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ABSTRACT

The Study of Cirrus Clouds Using Airborne and Satellite Data. (May 2004)
Kerry Glynne Meyer, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Ping Yang

Cirrus clouds are known to play a key role in the earth’s radiation budget, yet are one
of the most uncertain components of the earth-atmosphere system. With the
development of instruments such as the Airborne Visible/Infrared Imaging Spectrometer
(AVIRIS) and the Moderate-resolution Infrared Spectroradiometer (MODIS), scientists
now have an unprecedented ability to study cirrus clouds. To aid in the understanding of
such clouds, a significant study of cirrus radiative properties has been undertaken. This
research is composed of three parts: 1) the retrieval of tropical cirrus optical thickness
using MODIS level-1b calibrated radiance data, 2) a survey of tropical cirrus cloud
cover, including seasonal variations, using MODIS level-3 global daily gridded data, and
3) the simultaneous retrieval of cirrus optical thickness and ice crystal effective diameter

using AVIRIS reflectance measurements.
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1. INTRODUCTION

The knowledge of the optical properties (cloud optical thickness and ice crystal
effective size, in particular) of cirrus clouds is essential to the understanding of the
radiation balance and climate feedback associated with cirrus radiative forcing. Cirrus
clouds may substantially regulate the long-wave radiative energy exchange in the
vicinity of the tropical tropopause, and thus are radiatively important [17], [18]. Thin
cirrus clouds near the tropical tropopause occur frequently [47], [43], and have been
detected by satellite measurements [36], ground-based lidar [27], and space shuttle-
borne lidars [45]. Total cirrus cover has been found to be over 50% for the entire tropics
[5], and a thin cirrus layer may be present as much as 80% of the time in this region [42].
On a global scale, thin cirrus clouds are primarily confined to the tropical regions, with a
rather sharp frequency of presence over the Western Pacific Ocean, particularly during
the northern winter when the tropopause temperature is lowest [35], [21]. Most recently,
Dessler and Yang [7] showed that sub-visual cirrus clouds, with optical thickness less
than 0.03 [38], are ubiquitous over the tropics.

Cirrus clouds have been studied in some detail, and the general radiative and
microphysical properties of such clouds have been inferred and modeled in previous
studies [1], [2], [4], [S]. However, despite the facts that tropical cirrus clouds have a

significant impact on the local radiation budget and climate, and are ubiquitous near the

This thesis follows the style and format of /EEE Transactions on Geoscience and
Remote Sensing.



tropical tropopause (over the Western Pacific, in particular), relatively little is known
about their spatial and temporal distributions. Relevant studies are hampered by the lack
of detailed measurements of the radiative and microphysical properties of these clouds,
although recent studies have focused on this issue [30]. In fact, cirrus clouds are one of
the most uncertain components in atmospheric research because of their high altitudes,
optically thin nature, and the nonsphericity of ice crystals in those clouds.

Optical thickness of cirrus clouds is of major interest in the study of the radiative
effects of these clouds. Thick clouds reflect more short-wave radiation to space and trap
more long-wave radiation in the atmosphere than thin clouds. Also, ice clouds (i.e.,
cirrus) reflect and scatter radiation differently than water clouds. Even sub-visual cirrus
clouds (i.e., invisible to the naked eye) play a role in the radiation budget, although to
what extent is still unknown. An important factor in determining the optical thickness of
a cirrus cloud is the effective size of the ice crystals that compose such a cloud.
Following the principles of radiative scattering, larger ice crystals scatter more radiation
in the forward direction, whereas smaller crystals have less forward scattering and more
backscattering. These phenomena play a key role in determining the optical thickness of
the cloud. Thus, a significant amount of the current research efforts in the remote
sensing community have been focused on quantifying these radiative properties.

One instrument used in the study of cirrus clouds is the Airborne Visible Infrared
Imaging Spectrometer (AVIRIS) [40], [16]. The AVIRIS instrument, developed by the
NASA Jet Propulsion Laboratory, contiguously covers the spectral region from 0.4 to

2.5 um, using 224 channels. When viewing from an ER-2 aircraft at an altitude of 20



km, the resolution is approximately 20 m x 20 m with a swath width of 12 km. The
spatial resolution can be increased even further (with a smaller swath width) at lower
altitudes. This instrument is useful in various field campaigns, as well as for data
validation. However, data from this instrument is limited to specific areas and times,
and does not have a global reach.

Of a somewhat greater importance to the research discussed here is the satellite-
borne Moderate-resolution Imaging Spectroradiometer (MODIS). MODIS has a much
more extensive view of the earth than does AVIRIS, although at a much lower spatial
resolution. It is equipped with 36 spectral bands, and was designed for the studies of the
atmosphere, land and ocean [22], [24], [34]. The MODIS instrument is currently a key
component of NASA’s Earth Observing System (EOS), as it is on board both the Terra
and Aqua satellites. From these satellites, at an altitude of 705 km, MODIS has a spatial
resolution of 1 km with a viewing swath of 2330 km, and can provide a global coverage
within 1 to 2 days. Data from this instrument is used extensively in the research
discussed here.

MODIS is the first satellite-borne instrument that features the 1.375 wm channel for
the exclusive study of cirrus clouds. The 1.375 um channel is located in a strong water
vapor absorption band; therefore, the 1.375 um reflectance included in the MODIS
level-1b calibrated radiance data set is due essentially to the reflection by high ice
clouds, which undergoes relatively little attenuation by the water vapor above these
clouds. Unlike the 1.375 um channel, the solar radiation at a visible wavelength, say,

0.66 um, is reflected by both low- and middle-level clouds composed of water droplets



as well as high clouds composed of ice crystals. For cirrus cloudy conditions, the
reflected solar radiation at a visible wavelength is strongly contaminated by the surface
reflection. Therefore, the measured 0.66 um reflectance cannot be considered as the
reflectance of cirrus clouds. However, MODIS bands 1 (0.66 um) and 26 (1.375 um)
can be used together to obtain isolated cirrus reflectance at visible wavelengths (0.4 um
<A <1.0 um) [14]. This method is now an operational MODIS product. This derived
cirrus reflectance allows for the independent study of cirrus cloud optical properties.

The study presented here will consist of research devoted to the understanding of the
radiative properties of cirrus clouds, as well as the spatial and temporal distributions of
such clouds. A general methodology will first be described in Section 2. This section
also contains a brief overview of the science background required for the present study.
In Section 3, a new method is presented to convert MODIS isolated cirrus reflectance,
which is derived using the algorithm of Gao et al. [14], to the corresponding optical
thickness for tropical cirrus clouds. A brief survey of the tropical cirrus optical thickness
fields is then be presented in Section 4. Section 5 introduces a new method for
simultaneously retrieving cirrus cloud optical thickness and ice crystal effective diameter
from 1.38 and 1.88 um reflectance. Finally, in Section 6, the conclusions are
summarized and discussed. It is hoped that this study helps to address several

unresolved issues in the field of atmospheric remote sensing.



2. METHODOLOGY

2.1 Research Objectives

The objectives of the research discussed here are three-fold:

Cloud optical thickness of tropical cirrus is retrieved using the 0.66- and
1.375 um MODIS level-1b calibrated radiance data and a simple look-up
table approach. All MODIS data are obtained from the data access system at
NASA Goddard DAAC.

A preliminary global survey of tropical cirrus cover is performed using the
retrieval code produced in Objective 1. MODIS level-3 daily gridded cirrus
reflectance is converted into cirrus optical thickness, which is then compared
with the MODIS operational cloud product [24], [34].

Cirrus optical thickness and ice crystal effective diameter are retrieved
simultaneously using AVIRIS 0.66, 1.38, and 1.88 um reflectance
measurements and a simple look-up table approach. The AVIRIS data used
in the research presented here are obtained from Dr. Bo-Cai Gao at the Naval

Research Laboratory.

2.2 DISORT

The research presented here makes use of the Discrete Ordinates Radiative Transfer

(DISORT) model for reflectance calculations and look-up table generation. The

DISORT code is a numerical algorithm that models the scattering and emittance of



monochromatic radiation in a layered medium. It is capable of radiative calculations
involving wavelengths ranging from the ultraviolet to the microwave region of the
spectrum. The equations employed by DISORT are based on the well-known theory of
radiative transfer described by Chandrasekhar [3]. Here, we use the DISORT 2.0 Beta
algorithm for our calculations, which is available to the public and at the present time is

the most current version of the code developed by Stamnes et al. [39].

DISORT calculates the transfer of monochromatic radiation at frequency v through a

plane-parallel medium using

M duv (TV’M7¢)

dr =uv(TwM’¢)_Sv(Tv’M’¢)’ (1)

where u,(t,,u,0) is the specific intensity in the (u,¢) direction with optical thickness T,
(measured perpendicular to the medium surface), azimuthal angle ¢, and cosine of the

polar angle u. The source function S, is given by

$ (o) = 255 [Tay [ awe (o ')
xU, (t,,0,0) + Q, (T, m.9),

)

where w,(t,) is the single-scattering albedo and P(t,,u,p;u’,¢") is the phase function.

Q. (t,,u,0) is the internal source term, and is given by
Q. (T, m0) = Q"™ (v, .1,0) + QP (t, . w.0), 3)

Q™ (z,,u,0) =[1- w,(t,)]1B,(T), and (4)



stM)(rv’M’q)) = w I OPV (IV’M’q);_MO’q)O)
TT
. 5)
xexp( x ),
Wo

where Q"™ (1,,u,¢) is the source term for thermal emission in local thermodynamic

equilibrium, Qﬁbeam)(rv,u,q)) is the source term for a parallel beam incident in direction
Wo ¢, On a non-emitting medium under the usual diffuse-direct distinction, B,(7) is the

Planck function at temperature 7, and /j is the incident intensity [39].

In the DISORT method, the scattering phase function is expanded in terms of
Legendre polynomials. Because the size of ice crystals is much larger than the
wavelength of solar radiation, the corresponding phase function is strongly peaked in the
forward direction. For a phase function with a strong forward peak, thousands of
Legendre polynomial terms are required in the phase function expansion. In practice,
the strong forward peak needs to be truncated, for example, by using the delta-M method
[46]. In this study, however, we use the 0-fit method [20], which is an extension of the
delta-M method. The d-fit method uses a least-squares fitting approach to generate the
coefficients (¢;) of the Legendre polynomial expansion. The objective is to minimize the
relative difference € between the approximated phase function P'(6;) and the actual phase

function P,.(6)):

) PO) .\
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where 0 is the scattering angle, w; is the weight for each scattering angle, p/(cos6;) is
the /th Legendre polynomial, and Ny is the number of streams (expansion terms)

needed for the desired accuracy.

The expansion coefficients ¢; are calculated by solving the least-squares fitting

problem d¢/dc, =0 (k=0,N):

peost) | [NVep(coss) |
P..(6)) W‘[S P.(6,) 1]‘0' (8)

The normalized phase function can then be written as

Pon(0) = P0). ©

For the studies described here, we use 32 streams to represent the phase function
(Nsw=32). The 8-fit method described here allows for a better estimation of the phase

function at large scattering angles than the conventional method [20].

2.3 MODIS Cirrus Reflectance

In this study, the optical thickness look-up library is generated under the assumption
of the presence of a single cirrus cloud in a completely transparent atmosphere with no
surface reflection. However, reflectance of the visible band contained in level-1b

calibrated radiance data from the MODIS instrument on board both the Terra and Aqua



satellites includes both atmospheric and surface effects (which include attenuation,
scattering, surface reflectance, etc.). The need arises then to remove these effects from

the data in order to match the conditions used in the look-up library.

The method used to remove surface and atmospheric effects from MODIS level 1b
datato obtain the “true” cirrus reflectance is described in Gao et al. [14]. First, the
atmosphere is assumed to be composed of three distinct layers. Thetop layer is
composed of the water vapor above cirrus clouds (which acts to attenuate both the
incoming and reflected radiation), the middle layer contains the cirrus clouds, and the
bottom layer consists of low-level water clouds, aerosols, water vapor (which accounts
for about 90-99% of the total atmospheric water vapor), and the surface. This bottom
layer is classified as the “virtual surface,” which takes into account the effects of
absorption and scattering by various gases, water vapor, aerosols below cirrus clouds,
and low- and mid-level clouds, aswell as surface reflection. Fig. 1 showsthe
atmospheric configuration assumed here. The “virtual surface,” or, more specificaly,
the low-level water vapor, actsto absorb most, if not all, of the radiation transmitted
through cirrus clouds and surface reflected 1.375 um radiation. Thus, its effects are
considered negligible in the MODIS measurement of 1.375 um reflectance (i.e., the 1.38
um reflectance can be considered as only that which isreflected by cirrus clouds). The
0.66 um radiation, however, isin fact affected by the “virtual surface.” The radiation at
this wavelength is able to penetrate through the low-level water vapor, and is then

reflected by low-level water clouds and the surface of the earth. In effect, the 0.66 um
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Water vapor (1-10%)

Cirrus and contrails

Low-level clouds, aerosols, and
Water vapor (90-99%)

Surface

Fig. 1. The atmospheric configuration assumed for the cirrus bi-directional
reflectance retrieval in Gao et al. (2002).
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reflectance measured by MODI S includes the surface and water cloud reflectance, and

cannot be considered solely as the cirrus reflectance.

Previous studies have shown that the relationship between the 0.66 and 1.375 wm
cirrus reflectance (without atmospheric and surface effects) is quasi-linear [13], and has
a slope smaller than 1 due to weak ice crystal absorption of the 1.375 wm band. Fig. 2
illustrates this correlation using calculated data from DISORT for nine CEPEX size
distributions used in this study (these are discussed in Section 3.1.1). The slope of the
linear-fit line is indicated at the top of the figure. For MODIS data, cirrus reflectance is
coupled with the effects of the atmosphere and the surface. Gao et al. [14] show that the
apparent reflectances at MODIS bands 1 and 26 under cirrus cloudy condition are

correlated as follows:

I} 3(Wgs sty ) = T 6 (Mo Pt ) + d, (10)

where 11 375 and 1o ¢ are the apparent reflectances of the 1.375 and 0.66 wm bands,
respectively, I is the correlation between the 1.375 and. 0.66 wm band apparent
reflectance, and d depends on the optical properties of cirrus clouds and the absorption
and scattering by various gases, water vapor, aerosols below cirrus clouds, and low- and
mid-level clouds, as well as surface reflection. Fig. 3 conceptually illustrates the method
for deriving I'. The isolated cirrus reflectance (without the contamination of surface

reflection and atmospheric effects) can then be obtained as follows:

r1,38(Mo1¢oaM1¢)' (11)

rc,o.ee(Mo,(l)o,u,(j)) = =



Slope = 0.9718

O‘ I|I|IIII|IIIiiiiII|IIIIII||||ll|l|ll11|||||||||}
0 0102030405060.70809 1

R(0.66)

Fig. 2. Scatter plot of DISORT calculated 0.66 vs. 1.375 um reflectance values,
with linear curve fitting.
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Fig. 3. Conceptual illustration of the method for deriving I'.
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Furthermore, the cirrus reflectance in the visible region has little spectral variation, that

18,
rk(MO’q)O’Miq)) = c,O.66(MO’q)O’M7¢)a (12)

where 0.4um< A <lum. Therefore, the derivation of cirrus reflectance at visible
wavelengths reduces to the determination of the parameter I'. An algorithm based on
MODIS level-1b calibrated band 1 and 26 radiance data has been developed to

determine I" [14], and consequently, the cirrus visible reflectance.

Fig. 4 (a) shows a 0.66 um MODIS reflectance image taken over southeastern Asia.
The surface and low-level water clouds are clearly visible in this image. Fig. 4 (b) is the
corresponding 1.375 wm MODIS reflectance image. Note the absence of the surface and
low-level water clouds. Fig. 4 (c) is the derived visible cirrus reflectance calculated
using the cirrus reflectance retrieval algorithm developed by Gao et al. [14]. Note the
similarities between Figs. 4 (b) and (¢). The optical thickness retrieval algorithm from
Section 2.3 has been integrated into the cirrus reflectance algorithm. This combination
algorithm is capable of optical thickness retrieval using MODIS level-1b calibrated

radiance data on a pixel-by-pixel basis.
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Fig. 4. Sample MODIS images illustrating the method of Gao et al. (a) 0.66
um channel MODIS image over southeastern Asia. (b) 1.375 um channel

MODIS image corresponding to (a). (c) Derived visible cirrus reflectance
corresponding to (a).
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3. CIRRUS OPTICAL THICKNESS FROM MODIS LEVEL-1B

REFLECTANCE DATA*

3.1 Methodology

The general methodology used to retrieve the optical thickness of tropical cirrus
clouds from the MODIS 0.66-um and 1.375-um bands essentially follows the physical
principle shown by Nakajima and King [32], who found that the reflectance of clouds at
a visible channel is sensitive to cloud optical thickness and insensitive to cloud particle
size. In the present study, a cirrus optical property database is created first by integrating
the single scattering properties of individual ice crystal habits over in-situ observed size
distributions and the applicable spectral bands. A representative size distribution is then
chosen for the production of an optical thickness look-up table. This look-up table is
created using the Discrete Ordinates Radiative Transfer (DISORT) code [39] for an
isolated cirrus cloud without including atmospheric absorption. Furthermore, using the
algorithm developed by Gao et al. [14], isolated cirrus reflectance at visible wavelengths
is then derived by removing the atmospheric effects and surface reflection on the basis
of the correlation of MODIS level-1b calibrated band 1 (0.66 pm) and band 26 (1.375
um) radiance data. Consequently, the optical thickness is derived from a look-up
interpolation based on the pre-calculated relationship between optical thickness and

cirrus reflectance.

*© 2004 |EEE. Reprinted, with permission, from K. Meyer, P. Yang, and B.-C. Gao, “Optical thickness
of tropical cirrus clouds derived from the MODIS 0.66- and 1.375-um channels,” IEEE Trans. Geosci.
Remote Sensing, 42, 2004.
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3.1.1 Optical Properties Database

The scattering properties for the individual ice crystal habits used to create the
optical properties database are discussed in Yang et al. [49]. The scattering database
covers six habits, 56 wavelength channels (0.2-5.0 wm), and 24 size bins (3-4000 um, in
terms of maximum crystal dimension). Tropical cirrus clouds are considered to contain
only three of these habits: rough aggregates, solid columns, and bullet rosettes. For the
bullet rosette data in this study, spatial bullet rosettes composed of two to six bullet
branches randomly oriented in space are used [48]. Intuitively, these three habits vary in
concentration from cloud to cloud. However, it is useful to approximate an average
habit percentage to describe tropical cirrus in general. The habit percentage used in this
study is assumed to be 33.7% solid columns, 24.7% bullet rosettes, and 41.6%

aggregates [29].

To integrate the scattering properties with respect to ice crystal size, in-situ
observational size distribution data are needed. Here, data obtained during the Central
Equatorial Pacific Ocean Experiment (CEPEX) are used. These data were collected
from three independent cirrus anvils on March 17, April 1, and April 4, 1993, using an
aircraft-borne Particle Measuring System (PMS) two-dimensional cloud probe (2DC)

and a video ice particle sampler (VIPS) [19], [28], [10].

Integration of cirrus optical properties is then completed over the nine CEPEX size
distributions using previously defined formulas [33]. Calculated properties of interest to
this study include the mean effective diameter, extinction coefficient, single-scattering

albedo, asymmetry factor, percentage of delta-transmission, truncation energy, and the
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associated phase functions and scattering angles. Effective diameter is calculated using

the following definition [8], [9], [33]:

S EV(h D) f (h,D)n(D)A(D)

: (13)

EA(h D) f (h,D)n(D)A(D)

where h is the habit, D is the size bin, V(h,D) is the equivalent volume of each ice
crystal, A(h,D) is equivalent area, f(h,D) is the habit percentage, n(D) is the number
concentration of ice crystals (from the aforementioned CEPEX data), and A(D) is the bin

width. The extinction coefficient and single-scattering albedo are defined as

B, = S [Ef(h,D)om(h,D)n(D)A(D) and (14)
Wo = 222 (15)
Oext

where Oex(h,D) is the extinction cross section of each crystal, and Osa and Oec are the
mean scattering and extinction cross sections, respectively. The phase function at
scattering angle © is given by

E f(h,D)P(©,h,D)o,(h,D)n(D)A(D)

h=1

P(@) = 2=Pm

Dp 3 ’ (16)
S [E f(1,D)o. (h,D)N(DIAD)

h=1

where Os, 1S the scattering cross section of each crystal [33].
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Fig. 5 shows the bulk scattering phase function at different effective sizes at
wavelengths 0.66 um and 1.375 wm for tropical cirrus clouds (the different curves in the
plot indicate different size distributions, i.e. different effective sizes). The nine size
distributions of cirrus clouds in CEPEX (effective diameters ranging from 17.7 um to
128.8 wm) were used in the figure. The habit and percentage of ice particles are
illustrated on the top of the figure. Evidently, the phase functions are strongly forward-
peaked. The 22° and 46° scattering maxima corresponding to halos are associated with
the hexagonal structure of the particles. The detailed features of the scattering phase

function and associated physical mechanisms can be found in Yang and Liou [48] and

Macke et al. [26].

3.1.2 Optical Thickness Look-up Library

In this study, the 0.66 um visible band and the 1.375 um “cirrus detection” band [13]
are used first to derive the isolated cirrus bi-directional reflectance (at visible
wavelengths) free of surface reflection and atmospheric effects [14]. To retrieve the
optical thickness of tropical cirrus clouds, a correlation between cirrus reflectance and

optical thickness must be established. This is accomplished using the DISORT code
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to model the radiative effects of an isolated cirrus cloud on the solar wavelengths of
interest. Scattering data from the previously calculated optical properties database is
used as input for each DISORT run. DISORT is first run using all nine tropical cirrus
cases (effective diameters ranging from 17.7 to 128.1 um) for optical depths ranging
from 0.002 to 20.0. A limited number of viewing geometries (solar and viewing zenith
angles, and relative azimuth angles) are used for comparison purposes. This run allows
the determination of the correlation between the cirrus reflectance for each wavelength

and the optical thickness of the cloud.

Fig. 6 shows the correlation between 0.66 wm reflectance and optical thickness for
four independent viewing geometries. Reflectance of the 0.66 wm wavelength is found to
be quite sensitive to the optical thickness of the cloud, but is not sensitive to ice crystal
size because of the negligible absorption of ice at this wavelength, as evident from the
refractive index of ice [44]. It is therefore possible to retrieve the optical depth of a
given tropical cirrus cloud by using the cirrus reflectance at the 0.66 um wavelength
channel. The relatively small reflectance deviation between the smallest and largest
effective diameters in Fig. 6 indicates little sensitivity to crystal size. With these results,
a single CEPEX size distribution can be selected to use as a representative case to
generate the look-up library. For this study, the median size distribution (D, = 34.97

um) has been chosen.
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Fig. 6. Plot of 0.66 um reflectance vs. optical thickness from DISORT
calculations (effective diameters from 17.7 um to 128.1 um).
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The DISORT code is run using 4864 solar and satellite viewing geometries, with solar
and viewing zenith angles from 0 to 75° (five degree intervals), and relative azimuth
angles from 0 to 180° (ten degree intervals). Input optical depths range from 0.002 to
100.0 (optical depths between 0.0 and 0.002 are assumed to have a linear relationship
with the corresponding 0.66 um reflectance values, allowing for the retrieval of sub-
visual cirrus). The resulting look-up library consists of the 0.66 um cirrus reflectance
and the optical depths for each solar and satellite-view geometry used in the retrieval.
An algorithm has been developed to interpolate the optical thickness of a given cirrus
cloud from the look-up library using only the solar and view zenith angle, the relative

azimuth angle, and the corresponding 0.66 um cirrus reflectance value as input.

3.2 Optical Thickness Retrieval from MODIS Data

To demonstrate the effectiveness of the algorithm and methods discussed in Section
3.1, we apply the cirrus reflectance and optical thickness retrieval algorithm to MODIS
data from the Terra satellite. Here, the publicly available 0.66 and 1.375 wm (MODIS
channels 1 and 26, respectively) level-1b calibrated radiance data are used. These data
have 1 km spatial resolution, and have been processed to sensor units and are
radiometrically corrected and geolocated. A normal granule of MODIS level-1b data
has a size of 1354 x 2030 pixels. Due to the shape of the earth as well as the orientation
of the beam swath, individual pixel size varies throughout the granule. Pixels at nadir in

the MODIS granule are generally square in shape, while pixels at the “eastern” and
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“western” sides are not square and are larger in size. However, this irregularity does not

affect the retrieval of optical thickness in this study.

The retrieval algorithm has been developed to first retrieve the isolated visible cirrus
reflectance for a single MODIS granule. The optical thickness is then interpolated from
the reflectance data and the optical thickness look-up table. The algorithm itself is
written to interpolate the optical thickness at each individual pixel in the MODIS granule
(2748620 total pixels per granule). Intuitively, this is extremely CPU intensive (it takes
more than 15 minutes to complete the retrieval for a single MODIS granule on a
workstation). However, this approach has the ability to retrieve the optical thickness of
tropical cirrus clouds (including those which are optically thin, and are thus invisible) in

great detail.

In this study, the retrieval algorithm has been applied to two individual MODIS
granules to demonstrate its flexibility: one over the ocean and the other over land. Fig.
7 (a) is a visible MODIS image (using the 0.66 um wavelength channel) from the Terra
satellite over the Indian Ocean on July 13, 2002. Low-level water clouds are prevalent
throughout the image, most notably on the bottom and right sides. Scattered cumulus
lines are also visible. However, blow-off cirrus clouds are clearly visible in the central
regions. For this granule, this region of blow-off cirrus is the area of focus for the

retrieval.
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(b)

Fig. 7. Terra MODIS level-1b image over the Indian Ocean (July 13, 2003).
(a) Visible MODIS image (0.66 um channel). (b) 1.375 wm channel image

corresponding to (a). The white outline indicates the region of optical thickness
retrieval.
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Fig. 8. Retrieved optical thickness of the outlined region in Fig. 7 (b). Note the
sensitivity to optically thin cirrus clouds.
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Fig. 7 (b) is the 1.375 um “cirrus” channel image. This image allows for a better
view of the spatial extent of cirrus cover in the granule. Clearly, cirrus clouds cover a
large portion of this granule, with the possibility of sub-visual cirrus in some regions.
The white outline in this image denotes the region of optical thickness retrieval. The
selected region has a size of 301 x 401 pixels. Notice the relatively low reflectance of

cirrus clouds within this region, indicating the possible presence of optically thin cirrus.

Fig. 8 shows the retrieved optical thickness of the selected region in Fig. 7 (b).
Plotted optical thickness values range from 0.0 to 3.0, as indicated by the bar on the
right-hand side. The physical features of the cirrus layer are clearly visible in this image.
Also, notice the sensitivity to small optical thickness values in this image (darker shades

of blue and purple). These small values indicate the presence of optically thin cirrus.

The second granule used in this study is one over land. Fig. 9 (a) is a visible MODIS
image (again using the 0.66 um wavelength channel) taken over the continent of Africa
at 9:25 UTC on January 30, 2003, from the Terra satellite. Surface features are clearly
visible in the image (notably in the upper regions of the image). There is also a large
presence of convective clouds in the southern portions of the image. On the northern
edge of this convection, in the central region of the image, is a small area of thin blow-

off cirrus. The retrieval will focus on this region of the granule.
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Fig. 9. Terra MODIS level-1b image over Africa (January 30, 2003). (a)
Visible MODIS image (0.66 um channel). Note the surface features evident in
the upper region of the image. (b) 1.375 wm wavelength image corresponding
to (a). The white outline indicates the region of optical thickness retrieval.
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Fig. 10. Retrieved optical thickness of the outlined region in Fig. 9 (b). Note
the sensitivity to optically thin cirrus clouds.
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Fig. 9 (b) is the corresponding 1.375 um “cirrus” image. The surface effects and
low-level water clouds are now removed. Thick cirrus layers are evident over the
regions of convection, while thin blow-off cirrus layers are visible over the center of the
image. Again, the white outlined box in this plot indicates the region of optical
thickness retrieval. Like the previous granule, this region has a size in pixels of 301 x

401.

Fig. 10 shows the retrieved optical thickness of the selected region. Plotted optical
thickness values range from 0.0 to 3.0, as indicated by the bar on the right-hand side.
Similar to Fig. 8, notice the sensitivity to small values of optical thickness (again, the
darker shades of blue and purple). The physical features of the layer are strikingly
visible in this image, with the thin, wispy nature of cirrus clouds clearly evident. This
image, as well as Fig. 8, illustrates the ability of the algorithm to retrieve the optical

thickness of sub-visual cirrus.

As previously stated, our algorithm is complementary to the standard cloud retrieval
algorithm [23], [34], which has been implemented as one of the MODIS operational data
products. The MODIS operational cloud retrieval algorithm retrieves the optical
thickness of all cloud cover observed by MODIS. Using the present algorithm to
retrieve the optical thickness of cirrus clouds, it is possible to remove these clouds to
obtain the optical thickness of underlying water clouds. This is illustrated in Figs. 11
and 12. Fig. 11 (a) is a 0.66 um MODIS image over the western equatorial Pacific
Ocean on February 6, 2003. Notice the overlay of thin cirrus over low-level convective

clouds in the central region of the image. Fig. 11 (b), the corresponding 1.375 um
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(a)

Fig. 11. Terra MODIS level-1b image over the western equatorial Pacific
Ocean (February 6, 2003). (a) Visible MODIS image (0.66 um channel). (b)
1.375 um wavelength image corresponding to (a). The white outline indicates
the region of optical thickness retrieval.
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Fig. 12. Retrieved optical thickness images from outlined region in Fig. 11 (b).
(a) MODIS operational cloud retrieval algorithm optical thickness image of the
outlined region in Fig. 11 (b). (b) Corresponding optical thickness image from
the cirrus optical thickness retrieval algorithm. (c) Difference between (a) and
(b). Note the absence of high-level cirrus in (c).
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image, shows the cirrus cover in more detail. Again, the white outlined box indicates the

region of interest.

Figs. 12 (a) and (b) show the retrieved optical thickness from the MODIS operational
cloud retrieval algorithm [24], [34] and the present cirrus optical thickness retrieval
algorithm, respectively. Similar to Fig. 11 (a), the high-level cirrus overlay is clearly
visible in Fig. 12 (a). Fig. 12 (b) can now be subtracted from Fig. 12 (a) to obtain the
low-level water cloud optical depth image. In Fig. 12 (c), high-level cirrus has been

removed, revealing the optical thickness of the underlying water clouds.

3.3 Discussion/Summary

In this study, an algorithm was developed to retrieve the optical thickness of tropical
cirrus clouds using cirrus visible reflectance derived from MODIS bands 1 and 26,
which are publicly available. An optical properties database consisting of the mean
scattering and absorption properties of several different ice crystal habits for various
experimentally measured size distributions using previously calculated scattering and
optical properties data [49] was first constructed. The Discrete Ordinates Radiative
Transfer (DISORT) code was then used to establish a correlation between tropical cirrus
reflectance and cloud optical thickness. Data from the optical properties database were
used for these DISORT calculations. All atmospheric and surface effects were assumed
to be negligible in these calculations. Reflectance of 0.66 wm radiation by cirrus clouds
is sensitive only to cirrus optical thickness. It is therefore possible to retrieve the optical

thickness of tropical cirrus clouds, given the satellite viewing geometry and the 0.66 um



reflectance values. An optical thickness look-up library was then created consisting of
data from a “representative” tropical cirrus size distribution, in this case the median of

the nine CEPEX size distributions.

An algorithm was then developed to retrieve the optical thickness of tropical cirrus
using MODIS level-1b radiance data. Atmospheric and surface effects are removed
from the data using the cirrus reflectance retrieval algorithm. The optical thickness
retrieval algorithm was then integrated into the cirrus reflectance algorithm. It should be
noted that the present algorithm is not an operational algorithm. It has been developed
to compliment the aforementioned MODIS cloud retrieval algorithm (currently
implemented as one of the MODIS operational data products) for the case of cirrus
clouds. This approach is especially effective for isolated cirrus clouds, but is also
effective for the case of cirrus over water clouds, or cloud overlap. This is illustrated
using calibrated reflectance data from the MODIS instrument on board the Terra

satellite.
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4. SURVEY OF TROPICAL CIRRUS OPTICAL THICKNESS

USING MODIS LEVEL-3 DATA

In order to understand the effects of cirrus clouds on the earth’s radiative processes
and climate system, a good knowledge of the nature, spatial extent, location, and
frequency of occurrence of such clouds is needed. With the development of MODIS and
the subsequent inclusion of the 1.375 wm “cirrus detection” channel, an unprecedented
global view of cirrus cloud cover is now possible. As an extension of Section 3, a
preliminary survey of the optical thickness fields of tropical cirrus clouds has been
undertaken. This includes the extent of cirrus cover in the tropics, as well as frequency

of occurrence.

4.1 Methodology

The general methodology for the preliminary study of tropical cirrus cloud optical
thickness is fairly straightforward. Cloud optical thickness is first retrieved from
MODIS level-3 daily gridded atmospheric data, which are available to the public. These
data contain daily mean cirrus reflectance values, relative azimuth angles, and solar and
viewing zenith angles. For the retrieval, the tropical cirrus optical thickness retrieval
algorithm from Section 3 is modified to accept level-3 data as input. The daily mean
tropical cirrus optical thickness is retrieved for each calendar day. Analyses of tropical

cirrus cover can then be completed.
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4.2 Retrieval
4.2.1 MODIS Level-3 Daily Gridded Data

MODIS level-3 daily gridded atmospheric data are a global product. They contain
over 500 statistically averaged atmospheric parameters at a 1 degree by 1 degree spatial
resolution. All level-3 atmospheric parameters are derived from four level-2 MODIS
atmospheric products (Aerosol, Water Vapor, Cloud, and Atmosphere Profile). These
parameters are averaged over a 1 degree by 1 degree grid spacing for a 24-hour time
period (0000 to 2400 GMT), producing a daily 360 by 180 pixel grid as output. They
include actual atmospheric values, as well as standard deviations, quality assurance
weighted means and other statistically derived quantities for each parameter. Of these
parameters, isolated cirrus reflectance, derived from the operational algorithm of Gao et
al. [14], and the corresponding solar/satellite view geometries are of importance to the
present study. Level-3 daily gridded atmospheric data, from February 2000 to the
present, are publicly available through the NASA Distributed Active Archive Center
(DAAC). These data will be used as input to a modified tropical cirrus optical thickness

retrieval algorithm.

4.2.2  Tropical Cirrus Optical Thickness Retrieval Algorithm

The retrieval algorithm described in Section 3 is used in the present study to retrieve
the optical thickness of tropical cirrus clouds using MODIS level-3 daily gridded data.
This algorithm, however, is written to operate on MODIS level-1b data. A modified

version of the algorithm is therefore necessary for the retrieval described here.
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Level-1b data is regional in scope and has a pixel resolution of 1354 x 2030 (1 km
by 1 km grid). As described above, MODIS level-3 data is global in scale with a pixel
resolution of 360 x 180. The algorithm’s input pixel resolution is reduced to the level-3
resolution. In addition, level-1b data contain raw reflectance values, and therefore the
isolated cirrus reflectance must be derived in the retrieval algorithm using the method of
Gao et al. [14]. Level-3 data, however, contain operationally derived isolated cirrus
reflectance. Therefore, the cirrus reflectance algorithm is removed from the optical
thickness retrieval code. Derived cirrus reflectance, as well as the solar/sensor zenith
angles and relative azimuth angles, are directly input into the retrieval code. Optical

thickness retrieval then follows the same method described in Section 3.

4.3 Preliminary Results

For the present study, the retrieval code has been run on fourteen consecutive months
of MODIS level-3 data. These data are from the Terra satellite, and cover the months
from September 2001 to October 2002. Only data between 30° N and 30° S are
considered. Derived isolated cirrus reflectance values and solar/satellite view geometry
data have been extracted and stored in daily data files. These files serve as input for the
retrieval code. It should be noted that, since only just over a year of data is used, the
results discussed here are not statistically sound. However, they do provide a glimpse of

the many studies that can be performed using this method.
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Fig. 13 shows a sample MODIS level-3 mean cirrus reflectance image from the
Terra satellite for July 27, 2002. Cirrus reflectance values are scaled between 0.0 and
0.5, as indicated by the bar on the right-hand side. Most of the cirrus in this image
appears to be due to convective storms along the Intertropical Convergence Zone
(ITCZ), which is visible in a line of convection just north of the equator. High
reflectance values in this image indicate relatively thick cirrus clouds. Note the
concentration of cirrus over the western equatorial Pacific Ocean. This region
experiences relatively frequent convection, especially during the summer monsoon.

Fig. 14 shows the derived cirrus optical thickness plot corresponding to the image in
Fig. 13. Optical thickness values are scaled between 0.0 and 3.0, as indicated by the bar
on the right-hand side. This image appears very similar to Fig. 13, as is expected.
Again, the ITCZ is clearly visible just north of the equator. Note that the areas of large
optical thickness in this figure correspond to the areas of high cirrus reflectance in Fig.
13.

Fig. 15 shows the total number of days with cirrus optical thickness greater than zero
for the entire 14-month period between September 2001 and October 2002. This image
is scaled from 0 to 400 days, as indicated by the bar on the right-hand side. The ITCZ
appears as a thin band just north of the equator, except over Indonesia, where it widens
significantly. Note the relatively high frequency of cirrus cover over mountainous areas
such as the Andes in South America, the Himalayas in southern Asia, and to a lesser
extent the Sierra Madre Occidental and Sierra Madre Del Sur in the western portions of

Mexico. These patterns can be attributed to large-scale orographical lifting in these
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regions. Also note the relatively high frequency of cirrus over the western equatorial
Pacific Ocean (particularly over Indonesia). This can be attributed to the frequent
convection experienced over this region.

Fig. 16 shows the number of days with cirrus optical thickness greater than zero
during the winter months of December 2001, and January and February 2002. This
image is scaled from 0 to 90 days, as indicated by the bar on the right-hand side. Note
that regions of highest cirrus frequency are located over large landmasses (e.g., South
America, southern Africa) and the islands of Indonesia. As expected, these regions are
also slightly south of the equator, due to the southern hemisphere summer and
subsequent southward movement of the ITCZ. Also, the aforementioned mountainous
areas are evident in this image.

Fig. 17 shows the number of days with cirrus optical thickness greater than zero
during the summer months of June, July, and August 2002. This image is scaled
between 0 and 90 days, as indicated by the bar on the right-hand side. A more
continuous and defined ITCZ is clearly evident in this image. Note the northward
movement of the regions of highest cirrus frequency, especially those over large
landmasses, which is due to the northern hemisphere summer. Also, note the
significantly large area of high frequency of cirrus occurrence over southern Asia,

undoubtedly due to the summer monsoons in this region.
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4.4 Discussion/Summary

The tropical cirrus optical thickness algorithm discussed in Section 3, when applied
to MODIS level-3 daily gridded data, can provide an impressive view of cirrus cover in
the tropics. While the preliminary results discussed here should not be considered a
sound statistical study, they do offer a glimpse of possible future endeavors using
MODIS level-3 daily gridded data with the optical thickness retrieval algorithm. A more
in depth analysis, taking into consideration meteorological processes and geographical

effects, can provide a more accurate study of tropical cirrus optical thickness fields.



46

S. CIRRUS OPTICAL THICKNESS AND EFFECTIVE SIZE FROM

AVIRIS DATA*

5.1 Background
5.1.1 The AVIRIS Instrument

AVIRIS (Airborne Visible Infrared Imaging Spectrometer) is a hyperspectral
imaging instrument designed and built at the Jet Propulsion Laboratory [40], [16]. The
imaging data acquired with AVIRIS have been used in a variety of research and
applications, including geology, agriculture, forestry, coastal and inland water studies,
environment hazards assessment, and urban studies [6]. AVIRIS is now an operational
instrument with reliable radiometric and spectral calibrations. It is equipped to view 224
narrow channels with widths of approximately 10 nm, covering the contiguous solar
spectral region between 0.4 and 2.5 um. AVIRIS typically acquires images with a pixel
size of 20 m from a NASA ER-2 aircraft at an altitude of 20 km. The swath width on the
ground is approximately 12 km. AVIRIS can also acquire images from a low-altitude

aircraft at spatial resolutions of 1 to 4 m with reduced swath widths.

5.1.2  Cirrus Detections
Previously, it was reported [11], [12] that narrow channels near the centers of the

1.38 and 1.88 wm strong water vapor absorption bands are very effective in detecting

*This work has been submitted to the |IEEE for possible publication.
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thin cirrus clouds based on the analysis of AVIRIS data collected in the late 1980s and
early 1990s. The mechanisms for cirrus detection are relatively simple. In the absence
of cirrus clouds, these narrow channels receive little solar radiance scattered by the
surface and low-level water clouds because of the strong absorption of solar radiation by
atmospheric water vapor located above them. When high-level cirrus clouds are present,
these channels receive solar radiances scattered by cirrus clouds that contrast well on the
dark background.

During the mid-1990s, a major upgrade to the AVIRIS instrument was made. The
signal to noise ratios of AVIRIS data improved significantly. Here, the newer AVIRIS
data sets are preferred to demonstrate again the capability of cirrus detections with
narrow channels near 1.38 and 1.88 um. Fig. 18 (a) shows a true color AVIRIS image
(red: 0.66 um; green: 0.55 um; blue: 0.47 um) acquired over Bowie, Maryland, near a
latitude of approximately 38.97°N and a longitude of approximately 76.74°W on July 7,
1996. Surface features are seen through the partially transparent thin cirrus clouds.

Figs. 18 (b) and 18 (c) show the 1.38-um image and the 1.88-um image, respectively.

Both channels allow for the detection of thin cirrus clouds.

5.1.3 Cirrus Reflectance Properties
In order to illustrate the reflectance properties of cirrus clouds, Fig. 19 shows an
“apparent reflectance” spectrum measured over an area covered by cirrus clouds above

Monterey Bay, California, on September 4, 1992. Omitting for convenience the
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(A) VISIBLE

Fig. 18. Sample AVIRIS images. (a) A true color AVIRIS image (red: 0.66
um; green: 0.55 um; blue: 0.47 um), (b) the 1.38-um channel image, and (c) the
1.88-um channel image processed from the AVIRIS data acquired over Bowie
in Maryland near a latitude of approximately 38.97°N and a longitude of about
76.74°W on July 7, 1996. Surface features are seen in (a), and thin cirrus clouds
are seen in (b) and (c).
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Fig. 19. A cirrus reflectance spectrum measured by AVIRIS. Taken over an
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wavelength (1) and cosine-solar-zenith-angle (mo) dependencies, the “apparent
reflectance” at the aircraft or satellite is denoted as

*

r =pL/(m0EO), (17)

where L is the radiance measured by the satellite and E 0 is the extra-terrestrial solar

flux. The cirrus spectrum was scaled to 0.7 near 0.5 wm in order to avoid the
overlapping of this curve with the other two curves in the plot. The absorption features
of the atmospheric oxygen band centered near 0.76 um, water vapor bands near 0.94,
1.13, 1.38, and 1.88 um, and a carbon dioxide band near 2.06 um are seen in this
spectrum. These features are the result of absorption by atmospheric gases located
above and within cirrus clouds. The solar radiation transmitted through cirrus clouds in
the downward path is mostly absorbed by atmospheric gases below cirrus and by liquid
water in the ocean. The ice absorption bands centered near 1.5 um and 2.0 wm are also
seen. These bands are resulted from absorption by ice particles within cirrus clouds. In
order to help identify various absorption features contained in the cirrus spectrum, an
atmospheric gas transmittance spectrum and an ice transmittance spectrum (0.007 cm
thick) are also shown. Weak ice absorption occurs near 1.24 and 1.38 um. The effects at
both wavelengths are expected to be about the same, since the imaginary parts of the ice
refractive index [25] are comparable.

The positions and widths of five MODIS visible and near-IR atmospheric window
channels used in the operational retrievals of MODIS cloud optical properties [24], [34]

and the 1.375-um cirrus detecting channel are shown in thick horizontal bars above the
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transmittance spectra in Fig. 19. A narrow channel centered near 1.88 um with a width
of 30 nm, which is absent in any of the current or near-future meteorological satellite
sensors for cirrus detections, is also illustrated with a thinner horizontal bar in the lower
right portion of the plot. From the ice transmittance spectrum and cirrus reflectance
spectrum, it is seen that the ice absorption effect over the bandpass of the 1.375 um
channel is weak, while the absorption effect over the bandpass of the 1.88 um channel is
stronger. This difference allows, in principle, the simultaneous retrieval of optical
depths and ice particle size distributions using both channels with little contamination
from the surface or lower level water clouds (see Figs. 18 (b) and 18 (c)). Because the
two channels are located within water vapor absorption regions (see the cirrus
reflectance spectrum and gas transmittance spectrum), the water vapor absorption effects
must be properly modeled and removed before the two channels can be used for the

quantitative retrieval of cirrus optical properties.

5.2 Method
An empirical technique for estimating water vapor transmittances was previously

described in detail [13]. Over water surfaces, the scatter plot of the 1.375 um channel
apparent reflectance values (r*1_375) versus the 1.24 um channel apparent reflectance

values (r*1_24) is made. The slope of an empirically established line is estimated [13],
and this slope is considered to be the water vapor transmittance (T, 375) for the 1.375 um
channel. Over land surfaces, the water vapor transmittance for the 1.375 um channel is

similarly derived, except that the 0.66 um channel is used in place of the 1.24 um
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channel . Because the ice particle absorption effect near 1.375 wm is weak, the intrinsic

cirrus reflectance for the 1.375 um channel, r; 375, is approximately equal to the ratio of

r*1_375/ T1375. This intrinsic reflectance is related to the cirrus optical depth [31].

For the 1.88 um channel, both the atmospheric water vapor absorption effect and the
ice particle absorption effect are significant (see Fig. 19). The 1.88 um channel water
vapor transmittance, T, gg, is predicted using the estimated 1.375 um channel water

vapor transmittance, T 375, and a line-by-line atmospheric transmittance code. The

HITRANZ2000 line database [37] is used in the line-by-line calculations. The intrinsic

cirrus reflectance for the 1.88 um channel, r, g, is equal to the ratio of I'*l_gg/ T gg. This
intrinsic reflectance is related to both the cirrus optical depth and the ice particle size
distributions.

After obtaining the intrinsic cirrus reflectances for both the 1.375 and 1.88 um
channels, the retrieval of cirrus optical depth and ice particle size can be made using the
well established Nakajima and King [32] approach. In order to do so, look-up tables for
each sun/satellite viewing geometry (i.e., relative azimuth angle, as well as solar and
viewing zenith angles) must first be generated. Each look-up table should include the
1.38 and 1.88 um reflectance values, along with the corresponding optical thickness and
effective diameter values. The Discrete Ordinates Radiative Transfer (DISORT) code
[39] is used for all radiance calculations under the assumption of isolated cirrus clouds
with no atmosphere above and below the clouds. This assumption is justified because

the Rayleigh scattering effects for wavelengths greater than about 1 um are negligible.
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Cirrus scattering properties (used as input for DISORT) are averaged from the results of
Yang et al. [49].

Fig. 20 shows the single-scattering phase functions for both the 1.38 and 1.88 um
channels averaged from Yang [49]. The eight mid-latitude size distributions used in the
DISORT-generated look-up tables are shown in this plot, with effective diameters
ranging from 9.2 to 146.1 um. The assumed habit percentages are shown in the 1.38 um
plot. For effective diameters less than 70 wm, a habit percentage of 50% bullet rosettes,
25% plates, and 25% columns is assumed. For diameters greater than 70 um, a
composition of 30% rough aggregates, 30% bullet rosettes, 20% columns, and 20%
plates is assumed [1].

Fig. 21 (a) shows a sample look-up table generated for one case study of AVIRIS
data (236.41° relative azimuth, 44.34° solar zenith, and nadir viewing zenith). Lines of
constant ice crystal effective diameter and cirrus optical thickness are labeled. Note the
sensitivity of the 1.38 wm wavelength to optical thickness, and the sensitivity of the 1.88
um wavelength to effective diameter. For a given pair of intrinsic reflectance values of
the 1.38 and 1.88 um channels, simultaneous retrievals of the optical thickness and ice
crystal size distribution can, in principle, be made using the simulated lookup table and a
simple table-searching procedure. Fig. 21 (b) shows a close-up of Fig. 21 (a), with
AVIRIS data superposed. The data used in this image are from the natural cirrus image

(Scene 3) described below.
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5.3 Preliminary Results

The method described in Section III has been applied to three sets of AVIRIS data,
one containing aircraft-induced contrail cirrus (Scene 1) and two containing natural
cirrus (Scenes 2 and 3). Scenes 1 and 2 were taken over the coastal areas of New Jersey
on July 12, 1998 during the Long-term Ecosystem Observatory in 15 meters (LEO-15)
experiment [41]. LEO-15 was primarily designed for the study of shallow coastal
waters. Scene 3 was taken over Monterey Bay, California on September 4, 1992. The
cirrus-contaminated AVIRIS data is used for the research on simultaneous retrievals of
optical depths and ice particle size distributions. The preliminary retrieval results from

the three AVIRIS data sets are described below.

5.3.1 Contrail Cirrus (Scene 1)

Fig. 22 (a) shows the 1.24 um channel image for the scene containing contrail cirrus.
The image covers an area of about 12 km by 10 km. It has 614 pixels from left to right
and 512 pixels from top to bottom. Most of the scene is covered by water, and only a
small fraction of the scene is covered by land. The center of the image is located at
approximately 39.47°N and 76.25°W. Small white dots are seen throughout the image.
These dots represent the wakes of boats in the water. The contrail itself is very thin
(very small reflectance), and stretches from left to right across the image. Fig. 22 (b) is
the 1.38 um channel image. The contrail cirrus is clearly seen. The boat wakes
disappear in this image due to strong absorption by water vapor below the contrail cirrus.

Fig. 22 (c) shows the 1.88 um image. It is almost identical to the image in Fig. 22 (b)
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with the exception that the reflectance values are smaller than those of the 1.38 um
channel.

Fig. 23 shows the scatter plot of the 1.38 um channel apparent reflectance values

(r*1_375) versus the 1.24 um channel apparent reflectance values (r*1_24) for the scene in
Fig. 22. The lower portion of the plot contains land pixels with larger 1.24 um
reflectance values. Pixels covered by the contrail cirrus over the dark water surfaces are
clustered around a steep line at left, which has a slope of about 0.8. This slope is the
estimate of the water vapor transmittance (T} 375) for the 1.375 um channel. The
derivations of the intrinsic cirrus reflectance values for the 1.375 wm channel (1} 375) and
the 1.88 um channel (r) gg) are subsequently made using the techniques outlined in
Section 5.2. In order to improve the signal to noise ratios of the intrinsic cirrus
reflectances (11375 and 1y g3), a spatial averaging of the data is performed. The resulting
data set has only 76 x 64 pixels.

During the practical retrieval process, the retrieval code has been written for each set
of AVIRIS image data using the computed scene-specific look-up table. The look-up
table resolution is doubled four times (from 8 effective diameters and 17 optical depths
to 113 effective diameters and 273 optical depths) using linear averaging. A simple
averaging of the optical thickness and effective diameters of the four nearest look-up

table points to each data pixel (effectively a data “box”) is performed.
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Fig. 22. AVIRIS Scene 1 images. (a) 1.24 um image for Scene 1. (b) 1.38 wm
image for Scene 1. (c) 1.88 wm image for Scene 1.
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Fig. 23. Scene 1 AVIRIS 1.38 vs. 1.24 um scatter plot. Note the horizontal
swath of data points at the bottom of the plot, corresponding to low-level water
clouds and surface effects. The steep, narrow swath of points on the left side of

the plot indicates cirrus clouds.
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Fig. 24. Scene 1 retrieval images. (a) Retrieved cloud optical thickness
corresponding to the images in Fig. 22. (b) Retrieved ice crystal effective
diameter corresponding to Fig. 22.
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Fig. 24 (a) shows the retrieved cloud optical thickness of the scene in Fig. 22. The plot
range is scaled from 0.0 to 0.4, as displayed on the color bar. The retrieved optical
thickness values indicate the very thin nature of this contrail cirrus cloud. The overall
pattern of the image clearly matches that of Figs. 22 (a), 22 (b), and 22 (c). As expected,
the largest values of optical thickness are found in the middle portion of the contrail
cirrus.

Fig. 24 (b) shows the retrieved ice crystal effective diameter of the scene in Fig. 22.
The plot range is scaled from 0.0 to 110.0 um. Again, the overall pattern of the image
clearly matches that of Figs. 22 (a), 22 (b), and 22 (c). The smallest ice crystal sizes are
generally found in the middle of the contrail cirrus (corresponding to large optical
thickness values). This is due to a unique aspect of 1.88 um channel reflectance in that
smaller ice crystals reflect more radiation than larger ice crystals, as evidenced by the

plot in Fig. 21 (b).

5.3.2  Natural Cirrus (Scenes 2 and 3)

Fig. 25 (a) shows the 1.24 um channel image for the natural cirrus scene (Scene 2)
Acquired over the coastal areas of New Jersey. The center of the image is located at
approximately 39.47°N and 76.04°W. The entire scene appears to be covered solely by
cirrus clouds, with no surface effects. Thick cirrus clouds are evident in the upper left-
hand corner of the image. The remainder of the image is covered with relatively thin

cirrus. Fig. 25 (b) shows the 1.38 um channel image. This image is very similar to the
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image in Fig. 25 (a). The 1.88 um channel image is shown in Fig. 25 (c). This image
also appears very similar to the images in Figs. 25 (a) and 25 (b).

Fig. 26 shows the scatter plot of the 1.38 um channel apparent reflectance values

(r*1_375) versus the 1.24 um channel apparent reflectance values (r*1,24) for AVIRIS
Scene 2. Due to the lack of surface and lower level water cloud contributions to the 1.24
um channel, all the pixels within the scene are very well clustered around a straight line
having a slope of approximately 0.9. This slope is the best estimate of the water vapor
transmittance (T 375) for the 1.375 wm channel.

Fig. 27 (a) shows the retrieved cirrus optical thickness for AVIRIS Scene 2. The
plotted range is scaled from 0.0 to 2.0, as displayed on the color bar. The overall pattern
of the image clearly matches that of Figs. 25 (a), 25 (b), and 25 (¢). Maximum values of
optical thickness are found in the upper left-hand portion of the plot, corresponding to
the areas of high reflectance values in Figs. 25 (a), 25 (b), and 25 (c). Smaller optical
thickness values are found in the remainder of the image. Unlike the contrail cirrus
scene described above, this AVIRIS scene displays a thicker layer of cirrus clouds.

Fig. 27 (b) shows the retrieved ice crystal effective diameter for AVIRIS Scene 2.
The plotted range is scaled from 0.0 to 60.0 um, as displayed on the color bar. The
overall pattern of this image is much harder to discern than that in Fig. 27 (a). However,
as should be expected, smaller ice crystals are found in regions of higher cirrus
reflectance (and thus larger optical thickness), as evident in the upper left-hand corner of

the image. Relatively larger ice crystals comprise the remainder of the image
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Fig. 25. AVIRIS Scene 2 images. (a) 1.24 um image for Scene 2. (b) 1.38 wm
image for Scene 2. (c) 1.88 wm image for Scene 2. Note the similarities
between all three images.

63



o
[y
o
—

0.08

0.06

0.04

|||[||||||||T"'T

0.02 |-

Reflectance at 1.38 pum

0.00L
0.00

Fig. 26. Scene 2 AVIRIS 1.38 vs. 1.24 um scatter plot. Note that all data

1 1 I 1 L 1 | 1 1 1

1 1 L l 1 1 1 |

0.05 0.10
Reflectance at 1.24 pm

0.15

points are clustered in a single, narrow swath, indicating the presence of only

cirrus clouds.



2.0

0.0
60.0

30.0

0.0

Fig. 27. Scene 2 retrieval images. (a) Retrieved cloud optical thickness
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diameter corresponding to Fig. 25.
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(regions with lower cirrus reflectance). Overall, the retrieved effective diameters in this
cirrus image are much smaller than those retrieved for the thin cirrus contrail in Fig. 24
(b), as is expected.

Fig. 28 (a) shows the 1.24 um channel image for the second natural cirrus scene
(Scene 3) taken over Monterey Bay, California. The center of the image is located at
approximately 36.83°N and 122.06°W. As in Scene 2, the entire scene appears to be
solely covered by cirrus clouds, without apparent surface effects. Major portions of the
scene are covered with thin cirrus clouds. The upper right portion contains slightly
thicker cirrus clouds. The 1.38 um channel image in Fig. 28 (b) is very similar to the
Fig. 28 (a) image. Fig. 28 (c) is the 1.88 wm image corresponding to Fig. 28 (a). This
image is not as crisp as the images in Figs. 28 (a) and 28 (b), due to greater noise in this
channel, but still captures the overall pattern of the cloud cover. Thicker cirrus appears
in the upper right-hand corner, and thin cirrus is clearly evident throughout the
remainder of the scene.

Fig. 29 shows the scatter plot of the 1.375 wm channel apparent reflectance values

(r*1_375) versus the 1.24 um channel apparent reflectance values (r*1_24) for the scene in
Fig. 28. Due to the lack of surface and lower level water cloud contributions to the 1.24
um channel, all the pixels within the scene are very well clustered around a straight line
having a slope of approximately 0.9. This slope is the best estimate of the water vapor
transmittance (T 375) for the 1.375 wm channel. The derivations of the intrinsic cirrus

reflectance values for the 1.375 um channel (r; 375) and the 1.88-um channel (r; g5)
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Fig. 28. AVIRIS Scene 3 images. (a) 1.24 um image for Scene 3. (b) 1.38 wm
image for Scene 3. (c) 1.88 wm image for Scene 3.
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Fig. 30. Scene 3 retrieval images. (a) Retrieved cloud optical thickness
corresponding to images in Fig. 28. (b) Retrieved ice crystal effective diameter
corresponding to Fig. 28.
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are then made using the techniques described in Section 5.2. In order to improve the
signal to noise ratios of the intrinsic cirrus reflectances, a spatial averaging of the data is
performed. The resulting data set has 76 x 64 pixels. The scatter plot of r; g3 versus 1375
for the spatially averaged data is superposed over the curves generated from the
simulated lookup tables, as shown in Fig. 21 (b).

The reflectance data in this case was collected before the upgrade to the AVIRIS
instrument. Therefore, a lower threshold value of 0.02 on 1.88 um channel reflectance
data is applied. All 1.88 um channel reflectance values below this threshold, as well as
the corresponding 1.375 um channel reflectance values, are assumed to be zero (i.e.,
clear-sky). This is done as a quality-control method to remove noise from the data.

Fig. 30 (a) shows the retrieved cloud optical thickness for the scene in Fig. 28. The
plotted range is scaled from 0.0 to 3.0, as displayed on the color bar. The overall pattern
matches that of Figs. 28 (a), 28 (b), and 28 (c). The large, red region of the image
corresponds to the region of high reflectance in the upper right-hand corners of Figs. 28
(a), 28 (b), and 28 (c). Note that the lower left-hand corner has no retrieved optical
thickness. This is a result of the threshold set on the 1.88 um channel reflectance data to
remove noise.

Fig. 30 (b) shows the retrieved ice crystal effective diameter of the scene in Fig. 28.
The plotted range is scaled from 0.0 to 70.0 um. Again, the overall pattern matches that
of Figs. 28 (a), 28 (b), and 28 (c). Note the relatively small retrieved effective diameters
in the region of high cirrus reflectance (upper right-hand corner). This is due to the

characteristics of the 1.88 um channel reflectance in that larger reflectance values
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correspond to smaller ice crystal sizes. Also note the lack of retrieved effective diameter
in the lower left-hand corner of the image, again due to the threshold set on the 1.88 um

channel reflectance data.

5.4 Discussion/Summary

Although a narrow 1.88 um channel with a width of 30 nm is marked in Fig. 19 for
remote sensing of cirrus optical properties, the center position and width of the channel
should be further refined for implementation of the channel on possible future multi-
channel meteorological satellite sensors. The atmospheric water vapor absorption and
ice particle absorption effects vary rapidly with wavelength in the 1.7-2.1 um spectral
range. More systematic sensitivity and trade off studies are needed in order to optimize
the selection of the center position and width of the channel.

Through analysis of hyperspectral imaging data collected with the AVIRIS
instrument, a new concept has been established on the simultaneous retrieval of cirrus
optical depth and effective ice particle diameter using narrow channels located within
the 1.38 and 1.88 wm strong atmospheric water vapor band absorption regions. The
theoretically simulated sensitivity curves in Fig. 21 indicate the validity of the new
concept. Preliminary tests of the new concept with three sets of AVIRIS data have been
made. Quite reasonable optical depths and effective ice particle sizes have been
obtained. The implementation of the 1.375 um channel on MODIS has enabled reliable
detection of cirrus clouds on the global scale. It is anticipated that, if an additional

narrow channel near 1.88 um is implemented on a future multi-channel meteorological



satellite sensor, the ability to remotely sense cirrus optical depths and effective ice

particle sizes on a global scale will be improved significantly.
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6. SUMMARY AND CONCLUSIONS

Cirrus clouds play an important role in the earth’ s radiative processes, yet are one of
the least understood components of the atmosphere. As aresult, thistopic hasreceived a
significant amount of focus from the atmospheric sciences community. With the
development of the Airborne Visible Infrared Imaging Spectrometer (AVIRIS) in the
early 1990s, cirrus cloud research gained a valuable instrument for various experiments.
These studies led to the inclusion of the 1.375 um “cirrus detection” channel [12] on the
Moderate Infrared Spectroradiometer (MODIS) onboard both NASA’s Terra and Aqua
satellites. As a result, cirrus researchers now have an unprecedented view of global
cirrus cover. Yet, much more needs to be done.

It is to this end that the research presented here is focused. First, a new method is
introduced to retrieve tropical cirrus optical thickness from MODIS level-1b data using
derived visible cirrus reflectance values with a look-up table approach. Visible cirrus
reflectance is derived with the algorithm of Gao et al. [14], which uses a combination of
the 0.66 and 1.375 um MODIS channels. This new method can, theoretically, retrieve
sub-visual cirrus clouds (i.e., cirrus clouds with optical thickness less than 0.03).
However, this depends on the sensitivity of the MODIS data to thin cirrus clouds. It is
also useful as a companion to the operational MODIS cloud retrieval algorithm for the
case of cirrus clouds. Used together, cirrus can be removed from the operational
MODIS optical thickness data to reveal low-level water clouds, which is especially

useful in the case of mixed layer clouds.
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The optical thickness retrieval algorithm, originally developed to operate on MODIS
level-1b data, can be modified to operate on level-3 daily gridded data to provide a
global view of cirrus cover. MODIS level-3 data contains the derived visible cirrus
reflectance, which can be input directly into the algorithm. Using this data, statistical
and climatological analyses can be performed. It is hoped that as the MODIS data set
continues to grow, more statistically sound studies can be performed, resulting in a
greater understanding of cirrus clouds and the roles they play in the radiation budget and
climate.

Finally, a new method is introduced to retrieve cirrus optical thickness and ice
crystal effective diameter simultaneously. This new method uses the 1.375 and 1.88 wum
water vapor absorption bands, together with a visible channel, for the retrieval.
Reflectance data for these channels are obtained from AVIRIS. A look-up table
approach similar to the MODIS optical thickness retrieval is used. Quite reasonable
results are produced. It is hoped that a new 1.88 um channel can be included in

upcoming NASA satellite missions for a more comprehensive study of cirrus clouds.
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