@ Cooperative Institute for Satellite Earth System Studies, Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD, USA
> NOAA Center for Satellite Applications and Research, National Environmental Satellite, Data, and Information Service, College Park, MD, USA

€ MIT Lincoln Laboratory, Lexington, MA, USA

4 Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin—Madison, Madison, WI, USA

¢ Earth and Environmental Sciences Department, Vanderbilt University, Nashville, TN, USA

f NASA Goddard Space Flight Center, Greenbelt, MD, USA

ARTICLE INFO ABSTRACT

Edited by Dr. Menghua Wang Atmospheric humidity and temperature are the two most important geophysical variables for numerical weather
forecasting and relevant Earth studies, contributing to the reduction of over 60% forecast errors. Conventional
Keywords: large satellite microwave radiometers provide the primary sounding data of moisture and temperature, with the
AthIOSpheriC S”“mding V-band (near 50 GHz) and G-band (near 183 GHz) as the main spectra. In recent years, CubeSats are rapidly
x;cirs(zxzvzfntiat;H;:Zure developing with compact sizes, novel designs, and low cost. The NASA TROPICS is an ongoing CubeSat
CubeSat constellation mission for studying tropical meteorology and storm systems, with the first Pathfinder satellite
TROPICS launched on 30 June 2021, which will provide a median revisit rate better than 60 min. TROPICS has innovative
MiRS channels at F-band (near 118 GHz) and 205 GHz, providing a new perspective for atmospheric sounding. In this
study, we have extended the NOAA MiRS system and applied it to TROPICS Pathfinder early-phase, provisionally
calibrated data, focusing on moisture and temperature. We have examined the retrieval quality and compared
with the ECMWF analysis and MiRS retrievals from NOAA-20 ATMS. An experiment of subsetting ATMS to match
up with TROPICS channels is also conducted. Here we focus on atmospheric humidity and temperature retrievals,
since they are of primary importance for microwave sounders and is tied to the core of the TROPICS mission
along with precipitation retrieval. Compared to traditional channels, TROPICS F-band and 205 GHz provide new
information content with distinct sensitivity to moisture and hydrometeors, showing for example over 20 K
larger dynamic range of brightness temperature at 205 GHz compared to 190 GHz. The retrieved total precip-
itable water compared to ECMWF has a correlation coefficient of 0.955, 0.985, and 0.977 for TROPICS, ATMS,
and ATMS subset, respectively. For water vapor profile, the standard deviation of retrieval to ECMWF is 0.93,
0.76, and 0.80 g/kg for the three experiments, respectively, and regarding temperature, it is 2.5, 1.5, and 1.6 K,
respectively. The retrieval shows dependence on surface type and clouds, where land and cloudy conditions
degrade retrieval compared to ocean and clear condition. The early performance is promising, and the successful
MiRS extension paves the way to explore improved data when the calibration validation is complete and from the
forthcoming constellation.

1. Introduction to observation impact (Joo et al., 2013; Geer et al., 2017). The humidity
and temperature are associated with and affect a range of geophysical

Atmospheric humidity and temperature sounding are indispensable variables and processes such as precipitation, clouds and radiation. The

in weather, climate and environmental science, contributing to over monitoring and forecasting for natural disasters such as hurricanes
60% in reducing weather forecast errors in terms of forecast sensitivity (Kidder et al., 2000), heat waves (Kunkel et al., 1996), and wildfires
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Fig. 1. Weighting function of TROPICS channels in tropical regions.

(Levin and Heimowitz, 2012) also need moisture and temperature as
critical state variables. Among all conventional and remote sensing in-
struments, satellite microwave radiometry dominates in reducing fore-
cast error of ~40% with essential moisture and temperature
information, taking advantage of dense global coverage under all-
weather conditions (Joo et al., 2013; Geer et al., 2017). There are
currently a series of in-orbit microwave sounders in support of weather
and environmental services at the National Oceanic and Atmospheric
Administration (NOAA) and the European Organization for the Exploi-
tation of Meteorological Satellites (EUMETSAT).

While microwave sounders onboard large satellites have been the
backbone in sounding and continue to backup weather and environ-
mental studies, small satellites (SmallSats) are rapidly emerging
(Blackwell, 2015; Marinan et al., 2016; Blackwell et al., 2018; Camps
et al., 2018; Padmanabhan et al., 2020). An obvious advantage of
SmallSats is improving the revisit time with constellations at a low cost.
In addition, a SmallSat can take advantage of technology advancement
and develop high-performance sensors with innovative design and
advanced electronics. The National Aeronautics and Space Administra-
tion (NASA) has funded a number of SmallSat missions through the
Earth Venture Program. The NASA Time-Resolved Observations of

Precipitation structure and storm Intensity with a Constellation of
Smallsats (TROPICS) mission aims to measure tropical meteorology,
storm structure, and precipitation with a CubeSat constellation (Black-
well et al., 2018). CubeSat is a category of SmallSats and has a standard
size and form factor, with one unit (1U) of 10 x 10 x 10 cm. TROPICS
comprises 3U CubeSats (10 x 10 x 36 cm), each weighing only 6 kg. The
payload is the TROPICS Microwave Sounder (TMS), a 12-channel total
power radiometer. TROPICS is the successor of the Microsized Micro-
wave Atmospheric Satellite (MicroMAS-2A), which is a technology
demonstration CubeSat launched in 2018 (Crews et al., 2020). The
median revisit rate of TROPICS is designed to be less than 60 min with
four 3U CubeSats of an orbit inclination of 30 degrees and 530 km
altitude. To reduce risk of the TROPICS constellation mission, an addi-
tional CubeSat, the TROPICS engineering qualification model, also
called the TROPICS Pathfinder, was refurbished for flight and success-
fully launched into a sun-synchronous orbit on 30 June 2021. The early-
phase data have been provisionally calibrated and made available for a
first-cut evaluation of the instrument, laying a milestone toward the
forthcoming launch of the constellation mission. Efforts are now un-
derway to finalize and validate the calibration of TROPICS Pathfinder
brightness temperature data, which should further improve upon the
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Table 1
TROPICS channel specification and measured in-orbit NEDT for the TROPICS Pathfinder satellite. Matchup ATMS channels with similar weighting functions are
presented.

Channel Center Freq. Pol. Bandwidth Footprint NEDT NEDT ATMS ATMS

(GHz) (GHz) Nadir (km) spec. in-orbit Channel (GHz) NEDT (K)
x) (K)

1 91.655 + 1.4 H 1 29.6 0.7 0.94 88 0.21

2 114.5 H 1 24.1 1.0 0.64 50.3 0.32

3 115.95 H 0.8 24.1 0.9 0.60 51.76 0.22

4 116.65 H 0.6 24.1 0.9 0.68 52.8 0.22

5 117.25 H 0.6 24.1 0.9 0.61 53.596 £ 0.115 0.24

6 117.8 H 0.5 24.1 0.9 0.64 54.4 0.22

7 118.24 H 0.38 24.1 0.9 0.70 55.5 0.24

8 118.58 H 0.3 24.1 1.0 0.83 57.2903 + 0.46

0.217

9 184.41 \4 2 16.1 1.0 0.55 183 +1 0.58

10 186.51 \4 2 16.1 0.6 0.57 183 +3 0.40

11 190.31 \4 2 16.1 0.6 0.51 183 +7 0.35

12 204.8 \4 2 15.6 0.6 0.59 165.5 0.32
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Fig. 2. Weighting function of matchup channels between TROPICS TMS and N20 ATMS. Apart from using all ATMS channels, the ATMS subset channels will also be
used in retrieval for comparison.

results presented in this paper.
As opposed to conventional satellite microwave sounders relying on
G-band (near 183 GHz) and V-band (near 50 GHz) for humidity and

temperature sounding, TROPICS utilizes new frequencies. Conventional
G-band channels have an upper bound at 190 GHz (183 + 7 GHz)
(Saunders et al., 1995; Kim et al., 2022; Yang et al., 2022), whereas
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Fig. 3. Typhoon Mindulle at 5:10 UTC on 27 September 2021 captured at channel 11 (190.31 GHz) and 12 (204.8 GHz) of TROPICS. The brand new 204.8 GHz
provides an unprecedented view of Mindulle with a large brightness temperature range of 155 K. In comparison, the brightness temperature range is 129 K at 190

GHz. The eye and rainbands of Mindulle show finer structures at 204.8 GHz.
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Fig. 4. TROPICS TB sensitivity to rain rate. Coincident channels of NOAA-20 ATMS with similar weighting functions are compared. TROPICS channels show higher
sensitivity at F-band and 205 GHz, compared to corresponding V-band and G-band channels of ATMS.

TROPICS and its predecessor MicroMAS-2A have a new 205 GHz
channel plus three other G-band channels (Blackwell et al., 2018; Crews
et al., 2020). The 205 GHz channel is the first to be deployed in space
and is expected to be more sensitive to hydrometeors due to its short

wavelength. Also, TROPICS has seven channels at F-band (near 118
GHz). TROPICS and MicroMAS-2A are the first CubeSat using F-band for
sounding, which is second only to the Micro-Wave Humidity Sounder-2
(MWHS-2) onboard the large satellite Feng-Yun (FY) 3C&D&E (Yang
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Fig. 5. TROPICS TB sensitivity to TPW. The sensitivity is especially distinct at TROPICS F-band and 205 GHz, compared to counterpart frequencies of NOAA-

20 ATMS.
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Fig. 6. Retrieved TPW (left) compared with the ECMWF analysis (right) on 10 October 2021, showing satisfactory consistency.

etal., 2012; Kan et al., 2020; Mao et al., 2022). The 205 GHz of TROPICS
is among the fast development of spaceborne millimeter and sub-
millimeter microwave radiometers, which have advantages in study-
ing cloud ice, snow, and arctic weather and climate, including the Ice
Cloud Imager (183-664 GHz), Microwave Sounder (with a 229 GHz
channel) in the MetOp Second-Generation (Metop-SG) mission, and the
Arctic Weather Satellite mission (50-325 GHz) (D’Addio et al., 2014;
Lagaune et al., 2021). F-band frequencies have also gained interest,
given the shorter wavelength that appears more hydrometeor-sensitive
than V-band. This is why future missions such as the MetOp-SG have
planned on adding F-band channels into its Microwave Imager (MWI) as
well (D’Addio et al., 2014). Furthermore, TROPICS has other innovative
designs: its polarization is purely V or H due to the cross-track scanning

of the whole receiver, different from the mixed V and H polarization of
conventional sounders that rotate a reflector instead. The use of noise
diodes as warmload and single-side-band without a local oscillator is
also an interesting innovation when compared with most traditional
sounders (Blackwell et al., 2018).

Here we present the early performance evaluation of TROPICS
Pathfinder data for atmospheric humidity and temperature sounding.
The Microwave Integrated Retrieval System (MiRS) developed at NOAA
is used for TROPICS retrieval (Boukabara et al., 2011). MiRS is a state-
of-the-art 1D variational (1DVAR) algorithm to retrieve atmospheric
and surface information from satellite passive microwave measure-
ments. It has been supporting NOAA’s operational tasks and scientific
research, covering heritage and in-orbit microwave sensors of NOAA
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Fig. 7. Comparison of retrieved TROPICS TPW against ECMWF under (left) clear and (right) cloudy conditions. TPW performance has a correlation over 0.95 under
both conditions.

Table 2
TROPICS and NOAA-20 TPW statistics against ECMWF.
Condition Clear Cloudy
Corr. STD Bias No. Corr. STD Bias No.
TROPICS TMS 0.968 4.138 0.816 1239450 0.959 4.366 1.399 307525
NOAA-20 ATMS 0.989 2.527 1.256 1156236 0.979 3.115 0.757 323303
NOAA-20 ATMS subset 0.983 3.097 1.416 1266007 0.971 3.808 1.723 210270
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Fig. 8. Retrieved TROPICS water vapor mixing ratio at 950 and 500 hPa compared with the ECMWF analysis on 10 October 2021.
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Fig. 9. Water vapor standard deviation of TROPICS, ATMS and ATMS subset referenced to ECMWF under four conditions.

and EUMETSAT. MiRS is in near real-time operation at NOAA/STAR
(www.star.nesdis.noaa.gov/mirs). Its applications include monitoring
Earth environment, generating the blended total precipitable water and
working as one source of temperature information for the Hurricane
Intensity and Structure Algorithm at the Cooperative Institute for
Research in the Atmosphere (CIRA). We have extended MiRS to add
TROPICS into the current microwave sensor family. We have evaluated
the humidity and temperature sounding performance which is a core of
the mission. We seek to investigate how a CubeSat mission like TROPICS
compares against conventional large satellites and whether these new
frequencies can provide sounding information comparable to the
traditional channels. This is the first study of its kind to examine the
humidity and temperature sounding of a CubeSat with F-band and G-
band channels. The remainder of the paper proceeds as follows: Section
2 outlines methodology and data including MiRS structure and retrieval
scheme. Section 3 presents retrieval results and discussions, where
moisture and temperature are examined including the total column
water vapor, profiles, and seasonal dependence. We also compare and
validate TROPICS Pathfinder retrievals with operational analyses and
the Advanced Technology Microwave Sounder (ATMS) on board NOAA-
20 (N20). Summary remarks and outlook are presented in the last
section.

2. Methods
2.1. Data

TROPICS Pathfinder data has global coverage since it is in a sun-
synchronous orbit (approximately 530-km altitude) with a local time
of 2 am/pm at ascending and descending nodes, respectively. The early-
phase data from August to November 2021 have been released by the
TROPICS team and distributed through the NASA Earth Science Data
Systems. The data is the provisional Level-1B (L1B) radiance data, which
will be further validated and improved. Details about the data structure
and L1B calibration can be found in the TROPICS Algorithm Theoretical
Basis Document (Leslie and DiLiberto, 2021). The Space Science and
Engineering Center (SSEC) at the University of Wisconsin also maintains
the TROPICS data at its Data Processing Center, where level-1 radiance
and level-2 science products are being processed. TROPICS Pathfinder is
the first built unit and uses significantly reworked and even over-tested
hardware, and the following CubeSats are expected to have improved
performance.

TROPICS TMS has 12 channels at W/F/G bands, including a 92 GHz
channel, seven channels near 118 GHz, and four channels near 183 GHz.
Fig. 1 shows the weighting functions of these channels derived from a
typical tropical profile (Han, 2006). Compared to conventional micro-
wave sounders such as ATMS and AMSU, TROPICS has fewer channels
with sparser vertical profiling, which seems to pose a challenge for
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Fig. 10. Water vapor relative standard deviation of TROPICS, ATMS and ATMS subset referenced to ECMWF under four conditions.
retrieval. but not to replace existing large satellites presently operating. Table 1

Table 1 lists the channel and sensor specification (Blackwell et al.,
2018). Also shown are the matchup ATMS channels with similar
weighting functions. In spite of a cross-scanning instrument, TROPICS
has purely H-pol from channels 1-8 and purely V-pol for channels 9-12,
even at off-nadir angles, which is different from conventional cross-track
sounders that have a mixed quasi V&H polarization (QV or QH). This is
because TROPICS scans by spinning the whole receiver instead of
rotating a reflector. The field of view (FOV) size at F-band of TROPICS is
smaller (~24 km) than the counterpart of conventional V-band channels
(~32 km) such as that of ATMS. The measured in-orbit Noise Equivalent
Delta Temperature (NEDT) from the four months average is presented in
Table 1. The actual NEDT is comparable to the specification. We note
that TROPICS F-band NEDT is around 0.6 K, which is higher than ATMS
V-band in-orbit NEDT (Kim et al., 2022).

For comparison, NOAA-20 ATMS data are also used. ATMS is a
broadband microwave sounder with 22 channels spanning K/Ka/V/W/
G bands (Kim et al., 2022). It is currently onboard the Suomi NPP,
NOAA-20 & 21 satellites and will also fly on future Joint Polar Satellite
System (JPSS) 3-4 satellites. The local equator crossing time of NOAA-
20 is 1:30 pm/am for ascending/descending, respectively. The com-
parison with ATMS can give a sense of TROPICS performance relative to
the more traditional sounder systems. Such a comparison can help
clarify the relative benefits of a low cost CubeSat mission with the un-
derstanding that TROPICS has different and considerably fewer channels
and is an Earth Venture mission designed to explore new technologies,

shows the matchup channels with similar weighting functions between
ATMS and TROPICS. Fig. 2 illustrates the weighting functions of
matchup channels under a typical tropical profile. The differences arise
from frequencies, polarization, and double (ATMS) and single (TMS)
sidebands. Apart from using all ATMS channels, we will also evaluate
TROPICS retrievals with a subset of 12 ATMS channels as in the
matchup, which permits a more direct comparison of the information
content available in the V-band and F-band spectral regions. We detail
the experiment setup in the next section.

Other ancillary data include the European Centre for Medium-Range
Weather Forecasts (ECMWF) analysis data. The data has a horizontal
resolution of 0.25 degrees with 91 vertical layers at the model levels.
The analysis is primarily used to evaluate retrievals. It is also used to
simulate the top-of-atmosphere brightness temperature (TB) and
generate the observation-background (O-B) bias, which is used as the
bias correction to reconcile observation and simulation differences. The
surface type data for differentiating snow and ice are from the Interac-
tive Multisensor Snow and Ice Mapping System (IMS) developed at the
National Snow & Ice Data Center (Helfrich et al., 2007). IMS data help
constrain MiRS retrievals with definitive surface types. It is noted that
IMS data are only for the Northern Hemisphere. Sea ice in the Southern
Ocean, for instance, is unavailable in IMS data.
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Fig. 11. Water vapor bias of TROPICS, ATMS and ATMS subset referenced to ECMWF under four conditions.

2.2. MRS configuration

MiRS is the retrieval system supporting a variety of microwave
sounders as well as several imagers at NOAA (Boukabara et al., 2011). It
has been running operationally and producing retrieval products since
2007. The core of MiRS is based on a 1DVAR retrieval algorithm, solving
for a number of atmospheric and surface variables. The cost function to
minimize is
Y Y(X)E (" - Y (X))

JX) = X X0 B (X Xy) M
where X is the state vector to solve, X is the prior background state from
the climatological mean, Y™ is measured radiance, and Y is the simu-
lated radiance. B is the covariance matrix for weighing the state vector,
and E is the covariance matrix representing the measurement noise and
modeling error. The minimization of the cost function is iteratively
implemented utilizing the derived Jacobian matrix until convergence,
which is when the difference between measured and simulated radi-
ances, also known as chi-square, agrees to within a threshold (Bouka-
bara et al., 2011). MiRS uses the Community Radiative Transfer Model
(CRTM) as the forward operator, with the Jacobian matrix computed
from the tangent linear and adjoint approach (Han, 2006). The first
guess in MiRS is from climatological means that are fixed but spatially
dependent, with a 5 x 5 degree horizontal resolution and 100 vertical
layers. We do not use time-varying analysis data such as ERA5 that co-
incides with TROPICS observations in time and space as the first guess.

Regarding the ill-conditioned inversion with more unknowns than
measured channels, the empirical orthogonal function (EOF) is
computed for the background covariance matrix inversion. The eigen-
vector matrix is truncated to keep the most informative eigenvalue and
eigenvectors (for example, the first eight components for temperature
and the first four for moisture), and inversion is done in the reduced EOF
space. At each iteration, the EOFs computation is implemented back and
forth between the geophysical space and the reduced space.

Upon the completion of the 1DVAR retrieval, vertical integration and
post-processing are implemented to derive more parameters utilizing
retrieved variables. For example, columnar parameters such as the total
precipitable water (TPW), ice water path (IWP), graupel water path
(GWP), rain water path (RWP), and cloud liquid water (CLW) are
computed by vertically integrating relevant retrieved profile variables.
There are 100 vertical pressure layers from the ground to 0.01 hPa.
Surface rain rate is derived as an empirical function of CLW, RWP and
GWP (Liu et al., 2020; Lee et al., 2022). Emissivities post-processing is
taken to derive surface products such as snow water equivalent (SWE)
and sea ice concentration (SIC). The final MiRS products contain over a
dozen of atmospheric and surface parameters. Here we focus on atmo-
spheric humidity and temperature retrievals, since they are of primary
importance for microwave sounders and are tied to the core of the
TROPICS mission. Precipitation is also a focus of the mission, and we
plan to conduct a comprehensive validation of MiRS retrieved precipi-
tation against gauges and other satellite radiometers in a separate study.
Kidd et al. (2022) studied TROPICS rainfall with a precipitation retrieval
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Fig. 12. Retrieved TROPICS temperature at 950 and 500 hPa (left) compared with the ECMWF analysis (right) on 10 October 2021.

algorithm and concluded “In terms of monthly precipitation estimates,
the (TROPICS Pathfinder) results fall within the mission specifications
and are similar in performance to retrievals from other sounding
instruments.”.

We have extended MiRS and added TROPICS into the current sensor
family. Comprehensive efforts are spent on ingesting the raw TROPICS
data, computing static and semi-static parameters such as the surface
emissivity covariance matrix, applying bias correction, expanding
scripts and validating results. The extension has been successfully tested
and verified. For instance, the convergence rate is over 95% with the chi-
square generally below one, which is comparable to other sensors such
as ATMS (Boukabara et al., 2013). We picked four days, 14 August, 18
September, 11 October, and 9 November 2021, to get the global mean
scan-dependent bias correction for each channel, derived from obser-
vation minus simulation, which is then applied to every pixel of obser-
vations, reconciling observation and RTM modeling. This is a common
practice to derive the average bias correction, keeping most of the data
independent from deriving the bias correction. The picked dates are
relatively random. We tried to use the same date interval, provided they
do not have many data gaps due to maneuvers or other in-orbit tests.
Data from the other days are used for independent verification. The
entire early-phase data have been retrieved and analyzed.

We have compared TROPICS with N20 ATMS. Two experiments of
ATMS are conducted: one with all the 22 channels of ATMS, and the
other uses a subset of 12 channels that have similar weighting functions
of TROPICS, as shown in Table 1 and Fig. 2. This second experiment
reduces the sensor difference and provides insights into comparing F-
band and V-channels. We also looked at other sensors such as Suomi NPP
ATMS and MetOp B&C AMSU-A & MHS, which exhibit similar perfor-
mance as N20 ATMS and thus are not presented here.
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3. Results and discussion
3.1. TROPICS channel sensitivity

One appealing innovation of TROPICS is the use of new frequencies
at F-band and 205 GHz, which are distinct from the V-band and upper-
bound 190 GHz at G-band of conventional microwave sounders. Fig. 3
shows a snapshot of the super Typhoon Mindulle captured by TROPICS.
The highlight is the large brightness temperature (TB) dynamic range of
155 degrees at 205 GHz, ranging from 133 to 288 K. In comparison, the
190 GHz channel has a dynamic range of 129 K from 148 to 277 K. The
FOV size of 205 GHz is 15.2 km, which is smaller but comparable to 190
GHz (16.9 km). The 205-GHz perceives finer structures of the typhoon:
the Mindulle eye and the scattered rainbands are clearly resolved.

We look into the brightness temperature sensitivity as a function of
MIiRS retrieved parameters. The coincident channels of NOAA-20 ATMS,
with similar weighting functions shown in Fig. 2, are compared against
TROPICS. Retrieval results of NOAA-20 and TROPICS data on the same
day are compared with over two million samples. We classify the data
into subsets over the ocean and land. Since IMS surface type classifica-
tion is unavailable for the Southern Hemisphere and snow and sea ice
are relatively inaccurate, we analyze data with a latitude range from
—50 to 50 degrees.

Fig. 4 illustrates the TB against the retrieved rain rate. The highlight
is that TROPICS F-band and 205 GHz exhibit pronounced sensitivity to
rain rate: TB decreases as rain rate rises up. The counterpart frequency of
ATMS V-band is relatively flat and less sensitive to rain. For instance,
TROPICS channel 3 of 115 GHz and ATMS channel 4 of 52.8 GHz have a
close TB of ~256 K over the ocean when the rain rate is very low at 1
mm/h. As the rain rate rises up to 14 mm/h, TROPICS TB decreases by
50 K, but ATMS TB is almost the same with less than 5 K variation. F-
band is overall much more sensitive to rain. TROPICS 190 and 205 GHz
have a TB drop of 60 and 80 K, respectively. ATMS 165 GHz is 10-20 K
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Fig. 13. Temperature standard deviation of TROPICS, ATMS and ATMS subset referenced to ECMWF under four conditions.

warmer than TROPICS 205 GHz. The 205 GHz shows more scattering to
rain rate. This is consistent with the typhoon Mindulle case, where the
TB range difference between 190 and 205 GHz is 26 K (Fig. 2).

The TB sensitivity to the total precipitable water (TPW) is shown in
Fig. 5. TPW is the integration of columnar water vapor in the atmo-
sphere. It is a critical variable for representing Earth water vapor and
estimating the greenhouse effect, and therefore routinely produced from
many satellites (Grody et al., 2001; Lee et al., 2022). The relationship
between TB and TPW is more complex as it is coupled with surface
emission, water vapor absorption/emission, and hydrometeor scat-
tering. At W-band of around 90 GHz, TROPICS and ATMS exhibit similar
sensitivity, with a remarkable TB increase along TPW over the ocean but
relatively flat over land. This is due to the much colder oceanic emission
than land, with a ~60 K difference in surface emission. Over the ocean,
water vapor appears warmer and more TPW tends to increase the TB.

At the TROPICS F-band of channels 2-6, TB also increases with TPW
over the ocean. The weighting functions of these channels peak in the
troposphere, and more warm moisture tends to increase the TB. The
over-land TB has less increase due to warm land emissions. On the other
hand, TB decreases with TPW for channels 7-8 at F-band. The weighting
functions of the two channels are very high, reaching or exceeding the
tropopause. The atmosphere becomes more opaque at the two channels,
which are less sensitive lower troposphere emissions. Rather, larger
TPW corresponds to regions with denser atmospheres, where the two
channels see more upper and colder troposphere emissions.

At F-band, TROPICS shows different sensitivity to TPW against cor-
responding ATMS channels. One reason is that F-band and V-band fre-
quencies are quite different with different weighting functions. For G-
band, TROPICS and ATMS are similar due to closer frequencies. The 205
GHz exhibits a noticeable difference compared with 165 GHz. When
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TPW gets larger, TROPICS TMS TB is mostly lower than ATMS since
hydrometeors like clouds give rise to absorption and scattering.

The TB sensitivity shows pronounced contrast between TROPICS and
ATMS, particularly regarding F-band and 205 GHz. Some of the differ-
ence has been investigated in previous studies, primarily by theoretical
simulation (Bauer et al., 2005; Mahfouf et al., 2015). The only
observation-based is through the MWHS-2 on board the large satellite
FY-3C&D&E (Lawrence et al., 2018; Mao et al., 2022). The distinct
sensitivity of TROPICS can pose challenges for profile retrieval, but more
interestingly, it also means new information content at these channels.
We will show the retrieval results in the following sections.

3.2. Water vapor sounding

The water vapor sounding results are presented in this section. Fig. 6
shows a one-day (10 October 2021) comparison of MiRS-produced
TROPICS TPW against that of ECMWF analysis. The retrieval well cap-
tures TPW features as verified by the collocated ECMWF TPW. Highest
TPW is found in the Intertropical Convergence Zone (ITCZ) and the
South Pacific convergence zone (SPCZ). Atmospheric rivers in mid-
latitude regions of the Atlantic and Pacific oceans can be seen. Over
land, low TPW is perceived over the Tibetan Plateau, Andes, and Rocky
mountains. Very low TPW in Greenland and Antarctica is obvious.
Overall, the retrieved TPW is successful over different surface types.

A quantitative statistical validation is shown in Fig. 7. TROPICS TPW
is compared with ECMWF under clear and cloudy conditions. The cloudy
condition is defined by the retrieved cloud liquid water (CLW) larger
than 0.05 mm. The correlation coefficient is very high of 0.967 and
0.958 under clear and cloudy conditions, respectively. TROPICS TPW is
slightly larger than ECMWF with a bias of 0.82 and 1.40, while the
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Fig. 14. Temperature bias of TROPICS, ATMS and ATMS subset referenced to ECMWF under four conditions.

standard deviation is 4.14 and 4.37, respectively. There is a slight
degradation of retrieval when it is cloudy, which is similar to other
microwave sounders (Boukabara et al., 2011).

Table 2 shows the TPW statistics, and the results from two additional
experiments of ATMS and ATMS subset are also presented for compar-
ison. The sample numbers under clear and cloudy conditions are close,
indicating similar retrieval performance on discriminating clouds. The
correlation coefficients are over 0.95 for all experiments. There is a
slight degradation under cloudy conditions compared to clear condi-
tions. Using all ATMS channels outperforms subsetting ATMS channels,
which is not unexpected and highlights the advantage of using more
channels to improve retrievals. The performance of the ATMS subset,
which matches up with TROPICS TMS channels, is still slightly better
than TMS, as shown in terms of correlation and standard deviation. We
will discuss this after presenting the other results.

Examples of water vapor at specific pressure levels are illustrated in
Fig. 8. The water vapor spatial distributions at the 950 and 500 hPa are
shown between TROPICS and ECMWE. At 950 hPa, there are no data in
mountain areas due to their high elevation of low pressure. The spatial
patterns of water vapor are consistent between TROPICS and ECMWE.
As the pressure decreases, water vapor amount is reduced.

Figs. 9 and 10 show the comparison of water vapor vertical profiles
to ECMWF in terms of absolute and relative standard deviation,
respectively. The absolute standard deviation, i.e. standard deviation, is
the standard deviation of the retrieved parameter minus that of ECMWF.
The relative standard deviation is in the unit of percentage, which is the
absolute standard deviation divided by the average ECMWF parameter
at each pressure level. Since water vapor exponentially decreases along
the altitude, the relative standard deviation with the percentage profile
complements the standard deviation. The results are classified into four
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scenarios of ocean clear, ocean cloudy, land clear, and land cloudy
conditions for three experiments of TMS, ATMS, and ATMS subset.
Regarding standard deviation, the retrieval shows near-surface (>800
hPa) degradation over land compared to over the ocean. This is not a
surprise since land emission is more complex. Oceanic retrievals are
similar under clear and cloudy conditions, which is in contrast with land
which is more degraded in cloudy conditions except near the surface.
TROPICS TMS is degraded compared to ATMS and ATMS subset, with an
overall standard deviation of 0.93, 0.76, and 0.80 g/kg from surface to
100 hPa for the three experiments, respectively. ATMS subset is
degraded compared to ATMS, as expected.

While the standard deviation of water vapor decreases along alti-
tude, the relative standard deviation shows a larger percentage devia-
tion in the middle troposphere from 700 to 200 hPa, which can be as
high as 50% and exceeds that on the surface. Overall, the retrieval
performance ranks from high to low in the order of ATMS, ATMS subset,
and TMS. Under cloudy land conditions, TMS shows a large relative
standard deviation as high as 58%. Under the other three scenarios, TMS
is closer to ATMS and ATMS subset. The retrieval performance is related
to surface type and cloud. For example, the land-cloudy scenario ex-
hibits degraded performance near the surface but an improvement from
700 to 200 hPa, compared to the ocean-cloudy condition. The reason for
this can be multifold. When cloudy, the land surface emission weighs
less, i.e., the weighting function lifts up, facilitating retrievals in the
atmosphere. Regarding ATMS and TMS differences, the F-band is of
higher frequency and is affected more by hydrometers than V-band.
Such sensitivity can affect temperature retrieval: since moisture and
temperature are coupled a better representation of temperature im-
proves moisture retrieval. We will present temperature results including
vertical profiles in Section 3.3.
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Fig. 15. Monthly TROPICS TPW. The spatial distribution and seasonality are well captured.
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Fig. 16. Monthly TROPICS water vapor mixing ratio at 500 hPa.
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Fig. 17. Monthly TROPICS temperature at 500 hPa.

Fig. 11 presents the mean bias of water vapor compared to ECMWF.
Compared to standard deviation, the mean bias is a secondary but also a
basic metric for evaluating retrieval quality. Overall, the characteriza-
tion of bias under the four scenarios is similar to standard deviation. We
note that the bias leans to be more negative in cloudy conditions for
TROPICS, which again implies the impact of cloud on retrieval.

3.3. Temperature sounding

Fig. 12 shows an example of atmospheric temperature sounding. The
temperature spatial distribution at 950 and 500 hPa are demonstrated
for TROPICS and ECMWEF, respectively. The unavailable temperature
retrievals in places such as the Tibetan Plateau at 950 hPa are due to the
elevation since the surface pressure in regions such as mountains is less
than 950 hPa. The near-surface temperature is well retrieved compared
to ECMWF. High air temperature is seen in the Sahara desert, Amazon
rainforest, and northern Australia. Over the ocean, the temperature
decrease from tropics to poles is also well reproduced.

The temperature profiles against ECMWF are illustrated in Figs. 12
(standard deviation) and 13 (bias). Overall, the standard deviation of
temperature is like water vapor, with ATMS the smallest, followed by
ATMS subset and then TMS. Also, retrieval is dependent on surface type
and clouds. The near-surface performance is degraded over land than
over the ocean, while the degradation in the upper atmosphere is not
significant. Clouds also degrade retrieval. TROPICS TMS has a mean
average standard deviation of 2.36, 2.83, 2.37, and 2.45 K from surface
to 10 hPa under ocean-clear, ocean-cloudy, land-clear, and land-cloudy
conditions, respectively. By contrast, ATMS is 1.35, 1.49, 1.69, and 1.68
K, while ATMS subset is 1.46, 1.73, 1.72, and 1.82 K, under the four
scenarios, respectively. In Fig. 14, we see TMS bias is similar to ATMS
and ATMS subset under ocean-clear conditions but gets more negatively
biased with clouds or over land. This seems to be coupled with water
vapor, where negative bias is also found over land. Temperature and
moisture are simultaneously retrieved in the 1DVar retrieval, and a
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degraded temperature affects moisture retrieval. In the meantime, there
could be room for improving F-band retrieval by mitigating the bias and
optimizing the retrieval algorithm.

3.4. Monthly TPW, water vapor and temperature

The monthly TROPICS TPW is shown in Fig. 15. Although not shown
here, the TROPICS TPW agrees very well compared with ECMWF, with
daily correlation coefficients generally over 0.94. The spatial distribu-
tion of TPW features a clear equator-to-pole gradient with high amounts
in tropical regions. Over the ocean, high TPW is noted in persistent
convective and cloudy areas such as the tropical west Pacific Ocean and
east Indian Ocean. The ITCZ and SPCZ are noticeable with high TPW.
Over land regions such as Amazon, Congo basin and Indonesian Mari-
time Continent, TPW is also abundant due to coupling convergence and
continental meteorological factors. The surface elevation affects TPW,
showing lower TPW associated with higher elevation. Persistent low
TPW can be found in the Himalayas, Andes, Rocky Mountains, and East
Africa.

The seasonal variability of TPW is remarkable from August to
November. In the Northern Hemisphere, the transition of TPW from high
to low amounts is obvious. Particularly, areas of North Asia, Canada and
the Tibetan Plateau quickly dry up. In the Southern Hemisphere, high
TPW quickly builds up over the Amazon basin, South Africa, etc. The
ITCZ movement toward the south is also pronounced. Overall, the TPW
shifts toward the south in southern summer.

The monthly mean water vapor mixing ratio and temperature at 500
hPa are illustrated in Figs. 16 and 17. While water vapor at 500 hPa has
similarity to TPW, with gradients from the equator to poles, there is a
striking difference in regions such as the Himalayas. In August and
September, the water vapor values are very high in the Himalayas,
which is different from the low TPW there. This is mainly due to the
surface elevation, which lifts air and moisture. Although the columnar
TPW is low in these regions, the moisture is increased at 500 hPa. In
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southern summer, Amazon, Congo The temperature distribution at 500
hPa also transitions from high to low values with an equator-to-pole
gradient. In contrast to the near-surface temperature correlated with
surface types and elevation, 500 hPa temperature is more uniformly
distributed over the ocean and land, as it is of the higher altitude in the
middle troposphere. But regions such as the Himalayas still stand out
from the temperature anomaly due to the impact of very high elevation.

4. Concluding remarks

Atmospheric humidity and temperature sounding from TROPICS
Pathfinder have been investigated through the MiRS retrieval system.
TROPICS is a novel mission and the first CubeSat with channels at F-
band and 205 GHz, offering a new perspective for moisture and tem-
perature sounding. We have examined TROPICS early-phase data from
its Pathfinder and performed retrieval with MiRS, a physically-based
inversion algorithm. We have extended MiRS to add TROPICS process-
ing capability, and the retrieval is successful and verified. Comparison
and validation against analyses and NOAA-20 ATMS were conducted,
including an ATMS subsetting experiment with retrieval implemented
with a subset of matchup channels.

The quality of TROPICS moisture and temperature retrievals is
encouraging. TROPICS captures well the dynamics, spatial distribution,
and seasonal variability of moisture and temperature. The retrieved
TPW compared with ECMWF has a correlation coefficient of 0.955,
0.985, and 0.977 for TROPICS TMS, ATMS, and ATMS subset, respec-
tively. For the water vapor profile, the standard deviation of retrieval to
ECMWEF is 0.93, 0.76, and 0.80 g/kg for TROPICS TMS, ATMS, and
ATMS subset, respectively. Regarding temperature, the standard devi-
ation is 2.5, 1.5, and 1.6 K for the three experiments, respectively.
Clouds and land degrade retrievals compared to the ocean and clear
conditions. V-band appears to be less affected by hydrometeors, result-
ing in better temperature retrieval and moisture, as the two parameters
are coupled. The lower noise of ATMS also favors better retrievals.

The new F-band and 205 GHz of TROPICS appear to bring in new
information content for atmospheric sounding. The retrieval results
reveal distinct TB sensitivity to water vapor and hydrometeors between
TROPICS and ATMS. Specifically, the F-band exhibits remarkable
sensitivity to rain rate compared to V-band, where the TB can drop
dramatically as much as 50 K with the rain rate increase, contrasting to
less than 5 K variation at the counterpart channel at V-band. That is, the
sensitivity is 20 times higher at specific channels, suggesting that tem-
perature sounding may be impacted by the presence of precipitation.
The 205 GHz channel measurements exhibit over 20 K greater dynamic
range than 190 GHz channel measurements, and are colder than ATMS
measurements at 165 GHz in the presence of hydrometeors; finer fea-
tures of the hurricane eye and rainbands are also better resolved. The TB
sensitivity to TPW at F-band and 205 GHz is also different from V-band
and 165/190 GHz. The results highlight that F-band and 205 GHz have
potential new information content, which can be useful for studying
cloud ice, snow, and arctic weather.

As the TROPIC Pathfinder continues collecting data and follow-on
CubeSats are on the way toward a more complete constellation, we
look forward to further exploring TROPICS potential. The extension of
MIRS allows for analyzing extensive data in an automated way. MiRS is
able to retrieve more geophysical variables such as hydrometeors, sur-
face parameters, and rainfall in addition to moisture and temperature.
Future investigation will include more extensive retrievals, compari-
sons, and potential insights. With more TROPICS CubeSats in orbit, the
diurnal variations and even finer weather dynamics can be examined.
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