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ABSTRACT

This dissertation focuses on the global investigation of optically thin cirrus cloud
optical thickness (7) and microphysical properties, such as, effective particle size (D)
and ice crystal habits (shapes), based on the global satellite observations and fast
radiative transfer models (RTMs).

In the first part, we develop two computationally efficient RTMs simulating
satellite observations under cloudy-sky conditions in the visible/shortwave infrared
(VIS/SWIR) and thermal inferred (IR) spectral regions, respectively. To mitigate the
computational burden associated with absorption, thermal emission and multiple
scattering, we generate pre-computed lookup tables (LUTs) using two rigorous models,
i.e., the line-by-line radiative transfer model (LBLRTM) and the discrete ordinates
radiative transfer model (DISORT).

The second part introduces two methods (i.e., VIS/SWIR- and IR-based methods)
to retrieve 7 and D,y from satellite observations in corresponding spectral regions of the
two RTMs. We discuss the advantages and weakness of the two methods by estimating
the impacts from different error sources on the retrievals through sensitivity studies.

Finally, we develop a new method to infer the scattering phase functions of
optically thin cirrus clouds in a water vapor absorption channel (1.38-um). We estimate
the ice crystal habits and surface structures by comparing the inferred scattering phase

functions and numerically simulated phase functions calculated using idealized habits.
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We find two critical features of the two retrieval methods: (1) the IR-based
method is more sensitive to optically thin cirrus cloud, and (2) the VIS/SWIR-based
method is more sensitive to the pre-assumed ice cloud microphysical parameterization
schemes. We derive the optically thin cirrus cloud phase functions based on the two
methods. We find that small column-like particles (e.g., solid columns and column-
aggregates) and droxtals with rough surfaces are likely to reside in optically thin cirrus

clouds.
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CHAPTER I

INTRODUCTION

1.1 Background of optically thin cirrus clouds

Optically thin cirrus clouds, consisting of small non-spherical ice crystals (Lynch
and Sassen 2002), have received increased attention since 1980s due to their potentially
radiative importance (Jensen et al. 1996; McFarquhar et al. 2000; Hartmann et al. 2001).
This kind of cloud frequently occurs in the tropical upper troposphere (Prabhakara et al.
1993; Wang et al. 1994; Sassen et al. 2008) and covers approximately 30% of the
tropical region between 20°N/S (Haladay and Stephens 2009). Satellite observations
show that the occurrence frequency of optically thin cirrus reaches the maximum in the
western Pacific region, Africa, and South America and its west coast (Prabhakara et al.
1993; Wang et al. 1994; Sassen et al. 2009). In comparison with deep convection
systems, optically thin cirrus clouds have relatively longer life cycles up to 2 days
(Winker et al. 1998; Luo and Rossow 2004) and larger horizontal scales up to several
hundred kilometers (McFarquhar et al. 2000; Lynch and Sassen 2002; Massie et al.
2010). Optically thin cirrus clouds frequently occur above 10 km in tropics with a
maximum frequency at 14 km (Sassen et al. 2009) and a typical vertical thickness 1 km,
approximately (Massie et al. 2010).

Two major mechanisms are proposed for the formation of optically thin cirrus
cloud near the tropical tropopause (Jensen et al. 1996). The first mechanism suggests

that optically tropical thin cirrus clouds are formed due to the dissipation of outflow



anvils of tropical cumulonimbus clouds (Pfister et al. 2001). This kind of cloud is
directly associated with deep convection system. The second mechanism is in situ
formation. For example, ice crystals are nucleated homogeneously through a cooling
effect of humid air. The occurrence of this kind of cloud is accompanied by synoptic-
scale vertical uplift with a moderate ice supersaturation (e.g., <10%, Jensen et al. 1996)
or Kelvin gravity waves (Boehm and Verlinde 2000; Boehm and Lee 2003; Immler et al.
2008; Fujiwara et al. 2009; Li et al. 2010).
1.2 Observations of optically thin cirrus clouds

The study of optically thin cirrus clouds near the tropical tropopause is difficult
partially due to the difficult observations. In comparison with optically thick cloud, the
satellite observations of optically thin cirrus cloud have relatively small signal-to-noise
ratios (SNRs). In order to increase the SNRs, people investigate optically thin cirrus
clouds by utilizing infrared, lidar, and other specific-designed instruments with either
unique solar/viewing geometries or absorptive channels on board satellites, aircrafts, and
ground stations.
1.2.1 Infrared-based observations

Infrared observations can be applied to detect optically thin cirrus clouds since
ice crystals strongly absorb in this spectral region. Prabhakara et al. (1993) deduced the
seasonal distribution of optically thin cirrus clouds over ocean from a high-spectral
resolution instrument: the Infrared Interferometer Spectrometer (IRIS) on board the
Nimbus-4 satellite. Absorption ability of ice crystals demonstrates strong wavelength

dependence in the infrared (IR) window region (i.e., 10 ~ 12 um). For this reason,



optically thin cirrus clouds can be identified by comparing the brightness temperatures
(BT) in two channels near 10.8 and 12.6 um. By making full use of spectrum
information from the High-Resolution Infrared Radiation Sounder (HIRS) on the
National Oceanic and Atmospheric Administration (NOAA) Polar Orbiting
Environmental Satellites, Wylie and Menzel (1999) and Stubenrauch et al. (2006)
investigated the climatology of thin cirrus properties.
1.2.2  Limb-view-instrument-based observations

Limb-view-instruments observe cloud or atmosphere by eliminating the signals
from the surface and therefore increase the SNRs. Wang et al. (1994, 1996) investigated
the characteristics and climatology of tropical high clouds by using a satellite-based
instrument of the Stratospheric Aerosol and Gas Experiment (SAGE II). The sensor of
SAGE II measures the attenuated solar radiation penetrated the limb of the atmosphere
in 7 narrow solar channels from near ultra-violet (UV) to near IR during sunrise and
sunset periods. Observations of the SAGE II sensor are sensitive to thin cirrus clouds
and have relatively high vertical resolution, due to the unique solar-viewing geometry.
Another limb-view instrument, the Cryogenic Limb Array Etalon Spectrometer
(CLAES), was also used for thin cirrus clouds detection (Mergenthaler et al. 1999).
1.2.3  Lidar-based observations

Lidar is a powerful active instrument that provides backscatter signal profiles of
atmospheric columns with high vertical resolution (Winker et al. 1994; 1996), and
therefore has inherent advantages in the detection of optically thin cloud and aerosol

layers (Winker et al. 1998). Uthe and Russel (1977) detected thin cirrus clouds near the



tropical tropopause by using a ground-based lidar. The observations from the lidar In-
space Technology Experiment (LITE) illustrated the possibility of lidar-based
measurement from space (Winker et al. 1998; Pfister et al. 2001; Omar and Gardner
2001). Dessler et al. (2006) analyzed the vertical and horizontal distributions of optically
thin cirrus clouds using the Geoscience Laser Altimeter System (GLAS) onboard the Ice,
Cloud, and Land Elevation Satellite (ICESat).

Most recently, observations from the latest satellite-based lidar, Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP), on board the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO, Winker et al. 2009) were
extensively used for investigating the climatology of optically thin cirrus clouds on the
global scale (e.g., Haladay and Stephens 2009; Rithimaki and McFarlane 2010).
1.2.4  1.38-um solar reflection observations

At most solar wavelength, optically thin cirrus clouds are not quite reflective
compared to the background. For example, the signal reflected by high-altitude cirrus
can be more than one order of magnitude weaker than other signals contributed by the
surface, lower-level clouds, and aerosol layers. Therefore, the use of solar reflection
channels of passive instruments to detect thin cirrus clouds is difficult. A unique solar
reflection channel centered near the 1.38-um water vapor absorption band, however,
eliminates noise from lower level atmosphere. Therefore, this channel is significantly
sensitive to cirrus clouds (Gao et al. 1998). Numerous previous studies (Gao et al. 2002;
Dessler and Yang 2003; Gao et al. 2004; Meyer et al. 2004; Meyer and Platnick 2010)

focusing on the thin cirrus detection and inferring cloud optical properties were



conducted with observations near the 1.38-um absorptive channel. Roskovensky and
Liou (2003) designed a new method for detection thin cirrus clouds based on the 1.38- to
0.65-um reflectance ratio and brightness temperature difference (BTD) between 8.6- and
11-um. Wang et al. (2012) inferred cloud top heights of thin cirrus clouds based on the
1.38- to 1.24-um reflectance ratio.
1.2.5 In situ measurements

In addition to the remote sensing approaches, in situ measurements provide direct
observations of cloud microphysical properties. However, in situ measurement is
difficult because of the high altitudes and thin geometric thicknesses of optically thin
cirrus clouds. There was no documented in situ measurement of natural thin cirrus
clouds at temperatures below —65° C until 1986. Heymsfiled (1986) measured a thin,
cirriform cloud at a temperature approaching —85° C over the Marshall Islands on Dec.
17th, 1973. Specifically, a Particle Measuring System (PMS) with a one-dimensional
cloud probe (1DC) was used to detect cloud particle sizes between 20 and 300 um
(Heymsfield and McFarquhar 1996). Another field campaign, the Central Equatorial
Pacific Experiment (CEPEX), which aimed to investigate the microphysical properties
of tropical thin cirrus clouds, was conducted in 1993 (Heymsfield and McFarquhar
1996). PMS with a 2DC probe was used to detect particle size spectrum from 40 ym to
I mm.

However, in situ measurements suffer from artificial biases, such as the
shattering effect, where large ice crystals shatter at the inlet to the probes because of
collision (Heymsfield et al. 2004; Field et al. 2006). To mitigate this problem, another in
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situ measurement included in a field campaign, Stratospheric-Climate Links with
Emphasis on the Upper Troposphere and Lower Stratosphere (SCOUT-Os), used
improved airborne instruments: a FSSP-100 (Forward Scattering Spectrometer Probe)
and a Cloud Imaging Probe (CIP). Combination of the two instruments provides
measurable ice crystal size range from 2.7 to 1550 um (de Reus et al. 2009). Most
importantly, the shattering effect can be removed by distinguishing the short interarrival
times due to this artificial effect from the long interarrival times representing actual ice
crystals.

Obviously, in situ measurements have spatial and temporal limitations (Sassen et
al. 2008). Investigation of optically thin cirrus clouds on a global scale requires a reliable
method to infer properties, especially microphysical properties, of thin cirrus clouds
based on satellite instruments.

1.3 Optical and microphysical properties

Optical and microphysical properties are critical parameters that determine ice
cloud radiative properties. First, cloud optical properties, such as extinction optical
thickness, bulk single scattering albedo, and bulk scattering phase function, describe
photon paths within a cloud layer. Furthermore, the single scattering phase function (P;;)
and single scattering albedo (@) of individual ice cloud particles at a specified
wavelength (A) are determined by the maximum cloud particle dimension (D) and habit
(H). Therefore, the bulk scattering properties of ice clouds depend on both single

scattering properties and microphysical properties.



1.3.1 Basic definitions

Microphysical properties include the size and habit distributions of cloud
particles, and the structures of ice crystal surfaces (e.g., degrees of surface roughness).
For a given particle size distribution (PSD) and a given habit distribution (HD), the bulk
scattering properties of ice cloud at a particular wavelength can be expressed as follows
(Baum et al. 2005b):

Lff“[ixhw)am,hwmw)}><n<D>dD
(x)= 2oL

m , (1.1)
f ::*[;GM,AD)MD)}Xn(D)dD
where X is an arbitrary single scattering variable, n(D) is the PSD function, the two
boundaries of the integral D,,;, and D, represent the minimum and maximum sizes of
ice crystals, f;(D) indicates the fraction of habit with index 4, the total fraction of M
different habits is 1, 0y, 1S scattering cross section. Angle brackets are used to denote

bulk (averaged) scattering variables. The extinction optical thickness can be express as

(Liou 2002):
T=AZX jj > 0,,(D)f,(D)A,(D)xn(D)dD,  (1.2)

where 7 is spectral cloud extinction optical thickness, AZ is the physical thickness of the
cloud layer, Q. is extinction efficiency, which approaches 2 if D >> A, A4 is the projected
area of an ice crystal. Note that in Eq. (1.2), the assumption that the cloud is vertically
homogeneous (i.e., n and f are independent of height) is made. Although cloud PSD

depicts a detailed image of ice crystals, Hansen and Travis (1974) showed that cloud



radiative properties generally depend on another parameter: effective particle size (D).
The introduction of D,y simplifies parameterization in ice cloud radiation and climate
studies. The parameter D, is defined as:

3]5 {ivh (D)f, (D)} x n(D)dD
D . = ™ | k=1

T M , (1.3)
2jD LZ; A, (D) fh(D)} x n(D)dD
where V indicates the volume of a particle. This parameter has been widely used in cloud
remote sensing applications (Nasiri et al. 2002) and climate studies (Fu 1996).
1.3.2  Optical and microphysical properties of optically thin cirrus clouds
The use of traditional solar-reflectance bands to inferring the 7 information of
thin cirrus clouds is difficult. For example, the operational 7 retrieval algorithm of the
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument (King et al. 1997)
has difficulty in retrieving cloud with 7 less than 0.3 (Ackerman et al. 2008). However,
the 7 information can be derived from infrared observations (Inoue 1985; Prabhakara et
al. 1993), lidar-based backscattering or two-way transmittance observations, and the
solar reflectance information in the 1.38-um channel (Gao et al. 2002; Dessler and Yang
2003; Meyer et al. 2004; Mayer and Platnick 2010). Jensen et al. (1996) showed the 7
values of an optically thin cirrus cloud are on the order of 0.05 at 1 um wavelength,
which is calculated using airborne lidar backscattering measurement. Dessler and Yang
(2003) investigate the distribution of optically thin cirrus 7 by using the 1.38-um
observations of Terra/MODIS during a 3-day period in December 2000. For tropical thin

cirrus clouds, they found that the most likely 7 value is smaller than 0.02 and more than
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90% cirrus samples have 7 values less than 0.05. Based on two years of
CALIOP/CALIPSO observations, Sassen et al. (2009) showed that more than 30% of
global cirrus clouds (i.e., ice phase cloud with 1< 3) are optically thin (i.e., 0.03 <1< 0.3)
cirrus clouds.

Although optical properties can be deduced from various remote sensing
approaches, little microphysical information of optically thin cirrus clouds can be
inferred due to the lack of sensitivity. For example, the observed solar reflectivity is
insensitive to ice crystal size if the cloud is optically thin and observation in the IR
region is insensitive to habits of ice crystals. The major knowledge of microphysical
properties of thin cirrus clouds comes from direct in situ measurements. Heymsfield
(1986) reported an ice crystals image within an isolated optically thin cirrus clouds near
the tropical tropopause. The sizes of ice crystals in this measurement span a narrow
range from 5 to 50 um. Three typical habits within the cloud layer are: trigonal plate
(thin plate with triangular cross section), solid column, and hollow column. According to
the in situ measurements from the First ISCCP (International Satellite Cloud
Climatology Project) Research Experiment, Phase II (FIRE II), Heymsfield and
Miloshevich (1995) suggested that ice crystals within synoptic cirrus with temperatures
around —40°C likely grow as 3D bullet rosette. Ice crystals with simple habits, such as
quasi-spherical and column, were found in cold-topped (e.g., —60°C) synoptic cirrus (Fig.
1 in Baum et al. 2011). In the SCOUT-03 field campaign, in situ measurements were

focused on the outflow from tropical storm system. de Reus et al. (2009) reported that



the effective radius (i.e., half effective particle size) of ice crystals decreases with
altitude and approached the minimum 3 ym at tropopause.
14 Optically thin cirrus clouds and climate
1.4.1 Radiative forcing

Clouds influence the global energy budget by reflecting solar radiation and
emitting outgoing longwave emission at a low temperature (Liou 1986). However,
optically thin cirrus clouds are approximately transparent to the solar radiation because
of the small 7 values (Rosenfield et al. 1998; McFarquhar et al. 2000). For example,
Haladay and Stephens (2009) analyzed the impacts of thin cirrus clouds using the
observations of CALIOP/CALIPSO instrument. The averaged shortwave radiative
forcing at the top of the atmosphere for isolated thin cirrus cases is less than —2 Wm™,
However, their relatively high altitudes result in a significant decrease of the outgoing
longwave radiation up to 20 Wm™ (Haladay and Stephens 2009). Therefore, thin cirrus
clouds cause a positive radiative forcing at the top of the atmosphere. Using MODIS
observations, Lee et al. (2009) investigated the radiative property of tropical optically
thin cirrus clouds. According to their result, the averaged shortwave and longwave
forcings for all sky cases (i.e., including clear-sky and thin cirrus cases) are —1.7 and 2.7
Wm™, respectively. The 1 Wm™ net forcing in average is compatible with the effect of
doubling CO, that leads to an approximate 4 W m™ radiative forcing (e.g., Ramanathan
et al. 1987). However, relatively large uncertainties remain in the radiative properties of
optically thin cirrus clouds because of the limited knowledge of cloud microphysical

properties.
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1.4.2  Other impacts

Thin cirrus clouds also prevent the water vapor transportation from the upper
troposphere to the lower stratosphere (Jensen et al. 1996; Hintsa et al. 1998; Jensen et al.
2001; Khvorostyanov and Sassen 2002; Steinwagner et al. 2010), where water vapor
exists stably and has important impacts on climate (Clough et al. 1992; Solomon et al.
2010). Large-scale uplift movement initiates the homogenous nucleation process of ice
crystal near tropopause. Meanwhile, the thin cirrus layer causes a local heating effect on
the order of 1~2 K/day.
1.5  Motivation and objectives

Modeling thin cirrus clouds is important. By modeling thin cirrus clouds in
weather prediction or climate models, understanding of the characteristics and short-term
or long-term impacts of thin cirrus clouds are improved. However, the accuracy of thin
cirrus cloud modeling depends on many other factors, such as the accuracy of single
scattering properties of non-spherical ice particles and the optical and microphysical
properties of global optically thin cirrus clouds. In this dissertation, we focus on
investigating the properties of optically thin cirrus clouds on the global scale based on
satellite observations and fast radiative transfer models (RTMs). The inferred global
properties facilitate the simulation and parameterization of thin cirrus clouds in remote
sensing applications and climate models in the future.
1.5.1 Fast radiative transfer model

Radiative transfer models, connecting cloud optical and microphysical properties

to various observations, are widely applied to different applications, such as radiance
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assimilation (Weng and Liu 2003), cloud retrievals (Wei et al. 2004; Yue et al. 2009;
Garnier et al. 2012), and studies of cloud radiative properties. However, some rigorous
RTMs, such as the discrete ordinates radiative transfer (DISORT, Stamnes et al. 1988)
method, require substantial computational effort and raise a considerable issue
associated with the large amount of observations. To reduce the computational burden,
we develop two fast RTMs to simulate satellite observations in cloudy atmospheres in
the VIS through thermal IR spectral regions.
1.5.2  Retrieval of cloud properties

Current satellite-based operational retrievals of ice cloud properties employ pre-
calculated lookup tables (LUTs) of cloud transmittance and reflectance, which are based
on pre-determined assumptions of ice particle size and habit distributions (Baum et al.
2005b). Therefore, satellite retrievals will be influenced by the pre-assumed
microphysical parameterization schemes (Zhang et al. 2009). Furthermore, the retrievals
may be also altered by the sensitivities of different spectral regions, basic assumptions in
the forward model, model parameters, accuracy of model simulations, and errors from
observations (Watts et al. 2011; Poulsen et al. 2012; Wang et al. 2013a). According to
the operational satellite retrievals (Level-2 datasets), higher-level datasets (e.g., Level-3)
are subsequently generated for climate community through specific aggregation methods
depending on particular purposes. The quality of the Level-2 data, as such, continually
influences further studies on climate level. For example, Yang et al. (2007) showed that
the change of microphysical properties of ice clouds leads to a significant impact on

instantaneous cloud radiative forcing (e.g., on the order of 10 Wm™).
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Therefore, two different retrievals in different specific spectral regions are
developed for two purposes: (1) understanding the impact of pre-assumed microphysical
parameterization scheme on the retrieval of 7 and D.g; (2) investigating the optical and
microphysical properties of global optically thin cirrus clouds. One year of satellite
observations will be utilized to overcome the spatial and temporal limitations of in situ
measurements. More details of the microphysical properties, such as habits and surface
structures of ice crystals, are estimated in this study.

1.6 Organization of this dissertation

The remainder of this dissertation is organized as follows. In Chapters II and III,
we introduce two different fast RTMs that simulate satellite-based observations such as
solar reflection or thermal emission. Chapter IV focuses on retrieval algorithms based on
the two fast RTMs and corresponding sensitivity studies. Chapter V introduces an
approach to infer optically thin cirrus clouds properties from the Aqua/MODIS and
CALIPSO/CALIOP observations. Specifically, a new method that statistically retrieves
the scattering phase functions of optically thin cirrus clouds is introduced. The global
properties of optically thin cirrus clouds are deduced, and optimal habits fractions of
global optically thin cirrus clouds are suggested based on satellite observations and

retrievals. Summary of current research is given in Chapter VI.
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CHAPTER II
A FAST RADIATIVE TRANSFER MODEL FOR VISIBLE THROUGH
SHORTWAVE INFRARED SPECTRAL REFLECTANCES IN CLEAR AND

CLOUDY ATMOSPHERES"

2.1 Background

Fast forward radiative transfer models (RTMs) implemented for specific satellite-
based instruments, also known as radiance simulators, are important to the radiance
assimilation used in numerical weather prediction (NWP) systems (Weng and Liu 2003;
Weng et al. 2007; Saunders et al. 1999; Saunders et al. 2007) and in the operational
retrievals of atmospheric profiles (Strow et al. 2003; Jin and Li 2010; Han 2010) as well
as cloud (Huang et al. 2004; Wei et al. 2004; Dubuisson et al., 2005; Wang et al. 2011;
Wang et al. 2013a) and aerosol (Hsu et al 2006) properties. While numerous studies
focused on the fast radiance calculations in the infrared (IR) region (A > 4 um)
(Saunders et al 1999; Strow et al. 2003; Wei et al. 2004; Dubuisson et al. 2005; Wang et
al. 2011; Wang et al. 2013a; Niu et al. 2007; Zhang et al. 2007), the forward radiance
simulations in the IR spectral region are relatively straightforward compared with those
in the visible through shortwave infrared (VIS/SWIR) regimes (0.4 um < A < 2.5 um).

For example, the sources of IR radiances, including thermal emission from the surface,

" Reprinted with permission from “A fast radiative transfer model for visible through
shortwave infrared spectral reflectances in clear and cloudy atmospheres” by C. Wang,
P. Yang, S. L. Nasiri, S. Platnick, B. A. Baum, A. K. Heidinger, and X. Liu, 2013.
Journal of Quantitative Spectroscopy & Radiative Transfer, 116, 122-131,
doi:10.1016/j.jqsrt/2012.10.012 Copyright by Elsevier
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atmosphere, cloud, and aerosol layers, do not show significant angular dependence, and
the limited impact of the anisotropic feature of surface reflection can be ignored due to
the small albedo (Wan and Li 1997; Ruston et al. 2008). Additionally, both cloud and
aerosol particles absorb more energy in the IR spectral region (Hele and Querry 1973;
Warren and Brandt 2008; Sokolik et al. 1993; Volz 1972; Levoni et al. 1997) than in the
VIS/SWIR spectral region mitigating relatively complicated scattering effects. In the
VIS/SWIR region, however, the “quasi-isotropic” feature of radiance vanishes because
of multiple scattering processes within the cloud/aerosol layers and with non-Lambertian
surface reflection. Furthermore, the primary radiation source within the VIS/SWIR
spectral region is solar radiation, giving rise to an azimuthal angular dependence of the
radiance that is caused partially by the quasi-collimated direct solar beam. Consideration
of both gaseous absorption and Rayleigh scattering effects makes the implementation of
numerical simulation more difficult. If the cloud or aerosol layer is opaque, several of
the well-known RTMs (Stamnes et al. 1988; Collins et al. 1972; Plass and Kattawar
1968; Twomey et al. 1966; Hansen and Hovenier 1971a), which deal with the multiple
scattering in the cloud and aerosol layers and reflective non-Lambertian surfaces require
significant computational effort to simulate the radiance.

A number of challenges exist in the accurate forward simulation of non-clear sky
top of the atmosphere (TOA) radiance in the VIS/SWIR spectral region. First, the
forward radiance simulator requires information about the cloud/aerosol layer, such as
geometric height/thickness and optical/microphysical properties, and the atmospheric

state, including the temperature, pressure, and humidity profiles. Modern satellite
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operational products and their corresponding algorithms use a variety of approaches to
infer cloud and aerosol layer geometries (Platnick et al. 2003; Winker et al. 2009;
Vaughan et al. 2009; Menzel et al. 1983), ambient temperature, pressure, and humidity
(Rodgers 1976; Kuo et al. 1994). A number of reanalysis products, such as the National
Centers for Environmental Prediction/Global Data Assimilation System (NCEP/GDAS,
Derber et al. 1991) and the NASA Global Modeling and Assimilation Office/Modern
Era Retrospective-analysis for Research and Applications (GMAO/MERRA, Rienecker
et al. 2008), provide near real-time meteorological data that facilitate the forward
simulation.

Second, the bidirectional reflectance distribution function (BRDF) of a non-
Lambertian surface is needed. The Moderate Resolution Imaging Spectroradiometer
(MODIS) operational land surface product (MCD43) provides a series of parameters
associated with a forward BRDF model (Lucht et al. 2000; Schaaf et al. 2002) to reveal
the directional variance of surface reflectance (Ross 1981; Li and Strahler 1992). The
surface BRDF over the ocean, largely determined by the surface wind speed (Cox and
Munk 1954), can also be simulated. The BRDF models for both ocean and land surfaces
are well developed and have been validated using satellite-based and in-situ
measurements (Salomon et al. 2006). However, the Lambertian surface assumption is
still widely used in current satellite-based cloud retrieval algorithms, such as the ones for
MODIS Collection 5 (King et al. 1997), the Spinning Enhanced Visible and Infrared
Imager (SEVIRI), and the Advanced Very High Resolution Radiometer (AVHRR)

(Meirink et al. 2010).
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Although many rigorous radiative transfer schemes, such as the adding-doubling
(AD) algorithm (Twomey et al. 1966; Hansen and Hovenier 1971a) and the discrete
ordinates radiative transfer (DISORT) method (Stamnes et al. 1988), have been
developed, they require substantial computational effort and are impractical for global
satellite remote sensing applications. Thus, it is critical to develop computationally
efficient RTM capabilities. In this paper, a computationally stable and efficient AD
algorithm is explored that is designed to solve approximately the problem of radiation
transfer in scattering and absorbing media (thermal emission is omitted for
simplification) above an arbitrary non-Lambertian surface. Two novel features of this
algorithm are in its treatment of Rayleigh scattering and an arbitrary number of
cloud/aerosol layers and the associated solid angle integration.

To consider separately both the impact of Rayleigh scattering and the
cloud/aerosol layers, we divided the full radiative transfer equation (RTE) into six
independent sub-equations (Ambartzumian 1958; Wang and King 1997). The total effect
of multiple cloud/aerosol layers is solved numerically using the AD algorithm. The AD
algorithm is known to be accompanied by a time consuming integration process over a
conjunct solid angle associated with the two adjacent scattering and absorptive layers
with the resulting integral known as “star products” (Liou 2002; Wendisch and Yang
2012). One traditional solution is to calculate numerically the integral with a constant
zenith-azimuth (select constant values for zenith and azimuth angles) discretization
scheme (Mobley 1994). The use of this discretization scheme in a fast RTM is

inappropriate for two reasons. First, the radiance simulations slow down computationally
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in the zenith (or nadir) direction, i.e., the zenith angle cosine is near 1 (or -1), where the
variation of BRDF is not significant. Second, the discrete solid angles in the region
where the zenith angle cosine is near zero (i.e., “equator region”) are larger than those in
the zenith/nadir region with the regular discretization scheme. However, the BRDF
always contains obvious variations in the “equator region”, and, as a result, the
numerical integration can lose significant accuracy. While we note that some AD codes
have chosen to circumvent this loss of accuracy by using a constant cosine of zenith
angle discretization (i.e., equal solid angle, Twomey et al 1966), we have instead
selected a twisted icosahedral grid (Heikes and Randall 1995a) to calculate the integral
efficiently.

The remainder of this paper is organized with the Atmosphere-Cloud/Aerosol-
Surface system described in Section 2.2; the analytical solutions of the independent
RTEs briefly presented in Section 2.3; the numerical approach for reducing the
computational burden is introduced in Section 2.4; and, the validation and summary are
discussed in Sections 2.5 and 2.6, respectively.

2.2 Scheme of the model

To take advantage of the well-accepted AD technique, the RTE solver is
designed for a plane-parallel and vertically inhomogeneous medium above a reflective
lower boundary. Specifically, the background consists of two clear layers without cloud
or aerosol particles, and a “non-clear” layer containing multiple consecutive cloud or
aerosol layers (Fig 2.1), each of which is assumed to contain a homogeneous absorbing

and/or scattering medium such that the spectral single-scattering albedo and phase
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functions are constant. The Rayleigh scattering between any two consecutive
cloud/aerosol layers is neglected for simplicity. The extinction caused by the clear-sky
layer between the surface and the lowermost cloud/aerosol layer must be considered due
to the non-negligible effects of water vapor and other gases. The sea-level Rayleigh
optical thickness is generally smaller than 0.1 (Bodhaine et al. 1999) in the spectral
regions (0.55, 0.66, 0.87, and beyond 1.0-um) primarily used to study surface, cloud,
and aerosol properties. Consequently, the Rayleigh scattering can be accounted for based
on a single-scattering approximation (Wang and King 1997), meaning that only one
scattering event between a single photon and an air molecule is assumed for all the clear
layers in the column. A weakness of this approximation can be found for some cases,
such as a high cirrus cloud over a low water cloud layer. Further study is required to
efficiently take into account the Rayleigh scattering between consecutive non-clear
layers.

Following the derivation of principles of invariance (Ambartzumian 1958) and
the Rayleigh scattering correction technique (Wang and King 1997), we separate the
complicated process into six independent events (Fig. 2.2). Photons are: (a) backward
scattered by gas molecules within the upper clear layer; (b) first scattered by the upper
clear layer and then reflected by the non-clear layer; (c) reflected by the non-clear layer
and then scattered back toward the viewing direction by gas molecules; (d) directly
reflected by the non-clear layer; (e) scattered by the lower gas molecules; and, (f)
reflected due to the Rayleigh scattering occurring in the lower layer and then diffusely

transmitted to the non-clear layer. The satellite-observed TOA bidirectional reflectance
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(Rtoa) contributed by the six events can be expressed as the summation of the six

individual parts.

TOA

Clear-sky Layer 1

Aerosol Layer 1

Cloud Layer 2

T T T T T T L Lt L L L L L L L L L L LT L LT LT L LT LT LT LT T LT LTI I LTI IIIIT -

Clear-sky Layer 2

Non-Lambertian Surface

Fig.2.1 Illustrative diagram of a plane-parallel atmosphere consisting of two clear layers,
multiple cloud/aerosol layers, and a non-Lambertian surface.
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Fig.2.2 Six possible paths of photons transferred within the atmosphere-cloud/aerosol
system. Photons are: (a) backward scattered by air molecules of the upper clear layer; (b)
forward scattered by the upper clear layer and then reflected by the non-clear layer; (c)
reflected by the non-clear layer and then scattered back toward the viewing direction due
to the Rayleigh scattering; (d) directly reflected by the non-clear layer; (e) scattered by
the air molecules within in the lower layer (no interaction with the non-clear layer); and,
(f) reflected due to the Rayleigh scattering occurring in the lower layer and then
diffusely transmitted to the non-clear layer. The dashed lines indicate the reflected
radiation in the direction of satellite-based instrument.

2.3 Analytical solution

To specify the geometry of the incident solar beam and the viewing direction, the
TOA radiance contributed by each of the six independent parts can be derived by solving
six individual RTEs with different boundary conditions and can be expressed in terms of
bidirectional reflectance functions. The definition of bidirectional reflectance is in the

form:
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where u is the cosine of zenith angle, ¢ is the azimuth angle, F) is the incident solar
irradiance at the TOA, and the subscripts i and v indicate the incident and viewing
directions. The spectral dependence is implied. The six bidirectional reflectance

functions can be expressed as follows:
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where the subscript j is associated with u' and ¢’ 7,, 7, and 7. correspond to the
extinction optical thickness of the upper clear layer, lower clear layer, and the total effect
of non-clear layer (i.e., consisting of consecutive cloud/aerosol layers), respectively; and
o, and @, are the single-scattering albedo values of the upper and lower clear layers.
Under the assumption that energy is conserved during the Rayleigh scattering process,
the single-scattering albedo of a clear layer can be expressed as:

TR
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where 7z and 7, indicate the Rayleigh and absorption optical thicknesses. Consequently,
the denominator of Eq. 2.3 is essentially the extinction optical thickness of a clear layer,
while P, R, and 7, respectively, represent the Rayleigh phase function, the bidirectional
reflectance, and transmittance (diffuse) function of the non-clear layer. The two
subscripts associated with each of P, R, T functions specify the incoming direction (the
former) and the outgoing direction (the latter). Additionally, a negative sign before the
two subscripts of P indicates that the signs of the incoming and outgoing zenith angle
cosines are different.

The BRDF of a cloud (or aerosol)-surface system (R.) or cloud-cloud (or
aerosol) system (R..) and the bidirectional transmittance distribution function (BTDF) of
a cloud-cloud (7,.) system are necessary to derive Eq. 2.2(b) ~ Eq. 2.2(f). In the rigorous
AD algorithm (Twomey et al. 1966; Hansen and Hovenier 1971a), the R and 7 functions
of a single layer cloud/aerosol are numerically computed with the so-called doubling
process. This process starts with a cloud/aerosol layer with an infinitesimal optical
thickness (e.g., 7~ 10® in numerical calculation) so that the single-scattering
approximation can be applied. However, it is time-consuming if the cloud/aerosol layer
is not optically thin. In this study, the computational burden resulting from the doubling
process is alleviated by using a set of pre-computed R and T lookup tables (LUTSs) for
single homogeneous cloud or aerosol layers (Zhang et al. 2007). The AD method
(although the doubling process is avoided, we will continue to use the AD term for
convention) is employed to simulate R and 7 functions of the non-clear layer and the

reflective non-Lambertian surface.
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The cloud-surface system is illustrated in Fig. 2.3. As mentioned in Section 2.2,
the absorptive gases within the clear layer between the surface and cloud lower boundary
need to be taken into account. The first-order Rayleigh scattering has been included in
the fifth and sixth independent events (shown in Figs. 2.2e and 2.2f). As shown in Fig.
2.3, the optical thicknesses of the non-clear layer and clear layer are 7. and 7, while R,
and 7. indicate the BRDF and BTDF of the non-clear layer. The nth order of radiance
reflected by the cloud-surface system is I..,. The total reflected intensity, I.s is
expressed as the summation of all the orders. If we define a star product operator (Liou

2002) as:

1 27 1
X(py0) * Y (pp) = — X(p0)Y (pop)pdpdp, (2.4)
Tdo 0

where X and Y are two arbitrary functions of ¢ and ¢, then the first three orders of

intensity are given by:
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where the subscripts i, j, k, [, m, and v indicate the direction of incident or reflected
(transmitted) radiance. For example, 7. ; indicates the BTDF for a situation in which the
incident radiance towards direction i is scattered by the cloud/aerosol particles and
eventually transmitted out of the layer towards direction j. I;; is the incident radiance

towards the directions, i, #.;, and t,;, and defined as follows:
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T.

1, ; =exp(——), (2.6a)

J

] (2.6b)

H;
which are the direct transmittance functions of the non-clear and clear layers. 9; is the
Kronecker delta defined as:

6_1, =] 57
o, =g 2.7)

With the definition of bidirectional reflectance, Eq. 1, R, can be given by:

Rcs,iv = Rc,iv —I_ (Tc,tj + 6t'jtc,j) * ch,jp * (Tc,pv —I_ 6pvtc,v)9 (28)
where Uy, is defined as:
ch,jp = ta,ij,jp ta,p +
*
ta,sz,jkta,k * Rc,klta,l Rs,lp ta,p + (2 9)
tu,sz,jkta,k * Rc,klta,l * Rs,lm Z.a,m * Rc,mn ta,n * Rs,npta,p +

The cloud-cloud system is essentially the same as the cloud-surface combination.
In a like manner, R..;, and T, ; can be expressed as:

Rcc,iv = Rl,iv + (Tuk + 5ikt1,k) * Ucc,kp (T, + 6pvt1,v) ) (2.10)

v
ch,ij =T * ta,kTZ,kj + YI,ijta,jtz,j + tl,ita,iTZ,ij +

(T4 + 5iktl,k) * D,y * (T, + 6qjt2,j) ’

q]

2.11)

and Ug.x, and D, are defined as:
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Ucc,kp =1, kRZ kplap +
LoiRojtar % Ryt ¥ Ryt + 2.12)
oot ¥ Rt ¥ Ryl ¥ Ry 1 ¥ Ry T + .
Derg = asRoslas * Ryl y +
LRty % Ryt ¥ Ryt % Ry, ) (2.13)
toiRojatas ¥ Ryl * Roplan % Ripolo o ¥ Ryt % Ry Lty

where the subscripts / and 2 indicate the upper and lower cloud/aerosol layers. Note that
t, indicates the transmittance function between the two non-clear layers.
2.4  Numerical solution

In the previous section, we derived a generally applicable solution of the TOA
bidirectional reflection. However, to achieve a rapid and accurate model for operational
applications, we need an appropriate way to select the quadrature points and weights of
the spherical solid angle integration shown in Eq. 2.4. With a simple discretization
scheme, the integral could be easily calculated on a grid with constant zenith angle and
azimuth angle intervals (Mobley 1994). However, several problems arise associated with
a regular zenith-azimuth discretization scheme. For example, the area of differential
element rapidly decreases towards the zenith. As a result, the numerical integration

based on this grid scheme increases the computational burden in the pole region (i.e., i

is close to 1), and decreases the accuracy near the equator (i.e., i is close to 0).

26



Linc Iret-1 Iref-2 Lref-3
XN Vol

Cloud/Aerosol Layers(Re, Te, tc)

Non-Lambertian Surface (Rs)

Fig.2.3 Illustrative diagram of the adding algorithm applied to the cloud/aerosol and
non-Lambertian surface system.

Various studies have focused on the approaches of discretization on a sphere
(Stuhne and Peltier 1999; Gorski et al. 2005), and many of these methods have already
been applied in numerical models (Heikes and Randall 1995b). In this study, we conduct
the numerical calculation on a twisted icosahedral grid (Fig. 2.4), which has been
successively utilized to numerically calculate the shallow-water equations in the

atmospheric general circulation model (AGCM, Heikes and Randall 1995b) developed
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by Colorado State University. The primary advantages of a twisted icosahedral grid are:
(1) The elemental triangles have similar areas and shapes, which stabilizes the accuracy
of the numerical integration; and, (2) The grid is symmetric with respect to the “equator”
(i.e., none of the elemental triangles spans the “equator”), (3) This discretization scheme
does not use a Fourier cosine series to factor out the azimuth dependence (Stamnes et al.
1988; Chandrasekhar 1960). These features simplify the adding processes; however, one
must be very careful in generating the BRDF/BTDF database of cloud/aerosol layers on
a twisted icosahedral gird due to the significant forward peak of the particle phase

function resulting from diffraction.

Fig.2.4 Twisted icosahedrons inscribed in unit spherical surfaces. Left panel: 320 small
triangles. Right panel: 1280 small triangles.
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Many numerical methods (Wiscombe 1977; Hu et al. 2000) have been developed
to mitigate the effect of the strong forward peak so that the phase function can be
approximated as a summation of Legendre Polynomials with limited terms. However,
the truncated phase functions (especially for large particles) in the forward directions
(e.g., scattering angle < 5°) are larger than those in the semi-forward directions (e.g., 5°
< scattering angle < 10°, Hu et al. 2000). For this reason, in addition to using the delta-fit
method (Hu et al. 2000) to truncate the phase function in the generation of both
transmittance and reflectance LUTs, we continually refine the elemental triangles in the
forward directions when calculating the diffuse transmittance LUTs. The use of
icosahedral grid makes this step easy. Specifically, the triangles in the forward directions
(i.e., scattering angle < 5°) are first divided into 16 or 64 sub-triangles with
approximately the same area and then projected onto the spherical surface (see Fig. 2.5).
The diffuse transmittance function in the forward direction is the average of the 16 or 64
transmittance functions calculated in the normal directions of the re-projected sub-

triangles.
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Fig.2.5 An example of dividing a triangle into 16 small triangles, which are continually
projected onto the spherical surface.

In accordance with the order of six independent events, we successively give
their contributions to the TOA bidirectional reflectance in the form of numerical
solutions. Assume that a twisted icosahedron has 2N elemental facets, half of which are
located in the upward hemisphere. The area of the nth facet in the upward hemisphere is

A,. The surface area of the upward hemisphere is then given by:
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The numerical forms of R; to Ry; shown in Eq. 2.2 can be expressed as:

w P

— [1 —exp(—cT, )],

" 4(/‘Lz +luv)

N

w M .
R, =—“t L YPR.A(t .—t )+ lim
11 2S u,v ; (,Ul . IU, gyt iNu,j u,l) #/‘"/"i(

l

Hoj = p

R, = ittt

u}u ”
2S:u’v ’ j=1 :u’/ - /J’V ’ ‘ /

B = py

14

At

N .
RVI = ﬁ tcu,itu,v Lpf jiTjVAj’
28 =R

where ¢ is a coefficient defined as:

c = /j/i—'_/“tv ,
lu’ilu“v

and ¢.,; is the direct transmittance function:

T +T
Z‘cu,i = eXp(_ “ C)'

1

N
SRR P A, — 1)+ lim (7
=y

&exp[—c(n +7 )] — exp(—cr))],

(2.14)

(2.152)

(2.15b)

(2.15¢)

(2.15d)

(2.15¢)

(2.15f)

(2.16)

2.17)

The BRDF or BTDF of a cloud/aerosol layer or surface can be simply expressed

in the form of NXN matrices, e.g., Rc, T, and Rs. Hence, Ry shown in Eq. 2.5
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represents the element at the jth row and kth column of matrix R,. Additionally, the star

product can be rewritten as:
N
X(np)* Y (o) = ) XY puA, (2.18)
i=1

where f'is a normalization factor defined as:

2 2
f=a—=" (2.19)

24
i=1

Through using matrix multiplication and Eq. 18, we conclude that the star product of
two bidirectional reflectance matrices, e.g., R and Ry, can be expressed as:
R xR, =fRR,. (2.20)

The definition of the notation “bar” is

R AL R,A L, .. RyAyty
R— Rzlfll“ ! ' ' 2.21)
Ry AL, o RyyAyity
Therefore, U in Eq. 9 can be expressed as:
U,=R_, + /R, V. + 'R (V. V) +-, (2.22)
V,=R,R, (2.23)
where the matrices Ry, Reg, and Ry are defined as follows:
l‘a’lRS’“l‘a’l ta,le,lzta,Z ta,le,tha,N
R, = g ’ZR?”t“ : (2.24a)
l‘a,NRsJ\,ll‘a’1 ta’NRS’NNta’N
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Rc,llta,l Rc,tha,Z Rc,tha,N
R 1t : : :

R, = 2‘ “ . | (2.24b)
Rty o e Ronlun
Rs,llta 1 Rs,tha 2 e Rs,tha N

R, = R“:lt“’l . (2.24c)
R\, © Rty

Hence, based on Eq. 2.20, we can replace the formulation of the bidirectional reflectance

of the cloud-surface system shown in Eq. 2.8 by the following equations:

Rcs = Rc + f2Tchs + chs —I_ ch’ (2253)
W =UT, (2.25b)
W =TU,. (2.25¢)

X 1s a symmetric matrix whose entries can be generally expressed as:

X =W .t +W ¢ (2.25d)

cS,ij cs,iji e, cs,ijic,jo
and the general expression of entries of matrix Y is

Y. =t U._t (2.25¢)

esij — Yedesijie,jt

Similarly, the bi-directional reflectance matrix R, for a cloud-cloud system is given by

R, =R+ TW, + /X +Y,, (2.262)
where

ch = UccTi’ (226b)

W, =10, (2.26¢)

ch,ij = ch,ijtl,i + Wc/c,jitl,j’ (226d)

33
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cejj — i ccyijtl,jo

Ucc = Rg2g —I_ fzi 2chc —|_ f4§ (v V )—|_ sy

g g2¢g cc ' cc

Vcc = ﬁl R

g 282
and the corresponding bidirectional transmittance matrix T is given by

ch = szlEcc + f(T;T2 + Gcc) + Hcc’

where
Ec( - ﬁccT2’
Dcc = fVc/c + fS‘I_c,ch/c -I_ fS[V_c/c(V_c/cV(fc)]-l_
/ —
cc = Rngnga

Gy =Eoity;+F. it

cc.ij ccij cc,ijv2,jo

H, .=tD, .t,, +1,t, .t +t;t,71,;.

cc,ij Li™ce,ij Lij%a,j"2,j

(2.26¢)

(2.26f)

(2.26¢)

(2.272)

(2.27b)

(2.27¢)
(2.27d)
(2.27¢)

(2.279)

(2.27¢)

Note that the definitions of Ri,, Ry, and Ry, are similar to those Reg, Ry, and

R,s, shown in Eqgs. 2.24a, 2.24b, and 2.24c. Generally, the entries in U, U, and D

rapidly converge if the first and second orders of reflected radiance are considered (i.e.,

consider the first two terms of the right-hand sides of Eqgs. 2.9, 2.12 and 2.13). A simple

exponential interpolation method is used to calculate the BRDF of cloud-surface system

at user defined viewing zenith angles (VZA).

2.5 Model validation

To validate, we implement a set of comparisons between the newly developed

fast RTM and a benchmark model, DISORT run using 128 streams, with respect to both
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the model accuracy and computational efficiency. We compare the TOA reflectance
simulations obtained by both models for two scenes: 1) a single ice cloud layer and 2)
overlapped ice cloud layers. The ice cloud microphysical (Baum et al. 2005a) and optical
properties (Baum et al. 2005b; Yang et al. 2000; Zhang et al. 2004) employed in the
comparison are the same as those used in the current operational MODIS Collection 5
algorithm. The pre-computed ice cloud bidirectional reflectance database is generated on
the twisted icosahedral grid with 320 elemental facets (i.e., N = 160 in Eq. 2.14).

Fig. 2.6 shows the relative errors of the fast model simulated TOA BRDFs at
0.64 um as functions of the VZA for the background, which includes a single ice cloud
layer and a reflective non-Lambertian surface. The dependence of the relative error on
the solar zenith angle (SZA) is demonstrated by using solid, dotted, and dashed lines to

give the relative errors in small (10°), medium (35°), and large (50°) SZA situations. The

cloud effective radius (R, half of D) is 25 um.

35



N
o

i s = SZA=10° ]
a o ..o SZA=35° ]
L e --a SZA =50° ]

Relative error (%)
_IL | — )
OO01 ©O 01 O O

N
o

Relative error of the fast model

L [ UCSESE-TUUUUUIIIE S SR ) A — -
r A 1

E t=>5, Reff =25um SA *

Relative error (%)
_IL | — )
OO01 ©O 01 O O

20 40 60 80
Viewing Zenith Angle (°)

o

Fig.2.6 Relative errors of TOA BRDFs at 0.64-um simulated by the fast model (black)
and the 16-stream DISORT (gray) in comparison with the benchmark model (i.e.,
DISORT with 128-stream). Single ice cloud layer and a non-Lambertian surface are
considered. Three SZA values, 10, 35, and 50, are employed and their corresponding
results are demonstrated using solid lines, dotted lines, and dashed lines. Upper panel: 7
= 2.0 (at 0.64-um), effective radius (half effective particle size, R.y) = 25 um; lower
panel: 7=5.0, Roy= 25 um.
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In general, the fast model provides satisfactory simulations in the case of a single
ice cloud layer located above a non-Lambertian surface. The relative errors are smaller
than 1% if the SZA is smaller than 35°. Note that the relative errors of the optically thick
(e.g., 7= 5, lower panel of Fig. 2.6) cloud layer cases are slightly smaller than those of
the moderately thick (e.g., 7= 2, upper panel of Fig. 2.6) cloud layer cases. The BTDF
of a thick cloud is smaller than the BTDF of a moderately thick cloud and the errors
resulting from the numerical integration in the adding process may be mitigated. The
relative errors are maximized if both the VZA and SZA are large (i.e., up to 6% if VZA
> 70° and SZA > 45°), which may be caused by the relative large variation of cloud
BRDF function in these satellite geometries. Future work, such as restructuring grids
near the “equator region” to improve model accuracy for large VZA and SZA cases, is
necessary.

The influence of multiple cloud layers on the accuracy of the model simulation is
considered by simulating overlapped ice cloud layers above a non-Lambertian surface.
Similarly, comparisons between DISORT and the fast model (see Fig. 2.7) indicate that
the accuracy of the current fast model maintains an acceptable level even if the multiple
cloud layers give rise to more complicated processes in the forward simulation.
However, the relative errors exceed 1% when the SZA is large and the upper cloud layer
is transparent. It is possible that the relatively large bias is caused by the average of
upper layer BTDF in the forward directions (e.g., scattering angle < 5°) since the

forward diffuse transmittance is maximized when the cloud is transparent.
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Fig.2.7 Same as Fig. 2.6, but for the overlapped ice cloud layers with non-Lambertian
surface cases. Upper panel: 7 = 0.5, 7 = 2.0, Rey;1 = 25 um, R0 = 40 um ; lower panel:
= 5.0, = 30, Reﬁf’l =25 um, Reﬁ;z =40 um.

With respect to the computational efficiency, a detailed comparison is

demonstrated in Fig. 2.8. As expected, the computational efficiency of the current fast
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model is maximized for the case of a single cloud layer over a Lambertian surface. The
BRDF and BTDF of a cloud/aerosol layer can be extracted easily from the pre-computed
database and, more importantly, no additional adding procedure is required in the
simulation based on the single-scattering approximation of clear-sky layers. When the
presence of either a non-Lambertian surface or multiple cloud layers is taken into
account, the efficiencies of both the DISORT and the fast model decrease, though by
different magnitudes. The fast model calculates 80~90 times faster than the DISORT for
the cases of two overlapped ice cloud layers above a reflective non-Lambertian surface.
The computational efficiency of DISORT gradually decreases with an increase in the
number of user defined computing angles (i.e., not Gaussian quadrature angles) due to
additional interpolation of computing angles to user defined VZA. However, the increase
in number of output VZA does not significantly decrease the computational efficiency of
the fast model primarily because the most time consuming process in the forward
simulation is the numerical integration during the adding processes. For current remote
sensing purposes, such as pixel-level cloud retrieval and forward simulation coupled
with a particular satellite-based instrument, the calculation is based on specified solar-
satellite geometry, and for most cases, the result (i.e., TOA BRDF) at a unique VZA is
required. However, for scientific research purposes, such as the study of model
sensitivities to different factors, the model simulations on a series of VZAs and
azimuthal angles may be desired. In these cases, this fast model has the advantage of

computational efficiency. Specifically, the fast model runs 160 times, and 100 times
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faster than the DISORT for a single layer with overlapped cloud layers above a non-

Lambertian surface.
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Fig.2.8 The computing time ratio of DISORT (black: 128-stream mode; gray: 16-stream
mode) to the fast model as a function of number of VZA. The ratio is independent to
cloud optical and microphysical properties. Three scenes are considered: single layer
cloud with Lambertian surface (solid line), single layer cloud with non-Lambertian
surface (dotted line), and overlapped clouds with non-Lambertian surface (dashed line).

40



DISORT results based on a 16-stream calculation are also employed for
comparison, as shown in Figs. 2.6, 2.7, and 2.8. Although the computing times of the
fast model and the 16-stream DISORT have the same order of magnitude, as evident
from Fig. 2.8, the relative errors of a 16-stream DISORT simulation can exceed 10% for
several geometries (see Figs. 2.6 and 2.7).

2.6  Summary

This study focuses on the development of a fast and accurate RTM for cloud
property retrieval purposes in the solar spectral region. To do this, we separate the
complex radiation transfer process into six relatively simple events governed by six
independent RTEs and particular boundary conditions such that analytical solutions can
be obtained under the plane-parallel approximation. The AD algorithm is employed to
calculate the total BRDF of the consecutive non-clear (i.e., cloud/aerosol) layers, as well
as to consider the directional variation of surface reflectance. Two approaches are used
in the fast RTM to increase the speed of the AD algorithm. First, the major time
consuming process, the doubling process, is avoided by using pre-computed LUTs.
Second, the twisted icosahedral discretization scheme is adopted to improve the
efficiency and accuracy of the numerical integration.

The model is validated by comparison with the 128-stream DISORT. As
demonstrated in Section 2.5, the performance of this fast RTM is satisfactory in terms of
both computing efficiency and accuracy. To be more specific, this model is
approximately 500 times faster than DISORT for the case of one cloud or aerosol layer

above a Lambertian surface because of the use of pre-computed BRDF/BTDF LUTs.
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With either an increase of non-clear layers or the consideration of reflective non-
Lambertian surfaces, the efficiency of both the fast RTM and DISORT decreases but by
different magnitudes. However, the fast RTM still performs approximately 100 times
faster than DISORT if two overlapped cloud layers and a non-Lambertian surface are
considered. Additionally, the fast RTM exhibits a satisfactory simulation accuracy in the
range of possible satellite-solar geometries. Indeed, the biases between the RTM and
DISORT abruptly increase when both SZA and VZA angles exceed particular threshold
values (i.e., SZA > 45° and VZA > 70°). For most instruments aboard a polar-orbiting
satellite, the VZA values are generally smaller than 70°, such as MODIS (~ 65°) and the
Visible/Infrared Imager Radiometer Suite (VIIRS, ~70°). For this reason, this fast RTM
can be applied to both forward modeling and cloud/aerosol retrieval and is suitable for

various space-based or aircraft based observations in the VIS/SWIR region.
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CHAPTER III
A FAST HYSPECTRAL-SPECTRAL RESOLUTION RADIATIVE TRANSFER

MODEL IN THE THERMAL INFRARED SPECTRAL REGION"

3.1 Background

Ice clouds play an important role in the Earth radiation budget through their
albedo and greenhouse effects (Herman et al. 1980; Hartmann and Short 1980; Ohring
and Clapp 1980; Stephens 2005; Eguchi et al. 2007). Currently, satellite-based remote
sensing is the only viable means for obtaining ice cloud properties globally. However,
the remote sensing of ice clouds is a challenging task because of their widely varying
horizontal and vertical distribution, formation-dissipation time scales, and complicated
morphology of non-spherical ice particles (Heymsfield and laquinta 2000; Heymsfield et
al. 2002). Satellite-based measurements provide an unparalleled opportunity for
monitoring the global distribution of ice clouds and their optical and microphysical
properties. In comparison with solar-reflectance-based retrieval algorithms (Nakajima

and King 1990), the advantages offered by infrared (IR) sensors [e.g., the high-spectral-

" Part of this chapter is reprinted with permission from “Retrieval of ice cloud optical
thickness and effective particle size using a fast infrared radiative transfer model” by C.
Wang, P. Yang, B. A. Baum, S. Platnick, A. K. Heidinger, Y. X. Hu, and R. E. Holz,
2011. Journal of Applied Meteorology And Climatology, 50, 2283-2297,
doi:10.1175/JAMC-D-11-067.1, Copyright by American Meteorological Society, and
“Retrieval of ice cloud properties from AIRS and MODIS observations based on a fast
high-spectral-resolution radiative transfer model” by C. Wang, P. Yang, S. Platnick, A.
K. Heidinger, B. A. Baum, T. Greenwald, Z. Zhang, and R. E. Holz, 2013. Journal of
Applied Meteorology And Climatology, 52, 710-727, doi:10.1175/JAMC-D-12-020.1,
Copyright by American Meteorological Society.
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resolution sensors — the Atmospheric Infrared Sounder (AIRS, Aumann et al. 2003) and
the Infrared Atmospheric Sounding Interferometer (IASI, Blumstein et al. 2004)] are that
the ice cloud retrievals are consistent for both daytime and nighttime conditions and are
less sensitive to ice particle habits, degree of surface roughness, and ice particle
inhomogeneity. On the other hand, IR-based optical thickness retrievals are limited to
smaller optical thickness in comparison with solar reflectance-based techniques and
require accurate surface temperature and atmospheric state profiles (e.g., Huang et al.
2004; Cooper and Garrett 2010). Some studies demonstrated that shortwave and IR
observations provide complementary information and therefore the combination of the
two can provide more consistent retrievals (Baran and Francis 2004a).

To simulate the IR radiative transfer (RT) in a cloudy atmosphere, an IR
radiative transfer model (RTM) that incorporates both gaseous absorption and multiple
scattering within cloud layers is indispensable. The line-by-line (LBL) radiative transfer
model (LBLRTM; Clough et al. 2005) is a rigorous model that accounts fully for both
the line absorption and continuum absorption (Clough et al. 1989) of various absorption
gases in the planetary atmosphere. However the LBL model is too expensive
computationally for consideration as an operational method where speed is a necessity.
Many algorithms are available to alleviate the computing burden of the LBL model and
include the Exponential Sum Fitting of Transmissions method (ESFT; Armbruster and
Fischer 1996), the correlated-k distribution method (CKD; Arking and Grossman 1972;
Lacis et al. 1979; Goody et al. 1989; Lacis and Oinas 1991; Kratz 1995), the Optimal

Spectral Sampling method (OSS; Moncet et al. 2008), the Principle Component-based
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Radiative Transfer Model (PCRTM; Liu et al. 2006), the Radiative Transfer for
Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder
(RTTOV; Saunders et al. 1999, 2006) and the fast narrowband transmittance model
(FFTM; Wei et al. 2007). These algorithms employ different theoretical approaches and
are designed for different purposes. For example the CKD and OSS methods simulate
the spectral transmittance of a narrow interval by computing a selected number of
representative monochromatic transmissions rather than fully considering the effects
from the entire set of absorption lines, as is done in the LBL algorithm. The PCRTM
removes redundant monochromatic calculations using a principle component analysis
and significantly improves the efficiency by the predetermined principal component
scores. The FFTM uses pre-computed non-linear regression coefficients to fit the
absorption coefficient with a moderate spectral resolution (i.e., 1 cm™).

In an absorptive-scattering medium, a cloud-scattering properties model is also a
critical component in RT simulations. Various rigorous RTMs, such as the discrete
ordinates radiative transfer model (DISORT; Stamnes et al. 1988) and the adding-
doubling method (Twomey et al. 1966; Hansen and Hovenier 1971a), consider multiple
scattering and are considered to be the standard benchmarks for RTMs. However, their
high computational costs prevent them from operational use in global cloud property
retrievals and numerical weather prediction data assimilation efforts. To solve this
problem, several previous studies (e.g., Baran and Francis 2004a; Wei et al. 2004;
Dubuisson et al. 2005; Heidinger et al. 2006; Wang et al. 2011) developed a series of

fast radiative transfer equation (RTE) solvers to facilitate the design of ice cloud
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retrieval algorithms. For example, The RTTOVE is a fast RT model developed for
space-based multi-sensors and can be coupled with a numerical weather prediction
model. Dubuisson et al. (2005) developed a fast RTM to simulate top-of-the-atmosphere
(TOA) brightness temperatures (BTs) for clear or water-cloudy atmospheres. Heidinger
et al. (2006) developed the Successive Order of Interaction model by implementing
several approximations to the adding-doubling method that are most applicable to
moderately scattering atmospheres in the IR and microwave regions. Wei et al. (2004)
reported the development of a fast infrared RTM (FIRTM1). In extending from a single
cloud layer to multiple cloud layers, Niu et al., (2007) developed a RTE solver
(FIRTM2) to simulate upwelling radiance at the TOA efficiently for multilayered
clouds. Both FIRTM1 and FIRTM?2 are faster than the DISORT by three orders of
magnitude. Based on the adding-doubling method, Zhang et al. (2007) developed a
adding-doubling based fast RTE solver (FIRTM-AD) that could be applied to an
atmosphere with an arbitrary number of cloud and aerosol layers with different
microphysical and optical properties. The FIRTM-AD can be used for analysis of both
space-based and ground-based high-spectral resolution radiance observations. The
FIRTM-AD performs similar calculations 250 times as fast as the DISORT. However,
the accuracies decrease since these models assume clouds to be isothermal. The root-
mean-square error (RMSE) of FIRTM-AD in BTs is smaller than 0.1 K in comparison
with the rigorous DISORT simulations. The RMSEs of FIRTM1 and FIRTM2 approach
0.5 K. Hong et al. (2007) reported that consideration of the cloud geometrical thickness

(essentially the non-isothermal effect of clouds) improves the model simulation.
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In this study, a new high-spectral-resolution cloudy-sky radiative transfer model
(HRTM) is developed to account to account for gas absorption. Specifically, a clear-sky
transmissivity database containing both line and continuum absorption is generated
based on the LBLRTM (version: 11.7; Clough et al. 2005) with a 0.1 cm™ spectral
resolution. The total transmissivity within a certain spectral interval of a thin
inhomogeneous layer is determined by the absorber amount, density weighted pressure,
and temperature. Based on this transmissivity database, the layer absorption optical
thickness is calculated. The model incorporates high-spectral-resolution ice cloud bulk
scattering properties from Baum et al. (2007). The bulk scattering model is developed
using single scattering properties of ice crystals calculated by Yang et al. (2005) and
Zhang et al. (2004), and in situ measured ice cloud microphysical data, including both
particle size distributions (PSDs) and particle habit distributions (HDs, Heymsfield et al.
2002; Baum et al. 2005a).

An efficient RTE solver (Wang et al. 2011) is developed to simulate satellite
observations for different atmospheric conditions. This RTE solver takes advantage of
the pre-computed lookup tables (LUTs) including cloud transmissivity, reflectivity,
effective emissivity, and effective temperature that consider the multiple scattering,
absorption, and thermal emission processes. Moreover, these ice cloud LUTs are
generated with a high spectral resolution. The HRTM can be applied to current high-
spectral-resolution instruments, such as the AIRS and IASI, and narrow band
instruments, such as the MODIS and the Spinning Enhanced Visible and Infrared Imager

(SEVIRI). In the future, similar measurements will be provided by the Geostationary
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Operational Environmental Satellite Advanced Baseline Imager (GOES-R/ABI), the
Visible Infrared Imaging Radiometer Suite (VIIRS), and the Cross-track Infrared
Scanner (CrIS).

The chapter is organized as follows. Section 3.2 introduces basic principles of
clear-sky transmissivity simulation and the method used to solve RTE efficiently. The
performance of HRTM is evaluated in Section 3.3 in comparison with simulations of
both the LBLRTM and DISORT in a 32-stream mode. Summary and conclusions are
given in Section 3.4.

3.2  Forward model
3.2.1 Clear-sky transmissivity

The HRTM includes three components: (1) a fast clear-sky transmissivity or
absorption optical thickness simulator, (2) a fast RTE solver, and (3) a cloud multiple
scattering-thermal emission and absorption model (Wang et al. 2011). This section
describes the method and technical details related to the clear-sky gas absorption
component of the HRTM.

For a given absorption line at an arbitrary monochromatic wavenumber, the
absorption coefficient is mainly determined by pressure, temperature, and the spectral
distance between the wavenumber and the center of the absorption line. However, for
some strong absorbers, such as water vapor, the absorption coefficients are also
influenced by the amount of substance present because of the self-broadening processes
(Clough et al. 1989). For a clear atmospheric layer, the monochromatic transmissivity

depends on the absorption coefficient and the absorber amount. Instead of deriving clear-
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sky transmissivity from the gas absorption coefficient as in the LBLRTM, we build an
extensive database of clear-sky transmissivity directly as a function of pressure,
temperature, and absorber amount. Based on this database, the monochromatic
transmissivity of the clear-sky layer can be derived efficiently and incorporated into an
RTM under the plane-parallel approximation.

In extending from a single clear layer case to a more complex atmosphere, the

total monochromatic transmissivity at a given wavenumber 0 is given by:
N
Tw)=[]1.0), (3.1)
i=1

where the subscript i is the index of a homogenous layer (i.e., constant pressure,
temperature, and absorber amount). For practical use, a narrow spectral interval is
defined such that the variation of the Planck function within the interval can be ignored,
and the total spectral transmissivity of the atmosphere within the interval approximately

satisfies the multiplication in Eq. (3.1):

_ N dv & dv
TA“ :J.ADI:IE(D)A—UEIZ:[J‘MY;(D)A—U. (3.2)

The spectral interval, 0.1 em’, is found to satisfy the above conditions, while
maintaining the simulation accuracy and the computational efficiency. For most
simulations in the thermal IR window region (e.g., 800-1200 cm™), the relative errors of
the total spectral transmissivity derived from the right side of Eq. (3.2) for clear-sky
scenes are limited to 0.1% compared with the accurate transmissivity values given by
integrating Eq. (3.1) in the spectral intervals (shown in Table 3.1). Note that we only
consider the impact from the spectral interval on the simulation for narrowband
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instruments, such as the MODIS, because a 1 cm™ spectral interval is too large for the
spectral response functions (SRF) of high-spectral-resolution instruments such as AIRS

and [ASI.

Table 3.1 Clear-sky layer transmissivities calculated with different spectral resolutions.

0.001 cm™ 0.1 cm™ spectral 1.0 cm™ spectral
MODIS IR band spectral resolution resolution
resolution (Relative Error) (Relative Error)

U.S. Standard Atmosphere

Band 29 (8.5 um) 0.7672 0.7680 (0.1%) 0.7678 (0.1%)

Band 31 (11 um) 0.8826 0.8822 (0.1%) 0.8638 (2.1%)

Band 32 (12 um) 0.8348 0.8349 (0.0%) 0.8364 (0.2%)
Tropical Summer Profile

Band 29 (8.5 um) 0.5045 0.5052 (0.1%) 0.5041 (0.1%)

Band 31 (11 pum) 0.5192 0.5185 (0.1%) 0.4987 (3.9%)

Band 32 (12 um) 0.4086 0.4087 (0.0%) 0.4093 (0.2%)

Simulations in the thermal IR region need to account for multiple absorptive
gases such as water vapor, carbon dioxide, carbon monoxide, ozone, methane, and
nitrous oxide. The effect of continuum absorption due to the far wings of individual
pressure broadening spectral lines is also important, especially in the 700-1200 and

2000-3000 cm™" spectral regions (Clough et al. 1989). Several previous studies (e.g. Wei
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et al. 2007; Moncet et al. 2008) treat line absorption and continuum absorption
separately; that is, the total transmissivity of a layer is the product of the transmissivities

due to line absorption and those by the continuum absorption:
T =T [ T (33)
J=l

where the index j indicates the ;™ absorptive gas and T, is the transmissivity
contribution from continuum absorption. Similar to the case in Eq. (3.2), both the
accuracy and computational efficiency of Eq. (3.3) decrease with the number of
absorbers (Wei et al. 2007). In the HRTM, two steps are implemented to avoid a
decrease in both calculation speed and simulation accuracy due to multiple products.
First, the contribution of continuum absorption is included in a pre-computed
transmissivity database. Second, water vapor, carbon dioxide, and oxygen are treated as
a “mixed-gas”, whose effective concentration is solely determined by the amount of
water vapor if the ambient pressure and temperature are specified since carbon dioxide
and oxygen are well-mixed gases. Additionally, water vapor and carbon dioxide are the
two most important absorptive gaseous species throughout the IR region. As a result, the
introduction of the mixed-gas facilitates the computational efficiency and maintains the
calculation accuracy of the continuum absorption resulting from water vapor self-
broadening and foreign broadening. It is thus convenient to rewrite the thin-layer
spectral transmissivity (Eq. 3.3), as follows:

TA

= TAU(P,t,u

v fotal =

)X Ty (Pt 1t )X Ty (Pt ) X Ty (Pt iy VX Ty (Pt oy ),

mix

(3.4)
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where P and ¢ are the pressure and temperature of a homogeneous clear-sky layer,

respectively, and u is the gas amount within the layer.

Table 3.2 The grids of pre-computed transmissivity database for absorptive gases.

Median pressure High pressure

Variables' Low pressure layers
layers layers

Pressure (hPa) 50 grids: 1150 ~ 100.0 50 grids: 100 ~ 10.0 50 grids: 10 ~ 0.1

Temperature (K) 110 grids: 309~200 40 grids: 239 ~200 110 &rids: 309~

200
Absorber 1o
amount* (atm 100 grids: 10* ~ 10" 100 grids: 10 ~ 10’ 100 grlldgl. 10
cm)

The pre-computed gas spectral transmissivity database is generated using the
latest version of the LBLRTM (Clough et al. 2005) with the High-Resolution
Transmission molecular absorption database (HITRAN 2004; Rothman et al. 2005), and
including the Mlawer, Tobin, Clough, Kneizys, and Davies continuum model (also

known as MT_CKD version: 2.5; Mlawer et al. 2003). The spectral transmissivities for

" Grid spacing of pressure and absorber amount is logarithmic.
* The absorber amount of water vapor for the lower part is from 10 to 10* atm cm.
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each absorptive gaseous species are tabulated over hundreds of pressure levels,
temperatures, and amount grids. To be more specific, the entire atmosphere is divided
into three parts according to the pressure (i.e., low, median, and high). Table 3.2 gives
the detailed information of the selected grids of the pre-computed transmissivities.

To apply the present database to simulate an arbitrary inhomogeneous thin clear-
sky layer, the density weighted effective layer pressure and temperature are used

(Gallery et al. 1983). The definition can be expressed as follows:

| Payptnydn
P==1_ and (3.5)
[, pthydn
[ tmypthydn
e — (3.6)
J, pthydn

where 4, and &, specify the lower and upper attitudes of the layer, respectively, and P(4)
and p(h) indicate the pressure and density at altitude 4. Subsequently, the layer spectral
transmissivity can be inferred from the database using a three-dimensional interpolation.
While the concentration of carbon dioxide has been increasing during the past 50 years,
the CO, concentration in the model is selected as 385 ppm without the seasonal
variation. Were the model to be used for decadal satellite data processing, the changing
concentration of CO, would need to be considered.

3.2.2 Cloud included RTM

As shown in Fig 3.1, the atmosphere is assumed to consist of N—1 layers (i.e., L,,

Loy ..., Ly gy Lag, ..., Ly) with an ice cloud in layer Ly,. Each clear atmospheric layer has
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a unique extinction optical thickness (7) and a mid-layer temperature, whereas an ice
cloud layer is specified by four basic properties: cloud-top temperature 7},,, cloud-base
temperature Tpqe, t, and effective particle size (D.y). To consider non-isothermal ice

cloud layer, we introduce a new physical quantity, effective temperature 7., defined as:

T =Ty, 3.7)
E.

where [ is the emitted radiance from the cloud layer, & indicates the cloud effective
emissivity, and 7 expresses the inversion of the Planck function. We generate four
LUTs, including cloud transmissivity (t), reflectivity (r), &, and T,. Unless specifically
stated, the ice extinction cloud optical thickness is referenced to a visible (VIS, 0.65-um)
wavelength, i.e., T..is. The ice cloud extinction optical thickness at an arbitrary

wavelength (7, ;) can be derived as follows:

<Qext A >
ext Vis 2
<Qexr WVis >

Text,ﬂ. =T (38)

where < Q... ,> represents the bulk extinction efficiency at wavelength A and < Qe vis >
is the bulk VIS extinction efficiency, both of which depend on the D4 It must be
emphasized that, in this study, the effect of vertical inhomogeneity of D,y is ignored. The
definition of Dy is shown in Eq. (1.3).

As shown in Fig. 3.1, /; and I, indicate the thermal emission from the total
atmospheric layers below and above the cloud layer, respectively. Similarly, I'; and I
indicate the total transmissivities of the two atmospheric layers, respectively. /. and I

represent the emitted radiances from the ice cloud layer and the surface, respectively.
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1(z) indicates the air temperature at altitude z. 7 and & are the surface temperature and
emissivity, respectively. I{z) represents the transmissivity of atmosphere from the TOA
to altitude z. The TOA upward radiance /704 can be expressed as the sum of three parts:
the direct transmission part of the thermal emission from the surface, ice cloud, and
atmosphere I4; the first-order radiance reflected by the surface /p; and the first-order

radiance reflected by the ice cloud /¢, which can be expressed as follows:

I,=IT T, +1T,+1'T, +1], (3.9)
I=(I'+I'T, + LiT)x(1-¢ [T, (3.10)
I.=1,T,, (.11

where the two arrow symbols indicate the down-welling and up-welling radiances
correspondingly. The emitted radiances from the cloud, the surface, and atmosphere can

be expressed as follows:

I.=B(T)e,, (3.12)

I.=B(T)e,, (3.13)

1= [ BT ) dr(Z) (3.14)
- dr

I; = J.cloudmp [ ( )] (Z) (315)

where B is the Planck function.
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’ Surface (Tsr es) Surface |

Fig.3.1 Illustrative diagram of the fast IR RTM radiance components / for a single ice
cloud in layer Ly, located between top and bottom layers L;, and Ly, respectively.

To increase the computational efficiency and maintain the accuracy, four LUTs

(r, t, &, and T.) are generated by using the DISORT in the 32-stream mode. The
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averaged bulk scattering properties (Baum et al. 2007) including the extinction
efficiency, single-scattering albedo, and scattering phase function are used as input
parameters in the DISORT.

The corresponding cloud effective emissivity function can be expressed as

follows, by assuming an isothermal cloud layer with temperature 7.:

Icloudtop (Tc ’T’De_[f "u)

B (3.16)

E(T,D 5, 10)=

where 1 indicates the cosine of the zenith angle of radiance direction, and Z./pud10p 15 the
up-welling radiance at cloud top. Although both Z.ouas, and B(T.) are temperature
dependent, the effective emissivity & is relatively insensitive to temperatures between
200 and 260 K, the range that encompasses most atmospheric ice clouds. After
calculating the cloud effective emissivity with the DISORT, 7, for a non-isothermal ice
cloud layer (in this study, we assume that the temperature within a cloud layer varies

with height linearly) can be expressed as:

r',r"-,D,,
T, ( ar-H) -7’
€.(T,D,;, 1) (T
e T//_T/ base

—T,)+T,

op >

(3.17)

where I(T’, T”, 7, Doy, p) is the DISORT computed thermal emission at the top (or
bottom) of a non-isothermal cloud with an arbitrary cloud-top temperature T” and cloud-
base T”. Tyase and Ty, are the actual temperatures of the cloud base and cloud top. Note

that the four LUTs depend on wavelength.
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Fig.3.2 Examples of pre-computed LUTs (emissivity, transmissivity, and reflectivity) as
a function of wavenumber and cloud optical thickness (D.y= 50 um).

The four LUTs are pre-computed for 33 7 values ranging from 0.01 to 100, 18
Dy values from 10 to 180 um, nine viewing zenith angles from 0° to 80°, and 600
monochromatic wavenumbers with a 1.0 cm™ from 700 cm™ to 1300 cm™. Fig. 3.2
shows an example of the ice cloud LUTs. In the thermal IR window region, the ice cloud

reflectance is close to 0 (especially when wavenumber is close to 950 cm™) due to
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significant absorption of ice crystal. The transmissivity values are close to 0 if 7 is larger
than 2. For this reason, higher-order reflections between cloud layer and the surface can
be safely ignored for simplification in the spectral region.

To work with satellite-based IR sensors such as the AIRS and MODIS, the TOA

up-welling radiances are weighted by the SRF:

_[Av 1,,,(V)R,,(v)dVv

1 =
ch TOA J‘A R, ()dv

(3.18)

where R.4(V) is the SRF of instrument. For example, the AIRS sensor, consisting of 2378
IR channels, measures the upwelling radiance at the TOA from 650 to 2670 cm™ with a
spectral resolving power U/Av=1200. The half-width of the AIRS SRF increases
moderately from 0.6 to 1.1 cm™ with increasing channel center wavenumber. To more
efficiently consider the AIRS SRFs, each SRF is truncated when the wavenumber
distance is greater than 1.2 cm™ from the channel center. Therefore, for applications with

AIRS observation, Eq. (3.18) can be rewritten as:

n=12
Z Ip4(V,, +nAV)R,, (L, + nAV)AD
1700 = — =12 , (3.19)
> R, (v, +nAv)AV
n=-—12

where v, is the center wavenumber of an AIRS channel and Av is the spectral resolution
of HRTM (i.e., 0.1 cm™).
3.3  Model validation

In this section the accuracy and efficiency of HRTM are evaluated by comparing

with the benchmark models: LBLRTM and DISORT with 32-stream mode (hereafter
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referred to as LBLDIS) for clear-sky cases (shown in Fig.3.3) and cloudy-sky cases
(shown in Fig.3.4) with a high-spectral resolution. Specifically, Fig.3.3 shows the
spectral transmissivity as a function of wavenumber for a single inhomogeneous
atmospheric layer with averaged pressure and temperature values of 975 hPa and 270.5
K, respectively (calculated from Eq. 3.5 and Eq. 3.6). In the region between 700 and
1300 cm™, the root-mean-square error (RMSE) of transmissivity is limited to 0.001. For
the cloudy-sky simulations, a typical mid-latitude summer atmospheric profile is used.
As shown in Fig.3.4, the largest BT difference (HRTM-LBLDIS) of 0.2 K is found when
an ice cloud is optically thin and consists of small particles. Meanwhile, relatively large
RMSE occurs in a CO; absorption band (up to 0.25 K; 700~740 cm™) and a water vapor
absorption band (0.3 K; 1260~1300 cm™). One cause of the relatively large differences
may be related to the relatively strong absorption in the two narrow bands, which may
lead to significant variations of transmissivities and therefore decrease the accuracy of
applying the multiplication rule to HRTM with an assumed 0.1 cm™ spectral resolution.
With a gradual increase in cloud optical thickness, the RMSE decreases from 0.2 to 0.1
K (e.g., 7= 3), and to 0.05 K (7 = 5). For the last two cases, the TOA upwelling
radiances are dominated by the ice cloud thermal emission as a result of the high optical
thickness values and strong absorption of ice crystals. An interesting point to note is that
large departures in the BT spectrum can be found in the CO, and O3 bands if a cloud
layer is optically thick. This is caused by gas emission above the cloud layer that
becomes significant if the background radiance is small in comparison with the emission

from the absorptive gas (i.e., cloud is high in altitude and optically thick).
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Fig.3.3 Inhomogeneous clear-sky layer (top) transmissivity calculated by the HRTM and
the LBLRTM and their differences (bottom). Averaged pressure and temperature are 975
hPa and 270.5 K, respectively.
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Fig.3.4 HRTM and LBLDIS (left) simulated TOA BTs and their differences (right).

Another special case is also included for validation of the model capability for
thin cirrus clouds. These clouds with small optical thickness values (e.g., 0.1), consisting

of small ice particles (e.g., Doy = 10 um), are frequently observed near tropical
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tropopause (McFarquhar et al. 2000). In the thermal window region, the HRTM
demonstrates and excellent ability to model the thin cirrus cloud. With regard to the
computational efficiency, HRTM simulates the TOA BTs (single ice cloud layer, 70
clear layers, summer mid latitude atmospheric profile) from 700 to 1300 cm™ with a 0.1
cm™ spectral resolution in a time that is three orders of magnitude shorter than the
LBLDIS.

3.4  Summary

The present study explores the development of a high-spectral-resolution
radiative transfer model to simulate IR radiances at the TOA rapidly and accurately. To
minimize the computational burden, a transmissivity database is generated for seven
major absorptive gases with a 0.1 cm’ spectral resolution, which is sufficient for
considering the SRF of a spaceborne hyperspectral sensor. The layer transmissivity of an
individual absorber is determined by the absorber amount, density-weighted pressure,
and temperature. Moreover, carbon dioxide and oxygen are treated as a mixed gas
because of their relatively constant concentrations. The effect of continuum absorption
has been included in the present database to reduce the computing time.

For cloud simulations, in addition to the reflectivity and transmissivity LUTs of
cloud, which are employed in some previous RTMs (e.g., Wei et al. 2004; Niu et al.
2007), the HRTM uses cloud effective emissivity and effective temperature to improve
the accuracy. Specifically, the use of the additional two LUTs captures the non-
isothermal properties of natural clouds, in particular for simulating transparent clouds.

For instance, the internal part of a cloud of an optically thin cloud also contributes to the
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emitted radiance at cloud top. For this reason, it is important to find a relation between
the cloud-top/cloud-base temperature and cloud emission. On the basis of the cloud
effective temperature, the HRTM computes upwelling (downwelling) radiance at cloud-
top (cloud-base) efficiently and accurately.

Generally speaking, the comparisons of TOA BT simulations between the
HRTM and LBLDIS show that the differences are less than 0.2 K. The computational
speed of the HRTM is three orders of magnitude faster than the LBLDIS. However, a
limitation of the HRTM is that the clear-sky transmissivity database is quite large (~20
GBytes). Additionally, this model can be applied only to clear sky or single-layer cloud
cases. Adding-doubling based method is required to extend the current model capability

to multiple cloud layers.
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CHAPTER IV
RETRIEVAL OF ICE CLOUD OPTICAL AND MICROPHYSICAL PROPERTIES

USING THE FAST RADIATIVE TRANSFER MODELS"

4.1 Background

Numerous approaches (e.g., Nakajima and King 1990; Stubenrauch et al. 1999;
Platnick et al. 2003; Chiriaco et al. 2004; Kokhanovsky and Nauss 2005; Minnis et al.
2011a, b) have been developed to infer ice cloud optical thickness 7, effective particle
size Dy, and the ice particle size distribution function (PSD; e.g., Mitchell et al. 2010)
from satellite-based imager and high-spectral-resolution infrared (IR) sounder
measurements (Wei et al. 2004; Huang et al. 2004; Yue et al. 2009; Wang et al. 2013a).
The method used by the Moderate Resolution Imaging Spectroradiometer (MODIS)
operational cloud-property retrieval is a bi-spectral method employing observations from
a combination of two solar-reflectance bands (Platnick et al. 2003). The premise of this
approach is that a weakly absorbing, visible or near-infrared window band (VIS/NIR,

e.g., 0.64, 0.86, or 1.24-um) is sensitive mainly to 7, whereas an ice absorbing shortwave

" Part of this chapter is reprinted with permission from “Retrieval of ice cloud optical
thickness and effective particle size using a fast infrared radiative transfer model” by C.
Wang, P. Yang, B. A. Baum, S. Platnick, A. K. Heidinger, Y. X. Hu, and R. E. Holz,
2011. Journal of Applied Meteorology And Climatology, 50, 2283-2297,
doi:10.1175/JAMC-D-11-067.1, Copyright by American Meteorological Society, and
“Retrieval of ice cloud properties from AIRS and MODIS observations based on a fast
high-spectral-resolution radiative transfer model” by C. Wang, P. Yang, S. Platnick, A.
K. Heidinger, B. A. Baum, T. Greenwald, Z. Zhang, and R. E. Holz, 2013. Journal of
Applied Meteorology And Climatology, 52, 710-727, doi:10.1175/JAMC-D-12-020.1,
Copyright by American Meteorological Society.

65



infrared (SWIR) band (e.g., 1.6, 2.13, or 3.75-um) is sensitive to both D,y and 7. To be
more specific, in a VIS band, scattering is dominant so that the reflectance is primarily
dependent of 7. For a SWIR band, in which both scattering and absorption are important,
the single-scattering albedo decreases and the asymmetry factor increases with an
increase of Dy, resulting in a high sensitivity of reflectance to D in this spectral region.

The ice cloud properties can be inferred from radiance measurements based on
lookup tables (LUTs) that include the transmissivity and reflectivity functions for clouds
of various viewing geometries, surface boundary conditions, and cloud properties. This
approach works best when the isolines of 7 and D,y in the Rogs—R>.13 (here the terms
indicate the reflectances at the two bands) space are orthogonal, which tends to occur
when 7 is higher than 5. At lower values of 7, the isolines begin to converge, coupling
the 7 and Dy solution. Furthermore, as 7 decreases below 4, the retrievals become
increasingly sensitive to surface albedo characteristics, that is, the clear-sky values for
the VIS/NIR and SWIR bands. Because VIS/NIR and SWIR bands are involved, this
method is limited to daytime retrievals in which the solar zenith angle is less than
(~80°). In addition, as shown in several previous studies (e.g., Hess et al. 1998; Sun et al.
2004; Yang et al. 2008; Xie et al. 2009; Baum et al. 2010), the single-scattering
properties in the solar bands are sensitive to the assumed ice habit and the degree of ice
particle surface roughening, and these effects influence the LUTs.

Another approach to inferring cloud properties is the split window technique
(Inoue 1985), which is based on two IR-window channels (i.e., 11 and 12-um). The
premise for this method is that the absorption characteristics of ice crystals are different
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at wavelengths 11 and 12-um (Prabhakara et al. 1988). This is the approach adopted for
the decadal cloud property record from the Advanced Very High Resolution Radiometer
(Heidinger and Pavolonis 2009). The split-window method is sensitive to optically thin
ice clouds for which 0.1 < 7< 4 and, as such, is complementary to the solar-reflectance
method adopted by MODIS. Another benefit is that the split-window method can be
applied to all data regardless or solar illumination, leading to consistent retrievals for
both daytime and nighttime conditions, a distinct advantage for building ice cloud
climatology. Furthermore, the ice crystal optical properties (Baran and Francis 2004b,
2009; Yang et al. 2005, and references cited therein) used to generate the LUTs are
fundamental to ice cloud-property retrievals (Chepfer et al. 1998; Wendisch et al. 2005;
Yang et al. 2007), and it is very challenging to simulate realistic ice crystal shapes and
surface textures (i.e., the degree of surface roughness) in light-scattering calculations. In
another words, the LUTs based on IR bands are much less sensitive to ice particle habit
and structure. It is shown that the split-window based cloud retrievals require accurate
surface temperature and emissivity, and atmospheric state profiles (e.g., Huang et al.
2004; Cooper and Garrett 2010). Some studies demonstrated that the VIS/SWIR and IR
observations provide complementary information and therefore the combination of the
two can provide more consistent retrievals (Baran and Francis 2004a).

In this chapter, two different RTM-based retrieval methods are developed and
evaluated. According to the characteristics of optically thin cirrus clouds, an appropriate
RTM and corresponding inverse method will be suggested to provide retrieved

information for further studies. The chapter is organized as follows. Section 4.2 gives
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sensitivities of the VIS/SWIR and IR observations to different parameters, such as, cloud
properties, cloud height, atmospheric profiles, surface emissivity and reflectivity, and the
cloud microphysical parameterization scheme. Section 4.3 introduces the retrieval
algorithm and Section 4.4 gives the comparisons of retrieved cloud properties based on
the two RTMs and microphysical parameterization schemes. The summary and
conclusion will be given in Section 4.5.
4.2 Sensitivity studies

In this section, we investigate the sensitivity of RTM simulations to both ice
cloud properties and other major model parameters. Here, ice cloud properties include
cloud optical thickness (7), effective particle size (D.p), habits and roughness of cloud
particles; while model parameters include atmospheric temperature, humidity, and gas
concentration profiles, cloud geometric locations, albedo, emissivity, and temperature of
the surface (Watts et al. 2011). The two fast RTMs discussed in the previous two
chapters, i.e., the shortwave RTM (hereafter referred to as SRTM, Wang et al. 2013b)
and the high-spectral resolution infrared RTM (HRTM) are used to conduct the
sensitivity studies. Since the sources of radiation that the two RTMs taking into account
are totally different, the critical parameters that have most sensitivities to the model
simulations are different. For instance, in the thermal infrared spectral region the surface
emission contributes a lot to the satellite observed radiance at the TOA. For this reason,
the surface temperature and emissivity, which determine how much energy emitted from
the surface, are important in the HRTM. However, in the shortwave spectral region,

reflected solar radiation is the major source contributing satellite observed radiance,
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which is actually independent of the surface temperature and emissivity. Ice cloud
properties and the major model parameters that are considered in this chapter are listed

in Table 4.1.

Table 4.1 Ice cloud properties and model parameters employed in the sensitivity studies.

Variable Type Variable Name
Cloud Propertics Cloud Optical Effective Particle =~ Habits and Degree
p Thickness Size of Roughness

Model Parameters

(SRTM) Gas Concentration Surface Albedo Cloud Height

Gas Concentration
Temperature Surface Temperature Cloud Height
Profile

Model Parameters
(HRTM)

4.2.1 Overall information

To conduct sensitivity studies, we applied different ice cloud properties and
model parameters. Only single-layer ice cloud cases are considered for simplification.
Different cloud optical thicknesses, and effective particle sizes are pre-determined for
the two models, which are listed in Table 4.2 in details. Furthermore, to investigate the
impacts from the habits and roughness of ice crystals on model simulations, we employ
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9 different habits (i.e., solid and hollow columns, droxtals, plates, small and large
aggregates of plates, solid and hollow bullet rosettes, and aggregates of solid colums)
and 3 degrees of particle surface roughness (see Table 4.2 and Fig. 4.1). Ice crystals with
each of the habits and degrees of surface roughness satisfy the gamma distribution
(Kosarev and Mazin 1991; Mitchell 1991; Heymsfield et al. 2002; Baum et al. 2005a),
which is defined as follows:

N(D)= N,D" exp(—AD), (4.1)
where D is the maximum dimension of ice crystal, N is the number of ice crystals with
maximum dimension between D and D+AD, N, is the intercept, A and u are the slope
and dispersion, respectively.

The latest database (Yang et al. 2013) of ice crystal single scattering properties
includes different ice crystal habits and degrees of surface roughness, and updated
refractive indices of ice crystal (Warren and Brandt 2008) in the spectral region from
ultraviolet (UV) to far infrared (i.e., 100 um). A combination of two numerical
approaches, i.e., the Amsterdam discrete dipole approximation (ADDA, Yurkin and
Hoekstra 2011) and the improved geometric optics method (the new IGOM, Bi et al.

2009) are used to calculate the single scattering properties of small (size parameter y <

20) and large (y > 20) ice crystals. Here the size parameter is defined as:

2= (42)

Several improvements over previous databases (Yang et al. 2000, 2005) are

included in this latest one. For example, Bi et al. (2008) introduced a new approach to
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remove a “delta-transmission” parameter to make the physical meaning clearly; a more
efficient beam-splitting technique (Bi et al., 2011b) is applied to calculate the near
electric field instead of the time consuming Monte Carlo ray tracing technique employed
in the previous IGOM (Yang and Liou 1998); and improved approaches to reduce errors
from the near-to-far field mapping and backward scattering (Bi et al. 2009; 2011a). The
effect of ice crystal surface roughness is also considered using the IGOM (Yang et al.
2013). A sea surface model is employed to simulate the surface structure of ice crystal.
A normal distribution of slopes of small facets on ice crystals are defined as follows

(Cox and Munk 1954):

02

1 X’ +Y®
P(X.)Y)=—; exp(— ] , (4.3)
o
where X and Y are the slope variations of the surface in two orthogonal directions, and ¢

is the roughness parameter. A large ¢ indicates roughened surface, and if ¢ is O the
surface is perfectly smooth. In our sensitivity studies, three degrees of surface roughness
are included (see Table 4.2).

Ice clouds (1 km physical thickness), are insert into 6 different typical
atmospheric profiles (McClatchey et al. 1971) and locate on five different levels ranging
from 5 km to 15 km. The 6 profiles include the United State standard, tropical, mid-
latitude summer, mid-latitude winter, high-latitude summer, and high-latitude winter.
For simplification, CO, and O, are considered to be well-mixed gases with
concentrations 385 and 2.09x10° ppmv, respectively. Note that surface temperatures

from the 6 representative profiles span a wide range from 257 to 300 K. 5 Lambertian
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surfaces with different albedo values (i.e., 0, 0.05, 0.1, 0.3, 0.5) are considered for
simplification. The surface emissivity in IR region is assumed to be 0.98. Fig. 4.2 depicts

the differences of the six profiles in temperature, humidity, and O3 concentration.

Quasi-spherical

Column-type

Bullet rosette

Fig.4.1 Habits of ice crystals (from Yang et al., 2013).

72



Table 4.2 Details of ice cloud properties and model parameters.

Variable Name

Variable Values or Description

Cloud Optical thickness

Effective Particle Size
(um)

Habit

Roughness Parameter
Cloud Height (km)
Surface Temperature (K)

Surface Albedo (SRTM)

Surface Emissivity
(HRTM)

Atmospheric Profile

Water Vapor
Ozone

Carbon Dioxide (ppmv)

Oxygen (ppmv)

0.1,0.2,0.5, 1.0, 2.0, 3.0, 5.0, 10.0, 20.0, 50.0

10, 20, 30, 40, 50, 60, 70, 80, 90, 100
Solid/Hollow Column, Solid/Hollow Bullet Rosette,

Droxtal, Plate, Small/Large Aggregate of Plates,
Aggregate of Solid Columns

0, 0.03, 0.05
5.0,7.5,10.0, 12.5, 15.0
257,272,287, 288, 294, 299 (From Atmospheric Profiles)
0,0.05,0.1,0.3,0.5

0.98

U.S. Standard, Tropical, Mid-Latitude Summer,
Mid-Latitude Winter, High-Latitude Summer,
High-Latitude Winter

From Atmospheric Profiles
From Atmospheric Profiles
385

2.09x10°

73



251(\‘\\ LI B B B B 25 25 T
a) (c)
US Standard
20F R 20+ 20+
Mid-Lat Summer
Mid-Lat Winter
15 15 15+
B
=3
=
iy
Q
T
10+ 101 10+
5r 5¢ 5r
Ol lww b b e NV ENGN 0 | 0 M Y | I Lo
180 200 220 240 260 280 300 10°107*10° 107210 10° 10" 10° 10° 107 107
Temperature (K) H,O density (gm/m®) O, density (gm/m°)

Fig.4.2 Six standard atmospheric profiles (McClatchey et al. 1971) as a function of
height: (a) temperature profiles, (b) water vapor density profiles, and (c) O; density
profiles.

4.2.2  Sensitivity studies in the shortwave regime

Satellite-based passive instruments, such as the MODIS and the Spinning
Enhanced Visible and Infrared Imager (SEVIRI, Schmetz et al. 2002), observe reflected
solar radiance at the TOA. The observations include the impacts from clouds, the
surface, atmosphere, and solar-viewing geometries. To deduce cloud properties from the
reflectivity observations, one can expect that the optimal channels have large sensitivity

to cloud and less sensitivity to the environment, such as gas concentrations and surface
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reflection. Fig. 4.3 (a) and (b) show the real and imaginary parts of ice crystal refractive
indices in the visible through near infrared spectral region, respectively (Warren and
Brandt 2008). The real part of ice refractive index decreases slowly as the increase of
wavelength, whereas the imaginary part significantly increases in the same spectral
region. A two-channel reflectivity method (Nakajima and King 1990) was developed
based on the reflection and absorption features of ice crystal. Cloud reflectivity
observations in this spectral region are simultaneously employed to infer cloud
properties based on this two-channel reflectivity method (e.g., Arking and Child 1985;
Platnick and Twomey 1994; Platnick et al. 2001; King et al. 2003). A non-absorptive
band with wavelength less than 1.5-um is selected to give maximum sensitivity of
reflectivity to cloud optical thickness. Normally, the Band1 and Band2 (0.64- and 0.86-
um) of the MODIS instrument are considered to be the non-absorptive channels for
cloud retrievals over land and over ocean, respectively (Platnick et al. 2003). The Band2
is primary used for oceanic clouds because of the strong absorption of water in this
channel gives relatively small surface albedo (Morel 1974). The Band6 and Band7 are
frequently selected as the absorptive channel in the retrieval method because the
imaginary parts of ice refractive indexes in the two channels are approximately more
than 2 orders of magnitude higher than in Band1, Band2 and Band5 (see Fig. 4.3). Fig.
4.4 shows the clear-sky transmissivity spectrum of a mid-latitude summer atmosphere
calculated using the LBLRTM. The MODIS channels discussed above are not located in

the clear-sky absorptive bands (except Band26) to maximize the sensitivity of
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observations to cloud. Reflectivity in a narrow channel of the MODIS is defined as

follows:

| Ry 0)r)sw)dv
R < ToA — Av
nodin 1o JAvr(v)S(v)dv

(4.4)

where R is the reflectivity at the TOA, S is the incident spectral solar spectrum, and 7 is

the instrument response function.
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Fig.4.3 Real (a) and imaginary (b) parts of ice crystals in a spectral region from 0.4 to
2.5 um. The delta function-like curves represent the response functions of 6 MODIS
channels. The ice crystal refractive indices data are available online:
(http://www.atmos.washington.edu/ice_optical constants/).
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Fig.4.4 Clear-sky transmissivity spectrum of the mid-latitude summer atmosphere.
Calculation is conducted using the LBLRTM.
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Fig. 4.5 shows an example of the two-channel reflectivity method. The Band2
and Band7 of the MODIS are employed in this example. It shows that the reflectivity in
the non-absorptive channel is approximately a function of optical thickness and the
absorptive channel can be impacted by effective particle size. The figure shows that the
reflectivities in the two channels are close to 0 and converge together when cloud is

optically thin (7<1).
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Fig.4.5 Relationship between the MODIS Band?2 (0.86-um) and Band7 (2.13-um)
reflectivities for ice clouds. A Lambertian surface is assumed with albedo 0.05 for the
two channels. The solar zenith angle and viewing zenith angle are 30° and 10°,
respectively. The solid curves indicate constant effective particle sizes, and vertical
(dotted or dashed lines) indicate constant optical thickness values. Ice cloud particles are
assumed to be smooth solid columns and the size distribution is the gamma distribution
(Kosarev and Mazin 1991). The U.S. standard atmosphere is used to conduct the
calculation.

Fig. 4.6 shows sensitivity of the MODIS Band2 and Band7 reflectivity
observations to different surface albedo values. The surface albedo has significant

impact on the reflectivities in the two channels if 7 is smaller than 10. However, if cloud
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is optically thick (i.e., 7> 20), different colored meshes generally coincide with each
other because a large portion of incident solar radiation are reflective back to the space
and therefore the impacts of surface reflection are ignorable. For retrieval of thin cirrus
clouds or aerosol layers with 7 less than 1, the selection of the combination of two
shortwave channels must be careful. For example, in order to retrieve the optical
thickness of aerosol over desert region, which has high surface reflectivity in the visible
and near infrared spectral region between 0.6 and 2.5 um, Hsu et al. (2004; 2006)
developed the Deep Blue method, which replaces the MODIS Bandl (0.64-um) with
Band3 (0.47-um). Desert surfaces have low surface reflectivity in Band3, which helps
mitigate the surface impact.

From Fig. 4.3 and Fig. 4.4, we find that most MODIS shortwave channels are
designed to avoid strong gas absorption to maximize signals from the objects of interest.
It can be expected that the reflectivities in these channels are profile and cloud height
insensitive except the MODIS Band26, which locates in a strong water vapor absorption
band. Fig. 4.7 shows sensitivity of the MODIS Band26 reflectivity observation to
different cloud top heights (Fig. 4.7a) and representative atmospheres (Fig. 4.7b).
Observation in Band26 of the MODIS shows strong sensitivity to cloud height: the TOA
reflectivity decreases with the decrease of cloud top height. The Band26 reflectivity is
less than 0.15 even if an optically thick cloud with 7 =100 is put into a tropical
atmospheric layer 5 km above the surface. Another interesting feature can be found in
both of the two panels is that the surface is totally black in cloud-free case according to

the observation of Band26, suggesting that this channel has less sensitivity to the surface
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reflectivity. The difference in observations of ice clouds with different heights can be

attributed to the variations of water vapor amount above the different cloud layers.
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Fig.4.6 Relationship between the MODIS Band?2 (0.86-um) and Band7 (2.13-um)
reflectivities for ice clouds over different surfaces. Five Lambertian surfaces are
assumed with albedo 0, 0.05, 0.1, 0.3, and 0.5. The other conditions are the same as in
Fig. 4.5.
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Fig.4.7 Relationships between the MODIS Band26 (1.38-um) and Band7 (2.13-um)
reflectivities for ice clouds (a) with different altitudes and (b) in different atmospheres.
The other conditions are the same as in Fig. 4.5.

Fig. 4.8 shows the impacts on the MODIS Band2 and Band7 observations from
the degree of ice crystal surface roughness. Six typical habits are shown in six panels: (a)
solid column, (b) solid bullet rosette, (c) aggregate of solid columns, (d) droxtal, (e)
plate, and (f) hollow column. The scattering angles for the cases shown in this figure are
120°. Generally speaking, the bi-channel reflectivity meshes exhibit sensitivities to the
degree of surface roughness. However, investigating different habits, such as the solid

column (panel a) and plate (panel e), one can find that the mesh is more sensitive to
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habit. For some habits, such as the aggregate and droxtal, the curves of constant 7 and
constant D are orthogonal to each other if cloud is optically thick. However, for some
other habits, such as the solid bullet rosette and plate, the constant 7 curves are no longer
vertical, suggesting the reflectivites in the MODIS Band2 calculated using these habits
still depend on D.y. Dy is defined as the ratio of the total volume and the total projected
area (Eq. 1.3). To obtain the same D,y values, loose particles (such as plates and solid
bullet rosettes) with larger D (the maximum dimension) are required in comparison with
compact particles (such as aggregates of solid columns and droxtals). Therefore, less
energy can be reflected due to the strong forward scattering peak caused by large
particles.

The impacts of different habits and degrees of surface roughness also depend on
the scattering angle. Fig. 4.9 shows the scattering phase functions of the 6 habits with 3
degrees of surface roughness. Ice crystal surface roughness clearly affects the phase
function of each of the habits. In comparison with the phase function differences at 120°,
relatively larger discrepancies occur in the backward directions (i.e., near 180°) for solid
column, solid bullet rosette, aggregate of eight solid columns, and plate. Fig. 4.10 shows
the bi-channel meshes for the same habits as shown in Fig. 4.8, but the scattering angles
for these meshes are 180°. Comparing with Fig. 4.8, the meshes at 180° scattering angles
show relatively larger differences between smooth and severely roughened particles.

However, the two-channel mesh is still more sensitive to ice crystal habit.
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Fig.4.8 Sensitivities of the bi-channel mesh to ice particle habit and degree of surface
roughness. Each panel shows a typical habit of ice crystal. Three degrees of surface
roughness are considered. Both solar zenith angle and viewing zenith angle are 30°. The
relative azimuth angle is 0° and therefore the scattering angle is 120°. The other
conditions are the same as in Fig. 4.5.
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Fig.4.9 Scattering phase functions of ice crystals for 6 habits. Three degrees of surface
roughness (smooth, slightly roughened, and severely roughened) are differentiated with
black, blue and red curves. The effective particle sizes are 50 um. The two vertical
dashed lines in each panel mark the locations of two scattering angles: 120° and 180°.
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Fig.4.10 Same as Fig. 4.8, but the relative azimuth angles are 180°, and therefore the
scattering angles are 180°.

Except the Band26, the other MODIS shortwave channels designed for cloud
study are insensitive to atmospheric type and cloud height (i.e., water vapor

concentration above cloud). Surface albedo, ice crystal habit and degree of surface
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roughness, however, have much more impacts on the shapes of these two-channel
meshes. Generally, surface albedo has the largest impact on cloud retrievals if the cloud
is optically thin. The habit distribution and degree of surface roughness impact cloud
retrievals throughout the whole ranges of cloud optical thickness and effective particle
size. It is difficult to conclude the use of assumption that ice cloud particles are severely
roughened increases (or decreases) retrieved cloud optical thickness. In fact, the impact
from degree of surface roughness is highly dependent on the assumption of habit
distribution, the scattering angle, and the whole range of phase functions since multiple
scattering are important for most of the cases. For example, the phase function value of
smooth solid columns is smaller than the severely roughened solid columns at 120° (Fig.
4.9a). Therefore, the retrieved 7 using smooth solid columns must be higher than the
retrieved 7 using roughened solid columns because the retrieval scheme has to use a
larger 7 to match the same reflectivity observation. This can be also found by
investigating the panel (a) in Fig. 4.8: the black dashed curve (smooth) of a 7 value is on
the left side of red dashed curve (severely roughened). However, at 180°, phase function
of smooth solid columns is much higher than its roughened counterpart, resulting in
smaller 7 retrievals in comparison with roughened solid columns in this geometry (see
Fig. 4.10a).
4.2.3  Sensitivity studies in the thermal infrared regime

Ice crystals are strongly absorptive in the IR regime in comparison with the
shortwave region. Fig. 4.11 (a) and (b) show the real and imaginary parts of ice crystal
refractive indices, respectively (Warren and Brandt 2008). The imaginary part of ice
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crystal index reaches the maximum (larger than 0.4) around 12 ym (i.e., approximate
800 cm™ in Fig. 4.11), which is 5 orders (3 orders) of magnitude higher than in the
visual regime (near-infrared regime). For this reason, in the thermal IR regime, emission

and absorption are dominant within an ice cloud layer.
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Fig.4.11 Real (a) and imaginary (b) parts of ice crystals in a spectral region from 700 to
1300 cm™" (black curves). The colored curves represent the response function of 3
MODIS channels. The ice crystal refractive indices data are available online:(
http://www.atmos.washington.edu/ice optical constants/).
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The sensitivity of TOA BT spectrum to ice cloud properties is investigated for a
case of a mid-latitude summer atmosphere with a single ice cloud layer on 10 km (see
Fig. 4.12). The surface is considered to be Lambertian with temperature 299 K and
emissivity 0.98. The viewing zenith angle is 0°. Several features are worth noting in Fig.
4.12. First, as expected, the TOA BT spectrum is highly sensitive to 7, especially in the
scenes including optically thin (7 < 1) or moderately thick (7~ 3) ice clouds, as shown in
Fig. 4.12a. Generally speaking, TOA BTs decrease with an increase of 7 until they
approach the cloud-top temperature. An exception can be observed in the strong
absorption bands of CO; and Os;. The TOA BTs at the center of absorption lines can be
higher than the cloud top physical temperature even if 7 is large enough. This is due to
the thermal emission of these absorptive species in stratosphere with a relatively high
temperature. Second, the slope of the TOA BT spectrum in the region between 800 and
960 cm™ is sensitive to D,y especially for ice clouds consisting of small ice particles,
shown if Fig. 4.12b. Note that the slope decreases rapidly and approaches 0 once Dy

exceeds 50 um (see the two panels in Fig. 4.12).
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Fig.4.12 Sensitivity of model simulated TOA BT spectrum to cloud optical thickness (7)
and effective particle size (D.y). A mid-latitude summer profile is used for this
calculation. Surface temperature is 299 K and emissivity is 0.98. The viewing zenith
angle is 0°. The cloud top height is 10 km and cloud physical thickness is 1 km. Ice
crystals are assumed to be smooth solid columns with a gamma size distribution.
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The satellite-observed TOA BTs in narrow channels, such as the MODIS, can be
also simulated as discussed in Chapter 3. Different from the Eq. 3.18, which is suitable
for high-spectral resolution instruments, the MODIS observed radiances in the thermal

infrared channels are calculated as follows:

_[Av L0, (V)r(V)B(v)dv

Im()z is -
ot [ rwBw)dv

4.5)

where B indicates the Planck function and 7 represents the upwelling radiance at the
TOA. The infrared channel of MODIS always spans hundreds of wavenumbers (Fig.
4.11), and therefore the variations of the Planck function within MODIS channels are
considered for accuracy.

Fig. 4.13 shows simulated TOA BTs in three MODIS infrared channels (8.5, 11,
and 12 um) and their differences. The six colored lines represent ice clouds with six
effective particle sizes ranging from 10 to 100 um. The cloud optical thickness ranges
from O at a warmer BT (at 11 um) to 10 at a colder BT. For each effective particle size,
the TOA BT decreases rapidly with increasing 7 until 7 reaches 10 at which the cloud
layer essentially becomes opaque. Similar to the conclusions deduced from the BT
spectrums (Fig. 4.12), the narrow channel results also demonstrate that the positive BT
differences (BTD) between the 8.5- and 11- or 12-um channels are highly sensitive to
Dy for semi-transparent and transparent ice clouds consisting of small particles.
Comparing the two panels in Fig. 4.13, the BT differences between the 8.5- and 12- um

channels are larger, because ice crystal absorption reaches its maximum near 12 um.
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Fig.4.13 Sensitivity of model simulated TOA BT in three MODIS channels (8.5-, 11-,
and 12- um) to cloud optical thickness (7) and effective particle size (D.z). The other
conditions are the same as in Fig. 4.12.

It can be expected that, if only TOA BTs or BTDs between two IR channels are
involved, the retrieval of 7is more accurate than the retrieval of D, This is due to the
different sensitivities of a BT-7 pair and a BT difference-D,y pair, which can be inferred
from comparing the ranges of TOA BTs and BTDs from Fig. 4.13. For example, in the

case shown in Fig. 4.13, BTs vary from approximately 240 to 300 K when 7 decreases
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from 5 to 0, whereas BT difference varies within 10~20 K even if D, varies from 10 to
100 ym.

Fig. 4.14 shows the comparisons of simulated BT-BTD arches (as shown in Fig.
4.13) between three cloud heights: 5, 10, and 15 km, which are depicted by using red,
blue, and black curves. The panels a to f show comparisons conducted based on the 6
typical atmospheric profiles. Three features are worth noting in Fig. 4.14. First of all, for
most cases, the BT-BTD arches are sensitive to the cloud physical height, especially for
tropical and mid-latitude summer profiles (panel b and c). For mid-latitude winter and
high-latitude profiles (panel d, e, and f), it is difficult to differentiate the arches between
clouds with physical heights 10 and 15 km, which can be attributed to the small
temperature differences between the two levels for the high-latitude winter cases. The
temperature profiles of the 6 typical atmospheric columns show that the tropical and
mid-latitude summer profiles have large temperature lapse rates even if the altitude is
higher than 10 km. On the contrary, the other profiles, in particular the high-latitude
winter profile, exhibit small temperature lapse rates or even constant temperatures if ice
cloud altitudes are higher than 10 km. Second, the higher ice cloud is, the wider the
arches span in the BT-BTD space, which is due to the large temperature difference
between cloud and the surface. Hence, the narrowest arch occurs if a 5 km height cloud
layer is located in a high-latitude winter atmosphere with surface temperature less than
260 K. Third, the simulations (arches) are not sensitive to the concentrations of
absorptive gases such as water vapor. This conclusion can be inferred from investigating

the clear-sky simulations of the 6 typical atmospheres. For example, for each
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atmosphere, the BTDs between the MODIS two channels (8.5- and 12-um) are close to 0
and the BTs at the 11-um channel are close to the surface temperatures (a little bit
smaller than the surface temperature due to the surface emissivity is 0.98 and the weak
gas absorption).

Fig. 4.15 shows the comparisons of simulated BT-BTD arches between ice
clouds consisting of smooth (o = 0) and severely roughened particles (o = 0.5), which
are shown with black and red curves, respectively. Six different habits (panels a through
f) are used to generate ice cloud bulk scattering properties by assuming that the particle
size distribution satisfies the gamma distribution (Eq. 4.1). The mid-latitude summer
atmosphere is used with surface temperature 294 K and the cloud height is 12.5 km. It
shows that the simulations are insensitive to the degree of surface roughness.
Furthermore, by comparing different habits, the arches are quite similar, suggesting that
the TOA BT-BTD pairs are approximately independent of the details of individual ice

crystals.
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Fig.4.14 BT-BTD arches for ice clouds with different heights in the 6 typical
atmospheres as shown in Fig. 4.2. The other conditions are the same as in Fig. 4.12.
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Fig.4.15 BT-BTD arches for ice clouds with different degrees of surface roughness
(black: smooth particles with o= 0; red: severely roughened particles with o= 0.5) and
habits. The mid-latitude summer profile is used and the surface temperature is 294 K.
The cloud height is 12.5 km. The other conditions are the same as in Fig. 4.12.

Generally, the BT-BTD arch exhibits high sensitivities to different atmosphere

profiles (surface temperatures) and cloud heights, but less sensitivities to both particle
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habits and degrees of surface roughness. In comparison with the two-channel reflectivity
meshes discussed in Section 4.2.2, the IR-based method has several limitations in cloud
simulations and retrievals. For example, the BT-BTD pair has no sensitivity if cloud is
optically thick and ice particles within the cloud layer are large. Additionally,
temperature and humidity profiles, and cloud heights have large impacts on the model
simulations. However, the IR-based method is applicable in both daytime and nighttime,
which provides a possible approach to investigate the climatology of cloud properties.
The TOA BTs have large sensitivities if cloud is optically thin and the BTDs are
sensitive to the Dy if both 7and D,y are relatively small. Considering the features of the
optically thin cirrus clouds (Jensen et al. 1996; McFarquhar et al. 2000; Dessler and
Yang 2003; de Reus et al. 2009), the IR channels have inherent advantages to simulate
and retrieve the optically thin cirrus clouds in comparison with the solar reflectivity
channels. Meanwhile, the IR-based method shows less sensitivity to the degrees of
surface roughness of ice crystals, leading to a smaller impact from the cloud
microphysical parameterization schemes on the retrieval of ice cloud.
4.3  Retrieval of 7 and D4 using satellite observations

The computational efficiencies of both SRTM and HRTM facilitate the inference
of ice cloud optical and microphysical properties from global satellite observations. This
section contains the details of the model based retrievals, including the datasets used, the
retrieval method, results, and comparisons of retrievals using different models and pre-

assumed microphysical parameterization schemes.
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4.3.1 Satellite datasets

Satellite data from Feb. 11th, 2008 are employed in the retrieval examples. To
implement the model-based retrievals, satellite observations in the shortwave and
infrared regimes, cloud geometric information, cloud thermodynamic phase, are
provided by the satellites included in the afternoon satellite constellation, or “A-Train”
for short (Stephens et al. 2002). The A-Train constellation, consisting of 6 polar orbiting
satellites currently, provides continuous observations focusing on different components
of the Earth-Atmospheric system. The quasi-simultaneous measurements from different
instruments on board different platforms in the A-Train constellation allow people fetch
multi-spectral and multi-directional information of the same target. As an important
component in the A-Train constellation, the MODIS, on board Aqua, is a passive
instrument that has 36 narrow spectral bands from visible to thermal IR region. The
MODIS has the highest spatial resolution (i.e., 250 m) of Bandl (0.64-um) and Band2
(0.86-um), moderate spatial resolution (500 m) of Band3 through Band7, and coarse
spatial resolution (1 km) for the rest channels at nadir view. For consistency, we extract
satellite observations from the standard MODIS Level-1b 1 km spatial resolution
product (MYDO021KM), which aggregates the observations of Band1 through Band7 into
1 km pixels. In principal, the solar bi-directional reflectance observations in Band2
(0.86-um) and Band7 (2.13-um) are used to conduct the SRTM-based retrieval, and the
BT observations in Band29 (8.5-um), Band31 (11-um), and Band32 (12-um) are
employed to implement the HRTM-based retrieval. Table 4.3 includes more details

about the satellite-based and ancillary datasets used for cloud retrievals.
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In addition to the MODIS, the CALIOP on board the CALIPSO is also used to
provide vertical structures of cloudy atmospheres. Specifically, the CALIOP Level 2
cloud layer product with 1 km resolution is used to specify cloud geometric boundaries
and thermodynamic phase to exclude the cases including multi-layered clouds and water

(or mixed) phase clouds.
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Fig.4.16 The 11-um BT image for a MODIS granule at 0905 UTC 11 Feb. 2008. The
green line indicates the associated CALIPSO/CALIOP track.
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Fig.4.17 The CALIPSO/CALIOP detected 532-nm total backscattering coefficient along
the CALIPSO track within the red box region shown in Fig. 4.16. The white lines
indicate selected ice cloud pixels.

Meteorological profiles are provided by the Modern Era Retrospective-Analysis
for Research and Applications (MERRA, Rienecker et al. 2008) product, which
combines both numerical model results and observational data. The 3-hour
meteorological profiles of temperature, water vapor and ozone concentrations on 42
pressure levels from the surface to 0.1 hPa with a constant latitude-longitude resolution
(1.25°%1.25°) give sufficient information of the background atmosphere. More
information about the satellite and meteorological data can be found in Table 4.3.
Collocated MODIS, CALIOP, and MERRA data are used to retrieve cloud optical
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thickness and effective particle size. Fig. 4.16 shows an example of collocated
Aqua/MODIS and CALIOP images. The MODIS 11-um BT image is shown in gray
scale and the green line indicates corresponding CALIPSO track. Single layer ice clouds
are enclosed by a red rectangle. The vertical structures of cloud layers are revealed by

the CALIOP 532-nm total backscatter image shown in Fig. 4.17.

Table 4.3 Ice cloud properties and model parameters employed in the sensitivity studies.

Data Source Subset Quantities Selected Selection Criteria

Reflectivity (Band2,
Band?7)
Brightness Temperature
(Band 29, Band31,
Band32)

MYDO2 (L1B) Uncertainty < 1%

Aqua/MODIS

Cloud Fraction Cloud Fraction >

0
MYDO06 (L2) Cloud Phase 90%
Ice Cloud
Surface Temperature
Cloud-base height
1km Cloud ) > 5 km
CALIPSO/CALIOP  Layer Product Cloud Altitude Cloud thickness <
Cloud Phase
(L2) 2 km
Ice Cloud
1km Track .. ..
CALIPSO/IIR Surface Emissivity Emissivity > 0.95
Product
Temperature Profile
Specific Humidity
RRA 3hour Profile
ME Instantaneous Ozone Concentration )
Product Profile

Surface Pressure
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4.3.2  Retrieval algorithms

Two different RTM-based retrievals are applied to infer cloud optical and
microphysical properties. A simple retrieval scheme is used for both of the two methods
and is shown in Fig. 4.18. For each MODIS channel, the TOA BT (reflectivity) can be
simulated by one of the fast RTMs. An optimal ice cloud 7-D.4 pair can be specified by

minimizing a cost function, which is defined as:

S(t.D,,)= i(Obsi —Sim,)* (4.6)

i=1
where 7 indicates the index of MODIS channel, Obs and Sim represent the observation
and model simulation (BT or reflectivity) in channel i, respectively, and S is the cost
function. To minimize uncertainty from the surface, only oceanic ice clouds are
included. The CALIPSO/CALIOP Level 2 product is used to eliminate water and mixed-
phase clouds. Three IR channels (8.5-, 11, and 12-um) and two solar reflection channels
(0.86- and 2.13-um) are used to implement the HRTM- and SRTM-based retrieval,
respectively. Fig. 4.19 and Fig. 4.20 show the comparisons between satellite
observations and model simulations. Using the retrieved 7 and D,z both the SRTM and

HRTM simulations perfectly match the MODIS observations.
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Fig.4.18 Flowchart of the method used to retrieve 7and D..
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Fig.4.19 Comparisons between the MODIS observations and model simulations using
retrieved cloud properties (ice cloud particles are assumed to be smooth solid columns).
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Fig.4.20 Comparisons between the MODIS observed TOA BTs (panels a-c) in Band29
(8.5-um), Band31 (11-um), Band32 (12-um) and BT differences (8.5—-12 um, panel d)
and corresponding HRTM simulations in the same channels using retrieved cloud
properties (ice cloud particles are assumed to be smooth solid columns).

4.3.3 Comparisons between the SRTM and HRTM based retrievals
Fig. 4.21 and Fig. 4.22 show the comparisons of SRTM-based 7 retrievals by

assuming different degrees of surface roughness and habits of ice particles. For some

103



habits, such as the solid column, aggregate of solid columns, and hollow column, the
impact from degree of surface roughness on the retrieval of 7 is insignificant (i.e., the
regression coefficients are close to 1). For other habits, such as droxtal and plate, the
retrievals of 7 are sensitive to the degree of surface roughness (the regression
coefficients are smaller than 0.9). Fig. 4.23 and Fig. 4.24 shows the impacts from degree
of ice surface roughness and habit on D4 retrievals, respectively. Similar to the retrieval
of 7, the assumption of ice crystal habit significantly impact the retrieval of D,y based on
the solar reflectivity channels. Note that in comparison with the impact from ice crystal
surface roughness, larger impact from ice crystal habit on both SRTM-based 7 and Dy
retrievals can be found from Figs. 4.21-4.24.

Different from the SRTM-based retrieval, the HRTM-based retrieval utilizes
three IR channels of the MODIS instrument. The sensitivities of both HRTM-based 7
and D,y retrievals to pre-assumed cloud microphysical parameterization schemes are
shown in Fig. 4.25 and Fig. 4.26. Obviously, the HRTM-based 7 retrievals show
significant consistency. The impacts on Dy retrievals are slightly higher than 7
retrievals, as shown in Fig. 4.27 and Fig. 4.28. However, in comparison with SRTM-
based retrieval, the HRTM-based 7 and D,y are insensitive to the details of ice crystals,

such as the habit and degree of surface roughness.
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Fig.4.21 Comparisons between the SRTM-based 7 retrievals using two degrees of

surface roughness (x axis: 6=0; y axis: 6=0.5). Six different habits are shown in the six

panels. The number shown in each panel indicates the regression coefficient.
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Fig.4.22 Comparisons between the SRTM-based 7 retrievals using different habits. Two
different degrees of surface roughness are shown in the left (6=0) and right column
(6=0.5), respectively.
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Fig.4.23 Comparisons between the SRTM-based D,y retrievals using two degrees of
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Fig.4.24 Comparisons between the SRTM-based D,y retrievals using different habits.
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Fig.4.25 Comparisons between the HRTM-based 7 retrievals using two degrees of
surface roughness (x axis: 6=0; y axis: 6=0.5) for two different habits.
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Fig.4.26 Comparisons between the HRTM-based 7 retrievals using different habits for
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Fig.4.28 Comparisons between the HRTM-based D, retrievals using different habits for

two different degrees of surface roughness.
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4.4  Discussion and conclusions

In this chapter, we developed two cloud properties retrieval methods for the two
fast RTMs (SRTM and HRTM). The SRTM-based method infers cloud properties by
using a combination of two shortwave channels that are sensitive to cloud optical
thickness and effective particle size, respectively. The HRTM-based method uses three
infrared window channels, which minimize the effects from gas absorption, to deduce
cloud properties. The advantages of the two methods become obvious through the
elaborate sensitivity studies. In Section 4.3, we also give examples of the two retrievals
using observations of the MODIS to visualize the impacts from the pre-assumed cloud
properties on the two retrievals.

Generally speaking, retrievals of cloud properties can be influenced by the
ambient conditions, such as the surface type, humidity and temperature profiles, and by
the internal properties of cloud, such as cloud altitude, and the microphysical features of
cloud particles. The two different retrievals utilizing completely different satellite
channels show various degrees of sensitivity to both ambient conditions and cloud
properties. The SRTM-based method is less sensitive to the ambient profiles and cloud
location due to the weak gas absorption in the shortwave spectral region except the 1.38-
um channel. The HRTM-based method also uses window infrared channels in order to
minimize the impacts from gas absorption. However, the IR observations (e.g., TOA
BTs), have larger sensitivities to cloud location and atmospheric profiles because the

cloud layer temperature varies significantly.
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As shown in the sensitivity studies, the SRTM-based retrieval is more sensitive
to optically thick (or moderately thick, e.g., 7 > 5) clouds. For optically thin cirrus
clouds, (e.g., 7 < 1), the bi-channel reflectivities mesh converges to the values of
corresponding surface albedo (assume Lambertian surface), resulting in a relatively large
uncertainty of the retrieval. The HRTM-based retrieval, however, performs best if cloud
is optically thin (or moderately thin, e.g., 7 < 3). Similar to the SRTM-based retrieval,
the surface conditions also influence retrievals if cloud is optically thin.

Both retrievals depend on the pre-assumed cloud microphysical parameterization
schemes due to the difference between cloud bulk scattering phase functions and other
scattering properties (such as single scattering albedo). The habits and degrees of surface
roughness of ice crystals impact the finally retrieved 7 and D.; We also show that these
impacts are associated with the differences of phase functions at different scattering
angles, and the differences of the whole range of phase functions (e.g., asymmetry
factor) if multiple scatterings are important. The comparisons between the two RTM-
based retrievals show that the use of IR channels leads to consistent 7and D,z which are
approximately independent of the pre-assumed cloud microphysical parameterization
schemes. Therefore, the HRTM-based retrievals have intrinsic advantages to get
consistent cloud retrievals in current stage that the cloud microphysics is still a major

source of uncertainty in both cloud remote sensing applications and climate models.
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CHAPTER V
INVESTIGATING THIN CIRRUS CLOUDS USING CALLOCATED AQUA/MODIS

AND CALIPSO/CALIOP OBSERVATIONS"

5.1  Background

Optically thin cirrus clouds with visible optical thickness values less than 0.3 are
frequently observed in the upper troposphere (Prabhakara et al. 1988, 1993; Winker and
Trepte 1998; Dessler and Yang 2003). Because of their widespread spatial distribution
and relatively long lifetime (Uthe and Russel 1977), these clouds significantly influence
the global energy budget by reflecting solar radiation and emitting longwave radiation at
a relatively low temperature (Liou 1986; Rosenfield et al. 1998; McFarquhar et al.
2000). Meanwhile, these clouds keep water vapor from penetrating into stratosphere by
homogeneous freezing (Jensen et al. 1996; Khvorostyanov and Sassen 2002;
Steinwagner et al. 2010).

Microphysical and optical properties are fundamental parameters for determining
the radiative effect of cirrus clouds (Fu 1996). Microphysical properties, such as particle
habits (shapes) and size distribution, significantly impact cloud optical properties (Yang
et al. 2005; Baum et al. 2010, 2011) and in turn determine the energy balance (Yang et

al. 2007). Ice crystal habits and degrees of surface roughness, in particular, impact both

" Part of this chapter is reprinted with permission from “A new approach to retrieving
cirrus cloud height with a combination of MODIS 1.24- and 1.38-um channels” by C.
Wang, S. Ding, P. Yang, B. A. Baum and A. E. Dessler, 2012. Geophysical Research
Letters, 39, 1.24806, doi:10.1029/2012GL053854, Copyright by John Wiley and Sons.
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optical properties and microphysical parameterization of ice cloud in climate model
(Mitchell et al. 2008).

Both satellite-based observations (Prabhakara et al. 1988, 1993; Wang et al.
1994, 1996; Mergenthaler et al. 1999) and retrieval techniques (Sassen et al. 2000;
Dessler and Yang 2003; Gao et al. 2002, 2004) have been employed to explore
properties of thin cirrus clouds. However, very little microphysical information can be
obtained from satellite-based observations and retrievals due to the lack of sensitivity.
For example, the MODIS operational retrieval method cannot be applied to retrieve both
7 and Dy if cloud is optically thin (Ackerman et al. 2008). Therefore, the current
knowledge of thin cirrus clouds comes from in situ measurements, which provide more
direct approach to observe cloud microphysical properties (Heymsfield and Jahnsen
1974; Heymsfield 1986; Heymsfield and McFarquhar 1996). However, the spatial and
temporal limitations (Sassen et al. 2008) prevent the in situ measurements from
investigating thin cirrus clouds globally and continually. Meanwhile, uncertainties in
published aircraft ice probe measurements arise from ice particle shattering at the inlet to
the probes (Heymsfield et al. 2004).

To investigate microphysical properties of optically thin cirrus clouds, we
develop a new method to infer the cloud scattering phase functions statistically from one
year of satellite observations based on the prior knowledge of cloud optical thickness.
This method requires removing the 7-dependent from the satellite reflectivity
measurement and then extracting the bulk scattering phase function at a particular

scatting angle in the corresponding channel. Current satellite-based operational inference
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of 71is based on assumptions of ice crystal microphysical properties. Thus, using these 7
would mean that we may not infer anything about the cloud microphysics — trying to do
so would only retrieve the microphysics assumed in the retrieval of 7. In Chapter 4, we
have demonstrated that the HRTM-based 7 retrieval method is independent of the pre-
assumed cloud microphysical properties. Therefore, we utilize the HRTM-based method
introduced in Section 4.3 to investigate the optical properties of thin cirrus clouds.
Observations from two satellite-based instruments, i.e., the MODIS and CALIOP, are
primarily used as input in the retrieval method. Based on the retrieved 7, a statistical thin
cirrus cloud scattering phase function in the backward directions is derived.
5.2 Methodology
5.2.1 Basic principle

Abundant ice cloud microphysical information is included in the scattering phase
matrix, consisting of 4x4 elements that describe the scattering patterns of intensity and
polarization. As the first element in the phase matrix, the phase function describes the
angular distribution of scattered energy. Several previous studies reported that the phase
function, in comparison with other components of phase matrix, shows less sensitivity to
ice crystal habits (Hansen 1971b). However, in this study, we still focus on deriving the
phase function from satellite observations without polarization for two reasons. First,
current satellite instruments that have polarization capabilities, such as the POLDER
(Polarization and Directionality of the Earth’s Reflectances) wide-field radiometer, do
not observe upwelling radiance in the thermal IR regions, and therefore it is difficult to

infer the aforementioned independent cloud optical thickness. Second, the instrument,
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such as POLDER, has a relatively coarse spatial resolution, resulting in a decreased
accuracy in the cloud pixel detection and multi-instrument collocation. For example, the
spatial resolution of POLDER Level 1 data is 6 km, whereas the MODIS has 1km or
higher spatial resolution.

Investigating the numerically calculated scattering phase functions of ice crystals
with various idealized habits and degrees of surface roughness, we find that the phase
functions are still sensitive to the habits and surface structures if the incident wavelength
is small in comparison with the particle size (e.g., in the shortwave region since the
typical particle size of ice crystal is on the order of 10 um). However, in the IR region,
the scattering phase functions of ice crystals become featureless because ice crystals are
more absorptive and the a relatively long wavelength leads to the “smoothing out” of
sub-wavelength structures on the surface of individual ice crystals. Therefore, a
shortwave channel must be used to maintain the sensitivity of the derived phase function
to the ice cloud microphysical properties.

The solar reflectance received by the satellite from a single-layer cirrus cloud can

be expressed as the summation of two parts (if the Rayleigh scattering is ignored):
Robs,/l = Rc,/l (T’M ’nu’(P’_:uo ’¢O ) X Ttwo—way,/l (Tg,l ’:u"_:u'O) + b/l (T’M ’nu’(P’_:uO ’¢0 ’rs) » (51)

where A indicates the wavelength of a channel, R, ; is the satellite-observed reflectivity
in this channel, R, is the cirrus cloud reflectivity, Thvo-way,, 1S the two-way transmissivity
including the effect of gas absorption above the cloud layer, b, is the surface contributed
reflectivity, ¢ is the satellite azimuth angle, i is the cosine of the satellite viewing zenith

angle, ¢y and pyindicate the corresponding geometry of the sun (see Fig. 5.1), 7 and M
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are the visible optical thickness and microphysical properties of the thin cirrus cloud, 7, ,

is the gas optical thickness, and r; is surface reflectivity. The two-way transmissivity

T Tg’l
1 eXp| — u ) (5.2)

Ttwo—way,l (Tg,l ’ILL’_MO ) = exp (_ ek

shown in Eq. (5.1) is defined as:

A Zenith

Satellite
r Sun

v

.....
.....
fre, H
s

Cloud plane

Fig.5.1 Illustrative diagram of the solar-satellite geometry.
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If cloud is extremely optically thin (i.e., 7 << 1), it is reasonable to derive the
scattering phase function at a given scattering angle based on the single scattering
approximation (i.e., each photon is scattered no more than once) if 1 and y are not close
to 0. In this case, the scattering phase function based on the single scattering

approximation can be expressed as follows (Liou 2002):

-1
4R
P, (©.M)= C,AX(,U+.U0)[1_CXP(_%%)} , (5.3)

@, 0
where P;;, is the scattering phase function, @y, is the single scattering albedo, 7, is the
cloud optical thickness at wavelength A, @ is the scattering angle. The relation between
cloud optical thickness at a specific wavelength and at a visible wavelength (0.64 um in
this study) is described in Eq. (3.8). If cloud is optically thin (e.g., T~ 0.1), the accuracy
of single scattering approximation decreases. For this reason, we introduce a multiple-
scattering coefficient 1, (Chiriaco et al. 2006) to give a more general expression of Eq.

(5.3):

.
4n R
P, (©.M)="1 C"Ix(u-'_‘uo)[l—exp(—f%)} L (54

@, 0
The multiple-scattering coefficient is defined as the ratio of single scattering to total

reflectivity:

(5.5)

where Rs,. ; indicates the cloud reflectivity contributed by single-scattering events.
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5.2.2  Channel selection

To derive the scattering phase function of ice cloud using Egs. (5.1~5.5), several
approximations must be made for simplification. For example, the Rayleigh scattering,
surface reflectivity, and absorption of ice crystals can bring difficulties to our global
investigation of thin cirrus clouds.

The MODIS has 36 narrow channels from VIS region to thermal IR region. 20
channels are designed in the shortwave region for various remote sensing applications.
To maximize the sensitivity of cloud scattering phase function and minimize the
Rayleigh scattering, a shortwave infrared (SWIR) channel can be applied in which ice
crystals are weakly absorptive (Warren and Brandt 2008, see Fig. 4.3 and Fig. 5.2) and
the Rayleigh scattering can be ignored (Bodhaine et al. 1999). To derive cloud
reflectivity from satellite observation using Eq. (5.1), the surface contribution term b,
needs to be considered. If cloud is optically thick or the surface is non-reflective, this
term is small compared with the cloud reflectivity. However, for the optically thin cirrus
clouds of interest to this study, b, may be comparable to the satellite observed
reflectivity and cannot be ignored. To reduce the impact from surface and highlight thin
cirrus cloud that frequently occurs in the upper troposphere, a non-window channel (i.e.,
atmosphere is absorptive) is required. Fig. 5.2 shows the total column transmissivity
spectrum of a typical mid-latitude summer atmosphere and the locations of three
MODIS SWIR channels. In the MODIS Band5 and Bandl8, ice crystals are non-
absorptive, and the single scattering albedos in the two channels are close to 1. The

imaginary part of ice crystal refractive index in the MODIS Band26 is one order of
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magnitude higher than in the other two channels (see Fig. 4.3), and therefore ice crystals
in the Band26 are weakly absorbing and have a single scattering albedo of 0.99.
Absorption abilities of atmosphere in the three MODIS channels are different. Fig. 5.3
(a) shows the cumulative clear-sky optical thickness profiles in the three MODIS
channels. For a mid-latitude summer profile, the whole column optical thickness of
atmosphere in Band26 is three orders of magnitude higher than in the window channel.
Therefore, the satellite observations of a same target in the three channels must have
different sensitivities to the cloud altitude and the surface. Recalling Eq. (5.1), the
sensitivity of satellite observation to cloud altitude can be expressed as:

dRobst — R d’]—;wo—way,l

d AT (5.6)
where z indicates cloud top height (CTH). Note that here we ignore the surface term in
Eq. (5.6) since this term is small if atmosphere is strongly absorptive and does not
depend on cloud altitude if atmosphere is non-absorptive. An implication of Eq. (5.6) is
that the sensitivity of satellite observation is directly proportional to a weighting
function, which is defined as the derivative of the clear-sky two-way transmissivity with
respect to CTH. Fig. 5.3 (b) shows the corresponding weighting functions in the three
channels in typical solar-satellite geometry. The weighting function in the window
channel is small in comparison with the absorptive channels and has its maximum values
on the surface level, suggesting that the window channel has least sensitivity to CTH and

can be significantly impacted by the surface. The 1.38-um observations have highest

sensitivity if CTH is higher than 5 km and they are insensitive to the surface except the
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atmosphere is dry. The moderately absorptive channel is sensitive to lower level clouds
(e.g., water clouds near the boundary) and can be slightly impacted by the surface.
Therefore, we utilize observations in the MODIS Band26 (1.38-um) to infer the
scattering phase function and possible habits and degrees of surface roughness of ice

crystals. The phase function equation Eq. (5.4) in this channel can be express as follows:

Mo

4n, xR X (U+
P (©.M)= n;';g Obs; 3; W+ 1) |:1 —exp(-7 m)
0138

two-way,l .38

} . (5.7)

The surface term b, ;s has been omitted from Eq. (5.1) in this channel.
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Fig.5.2 The total transmissivity spectrum (black) of a typical mid-latitude summer
atmosphere calculated by using the LBLRTM. The violet curve is ice cloud single
scattering albedo (D= 50 um, aggregates of roughened solid columns are assumed to
be ice particles). The red, blue, and green curves represent the spectral response
functions of the MODIS Band26, Band5, and Band18.
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Fig.5.3 (a) The cumulative optical thickness profiles in the three MODIS channels as a
function of height. (b) The corresponding weighting functions calculated using a typical
geometry.

5.2.3 Cloud optical thickness and clear-sky transmissivity

To deduce cloud microphysical properties or scattering phase functions, we need
an independent cloud optical thickness product, which can be inferred by using the three
MODIS IR observations in conjunction with the HRTM-based method introduced in
Chapter IV. The two-way transmissivity can be accurately calculated by using the
LBLRTM with the information of CTH, and atmospheric profiles.
5.2.4 Multiple scattering coefficient

From Eq. (5.5), we can expect the multiple-scattering coefficient 1, to be a

function of the cloud optical and microphysical properties. In this study, we employ two
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different bulk ice cloud microphysical models to investigate the sensitivity of 1, to cloud
properties. The first microphysical model is generated using 1117 ice crystal size
distributions from in situ measurements of tropical and mid-latitude clouds (e.g.,
Miloshevich and Heymsfield 1997; Heymsfield et al., 2004). It is used in the current
MODIS Collection 5 operational ice cloud retrieval algorithm (hereafter Ice-C5, Baum
et al. 2005b). Six different ice crystal habits are used for the Ice-C5 model (droxtal,
plate, solid column, hollow column, bullet rosette, and column aggregate), all of which
are assumed to be smooth particles except the aggregates of solid columns, which is
severely roughened. The habit fractions of the six habits are functions of the maximum
dimension of ice crystals (see Fig. 5.4). The second microphysical model considers a
generalized habit mixture (GHM) of ice crystals in which all the particles have severely
roughened surfaces (hereafter Ice-GHM, Baum et al. 2011). In addition to the six habits
used in the Ice-C5 model, three new habits (hollow bullet rosettes, small and large
aggregate of plates) are included in the Ice-GHM model (see Fig. 6a in Baum et al.
2011). Single scattering properties of the ice crystals are introduced by Yang et al.

(2013).
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Fig.5.4 Habit distribution of the Ice-C5 microphysical parameterization scheme (from
Yang et al. 2013).

n1.3s values based on Ice-C5 and Ice-GHM are calculated by following Eq. (5.5)
with the rigorous DISORT model and single scattering approximation. Fig. 5.5 (a) shows
the multiple-scattering coefficient M.-cs ;.35 as a function of effective particle size. For a
given scattering angle, Tiee-cs,z.3s 1S generally determined by cloud optical thickness,
rather than the effective particle size. Fig. 5.5 (b) shows the Nice-gam-t0-Mice-cs ratio as a

function of 7and D.4. The ratio is close to one, suggesting that 7 is insensitive to cloud
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microphysical properties. Therefore, we use the DISORT to generate a lookup table of

1, 35 as function of cloud optical thickness and solar-satellite geometry.
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Fig.5.5 (a) The multiple-scattering coefficient as a function of effective particle size
calculated by using the Ice-C5 microphysical parameterization scheme. (b) The ratio of
multiple-scattering coefficients using the Ice-GHM and Ice-C5 parameterization
schemes.

5.3 Data
To investigate the scattering phase functions of optically thin cirrus clouds

globally, more than 10 million ice cloud measurements are selected from one year

(2008) of collocated Aqua/MODIS and CALIPSO/CALIOP products. Specifically, the
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CALIOP Level-2 lkm cloud layer product is employed to specify the cloud layer
boundaries. The MODIS Level-2 cloud product, which has a much wider viewing zenith
angle range, also provides retrieved CTH information. However, in this study, the
collocated MODIS and CALIOP data are used even if only a narrow range of viewing
zenith angles is available, leading to a narrow range of scattering angles. The CO,
slicing algorithm (Smith and Platt 1978; Menzel et al. 1983; Wylie and Menzel 1999) is
used to retrieve CTH for MODIS. However, Holz et al. (2008) found that MODIS
Collection 5 mean cloud top heights were frequently lower than collocated Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) measurements. By investigating
the spatial distribution of the CTH differences, Holz et al. (2008) found that the biggest
differences occurred in the Inter-Tropical Convergence Zone (ITCZ), where thin cirrus
clouds frequently occur due to deep convections (Jensen et al. 1996; Rosenfield et al.
1998). Fig. 5.6 shows the scaled frequency of ACTH (CALIOP-MODIS C5) as a
function of CALIOP cloud optical thickness (7c4zi0p). The scaling factor is the highest
value of the frequency in each 7c4r0p bin; the CALIOP—detected multi-layered cloud
pixels are removed from consideration.

For most of the cases, CALIOP and MODIS CTH values are consistent with each

other, with ACTH values limiting to +1km. However, if Tc4r0p are less than 0.7, the

absolute values of ACTH clearly increase, suggesting that, in comparison with
observations of CALIOP, the MODIS CTH is more variable at these low optical
thickness values, and may even fail to retrieve a cloud height for some cases as

evidenced by the maximum ACTH frequency bin in the upper left corner of Fig. 5.6. The
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relatively large ACTH indicates that, if a cloud is optically thin, the application of the
CO; slicing algorithm becomes problematic due to the relatively weak cloud signal-to-
noise ratio in the thermal infrared CO, absorption channels (Menzel et al. 2008). The
surface and lower atmosphere contribute more emission to the satellite-received signal

and, therefore, increase the retrieval uncertainty.
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Fig.5.6 Frequency of ACTH (CALIOP-MODIS) as a function of 7¢4z0p. The frequency
is scaled by dividing the largest frequency in each 7cariop bin. Data are from collocated
MODIS and CALIOP measurements made in August 2006.
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The MODIS data are filtered based on the CALIOP product for single-layered
cirrus clouds with cloud base altitudes higher than 8 km. The MODIS observations in
1.38-, 8.5-, 11, and 12-um channels are extracted to retrieve the cloud scattering phase
function, optical thickness, and effective particle size. The temperature, humidity and
ozone concentration profiles are extracted from the MERRA reanalysis data (Rienecker
et al. 2008).

5.4  Results
5.4.1 Overview

Figs. 5.7 and 5.8 show the geographical distributions of the collocated cloud data
for daytime and nighttime, respectively. No matter daytime or nighttime, the frequencies
of all kinds of clouds (i.e., including ice and water clouds) and ice clouds have similar
patterns globally. In high-latitude regions, water clouds dominate but in tropics, more
than half of the cloudy samples are ice clouds, which can be found by investigating the
differences between the frequencies of all kinds of clouds (i.e., including water, ice, and
mixed phase clouds) and ice clouds only samples (see the first and second panels in Figs.
5.7 and 5.8). Panel (c) in each of the two figures shows the frequency of thin cirrus cloud
with the CALIOP retrieved cloud optical thickness between 0.03 and 0.3 and CTH

higher than 8 km. Panel (d) shows the frequency of subvisible cirrus clouds with Zc4z0p

less than 0.03. Most of the optically thin cirrus clouds (7csrior < 0.3) occur in the
tropics, especially the western Pacific, Africa, and South America and its west coast,
which is consistent with previous studies (Sassen et al. 2008). In comparison with the

frequencies of subvisible cirrus clouds during the daytime and nighttime, it is found that
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the nighttime frequency is systematically higher than the daytime. During the daytime,
reflected solar radiation decreases the signal-to-noise ratio (SNR) of the CALIOP
observation. Consequently, the CALIOP cloud detection algorithm needs to increase a
threshold of cloud-to-gas molecule scattering ratio to eliminate false cloud signals.
However, the increase of the threshold value also eliminates some real cloud signals,

especially if cloud is optically thin (Vaughan et al. 2009; Chepfer et al. 2013).

(a) Cloud Frequency (Daytime) (b) Ice Cloud Frequency (Daytime)
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Fig.5.7 Daytime frequencies of (a) cloud, (b) ice cloud, (¢) thin cirrus cloud (i.e., 0.03 <
Tcarior< 0.3, CTH > 8 km), and (d) subvisible cirrus (TCALIOP <0.03,CTH=>38 km)
during 2008.
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(a) Cloud Frequency (Nighttime) (b) Ice Cloud Frequency (Nighttime)
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(c) Thin Cirrus Frequency (Nighttime) (d) Subvisibl Cirrus Frequency (Nighttime)
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Fig.5.8 Nighttime frequencies of (a) cloud, (b) ice cloud, (¢) thin cirrus cloud (i.e., 0.03
< Tcarior< 0.3, CTH > 8 km), and (d) subvisible cirrus (TCALIOP <0.03,CTH=>8 km)
during 2008.

The scattering angle frequencies of global, low-, mid-, and high-latitude thin
cirrus clouds are shown in black, red, green, and blue in Fig. 5.9. More than 80% of the
data have O larger than 120° because solar zenith angles are relatively small (collected
pixels are frequently located in the tropical region) and the collocations of the CALIOP
and MODIS observations occur over a small viewing zenith angle of the MODIS
instrument (always smaller than 20°). High-latitude samples dominate scattering angles

that are smaller than 110°.
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Fig.5.9 Frequencies of scattering angles for global, low- (30°S to 30°N), mid- (30°N/S to
60°N/S), and high-latitude (60°N/S to 90°N/S) thin cirrus samples.

5.4.2 Optical property

Ice cloud optical thicknesses are retrieved using the IR-based method and
assuming the Ice-C5 cloud microphysical parameterization scheme. Fig. 5.10 shows the
normalized (red bar) and cumulative (black line) frequency of the cirrus 7 from the IR-
retrieval (but adjusted to 0.64 um using Eq. 3.8). It shows that the IR-based cloud optical
thickness values for all ice cloud samples (more than 10 millions) span a wide range

from O to 8. About 2 millions samples (20%) are thin cirrus clouds with 7 less than 0.3.
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Fig.5.10 Normalized frequency (red bar) and cumulative distribution (black curve) of
retrieved ice cloud 7 (at visible wavelength) using IR-based method.

The two panels in Fig. 5.11 show the global annual averaged cloud optical
thickness distributions for all ice cloud samples and thin cirrus only samples,
respectively. The averaged 7 geographical distribution of ice cloud samples has similar
pattern with the corresponding frequency distribution, that is, high frequency regions
coincide with the large 7 regions approximately. However, for optically thin cirrus

clouds (panel b in Fig. 5.11), the geographical distribution of 7 shows little spatial
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variation and has little relation with the frequency of occurrence. This feature can also
be obtained from the zonal mean frequencies and zonal mean optical thicknesses of ice
cloud and thin cirrus cloud samples, which are shown in Fig. 5.12. The optical
thicknesses of thin cirrus clouds over land and ocean are quite similar. More details

about the statistics of cloud optical thickness are listed in Table. 5.1.

(a) Annual Average of Ice Cloud Optical Thickness
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(b) Annual Average of Thin Cirrus Cloud Optical Thickness
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Fig.5.11 Annual averaged IR-based 7 distribution patterns of (a) ice clouds, and (b)
optically thin cirrus clouds (7<0.3).
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Fig.5.12 Zonal mean frequencies of ice cloud and thin cirrus cloud samples (black
curves), and zonal mean cloud optical thickness of ice cloud and thin cirrus cloud
samples (red curves, zonal mean optical thickness of thin cirrus cloud is amplified by a
factor of 10).
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5.4.3 Microphysical properties

Fig. 5.13a and 5.13b show the scattering plots of inferred thin cirrus cloud phase
functions over land and ocean, respectively. The mean values of terrestrial thin cirrus
clouds and corresponding standard deviations are shown with squares (circles for
samples over ocean) and vertical bars, respectively. In comparison with the averaged
phase function over ocean, the phase function over land exhibits several oscillations. The
larger standard deviations over land may partially result from less cirrus samples are
collected over land and/or relatively large uncertainties of land surface temperature and
emissivity decrease the quality of 7 retrieval (Wang et al. 2013a). As mentioned in
Section 5.2, the 1.38-um reflectivity observations may include the surface information if
column water vapor concentration is low (e.g., high-latitude region). Therefore, we plot
the inferred scattering phase function again by eliminating the thin cirrus samples with
latitude higher than (45°N or 45°S), as shown in Fig. 5.14. It shows that the samples
with low scattering angles (© < 110°) are generally removed. However, there is no
obvious change in both of the averaged phase functions and the corresponding standard

deviations.
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Fig.5.13 Scattering plot of inferred thin cirrus cloud phase function over land (a) and
over ocean (b). Black squares and circles represent the corresponding averaged phase
functions. Error bars indicate corresponding standard deviations.
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Fig.5.14 Same as Fig.5.13, but samples in low-latitude region (45°S ~ 45°N) are plotted.

To better represent the microphysical properties of thin cirrus clouds with
idealized ice crystal models (e.g., the 9 habits mentioned in Chapter IV), we employ the

Monte Carlo method that uses the theoretically calculated phase functions of randomly
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oriented ice crystals to fit the averaged scattering phase functions inferred from
observations. Panels (a) to (d) in Fig. 5.15 show the comparisons between the inferred
scattering phase functions of oceanic thin cirrus clouds and theoretical phase functions
of different gamma distributed ice crystals. In comparison with the phase functions of
smooth particles, the phase functions of roughened solid columns and column aggregates
seem to be most similar to the inferred oceanic cirrus phase function, suggesting that the
phase function comparisons reveal that roughened solid columns and column aggregates
may dominate thin cirrus clouds over ocean. Baum et al. (2011) show that in synoptic
cirrus clouds, ice particles initiated by homogeneous nucleation are likely to grow as
poly-crystals. Furthermore, a portion of thin cirrus clouds in the upper troposphere,
particularly in tropics with ambient temperature lower than -55°C, (Sassen et al. 2008;
Baum et al. 2011) may include droxtals. As shown in panels (c) and (d), only scattering
phase functions of droxtals exhibit a gradual increment in side through backward
directions. Panel (e) in Fig. 5.15 shows comparisons between inferred oceanic phase
function and the phase functions generated with two habit mixtures (i.e., Ice-C5 and Ice-
GHM). Similarly, the assumption of smooth particles in the Ice-C5 model leads to
relatively strong phase function oscillations and strong backward scattering. The phase
function of Ice-GHM captures the major features of the inferred one, suggesting that it is
possible that roughened particles are dominant thin cirrus clouds. A best-fitted scattering
function is shown in Panel (f). Obviously, the artificially generated scattering phase

function almost perfectly matches the inferred one. Therefore, we suggest using 55%
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severely roughened solid columns, 35% severely roughened droxtals, and 10% smooth

aggregates to represent the ice crystals within oceanic thin cirrus clouds.
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Fig.5.15 Comparisons between inferred scattering phase function of oceanic thin cirrus
clouds (black dots as shown in Fig. 5.13b) and scattering phase functions of ice crystals
with ideal habits or mixtures of habits.
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Fig.5.16 Same as Fig.5.15, but for comparisons between theoretical scattering phase
functions and inferred scattering phase function of thin cirrus clouds over land.

For optically thin cirrus clouds over land, it is difficult to match the inferred

scattering phase function by using current idealized habits. Fig. 5.16 shows the

comparisons between theoretical scattering phase functions and inferred scattering phase

function of thin cirrus clouds over land. For scattering angles larger than 120°, almost all

of the ideal habits have smaller scattering phase function in comparison with the inferred
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one, except the droxtal. For this reason, the best-fitted habits mixture consists of 74%
severely roughened droxtals and 26% severely roughened solid bullet rosettes. Generally
speaking, more uncertainties are associated with the inferred phase function over land.
More studies are required to investigate the difference the oceanic and terrestrial thin
cirrus clouds.

The effective particle size can be obtained using the IR-based retrieval with the
two best-fitted microphysical models for thin cirrus clouds. If the oceanic and terrestrial
thin cirrus cloud habits mixtures are used for corresponding surface types, the annual
averaged D, geographical distributions of all ice cloud samples and thin cirrus samples
are shown in Fig.5.17 (a) and (b), respectively. The pattern of D, distribution is similar
to the 7 distribution pattern for all ice cloud samples. For thin cirrus clouds, the Dy
values of oceanic clouds are generally larger than their terrestrial counterparts. More
details about the statistics of D, retrievals of thin cirrus clouds can be found in Table

5.1
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Fig.5.17 Annual averaged IR-based D,y distribution patterns of (a) ice clouds, and (b)
thin cirrus clouds (7<0.3).
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Fig.5.18 Normalized Frequencies of D, for terrestrial ice clouds (black), oceanic ice
clouds (blue), terrestrial thin cirrus clouds (orange), and oceanic thin cirrus clouds

(green).

Table 5.1 Global annual means of 7and D, for ice cloud and thin cirrus cloud samples.

Cloud Properties (Global
Annual Mean)

Cloud Optical Thickness  Effective Particle Size (um)

Global 2.56

Ice Cloud Oceanic 2.54
Terrestrial 2.64

Global 0.18

Thin Cirrus Oceanic 0.18
Terrestrial 0.19

53.7
543
50.8
47.1
47.8
40.3
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5.5  Conclusions

We develop a new approach to investigate the optical and microphysical
properties of global thin cirrus clouds statistically. In order to reduce the impact from
surface reflection and highlight thin cirrus clouds in upper troposphere, we utilize the
MODIS observations in a strong water vapor absorptive band (1.38-um) to retrieve
scattering phase functions of thin cirrus clouds globally. Moreover, an IR-based retrieval
method, in conjunction with a fast forward RTM (i.e., the HRTM)), is applied to infer 7
that is independent to the pre-assumed ice cloud microphysical properties. Based on one
year of MODIS observations in the 1.38-um band and corresponding 7 values retrieved
by using three MODIS infrared channels (i.e., the 8.5-, 11-, and 12-um), the scattering
phase function of thin cirrus clouds are inferred approximately with Eq. 5.4.

Comparisons between the inferred and theoretical phase functions reveal that
roughened solid columns, droxtals, and smooth column aggregates may dominate thin
cirrus clouds over ocean. A habits mixture for oceanic thin cirrus clouds is suggested by
fitting the inferred cloud scattering phase function with theoretical phase functions of
different ice crystals. To be more specific, the ensemble of 55% severely roughened
solid columns, 35% severely roughened droxtals, and 10% smooth aggregates almost
perfectly match the inferred scattering phase function. The inferred scattering phase
function of optically thin cirrus clouds over land represents relatively strong oscillations
in comparison with its oceanic counterpart. It is difficult to use theoretical phase
functions to match the terrestrial cirrus phase function. A possible reason is more

terrestrial thin cirrus clouds may be initiated by deep convection, leading to a larger
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portion of irregular ice crystals during collision processes than ice particles in oceanic
cirrus clouds. In comparison with oceanic region, analysis of ice crystal habits in thin
cirrus clouds over land is much more difficult due to the large uncertainties associated
with surface temperature and emissivity, which impact the IR-based 7 retrieval.

Optically thin cirrus clouds with 7 less than 0.3 frequently occurs in tropics. The
global averaged 7 of thin cirrus cloud is 0.18. Different from the optical thickness
distribution of all ice clouds that has a similar geographical pattern as the occurrence
frequency, the optical thickness distribution has little relationship with its frequency of
occurrence. Furthermore, little difference of optical properties can be found between
oceanic and terrestrial thin cirrus clouds. For cloud effective particle size, the thin cirrus
clouds are composed of relatively small ice crystals in comparison with the optically
thick ice clouds. The global mean D, values of all ice cloud and thin cirrus samples are
54 and 47 um, respectively. Meanwhile, the averaged D, values of the two different ice
cloud types exhibit strong spatial dependence, that is, the D, values of oceanic ice
clouds are systematically larger than their terrestrial counterparts. The difference in
effective particle size may be attributed to the different number concentrations of ice
nuclei and updraft velocities. However, further studies focusing on the differences

between oceanic and terrestrial thin cirrus clouds are necessary.
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CHAPTER VI

SUMMARY

Thin cirrus clouds (visible optical thickness values less than 0.3) impact the
radiation budget of the Earth-Atmosphere system by reflecting solar radiation and
emitting upwelling longwave radiation at a low temperature. Modeling of these clouds
requires knowledge of their microphysical and optical properties. In this dissertation, we
introduce a new approach to infer ice crystal sizes and habits (shapes) of global thin
cirrus clouds from one year of satellite observations.

Retrievals of cloud depend on the pre-assumed cloud microphysical
parameterization scheme, which is a major source of uncertainty in both remote sensing
and climate studies. In order to investigate the impacts from cloud microphysics, we
develop two fast RTMs in two different spectral regions (i.e., SRTM and HRTM) and
two RTM-based retrieval algorithms. In Chapter II and Chapter III, we introduce the
principles and features of the two fast models. The SRTM simulates solar reflected
radiance (or reflectivity) and the TOA under different cloud-surface conditions. The
HRTM calculates TOA BTs with a high-spectral resolution under single-layer cloud
condition. The two models utilize pre-computed LUTs specifying cloud absorption and
scattering properties calculated by the rigorous DISORT to speed up calculations.

Two retrieval methods are discussed in Chapter IV. Elaborated sensitivity studies
are conducted in this chapter to understand the advantages of the two methods. The

SRTM-based retrieval is sensitive to the surface reflectivity and ice crystal habits and
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degrees of surface roughness. Meanwhile, this method performs best if cloud optical
thickness is larger than 5. The IR-based method, which is sensitive to ambient
conditions, surface temperature and emissivity, and cloud location, has largest sensitivity
if cloud is optically thin and ice crystals are small. Most importantly, by retrieving
exactly the same ice cloud samples with different cloud microphysical parameterization
schemes, we conclude that the IR-based retrieval method could be considered to be an
appropriate approach to infer independent cloud optical thickness. Therefore, in this
study, the IR-based method is employed to conduct the global retrieval of optically thin
cirrus clouds.

Finally, we develop a new approach to explore the optical and microphysical
properties of global optically thin cirrus clouds by making full use of the independent
IR-based cloud optical thickness. The cloud microphysical properties are deduced from
the averaged bulk scattering phase function of thin cirrus clouds. Comparing the inferred
cloud phase function to the numerically simulated phase functions using idealized ice
crystal habits, two best-fitted habits mixtures are suggested to represent thin cirrus
clouds over ocean and land, respectively. The thin cirrus clouds over ocean may consist
of severely roughened column-like particles and a fraction of droxtals. The inferred
scattering phase function of terrestrial thin cirrus clouds, however, shows relatively
strong oscillations in side through backward directions and is difficult to be matched by
using an ensemble of theoretical phase functions. In comparison with optically thick ice
clouds, the optically thin cirrus clouds are composed of small ice crystals. The global

averaged Dy value of the optically thin cirrus clouds is 47 um. Furthermore, the
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particles within oceanic thin cirrus clouds are systematically larger than particles in
terrestrial thin cirrus clouds. Further studies are necessary to understand the differences

between the oceanic and terrestrial thin cirrus clouds.
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