Sensitivity study of ice crystal optical properties in the 874 GHz submillimeter band
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Abstract
Testing of an 874 GHz submillimeter radiometer on meteorological satellites is
being planned to improve ice water content retrievals. In this paper we study the optical
properties of ice cloud particles in the 874 GHz band. The results show that the bulk
scattering and absorption coefficients of an ensemble of ice cloud particles are sensitive
to the particle shape and effective diameter, whereas the latter is also sensitive to
temperature. The co-polar back scattering cross-section is not sensitive to particle shape,

temperature, and the effective diameter in the range of 50-200um,.
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Introduction

One of the largest uncertainties in understanding the current climate and possible
future changes is the radiative forcing of ice clouds [1]. The main difficulty in
quantifying the radiative characteristics of ice clouds is that many factors (or the degrees
of freedom, DOF) affect the radiative forcing, such as ice water content (IWC), ice
particle size distribution (PSD), individual particle shape, temperature and cloud height
[2]. Almost all applications such as climate models parameterize some of these factors to
decrease DOF in order to simplify calculations [3]. For example, in radiative transfer
models (RTMs), the PSD is often assumed as a gamma distribution with respect to
particle maximum dimension (D,,) with a certain shape parameter and a scale parameter.
An ensemble of the individual particles are assumed to be a certain mixture of various
habits in some advanced RTMs. Other common simplifications are to assume that the
temperature and IWC are vertically uniform, or the cloud height is assumed to be fixed at
a certain level. The validation of these parameterizations is a challenging task from both

observational and theoretical perspectives.

Currently, ice clouds are observed using multiple tools including in situ
instruments and remote sensors such as ground-based radars, lidars, and radiometers, and
airborne, balloon-borne, and satellite-based instruments. In situ instruments such as
airborne particle samplers provide the most precise measurement but suffer from very
limited time and spatial coverage. Radars, lidars, and radiometers are used to retrieve ice

cloud properties from their received radiances, but all the aforementioned factors that



affect radiative forcing must be considered. Most retrieval methods utilize RTMs as their
cores so it is desirable to develop the best parameterizations of all factors that match
between the RTM simulated and instrument observed radiances throughout several
spectral bands [3] [4]. The ideal condition to retrieve a particular quantity (e.g., IWC) is
when the radiance is only sensitive to the target quantity while not sensitive to any other
quantity (such as temperature, or particle shape, etc). Ground-based instruments have
more spatial and time coverage than in situ measurement and are more economic and
easily handled than satellites. However, the retrievals of high altitude ice clouds from
ground-based instruments are interfered with significantly by aerosols and absorbing
gases in the lower troposphere. Current radiometers on satellites receive radiance
covering visible, near and far (thermal) infrared, and millimeter bands [5]. When ice
cloud is present, visible and infrared radiances observed by satellite sensors are usually
sensitive to ice particle shape, while millimeter and submillimeter radiances measured by
spaceborne instruments and radars are sensitive to particle size distributions. Specially,
two submillimeter bands, 642GHz (including horizontal and vertical polarization states,
H&V) and 874GHz, provided by the Compact Scanning Submillimeter-wave Imaging
Radiometer (CoSSIR, flying on an airplane at about 20km height), have been
successfully used to retrieve IWC [4]. Additionally, infrared bands on satellites can only
“see” very high ice clouds (i.e., over 7-8km), while visible and millimeter band signals
are contaminated by radiation from lower liquid clouds, water vapor, and the surface.
Submillimeter bands can not only see through ice clouds with moderate transmission and
absorption, but also exclude interference from lower liquid clouds, water vapor, and the

surface due to high absorption by water vapor. Considering these features of



submillimeter wavelengths, to better observe global IWC, NASA supports installing
submillimeter radiometers on satellites. One of such instruments is an 874GHz
submillimeter receiver onboard a satellite platform with a lower earth orbit. Thus, it is
necessary to study the ice cloud optical properties in this band to fully understand the

information content of this channel for remote sensing of ice cloud properties.

A retrieval of ice cloud properties from a satellite or radar instrument requires a
lookup table listing appropriate optical properties with respect to a certain set of assumed
parameterizations of input properties, such as PSD, IWC, particle shape, temperature, and
cloud height. The largest uncertainty of the parameterization lies in ice particle shape.
Natural ice particles exhibit a very large range of geometries, from simple pristine prisms
to complex irregular aggregates. In addition, ice particle surfaces can be smooth or rough
to various degrees. They can also be attached to, e.g., soot particles, or include aerosols
and air bubbles. All of these factors affect the optical properties of ice particles,
especially when wavelengths are comparable to or larger than particle sizes. A good
parameterization of ice particle shapes leads to good agreements between observations
and simulations, and allows a simplified parameterization of other factors such as IWC
and PSD. In the Moderate Resolution Imaging Spectroradiometer (MODIS) collection 6
(C6), a simple single compact hexagonal-column-ice-crystal-aggregate habit with severer
roughness was used instead of an 11-habit mixture for the MODIS collection 5 (C5)
model [6] [7]. Similarly, Liu et al [8] proposes a two-habit model (THM) to reduce
inconsistent retrieval results among spectral bands. In addition, many other particle

shapes have been considered [9] [10] [11] [12] [13].



In this paper, we focus on studying the sensitivity of ice cloud optical properties
to various factors, including particle shape, PSD and temperature, in the 874GHz band.
The optical properties of individual ice particles are be computed using a state-of-the-art
invariant imbedding T-matrix method (IITM) developed at Texas A&M University [14]
[15]. Note, various numerous techniques have been developed for the simulation of the
single-scattering properties of ice crystals [16-18]. In this study, ice particles are assumed
to be randomly oriented. Because most high-cloud ice particles are smaller than or
comparable to the considered wavelength (343um), the effect of surface roughness is

insignificant. Therefore, all particles are assumed to be smooth in this paper.

1. Refractive index of ice

To the best of the authors’ knowledge, direct measurement of the refractive index
of ice near 874GHz was reported only by Zhang et al. [19] with errors of +0.002 for the
real part and +0.0005 for the imaginary part using time domain spectroscopy. However,
their measurement covers a relatively small range of temperature, 239-263K. We cover
160-270K following the procedure described by Iwabuchi and Yang [20]. Specfically, we
compute the imaginary part of the refractive index in the wavelength range of 0.3um-2m
using several datasets [21-27], and, then, perform the iterative Kramers-Kronig (KK)
analysis [20,28] to obtain the real part of the refractive index and the absorption strength
in the wavelength range 0-0.3um and 2m-co. During the iteration, the computed real part

of the refractive index is compared with the observed values at 0.5893um, 0.632um, and



1m to determine the status of convergence. Our procedure is also consistent with the
procedure used in the new completion by Warren and Brandt [21]. Particularly, in the
wavelength range of 300um-2m, the imaginary part is computed using the theoretical
formula with empirical coefficients described by Matzler [22]. During this process, the
temperature dependence is considered, which is assumed to be an exponential
dependence of the imaginary part of the refractive index on the temperature. We perform
this process for temperature between 160K-270K with an increment of 10K . Figure 1
shows the variations of the real and imaginary parts of the refractive index at 874 GHz
with respect to temperature. The differences between the present compilation and the
Zhang et al. measurements are less than 0.1% for the real part and 2% for the imaginary
part, which is less than or near to the errors of measurement. The variation of the real part
with respect to temperature is weak, only around 1% difference between 160K and 270K,
indicating weak sensitivity of the scattering coefficient and phase matrix to temperature.
Unlike visible bands, the imaginary part (absorption) at the 874GHz is non-negligible and
significantly sensitive to temperature, with a factor of 3 increase between 160K and

270K.
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Figure 1. The real (solid black line) and imaginary (dashed black line) parts of ice
refractive index as a function of temperature in our compilation. The measured real (red
solid line) and imaginary (blue dashed line) parts are also plotted, along with error bars.

2. Sensitivity to shape and size: Two habit model versus MODIS C6

Two parameterizations of ice particle shapes, THM and MODIS C6, are
compared to study the sensitivity of ice particle optical properties to shapes. The PSD is
parameterized as a gamma distribution with respect to particle maximum dimension (D,,,,
defined as the side length for hexagonal columns or the maximum distance between two
points for aggregates) with a dimensionless dispersion of 0.1 in the form

n(Dp,) = NoDjte™*Pm, 1)



where n(D,,,) represents number of ice particles per unit mass of bulk ice particles per
size bin at D,,,, in a unit of glum?, N, is the intercept, and A is the slope. The two
constants N, and A are dependent according to conservation of mass:

Jy n(Dp)m(Dy)dDy, = 1, )
where m(D,,) represents the mass of an individual ice particle with size D,,,. Therefore,
given a certain ice particle shape parameterization, the DOF of the PSD is 1. Hence, the
PSD can be represented by a single variable, the median mass diameter, D,,,,,,, meaning

that half of total mass is smaller than D,y,,,:

Dmm
Iy (D )M(Dyn)dDyy = . (3)
It can be proved that D,,,, and n(D,,) are mappable into each other for a given m(D,,).
A more commonly used parameterization for PSD is the so-called effective size, which is

defined by:

J3® n(Dm)V (D) dDyy
Iy’ (D) A(Dm)dDy,

where D, indicates the effective size for a given PSD, V(D,,) and A(D,,) the volume

and average projected area of individual particles.

Figure 2 shows the variation of scattering coefficient (unit is m?g™) versus Defs
for both THM and MODIS C6 at 240K. The calculation of single scattering properties is
performed for D,, in a range of 10-1000 pm with an increment of 10 pum. At around tens
to hundreds of microns, which are typical sizes of ice cloud particles, the scattering
coefficient is sensitive to PSDs for either habit. Also note that the scattering coefficient is
sensitive to particle shape when particle sizes are comparable to or larger than the

wavelength (343um). Figure 3 is the same as Figure 2 but for the variation of absorption



coefficient. Similar sensitivities to PSD and particle shape are observed. Also note that

little of the attenuated energy is absorbed when D, is small, while about 5-10% is
absorbed when D, is larger than about 50um. These sensitivities increase uncertainties

in IWC retrievals.
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Figure 2. The scattering coefficients (m?g™) of THM and MODIS C6 ice particle shape
habits as functions of effective size (um) at 240K.
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Figure 3. The same as Fig. 2 but showing the absorption coefficients.

To test the sensitivity of the radiances observed by satellite sensors to the particle

shape and size in the realistic atmospheres, we perform RTM simulations using the

Discrete Ordinates Radiative Transfer Model (DISORT) [29]. In the simulations an ice

cloud is assumed to locate between 10-12km, with a uniform temperature of 230K. The

atmospheric vertical profile is the US standard atmosphere for the tropics. Figure 4 shows

the variation of nadir view brightness temperature at TOA with D,¢¢. As expected, larger

IWP leads to a lower brightness temperature at TOA. When D, is around 50um, The

THM and MODIS C6 give similar brightness temperatures. However, when D¢ is

around 100um, the brightness temperatures for THM are about 10K lower than the
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counterparts of the MODIS C6. When D¢ is small, the optical thickness of the cloud is
also small, which corresponds to a near clear sky case. In this case, the brightness
temperature is about 254K, which is bellow the freezing point, resulting from sufficient
absorption by water vapor in the lower atmosphere. The information content bellow 5km
cannot be seen from the TOA in the 874GHz band. Thus, the nadir view brightness
temperature at TOA is sensitive to the particle size and the particle shape when D, is
around 100um, which is a common value for real clouds. Additionally, the brightness

temperature is sensitive to IWP.
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Figure 4. The nadir view brightness temperature at TOA as a function of the effective

size.
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3. Sensitivity to temperature

Figures 5 and 6 show the scattering and absorption coefficients as functions of
both D, and temperature. It is evident that the scattering coefficient is insensitive, while
the absorption coefficient is sensitive to temperature. This is a good feature that can help
to retrieve the vertical profile of IWC from satellites. But this requires a priori knowledge
of the vertical temperature profile, without which the IWC retrieval can be even worse

instead.
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Figure 5. The scattering coefficient as a function of D, for various temperatures. Thin
(thick) lines indicate THM (MODIS C6) habit.
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Figure 6. The same as Fig. 5 but showing the absorption coefficient.

In the previous RTM simulations, the cloud temperature is 230K, which is the
same as the ambient. To test the sensitivity of the TOA brightness temperature to the
refractive index, we keep the cloud temperature of 230K, but use the single optical
properties at a different temperature, e.g., 270K. The result is shown in Figure 7.
Evidently, the brightness temperature is sensitive to the temperature at which the single
optical properties are computed. The difference between 230K and 270K is greater than

5K when D, is larger than 50um and greater than 10K when D, is larger than 70um.

This suggests that neglecting the temperature dependence of the single-scattering
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properties can lead to large bias of simulated brightness temperature. Thus, to retrieve

vertical profile of IWC, this temperature dependence must be considered.

— THM, T=230K
— MODIS C6, T=230K 1
- - THM, T=270K

i - - MODIS C6, T=270K

Figure 7. The nadir-view brightness temperature at TOA as a function of the effective
size. The IWP is 300g/m?. Solid lines are the original RTM simulation. Dashed lines are

the RTM simulations where cloud single optical properties at 270K are used.

Figure 8 shows the horizontal-horizontal polarization (h-h, transmitting and
receiving both horizontal) back scattering cross-section (ay,) in units of db, where db is
defined as 1db = 10 X log;,(1g/m?) . The vertical-vertical (v-v, transmitting and
receiving both vertical) cross-section (o,,) is the same as og3; due to the random

orientation of particles. Figure 9 shows the horizontal-vertical polarization (h-v,
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transmitting horizontal and receiving vertical) back scattering cross-section (oy,,). The
vertical-horizontal polarization (v-h, transmitting vertical and receiving horizontal) back
scattering cross-section (a,;,) is the same as gy, due to the random orientation condition.
Clearly, neither of a},;, and gy, is sensitive to temperature, which is consistent with the
insensitivity of the real part of the refractive index to temperature. gy, is relatively less
sensitive to particle shape and D.rr when D¢ is larger than about 50um, while gy, is
relatively more sensitive to both particle shape and D,¢¢. This insensitivity of g, and
o, t0 particle shape, temperature and D, ¢ can enhance the accuracy of retrieving IWCs
from meteorological radars, which measure gy, or both g3, and o,,,. However, a ground
based radar in the 874GHz may not be useful to retrieve IWCs, because the transmitted

signal is fully absorbed by lower atmospheric water vapor.
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Figure 8. The back scattering cross-section (db) for polarization h-h as a function of D,
and temperature. Thin (thick) lines indicate THM (MODIS C6) habit.
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Figure 9. The same as Fig. 8 but showing the h-v polarization back scattering cross-
section.

Conclusion and discussion

We provide in this paper a benchmark for future study about ice cloud retrievals
using the 874GHz band. The sensitivities of optical properties of ice particles to
temperature, particle shape, and size distribution are studied. Both scattering and
absorption coefficients are shown to be sensitive to particle shape and size distribution.
Moreover, the absorption coefficient is sensitive to temperature. This benefits the

retrieval of ice water content from submillimeter radiometers. The co-polar back
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scattering cross-section is shown to be insensitive to either size distribution or particle
shape in the range of 50-200um in terms of D,¢, while the cross-polar back scattering
cross-section is sensitive to both factors. This feature benefits retrieval of ice water
content from meterological radars, which measure the co-polar back scattering cross-

section.
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