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ABSTRACT Ice clouds are poorly constrained in current global climate and weather models and have
been used as a tuning parameter in the models to balance radiation budget at the top of atmosphere and
precipitation at the surface. Sub-millimeter-wave (Submm) remote sensing can fill the sensitivity gap of
cloud ice observations between visible/infrared (VIS/IR) and microwave (MW) frequencies. The added value
from submm-wave bands has been recognized for achieving a better understanding of cloud, convection and
precipitation (CCP) processes. Recent satellite observations at microwave frequencies showed promising
results that additional information on cloud microphysical properties (e.g., ice particle shape and orientation)
can be inferred from V-pol and H-pol radiances. Motivated by the added value from cloud polarimeters,
a compact SWIRP (Submm-Wave and Long-Wave InfraRed Polarimeter) was developed under NASA’s
Instrument Incubator Program (IIP) to reduce instrument size, weight, power (SWaP) for future Earth science
missions. Low-SWaP sensors like SWIRP will allow the cost-effective implementation of a distributed
observing system to study fast cloud processes with the needed spatiotemporal sampling.

INDEX TERMS Submm-wave, MMIC, remote sensing, ice cloud, microphysics, SmallSat, microwaves in
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climate change.

I. INTRODUCTION

Earth climate change depends critically on how clouds react
to the surface warming and interact with atmospheric radi-
ation, dynamics, latent heating, and precipitation processes.
Accurate representation of clouds in global circulation models
(GCMs) is still a great challenge, because their microphysical-
scale formation, development and dissipation processes are
associated with large spatiotemporal variability and complex
interactions with environments. Model uncertainty for climate
prediction remains quite large and clouds have been a major

source of this uncertainty [1]. Ice clouds, in particular, have
been used as a tuning parameter in the GCMs to achieve the
needed radiation balance at the top of atmosphere (TOA) and
the realistic precipitation at the surface. As a result, a wide
spread of modeled cloud ice values was reported [2], [3], [4].
Thus, a better observational constraint on global cloud ice
is needed and highlighted in the U.S. National Academy of
Sciences (NRC) Earth Science Decadal Survey (DS) [5].
Remote sensing of cloud ice from space has been limited
by several factors. First, as shown in Fig. 1, ice water path
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FIGURE 1. Cloud IWP retrieved from different satellite sensors. Sensitivity
of passive IR (8-12 um) is limited to IWP = 10-40 g/m? while the 190 GHz
microwave is 200-2000 g/m?. There is a gap between IR and microwave
sensitivities, mostly for the upper tropospheric cloud ice where
submm-wave sensors are particularly useful, as demonstrated by the
IceCube mission [43], [44].

(IWP), a key parameter to characterize ice cloud mass, can
vary by more than four orders of magnitude. As a result, no
single sensors can cover the entire dynamic range of IWP.
Second, 3-dimensional (3D) cloud structures require adequate
penetration from sensors to observe cloud ice volume below
the top. Compared to active remote sensing, passive sensors
suffer more from the inability of capturing the full column
of cloud ice. Third, cloud ice crystals consist of various
shapes or habits, making the remote sensing of ice clouds
even more challenging than water clouds. These microphys-
ical properties are critical to link the measured radiances to
cloud physical parameters such as IWP and effective diam-
eter (Defr), the latter of which is dependent on the particle
size distribution (PSD). A large portion of the measurement
uncertainty is due to different PSD assumptions used in the
retrieval algorithms [6], [7].

Submm-wave remote sensing has advantage of measuring
upper-tropospheric cloud ice by providing several partial
columns from different frequency channels. By interacting
with ice particle scattering deep inside clouds, the
submm-wave sensors have a much deeper depth into the
clouds than passive visible/infrared (VIS/IR) and microwave
techniques [Fig. 2]. This property help fill the sensitivity gaps
in cloud ice measurements. As shown in Fig. 2, the VIS/IR
measurements are limited to the top 1-2 km cloud layer, not
able to penetrate deep enough into ice clouds for volumetric
mass measurements. Thus, these techniques rely on multiple
scattering signals to infer deeper cloud properties, which lose
sensitivity to microphysical properties. On the other hand,
passive microwave sensors at frequencies <200 GHz are
mostly sensitive to surface emission [8], liquid cloud and
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FIGURE 2. Limitations in current satellite cloud observations, showing that
the VIS/IR penetration is confined mainly at the topmost layer while the
low-frequency microwave is sensitive primarily to emissions from the
surface and the lower atmospheric water cloud and rain.

rain [8], [10] and scattering from large precipitating frozen
hydrometeors (e.g., graupel, snow) [11], [12], [13], [14].

Polarimetric measurements can add a further constraint on
ice microphysical properties such as crystal shape and orien-
tation. Very little is known about the global distribution and
life cycle of these cloud ice properties. Lidar observations
showed that a significant depolarization ratio exists globally
due to scattering from horizontally oriented plate crystals at
temperatures between —10 °C and —30 °C [15]. From passive
satellite imaging measurements of the Moderate Resolution
Imaging Spectroradiometer (MODIS) and Polarization and
Directionality of the Earth’s Reflectance (POLDER) instru-
ments, a simultaneous retrieval of cloud optical thickness,
ice effective radius, aspect ratio (AR) of ice crystals was
demonstrated [16]. Atmospheric wind shears and in-cloud
dynamics were found to play an important role in driving
the variability of these cloud parameters. Analyzing polarized
brightness temperature (TB) measurements from the Tropical
Rainfall Measuring Mission (TRMM) Microwave Instrument
(TMI), Prigent et al. [17] found a positive correlation between
the 89-GHz polarization difference (PD) and scattering from
large ice particles. PD is defined as difference between vertical
(V-pol) and horizontal (H-pol) polarized TB, i.e., TBv-TBh
(or V-H). The PD-TB study was recently extended to higher
frequencies including 122 GHz [18], 166 and 664 GHz [19].
Compared to lower microwave frequencies, the PDs at these
high-frequency channels have a smaller contribution from the
surface and thus produce clearer cloud signals globally. Moti-
vated by these high-frequency polarimetric results, benefits of
submm-wave polarimeters has been recognized, especially for
better understanding cloud feedback and variability in climate
change.

In this study we provide an overview of our recent
work on cloud remote sensing with microwave polarime-
try, submm-wave instrument development, and future satellite
missions with submm-wave ice cloud observations. The pa-
per is organized to devote Section II for polarimetric cloud
satellite observations from high-frequency microwave, Sec-
tion III for progresses in modeling ice cloud scattering, and
Sections IV for a submm-wave polarimeter concept devel-
oped under NASA’s Instrument Incubator Program (IIP). In
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FIGURE 3. Monthly all-sky average PD (V-H) and mean TB of MLS 122 GHz
radiances at Ht < 5 km above the geoid for January (top) and July (bottom)
2008. A threshold of PD > 1.5 K is used for significantly polarized cloud
detection and PD = 0 for the rest situations (e.g., clear sky and
non-polarized clouds).

Section V, we discuss future cloud observations from the up-
coming submm-wave polarimeters from ESA/EUMETSAT’s
Ice Cloud Imager (ICI) and NASA’s Polarized Submillimeter
Ice-cloud Radiometer (PolISIR).

Il. POLARIZED RADIANCES FROM ICE CLOUD
SCATTERING

Polarized radiances induced by ice cloud scattering are de-
tectable by both limb and nadir viewing sensors from space.
Radiative transfer model simulations suggested that only I and
Q components are significant from ice particle scattering in
the full Stokes (I, Q, U, V) vector from the vantage point of
spaceborne sensors [7]. Thus, most of the polarization inves-
tigations have been focused on the Q component, or the PD in
microwave cloud observations.

A. MLS 122 GHZ

The Microwave Limb Sounder (MLS) on NASA’s Aura satel-
lite has seven radiometers at frequencies near 118, 190, 240,
and 640 GHz and 2.5 THz [20]. It has been operational since
August 2004 on a sun-synchronous polar orbit. MLS can
observe the radiance induced by ice cloud scattering through
a window channel (away from major atmospheric emission
lines) at tangent heights below ~16 km, or the tropopause
height. The 122-GHz band is a window channel near the 118-
GHz O; emission that the MLS used for profiling temperature
and pressure and had both V-pol and H-pol measurements
thorough the entire mission.

Davis et al. [18] analyzed the 122-GHz radiances at tangent
heights (Ht) < 5 km and found a significant PD signal associ-
ated with ice cloud scattering. Using the same algorithm as in
[18], here we derived a global map of average PD and TB from
the MLS 122-GHz measurements for January and July 2008
[Fig. 3]. The polarized 122-GHz radiances in Fig. 3 resembles

closely the upper-tropospheric cloud ice distributions during
these months, showing high values over deep convective zones
in the tropics and subtropics. Deep convections lift large ice
particles to the upper troposphere, which are subsequently
advected to a wider area through selective processes. The
particles with horizontal orientation tend to last long in the air
before they are removed by precipitation. These shaped par-
ticles with a preferred orientation are essentially responsible
for the polarized MLS 122-GHz radiances from an anisotropic
ice scattering of the upwelling atmospheric radiation.

Compared to nadir sounding, limb sounding is gener-
ally less attractive for cloud observations, because of highly
inhomogeneous cloud structures. The line-of-sight (LOS)
smearing in limb sounding make it difficult to resolve hori-
zonal cloud distributions at scales < 100 km. However, the
limb sounding could provide a better constraint on cloud top
(e.g., visible sensors) or uppermost cloud ice (e.g., MLS). In
all complex 3D cloud ice variations, horizontal and temporal
resolutions are more desirable for model improvements be-
cause the cloud observations at these scales can have direct
impacts on model convective, transport and cloud microphys-
ical schemes.

B. GMI 89 AND 166 GHZ

Nadir and slant-view scanning polarimeters can provide
process-level information on ice cloud formation and evo-
lution. Non-spherical frozen particles and their orientation
preference may evolve spatiotemporally with the thermody-
namic environment and wind shear. In addition, information
on ice particle habits (e.g., rosette, column, plate) from the
PD observations may also help to constrain modeled cloud
radiative effect, particle fall speed, and surface precipitation.
Like the IWP measurements, the PD measurements from nadir
and slant-view imagers represent a bulk property of ice clouds
in an extended height range. Studying the V-pol and H-pol
radiance measurements from the Global Precipitation Mea-
surement (GPM) Microwave Imager (GMI) 89 and 166 GHz
channels, Gong and Wu [19] mapped out not only the global
distribution of these PDs but also a number of extreme
weather events such as squall-line storms and hurricanes.

The GMI is a conical-scan (52.8° incident angle) radiome-
ter with useful swath of 850 km [21]. Both 89 and 166 GHz
bands are dual-pol (V and H) channels with the same-size
FOV of 4.4 x 7.2 km. The instrument has been operational
in space since 2014.

Fig. 4 showcases a snapshot of Hurricane Dorian as ob-
served by GMI on September 4, 2019, during its decaying
phase after it stalled north of Grand Bahama. The deadly and
destructive cyclone reached the peak as a Cat-5 hurricane on
September 1 at landfall in the Bahamas. Substantial damages
and economic losses were reported as Dorian cruised along
the coasts in the Southeastern United States and Atlantic
Canada.

The Hurricane Dorian was captured by GMI on Sep 4
during its decaying stage. Compared to pre-storm time (Sep
2) [Fig. 4(g)—(h)], there were many larger cloud-induced PDs
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FIGURE 4. GMI 89 and 166-GHz PD (V-H) and TB maps from Hurricane
Dorian on September 4, 2019, just off the East Coast of United States. In
panels (e) and (f) the PD-TB scatter plots are colored by the collocated TB
measurements from the GMI 183/3 GHz channel, as an indicator of
cloud-top temperature. Panels (g) and (h) are same with (e) and (f), but for
September 2, 2019, snapshot before the eyewall replacement.

on Sep 4 [Fig. 4(e)-(f)], which reached as high as 20 K
and 30 K at 89 and 166 GHz, respectively. Compared to
166 GHz, the 89-GHz channel is more sensitive to polarized
water emissions from oceans (e.g., winds, salinity), while the
land surface emissions are generally less polarized at these
frequencies. In the satellite observations, the cloud-induced
PDs are superimposed on the background emissions from the
surface, creating a complex hurricane pattern in the 89-GHz
PD map [Fig. 4(c)] but a much cleaner pattern in the 166-GHz
PD [Fig. 4(d)].

As suggested in a squall line study [19], these large PDs
are likely associated with the preference of horizontally ori-
ented large frozen aggregates. Note that they are confined
mostly around the eyewall, as Dorian underwent an eyewall
replacement cycle (ERC) and weakened to Cat 2. The 89-GHz
eyewall exhibits a slightly smaller eyewall diameter than the
166-GHz. During September 2-5, While the cyclone prepared
to head the north, its leading arm in the upper troposphere
was associated with a large amount of cloud ice and a strong

T.e™

T,(1-e7) \

Surface or Water Clouds

FIGURE 5. A simplified two-layer model for the polarized radiation in
cloudy-sky radiative transfer.

PD signature. Before the ERC, GMI also captured a snapshot,
and the PD-TB relationships shown in Fig. 4(g) and (h) do not
exhibit large PD signals. Compared to the squall-line storm
studied in [19], the PD distribution from tropical storms is
highly structured, correlated with the hurricane development,
and hence requires a higher spatiotemporal sampling to study.

Nevertheless, useful statistical analysis can be made glob-
ally from these snapshots of deep convective systems. As
shown in the previous study [19], the PD-TB relationship from
the GMI 166-GHz radiance measurement is characterized by
the so-called “bell-curve” [Fig. 4(e)—(h)]. Most of the cloud-
induced PD show a peak at a TB between 150 K and 250 K.
The PD reduces significantly in the very cold (TB < 150 K)
cases where deep convective clouds reach a higher altitude. As
seen in Fig. 4, the “bell-curve” relationship is valid for both
extreme (e.g., hurricane) and normal weather cases. It raises
an interesting question: where in clouds do these PDs come
from?

By correlating the GMI 166-GHz PD with the collocated
CloudSat W-band (94 GHz), GPM Ku (14 GHz) and Ka-band
(35 GHz) radar profiles, Gong et al. [22] found that the cloud
PDs have a clear association with the vertical distribution of
frozen hydrometeors. Depending on where the PD and TB
values reside in the “bell-curve” diagram, cloud-induced 166-
GHz PDs are sensitive to large-size hydrometeor scattering,
which becomes measurable by the Ka radar. The correlation
with the W-band reflectivity suggests that the PD regimes are
sensitive to the vertical distribution of ice particles. The reflec-
tivity intensity appeared to match the PD intensity reasonably
well if the reflectivity were averaged between 5-8 km.

IIl. MODELLING ICE CLOUDS

A. SIMPLIFIED 2-LAYER MODEL

A simplified radiative transfer model is used to comprehend
some of the observed radiance features from ice cloud scat-
tering. In this conceptual model we assume that all frozen
particles are horizontally aligned with different volume scat-
tering optical depths from V- and H-pol (ty and tg) as shown
in Fig. 5. Here the AR is defined by the ratio of H/V-pol optical
depths, namely, AR = tg/ty. The cloud layer temperature is
T, and the radiances at the top of atmosphere (TOA) can be
expressed in a simple form

TBy =Tyye ™ +T; (1 —e™) (1)
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FIGURE 6. The PD -TB relationships derived from the simple model (1)-(2)
that is generally applicable to all sounder frequency pairs. For a pair of
polarized channels, the radiances are determined by different cloud =y and
71, and AR (= 7y /1v). Simulations from cloud ARs (1.1, 1.2, and 1.3) for an
unpolarized (T, - T,,, = 0) and polarized (T, - T;,, = 10K) surface
emissions are shown in the left (a), (c) and right (b), (d) panels. T; and 7,
are set to be 290 K and 100 K respectively in this calculation.

TBy =Tiye ™ + Ty (1 —e ™) (2)

where T\, = ey Ty and T, = ey Ty are the polarized back-
ground radiances from the surface or water cloud emissions at
temperature 77. Ty is the source function of ice clouds that is a
combination of scattering (7., ) and upwelling emission, i.e.,
(1 — wo)T1 + woTscqr, Where wypis the cloud single scattering
albedo. Ty is a function of 7>, ty and 7y, and cloud tempera-
ture 7> is assumed a constant in the simplified model.

The conceptual model (1)—(2) can capture most of the fun-
damental features as observed by MLS and GMI [Fig. 6]. It
predicts the “bell curve” in the observed PD-TB relationship
and the “bell curve” can have different amplitudes as a func-
tion of AR. The higher the AR, the larger the PD amplitudes
[Fig. 6(c)]. In the case where the surface emission is polarized,
such as those from the GMI 89-GHz channel, the PD can
start from a non-zero point because of the combined effect
of polarized surface emission and cloud scattering.

The simplified 2-layer model can predict a reduced PD at
very large ty and 7y from the saturation effect. Even when
the AR remains same, the PD sensitivity to AR is significantly
reduced in the case of large cloud t where the attenuation by
clouds is so strong that the radiances from both channels es-
sentially measure the similar temperature of cloud top layer. In
other words, the “bell-curve” in the PD-TB relation resembles
the situation where the frequencies of two sounding channels
are very close to each other such as the 11 and 12 um band
in IR imagery [23]. For ice clouds, the high 7 cases are often
associated with irregular large crystal shapes in a strong tur-
bulent dynamic environment. The diminishing PD due to the
saturation effect makes it difficult to infer the microphysical
property related to particle orientation in the high 7 cases. This
problem can be mitigated to some extent by selecting submm-
wave frequencies (e.g., 220 GHz vs 680 GHz) that have
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FIGURE 7. The ARTS simulations of cloud-sky ice cloud scattering as a
function of the scan angle from nadir. The V-pol and H-pol are defined as
the vertical and horizontal to the surface plane. Full-Stokes (I, Q, U, V)
components of the 315 and 670 GHz radiances are shown to illustrate
their relative importance with respect to view angle.

different sensitivities to cloud ice scattering. The simplified
model was found particularly useful for all-sky radiance data
assimilation of high-frequency polarized microwave radiances
[24] and reduction of cloud ice retrieval uncertainty [25].

B. FULLY-POLARIZED RTM SIMULATIONS

More sophisticated simulations of the PD-TB relation can
be derived with a radiance model such as the Atmospheric
Radiative Transfer Simulator (ARTS) [26], which solves a
pencil beam radiative transfer equation with the full Stokes
vector up to 3 THz. It is capable of handling spherical 1-D
to 3-D geometry and scattering calculations with the Discrete
Ordinate Iterative (DOIT) or Monte Carlo (MC) solver. The
ARTS model can also calculate the Jacobians of input atmo-
spheric state variables.

Fig. 7 shows a full-Stokes (I, Q, U, V) simulation of cloudy-
sky radiances at 325 and 670 GHz from different scan angles
with respect to nadir. The spherical geometry is considered
in this simulation where the atmosphere is characterized with
spherically homogenous layers. It has a cloud layer at 10—
14 km with IWP of 0.29 kg/m? and snow water path (SWP) of
1.6 kg/m?, a liquid water layer below 4 km with a rainwater
path (RWP) of ~0.1 kg/m?. The modified gamma function is
assumed for the ice particle PSD. For ice and snow particles,
plate aggregates are used in the simulations. Most of hydrom-
eteors are oriented horizontally with a small canting angle
that are randomly distributed with a 5° standard deviation
[27], [28].

Scattering for cloud asymmetric ice particles induces the
radiation with partial polarization, which is dominated by
the Q component and increases with the scan angle toward
the limb. Unlike the polarized signals (e.g., surfaces and rain)
at low-frequency microwaves [29], [30], the submm-wave U
and V components from ice clouds are negligible compared
to Q. This is largely because the horizontally oriented



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

WU ET AL.: REMOTE SENSING OF ICE CLOUD PROPERTIES WITH MILLIMETER AND SUBMILLIMETER-WAVE POLARIMETRY

(b) 680 CHz

IWP (g/m2)
Deff (um)

< <
. \ s
[ . \ a
S Sy e\
2F SN\
\\\\\
0 \
100 150 200 250 300 100 150 200 250 300

(TBv+TBh)/2 [K] (TBv+TBh)/2 [K]
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aligned column ice crystal shape for (a) PD-TB relation at 220 GHz and (b)
PD-TB relationship at 680 GHz. IWP (black) and D¢ (red) variations are
resolved by dual-pol PD and TB measurements, greatly reducing the
uncertainties in cloud ice retrievals. The simultaneous 220 and 680 GHz
measurements provide the needed sensitivity to cover a large dynamic
range in IWP (50-20000 g/m?) and in Deg (50-300 zm).

particles tend to produce little or equally important scattering
polarization at +45° for U and little scattering circular
polarization for V.

Fig. 8 summarizes a set of simulations for 220 and 680 GHz
in a look-up table (LUT), in which the PD-TB curves serve as
a basis for the joint retrieval of IWP and D¢t from a dual-band
polarimeter. In these ARTS simulations the variations from
IWP and Degr are equivalent to the manipulation of ty and
7y in (1)—(2). In addition to the LUT for the PD-TB relation,
one may use the LUTs between difference frequency chan-
nels to retrieve IWP and De¢, which has been demonstrated
by Coy et al. [31]. Depending on the ice particle habit or a
combination of habits used in these simulations, these LUTs
may differ to some degree from each other. By having two
frequency bands with dual polarizations, the polarimetric and
radiometric information help to further constrain the IWP and
Defr retrievals, where ice habit or orientation can induce up to
40% uncertainty.

C. ICE PARTICLE SCATTERING MODELING
Self-consistency across different sensor wavelengths is im-
portant in radiative transfer models of ice crystal scattering
and extinction coefficients. Due to computational limitations,
these coefficients have been treated separately in the mod-
els for visible and microwave remote sensors. At mm- and
submm-wave frequencies, Eriksson et al. [32] developed an
oriented ice particle scattering database for two particle habits
for 35 frequencies ranging between 1-864 GHz. This database
allows users to specify a canting angle distribution with dif-
ferent width parameters, so to allow orientation angles from
fully-random to fully-horizontally-aligned. The GPM team
developed a similar database for a few other ice habits with
degree of melting considered [27]. By incorporating a more
sophisticated surface emissivity model, ARTS simulations can
reproduce most of the observed 166-GHz PDs realistically
over land and water [33]. Moreover, the PD observations
can be injected now into global data assimilation systems to
increase the use of polarized radiances with a reduced mea-
surement error for these polarization channels [24].

A breakthrough was made recently in computation
algorithm, efficiency and accuracy, such that scattering,

(a) 220 GHz Window

300 300

(b) 680 GHz Window

280 17 GHz
i w0 —
e™ T e P i
® e ! il ¢ h 0,
O3 200 03 03
220 ' 03
H,0

200 n . . 150

160 180 240 260 640 650 660 680 690 700

200 220 “er0
Freq (GH2) Freq (GHz)

FIGURE 9. SWIRP spectral windows, 10 GHz near 220 GHz and 17 GHz
near 680 GHz, for ice cloud measurements. Nadir-viewing spectra near 220
and 680 GHz reveal significant spectral features from atmospheric H,0
and 05 absorption, which can vary with space and time, inducing
additional uncertainty in cloud detection.

absorption, and polarization properties of ice particles can
be all calculated consistently over the spectral range from
0.2 to 100 um [34]. This new data library (~200 GB) for
the ice scattering, absorption, and polarization properties has
been developed and incorporated to the ARTS model. This
is a significant advance in ice cloud remote sensing since it
offers an unprecedented opportunity to unify the ice cloud
observations from sensors at very different wavelengths (e.g.,
visible, IR, and submm-wave).

IV. SWIRP INSTRUMENT

Compared to cross-track scanning instruments, conical-
scanning systems have more challenges in the SWaP re-
duction. To meet the challenging SWaP requirement, the
submm-wave and longwave IR polarimeters (SWIRP) was
motivated to develop a combined compact submm-wave and
IR polarimeter. SWIRP sought a low-SWaP solution for
submm-wave polarimeters with an advanced 25-nm indium
phosphide (InP) High Electron Mobility Transistor (HEMT)
monolithic microwave integrated circuit (MMIC) receiver
technology. The MMIC polarimeters use the direct detection
method to make cloud measurements at 220 and 680 GHz.
These low SWaP polarimeters would allow them to be pack-
aged in a relatively small cylinder where low power is
necessary for heat dissipation in space operation. The two
spectral bands near 220 and 680 GHz are chosen to minimize
atmospheric variations from the H,O and O3 attenuation for
improved cloud detection [Fig. 9].

Developed under NASA’s ESTO (Earth Science Tech-
nology Office) IIP program, the SWIRP’s objective is to
accurately measure cloud ice and its microphysical properties
(particle size and shape) with combined submm-wave (220
and 680 GHz) and longwave (LW) IR (8.6, 11, and 12 um)
polarimeters. The combined submm-wave and LWIR sensitiv-
ities would cover the nearly entire dynamic range of cloud ice.
The SWIRP conical scan with collocated FOVs from all fre-
quencies helps to preserve V-pol and H-pol radiances induced
by bulk cloud ice particles and their shape/orientation. The
SWIRP development aimed to have a compact design so that
it would have a low size, weight, power (SWaP) instrument in
future cloud observations.
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Conical Scan

FIGURE 11. Collocated footprints of SWIRP 220 and 680 GHz polarimeters
at the 41.3° incident angle. The 220-GHz footprint size is roughly twice as
large as the 680-GHz one by design. With two 680-GHz polarimeters, there
are no gaps in the swath of each scan. The conical scan at a constant rate
of 18.7 rpm preserves the V-pol and H-pol of each measurement and
continuous spatial coverage without along-track gaps from a 430 km orbit.

In this section we present an overview of the SWIRP
concept and design with focus on the submm-wave instru-
ment. Previous studies discussed the SWIRP submm-wave
polarimeters [35], [37] and LWIR polarimeter [38] in great
details.

A. POLARIMETER ASSEMBLY

The SWIRP instrument has a volume of 20 cm in diameter
and 40 cm in height [Fig. 10]. The cylinder or drum is used to
house one 220 GHz, two 680 GHz polarimeters, one LWIR
polarimeter, power distribution unit (PDU), and Command
and Data Handling (C&DH), which spins on a miniatur-
ized Bearing and Power Transfer Assembly (mini-BAPTA). It
scans conically at a rate of 18.7 rpm with a view angle of 38.2°
from nadir, which yields 41.3° incidence angle at the surface
from a 430 km orbit. The conical scans at 18.7 rpm cover the
swath without significant sampling gaps with footprint sizes
of 20 km at 220 GHz and 10 km at 680 GHz, respectively
[Fig. 11]. The calibration targets and their electronics are the
stationary subsystem (not shown here), less critical in terms of
the SWaP inside the spinning drum. They are mounted on the
supporting structure that occupies a roughly half of the conical
FOV. All data, commands, timing and telemetry signals and
power pass through the mini-BAPTA’s slipring connectors to
the rotating assembly [Fig. 12]. The 220 GHz polarimeter has
twice long integration time (26.8 millisecond) as one for the
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FIGURE 12. A schematic of the SWIRP mini-BAPTA.
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FIGURE 13. The SWIRP 220-GHz direct-detection polarimeter with
dimensions of 1.8 x 3.0 x 6.4 cm and DC power of 0.52 W.

two 680 GHz polarimeters (13.4 millisecond) so that each
220 GHz footprint would contain four 680 GHz ones.

The SWIRP mini-BAPTA, leveraging a successful design
from previous flight missions, consists of motor, drive elec-
tronics, encoder, and slipring connections [Fig. 12]. The
slipring module provides 42 rings and separate connectors for
power and data throughputs for each of the major subsystems.
The encoder has capability of 12,000 pulses per revolution to
enable system spin rate between 10—40 rpm. SWIRP chose
the constant rate of 18.7 rpm for space operation. The data
rate allowance is up to 400 kbps, with a comfortable margin
for the SWIRP 59 kbps requirement.

B. 220 GHZ POLARIMETRIC RECEIVER

The SWIRP 220-GHz polarimeter employed the 25-nm InP
HEMT low noise amplifier (LNA) technology for direct de-
tection [35]. Compared to the heterodyne receivers, the direct
detection polarimeter reduces DC power consumption by
~10 x with a comparable noise figure of 5.1 and 5.4 dB for
the H and V channels, respectively. The MMIC polarimeter
has a compact dimension of 1.8 x 3.0 x 6.4 cm and em-
ploys the LNA modulation technique [36], to mitigate the
1/f noise known to the direct detection technique [Fig. 13].
The bias modulation technique is essentially a fast switching
calibration against a reference in the LNA circuitry. By time
sharing with the reference, it takes a +/2 hit in NEAT (Noise
Equivalent Temperature Difference) but helps to overcome
the 1/f noise if a long integration time is needed for cloud
measurements.
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Prior to the SWIRP polarimeter development, other ef-
forts were made to advance low-power MMIC detection
technology at mm- and submm-wave frequencies, includ-
ing the 35-nm InP HEMT receivers 89, 165, 176, 180 and
182 GHz for the Tropical Systems Technology Demonstration
(TEMPEST-D) [39] and the 25-nm InP HEMT receivers at
240, 310 and 670 GHz for the Tropospheric Water and Could
Ice (TWICE) [40]. These technology advances played a criti-
cal role in the SWIRP polarimeter maturation.

C. 680 GHZ POLARIMETRIC RECEIVERS

The SWIRP 680-GHz direct detection receiver demonstrated
an unprecedented SWaP as a dual-pol polarimeter [37].
It leveraged the technology advancement and capabilities
achieved by the TWICE project that produced high sensitivity
amplifiers and a brassboard receiver with 30 GHz bandwidth.
The SWIRP polarimeters further reduced the bandwidth of di-
rect detection to 17 GHz with closely matched filter responses
for both V-pol and H-pol channels.

The SWIRP 680-GHz polarimeter has a very compact, effi-
cient architecture design. It employs a dual-pol horn, instead
of two receivers with orthogonal apertures, to achieve a com-
pact low-mass 2-elementary polarimeter array. As shown in
Fig. 14, the feed horn antenna passes the submm-wave radi-
ation from the scene to an integrated orthomode transducer
(OMT). One of the OMT outputs is switched to V-pol using
the E/H twist module. Followed by the LNA housings, the
amplified noise power is then band-passed by a narrow-band
(17 GHz) filter and detected by a zero bias detector manu-
factured by the Virginia Diodes Incorporated (VDI). Finally,
a video amplifier (blue blocks in Fig. 14) outputs the analog
voltage, ready for an analogue-to-digital converter (ADC). A
voltage regulator is integrated for V-pol and H-pol separately
to enable switching capabilities for 1/f noise reduction [37].

The OMT-E/H twist technique is commonly used for low-
frequency (<200 GHz) polarization channels, but rarely at
680 GHz. The signal quality such as cross-pol for 680 GHz
hence needs to be further measured and demonstrated for

TABLE 1. SWaP Comparisons of SWIRP With Future Satellite Missions With
Submm-Wave Polarimeters

Instrument ICI PolSIR AOS-Storm SWIRP
(ESA/EUMETSAT) (NASA EV-1) (NASA/CNES) (NASA/IIP)

Platform EPS-SG 12-U CubeSat Mid-Size Bus SmallSat
Frequency 183.31 +8.4(V) 325.15+9.5(V) |325.15 +1.5(V) 89 (1CH) 1x 220 (V,H)
(GHz) 183.3143.4(V)  325.15#3.5(V) |325.15+3.5(V) |183.31(6CH) |2x 680 (V,H)

183.3142.0(V)  325.15+1.5(V) |325.15+9.5(V,H) |325.15 (3CH)

448 +7.2(V) 684 (V,H)

243.242.5(V,H) 448 £3.0(V)

664 +4.2(V,H) 448 +1.4(V)
Mass (kg) 80 28 50 15
Scan Conical Cross-track Cross-track Conical
Size (cm) 120X 150 X 70 35X20X20 80 X 45X 45 40X20X20
Power (W) 80 28 55 20
Cloud AR (full swath view) AR (45° view), AR (45° view), | AR (full), IWP,
Variables IWP, Def IWP, Def IWP, Def Dest

future spaceborne applications. Other existing submm-wave
receivers (e.g., TWICE) currently uses a polarized splitter to
enable both V-pol and H-pol measurements, leading to dou-
bled power and mass for the similar polarimeter.

A novel 1/f noise mitigation technique has significantly
improved receiver sensitivity, which was developed for the
670-GHz MMIC receivers and demonstrated by the TWICE
project [36], [41]. Like the reference load in a Dicke-switched
radiometer, the new technique tracks and remove 1/f noise
fluctuations against a reference by switching on and off the
first LNA MMIC transistor. The output during the transistor
off-state is an independent reference, which manifests itself
as 1/f noise fluctuations of the antenna signal in the transistor
on-state. Despite the penalty of +/2 in noise, the on-and-off
switching for 1/f noise reduction is still beneficial for short-
integration measurements.

V. FUTURE ICE CLOUD OBSERVATIONS

Future satellite missions have a strong demand for low-SWaP
instruments to enable cost-effective cloud observations. Since
clouds are highly variable in space and time with a large
dynamic range and different types of water content, it re-
quires a distributed spaceborne system to observe these fast
processes. Table 1 compares the SWaP parameters and sci-
ence capabilities of SWIRP with upcoming satellite missions
for ice cloud observations. The missions with only single
polarization channels cannot identify ice particle shape or
orientation information (i.e., AR), and therefore not included
in this comparison.

A. ICI

Ice Cloud Imager (ICI) is one of the five instruments to be
flown on EUMETSAT’s MetOp-SG-B (Second Generation-
B) operational satellites with the first launch planned for
2026. Like the current MetOp operational satellites, MetOp-
SG-B will likely be placed in an 830-km sun-synchronous
orbit with the LTDN (Local Time at Descending Node) at
0930 hours. Together with the Microwave Imager (MWI) on
MetOp-SG-B, the two conical-scan instruments will cover fre-
quency bands from 18.7 to 664 GHz with two polarized bands
(243 and 664 GHz) from ICI. The mm- and submm-wave
bands from MetOp-SG-B will no doubt serve as the most



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

IEEE Journal of

@ Microwaves

®

MTT-S

MHz to THz Community

comprehensive sensor suite for studying ice clouds and their
microphysical properties [42].

B. POLSIR

The Polarized Submillimeter Ice-cloud Radiometer (PolSIR)
is a recently selected NASA Earth Venture Instrument (EVI)
mission to better characterize and understand the diurnal vari-
ability of tropical and sub-tropical ice clouds. It consists of
two 12U CubeSats, each equipped with two cross-track scan-
ning submm-wave polarimeters at 325 and 684 GHz, flying
in separate precessing orbits for a full diurnal sampling of
35°S—-35°N latitudes monthly. Complementary to the Program
of Record (PoR) missions, PoISIR seeks to (1) constrain the
seasonally influenced diurnal cycle amplitude, form, and tim-
ing of IWP and Degr in tropical and sub-tropical ice clouds;
and (2) determine the diurnal variability of ice clouds in
the convective outflow areas and understand relation to deep
convection. PolSIR will significantly leverage the successful
spaceflight demonstration of the 883-GHz cloud radiometer
from the IceCube project [43], [44] and VDI’s commercial
polarimeter maturation at 325 and 680 GHz under the Small
Business Innovation Research (SBIR) program.

C. A0S

Atmosphere Observing System (AOS) is a component of the
NASA’s future Earth System Observatory (EOS) to provide
key information on the changing planet with strong inter-
national participations. It will make critical measurements
for a better understanding of aerosol and cloud processes
that drive global climate change and extreme weather. The
AOS-Storm is the inclined-orbit component of the planned
observing system with a microwave radiometer to measure
IWP, precipitation, atmospheric temperature and humidity. Ice
cloud observations will come primarily from the 183 and
325 GHz bands with a joint retrieval of atmospheric humidity
and IWP.

VI. CONCLUSION

Submm-wave remote sensing has been recognized as a valu-
able technique to fill the sensitivity gap in cloud ice mea-
surements from conventional VIS/IR and microwave sensors.
Interesting microwave polarization observations have been
reported from various satellite limb and nadir sensors at 89,
122, and 166 GHz, showing additional information on ice
microphysical properties (e.g., crystal shape and orientation).

Radiative transfer models of ice cloud scattering have
advanced significantly in recent years and can realistically
simulate the observed PD-TB relation (e.g., the “bell-curve’)
as well as the full Stokes vector. At submm-wave, cloud
asymmetric ice particles induce the radiation with partial po-
larization that is dominated by the Q component.

Future satellite missions require low-SWaP instruments
for cost-effective distributed observing systems to observe
fast processes like ice clouds with a sufficient spatiotem-
poral sampling. The SWIRP instrument development was
aimed to achieve such a low-SWaP goal by infusing the new

MMIC direct detection technology for a compact lower-power
polarimeter. Although the SWIRP instrument development
ended at a technological readiness level (TRL = 4), it still
represents one of the most promising pathways for future
low-SWaP mm- and submm-wave missions. As highlighted in
this study, the SWIRP science capabilities for ice cloud mea-
surements are comparable to some of the upcoming satellite
missions.
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