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ABSTRACT
Passive microwave (PMW) observations are informative of liquid and ice water contents,
qualities which well-characterize tropical cyclones (TCs). Their successful assimilation with
weather forecast models could help improve TC forecasts.
The Community Radiative Transfer Model (CRTM) forward model’s representation of
clouds mischaracterize certain differing assumptions between microphysics schemes (MPSs) and
may also be overall inconsistent with many MPSs. Three forecasts using the Weather Research
and Forecasting model, each using a different MPS, are used with the CRTM to simulate PMW
brightness temperatures (BTs). Cloud scattering look-up tables (LUTs) are constructed for
consistency with each scheme. The custom and default LUTs lead to vastly different BTs from
each other and to observations. There are cold biases across the MW spectrum, and BTs at 183
GHz are warmer than at ~90 GHz.
New lookup tables for the WSM6 scheme are produced in which non-spherical particles
replace the soft spheres implied by MPSs. Sector snowflakes for snow best resolves the issue of
relatively warm 183 GHz BTs, but worsens the overall cold bias at high frequencies. Cold biases
at lower frequencies caused by graupel could not be physically resolved.
However, PMW BTs simulated from the mean state of ensemble members match well to
observations, suggesting that ensemble Kalman filter (EnKF) assimilation could succeed. This
hypothesis is tested using a regional-scale TC model. Infrared (IR) and conventional observations
are assimilated, along with ~19-GHz and 183.31±6.6-GHz PMW observations, representing
liquid and ice water contents, respectively. IR is assimilated when PMW observations are not
available, otherwise different combinations of PMW and IR assimilation were tested.
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The precipitation structures implied by PMW BTs in both the EnKF analysis and
subsequent short-term forecasts match better to observations versus assimilating only IR. PMW
assimilation leads to significant and intuitive increments to thermodynamic and dynamic
variables, and does not significantly degrade intensity and track forecasts from assimilating only
IR.
PMW assimilation may be more successful with further changes to data assimilation
procedures, the application of the CRTM, and MW cloud scattering properties. Additional
experiments may inform on the best procedures and be more conclusive of the impacts of PMW
assimilation.
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Chapter 1

Introduction
The devastation that a tropical cyclone (TC) can impart is costly and heartbreaking. While others
are working to optimize the actions by those at risk, the forecasts of storm track and intensity need to
continue to improve. Critical to the capabilities of both TC forecast computer models and human experts
are numerous and quality observations. The best observations of TCs in the world are in the North
Atlantic basin, with regular reconnaissance flights by the United States Air Force and research flights by
the National Oceanic and Atmospheric Administration (NOAA). They fly in and around cyclones
deploying dropsondes measuring the key atmospheric dynamic and thermodynamic variables, while also
obtaining estimates of surface winds and rainfall rates, and, perhaps most interestingly, collecting threedimensional radar measurements.
Radars (designed for meteorology) are a remote sensing device for detecting (primarily) cloud
and precipitation. They emit a specific frequency/wavelength of radio or microwave (MW) radiation, then
take measurements of the backscattered radiation, which is reducible to reflectivity, mean Doppler
velocity, and Doppler spectral width, among other quantities. For wavelengths of radiation much greater
than particle sizes, reflectivity is primarily correlated with the particle mass squared and secondarily to
the particle shape and orientation. As the maximum dimensions of particles approach and exceed the
wavelength of the radiation, reflectivity dependence on shape and orientation are of the same order of
importance as mass. Having full knowledge and control of the radiation incident on particles means that
significant information on particle properties is extractable from radiation. Utilizing more than one
frequency or polarization state provides even more information on particle size distributions and/or
particle shapes/compositions (e.g., Zrnić and Ryzhkov 1999, Kumjian 2013, Zhang et al. 2001, Bringi et
al. 2003, Munchak and Tokay 2008, Leinonin et al. 2012). The information content in the mean Doppler
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velocity, from which the speed of the target(s) is deducible by making multiple measurements at
sufficiently short time intervals and analyzing their differences in phase, is also of value.
One of the great research legacies of my advisor Fuqing Zhang is assimilating ground- and flightlevel radar radial velocity observations of tropical cyclones with the ensemble Kalman Filter to improve
cyclone analyses and forecasts (Zhang et al. 2009, Zhang et al. 2011, Aksoy et al. 2011, Weng and Zhang
2012, Zhang and Weng 2015). Prior to this breakthrough, it was a great struggle to initialize accurately a
TC’s inner core in a forecast model, with heavy reliance on “vortex bogusing” of inner-core wind and/or
central minimum pressure (e.g., Zou and Xiao 2000, Pu and Braun 2001). The inner-core winds of the
primary circulation are a primary, albeit incomplete, description of the overall location, intensity, and
structure of a TC. But data assimilation utilizes these radial velocity observations, and their estimated
covariances to other state variables (pressure, temperature, etc.) to improve the prior guess of the
comprehensive true state of the atmosphere with its embedded TC. With the ensemble Kalman filter, an
ensemble of forecasts of the TC provides the prior guess of the atmosphere and enables estimates of the
covariances between observations and model state variables. This approach to covariance estimation is
very important to effectively assimilate inner-core radial velocity observations, because the inner core of
a TC is a climatological anomaly and subject to strongly nonlinear processes (e.g., Zhang et al. 2009,
Andersson et al. 2005).
One of the biggest restrictions of Doppler radar data assimilation is availability of observations.
Unlike ground- and airborne-based radars and dropsondes/radiosondes, satellites are a global observation
system and they do not require manual intervention. Satellite-based radars exist, but presently only the
Cloud Profiling Radar (CPR) on CloudSat (Stephens et al. 2008) and the Dual-frequency Polarimetric
Radar (DPR) aboard NASA’s Global Precipitation Mission (GPM) core observatory satellite (Hou et al.
2014) are providing data at this time. The capabilities of this observing system for regularly improving
TC forecasts are limited, however, as there are so few sensors, both radars have narrow swaths (CloudSat
does not even scan), and, unlike many ground- and airborne-based radars, they are not Doppler radars.
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Active sensors, such as radar, presumably have significant costs and complicate satellite design,
hence the low number in operation. Sensors which instead simply measure the amount of radiation
reaching the top of the atmosphere in specific locations are far more ubiquitous in orbit. In September
2019, the United States, Europe, and Japan were operating 7 passive microwave (PMW) imagers—
including the GPM Microwave Imager (GMI)—and 5 PMW sounders in low-earth orbit. Without an
active source of radiation, PMW observations are informative of one or more atmospheric quantities via
their augmentation or diminution of the background emission from the Earth’s surface. Depending on the
frequency, the following basic atmospheric quantities either directly or indirectly impact the top-ofatmosphere radiation: surface wind speed, temperature and/or water vapor mixing ratios in a vertical
section of the atmosphere, total liquid water content, and total ice water content. Lower-frequency
observations are sensitive to liquid water content, while higher frequencies interact more with ice water
particles. With respect to liquid and ice water particle sensitivities, the same particle scattering physics
related to radar backscattering—notably the relationships with particle sizes and water content—apply to
how these hydrometeors interact with the background microwave radiation. Unfortunately, currently there
are no retrievals of instantaneous wind speeds from PMW radiometry, so the technology does not provide
a direct substitution for radar radial velocity observations of these hydrometeors.
Even so, PMW observations are highly informative of a TC, especially when considering
combinations of frequencies. For weak disturbances or TCs for which the circulation center does not
directly contribute to visible and infrared (IR) satellite radiances, PMW observations have direct
contributions from the columns of high liquid and ice water contents in the low- and mid-level
circulations respectively, and thereby PMW provides information on deep convective activity. For more
mature cyclones, PMW observations help to identify inner rain bands and secondary eyewalls which may
not be so obvious from cloud-top patterns from visible and IR radiances. Additionally, sensitivity to
temperature profiles at certain wavelengths informs on the temperature perturbations in TC warm cores
(e.g., Brueske and Velden 2003). Overall, PMW observations have some unique abilities in
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meteorological operations to characterize inner-core structures that foretell intensity changes (e.g., Alvey
et al. 2015, Harnos and Nesbitt 2016, Rozoff et al. 2015). While space-born radars are also capable—even
more-so than PMW—of observing many of these TC characteristics, PMW observations have the
aforementioned advantage of ubiquity for applications in operational meteorology. Therefore, we expect
societally-relevant improvements in TC model forecasts from the effective assimilation of precipitationaffected PMW observations (e.g., Haddad et al. 2015; Madhulatha et al. 2017; Yang et al. 2016).
I anticipated a capability to uniquely advance the science of PMW brightness temperature (BT)
observations data assimilation from two key factors: Fuqing Zhang’s group’s ongoing expertise with both
the fundamentals and engineering of the ensemble Kalman filter, and the diversity of expertise in the
Department of Meteorology and Atmospheric Science at The Pennsylvania State University. The latter
becomes crucial to achieving the success we made, as we soon found that PMW BT assimilation would
require expertise in more than just data assimilation. This relates to issues with forward modeling, i.e.,
transformations from model state space to observations, or, put another way, what the measurements
would be if the instrument was observing the atmosphere described in the model. The most significant
issues related to representations of ice clouds and precipitation in WRF and in our forward model, the
Community Radiative Transfer Model (CRTM; Han et al. 2006). In our preliminary investigations
simulated PMW BT observations were, to varying extent, significantly different from observations. From
our experience in data assimilation, we realized at this early stage that these issues with the CRTM
forward model would need to be resolved before any serious attempts at data assimilation would be
fruitful.
Chapter 2 of this dissertation describes the development of a new paradigm for specifying
absorption and scattering by clouds and precipitation in the CRTM. The paradigm ensures that CRTM
applies particle scattering and absorption properties that are consistent with the particle size distributions
and particle properties produced by the underlying microphysics schemes. I surmised that this consistency
between the microphysics schemes and subsequent radiation calculations was important for the EnKF

5
ensemble members to produce proper covariances between the PMW BTs and other model state
variables.
However, to a fair amount of disappointment, the simulated BTs resulting from the work in
Chapter 2 were also not matching well to observations. In Chapter 3, we investigated using non-spherical
particle properties—instead of the spherical particle properties implied by the microphysics schemes—in
modeling the absorption and scattering by cloud and precipitation particles. We found great variation in
CRTM BTs between the use of different particle types, and one particle shape in particular brought the
simulations fairly well in-line with a particularly important characteristic of the PMW observations.
With satisfactory results from the PMW BT forward model, we pursued the first data assimilation
experiments using PMW observations, some of which are described in Chapter 4. The results show
potential for improving TC analyses and forecasts, though also uncovering questions regarding optimal
sampling methods and some new concerns with radiative transfer.
Chapter 5 concludes this dissertation with potentially fruitful avenues of continued research and
development, owing much to the groundwork and technologies forming the basis of this thesis.
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Chapter 2

Comparison of Using Distribution-specific versus Effective Radius Methods for
Hydrometeor Single-scattering Properties for All-sky Microwave Satellite Radiance
Simulations with Different Microphysics Parameterization Schemes
The following chapter was published online on 6 July 2017 in the Journal of Geophysical Research:
Atmospheres of the American Geophysical Union (AGU). The full AGU reference for the article is
Sieron, S. B., E. E. Clothiaux, F. Zhang, Y. Lu, and J. A. Otkin (2017), Comparison of using
distribution-specific versus effective radius methods for hydrometeor single-scattering properties
for all-sky microwave satellite radiance simulations with different microphysics parameterization
schemes, J. Geophys. Res. Atmos., 122, 7027–7046, doi:10.1002/2017JD026494.

I am the lead author, with co-authors Eugene E. Clothiaux, Fuqing Zhang, Yinghui Lu, and Jason A. Otkin.
I generated the results used in this paper and I wrote the paper with my co-authors providing
recommendations to improve it. Its contents are used here with permission from the journal.

The Community Radiative Transfer Model (CRTM) presently uses one lookup table (LUT) of
cloud and precipitation single-scattering properties at microwave frequencies, with which any particle size
distribution may interface via effective radius. This may produce scattering properties insufficiently
representative of the model output if the microphysics parameterization scheme particle size distribution
mismatches that assumed in constructing the LUT, such as one being exponential and the other
monodisperse, or assuming different particle bulk densities. The CRTM also assigns a 5-µm effective radius
to all non-precipitating clouds, an additional inconsistency. Brightness temperatures are calculated from 3hour convection-permitting simulations of Hurricane Karl (2010) by the Weather Research and Forecasting
model; each simulation uses one of three different microphysics schemes. For each microphysics scheme,
a consistent cloud scattering LUT is constructed; the use of these LUTs produces differences in brightness
temperature fields that would be better for analyzing and constraining microphysics schemes than using the
CRTM LUT as-released. Other LUTs are constructed which contain one of the known microphysics-
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inconsistencies with the CRTM LUT as-released, such as the bulk density of graupel, but are otherwise
microphysics-consistent; differences in brightness temperature to using an entirely microphysics-consistent
LUT further indicate the significance of that inconsistency. The CRTM LUT as-released produces higher
brightness temperature than using microphysics-consistent LUTs. None of the LUTs can produce brightness
temperatures that can match well to observations at all frequencies, which is likely due in part to the use of
spherical particle scattering.

Introduction
Satellite-borne passive microwave radiometers provide observations rich in meteorological
information. Collections of frequencies close to maximum absorption and emission by oxygen and water
vapor, called atmospheric sounding channels, are informative of the vertical profile of temperature and
moisture, respectively; assimilation of these observations have been among the most impactful in reducing
errors in global forecasts (e.g., Zhu and Gelaro 2008). Imaging channels occur at frequencies away from
those with strong absorption and emission by gases. Measurements at these frequencies are more
informative of the surface and hydrometeors, providing information on the integrated mass, phase and
particle sizes in clouds and precipitation. There is growing interest in passive microwave observations for
direct assimilation in numerical weather prediction (NWP) at regional (e.g., Zhang et al. 2013, Shen and
Min 2015, Bao et al. 2015) and global scales (e.g., Kazumori et al. 2016, Zhu et al. 2012, Geer and Bauer
2011), and signal-based NWP model evaluation (e.g., Wiedner et al. 2004, Meirold-Mautner et al. 2007,
Matsui et al. 2009, Han et al. 2013, Hashino et al. 2013).
These applications of satellite brightness temperature observations require a radiative transfer
model as (at least) a forward/observation operator to calculate the radiance produced by the simulated
atmospheric state variables, including hydrometer species, from a NWP model. The Community Radiative
Transfer Model (CRTM; Han et al. 2006), a product of the Joint Center for Satellite Data Assimilation
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(JCSDA), is a one-dimensional plane-parallel homogeneous radiative transfer solver with tangent-linear
and adjoint models. In the CRTM, an instance of a specific hydrometeor species is specified by the
atmospheric layer(s) in which it is located, its water content (kilograms per square meter of atmosphere),
and for precipitation species—rain, snow, graupel and hail—the effective radius of the comprising
collection of hydrometeors. The specific (per-mass) absorption and scattering properties of the various
hydrometeor species are contained in lookup tables (LUTs) having microwave frequency, effective radius,
and, for liquid species, temperature as its dimensions. The precipitation species differ from each other either
in phase (e.g., rain is liquid) or particle bulk density.
Implicit to the CRTM as-released is that particular size distributions of particles of the specified
bulk density, with associated values of effective radius, were used in calculating the single-scattering
property values in the LUT. However, neither the CRTM support literature nor source code specify what
particle size distributions were used.
It is also not specified how the effective radius, 𝑟𝑒𝑓𝑓 , relates to these particle size distributions.
However, the definition of effective radius accepted by the radiative transfer community is the ratio of the
third and second moments of the particle size distribution, 𝑁:
𝑟𝑒𝑓𝑓 =

∫ 𝑟 3 𝑁(𝑟)𝑑𝑟
.
∫ 𝑟 2 𝑁(𝑟)𝑑𝑟

The derivation of this effective radius definition can be found in Hansen and Travis (1974).
Effective radius is conceptualized as the “mean radius for scattering,” and the relationship between particle
size and magnitude of scattering (i.e., scattering cross section) is taken to be related to the physical cross
sectional area of the particle. This relationship is a simple yet generally valid description for particles much
larger than the wavelength of the radiation, i.e., in the geometric optics limit. At the opposite extreme—
particles of maximum dimension much smaller than the wavelength—the magnitude of scattering relates
to the square of the particle mass, i.e., in the Rayleigh scattering regime.
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Table 2.1: Scattering optical depths and brightness temperatures output from CRTM simulations with the
same water content, effective radius, and particle properties but with different particle size distributions.
The CRTM is configured to simulate the 91.665 GHz horizontal polarization channel of the SSMIS aboard
satellite DCSP-16. The particle used is an ice sphere with bulk density 500 kg m-3. The exponential particle
size distribution is for WSM6 graupel, for which the intercept parameter 𝑁0 [𝑚−3 𝑚−1 ] = 4.0 × 106 . The
specified water content is applied to every level with temperature less than 263.15 K and pressure greater
than 50 hPA (roughly 7.5 km to 20 km), and is the only cloud or precipitation in the CRTM profile. The
other attributes of the profile (temperature, pressure) were taken from the outer region of a tropical cyclone
in a WRF simulation, and the surface is ocean.
Monodisperse

Exponential

Effective Water
Radius
Content
(microns) (g m-3)

Scattering Brightness
Optical
Temperature
Depth
(K)

Scattering Brightness
Optical
Temperature
Depth
(K)

0

0

0

0

103.7

1.15 x 10-4 4.03 x 10-6 272.96

1.74 x 10-5 272.96

184.3

1.15 x 10-3 2.24 x 10-4 272.91

8.79 x 10-4 272.79

327.8

1.15 x 10-2 1.21 x 10-2 270.57

3.49 x 10-2 267.94

582.9

1.15 x 10-1 5.54 x 10-1 204.09

1.00 x 10+0 200.35

1037

1.15 x 10+0 1.16 x 10+1 75.57

2.05 x 10+1 74.74

276.18

276.18

For distributions of either cloud or precipitation particles, the geometrical optics limit for scattering
is not entirely appropriate for any microwave wavelength. The most commonly used satellite-borne passive
microwave radiometer wavelengths for meteorological purposes range from 30 mm to 1.5 mm, or
frequencies 10 GHz to 200 GHz. Small precipitation particles and most cloud particles are much smaller
than these wavelengths, while the sizes of the larger hydrometeors are close to, perhaps greater than, these
wavelengths. Under these circumstances, effective radius—or any method of interfacing to a single LUT—
is likely ineffective at its supposed intent of correctly predicting the magnitude of scattering universally for
all kinds of cloud and precipitation particle size distributions.
Consider the results of CRTM simulations in Table 2.1 in which different size distributions of ice
spheres of identical bulk density with identical total water content and effective radius produce significantly
different scattering optical depths and some differences in brightness temperature. Similar circumstances

10
exist for ice cloud particles and IR radiation; Baran et al. (2014, 2016) have demonstrated improvement in
modeled shortwave and longwave fluxes by directly coupling particle size distributions to scattering
properties instead of parameterizing this relationship via effective radius.
For data assimilation and model evaluation, particle size distributions of interest are those used by
a microphysics scheme within a NWP model. Microphysics schemes are used to describe the movement of
atmospheric water between vapor and various species of clouds and precipitation. A bulk microphysics
parameterization scheme will use a fixed form of particle size distribution for each species and predict one
or more moments of the distribution. Different microphysics schemes make different assumptions on the
particle properties and size distributions, or predict different quantities of the distribution. These differences
between schemes can cause instances of the same species label (e.g., “graupel”) to have the same water
content, or even the same effective radius, but different size distributions and scattering properties.
If certain assumptions on the size distributions and particle properties, e.g., form of the particle size
distribution or particle bulk density, made by a microphysics scheme do not match those used in
constructing the CRTM scattering property LUT, then the CRTM would incorrectly express the scattering
properties of the clouds and precipitation produced by that microphysics scheme. While much is not
known about the scattering property LUT in the current CRTM (version 2.1.3), there are some
known inconsistencies between it and the microphysics schemes used in this study. Two inconsistencies
relate to the lack of universality of a single LUT: the bulk density of graupel in the current CRTM is
inconsistent with one scheme, and two schemes use a monodisperse distribution for the liquid and ice cloud
species while the third scheme uses gamma and exponential, respectively. (The single LUT in the current
CRTM is assuredly inconsistent with at least one or the other of these schemes.) The nature of the latter of
these two inconsistencies—exponential versus monodisperse particle size distribution—is not investigated
beyond the experiment for producing Table 2.1. Instead, we investigate a known inconsistency between the
current CRTM and all three microphysics schemes: the CRTM fixes ice cloud effective radii at 5 µm.
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We modified the forward model of the CRTM (version 2.1.3) such that the single-scattering
properties of hydrometeor species are exactly consistent with the particle size distributions and particle
properties as specified by a microphysics parameterization scheme. Results of simulations using three
microphysics schemes implemented in the Weather Research and Forecasting (WRF) model (Skamarock
et al. 2008) are presented. The development of the primary method, “Distribution-Specific”, for
implementing microphysics scheme consistency is outlined in Section 2. Section 3 describes the case study
for testing the concept. Results from both the unmodified and modified CRTM are analyzed in Section 4.
In Section 5, we discuss the suitability of the unmodified and distribution specific CRTM for different
applications, and possible future advancements in specifying cloud scattering properties.

Methodology
To obtain cloud and precipitation single-scattering properties that are consistent with a given
particle size distribution and set of properties (i.e., ice bulk densities and liquid temperatures), one must
integrate the single-scattering properties over the particle size distribution. To date, we have created support
for the following microphysics parameterization schemes available in WRF model version 3.6.1
(Skamarock et al. 2008): WRF Single-Moment 6-Class (WSM6; Dudhia et al. 2008), Goddard (singlemoment; Lang et al. 2007) and Morrison (double-moment; Morrison et al. 2009).

Microphysics scheme details
We identified the underlying parametric representation, and any explicit value ranges of the
parameters, for the number, sizes and bulk densities of particles for each microphysics scheme.
The precipitation species in WSM6 and Goddard have a gamma particle size distribution with a
shape parameter 0, also called an exponential particle size distribution:
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𝑁(𝐷) = 𝑁0 𝑒 −𝜆𝐷 .
𝜋𝜌𝑁0 1⁄4
) ,
𝑎𝑞

The intercept parameter is 𝑁0 , and the slope parameter is 𝜆[𝑚−1 ] = ( 𝜌

where 𝜌 is the

particle density, 𝜌𝑎 is the air density, and 𝑞 is the mass mixing ratio (𝜌𝑎 𝑞 is water content, mass of
hydrometeor per volume of air). Particle (bulk) density varies with the ice species, e.g., graupel has a higher
density than snow. With the particle density and intercept parameter set constant, the scattering and
absorption coefficients for the species depend only on the water content; however, snow in WSM6 also has
a temperature-dependent intercept parameter.
In the Morrison scheme (as implemented in this study), all species but cloud water have two
𝜋𝜌𝑁 1⁄3
)
𝑞

moments of an exponential particle size distribution (with 𝜆[𝑚−1 ] = (

and 𝑁0 [𝑘𝑔−1 𝑚−1 ] = 𝑁𝜆)

predicted: mass mixing ratio, 𝑞, and number concentration, 𝑁. Both variables impact the scattering
properties of a given instance of the species.
The monodisperse cloud species come in greater variety of parametric representations, from having
a fixed particle size (e.g., liquid cloud in Goddard), to having the particle size, number concentration, and
sphere-equivalent bulk density all vary with water content (e.g., ice cloud in WSM6).
Except for ice cloud in WSM6, the size distributions of all hydrometeor species imply that the
particles have the size-mass ratio consistent with a sphere, that is, 𝑀 ∝ 𝜌𝐷 3 . See Appendix A for additional
details on the specifications of the microphysics schemes used in this study, including cloud water in
Morrison.

Particle scattering properties
Building microphysics-scheme consistent cloud single-scattering properties requires integration of
individual particle scattering properties over the specified size distributions. The CRTM single-scattering
lookup table (LUT) as released only provides properties averaged over (unknown) particle size

13
distributions, not of individual particles. Furthermore, there is no information provided on the source or
method for computing scattering properties contained in the CRTM LUT. Therefore, an independent source
of particle single-scattering properties is required to construct single-scattering properties consistent with
the microphysics schemes.
All species of the three microphysics schemes that we investigated (except for cloud ice in WSM6)
have a particle size distribution formulated using a spherical particle mass-size relationship and provide no
information on particle inhomogeneity. In order to be consistent with both the particle size distribution and
the mass distribution of the species as specified by the microphysics scheme, the particles used in
calculating scattering properties need to be spheres as well. Additionally, consistency with the CRTM LUT
as-released in this matter is desirable when comparing brightness temperatures, and it was presumably
created using spheres: it is likely to have been created at least several years ago, and it specifies a single
particle bulk density for each ice species. We calculated the single-scattering properties of these spheres
using a code based on Mie theory (Bohren and Huffman 1983), and used the Maxwell-Garnett mixing
formula to estimate the dielectric constant of ice with different bulk densities, treating ice as the inclusion
and air as the matrix. The suitability of Mie theory and spherical-particle scattering in this application is
discussed in Section 5.
At each of 38 microwave frequencies (matching the frequencies used in the CRTM LUT), we
calculated single-scattering properties for sphere diameters ranging from 2 µm to 20000 µm in steps of 2
µm. For the liquid species, we repeated these calculations with particle temperatures ranging from 263.16
K to 303.16 K in 10 K steps (again matching the CRTM microwave LUT) to account for variation in
dielectric constant (Turner et al. 2016). One temperature (273.15 K) for ice scattering calculations is
sufficient for the database in this study because the CRTM as-released has temperature-independent
microwave scattering LUT for ice species. For the ice spheres, we repeated these calculations with bulk
densities ranging from 1 kg m-3 to 920 kg m-3 in 1 kg m-3 steps. (WSM6 specifies ice cloud particles to have
continually-varying sphere-equivalent bulk density with water content.) In addition to calculating scattering
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and absorption cross sections, 𝜎𝑠 (𝐷) and 𝜎𝑎 (𝐷), and asymmetry parameters, 𝑔(𝐷), we used the Mie
computations to calculate the scattering phase function at 0.1º resolution, which is then decomposed into a
smaller set of Legendre polynomial coefficients.

Cloud scattering properties for CRTM-DS
After obtaining the prerequisite microphysics scheme information and sphere scattering data, the
microphysics scheme particle property and size distribution information were applied in the construction
of hydrometeor species single-scattering property LUTs. First, we created a parameter space of the
hydrometeor properties (water content and particle number concentration) and atmospheric properties
(temperature) relevant to the scattering and absorption properties of each species of each microphysics
scheme. (Bulk density is also relevant to single-scattering properties but is either fixed or entirely dependent
on water content.) We determined lower- and upper-bounds for each parameter and discretized the
parameter space. At each location in the parameter space of a species, we calculated single-scattering
properties of the specified by integrating across the specified particle size distribution, 𝑁(𝐷). The scattering
and absorption cross sections, 𝜎𝑠 (𝐷) and 𝜎𝑎 (𝐷), and asymmetry parameters, 𝑔(𝐷), of the specified particle
properties are used to calculate scattering and absorption coefficients,
∞

𝛽𝑠 = ∫ 𝜎𝑠 (𝐷) 𝑁(𝐷)𝑑𝐷,
0
∞

𝛽𝑎 = ∫ 𝜎𝑎 (𝐷) 𝑁(𝐷)𝑑𝐷,
0

and cloud asymmetry parameter,
∞

1
𝑔 = ∫ 𝑔(𝐷)𝜎𝑠 (𝐷) 𝑁(𝐷)𝑑𝐷.
𝛽𝑠
0

15
Similarly, the scattering phase function Legendre polynomial coefficients are computed from individual
particle results:
1

∞

𝐿𝑁 = 𝛽 ∫0 𝐿𝑁 (𝐷)𝜎𝑠 (𝐷) 𝑁(𝐷)𝑑𝐷,
𝑠

where 𝐿𝑁 is the Legendre order index 𝑁. In this application, the numerical integration was truncated to
spheres of diameters of 2 µm to 20000 µm, and discretized by 2 µm. Figure 2.1 graphically demonstrates
this numerical integration process, though at much lower resolution than the 2-µm diameter spacing used
here. This numerical integration was repeated for each microwave frequency and for each of the five liquid
temperatures.
For each microphysics scheme, the LUTs of all species were compiled into a binary file for use by
the CRTM. Additionally, the CRTM LUTs contain extension coefficients and single-scattering albedos
instead of scattering and absorption coefficients. Modifications to the CRTM were required to support the
new LUTs due to the addition and removal of certain variables as dimensions.
The procedural changes for using the modified CRTM were to specify cloud mass by mixing ratio
(instead of water content), the depths (meters) of atmospheric layers, the cloud number concentration for
instances of double-moment species, and, of course, to not specify cloud effective radius. Mixing ratio was
chosen as the mass variable for convenience to the user because it is the microphysics variable contained
in the WRF output files. The depth of layers is necessary—along with air density, which is calculated by
the modified CRTM—to convert mixing ratio into layer water content for the hydrometeor radiative
property calculations.
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Figure 2.1: A sample relationship between mass scattering coefficients, mass absorption coefficients, and
particle mass distribution, and a sample discretization for integration. Mass scattering and absorption
coefficients are for ice spheres of bulk density 500 kg m-3 at 91.665 GHz; particle mass distribution is for
WSM6 graupel with water content 1.24 g m-3. The locations of bin edges and centers are for 32 bins spaced
logarithmically. The grey shading beneath the particle mass distribution and between two adjacent bin edges
represents the mass per unit volume of the corresponding bin. The red stars along the bin center at the mass
scattering and absorption coefficient lines represent the values of these quantities applicable for the bin.
We refer to this implementation of CRTM with microphysics-consistent radiative properties as
CRTM Distribution-Specific (CRTM-DS). The standard CRTM with hydrometeor single-scattering
properties based on effective radius will be referred to as CRTM-RE.

Test Case
We applied both CRTM-RE and CRTM-DS to the output of Weather Research and Forecasting
(WRF) simulations. Hurricane Karl (2010) simulations were initialized at 21 UTC on 16 September from
an EnKF analysis assimilating airborne Doppler radar observations as presented in Melhauser et al. (2017)
following the methodologies developed in Zhang and Weng (2015) and Weng and Zhang (2012). The WRF
simulations differed only in microphysics scheme: WSM6, Goddard or Morrison. These simulations used
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Figure 2.2: CRTM-RE simulations (left column) after (approximate) satellite beam convolution and (right
column) at native WRF resolution. The vertical profiles of mixing ratio and effective radius at the location
centered in the small black box overlaying the plots in the right column are shown in (c) and (d),
respectively.
four two-nested domains with grid spacing of 27 km, 9 km, 3 km and 1 km; here, we consider only the 3hour forecast (valid 00 UTC 17 September) for the 3-km domain.
For this study, the CRTM is configured to simulate the Special Sensor Microwave Imager/Sounder
(SSMIS) aboard satellite DMSP-16 with a view zenith angle set to 53.1°. The FASTEM5 sea surface
emissivity model is used, along with the Successive Order of Interaction solver (Greenwald et al. 2004),
which yielded comparable results to the Advanced Double Adding solver (Liu and Weng 2006). Because
built-in estimation of the appropriate number of streams in the CRTM is based on the effective radius, a
quantity which CRTM-DS does not use, we set the CRTM to use 16+2 streams for all profiles.
The CRTM was run at the native WRF 3-km resolution, and the brightness temperatures were
mapped to the locations of F16 SSMIS observations of Hurricane Karl valid at 0117 UTC 17 September.
This mapping approximated satellite beam convolution, as we calculated a weighted mean of the CRTM
simulated brightness temperatures near the observation location using the average of the cross- and alongtrack effective fields of view as the -3 dB width (1.18σ) of a two- dimensional Gaussian weighting function
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(Bennartz 2000). Figure 2.2 contains plots of mapped brightness temperatures adjacent to plots of
brightness temperatures at the native WRF grid spacing (3 km) for comparison.
Summary statistics for different CRTM simulations were calculated in a smaller area than the
entire domain, chosen to contain the primary cloud and precipitation shield of the hurricane and exclude
much of the area with clear air, the far outer rain bands of the hurricane, and convection unrelated to the
hurricane. This area is enclosed by 18.0° N to 21.5° N and 96.0° W to 92.5° W.

Results

CRTM-DS and CRTM-RE
The brightness temperatures from using the CRTM with microphysics-consistent radiative
properties (CRTM-DS) are illustrated in Figure 2.3, while those obtained from CRTM-RE are illustrated in
Figure 2.4. These and other figures with a focus on simulated brightness temperatures also include plots of
F16 SSMIS observations of the hurricane valid at 0117 UTC September 17, which are provided to indicate
the fidelity of the simulations. Table 2.2 (upper-half) contains average errors of CRTM-RE brightness
temperatures relative to the CRTM-DS simulation. Comparison of simulated brightness temperatures to
observations (lower-half of Table 2.2) are reserved for the Discussion.
A sample of vertical profiles of mass mixing ratio and effective radius for each species from the
WSM6 simulation is provided in Figure 2.2. The effective radius of a species with an exponential particle
size distribution is a factor of 3 larger than the mean particle radius, which is half the inverse of the slope
𝜋𝜌𝑁0 1⁄4
) .
𝑎𝑞

parameter, 𝜆[𝑚−1 ] = ( 𝜌

For monodisperse clouds, effective radius is equal to the particle radius.

Note again that CRTM-RE fixes the effective radius of all liquid and ice clouds to just 5 μm; the varying
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Figure 2.3: (columns 1-3) Outputs of CRTM-DS (microphysics-consistent hydrometeor scattering
properties) from WRF simulations and (column 4) SSMIS observations of Hurricane Karl valid at 0000
UTC and 0117 UTC, respectively, on 17 September. The microphysics schemes used in the WRF
simulations are (1) WSM6, (2) Goddard, and (3) Morrison.
effective radii of the monodisperse liquid and ice clouds in WSM6 shown in Figure 2.2 are expressed only
by CRTM-DS. CRTM-RE simulated brightness temperatures are, on average, higher at all frequencies and
for all microphysics schemes than those obtained with CRTM-DS: 1.9 K at 19.35H (19.35 GHz at
horizontal polarization), 9.1 K at 37H, 19.4 K at 91.655H, and 19.0 K at 183.31±6.6H. Figure 2.5
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Figure 2.4: Same as Figure 2.3 but using CRTM as-released. Values of effective radius for all species but
liquid and ice cloud are the ratio of third and second moments of the particle size distribution specified for
each species by the respective microphysics scheme (CRTM-RE).
(left and middle) demonstrates that single-scattering properties in CRTM-RE are substantially different to
those we calculated to be consistent with the microphysics schemes and with the same effective radius. It
may seem counterintuitive that the CRTM-RE lookup table (LUT) should have greater values of scattering
coefficients than the CRTM-DS LUTs, yet produce higher brightness temperatures, at a high frequency
(91.665H) for which the radiance produced by precipitation is reduced by ice particle scattering at higher
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Figure 2.5: Comparing species properties between as-released and distribution-specific lookup tables.
Asymmetry parameter (g), absorption coefficient [m2 kg-1] and scattering coefficient [m2 kg-1] values from
the as-released lookup table and distribution-specific lookup tables for (left) snow and (middle) graupel.
All three schemes produce the same values for snow, but WSM6 has a different graupel bulk density than
Goddard and Morrison (G/M). Scattering phase function of 1000-μm effective radius snow (right) from
the as-released lookup table (black) and distribution-specific lookup tables (blue).
altitudes. However, the CRTM-RE LUT has greater values of asymmetry parameter, so not as much
upwelling radiation gets scattered away from the path of the sensor or back down towards Earth. To this
point, Figure 2.5 (right) compares CRTM-RE and CRTM-DS scattering phase functions for snow with the
same effective radius. CRTM-RE scattering phase function represents significantly more forward
scattering. The CRTM-RE LUT also has several times lower absorption coefficients.
We reran CRTM-RE and CRTM-DS at 91.655H for all three schemes but limiting cloud and
precipitation input to only the liquid species—liquid cloud and rain—and one type of frozen hydrometeor—
ice cloud, snow or graupel; the differences relative to the brightness temperatures resulting from having
only liquid cloud and rain for each simulation are shown in Figure 2.6. This experiment indicates the role
of each ice species in augmenting (reducing) brightness temperatures at a high frequency. The CRTM-RE
ice cloud experiment has nearly equivalent results to using just liquid species because the small water
contents of ice clouds and imposed 5-μm effective radius result in the clouds being nearly transparent. For
the CRTM-DS ice cloud experiments, only the Goddard scheme, which produced the largest ice cloud
particles among the three schemes, has appreciable brightness temperature depressions at 91.655H. The
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Figure 2.6: Difference in 91.665 GHz brightness temperatures between using only cloud liquid and rain,
and the further addition of either a) ice cloud, b) snow, or c) graupel hydrometeor species.
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CRTM-RE simulations have brightness temperature depressions from snow and graupel, but for all
microphysics schemes the brightness temperatures that resulted from CRTM-DS are lower than those from
CRTM-RE. For any combination of CRTM method and hydrometeor species, the Goddard scheme
produced the lowest brightness temperatures among the three schemes. The storm area average brightness
temperatures were lower with graupel than snow for the WSM6 and Goddard scheme simulation results,
but lower with snow than graupel for Morrison scheme simulation results (even though graupel in Morrison,
like with other schemes, produced colder localized spots). Likewise, CRTM-RE and CRTM-DS
simulations are the most different from each other when graupel is simulated for WSM6 and Goddard, but
differ the most with snow for Morrison.

Modified CRTM-DS experiments
Additionally, the CRTM-DS system was used to test the significance on simulated brightness
temperatures of some assumptions in the CRTM-RE single-scattering property LUT that are known to be
inconsistent with one or more microphysics schemes. For these experiments, we constructed modified
CRTM-DS LUTs with a specific inconsistency to the microphysics scheme.

Graupel bulk density
The bulk density of graupel is 400 kg m-3 in CRTM-RE, which is consistent with graupel in the
Goddard and Morrison schemes, but in WSM6 graupel is 500 kg m-3. Particles of different bulk densities
but same mass or size have different scattering properties. Also, bulk density is a component in the slope
parameter of the exponential particle size distribution for graupel in WSM6.
To test this single inconsistency within CRTM-RE in isolation of other inconsistencies, we
modified the CRTM-DS LUT for WSM6 so that the bulk density of graupel was set to 400 kg m-3. This
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Figure 2.7: WSM6 CRTM-DS using (left) the scheme-consistent 500 kg m-3 bulk density of graupel and
(center) 400 kg m-3 bulk density of graupel. (right) 400 kg m-3 minus 500 kg m-3 CRTM-DS brightness
temperatures.
change results in a given water content of graupel to be composed of a greater number of particles with a
greater mass-weighted average size.
Figure 2.7 shows the brightness temperatures from using the correct and modified WSM6 CRTMDS LUT, and Table 2.2 (upper-half) contains summary statistics. The experiment with the less-dense
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Table 2.2: Average error of CRTM simulated brightness temperatures (in Kelvin) for the respective
microphysics scheme relative to the CRTM-DS simulated brightness temperatures and (bottom) CRTMRE and CRTM-DS simulated brightness temperature errors relative to observations by SSMIS aboard
satellite DMSP-16.
Frequency (GHz) &
Polarization

WSM6

19.35 H

183.31 +/91.655 H 6.6 H

37 H

RE

0.5

7.1

17.6

15.9

DS-5µmCi

0.0

0.0

0.1

0.5

DS-400Gp

0.2

0.8

2.5

2.0

RE

3.7

13.7

26.4

28.1

DS-5µmCi

2.5

3.7

6.1

12.1

RE

1.6

6.5

14.2

13.2

DS-5µmCi

0.0

0.0

0.1

1.6

RE

-2.4

0.1

4.6

18.2

DS

-2.8

-7.2

-13.0

2.3

RE

0.3

0.3

-2.0

12.8

DS

-3.5

-13.4

-28.4

-15.2

RE

0.2

-0.8

3.8

17.0

DS

-1.4

-7.3

-10.4

3.8

Goddard
Morrison

WSM6
Goddard
Morrison

graupel (400 kg m-3) produced higher brightness temperatures; for example, most of the cloud shield is at
least 6 K warmer at 91.655H.

Ice cloud particle size
In CRTM-RE, all liquid and ice clouds are assigned an effective radius of 5 μm, and ice clouds
have a bulk density of 900 kg m-3 (equivalent to that of hail). In contrast, the ice cloud particles produced
by all three microphysics schemes are of different bulk density, and some are large enough to have the
capability of scattering significant amounts of microwave radiation: effective radii are as high as 250 μm
in WSM6 (monodisperse; hard limit), 1050 μm in Morrison (double-moment exponential; hard limit), and
greater than 3000 μm in Goddard (monodisperse).
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We constructed modified CRTM-DS LUTs for each microphysics scheme, labeled CRTM-DS5μmCi, in which the consistent ice cloud scattering properties are replaced with those for monodisperse ice
spheres of 5-μm radius having a bulk density of 900 kg m-3, and compared the resulting brightness
temperatures with those from CRTM-DS simulations. (For such a low value of effective radius, the choice
of particle size distribution is inconsequential to the resulting brightness temperature.) Note that there are
discrepancies in liquid cloud particle sizes between CRTM-RE and the microphysics schemes but they are
much smaller than the ice cloud discrepancies so were not investigated.
Figure 2.8 shows the differences in simulated brightness temperatures between the CRTM-DS5μmCi and CRTM-DS experiments, and Table 2.2 (upper-half) contains summary statistics. As expected,
the scheme producing the largest ice cloud particles, the Goddard scheme, had the greatest differences in
brightness temperature from CRTM-DS. The extensive area of ice cloud scattering to the south and west
of the hurricane at all frequencies (though not readily apparent at 19.35H) diminished resulting in
significant increases in brightness temperature relative to CRTM-DS. Furthermore, in the area of highest
19.35H brightness temperatures near the core of the hurricane brightness temperatures also increased. The
Morrison scheme also warmed slightly at 183.31±6.6H, as did WSM6 (though by less than 5 K at all
locations). For CRTM-DS-5μmCi, the Goddard scheme remained the coldest of the three schemes,
despite having warmed the most relative to CRTM-DS.
The average of the root mean square differences of the brightness temperatures between schemes
across all frequencies when using CRTM-DS-5μmCi is 13.7 K, which is substantially less than the 16.2 K
obtained for CRTM-DS. That is, making the ice cloud scattering properties uniform between schemes
(and much closer to the extreme values in CRTM-RE) reduced the brightness temperature differences
between the microphysics scheme results. However, these differences are still substantially greater than
the differences between the schemes when applying CRTM-RE to their outputs (9.4 K).
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Figure 2.8: Difference in brightness temperatures between the modified CRTM-DS in which the schemeconsistent ice cloud scattering properties are replaced by those for a 5-mm monodisperse ice cloud (CRTMDS-5μmCi) and CRTM-DS.

Concluding Remarks
In what follows we first summarize the differences between CRTM-RE and CRTM-DS and the
shortcomings of using scattering property LUTs based only on effective radius. Our findings, like those for
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many earlier studies, indicate potential problems in using spheres to represent the scattering properties of
non-spherical ice particles; in the last subsections of what follows we attempt to put our results into the
proper context of these earlier studies.

Summary of findings
The CRTM was modified to use cloud and precipitation single-scattering properties that are
consistent with the particle properties and size distributions as specified inside the WSM6, Goddard, and
Morrison microphysics parameterization schemes in the WRF model. The “Distribution-Specific” CRTM
(CRTM-DS) retains from the CRTM as-released the concept of using single-scattering lookup tables
(LUTs) for each hydrometeor species, but is different in that a uniquely consistent scattering LUT is
constructed for each microphysics scheme. A large set of Mie computations for spherical liquid and ice
particles with varying size, bulk density (ice), and temperature (liquid) at many frequencies across the
microwave spectrum provided the data for these LUTs.
With 3-hour, 3-km grid spacing WRF forecasts for Hurricane Karl (2010) using different
microphysics schemes as a test case, we computed brightness temperatures with CRTM-DS and with the
CRTM as-released using scheme-consistent cloud effective radii as inputs to it, which we refer to as CRTMRE. For Goddard, WSM6 and Morrison microphysics schemes, and at all frequencies, the CRTM-RE
brightness temperatures were substantially warmer than CRTM-DS brightness temperatures. The Goddard
scheme simulation produced the lowest brightness temperatures in every experiment. Depending on the
microphysics scheme, either snow or graupel is primarily responsible for brightness temperature
depressions across the hurricane at 91.655 GHz.
So little about the CRTM-RE LUT construction is known that the ultimate sources of the bias and
inconsistent cloud single-scattering properties cannot be determined. Even if our assumption that the
CRTM-RE LUT was generated from Mie computations is correct, possible inconsistencies with our
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methodology include the method for mixing ice and air within a soft sphere, the dielectric constants of ice
and water, the limits and resolution of the numerical integration over the particle size distribution, and the
source of scattering phase functions. The (implied) absorption coefficients of snow and graupel for all
effective radii in the CRTM-RE lookup table are lower than those for all particle sizes of corresponding
bulk density in our database; therefore, we know that ice particle absorption properties are inconsistent.
However, the decisions made in developing CRTM-DS LUTs were foremost motivated to be consistent
with CRTM-RE when known and possible (e.g., temperature-dependent liquid dielectric constants, no
temperature-dependent ice dielectric constants); otherwise, the development decisions made were believed
to produce equivalent or superior results to what is in the CRTM-RE LUTs for the purpose of microphysicsconsistency (e.g., modern values of ice and water dielectric constants, using an integration upper-limit
diameter as high as 20000 µm, and using scattering phase functions direct from Mie computations instead
of a parameterization). Of course, inconsistent particle size distributions are a possible source for discrepant
single-scattering properties, for which CRTM-DS is designed to address specifically.
Two specific inconsistencies between CRTM-RE and microphysics schemes—ice cloud particle
sizes and graupel bulk density—were investigated. A change in bulk density of graupel from 400 kg m-3 to
500 kg m-3 in the representation of graupel (exponential particle size distribution) single-scattering
properties caused differences in brightness temperatures of several Kelvin across much of the hurricane at
some frequencies. Doherty et al. (2007) also found sensitivity of brightness temperature to ice bulk density.
The 5-μm effective radius assumed for ice clouds in CRTM-RE was much less than the output of all
microphysics schemes, but replacing microphysics-consistent particle sizes and bulk densities resulted in
meaningfully higher brightness temperatures only for Goddard simulation at all tested frequencies and the
highest frequency for the Morrison simulation.
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Comparing to observations
CRTM-DS produced some unrealistically low brightness temperature fields, as evidenced by the
SSMIS observations of Hurricane Karl shown in this study (Figure 2.3; Table 2.2 lower-half). All
simulations at 37H (37 GHz horizontal polarization) and 91.665H were cold-biased. In contrast, 183.31H
generally had a warm bias. Future research will examine if this is a systematic bias through direct
comparisons of CRTM-DS simulated brightness temperatures with satellite observations for multiple
events under different environmental conditions. The low-biased brightness temperatures at imaging
frequencies close to 91.665H in CRTM-DS have been observed with other microphysics-consistent
hydrometeor scattering radiative transfer computed from WRF output (e.g., Han et al. 2013, Masunaga et
al. 2010) and other cloud-resolving models (e.g., Li et al. 2010, Matsui et al. 2016). Scheme-consistent
single-scattering properties is not a deliberate mechanism for impacting (reducing or amplifying)
simulation-observation bias, rather its primary motivation is to produce more meaningful correlations
between brightness temperatures and modeled atmospheric states. Accurate and consistent single-scattering
properties in radiative transfer would be crucial for attempting to validate or constrain microphysics
schemes with microwave (passive or active radar) observations (e.g., Wiedner et al. 2004, Meirold-Mautner
et al. 2007; Matsui et al. 2009, 2014, 2016; Han et al. 2013; Hashino et al. 2013; Li et al. 2010).
Significant biases between observed and simulated brightness temperatures in scenes containing
precipitation would be difficult to overcome in data assimilation procedures. If using CRTM-DS as the
observation operator, then perhaps the greatest challenge would be at 37.0H (see Figure 2.3b): in some
areas of active deep convection the simulated brightness temperatures are nearly as low as clear sky over
the ocean, and the highest brightness temperatures are at locations with some rain and only light to moderate
mixing ratios of snow and graupel. This is not a quasi-linear and one-to-one relationship between
precipitation intensity and brightness temperature that would seem necessary for developing physicallymeaningful statistical relationships for application in modern data assimilation techniques.

31
The many potential sources of inconsistencies contributing to the differences and biases in
brightness temperatures between CRTM-DS and observations include unrealistic microphysics scheme
mixing ratios, particle properties and particle size distributions. For example, the Goddard scheme produces
very massive (precipitation-sized) ice cloud particles, which impacts brightness temperatures at all
frequencies in a manner not consistent with observations. However, it may be suitable in at least certain
applications of microphysics-consistent radiative transfer to simply disregard such grossly inaccurate
particle properties, instead of working to remove their existence in the scheme and subsequent model
output, if the latter jeopardizes the evolution of seemingly reasonable water contents of precipitation
species.
The temperature of ice particles is another source of inconsistency. Temperature changes both the
imaginary and real parts of the dielectric constant. The CRTM as-released does not currently support a
temperature dimension in the scattering lookup tables for ice species. Likewise, CRTM-DS supports a
temperature dimension only for species with temperature-dependence in the particle size distribution,
namely WSM6 snow and Goddard cloud ice. We tested the sensitivity to ice temperature by assuming a
constant and very low ice temperature of 163.15 K. For this one case the absorption coefficients dropped
significantly, but brightness temperatures were relatively unchanged (not shown).

Spherical versus non-spherical particle scattering properties
Much research has been conducted at microwave wavelengths on the overall suitability of
approximating the complex shapes of real ice particles as spheres and applying Mie theory (e.g., Hong
2007, Liu 2008, Baran et al. 2011, Geer and Baordo 2014). The differences in the single-scattering
properties between spherical and real ice particles may be another major factor responsible for
(climatological) biases between simulated brightness temperatures from model output and observed
brightness temperatures. One concern with applying Mie theory to scattering for particle sizes larger than
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the wavelength is unrealistic treatment of resonances and the presence of features, e.g., halo peaks, in the
scattering phase functions. We observed these halo peaks in our exact Mie scattering phase function
computations for individual particles, but they smoothed out when integrating over an exponential particle
size distribution. However, integration does not remove persistent biases in forward versus backward
scattering and this likely leads to biases between modeled and observed brightness temperatures when using
spheres to represent the scattering properties of real, non-spherical particles (e.g., Olson et al. 2006, Kuo et
al. 2016).
Though CRTM-RE produced substantially higher brightness temperatures than CRTM-DS, it also
produced some unrealistic brightness temperature fields. All simulations at 183.31H were severely warm
biased, and 91.665H is generally somewhat warm-biased. This apparent inconsistency in scattering between
~37 GHz and ~183 GHz has been identified as a consequence of using spherical particle scattering,
regardless of bulk density and particle size distribution (Surussavadee and Staelin 2006, Geer and Baordo
2014); our CRTM-RE and CRTM-DS simulations offer further evidence towards this assertion.
The use of complex particle geometries instead of spheres for the single-scattering properties of ice
species would likely better represent the scattering of natural hydrometeors, and certain particle shapes may
reduce biases of CRTM-DS simulated brightness temperatures relative to observations. This approach is
on the forefront of atmospheric radiative transfer research within operational data assimilation (e.g., Geer
and Baordo 2014, Eriksson et al. 2015). However, Surussavadee and Staelin (2006) and Liu (2004) have
demonstrated that frequency-dependent adjustments to ice particle densities within the context of spherical
particle scattering can be used to remove observation to model brightness temperature biases. Honeyager
et al. (2016) showed that more realistic estimates of ice particle density within the context of spheroidal
particle scattering may also hold promise.
It is common among microphysics schemes, including the three tested here (except for ice cloud in
WSM6), that the distribution of mass among individual particles is described assuming that all
hydrometeors are spheres; however, some schemes, like Thompson (Thompson et al. 2008) and Milbrandt-
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Yau (Milbrandt and Yau 2005, Milbrandt et al. 2008), deviate from this simple assumption for snow. To
use particles having a mass-size relationship that differs from that specified by a microphysics scheme
(whether spherical or not) would naturally cause inconsistency with the scheme-specified number
concentration, particle sizes and/or particle masses. The implications of such a substitution within the
philosophy of microphysics-consistent radiative transfer is worthy of consideration.
As discussed in the Methodology, the use of spherical particle scattering in this study is appropriate,
where the CRTM-DS is used to explore sensitivities in radiative transfer to different representations of
cloud microphysics. Using spheres offers trivial and exact consistency with both the particle size and mass
distributions. It also matches the presumed construction method of the CRTM as-released LUT, thus
eliminating particle shape as a potential source of bias between CRTM-RE and CRTM-DS simulations.

Valued modifications to CRTM
Slant path construction, precise antenna pattern convolution, and ice temperature would be
necessary additions to the CRTM in order to rigorously compare simulated and observed brightness
temperatures in areas of precipitation, especially deep moist convection. For example, in the present
simulations, near vertical columns of high graupel mass associated with active convective cells led to
exceptionally low brightness temperatures at low-mid frequencies (e.g., 37.0 GHz). As demonstrated in the
approximate form implemented here, antenna pattern convolution works to diffuse smaller areas of very
low brightness temperature within the generally warm hurricane cloud field. In addition, a slant path
construction would spread the high amounts of graupel found in near vertical columns of deep moist
convection across many slant paths, so no single slant path would have as much scattering and as low a
brightness temperature as a vertical path centered on a cell of convection. Finally, the temperature of ice
changes its absorption and scattering properties, so this effect should be represented.
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Slant path construction, satellite antenna gain patterns and microphysics consistency are among the
features found in delta-Eddington two-stream satellite simulators such as Goddard Satellite Data Simulator
Unit (G-SDSU; Matsui et al. 2014, Masunaga et al. 2010). However, satellite simulators are exclusively
forward models; tangent-linear and adjoint models are important to users of the CRTM in variational data
assimilation systems. We attempted to make corresponding modifications to the existing CRTM tangentlinear and adjoint codes for CRTM-DS, but they have not been tested. It may be necessary to apply expertise
with the tangent linear and adjoint of specific microphysics schemes to produce satisfactory results.
It is also entirely possible to achieve microphysics consistency by constructing scattering LUTs
which interface by effective radius, but designed with and designated for specific particle properties and
size distributions. For example, all three schemes studied here may share a single effective-radius LUT for
snow (see Figure 2.5, left); the consequence of their differences in determining number concentration (see
Appendix A) is that snow of a given water content will differ in effective radius. This method could ease
development of tangent linear and adjoint models; the existing models may already be suitable. However,
CRTM-DS does not burden the user with calculating scheme-consistent effective radii in order to achieve
microphysics-consistency.
We developed a second method for building microphysics-scheme-consistent radiative properties
called Bin-Generalized (CRTM-BG). Instead of using scattering property LUTs of integrated particle size
distributions, this method utilizes scattering property LUTs of individual liquid and ice particles, and
integration over particle mass distributions is performed within the CRTM. The two primary merits of the
Bin-Generalized method are being a more intuitive method for supporting bin microphysics schemes, like
the 1-moment HUJI spectral bin model in WRF (Khain et al. 2004), and for any experiments in which bulk
densities or certain parameter values of particle size distributions (such as making a non-zero shape
parameter of a generalized gamma distribution) are not fixed spatially or temporally. As it now stands,
CRTM-BG has only a forward model.
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All of the modified versions of the CRTM discussed will be made available to the public for use.
We intend to work with the CRTM development community towards advancing future released versions of
CRTM that go beyond use of a single scattering property lookup table interfaced with effective radius.
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Chapter 3

Representing Precipitation Ice Species with both Spherical and Nonspherical
Particles for Radiative Transfer Modeling of Microphysics-consistent Cloud
Microwave Scattering Properties
The following chapter was published online on 13 April 2018 in the Journal of Advances in
Modeling Earth Systems of the American Geophysical Union (AGU). The full AGU reference for the article
is:
Sieron, S. B., Zhang, F., Clothiaux, E. E., Zhang, L. N., & Lu, Y. (2018). Representing
precipitation ice species with both spherical and nonspherical particles for radiative transfer
modeling of microphysics-consistent cloud microwave scattering properties. Journal of
Advances in Modeling Earth Systems, 10, 1011–1028. https://doi.org/10.1002/2017MS001226.
I am the lead author, with co-authors Fuqing Zhang, Eugene E. Clothiaux, Lily N. Zhang, and Yinghui Lu.
I generated the results used in this paper and I wrote the paper with my co-authors providing
recommendations to improve it. Its contents are used here with permission from the journal.

Cloud microwave scattering properties for the Community Radiative Transfer Model (CRTM) have
previously been created to be consistent with the particle size distributions specified by the WSM6 singlemoment microphysics scheme. Here, substitution of soft sphere scattering properties with non-spherical
particle scattering properties is explored in studies of Hurricane Karl (2010). A non-sphere replaces a sphere
of the same maximum dimension, and the number of particles of a given size is scaled by the ratio of the
sphere to non-sphere mass to keep the total mass of a given particle size unchanged. The replacement of
homogeneous soft sphere snow particles is necessary to resolve a highly evident issue in CRTM
simulations: precipitation-affected brightness temperatures are generally warmer at 183 GHz than at 91.7
GHz, whereas the reverse is seen in observations. Using sector snowflakes resolve this issue better than
using columns/plates, bullet rosettes, or dendrites. With sector snowflakes, both of these high frequencies
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have low simulated brightness temperatures compared to observations, providing a clear and consistent
suggestion that snow is being overproduced in the examined simulation using WSM6 microphysics.
Graupel causes cold biases at lower frequencies which can be reduced either by reducing graupel water
contents or replacing the microphysics-consistent spherical graupel particles with sector snowflakes.
However, soft spheres are likely the better physical representation of graupel particles. The hypotheses that
snow and graupel are overproduced in simulations using WSM6 microphysics shall be examined more
systematically in future studies through additional cases and ensemble data assimilation of all-sky
microwave radiance observations.

Introduction
Observations from passive microwave radiometers in low-Earth orbit provide valuable information
regarding tropical cyclone structure below cloud top. Brightness temperature measurements contain
information on temperature perturbations in the cyclone warm core (e.g., Brueske and Velden 2003), relate
to surface wind (e.g., Meissner et al. 2009), and inform on the amount and location of liquid and ice water
contents of clouds and precipitation (e.g., Alvey et al. 2015, Rozoff et al. 2015, Harnos and Nesbitt 2016,
Reul et al. 2017). The latter directly relate to latent heat release, the fundamental energy source for tropical
cyclones. Compared to other instruments deployed, satellite microwave radiometers take more
measurements across all tropical oceans that directly relate to tropical cyclone latent heat release. Thus,
effective assimilation of precipitation-affected passive microwave observations in the analyses of regionalscale tropical cyclone numerical models may lead to improvements in forecasts (e.g., Haddad et al. 2015,
Yang et al. 2016, Madhulatha et al. 2017).
Significant challenges in assimilating precipitation-affected brightness temperatures have involved
the use of a radiative transfer model as the observation operator, particularly the effects of ice scattering
(e.g., Kulie et al. 2010). In Section 2 (Sieron et al. 2017), microwave scattering lookup tables for clouds
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and precipitation for the Community Radiative Transfer Model (CRTM; Han et al. 2006) were constructed
to ensure that simulations are consistent with the respective particle properties (i.e., homogenous spheres)
and size distributions specified by the WRF 6-Species Single-Moment (WSM6; Dudhia et al. 2008),
Goddard (Lang et al. 2007) and Morrison (Morrison et al. 2009) microphysics schemes in the Weather
Research and Forecasting model (WRF; Skamarock et al. 2008). For the particle sizes, 𝐷, of the
precipitation species (rain, snow and graupel, which are responsible for most of the departures from clearsky brightness temperatures), all three schemes use a gamma distribution,
𝑁(𝐷)[m−3 m−1 ] = 𝑁0 𝐷 µ 𝑒 −𝜆𝐷 , with
𝜋𝜌𝑁0 𝛤(𝜇+1) 1⁄4
) ,
𝜌𝑎 𝑞

𝜆=(

𝑁𝜆𝜇+1

𝑁0 = 𝛤(𝜇+1),

and

(3.1a)
(3.1b)
(3.1c)

with the shape parameter 𝜇 = 0, otherwise known as an exponential distribution. Implicit to this specific
form of gamma distribution in models is the assumption that particle mass is proportional to the cube of its
size, or that particles are spheres with a bulk density, 𝜌, that is independent of particle size/mass. In WSM6,
graupel has a bulk density of 500 kg m-3, and snow 100 kg m-3. Thus, "distribution-specific" cloud scattering
properties for a given water content were calculated in Section 2 through integrating the product of the
microphysics particle size distribution and the scattering properties of homogeneous spheres of the specified
bulk density. Such "distribution-specific" look-up tables (CRTM-DS) improve upon consistency with a
microphysics scheme compared to the default approach of the CRTM (CRTM-RE) because clouds with
different particle size distributions but equal values of effective radii (ratio of the third and second moments
of the particle size distribution) can have different microwave scattering properties, and the bulk density of
an ice species in the microphysics scheme may not have corresponding entries in the lookup table (such as
with WSM6 graupel; see Section 2).
Differences in cloud scattering properties between the new CRTM-DS and existing CRTM-RE
look-up tables—perhaps due to inconsistencies in the particle size distribution between the microphysics
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and the CRTM-RE look-up table—result in much lower simulated brightness temperatures from the former
(see Section 2). But both approaches produced inconsistent brightness temperatures across several
frequencies as compared with observations. Specifically, the generally colder CRTM-DS simulations
resulted in a cold bias at frequencies 91.7 GHz and below, while the generally warmer CRTM-RE produced
a far more substantial warm bias at 183±7 GHz. Other studies using microphysics-consistent hydrometeor
scattering applied to WRF output (Masunaga et al. 2010, Han et al. 2013) and other cloud-resolving models
(e.g., Li et al. 2010, Matsui et al. 2016) have found cold biases at 91.7 GHz or other frequencies in the W
band.
Both the CRTM-DS and CRTM-RE approaches are implemented using spherical particles to
represent the scattering properties of ice species. While this is appropriate for a simulator of a microphysical
scheme that assumes spherical particles, it is possible—if not likely—that the inconsistencies by frequency
relative to observations seen in the CRTM-DS and CRTM-RE results are inherent to the use of spherical
particle scattering properties. Several studies have documented the shortcomings in using ice spheres in
estimating the optical properties of real ice particles, many of which are not spherical in shape (e.g., Hong
2007, Liu 2008, Baran et al. 2011, Geer and Baordo 2014). Eriksson et al. (2015) provide a comprehensive
investigation of the likely challenges with applying spherical and spheroidal particle scattering, even if bulk
density is not prescribed to a constant microphysics-specified value but is tuned by frequency (e.g., Liu
2004) or with different size particles (e.g., Hogan et al. 2012) in an effort to produce simulations in better
agreement with observations. For example, the simulations in Surussavadee and Staelin (2007), which use
spherical snow and graupel particles with tuned wavelength-dependent bulk densities, have a cold bias to
observations at 89 GHz and a slight warm bias at 183±7 GHz among scenes classified convective or
tropical.
In Geer and Baordo (2014), the RTTOV-SCATT radiative transfer model was modified to use nonspherical ice particles for snow (the only precipitation ice species in the model) instead of soft spheres, and
several habits were found to produce a better correspondence between observations and simulations from
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ECMWF 4D-Var global analyses; their development of precipitation-affected radiance assimilation has
continued (e.g., Kazumori et al. 2016). More recently, Galligani et al. (2017) applied the scattering
properties of non-spherical particles to soft spheres in the particle size distributions of a selection of WRF
microphysics schemes to compare simulations of South American thunderstorms.
In this work, non-spherical ice particle scattering properties are used to replace those from ice
spheres in microphysics-consistent cloud scattering property calculations in Community Radiative Transfer
Model (CRTM) microwave simulations of high-resolution tropical cyclone forecasts. Using non-spherical
particle representations of snow and graupel effectively relaxes, but does not wholly abandon, the simulator
ideals of strict consistency between the radiative transfer and the model microphysics scheme particle
properties including size distributions. Moreover, doing so will be shown to produce brightness
temperatures which are more consistent with observations across a greater range of microwave frequencies,
especially when allowing for adjustments—perhaps bias-correction—of precipitation ice water contents
that are possible with data assimilation.

Setup of Models
The WRF model was run to produce high-resolution forecasts of Hurricane Karl (2010) during
rapid intensification in the Bay of Campeche from 22 UTC 16 September to 15 UTC 17 September.
Following Section 2 (Sieron et al. 2017), the WRF simulations were initialized with an ensemble Kalman
filter analysis assimilating airborne Doppler radar radial velocity observations as presented in Melhauser et
al. (2017) with the methodologies developed in Zhang and Weng (2015) and Weng and Zhang (2012). The
WSM6 (Dudhia et al. 2008) microphysics scheme was used; the scheme has liquid cloud, rain, ice cloud,
snow and graupel hydrometeor species. Further description of the initial conditions and WRF
configurations are provided in Section 2.

47
The hourly output of the 3-km grid spacing domain served as input to the Community Radiative
Transfer Model (CRTM) with the Successive Order of Interactions solver (Greenwald et al. 2004) and 16+2
streams enabled for all profiles. First, brightness temperatures were simulated with cloud scattering
properties calculated using the particle properties (i.e., homogenous spheres) and size distributions specified
by the microphysics scheme (via CRTM-DS). Then brightness temperatures were simulated after replacing
the soft sphere scattering properties for either one or two of the precipitation ice species with those from
non-spherical particles (as described in the following paragraphs). The 3-km grid spaced simulated
brightness temperatures were convolved to the locations observed by the Defense Meteorological Satellite
Program (DMSP) F-16 SSMIS overpass at 0113 UTC 17 September using a simple symmetric Gaussian
weighting function (Bennartz 2000; see Section 2). The average effective field of view for SSMIS on a
DMSP satellite varies from about 57.7 km at 19.35 GHz to 14.4 km at 183.31 GHz.

Non-Spherical Particles
The database of non-spherical particle scattering properties developed by Liu (2008) was utilized.
This database includes absorption and scattering properties of five columns and plates, four rosettes, and
two snowflake models. Consistent with CRTM-DS look-up table construction, the scattering and absorption
properties of the database used here are valid at a temperature of 273.15 K; the CRTM otherwise models
cloud absorption and emission assuming cloud temperature is equal to the surrounding air temperature.
The associated database of aggregate particles (Nowell et al. 2013) was not considered because
scattering phase functions are not provided with this database at this time. Due to strong evidence of
multiple scattering in the CRTM simulations, the choice was made to use exact phase functions of particles
in calculating cloud scattering phase functions for these 16+2 stream simulations instead of applying a
parameterization (e.g., Liu and Weng 2006).
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This study explores the use of non-spherical particle shapes to represent the scattering properties
of snow and graupel, but not for the ice cloud species. Small non-precipitating ice cloud particles are
represented as spheres in the CRTM-DS, and they have minimal impact on brightness temperatures up to
183 GHz. Experiments on the sensitivity of brightness temperatures on individual ice species were run with
the CRTM-DS for the WRF simulation of Hurricane Karl at 0100 UTC 17 September. If snow and graupel
are entirely removed from the CRTM input, then the additional removal of all ice clouds produces an
increase in 183±7 GHz convolved brightness temperatures of 0.65 K averaged across all locations with
more than the median ice cloud water path (0.0232 kg m-2), and no more than 2.7 K at any single location.
See Section 5 for further discussion on WSM6 ice clouds.
As mentioned in Section 1, the WSM6 microphysics scheme, like many bulk microphysics
schemes, specifies that the mass of a snow or graupel particle is proportional to its volume according to a
bulk density, 𝜌. The power law relationship between particle maximum dimension, 𝐷, and particle mass,
𝑚, is
𝑚(𝐷) = 𝑎𝐷 𝑏 ,

(3.2)

with 𝑏 = 3 and 𝑎 = 𝜋6𝜌 for spheres. All of the various bullet rosette and snowflake particle constructions
in the Liu (2008) database represent the growths of ice particle types in a more natural way: particle mass
generally relates to maximum dimension by a power, 𝑏, less than three (e.g., Mitchell et al. 1991, Szyrmer
and Zawadzki 2010), specifically between about 2.37 and 1.58 for these Liu particles (Kulie et al. 2010).
Because of this mass-size relationship inconsistency, a method must be devised for replacing the
WSM6 microphysics soft spheres with the non-spherical particles in the Liu database for calculating new
cloud scattering properties. This subject has been similarly discussed by Galligani et al. (2017), Geer and
Baordo (2014), and Eriksson et al. (2015). Here, we discuss two classes of methods, one based on replacing
particles of equal mass, and the other based on replacing particles of equal maximum dimension (which has
three variants).

49
Replacement by particle mass and integration truncation
The microwave scattering of a snow and graupel particle may be best described as primarily a
function of its mass, 𝑚, or the total number of water molecule dipoles; across the particle size distribution
of precipitation, there is generally greater similarity in microwave scattering and absorption between
particles of the same mass than particles of the same maximum dimension (e.g., Eriksson et al. 2015). It
follows that the most natural approach to allow for the expression of differences in scattering between
particles of different shapes is to substitute between particles of the same mass, as done by Galligani et al.
(2017). This method sidesteps some of the complications from differences in the mass-diameter relationship
by not addressing consistency with the particle size distribution. Instead, the new collection of particles
would be consistent with the original microphysics specification of the particle mass distribution, , 𝑁(𝑚),
and, by extension, the total mass of all particles of a given mass, 𝑀(𝑚) = 𝑚𝑁(𝑚), and the total water
content.
An issue with this approach arises with the WSM6 scheme at moderate and high values of water
contents, as a substantial percentage of the modeled snow or graupel is contained in particles of mass that
exceed the upper bound of many particle shapes in the Liu database. For example, 1 g m-3 of WSM6 snow
with intercept parameter 1.56 × 107 m-3 m-1 (valid for 256 K) would have 39.9% of the total mass contained
in particles of mass greater than 1.16 mg (soft sphere diameter of 2.81 mm), which is the maximum mass
of the Liu (2008) sector snowflake particle type (maximum dimension of 10 mm). This raises the problem
as to how to assign scattering properties to modeled particles with a mass exceeding the upper limit of the
database. If calculating mass-weighted extinction coefficients and single-scattering albedos (e.g., for
CRTM look-up tables), one simple solution to this issue would be to use the numerically truncated estimate
of the water content instead of the original water content. This substitution is equivalent in purpose and
effect to the rescaling of the particle size distribution described in Appendix C of Geer and Baordo (2014).
However, these mass renormalization procedures do not resolve all consequences of integration truncation.
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9
1.7 GHz

Figure 3.1: Illustration of the impact of integration truncation on mass-weighted scattering and absorption
properties at 91.7 GHz for graupel (black) and snow (blue) species according to the specifications of the
WSM6 microphysics scheme with spheres of bulk density 500 kg m-3 for graupel and 100 kg m-3 for snow.
Solid lines show integration up to a soft-sphere diameter of 20 mm, which is the largest sphere in the
spherical particle scattering database. Dotted lines, which fall atop of the solid lines, show integration up
to a soft-sphere diameter of 10 mm, corresponding to the largest Liu (2008) sector snowflake and bullet
rosette. Dashed lines show integration up to a soft-sphere mass of 1.16 mg, corresponding to the most
massive sector snowflake. Scattering and absorption coefficients are for ice particles with a temperature of
273.15 K. An intercept parameter of 1.56 × 107 m-3 m-1 is assumed for the WSM6 snow particle size
distribution.
These procedures replace the truncated collection of large and massive particles with a greater collection
of smaller particles, and this new collection of particles will interact with radiation differently. Illustrating
this effect with a spherical particle scattering database (see Section 2; Sieron et al. 2017), Figure 3.1 shows
that substantially different values of scattering coefficients and asymmetry parameters for moderate and
high water contents of WSM6 snow and graupel are produced when truncating the integration at the
maximum mass of the Liu sector snowflake. While these results are based on soft spheres, similar results
are expected for non-spherical particles. For microphysics schemes which produce an inaccurate total mass
of massive particles, this truncation can be an unintentional bias correction in the forward model.

Replacement by particle maximum dimension
This largely unresolvable issue of integration truncation with WSM6 particle size distributions and
the Liu particle scattering database, especially with the bullet rosette and snowflake particle types, must be
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better managed. A second approach is to substitute particles with respect to maximum dimension. The range
of maximum dimensions in the Liu database allows for cloud scattering calculations at high water contents
which are representative of the microphysics specifications; a similar confidence is expressed by Geer and
Baordo (2014). For example, all four of the bullet rosettes and both snowflake types extend to maximum
dimensions of at least 10 mm. Figure 3.1 shows that integration truncation out to this particle diameter has
a negligible impact, as there is virtually no difference in results when comparing to those from integration
out 20-mm diameters.. What follows are descriptions of three different methods of particle replacement by
maximum dimension.
In Geer and Baordo (2014), the particle size distribution of the replacing non-spherical particles is
imposed to match the original total water content (hydrometeor mass per unit volume), 𝑙, of the snow
species. The total mass of particles of a given size,
𝑀(𝐷) = 𝑚(𝐷)𝑁(𝐷),

(3.3)

is integrated over all particle sizes to calculate the total water content. If 𝑚(𝐷) for a given particle type
follows a power law (Eq. 3.2)—or, if not, a best fit estimate of the parameters 𝑎 and 𝑏 is produced—then
this integration is
∞

𝑙 = ∫0 𝑎𝐷 𝑏 𝑁(𝐷)𝑑𝐷.

(3.4)

As the two particle types will have different values of 𝑎 and 𝑏, the imposed equality in total water content
is achieved by changing the value or formulation of the free parameter of the particle size distribution.
Snow in RTTOV-SCAT (Geer and Baordo 2014) has an exponential particle size distribution (Eq. 3.1a
with shape parameter µ = 0) with the slope, 𝜆, as the free parameter, which relates to 𝑎, 𝑏, the intercept
parameter 𝑁0 , and the water content by
−1
𝛤(𝑏+1)𝑎𝑁0 (𝑏+1)
)
.
𝑙

𝜆=(

(
(3.5)
5)

A different substitution method would be to impose that the new distribution of non-spherical
particles matches the original particle size distribution, 𝑁(𝐷): one new particle replaces one original
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particle of the same maximum dimension. In this sense, this method chooses to completely ignore any
difference in mass-dimension relationship between the two particle types. This would lead to
inconsistencies between the new and original total water contents. However, this can be corrected by
rescaling the particle size distribution by the ratio of the new and original total water content (the equivalent
rescaling procedure for integration truncation). This rescaling of the particle size distribution to revert back
to the original water content effectively treats the parameter relating to the number concentration as free,
which for a gamma distribution is the intercept parameter.
Yet another possible substitution method would be to impose consistency with the total mass of a
particle population with respect to size , 𝑀(𝐷). This differs from the method in Geer and Baordo (2014) in
which consistency is imposed only with the integral of this function, i.e., the total water content. To preserve
𝑀(𝐷), original particles of a given size would be replaced by new particles of that size, but the number of
particles of that size would be scaled by the ratio of the mass of the original particle to the mass of the new
particle that replaces it. For example, if the microphysics scheme specifies there to be 20 ice spheres in the
bin corresponding to a particle diameter of 1 mm, and this sphere has 3 times the mass of the non-spherical
particle with maximum dimension 1 mm, then the 20 spheres would be replaced with 60 of the non-spheres.
Using a prime to denote that which is valid for the new particle type, then setting 𝑀′(𝐷) = 𝑀(𝐷) gives
𝑁 ′ (𝐷) =

𝑚(𝐷)
𝑁(𝐷).
𝑚′ (𝐷)

(3.6)

If 𝑚(𝐷) for both particle types follows a power law, and the particle size distribution is gamma, then the
new gamma distribution for the new particle types is
𝑎

′

𝑁 ′ (𝐷) = 𝑎′ 𝑁0 𝐷 (µ+𝑏−𝑏 ) 𝑒 −𝜆𝐷 .

(3.7)

In this method, intercept and shape parameters of the particle size distribution are free, while the slope
parameter is fixed.
This scaling by relative particle mass is entirely appropriate if the scattering cross section of a
particle of a given size is primarily related linearly to its mass, and secondarily to its shape. Granted, this is
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generally not the case. For example, the scattering cross sections of particles much smaller than the
wavelength are in fact proportional to the square of the mass. In an extreme example, substituting 200
particles of size 0.2 mm and mass 10-4 mg (total scattering proportional to 200 x 10-24) with 20 particles of
size 0.2 mm and mass 10-3 mg (total scattering proportional to 20 x 10-18) preserves the total mass of
particles this size. But instead of keeping the total scattering approximately the same (except for the impacts
of a different particle shape), this substitution decreases the scattering by a factor of 105. However, smaller
snow and graupel particles have such small scattering cross sections that the overall impact of these
substitutions on the brightness temperatures at most frequencies is likely to be low compared to the impact
of all of the larger particles. The maxima of the total mass of particles of a given size, 𝑀(𝐷), for significant
snow and graupel water contents correspond well with the maxima in the mass-weighted scattering
coefficients at the frequencies measured by SSMIS (e.g., Figure 3.1), and these particle sizes are not much
smaller than, but comparable to, the wavelength. For particle habits with a mass-dimension relationship
exponent of 2 for maximum dimensions much greater than the wavelength, then the scattering cross sections
of these particle are, indeed, foremost linearly related to their mass and secondarily to their shape.
The pros and cons of different particle replacement methods likely deserve greater consideration
and investigation beyond the scope of this work. There appear to be compromises between maximizing the
consistency of scattering by particles of the same size/mass but different shape, the distribution of particle
sizes/masses as it relates to the relationship between particle size/mass and scattering, the free parameter of
the particle size distribution, and perhaps other considerations.
In this work, the driving factors were minimizing integration truncation, and maintaining as much
consistency as possible with the physically-relevant WSM6 microphysics scheme specifications. Perhaps
most significant is consistency with the original cloud mass-weighted average fall speed, which requires
preserving the original distribution of total mass with respect to size, 𝑀(𝐷). The method employed in this
study, which maintains consistency with 𝑀(𝐷), is replacement by particles with equal maximum dimension
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Figure 3.2: CRTM-RE simulations (left column) after (approximate) satellite beam convolution and (right
column) at native WRF resolution. The vertical profiles of mixing ratio and effective radius at the location
centered in the small black box overlaying the plots in the right column are shown in (c) and (d),
respectively.
and scaling the number of particles by the relative mass. Further discussion of the relationship between
particle shapes and fall speeds, both real and modeled, is provided in Section 5.
Figure 3.2 demonstrates that cloud scattering and absorption properties for WSM6 snow and
graupel vary significantly with not only water content, but also between the use of the original spheres and
various habits of non-spherical particles in the Liu database. For all properties and at most water contents,
ice spheres produce property values that are extrema. This figure is further discussed in the following
section in the context of the simulated brightness temperatures.
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Figure 3.3: CRTM-simulated (17 September 0100 UTC) and (a) F16 SSMIS observed brightness
temperatures (K) at SSMIS channel 9 (183 ± 7 GHz). Panel (b) uses cloud scattering properties with
microphysics-consistent spheres for all ice species (CRTM-DS). Panels (c) and (d) show results when
spheres are substituted with sector snowflakes for all ice precipitation species (snow and graupel) and for
only the snow species, respectively. Panels (e) and (f) use the same cloud scattering properties as panel (d)
(only the snow species using sector snowflake scattering properties) but with half of the snow and graupel
water content, respectively.

Results
Figures 3.3-3.6 illustrate brightness temperatures (based on horizontally polarized radiances) at the
four frequencies of 183±7 GHz, 37 GHz, 19.35 GHz and 91.7 GHz, respectively, observed by the F16
SSMIS (panel a) and simulated by the CRTM at 0100 UTC 17 September in five different experiments.
First, the CRTM-DS look-up tables (with spheres of bulk density specified by the microphysics scheme)
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Figure 3.4: Same as Figure 3.3 but for SSMIS channel 15 (37 GHz). The box in panel b) indicates a location
of exceptionally high graupel water path.
for all three ice species are used (panel b). These results are compared to simulations in which spheres are
substituted with sector snowflakes by replacement of particles of equal maximum dimension and scaling
the number of particles by their relative mass (see Eq. 3.7); this substitution is first applied to both ice
precipitation species (snow and graupel; panel c), then only to the snow species (panel d). The
appropriateness of this non- spherical particle substitution for graupel is discussed further in Concluding
Remarks. With this in mind, the two additional experiments shown in these figures use sector snowflake
scattering properties for only the snow species and demonstrate the impact of halving the water contents of
either snow or graupel (panels e and f).
Table 3.1 provides a summary of all of the CRTM experiments, including domain-averaged
brightness temperatures at the four frequencies. Note that the magnitudes of average brightness temperature
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Figure 3.5: Same as Figure 3.3 but for SSMIS channel 12 (19.35 GHz). The box in panel d) indicates the
broad area of moderate to high liquid water path collocated with some graupel.
differences across the whole domain are less than the average brightness temperature differences
exclusively over areas of precipitation (not shown). The observations and results of some of these
experiments are summarized with histograms (uniform bin width of 5 K) in Figure 3.7. Figure 3.8 shows
liquid, snow and graupel water paths convolved to the SSMIS 91.7-GHz observation locations using the
corresponding effective field of view. These water paths illustrate the spatial distributions of the important
hydrometeor types and are of value later on in interpreting simulated brightness temperatures.
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Figure 3.6: Same as Figure 3.3 but for SSMIS channel 18 (91.7 GHz).

Sector snowflakes
At SSMIS channel 9 (183 ± 7 GHz; Figure 3.3 and Figure 3.7d), CRTM-DS gives a slight warm
bias to observed brightness temperatures in the hurricane precipitation area (center of the domain; Figure
3.3b vs. 3.3a, less area of deep blue). Substituting the snow species spheres with sector snowflakes
substantially lowers the brightness temperatures (Figure 3.3d vs. 3.3b, more areas of deep blue) by a
domain-average of 6.8 K. As seen in Figure 3.2 (bottom row), using sector snowflake scattering properties
for the snow species leads to more scattering compared to spheres for nearly all realistic snow water
contents, and this scattering is significantly less in the forward direction (smaller asymmetry parameters).
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Table 2.2: Average error of CRTM simulated brightness temperatures (in Kelvin) for the respective
microphysics scheme relative to the CRTM-DS simulated brightness temperatures and (bottom) CRTMRE and CRTM-DS simulated brightness temperature errors relative to observations by SSMIS aboard
satellite DMSP-16.
Figs.
2-5
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223.8
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N.A.
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spheres

none
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256.1

N.A.
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spheres

none

213.7

221.6

256.7

243.0

N.A.

thin plates

spheres

none

213.7

221.6

260.1

246.6

N.A.

3-bullet rosettes

spheres

none

213.8

222.7

265.3

250.5

N.A.

6-bullet rosettes

spheres

none

213.8

222.7

266.2

252.5

N.A.

sphereequivalents of
sectors

spheres

none

213.8

222.9

268.6

257.8

Both factors suggest that substituting spheres with sector snowflakes would cause less upwelling
radiation from the surface and lower-troposphere to exit the top of the atmosphere, thus brightness
temperatures would be lower. The higher absorption coefficients for sector snowflakes shown in Figure 3.2
are also consistent with the simulation results, but the absorption coefficients are more than an order of
magnitude smaller than the scattering coefficients at most water contents. Using sector snowflake particle
scattering properties for snow results in a substantial cold bias to observations (Figure 3.3d vs. 3.3a), but
reducing the snow water contents by half raises these cold-biased brightness temperatures by a domainaverage of 3.5 K (Figure 3.3e vs. 3.3d). Much of this difference is from the areas of light to moderate snow
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a)

b)

c)

d)

Figure 3.7: Histograms of observed and CRTM (17 September 0100 UTC) brightness temperatures from
four experiments with different cloud scattering properties. Solid lines include all locations, while dashed
lines include only locations with an average graupel water path greater than 1 kg m-2. All bin widths are 5
K. Note that for 19.35 GHz “sector snowflakes (snow only)” has nearly identical results to “dendrites (snow
only).”
water content of the southwest outflow of the hurricane, which is hardly evident in the spherical particle
simulation. By comparison, reducing graupel water contents by half raises the average brightness
temperature by just 0.6 K (Figure 3.3f vs. 3.3d). Furthermore, replacing graupel spheres of bulk density
500 kg m-3 with sector snowflakes (Figure 3.3c vs. 3.3d) raises domain-averaged brightness temperatures
by only 0.28 K. This replacement causes small changes in brightness temperature bin counts throughout
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Figure 3.8: Water paths (kg m-2) of (a) liquid (sum of rain and cloud liquid water), (b) graupel and (c) snow
from the WRF simulation at 0100 UTC 17 September. The same Gaussian-weighted averaging for SSMIS
91.7-GHz simulated brightness temperatures is applied to the native 3-km grid spacing of the model fields.
the range 100 K to 265 K (Figure 3.7d); at the higher brightness temperatures, there are nearly 800 locations
seeing miniscule (less than 0.02 K) decreases.
For channel 15 (37 GHz; Figure 3.4 and Figure 3.7b), the overall results are nearly the complete
opposite from 183 GHz. CRTM-DS gives a cold bias to observed brightness temperatures in the hurricane
precipitation area (Figure 3.4b vs. 3.4a, much less area of orange), and graupel is primarily responsible for
this bias. At 37 GHz and 19.35 GHz, among other low frequencies, the primary signal from all
hydrometeors above water surfaces (which have low emissivity and therefore low brightness temperature
in clear-sky, unlike land surfaces) is the increase in brightness temperatures from net addition of radiation
by the liquid water content. But in these 37-GHz simulations with spherical graupel particles, the scattering
by graupel leads to widespread and substantial decreases in brightness temperatures. In the area of the
highest graupel water contents (box in Figure 3.4b), the brightness temperature is comparable to that in
areas of generally clear sky over water (e.g., northern half of the eastern-most extent of the simulation
domain). There is a significant increase in precipitation-affected simulated brightness temperatures when
replacing graupel spheres with sector snowflakes (Figure 3.4c vs. 3.4d), amounting to a domain-average
increase of 1.8 K. The decrease of occurrences of brightness temperatures between 190 K and 245K and
the increase of occurrences between 245 K and 285 K has a significant contribution from locations with
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more than 1 kg m-2 of graupel (Figure 3.7b). The top row of Figure 3.2 shows that using sector snowflake
scattering properties for the graupel species leads to scattering coefficients of about an order of magnitude
less than using spheres, which is consistent with this increase in brightness temperatures. When using
spherical particle scattering properties for graupel, halving the input graupel water contents is also effective
at raising brightness temperatures (Figure 3.4f vs. 3.4d). In contrast to graupel, the presence and
representation of snow has little impact on brightness temperatures at 37 GHz. Substituting spheres with
sector snowflakes for only the snow species slightly warms the brightness temperatures in some areas of
precipitation (Figure 3.4d vs. 3.4b), but many areas of relatively low brightness temperatures (compared to
neighboring spatial regions) with high graupel water content are relatively unchanged (Figure 3.7b).
Reducing the snow water contents by half also has little warming effect (Figure 3.4e vs. 3.4d).
The relative impacts of snow and graupel in simulated brightness temperatures for channel 12
(19.35 GHz; Figure 3.5 and Figure 3.7a) are similar to that with channel 15. Fortunately, there are no
locations of heavy precipitation with high graupel water contents having simulated brightness temperatures
as low as clear-sky (or low liquid water content) areas over the ocean. However, a similar ambiguity
between lower liquid water content and higher graupel water content exists., Switching from spherical
graupel to sector snowflake graupel raises the brightness temperatures in many locations across the
hurricane precipitation area (box in Figure 3.5d vs. same area in Figure 3.5c; Figure 3.7a) by nearly as much
as completely excluding both snow and graupel from the CRTM (not shown).
The water contents and particle types of both snow and graupel have meaningful impacts on
brightness temperatures for channel 18 (91.7 GHz; Figure 3.6 and Figure 3.7c), but changes to graupel have
the greater impact. Halving graupel water contents raises domain-average brightness temperatures by 1.8
K, compared to a 1.6 K increase from halving snow water contents (Figure 3.6f vs. 3.6e). Compared to
using spheres for both snow and graupel, using sector snowflakes for only snow decreases domain-average
brightness temperatures by just 1.2 K, while using sector snowflakes for both snow and graupel increases
brightness temperatures by 2.6 K (compare Figure 3.6c-e). The differences in cloud scattering properties,
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a) 19.35 GHz

b) 37 GHz

c) 91.7 GHz

d) 183.31±7 GHz

Figure 3.9: Time series of domain-average differences in CRTM brightness temperature obtained by
subtracting the average obtained by using spheres to represent all cloud scattering properties from the
averages obtained from the sector snowflake experiments. The differences of the domain average of the
F16 SSMIS observed brightness temperatures at 0117 UTC from the sphere-only results are indicated by
the stars in the four panels.
and their effects on brightness temperatures, between the different treatments of graupel are consistent with
what was noted at 37 GHz. The experimental changes to snow produce brightness temperature results
similar to what was seen at 183 GHz. However, unlike at 183 GHz, spheres and sector snowflakes produce
similar values of snow scattering coefficients at 91.7 GHz (not shown). Therefore, differences in 91.7-GHz
brightness temperatures are likely caused primarily by the differences in the directionality of the scattering.
Only the use of spheres for both snow and graupel leads to simulated brightness temperatures at
91.7 GHz which are colder than that at 183 GHz in the area of the hurricane precipitation (Figure 3.3b vs.
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3.6b). Also, all of the CRTM simulations at 91.7 GHz (Figure 3.6) have a cold bias to observations, even
as the use of randomly-oriented cloud and precipitation particles should be a source of positive bias to
observations in 91.7 GHz simulations at horizontal polarization (e.g., Defer et al. 2014, Gong and Wu
2017).
Figure 3.9 shows that the afore-mentioned similarities and differences in brightness temperatures
between the different experiments are consistent throughout much of the simulation period. As evidenced
here and in the brightness temperature plots, the use of sector snowflakes for snow results in brightness
temperatures (in areas of precipitation) which are lower than observations at all four frequencies.
The greatest differences between simulated and observed brightness temperatures that remain occur
at the lowest two frequencies. A significant contributor to the domain-average cold biases are the clear-sky
scenes (already low in brightness temperature); at 19.35 GHz, all of the simulations have 589 locations with
brightness temperatures under 170 K, while the observations have only 32 such locations (see Figure 3.7a).
But even considering only the areas of hurricane precipitation over the ocean, all of the experimental setups
for precipitation ice produce cold-biased brightness temperatures (which is also true if completely removing
all snow and graupel; not shown). The absence of melting particles in the radiative transfer could be
responsible for cold biases of this magnitude (e.g., Bauer 2001). The bias can also be removed by not using
spherical graupel particles and increasing the liquid water content (results not shown).

Other representations for the snow species
As previously discussed, replacement of the spherical particles specified by the microphysics
scheme (CRTM-DS) with non-spherical particles also changes the particle size distribution and the mass
of individual particles of a given maximum dimension. The influence on brightness temperatures of the
different particle shapes can be tested in isolation from these other changes by replacing every non-spherical
particle with its spherical equivalent (equal maximum dimension and mass). Compared with the CRTM-
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a) 19.35 GHz

b) 37 GHz

c) 91.7 GHz

d) 183.31±7 GHz

Figure 3.10: Similar to Figure 3.9, but with domain-average CRTM brightness temperature differences
between results obtained using different non-spherical particle types for the snow species and the spheres
specified by the WSM6 microphysics scheme.
DS spheres (all with bulk density 100 kg m-3), the small sphere-equivalent particles of the bullet rosettes
and snowflakes will be denser and less numerous, and the large particles will be less dense and more
numerous.
Similar to Figure 3.9, Figure 3.10 shows time series of domain-average brightness temperature
differences relative to spheres as specified by the microphysics scheme (CRTM-DS; all spheres with bulk
density 100 kg m-3) at each of the four frequencies of interest, but for a wide variety of particle
representations of only the snow species. These representations are the long columns, thin plates, 3-bullet
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Figure 3.11: CRTM-simulated brightness temperatures (K) at (a) 37 GHz, (b) 91.7 GHz, and (c) 183 ± 7
GHz with snow represented as (1) 6-bullet rosettes, (2) dendrites, (3) sector snowflakes, and (4) the
spherical-equivalent particles of the sector snowflakes.
rosettes, 6-bullet rosettes, dendrites, sector snowflakes, and the spherical-equivalents of sector snowflakes.
Figure 3.11 shows 0100 UTC 17 September brightness temperatures at 37 GHz, 91.7 GHz and 183 GHz
resulting from the use of three of the non-spherical particle types and spherical-equivalents of sector
snowflakes. As seen in Figures 3.9a and 3.10a, there is virtually no impact on 19.35-GHz brightness
temperatures based on the treatment of snow, hence the omission of this channel in Figure 3.11.
The spherical-equivalents of sector snowflakes produce results more similar to the spherical
particles in CRTM-DS than the actual sector snowflakes. While the sector snowflakes themselves produce
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significantly lower brightness temperatures than CRTM-DS at the frequencies with substantial sensitivity
to the treatment of snow (91.7 GHz and 183 GHz; Figure 3.10c-d), sector snowflake spherical-equivalent
particles produce slightly higher brightness temperatures than CRTM-DS. However, the sector snowflake
spherical-equivalent particles improve upon the warm bias of 91.7 GHz relative to 183 GHz compared to
CRTM-DS by a domain-average of 1.0 K.
Unlike either collection of spheres, all six of the non-spherical particle types shown (as well as the
three other columns and plates, and two other rosettes) produced lower average brightness temperatures at
183 GHz than at 91.7 GHz in the precipitation area of the hurricane. The columns and plates led to the
overall worst results, producing by a wide margin the lowest brightness temperatures and largest differences
to observations. Using dendrites, 183-GHz brightness temperatures were still too high relative to 91.7-GHz
brightness temperatures in precipitation-affected areas compared to observations (compare the simulation
differences illustrated in Figure 3.11c2 and 3.11b2 to the observation differences illustrated in Figures 3.3a
and 3.6a). Besides columns and plates, the 3-bullet rosettes produced the lowest brightness temperatures at
91.7 GHz. The slight differences in domain-average brightness temperatures at 37 GHz seen in Figures
3.10 and 3.11 primarily exist in the bands containing appreciable liquid water content but no appreciable
graupel water content (see Figure 3.8a-b).
Between the use of dendrites and the bullet rosettes, there is consistency across the 183-GHz and
91.7-GHz brightness temperatures with respect to the relative impacts on brightness temperatures: the
relative distance between each of the lines in Figure 3.10 is nearly the same in both plots, with the brightness
temperatures from using 6-bullet rosettes being below that of dendrites and above, and slightly closer to, 3bullet rosettes. However, with sector snowflakes, average brightness temperatures are barely below 6-bullet
rosettes at 91.7 GHz, and barely above 3-bullet rosettes at 183 GHz. Sector snowflakes appear to have
distinct impacts on the radiative transfer across the higher frequencies.
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Concluding Remarks
In our previous work (Section 2; Sieron et al. 2017), cloud scattering look-up tables for the CRTM
were constructed to be consistent with the particle properties (i.e., homogeneous spheres) and size
distributions specified by the WSM6 microphysics scheme. New cloud scattering lookup tables for snow
and graupel species are constructed here, replacing spherical particles with non-spherical particles of equal
size, but adjusting the particle size distribution to maintain the WSM6 specification of total mass with
respect to particle size, 𝑀(𝐷).
In this case study, simulated brightness temperatures of Hurricane Karl (2010) support the use of
sector snowflakes to represent the snow species in substitution of the 100 kg m -3 ice spheres specified by
WSM6. This represents even more support in the community for utilizing this specific non-spherical
particle shape (e.g., Geer and Baordo 2014; Galligani et al. 2017; Eriksson et al. 2015). The use of sector
snowflakes is most effective at reducing the brightness temperatures at 183 GHz relative to the brightness
temperatures at 91.7 GHz in precipitation-affected areas. The 3-bullet rosette is the next most effective
particle type, while dendrites are the least effective of the tested non-spherical particles. Additionally, sector
snowflakes produce higher brightness temperatures than 3-bullet rosettes (but lower brightness
temperatures than dendrites) at all of the tested frequencies.
Sector snowflake scattering properties produced cold biases relative to observations in simulations
at both 91.7 GHz and 183 GHz, suggesting a positive bias in model snow water contents. In contrast, using
spheres to represent snow produced a cold bias at 91.7 GHz (suggesting too much snow), but a warm bias
at 183 GHz (suggesting too little snow). Perhaps the randomly-oriented sector snowflake is the best of the
Liu (2008) particle types at approximating the microwave scattering and absorption properties of the
aggregates of columns and other ice particles observed most in tropical cyclones (Houze 2010), while
spheres of bulk density 100 kg m-3 are likely among the least appropriate.
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The use of sector snowflakes for graupel is effective at removing the cold bias at the lower
frequencies, such as 37 GHz and 19.35 GHz. However, the sector snowflake is not nearly as physicallyrealistic a representation of real graupel particles as compared to homogeneous soft spheres. Graupel
particles grow primarily by accretion of smaller cloud droplets, and a homogeneous mixture of ice and air
may not be an unreasonable model of such a particle. A sphere may also be a decent representation of the
shape of some graupel particles; however, no graupel particle is a perfect and homogeneous sphere, and the
symmetry of a sphere produces unique scattering properties. It may be worthwhile investigating other
particle constructions similar to the form of graupel, such as conically-shaped homogeneous ice-air
mixtures or more detailed constructions of accretion growth onto a snow particle, which may provide more
accurate scattering property representations for graupel. Without such particle constructions to test in the
database selected for this study, the soft sphere is recommended for representing graupel. The resulting
cold biases of simulated brightness temperatures at low frequencies can be resolved by reducing graupel
water contents by half or more.
In addition to considering the representativeness of certain particle shapes, these analyses of snow
and graupel scattering properties are based on the pragmatic perspective of presuming that regional-scale
models produce too much ice (e.g., Garvert et al. 2005, Milbrandt et al. 2008, Han et al. 2013, Morrison et
al. 2015). If the primary metric was not the differences between 91.7-GHz and 183-GHz brightness
temperatures, but instead simply the average closeness to fit to observations across all tested frequencies
with the given water contents (as in Geer and Baordo 2014), then these results would offer the most support
towards using dendrites for the snow species. But with little to no direct observations of ice particle shapes
and water contents throughout a volume in a microwave radiance measurement, it is challenging, if not
impossible, to independently verify that both the modeled water contents and the assumptions made in
calculating cloud scattering properties correspond well to reality.
This study employed a particle replacement method which preserves the total mass of a particle
population with respect to size, in part because this preserves the formulaic relationship between water
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content and fall speed in the model microphysics. In reality, homogeneous spherical particles would
generally fall at different speeds than non-spherical particles of the same maximum dimension. However,
in most microphysics schemes, including WSM6, the fall speed parameter values are empirically derived
from observed real particle shapes and size distributions (e.g., Locatelli and Hobbs 1974, Matson and
Huggins 1980). Therefore, the microphysics modeled fall speeds are already mismatched from the
microphysics particle properties and size distributions. This pre-existing inconsistency within the
microphysics scheme could be interpreted as removing strict obligations to adjust the model fall speed
parameters when changing the shapes of particles in the modeled radiative transfer. The significance of
consistent particle representations—whether with spherical or non-spherical particles—between radiative
transfer models and fall speed calculations may depend on application but is certainly worthy of future
investigation.
As discussed in Section 2, non-spherical particles for the ice cloud species were not tested, in part
because of minimal impacts of soft sphere cloud ice on simulated brightness temperatures. This is due to a
combination of low water paths and of the simulated wavelengths being large relative to the monodisperse
particle diameters, which are prescribed to be less than 0.5 mm. The WSM6 scheme has three primary
equations relating water content to the number concentration, particle size (monodisperse) and particle mass
(See Appendix A). These parametric relationships, along with imposed minima and maxima in parameter
values, create four “regimes” of water content values, between which there are significant changes in the
relationship between water content and particle size/mass. For example, in the regime of ice cloud water
contents greater than 0.0172 kg m-3, both the number concentration and diameter of ice cloud particles are
fixed (106 m-3 and 0.5 mm, respectively), with only the particle mass changing with water content. Using
spheres of the bulk density appropriate for the specified particle size and mass will logically represent these
ice clouds, but using just one non-spherical particle shape of this size cannot. If these concerns with WSM6
were addressed or set aside, or if considering a different microphysics scheme, then the use of non-spherical
particles for ice clouds is an interesting prospect for improved correspondence of simulations to
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observations, as non-spherical ice cloud particles could further disproportionally reduce brightness
temperatures at 183 GHz relative to 91.7 GHz.
The latest generation of microphysics schemes predict graupel bulk density (e.g., Milbrandt and
Morrison 2013) or similar information (e.g., Morrison and Milbrandt 2015), or ice particle habits (e.g.,
Sulia et al. 2014). This is information that could be used to more seamlessly map non-spherical particle
scattering property calculations to outputs of these microphysics schemes.
The WSM6 microphysics-consistent cloud scattering properties using sector snowflakes for the
snow species is being used in the Community Radiative Transfer Model (CRTM) as the forward operator
for PSU-WRF Ensemble Kalman Filter (EnKF) data assimilation experiments for tropical cyclones (e.g.,
Zhang and Weng 2015, Zhang et al. 2016). In addition to working towards improving analyses and
forecasts, these experiments will also serve to test hypotheses relating to excess snow and graupel water
contents in current WSM6 outputs.
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Chapter 4

All-sky Microwave and GOES–R Infrared Brightness Temperature Assimilation for
Improving Harvey Precipitation Forecasts
Passive microwave (PMW) observations from various sensors, infrared (IR) observations from
GOES-16 ABI, and conventional observations were assimilated in a regional-scale tropical cyclone model
with the ensemble Kalman filter (EnKF). Both low-frequency (~19-GHz vertical polarization) and highfrequency (183.31±6.6-GHz) observations were assimilated in order to have observations with direct
sensitivity to both liquid and ice water contents, respectively. The IR and PMW observations were directly
assimilated using the Community Radiative Transfer Model (CRTM) as the forward model. PMW cloud
absorption and scattering properties were consistent with the WRF-ARW WSM6 microphysics scheme
used in the regional scale model, but the scattering properties of a sector snowflake non-spherical particle
replaced those of spherical snow particles because doing so reduced climatological biases to observations.
Except for the control experiment with no assimilation of satellite observations, IR observations were
assimilated every hour for which PMW observations were not available, and at other hours different
combinations of PMW and IR observations were tested. A case study of Hurricane Harvey (2017) from
1200 UTC 23 August to 0000 UTC 24 August demonstrates that the EnKF analysis in observation space
matched well with PMW observations across the spectrum after just one assimilation cycle, and continued
to do so in subsequent cycles with PMW assimilation. In several-hour forecasts initialized from analyses,
simulated PMW precipitation structures generally matched better to PMW observations when there was
PMW observation assimilation versus when only IR observations were assimilated. Analysis increments to
thermodynamic and dynamic variables were physically intuitive and of significant magnitude. Assimilating
only IR observations has been shown in previous work to produce an overall excellent intensity forecast,
and assimilating PMW observations did not significantly degrade the intensity and track forecasts.
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Introduction
Tropical cyclones (TCs) are among the most devastating natural phenomena in the tropics and midlatitudes, with a broad and intense field of wind and rain. They make for a triple-threat of surge inundation,
wind damage, and inland/freshwater flooding; the latter is a leading cause of fatalities in the United States
from TCs (Rappaport 2014). Accurate prediction of TCs is valuable to society by allowing efficient and
targeted preparations for mitigating loss of life and property.
Forecasts of basic cyclone characteristics continue to improve (e.g., DeMaria 2014), though many
challenges remain (e.g, Emmanuel and Zhang 2017; Zhang et al. 2017; Emmanuel and Zhang 2016; Zhang
and Tao 2013). Prediction of hazardous TC precipitation is a particularly daunting challenge (Kidder et al.
2005). Basic characteristics of the surrounding environment (Zhou et al. 2018), cyclone size, and
track/speed (Matyas 2010) are first-order determinants of overall flooding risk. There are also devastating
severe rainfall events resulting from the training of the thunderstorms comprising outer spiral rainbands
(e.g., Hurricane Harvey (2017): https://www.nhc.noaa.gov/data/tcr/AL092017_Harvey.pdf). The challenge
in forecasting inner (e.g., Montgomery and Kallenbach 1997; Wang 2002) and outer (e.g., Diercks and
Anthes 1976; Chow et al. 2002) spiral rain bands is multi-faceted: their existence and intensity, their stormrelative location, and their latitudinal small-scale nature all contain significant uncertainties. In addition,
even if spiral rain bands are captured by a forecast, the rain associated with them is affected by errors in
overall cyclone track and intensity. Consequently, published TC rainfall predictions, such as from the
Weather Prediction Center (WPC), are often of an expected range of accumulations across a broad area
with a footnote of possible localized extreme values. As such, there is significant room for improvement in
forecasts of TC rainfall amounts and their locations.
A critical component to how we observe, and ultimately issue forecasts for, TCs is geostationary
IR imagery of brightness temperature (BT; one quantification of the amount of observed radiation that
facilitates interpretation by meteorologists). These observations are continuous and, through combination
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with several satellites, cover the entire tropics and subtropics. The most advanced geostationary IR sensors
currently in operation are the highly-related Advanced Baseline Imager (ABI) and Advanced Himarwari
Imager (AHI) aboard the GOES–R series and Himarwari-8/-9 satellites, respectively. All ABI and AHI
longwave IR channels are at wavelengths on the order of micrometers. These wavelengths are similar to or
less than the effective radii of atmospheric hydrometeors. Hydrometeors emit IR radiation in amounts
related to their temperature, so BTs of a cloudy (i.e., hydrometeor-filled) scene are physically related to the
temperature at cloud top, thus well-related to the height of the cloud top. The cloud-top temperature/height
of deep convection naturally relates to the energy of the deep convection. The storm-wide average cloudtop height relates to how widespread is deep convection and the characteristics of outflow.
The Dvorak technique employs climatology to relate magnitudes and patterns of IR (and visible)
BTs to cyclone intensity (Dvorak 1975; Velden et al. 2006). There are also techniques for estimating TC
rainfall (e.g., Piñeros et al. 2011) and genesis (e.g., Piñeros et al. 2010) with IR BTs. Some IR channels are
chosen to be centered at a wavelength at which water vapor will substantially emit and absorb radiation,
thus indicate the water vapor content in the troposphere. These observations are useful in diagnosing the
potential impact of environmental tropospheric moisture on the TC.
There has been significant preliminary success in assimilating IR observations for improved TC
forecasts in regional-scale models (Minamide and Zhang 2018, Honda et al. 2018). After several DA cycles,
the simulated IR of the analyses match very well to IR observations. Analyses produce intensity and track
forecasts that are significantly more accurate than when IR BTs are not assimilated.
However, as implied previously, IR imagery receives practically no signal from—does not “see”
through to—any precipitation which may exist below cloud top. This is a meaningful limitation in how IR
observations may characterize a TC. Observations of precipitation are the best tool for ascertaining the total
latent heat release (e.g., Adler and Rodgers 1977), and data assimilation increments to precipitation and
associated latent heating have to be made through their estimated covariances with the assimilated IR BTs.
However, there are lower IR BTs all across a tropical cyclone’s broad central dense overcast, under which
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there are areas with and without deep convection or precipitation; and warm rain processes can take place
in clouds with relatively low top heights. Therefore, these covariances implicitly linking IR BTs to
precipitation and latent heating may not effectively inform of precisely where latent heating is occurring.
Many of the shortcomings in IR BTs are compensated by the information contained in passive
microwave (PMW) observations. The PMW wavelengths that operational meteorologists find the most
value in are from 1.5 mm to 30 mm. Many hydrometeors are much smaller than this and thus interact with
incoming radiation very little. One consequence of this attribute is that larger liquid/ice particles, and higher
water contents, are required for the hydrometeors to significantly impact PMW BTs; thus PMW BTs are
informative of whether or not the observed atmospheric column has these attributes. At lower frequencies
ice scattering and water vapor absorptivity are relatively small, as is water surface emissivity, so the
significant contributions to top of the atmosphere PMW BTs over water surfaces is emission by liquid
water. At higher frequencies, water vapor absorptivity and water surface emissivity are greater, and ice
scattering is greater, so the significant contributions to the higher frequency PMW BTs are scattering and
absorption by larger ice particles and larger ice water contents, which lowers the BTs.
The National Hurricane Center (NHC) often references PMW observations in their operational
product discussion of TC structure and intensity. PMW observations are better than IR at identifying lowand mid-level circulations of pre-TC disturbances and weak TCs when these circulations are below the
outflow

of

deep

convection

(e.g.,

https://www.nhc.noaa.gov/archive/2019/al05/al052019.discus.002.shtml?,
https://www.nhc.noaa.gov/archive/2019/al05/al052019.discus.009.shtml?).

In

mature

TCs

PMW

observations help forecasters identify the existence of secondary eyewalls and track the evolution of
eyewall

replacement

cycles

(e.g.,

https://www.nhc.noaa.gov/archive/2018/al06/al062018.discus.047.shtml?).
Given recent successes in assimilating IR observations (specifically Minamide and Zhang 2018)
and the physical connections between PMW BTs and TC intensity and structure, it is worth testing how
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assimilating PMW observations may lead to overall better forecasts (similar to, for example, Haddad et al.
2015; Madhulatha et al. 2017; Yang et al. 2016). In particular, the possibility exists that assimilating PMW
observations may improve representation of precipitation features. Section 2 outlines a case study with
Hurricane Harvey (2017) and methods for how PMW observations are selected and assimilated. The
significant results from these experiments are provided in Section 3. The chapter concludes with Section 4,
a discussion of the successes and challenges identified in these preliminary studies of direct PMW all-sky
observation assimilation.

Methodology
The experiments to determine the efficacy of assimilating PMW observations to improve tropical
cyclone (TC) forecasts require a TC forecast model, a data assimilation configuration, and a specific
selection of observations to assimilate.

Models and data assimilation
To test the assimilation of passive microwave (PMW) observations, we used the Pennsylvania State
University (PSU) ensemble Kalman filter (EnKF) system (Zhang et al. 2009, 2011, 2016; Weng and Zhang
2012, 2016). The system conjoins the Advanced Research Weather Research and Forecasting model (WRFARW: Skamarock et al., June 2008) version 3.6.1 for weather forecasting, with the Community Radiative
Transfer Model v2.1.3 (CRTM: Han et al. 2006; Weng 2007) for BT observation forward modeling. The
inner-most of the two nested domains has grid spacing of 3 km. Refer to Minamide and Zhang (2019) for
additional details on WRF and data assimilation system configuration, and Sieron et al. (2017) regarding
the CRTM PMW cloud scattering properties with microphysics consistency and non-spherical particles.
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We chose as a case study Hurricane Harvey (2017). Data assimilation took place from 1200 UTC
23 August to 0000 UTC 24 August, the hours leading up to rapid intensification. Every 6 hours the WRFEnKF data assimilation analysis was relaxed to the Global Forecasting System (GFS) analysis, entirely
replacing model states outside of 600 km from the storm and linearly relaxing between 300 km and 600
km. This procedure facilitates the focus of this work on assimilating satellite observations of the TC in the
inner-most domain. The 0000 UTC 24 August analysis is used as initial conditions for a WRF forecast out
to 0000 UTC 27 August.
As in Zhang et al. (2019), assimilation cycles are hourly (at the start of the hour). Adaptive
observation error inflation (AOEI; Minamide and Zhang 2017) is employed on infrared (IR) and microwave
(MW) observations to ameliorate unphysically large dynamical increments from potentially large
innovations due to cloud/precipitation displacement errors. Adaptive background error inflation (ABEI;
Minamide and Zhang 2019) is applied in areas surrounding assimilated IR observations in order to increase
the impact of observations of low BT at locations where too many of the background ensemble members
have clear sky such that the background BT is high; ABEI has not yet been developed for PMW
observations.

Satellite observations
Refer to Appendix B for the abbreviations and brief descriptions of the satellites and sensors whose
data were used in this study.
As in Zhang et al. (2019), the assimilated IR observations were from the GOES–16 ABI channel
8, 6.2 µm (“IR”), the so-called “upper-level water vapor” channel due to it being especially close to a water
vapor absorption band.
The PMW observations chosen for assimilation were Level 1b BTs at ~19-GHz verticalpolarization (“19V”) and 183.31±6.6-GHz horizontal-polarization or vertical-polarization (“183±7”). This
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selection was the result of trying to maximize value across several desirable traits: i) having a collective
sensitivity to both liquid (a ~19-GHz channel) and ice (a 183GHz-family channel) water contents.; ii)
having the best one-to-one correspondence between water content and augmentation of clear-sky BTs, in
both simulations and observations (~19-GHz instead of ~37-GHz); iii) having less sensitivity to non-watercontent atmospheric/surface properties (19V instead of ~19-GHz horizonal-polarization); iv) having the
most climatological agreement between observations and simulated BTs of precipitation areas in the
prior/background of the PSU-EnKF system (a 183-GHz-family channel instead of a ~90-GHz channel);
and v) having the most ubiquity in the observing system (~19-GHz instead of ~10-GHz; 183-GHz family
instead of ~160-GHz). Of the channels in the 183-GHz family, the ±6.6-GHz channel is chosen because its
clear-sky weighting function is weighted most in the lower troposphere, thus there is the potential of it
being complimentary with the IR 6.2-µm observations.
The radiometers employed for PMW observation assimilation in the 12-hour study period, and the
times of their assimilated observations, were the conically-scanning imagers GMI (GPM Core Observatory
at 1200 UTC 23 August), SSMIS (DMSP–F18 at 1300 UTC 23 August and 0000 UTC 24 August), SSM/I
(DMSP–F15 at 2100 UTC 23 August), and AMSR2 (GCOM-W at 1900 UTC 23 August), and the crosstrack sounder SAPHIR (Megha-Tropiques at 1900 UTC 23 August and 2100 UTC 23 August). The SSMIS
aboard the DMSP–F16 and –F17 did not provide assimilated observations during this 12-hour period.
SSMI/I and AMSR2 do not measure higher than ~90-GHz, but a SAPHIR overpass—which measures
exclusively in the 183-GHz family—happened to coincide within the 1-hour assimilation windows of the
overpasses of both. Channels in the 183-GHz family measure at horizontal polarization. except GMI which
measures at vertical polarization.
A BT observation of a TC may be informative of not only nearby small-scale precipitation features,
but also the large-scale overall cyclone structure and intensity. Therefore, in selecting/thinning the satellite
observations to assimilate, we took inspiration from the principles of the successive covariance localization
method (SCL; Zhang et al. 2009): some of the assimilated observations were selected via a larger thinning
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Figure 4.1: (Left) 183±7 BTs from the GPM GMI overpass of Hurricane Harvey at 1156 UTC 23 August.
(Right) Observations selected for assimilation. The observations with a 200-km ROI and excluding
hydrometeor increments are shown as a diamond, while circles are the observations with a 60-km ROI
allowing hydrometeor increments.
distance, were assigned a larger radius of influence (ROI), and did not increment hydrometeor variables.
For IR observations, a 200-km ROI was applied to observations thinned to 18 km, and a 30-km ROI to
observations thinned to 12 km (same as Zhang et al. 2019). Compared to GOES–16 IR observations, all
PMW observations were less dense and had a larger effective field of view (EFOV). Therefore, a 200-km
ROI was used for PMW observations thinned to 36 km and a 60-km ROI for PMW observations thinned to
24 km. Unlike the assimilated IR observations which are the result of interpolation to the WRF model grid,
the PMW observations chosen by the thinning process were assimilated at their exact location. The PMW
observations assimilated with the 200-km ROI were selected first, followed by the 60-km ROI observations.
See Fig. 4.1 for an example of observation thinning. Only the lower-frequency channels of SSM/I had such
a low concentration of observations that there were fewer observations to assimilate than would be
permitted after thinning.
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Experiments
This study investigated five experiments in which conventional observations—those assimilated in
the operational GFS, except clear-sky radiances—were assimilated in all domains, along with some
combination of IR and/or PMW observations in the inner-most domain. Two of these experiments were
from Zhang et al. (2019) and served as benchmarks against which to compare assimilating PMW
observations: assimilation of no satellite observations (NoSat) and assimilating ABI channel 8 (6.2-µm)
BTs every hour (IR).
In the three PMW assimilation experiments, IR observations were assimilated on those hourly
EnKF cycles for which no PMW observations were available. In the experiment MW, IR observations were
not assimilated at those hourly EnKF cycles for which PMW observations were. The experiment MW_lmt19
was the same as MW except 19V observations where ABI channel 8 BTs were above 235 K were excluded.
This experiment was motivated by the appearance of biases in clear-sky (low-value) 19V BTs that we
attempted to eliminate by limiting assimilation of 19V BTs to cloudy regions (see Section 4.3). In
MW_lmt19, we also excluded assimilation of 19V observations near or over land given their relative lack
of information on liquid water content and over concerns with accuracy of ground surface emissivity and
beam convolution along shorelines. Finally, MW_lmt19_RE uses the same observations as MW_lmt19 but
the microwave radiative transfer model is the CRTM version 2.1.3 with the provided lookup table, with
cloud effective radii are made to be consistent with the microphysics particle size distributions and the
water content (referred to as CRTM-RE in Section 2). The MW observations from a given radiometer
overpass are collectively assimilated at the hour closest to the time of the observation that is closest to the
WRF domain center (but there are a mere few minutes difference between observations across the domain).
Conventional observations were assimilated before satellite observations. Large ROI observations
were assimilated before small ROI observations. The order of assimilation of PMW observations among a
given ROI were randomized through space and by channel/satellite. IR observations were assimilated west-
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to-east and north-to-south, as is done by Minamide and Zhang (e.g., 2018). The forward operator CRTM
was run only once before commencing assimilation of the observations: instead of running the forward
model immediately before each observation is assimilated, background BTs were updated directly by the
assimilation of each observation by state vector augmentation (see Anderson 2001).

Results
The observed, prior, and posterior BTs for the various experiments at the first EnKF cycle are
illustrated in Fig. 4.2. This initial EnKF cycle of PMW BT assimilation enabled the analysis to better
reproduce the distribution of PMW observations, as expected, with discrete and collocated BT features of
reasonable magnitude. Assimilation of IR alone did not achieve this kind of result on one analysis step,
instead requiring several cycles of IR BT assimilation for the analysis IR BTs to match well with IR
observations (see Minamide and Zhang 2018 and Fig. 4.3, rows 1 and 3).
The MW and MW_lmt19 experiments did not raise the IR BTs in the clear-sky region west of the
future TC. The primary cause of the simulated low IR BTs in this region to the west of the developing TC
(Fig. 4.2, Rows 2-4, Column 8) was the occurrence of widespread small ice particles with small ice water
contents in the EnKF prior ensemble members. Averaging the ensemble member ice water properties, all
with slightly different spatial locations, to produce the ensemble mean background Xb spatially smeared the
ice water content locations, causing the simulated BTs in the IR to drop across this region. Assimilating
183±7-GHz BTs did not substantially change and bring the simulated IR BTs into agreement with the
observations: the ensemble-derived correlations between the 183±7-GHz BTs and the ice water contents
were small because the observations lack sensitivity to small particles and small ice water contents. The IR
experiment did raise clear-sky IR BTs in this region closer to the observations (Fig. 4.2, Row 5, Column 8)
because these observations were sensitive to these ice particles.
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Figure 4.2: (Row 1) Seven observed (OBS) BTs from the GPM GMI overpass at 1156 UTC 23 August
(Columns 1-7) along with the ABI channel 8 BTs at 1200 UTC 23 August (Column 8). Simulated PMW
(Columns 1-7) and IR (Column 8) BTs based on the EnKF background (Row 2), and the EnKF analyses of
the MW (Row 3), MW_lmt19 (Row 4), IR (Row 5), and NoSat (Row 6) experiments are valid at 1200 UTC
23 August.
Figure 4.3 shows observed (Row 1) and forecast (Rows 4-5) BTs valid at 0000 UTC 24 August
(the end of the EnKF cycling) together with BTs from the analysis (Rows 2-3) from which the forecasts
were launched at 1900 UTC 23 August. Compared to the IR experiment, the MW_lmt19 experiment forecast
had an overall precipitation structure—a curved band with some individual convective cells—which
corresponded better to observations. The MW_lmt19 experiment forecast also produced strong convection
to the south of the center of circulation, a feature also apparent in the observation. Convective activity in
this location was suspected to play a role in shrinking of the radius of maximum winds and subsequent
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Figure 4.3: (Row 1) Four observed (OBS) PMW BTs from the DMSP–F18 SSMIS overpass at 2356 UTC
23 August (Columns 1-4) along with the ABI channel 8 BTs at 0000 UTC 24 August (Column 5). Simulated
PMW (Columns 1-4) and IR (Column 5) BTs based on the EnKF analysis of the MW_lmt19 experiment
(Row 2) and the EnKF analysis of the IR experiment (Row 3) valid at 1900 UTC 23 August. Row 4 is
identical to Row 2 and Row 5 to Row 3 but showing the 5-hour forecasts at 0000 UTC 24 August initiated
from the 1900 UTC 23 August analysis.
rapid intensification of the storm (https://www.nhc.noaa.gov/data/tcr/AL092017_Harvey.pdf). The northsouth band to the south and a bit to the east of the center of circulation was not significantly dislocated
(relative to the observations) to the east, as it was in the IR experiment. Also, these MW_lmt19 forecasts
analysis valid at 0000 UTC 24 August show that IR assimilation between PMW assimilation cycles is able
to constrain upper-level water content in clear-sky conditions. This correspondence to these IR BTs was
retained after assimilating only PMW observations at 0000 UTC 24 August, as well as with the 5-hour
forecast which followed after a cycle in which only PMW observations are assimilated.

90

Figure 4.4: Analysis increments for a selection of experiments at 1300 UTC 23 August. The domainaveraged value is in grey as a title to each subplot. Column 1 contains the increments to the 10-meter wind
speeds for the four experiments, whereas Columns 2-4 contain vertically summed increments of water
vapor, liquid water, and ice water, respectively.
Increments at 1300 UTC 23 August of surface wind speed and vertically integrated water quantities
for various experiments are illustrated in Fig. 4.4. With the MW experiment, the increments of surface wind
speed and water vapor to the west of the to-be cyclone were striking and stand out. Clear-sky BTs at 19V
(among the other low-frequency MW channels) over water surfaces are much lower than the surface’s
physical temperature due to low surface emissivity at the zenith angle of the satellite, along with a low (but
non-zero) absorption cross-section of water vapor. The surface emissivity is positively correlated with
surface wind speed (up to a limit), and, given the low surface emission, observed BTs are also positively
correlated with lower-tropospheric water vapor. The 1300 UTC F18 SSMIS 19V BTs were generally 3 K
to 7 K warmer than the simulated BTs of the 1300 UTC posterior (not shown) throughout this clear-sky
region. The ensemble-derived correlations picked up on how higher surface wind speeds and low-level
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water vapor to 19V, thus the negative biases in the simulated BTs produced these positive innovations in
order to reduce the negative bias. When assimilating only 183±7 in these regions (i.e., MW_lmt19), a
channel which also has sensitivity to lower- to mid-tropospheric water vapor, there was not such a large
positive increment in water vapor nor surface wind speeds. This motivated our exclusion in the assimilation
of 19V observations in clear-sky regions in the MW_lmt19 experiment.
There are several notable differences in the increments of liquid and ice water contents between
the MW experiments and IR. First, there were areas in which increments were of different sign between the
MW_lmt19 and IR experiments. Second, the overall increment magnitudes were higher for the MW_lmt19
experiment than for the IR experiment, with mean absolute values of liquid and ice water content
increments, respectively, of 0.130 kg m-2 and 0.190 kg m-2 for MW_lmt19 and just 0.063 kg m-2 and 0.121
kg m-2 for IR. Third, assimilating MW BTs produced liquid and ice water content increments that were less
correlated with each other: 0.78 for MW versus 0.83 for IR. The locations and amounts of liquid and ice
water contents in the environs of a TC will not be perfectly correlated, and the MW_lmt19 experiment
assimilates observations from both a liquid-sensitive (19V) and ice-sensitive (183±7) PMW channel. Seeing
these lower correlations in these increments helps to demonstrate the value in this approach.
Finally, the increment field of both liquid and ice water contents have more granularity, i.e., more
structure and stronger spatial gradients, for the MW_lmt19 experiment than for the IR experiment, despite
fewer PMW observations being assimilated and with a greater radius of influence (ROI). This result is
consistent with the PMW observations representations of the discrete nature of convective precipitation
structures in, compared to the upper-level cloud shield seen in IR imagery. The domain-averaged value of
the Sobel Operator, a positive-definite measure of gradients in an image, is higher for MW_lmt19 than IR
(21.88 vs. 10.64 for liquid, and 20.37 vs. 11.06 for ice). This result is consistent with Fig. 4.2, showing that
exclusively assimilating IR BTs did not produce the prominent cloud and precipitation features apparent in
the PMW observations.
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Figure 4.5: Comparison of intensity (minimum sea-level pressure and maximum 10-m surface wind speed)
and position forecasts for different configurations of assimilated observations and NHC best-track. The
forecasts were launched from analyses at 0000 UTC 24 August.
Figure 4.5 shows TC metrics from forecasts initialized at 0000 UTC 24 August for the various
experiments. The MW_lmt19 experiment results indicate that assimilating PMW observations when
available in this 12-hour period did not significantly improve intensity forecasts in the early evolution of
the storm, but did not substantially degrade the later intensity and track forecasts, compared to assimilating
IR only. The track forecast of the MW experiment was poor, with a significant jog to the west between 1800
UTC 24 August and 0600 UTC 25 August. This brought the storm proximate to land several hours earlier,
with the storm meaningfully closer to land at 1800 UTC 25 August. It is at this point in time that the
intensity forecasts significantly diverge, with the MW experiment forecast not reaching as great of intensity
as the other forecasts and best track. With the water vapor field of the MW_lmt19 experiment replacing that
of the MW experiment, the resulting initial conditions produced a forecast in which the storm does not jog
to the west, with a track well-aligned with that of the MW_lmt19 experiment.
Figure 4.6 is similar to Fig. 4.2 but showing results of the one experiment using CRTM-RE as the
forward operator (MW_lmt19_RE). Consistent with what is seen of CRTM-RE from Section 2, the
background has higher brightness temperatures at the higher frequencies, especially 183±7. At 19V, the
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Figure 4.6: Similar to Fig. 4.2 but fewer channels of PMW BTs, and simulated PMW BTs using CRTM-RE
of the EnKF background (Row 2) and the EnKF analysis of the MW_lmt19_RE experiment (Row 3).
background brightness temperatures are lower with CRTM-RE. These differences in background brightness
temperatures lead to greater positive increments to water vapor, liquid and ice water contents (Fig. 4.7).
The relative increase in ice water contents means that the MW_lmt19_RE and MW_lmt19 analyses are closer
in high-frequency brightness temperatures than are their backgrounds. In a complete reversal from the
background, the 19V analysis brightness temperatures are slightly warmer in the MW_lmt19_RE
experiment. This is attributable to a combination of greater liquid water content, and how CRTM-RE
represents ice water content in a way that results in less reduction of low-frequency brightness temperatures.
The differences in overall analysis vapor, liquid and ice water contents amplifies over the next several EnKF
cycles (not shown).
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Figure 4.7: Similar to Fig. 4.4, but valid at 1200 UTC 23 August, and comparing MW_lmt19 (row 1) and
MW_lmt19_RE (row 2). Their differences—former subtracted from latter—is shown in row 3.

Discussion
We used Hurricane Harvey (2017) to assimilate passive microwave (PMW) brightness temperature
(BTs) along with infrared (IR) BTs using an Ensemble Kalman Filter (EnKF) within a regional-scale model
for tropical cyclones (TCs). One EnKF cycle of assimilating spatially-thinned 19-GHz vertical-polarization
(19V) and 183±6.6-GHz (183±7) BTs immediately following EnKF initialization produced an analysis that
agreed reasonably with observations for multiple PMW channels, as well as with cloudy-sky IR BTs. PMW
BT assimilation produced increments to the EnKF prior that were physically intuitive and of significant
magnitude. These preliminary results hold promise for improved forecasts of precipitation structures when
assimilating PMW BTs. Compared to the excellent results obtained from assimilating only IR BTs, the
MW_lmt19 experiment did not significantly degrade intensity and track forecasts.
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In the 12-hour period from 1200 UTC 23 August to 0000 UTC 24 August, there were 5 hourly
cycles having full-coverage overpasses providing observations at both 19V and 183±7. This is a high
number: with the current observing system of PMW radiometers, a TC receives fewer than 10 full-coverage
overpasses per day when including sensors AMSR2 and SSM/I which do not measure in the 183-GHz
family. Furthermore, the current polar-orbiting imagers are, and will continue to be for several years
(considering

for

orbital

drift),

clustered

within

a

windows

of

6

hours

or

less

(see

http://www.remss.com/support/crossing-times/). The non-polar-orbiting GPM Core Observatory and
Megha-Tropiques will occasionally provide GMI and SAPHIR observations, respectively, within the 6hour gap. Therefore, assimilating IR BTs between PMW sensor overpasses may be required to maintain
the overall structure of the TC and a semblance of its precipitation structure. The ideal frequency of IR BT
assimilation when used to supplement PMW BT assimilation may be worthy of further investigation. Along
with the issue of computational expense, there may be science-related issues. For example, too frequent
over too long of a period of exclusively assimilating IR BTs may over-constrain the ensemble of
precipitation structures into an inaccurate state (e.g., too high of water contents), rendering PMW BT
assimilation less effective at correcting them.
Sometimes the PMW sensor swaths sample only a part of the outer/inner core; the SSMIS aboard
DMSP F–16 provided one such overpass at 2200 UTC 23 August. Assimilating BTs from such partial paths
are problematic in that they potentially lead to unnatural and detrimental cyclone asymmetries in the
analysis. This has not been investigated; in fact, the assimilated overpass with the least coverage across the
inner domain was the 1200 UTC 23 August GMI overpass. However, employing a method that assimilates
IR BTs concurrently with PMW BTs might expand the number of PMW sensor overpasses that are suitable
for assimilation.
Adaptive Background Error Inflation (ABEI) was used in assimilating the IR BTs, but it has not
been developed for PMW BT assimilation. Seeing that precipitation-affected PMW BTs matched well to
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observations in both clear- and cloudy-sky after just the initial cycle, perhaps there is no rush to develop
ABEI for PMW BT assimilation.
Assimilation of 19V BTs in clear-sky conditions warrants further investigation. The observations
used in this study may have calibration issues. Even in the absence of calibration issues, and assuming
negligible salinity and surface temperature errors, differences between observed and simulated 19V BTs
different could be caused by differences in the surface wind or precipitable water (water vapor). However,
one could expect assimilation to result in simultaneous increments to both surface wind and water vapor.
The method in this paper for filtering 19V observations deemed to be in “cloudy-sky,” thus fit to
assimilate, was a threshold on IR BT (i.e., BTs < 235 K indicate cloud affected BTs). The result was the
assimilation of several 19V BTs of fairly low value which were near the center of the disturbance/domain.
Another definition one could use for “cloudy-sky” 19V BTs is to base it on the 19V BT value itself.
Experiments using this method and a conservatively high minimum threshold produced poorer cyclone
intensity forecasts than for the MW_lmt19 experiment. Further analysis on the impacts of assimilating 19V
BTs limited to different regions is warranted.
Two of the assimilated satellite BT channels, 183.31±6.6-GHz (183±7) and 6.15 µm (ABI ch. 8),
are near a water vapor absorption band and have most of their clear-sky weighting function (according to
the US standard atmosphere) in the troposphere. These two weighting functions are roughly orthogonal to
each other: 183±7 is weighted most in the lower troposphere—with a meaningful weight in the boundary
layer—while 6.2-µm BTs are representative of upper tropospheric humidity. The assimilation of both in
clear-sky is complimentary with regard to better constraining the water vapor profile. For this reason,
Masashi and Zhang (2016) conducted preliminary studies into assimilating multiple ABI water vapor
channels in clear-sky, but decided against it due to the observations of the different channels being too
highly correlated. However, the concept of assimilating the BTs of more than one channel with substantial
sensitivity to water vapor is worth exploring again given how 6.2-µm and 183±7 observations are by
different instruments at different spatial resolutions at different locations and at different times within the
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assimilation window. An experiment in which clear-sky IR BTs were assimilated at PMW BT assimilation
cycles was tested but produced poorer intensity forecasts; again, more investigation is warranted.
There are several avenues for related future work. Rather than considering just the analysis means,
the ensemble members can be studied to ascertain how assimilation impacts the predictability of the
cyclone. There is more to learn about the identified issues with clear-sky 19V observations, including the
sensitivity to surface emission for a given 19V BT value in a given atmosphere from a fundamental radiative
transfer perspective. However, it would be first worth testing if Level 1c cross-calibrated BTs compare
better to observations, especially for the PMW sensors having the greatest 19V clear-sky biases.
After learning more to determine what the optimal PMW BT assimilation configurations are and
why, the assimilation of PMW BTs should be applied to Harvey beyond 0000 UTC 24 August, as well as
a variety of other TCs. This should include cases where an inner rain band transitions to an outer eyewall,
leading to an eyewall replacement cycle, is better observed by PMW sensors than ABI. Finally,
constellations of Cubesat microwave radiometers from NOAA’s Earth Observing Nanosatellite–
Microwave (EON–MW) mission and NASA’s Time–Resolved Observations of Precipitation structure and
storm Intensity with a Constellation of Smallsats (TROPICS) mission (Blackwell et al. 2018) make possible
the prospect of approximately hourly revisit times over TCs by high-frequency PMW sensors in the near
future. This would significantly increase overall efficacy of PMW BT assimilation, perhaps akin to how
the availability and assimilation of ABI IR BTs every hour is very capable of constraining the analysis to
observations (Minamide and Zhang 2018, Honda et al. 2018). Further improvements to the CRTM radiative
transfer model may make Observing System Simulation Experiments (OSSE), such as those conducted for
IR BT assimilation (Zhang et al. 2016), that account for this large addition to the PMW observing network
worthwhile conducting.
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Chapter 5

Discussion and How to Proceed
The establishment of a foundation for significant advancements in the assimilation of all-sky
passive microwave (PMW) observations for improving tropical cyclone (TC) forecasts required much more
effort and science than anticipated when conceiving the project. In the beginning we did not fully appreciate
the difficulty of forward modeling with the Community Radiative Transfer Model (CRTM) and the
significance of inconsistencies with model microphysics. There were continually new challenges working
with PMW forward radiance modeling with the CRTM, relating to treatment of the particle size
distributions (PSDs), the representativeness of the PSDs, and the adequacy of solutions to remove simulated
brightness temperatures (BTs) biases compared to observations. We decided that cloud scattering properties
in the CRTM ought to be made consistent with WRF model microphysics schemes, especially given our
use of the ensemble Kalman filter (EnKF) data assimilation method. To ameliorate model-observation
biases we needed to make use of non-spherical particles which required understanding the ways to couple
non-spherical particle scattering properties to PSDs of spheres generated by the model microphysics. This
approach was especially relevant to snow.
Though the radiative transfer within CRTM still has room for improvement, its current
enhancements enabled us to pursue a preliminary investigation of PMW data assimilation. In the
preliminary study the posteriors (i.e., analyses) after assimilating PMW brightness temperatures (BTs) in
areas of cloud and precipitation were the result of reasonable increments to liquid and ice water contents,
and contained more accurate precipitation locations and structures than assimilating infrared (IR) alone.
These improvements to precipitation persisted into forecasts. Ultimately, this result provides an indication
that improved forecasts of precipitation may result from PMW BT assimilation.
To conclude this thesis I will briefly discuss plans for expansion, refinement, and further
investigations.
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Data Assimilation
The final section of Chapter 4 discussed many lines of future work in the realm of improving data
assimilation. These mostly related to 19V observation issues, extending Harvey assimilation time frames,
systematically studying more cases, and exploring the impacts of future Cubesat constellations.
An issue brought up in the Methodology section but not again in the Discussion was that, in a given
EnKF cycle, the CRTM is used to simulates infrared/MW BTs just once: on the background/prior state, just
before all infrared/MW BTs get assimilated one-by-one. These CRTM simulated BTs get added to the
vector of model state variables to be updated (linearly) by the EnKF with each assimilated observation. An
alternative approach is to run the CRTM in only in the area relevant to the next observation to be
assimilated. This allows the linear updates to model fields from prior assimilated observations to be
represented in the non-linear forward operator. As far as I know, there is no scientific reason why our
approach of state vector augmentation is better than this other approach. Back when the PSU-EnKF was
being developed, the use of state vector augmentation was likely a conscious decision for the sake of
simplicity, with not enough consideration given to the eventuality of highly nonlinear observation operators.
This alternate approach ought to be the most accurate, and maybe even less costly if optimally implemented.
It is worth considering investing the moderate amount of time and effort to develop this capability in the
PSU-EnKF.
Biases in simulated low-frequency BTs compared to observations may relate not only to biases in
surface emissivity but in liquid water content. A cold bias simulated low-frequency BTs could be caused
by there being too little liquid water content in the model compared to the observed atmosphere. Many of
the areas identified as clear-sky in observations could have some amount of small (much smaller than lowfrequency observation fields of view) shallow marine stratocumulus clouds, the liquid water content of
which would (somewhat) raise observed BTs compared to truly clear sky. A model bias of not having
(enough of) scattered and shallow clouds would lead to a cold bias in the BTs simulations. It may be worth
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developing a cloud detection algorithm using visible and infrared satellite imagery; locations flagged as
cloudy could then be treated differently in data assimilation if the model prior has no liquid water content
in them.

Radiative Transfer Model
There are also additional improvements to be made regarding our use of CRTM. PMW BTs are
measured at an angle to the surface which is relevant to both surface emissivity and the path length between
the ground and the sensor. These are accounted for with the FAST microwave Emissivity Model
(FASTEM5) in the CRTM and implicitly in the one-dimensional plane-parallel solver embedded in CRTM,
respectively. The results from this work use as atmospheric input to the CRTM vertical columns above the
locations being simulated, thereby ignoring the impact of horizontal inhomogeneity of the atmospheric state
along the sensor view direction. Deep convection structures are, for the most part, vertical, thus the highest
ice water contents are concentrated into fewer profiles. These structures are not significantly larger than
some PMW sensor effective fields of view (EFOVs), which are ellipses of area ranging from 69 km2 (GMI
183±7) to over 9300 km2 (SSM/I 19.35 GHz). There may be significant differences in the BTs after satellite
beam convolution—transforming simulated BTs at individual model grid points to the EFOV—between
vertical path construction and slant path construction due to the different atmospheric input. Work is
ongoing that investigates the impact of slant path construction within CRTM based on the view zenith
angles of the sensors.
Also, satellite beam convolution is currently treated as a circle of equal area to the ellipse described
by the along-track and cross-track beam widths. This was a matter of convenience before incorporating
observation azimuth angles in the CRTM computations. Switching to using a beam convolution based on
the along-track and cross-track ellipse beam widths would be an upgrade.
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Cloud Scattering and Absorption
This project has resulted in advancing our understanding of cloud absorption and scattering
properties on PMW BTs. The Discussion section of Chapter 3 mentions a few more lines of research and
potential upgrades in this area, including: consideration of non-spherical graupel particles to reduce pockets
of cold biases, especially at and below ~90 GHz, investigating biases in WRF and certain microphysics
schemes as a source of biased simulated BTs, and using non-spherical cloud ice in order to further lower
BTs at 183±7 GHz relative to 90 GHz. I would like to work on the required theory of how to have a mixture
of particle types while maintaining some consistency with microphysics specifications. I would then follow
this up with a machine learning approach for optimizing a mixture of particle types that have small biases
compared to observations. And if any spherical particles remained in the approach, it would be good to add
a temperature dimension to cloud absorption and scattering look-up tables, or to at least investigate
sensitivity to temperature and find which single temperature is the best overall representation of average
ice temperature and the average of all clouds’ scattering/absorption properties.

Experiments
Masashi Minamide and Fuqing Zhang (2019, personal communication) suggest that we should
begin the assimilation of satellite observations at 1200 UTC 22 August for TC Harvey. They report that
assimilating IR BTs earlier begets forecasts from later analyses that capture the timing of the rapid
intensification of TC Harvey. Forecasts that match well in intensity with the actual TC are a more
appropriate experimental setup for testing how introducing PMW BT assimilation impacts forecasts of
precipitation structures.
Our research group is now also investigating TCs Patricia (2015), Irma (2017), and Maria (2017)
in a variety of research subjects. These are excellent candidates for further experimenting with PMW BT
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assimilation, especially the latter two as they are long-track storms that underwent changes to the inner
core.

Appendix A

Microphysics Parameterization Scheme Details
The three microphysics schemes used in this study are WRF Single-Moment 6-Class (WSM6;
Dudhia et al. 2008), Goddard (single-moment; Lang et al. 2007) and Morrison (double-moment; Morrison
et al. 2009) as they are in the WRF model version 3.6.1. Provided here is information on how each scheme,
hence its associated CRTM-DS lookup table, specifies the species, as well as all what little is known (e.g.
particle densities) or safely presumed about the CRTM-RE lookup table
The double-moment species in Morrison have mixing ratio and number concentration predicted.

Cloud Liquid
Cloud liquid has a monodisperse distribution in WSM6 and Goddard. WSM6 has a fixed number
concentration 𝑁𝑐 [𝑚−3 ] = 3.0 × 106 , therefore the particle size responds to changes in water content. In
contrast, Goddard has a fixed particle diameter of 20 µm, therefore the number concentration varies between
clouds.
In Morrison, cloud liquid has a gamma distribution. In these simulations, the scheme is configured
to predict only a single moment: the number concentration is fixed (𝑁𝑐 [𝑚−3 ] = 2.5 × 106), and therefore
the shape parameter is fixed as well (𝜇𝑐 = 4.827). The gamma distribution is formulated as
𝑁𝑐 (𝐷𝑐 ) = 𝑁0,𝑐 𝐷𝑐 𝜇𝑐 𝑒 −𝜆𝑐 𝐷𝑐 ,
1

where the slope parameter 𝜆𝑐 [𝑚−1 ] = [

𝜋𝜌𝑐 𝑁𝑐 Γ(𝜇𝑐 +4) 3
],
6𝑞𝑐Γ(𝜇𝑐 +1)

where

(𝜇𝑐 +1)
60.0×10−6

≤ 𝜆𝑐 ≤

(𝜇𝑐 +1)
1.0×10−6

(or roughly

9.71 × 104 ≤ 𝜆𝑐 ≤ 5.83 × 106 for 𝜇𝑐 = 4.827), and the intercept parameter 𝑁0,𝑐 [𝑘𝑔−1 𝑚−1 ] =

𝑁𝑐 𝜆𝑐 𝜇𝑐+1
.
Γ(𝜇𝑐 +1)
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For the CRTM lookup table as currently released, all liquid clouds are given the scattering
properties of a rain cloud having an effective radius of 5 µm. Specifications of the liquid cloud particle size
distribution are unknown.
All assume nearly the same liquid particle density: 1000 kg m-3 in WSM6 and Goddard, and 997
kg m-3 in Morrison.

Cloud Ice
Cloud ice has a monodisperse distribution in WSM6. A set of equations relates cloud ice content
(𝜌𝑎 𝑞𝑖 ) to number concentration, particle radius and particle density:
-

Number concentration: 𝑁𝑖 [m−3 ] = 5.38 × 107 (𝜌𝑎 𝑞𝑖 )0.75 , where 103 ≤ 𝑁𝑖 ≤ 106

-

Particle mass: 𝑀𝑖 [kg] = (𝜌𝑎 𝑞𝑖 )⁄𝑁𝑖

-

Particle radius: 𝑅𝑖 [m] = 5.95𝑀𝑖 1⁄2 , where 𝑅𝑖 ≤ 250.0 × 10−6

-

𝑖
Density of equivalent sphere: 𝜌𝑖 [kg ∙ m−3 ] = (𝜋⁄𝑀
6)𝐷 3
𝑖

As determined by the equations and the bounds on parameter values, the density of the equivalent
sphere can range from that of solid ice (917 kg m-3) to less than 100 kg m-3.
Cloud ice also has a monodisperse distribution in Goddard. The cloud ice particle concentration is
specified by the Fletcher (1962) equation:
𝑁𝑖 [m−3 ] = 𝑛0 𝑒 𝛽∆𝑇 ,
with ∆𝑇[K] = 273.15 − 𝑇. The Goddard scheme uses the values 𝑛0 = 10−6 and 𝛽 = 0.46. Particle
density is that of solid ice (917 kg m-3).
Cloud ice has an exponential distribution in Morrison and is 2-moment (mixing ratio and number
concentration). The slope parameter value is bounded by
2.86 × 103 ≤ 𝜆𝑖 ≤ 106 ). Particle density is 500 kg m-3.

1
(2×125.0×10−6 )+100.0×10−6

≤ 𝜆𝑖 ≤

1
10−6

(or roughly
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For the CRTM lookup table as currently released, all ice clouds are given the scattering properties
of a hail cloud having an effective radius of 5 µm. Particle density is 900 kg m-3, but other specifications of
the particle size distribution are unknown. This small particle size makes ice clouds of realistic water
contents to be virtually invisible in simulations at microwave wavelengths.

Rain
Rain has an exponential distribution in all schemes, and is double-moment in Morrison. WSM6
and Goddard follow a Marshall and Palmer (1948) distribution with 𝑁𝑟 [𝑚−3 ] = 8.0 × 106 , although
WSM6 limits the slope parameter 𝜆𝑟 [𝑚−1 ] ≤ 8.0 × 104 . Morrison bounds the slope parameter by
1
2800.0×10−6

≤ 𝜆𝑟 ≤

1
20.0×10−6

(or roughly 3.57 × 102 ≤ 𝜆𝑟 ≤ 5.00 × 104 ).

All assume nearly the same particle density (same as cloud liquid).

Snow
Snow has an exponential distribution in all schemes, and is double-moment in Morrison. For
WSM6, the snow particle number concentration is a function of temperature (Kelvin):
𝑁0,𝑠 [m−3 ∙ m−1 ] = 2.0 × 106 𝑒 0.12(273.15−𝑇) ,
limited 𝑁0,𝑠 ≤ 1011 (a value produced at 183 K), and the slope parameter is limited 𝜆𝑠 [𝑚−1 ] ≤
105 . Goddard assumes a fixed number concentration 𝑁𝑠 [𝑚−3 ] = 1.6 × 107. Morrison bounds the slope
parameter by

1
2000.0×10−6

≤ 𝜆𝑠 ≤

1
10.0×10−6

(or 5.0 × 102 ≤ 𝜆𝑠 ≤ 105).

All assume the same particle density of 100 kg m-3.
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Graupel
Graupel has an exponential distribution in all schemes, and is double-moment in Morrison. WSM6
and Goddard assume a number concentration 𝑁𝑔 [𝑚−3 ] = 4.0 × 106 . WSM6 limits the slope parameter
𝜆𝑔 [𝑚−1 ] ≤ 6.0 × 104 . Morrison bounds the slope parameter by

1
2000.0×10−6

1

≤ 𝜆𝑔 ≤ 20.0×10−6 (or

5.0 × 102 ≤ 𝜆𝑔 ≤ 5.0 × 105 ).
The WSM6 scheme assumes a different particle density (500 kg m-3) than Goddard, Morrison, and the
CRTM-RE lookup table (400 kg m-3). The simulation with the Morrison scheme is configured to
model graupel as heavy ice precipitation (hail is the other option).
.

Appendix B

Satellite and sensor abbreviations/initializations and brief descriptions
-

ABI: Advanced Baseline Imager; IR (and visible) radiometer; onboard GOES–16, –17 and
future –18 and –19 (–T and –U)

-

AMSR2: Advanced Microwave Scanning Radiometer 2; onboard the GCOM-W1

-

DMSP: Defense Meteorological Satellite Program, a series of sun-synchronous polarorbiting satellites by the US Department of Defense; active satellites carry (among other
sensors) either an SSM/I (DMSP–F15) or SSMIS (DMSP–F16, –F17, and –F18)

-

GCOM-W1: Global Change Observation Mission for Water 1, a sun-synchronous polarorbiting satellite by the Japan Aerospace Exploration Agency (JAXA); carries AMSR2

-

GMI: GPM Microwave Imager; onboard GPM Core Observatory

-

GPM Core Observatory: Global Precipitation Mission Core Observatory, a low-earth
orbit satellite with an inclination of 65 degrees operated by NASA and the Japan Aerospace
Exploration Agency (JAXA); carries GMI (and the Dual–frequency Precipitation Radar)

-

GOES: Geostationary Operational Environmental Satellite system, operated by the
National Oceanic and Atmospheric Administration (NOAA; USA); operationally active
satellites (GOES–16, –17) carry an ABI (among other sensors)

-

Megha-Tropiques: a low-earth orbit with an inclination of 20 degrees operated by the
Indian Space Research Organisation (ISRO) and French Centre National d’Etudes
Spatiales (CNES); carries SAPHIR (among other sensors)

-

SAPHIR: Sounder for Probing Vertical Profiles of Humidity; water vapor microwave
sounder onboard Megha-Tropiques
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-

SSM/I: Special Sensor Microwave Imager; onboard DMSP–15 (among many older
satellites which are no longer functioning)

-

SSMIS: Special Sensor Microwave Imager / Sounder; onboard DMSP–F16, –F17 and –
F18
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