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ABSTRACT

Global Ice Cloud Observations: Radiative Properties and Statistics from Moderate-
resolution Imaging Spectroradiometer Measurements. (August 2007)
Kerry Glynne Meyer, B.S., Texas A&M University;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Ping Yang

Ice clouds occur quite frequently, yet so much about these clouds is unknown. In
recent years, numerous investigations and field campaigns have been focused on the
study of ice clouds, all with the ultimate goal of gaining a better understanding of
microphysical and optical properties, as well as determining the radiative impact.

Perhaps one of the most recognized instruments used for such research is the Moderate-
resolution Imaging Spectroradiometer (MODIS), carried aboard the NASA EOS satellites
Terra and Aqua. The present research aims to support ongoing efforts in the field of ice
cloud research by use of observations obtained from Terra and Aqua MODIS. First, a
technique is developed to infer ice cloud optical depth from the MODIS cirrus reflectance
parameter. This technique is based on a previous method developed by Meyer et al.
(2004). The applicability of the algorithm is demonstrated with retrievals from level-2
and -3 MODIS data. The technique is also evaluated with the operational MODIS cloud
retrieval product and a method based on airborne ice cloud observations. From this
technique, an archive of daily optical depth retrievals is constructed. Using simple

statistics, the global spatial and temporal distributions of ice clouds are determined.



Research has found that Aqua MODIS observes more frequent ice clouds and larger
optical depths and ice water paths than does Terra MODIS. Finally, an analysis of the
time series of daily optical depth values revealed that ice clouds at high latitudes, which
are most likely associated with synoptic scale weather sytems, persist long enough to
move with the upper level winds. Tropical ice clouds, however, dissipate more rapidly,

and are in all likelihood associated with deep convective cells.
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1. INTRODUCTION

Visible and sub-visible ice clouds (e.g., cirrus clouds) have a global distribution.
Recent observations (Menzel et al., 1983) have shown that cirrus clouds can cover as
much as 30% of the entire earth. Thin cirrus clouds are primarily confined to the
tropical regions, and their frequency peaks of presence occur sharply over the Western
Pacific Ocean, particularly during the boreal winter when the tropopause temperature is
at a minimum (Jensen et al., 1996). In fact, a thin cirrus layer may be present as much as
80% of the time in this region (Wang et al., 1994). Because of their large spatial
coverage and frequency of occurrence, ice clouds play an important role in the terrestrial
atmosphere (Stephens et al., 1990, Liou et al. 1999, Lynch et al., 2002, and references
cited there in).

Ice clouds near the tropopause, specifically cirrus clouds, can have a significant
radiative impact. Ice clouds reflect shortwave solar radiation back to space (the solar
albedo), and trap longwave terrestrial radiation in the atmosphere (the greenhouse
effect). Over the tropics, where insolation is largest, ice clouds are observed nearly 70
percent of the time (Meyer et al., 2007). It has been found that, for most cases, net cirrus
radiative forcing is positive (i.e., warms the atmosphere), although clouds with a large
number of small ice crystals have negative net radiative forcing (Zhang et al., 1999).

Such radiative effects can influence global temperature, though the degree to which this

This dissertation follows the style and format of Atmospheric Research.



numerically predict the long-term patterns of global temperature, among other
parameters, must globally parameterize the microphysics and radiative effects of ice
clouds due to their complex nature (i.e., non-spherical particles, etc.). Although recent
research has greatly expanded our knowledge of ice clouds, uncertainties still exist in
radiative forcing studies, and current GCMs inadequately parameterize the microphysics
of such clouds. The need for a better understanding of ice clouds on a global scale,
particularly through sophisticated global observations and retrievals, is evident.

At this point, ice clouds are one of the least understood components in the
atmosphere due to many uncertainty factors (e.g., cloud height, ice water content, ice
crystal size distributions, and particle shapes) that determine the bulk radiative properties
of ice clouds (Tsay et al. 1996). As such, a number of field campaigns (e.g., Starr, 1987)
have been dedicated to the study of these clouds. In the past two decades, ice clouds
have been investigated from various perspectives. The radiative properties of ice clouds
have been investigated with surface and airborne measurements (Pilewskie et al., 1998;
Baum et al., 2000; Baran et al., 2001; Wendisch et al., 2005). Ice cloud microphysical
properties have been derived from radiance measurements obtained by the Geostationary
Operational Environmental Satellite (GOES) (Minnis et al., 1993), the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) (Gao et al., 2004), and the Moderate
Resolution Imaging Spectroradiometer (MODIS) (King et al., 2003; Platnick et al.,
2003; Meyer et al., 2004). Global statistics of ice clouds have been inferred from the
High resolution Infrared Radiation Sounder (HIRS) on the National Oceanic and

Atmospheric Administration (NOAA) satellites (Wylie et al., 1994; Wylie and Menzel,



1999; Wylie et al., 2005), and the distribution of thin cirrus clouds has been determined
from the MODIS on the Terra spacecraft (Dessler and Yang, 2003).

The retrieval of cloud microphysical and optical properties from space-borne
measurements has been a major effort of the remote sensing community. In particular,
the MODIS on board both the Terra and Aqua satellites have been especially productive
tools for ice cloud analysis, and its dataset is used extensively in the present research.
Terra and Aqua were launched into orbit as part of the NASA (National Aeronautics and
Space Administration) Earth Observing System (EOS), with Terra MODIS (morning
orbit, descending across the equator at 10:30 local time) beginning observations in
February, 2000, and Aqua MODIS (afternoon orbit, ascending across the equator at 2:30
local time) beginning observations in August, 2002. The MODIS passively views the
earth’s atmosphere, land, and oceans in 36 spectral bands ranging from the visible to the
infrared. Of these bands, the 1.375 pm channel, located in a strong water vapor
absorption band, is quite effective for detecting ice clouds (Gao and Kaufman, 1995).

The research presented here is intended to contribute to the current knowledge of ice
cloud microphysical properties and to the development of a “climatology” of global ice
clouds using various statistical tools. A general methodology, coupled with a brief
discussion of several key science concepts fundamental to the current research, is
detailed in Section 2. In Section 3, a technique to infer global ice cloud optical depth is
introduced. This technique is derived from a previous method to retrieve tropical cirrus
cloud optical depth (Meyer et al., 2004). A detailed analysis of global ice clouds, using

simple statistics, is detailed in Section 4. Section 5 discusses a time series analysis of



daily ice cloud optical depth using correlation calculations. Finally, the summary and

conclusions are discussed in Section 6.



2. METHODOLOGY

2.1 Objectives
The objectives of the research presented here are to:

e Develop a global ice cloud optical depth retrieval technique with basic
assumptions consistent with those of the operational MODIS cloud retrieval
algorithms.

e Determine the spatial and temporal patterns of ice clouds (i.e., develop an ice
cloud “climatology”) from a global perspective using MODIS observations
from both the Terra and Aqua satellites.

e Determine the nature of ice clouds in the Earth’s atmosphere (source/sink
regions, general movements, etc.) by means of a time series analysis of daily
mean ice cloud optical depth values derived from the aforementioned global
retrieval.

A brief synopsis of several key concepts and methods, forming the foundation for the

research presented here, follows.

2.2 DISORT

An essential component of remote sensing applications is the radiative transfer
model. Here, all radiative transfer calculations are computed using the Discrete
Ordinates Radiative Transfer (DISORT) algorithm (Stamnes et al., 1988), a method

based on the well-known radiative transfer theory of Chandrasekhar (1950). The



DISORT algorithm models the scattering and emittance of monochromatic radiation
(including all wavelengths in the spectrum from ultraviolet to microwave) in a discrete-
layered medium.

Each layer in the relevant medium is user-defined, such that the optical properties,
chemical composition, temperature, and so forth, must be specified. For application to
the Earth’s atmosphere, clouds of different types (such as water, ice, or mixed phase)
may be inserted into the medium as layers in a number of ways: as a single layer, as
multiple layers, etc. Subsequently, DISORT requires as input the bulk-scattering
properties, as well as the pre-defined cloud optical depth, of each user-defined cloud
layer. For ice clouds, such bulk-scattering parameters include the ice crystal mean
effective diameter, the extinction coefficient, the single-scattering albedo, the asymmetry
parameter, the percentage of delta-transmission, the truncation energy, and the scattering
phase function.

Because the scattering phase function is highly non-linear, it is normally expanded,
for computational purposes, in terms of Legendre polynomials. For ice clouds, the size
of the ice crystals composing such clouds is much larger than the incident wavelength of
solar radiation, the consequence of which is a phase function strongly peaked in the
forward direction (i.e., large forward scattering). Such forward peaks typically require
thousands of Legendre polynomials for phase function expansion. However, truncation
of this forward peak greatly reduces the number of polynomials needed for expansion.
Previously, this had been accomplished using the delta-M method (Wiscombe, 1977);

here, the d-fit method of Hu et al. (2000) is used. The o-fit method, an extension of



delta-M, calculates the coefficients of the Legendre polynomial expansion using least-
squares fitting designed to minimize the difference between the approximate phase
function and the actual phase function. This gives an improved phase function

estimation at large scattering angles than the previous delta-M method (Hu et al., 2000).

2.3 Cirrus Reflectance

The ability to study ice clouds was greatly enhanced with the decision to include the
1.375 pm wavelength channel (Gao and Kaufman, 1995) in the MODIS spectral bands.
This channel is unique in that ice crystals are highly reflective at this wavelength, while
water droplets are not. It is also located in a strong water vapor absorption region, which
significantly reduces the likelihood that surface reflection within this channel escapes to
space (since most of the radiation in this channel is absorbed by atmospheric water
vapor). The consequence of these unique characteristics is that the 1.375 um radiance
measured by MODIS is due essentially to ice cloud reflection. The 1.375 pm channel
therefore offers an extraordinary opportunity for ice cloud research.

Several techniques based on the 1.375 pm wavelength channel have been developed
for ice cloud retrievals. Of primary interest to the present research is an algorithm (Gao
et al., 2002) developed to infer isolated visible cirrus (i.e., ice cloud) reflectance using a
combination of the 1.375 um channel and a visible channel (wavelengths ranging from
0.4 to 0.7 um). This technique divides the atmosphere into three layers: the top layer,
composed of the water vapor above ice clouds; the middle layer, composed of the ice

clouds; and the bottom layer, composed of the surface, low-level water clouds, aerosols,



and water vapor. The top layer acts to attenuate the 1.375 um radiation, while the
bottom layer absorbs the remaining radiation. Combining the 1.375 um channel with a
visible channel allows for the removal of the effects of the bottom layer on reflectance in
the visible channel, resulting in reflectance due solely to ice clouds. This “cirrus
reflectance” is currently a parameter in the operational MODIS cloud products. An
example of the power of this technique is shown in Fig. 1. Fig. 1(a) is a false color RGB
image (0.66, 0.55, and 0.47 um) of a scene over the Caribbean obtained from Aqua
MODIS on April 1, 2007. Fig. 1(b) shows the 1.375 um reflectance corresponding to
(a). Note the absence of surface features and low-level water clouds. Fig. 1(c) is the
isolated visible cirrus reflectance derived from the 1.375 and 0.66 um channels. This
image is scaled as indicated by the color bar at right. Note that all surface features and

low-level water cloud contamination have been removed.

2.4 Tropical Cirrus Optical Depth

Previously, a method was introduced (Meyer et al., 2004) to infer tropical cirrus
cloud optical depth from the MODIS visible cirrus reflectance parameter. The retrieval
follows a simple look-up table approach, with cirrus reflectance converted to cloud
optical depth on a pixel specific basis (i.e., a different look-up table is used for each
MODIS pixel).

Retrieval look-up tables, consisting of 23 discrete optical depths paired with the
corresponding visible cirrus reflectance values, are generated with the DISORT method.

To simulate the MODIS cirrus reflectance (computed here in the 0.66 um channel),



DISORT is run with a single-layer cirrus cloud in a transparent atmosphere (i.e., no
absorption/reflection resulting from atmospheric gases/aerosols) with no surface
reflection. Theoretically calculated bulk-scattering properties of cirrus clouds, used as
input for DISORT, are computed by averaging the single-scattering properties of Yang
et al. (2000) over a prescribed ice particle habit (i.e., shape) distribution and nine tropical
cirrus cloud particle size distributions derived from in-situ observations obtained during
the Central Equatorial Pacific Experiment (CEPEX). The ice particle habit distribution,
a universal ice crystal shape “recipe” for cirrus clouds, is comprised of 33.7% solid
columns, 24.7% bullet rosettes, and 41.6% aggregates (McFarquhar, 2000).

Sample look-up tables for four distinct view geometries (solar/satellite zenith angles
and relative azimuth angle) are shown in Fig. 2. Each table contains nine plots
representing different ice crystal effective diameters (D), one for each CEPEX size
distribution. Because there appears to be little dependence on effective size, the plot
corresponding to the median effective size (Desr = 34.97 um) was selected as the look-up
table. A look-up library was then generated, consisting of 4864 view geometry
dependent look-up tables (solar/satellite zenith angles from 0 to 75 degrees, relative
azimuth angles from 0 to 180 degrees) with 23 optical depth/cirrus reflectance pairs

(optical depths from 0.002 to 100.0).



Fig. 1. Sample MODIS granule from Aqua on April 1, 2007. (a) False color RGB
image (0.66, 0.55, and 0.47 pm). (b) Observed 1.375 pm reflectance corresponding to

(a). (c) Derived isolated visible cirrus reflectance.
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Fig. 3 shows a sample retrieval for a granule of Terra MODIS data taken on July 11,
2002, over the Caribbean Sea. Fig. 3(a) is a false color RGB image using reflectance
measurements in three visible channels (0.66, 0.55, and 0.47 um). Fig. 3(b) shows the
corresponding 1.375 pum reflectance. Note that, unlike the visible image in (a), surface
features and low-level water clouds are not visible in this image. Fig. 3(c) shows the
retrieved cirrus cloud optical depth. This image is scaled as shown by the color bar at
right. The algorithm’s capability to retrieve small optical depths (regions shaded in

violet), which indicate thin cirrus, is quite evident here.
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Fig. 3. Sample tropical cirrus cloud optical depth retrieval. (a) False color RGB image
(0.66, 0.55, and 0.47 um) from Terra MODIS over the Caribbean Sea on July 11, 2002.
(b) 1.375 um reflectance corresponding to (a). (c) Retrieved cirrus cloud optical depth

corresponding to (a) and (b).
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3. ICE CLOUD OPTICAL DEPTH FROM GLOBAL MODIS

OBSERVATIONS

3.1 Method

The present method, a modification of the technique (Meyer et al., 2004) detailed in
Section 2.4, follows a straightforward algorithm to retrieve ice cloud optical depth.
Visible cirrus reflectance data, taken from the MODIS atmosphere product, are
converted to ice cloud optical depth by use of pre-calculated look-up tables. A library of
such look-up tables is constructed from radiative transfer calculations using the DISORT
method (Stamnes et al., 1988). The applicability of this technique is illustrated using
several examples from Aqua MODIS. The technique is also evaluated with similar
results from the operational MODIS cloud retrieval algorithms (King et al., 1997;
Platnick et al., 2003), as well as with in-situ aircraft measurements coinciding with

MODIS overpasses.

3.1.1 Bulk Scattering Properties

Constructing the look-up library necessary for ice cloud optical depth retrieval

Copyright© 2007 IEEE. Reprinted from K. Meyer, P. Yang, and B.-C. Gao, 2007: Ice cloud optical depth
from MODIS cirrus reflectance. I[EEE Geosci. Remote Sensing Lett., doi:10.1109/LGRS.2007.897428.
This material is posted here with permission of the IEEE. Such permission of the IEEE does not in any
way imply IEEE endorsement of any of Texas A&M University’s products or services. Internal or
personal use of this material is permitted. However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new collective works for resale or redistribution must
be obtained from the IEEE by writing to pubs-permissions@ieee.org.

By choosing to view this document, you agree to all provisions of the copyright laws protecting it.
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requires realistic bulk scattering properties of ice clouds for the radiative transfer
calculations. To remain consistent with the operational MODIS atmosphere product, the
bulk scattering properties (Baum et al., 2005 IIT) developed for the MODIS Collection 5
cloud retrieval algorithms are used here, representing the primary difference between the
current method and that of Meyer et al. (2004) (hereafter referred to as the Collection
004 retrieval). These scattering properties were developed assuming a habit distribution,
or mixture of idealized ice crystal shapes, consisting of bullet rosettes, solid and hollow
columns, plates, aggregates, and droxtals. Specifically, ice crystals with maximum
dimension less than 60 pum are assumed to be 100% droxtals; crystals with maximum
dimension between 60 and 1000 um are assumed to be 15% bullet rosettes, 50% solid
columns, and 35% plates; crystals with maximum dimension between 1000 and 2500
pum are assumed to be 45% hollow columns, 45% solid columns, and 10% aggregates;
crystals with maximum dimension between 2500 and 9500 pm are assumed to be 97%
bullet rosettes and 3% aggregates.

The bulk scattering properties are computed by averaging the single-scattering
properties of the individual ice crystal habits over the prescribed habit distribution and
ice particle size distributions obtained from in-situ observations. Included are
parameters such as the mean effective diameter, extinction efficiency, single-scattering
albedo, asymmetry factor, and fraction of delta-transmission, as well as the normalized
phase function computed at 498 scattering angles (from 0 to 180°). The bulk scattering
properties used here are computed for 18 effective diameters, ranging from 10 to 180 um

(Baum et al., 2005 LII).
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Fig. 4 shows the normalized scattering phase functions of all 18 effective diameters
for the band centered at 0.66-um. Red lines indicate effective diameters less than or
equal to 60 um. Note the presence of the 22° and 46° halos (peaks in the phase
function), phenomena resulting from the hexagonal shapes of the ice particles. These
halos diminish as the effective size decreases. The strong forward peaks exhibited here
result from the relatively large size of the ice crystals compared to the wavelengths. For
the DISORT calculations used to compute the look-up library, the forward peaks are
truncated and the phase functions are expanded in terms of Legendre polynomials using
the o-fit method (Hu et al., 2000) with 32 streams. These bulk-scattering properties offer

a significant improvement over previous versions (Baum et al., 2005 LII).

3.1.2 Look-up Library

The retrieval look-up library consists of 4864 pre-calculated look-up tables, each
categorized by the geometrical configuration of the sun and the satellite (i.e., the
solar/satellite zenith angles and relative azimuth). Each look-up table consists of visible
ice cloud reflectance values calculated for 23 optical depths ranging from 0.002 to 100.0.
To effectively simulate visible cirrus reflectance, the look-up tables, constructed from
DISORT calculations, are generated under the assumption of a single-layer ice cloud in a
transparent atmosphere with no surface reflectance; i.e., the reflection and scattering in

this system are due only to the ice cloud layer.
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Fig. 4. Normalized scattering phase functions for the 18 effective diameters (from 10 to

180 wm) used in this study.
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Under the above habit distribution, preliminary DISORT calculations reveal that,
unlike under the Collection 004 retrieval assumptions, cirrus reflectance values are
sensitive to ice particle effective size. This sensitivity results in a shift in the look-up
table when moving from one effective size to the next. To account for this, an effective
particle size is assumed for all ice clouds. Previously, it was found that the peak in the
global distribution of ice cloud particle effective diameter (De¢r), obtained from the
operational MODIS Collection 004 dataset, is around 50 um (Hong et al., to be
published). Fig. 5, a histogram of mean effective diameters obtained from four years of
the Aqua MODIS level-3 Collection 5 atmosphere product, reveals similar results. For
the present study, the scattering properties associated with an effective diameter of 50
um are used to compute the look-up tables.

Fig. 6 shows a sample look-up table (the solid curve) generated for an effective
particle diameter of 50 um. The solar and satellite zenith angles are 30° and 0°,
respectively, and the relative azimuth angle is 60°. Uncertainty estimates, in terms of the
standard deviation of ice particle effective size (G4err = 17.0um, calculated from the data
in Fig. 5), are shown as horizontal lines. The solid horizontal lines correspond to
uncertainties due to errors in effective diameter of £04.¢r, the dotted lines to errors of
+204.sr. When cirrus reflectance is small, the absolute uncertainties in optical depth are
significantly less than when reflectance is large. Relative uncertainties corresponding to

+0gefr €rTOrs range from roughly -14% to 9%.



Four Years of Aqua MODIS Observations (2002-2006)
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Fig. 5. Histogram of retrieved mean ice particle effective diameter from four years of
Aqua MODIS observations (September, 2002 through August, 2006). Effective
diameter data are taken from the operational MODIS Collection 005 atmosphere

product.
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Fig. 6. Sample look-up table for solar and satellite zenith angles of 30° and 0°,
respectively, and a relative azimuth angle of 60°, assuming an ice particle effective
diameter of 50 um. Solid (dotted) horizontal lines denote optical depth uncertainties due

to £1 standard deviation (+2 standard deviation) errors in effective diameter.
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A comparison between look-up tables for the present method and the Collection 004
retrieval is shown in Fig. 7. Here, look-up tables corresponding to each retrieval are
plotted for eight different view geometries, consisting of two solar and satellite zenith
angles (denoted SZen and VZen, respectively) and two relative azimuth angles (denoted
RAzim). Solid lines denote the Collection 004 retrieval, dotted lines denote the current
method. Mean relative errors are shown in each plot. Note that the absolute errors
between the two methods are relatively small. However, mean relative errors (calculated
with respect to the present method) range from approximately 15% to 24%, as the

Collection 004 retrieval consistently underestimates ice cloud optical depth.

3.2 Results

The applicability of the present method is demonstrated using cirrus reflectance data
from the MODIS on Aqua. Both level-2 (1 km resolution) and level-3, or global,
retrievals are shown here. The level-3 dataset has a 1 degree spatial resolution, and
consists of parameters statistically derived from the level-2 retrievals. In addition, the
retrieval is evaluated using the operational MODIS cloud retrieval algorithm and in-situ

aircraft measurements.
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Fig. 7. Comparison between the look-up tables of the present ice cloud optical depth
retrieval method (Meyer et al., 2007) and those of the previous method (Meyer et al.,
2004). Mean errors, shown at the bottom of each plot, are with respect to the present

method.
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The retrieval itself is straightforward. Because measured cirrus reflectance is
dependent on scattering angle, the sun/satellite view geometry is used to select the
appropriate look-up table for each data point. The visible cirrus reflectance is then
matched with the corresponding ice cloud optical depth along the curve in the look-up
table. For example, using the look-up table shown in Fig. 6, a cirrus reflectance of 0.25
roughly corresponds to an ice cloud optical depth around 5. Minimum cirrus reflectance
considered here is 0.005; pixels with cirrus reflectance below this threshold are
considered to be clear sky.

Fig. 8 shows a sample level-2 retrieval using cirrus reflectance data derived from
Aqua MODIS observations over the southern Pacific Ocean on March 1, 2007. Fig. 8(a)
is a false color RGB image generated from level-1b 0.66, 0.55, and 0.47 um reflectance.
Fig. 8(b) is the 1.375 pm reflectance corresponding to (a). Fig. 8(c) shows the ice cloud
optical depth, retrieved from the level-2 cirrus reflectance parameter, corresponding to
(a) and (b). This image is scaled as indicated by the color bar at right. Note the
sensitivity to thin cirrus clouds, denoted by the regions of violet.

Fig. 9 shows ice cloud optical depth, retrieved using the current Collection 005
method (a) and the previous Collection 004 method (b), corresponding to the MODIS
granule in Fig. 8. Both images are scaled as indicated by the color bars. Note the
similarities between each image. However, as illustrated by Fig. 7, the Collection 004
retrieval underestimates optical depth with respect to the current method. This is clearly

visible throughout the thicker regions of the cloud.
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Fig. 8. Sample level-2 retrieval using cirrus reflectance data derived from Aqua MODIS
observations over the southern Pacific Ocean on March 1, 2007. (a) False color RGB
image (0.66, 0.55, and 0.47 um). (b) 1.375 um reflectance corresponding to (a). (c)

Retrieved cirrus cloud optical depth corresponding to (a) and (b).
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Fig. 9. Ice cloud optical depth, corresponding to the granule in Figure 4, retrieved from

(a) the current Collection 005 retrieval and (b) the previous Collection 004 retrieval.
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Fig. 10 shows a scatter plot of the ice cloud optical depth values from both retrievals
shown in Fig. 9. The banding features in the plot result from viewing angle effects.

This plot further illustrates the underestimation of optical depth by the Collection 004
retrieval.

Fig. 11(a) shows the global derived MODIS cirrus reflectance observed by Aqua on
April 23, 2006. The image is scaled as shown by the color bar. Black regions denote
missing data, while violet regions have cirrus reflectance at or near zero. Red regions
correspond to cirrus reflectance values of 0.2 or greater. Note the absence of data in the
southern polar region, due to the daytime only aspect of this retrieval. Also, orbital
tracks are clearly evident in the tropics.

Fig. 11(b) shows the retrieved ice cloud optical depth corresponding to the
reflectance data in Fig. 11(a). Similar to Fig. 11(a), black regions denote missing data,
violet regions denote optical depths at or near zero, and red regions denote optical depths
of 5 or greater. In this image, the tropical region appears to have less missing data than
in that of Fig. 11(a). This is because data points with cirrus reflectance equal to zero are
reported as missing data in the operational dataset. Here, sensor pixel counts are used to
identify such data points, which are then set to zero.

Fig. 11(c) shows the operationally retrieved MODIS ice cloud optical depth for April
23, 2006. Note that, especially over the tropics, the observable patterns in Fig. 11(b) and
(c) are similar. Note also that this image has larger values of optical depth than those in

Fig. 11(b). This is because the MODIS operational retrieval is a total column optical
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depth, whereas the present method is limited exclusively to the contribution by ice
clouds.

Fig. 12(a) shows the Aqua MODIS derived global cirrus reflectance for October 23,
2006. This image is scaled similar to that in Fig. 11(a). Note here, in contrast to Fig.
11(a), the missing data over the northern polar region, due to the seasonal solar patterns.
Orbital tracks are clearly evident, as well.

Fig. 12(b) shows the retrieved ice cloud optical depth corresponding to the
reflectance data in Fig. 12(a). This image is scaled similar to that in Fig. 12(a). Asin
Fig. 11(b), there is less missing data over the tropics than is illustrated by the cirrus
reflectance image.

Fig. 12(c) shows the MODIS operational ice cloud optical depth for October 23,
2006. Much like the images in Fig. 11, this image has larger values of optical depth than
those shown in Fig. 12(b). Again, the location and patterns of ice clouds, especially

across the tropics, compare well between Fig. 12(b) and (c).

3.2.1 Retrieval Evaluation
The current method is evaluated using similar results from the MODIS operational
ice cloud optical depth retrieval, as well as from in-situ aircraft measurements obtained

during various field campaigns.
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Fig. 10. Scatter plot of the ice cloud optical depth values shown in Fig. 9.
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Fig. 11. Sample level-3 retrieval from Aqua MODIS on April 23, 2006. (a) Derived
cirrus reflectance. Regions of black denote missing data. (b) Retrieved optical depth
corresponding to the cirrus reflectance image shown in (a). (c) MODIS operational ice

cloud optical depth for the same day.
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Fig. 12. Sample level-3 retrieval from Aqua MODIS on October 23, 2006. (a) Derived
cirrus reflectance. Regions of black denote missing data. (b) Retrieved optical depth
corresponding to the cirrus reflectance image shown in (a). (c) MODIS operational ice

cloud optical depth for the same day.
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Comparing to the operational MODIS cloud retrieval algorithm is quite complicated.
The operational algorithm is a bi-spectral technique developed to simultaneously retrieve
cloud optical depth and particle effective size (King et al., 1997; Platnick et al., 2003) for
both ice and water clouds. A complex cloud phase decision tree is used to determine if a
given cloudy pixel is water, ice, mixed phase, or multi-layered, from which follows a
phase dependent retrieval using a look-up table approach. Look-up tables are
constructed using combinations of a water absorbing channel (1.6, 2.1, and 3.7 um),
sensitive to particle effective size, and a non-absorbing channel (0.66, 0.86, and 1.2 um),
sensitive to optical depth. The choice of the non-absorbing channel is dictated by
underlying surface type (e.g., the 0.66, 0.86, and 1.2 pm channels are used for land,
ocean, and ice/snow, respectively), such that surface reflection is minimized. For
absorbing channels, the reported optical depth is retrieved using the 2.1 pm channel
(retrievals using the 1.6 and 3.7 um channels are similar to those using the 2.1 pm
channel because sensitivity to optical depth lies in the non-absorbing bands).

Complications result from several different aspects of this retrieval. Very thin cirrus
clouds, which are detectable in the 1.375 pm channel and, thus, the cirrus reflectance
parameter, are often missed by the cloud phase decision tree (such pixels may be flagged
as clear sky or, in the case of an underlying water cloud, as water). In addition, optical
depth retrieved from the operational algorithm can be considered a total column optical
depth; that is to say, all clouds within a given column of atmosphere contribute to the

optical depth reported by the operational retrieval. In cases of multi-layer clouds,
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specifically those involving ice clouds overlapping water clouds, this can lead to a
significant overestimation of ice cloud optical depth.

These effects are quite evident when looking at the operational MODIS retrieval
corresponding to the granule in Fig. 8 and 9. Fig. 13 shows the operationally retrieved
ice cloud optical depth corresponding to this granule. The scaling of the image is
identical to those in Fig. 9. Note the preponderance of optical depths greater than 10
throughout the middle portions of the image. Comparing this image to Fig. 9, the
operational retrieval reports optical depths much greater than those of both the current
and previous techniques, although around cloud edges, a cursory glance reveals these
methods may be in reasonable agreement. Note also that, at least in this granule, the
MODIS cloud phase decision tree performs quite well, identifying ice clouds in the same
regions as those shown in Fig. 9.

A scatter plot comparing the operational retrieval to the current retrieval is shown in
Fig. 14. It is broken down into four categories: black, red, and green denote pixels in
which the MODIS cloud phase decision tree determines ice, not ice, and multilayer ice
clouds, and the blue denotes pixels in which the current retrieval was run but the
operational retrieval was not. The overestimation of the operational retrieval is quite
evident in this plot. In pixels determined to be clouds other than ice, the operational
retrieval misses some thin cirrus clouds with optical depths upwards of four. As was
expected, the operational retrieval overestimates the optical depth of multilayer ice
clouds (i.e., ice clouds over water clouds). It also significantly overestimates optical

depth in pixels deemed ice cloud. These pixels are mostly across the center of the
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image, in what appears to be deep convective clouds with ice cloud tops. Nonetheless,
there is a dense band clustered around the one-to-one line at small optical depths (less
than five) that suggests agreement between the two methods. These pixels are most
likely located near cloud edge, where ice clouds do not overlap lower water clouds.

Finally, the current technique is evaluated using in-situ aircraft measurements taken
from the Midlatitude Cirrus Cloud Experiment (MidCiX). Researchers at the University
of Colorado operate a closed-path tunable diode laser hygrometer (CLH), which
measures water vapor from evaporated cloud particles collected through a heated inlet
(Hallar et al., 2004). Davis et al. (2007) showed that ice cloud optical depth can be
derived from ice water content (IWC) calculated from the CLH observations and
measurements of the extinction coefficient. During MidCiX, the CLH was flown aboard
the NASA WBS7F aircraft from mid April 2004 through late May 2004.

The WBS57F flew upward and downward spirals through several cases of cirrus
clouds coincident with Terra and Aqua MODIS overpass, providing an excellent
opportunity for evaluation of the current retrieval. Here, two cases are selected for the
evaluation. Fig. 15(a) and (b) show false color RGB images (0.66, 0.55, and 0.47 pm)
obtained from Aqua MODIS on May 2, 2004, and May 3, 2004, respectively. Red boxes

denote the approximate regions containing WBS57F spirals.
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Fig. 13. Ice cloud optical depth, corresponding to the images in Figure 7, obtained from

the operational MODIS cloud retrieval algorithm.
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Fig. 14. Scatter plot of Meyer et al. (2007) optical depth retrieval vs. the operational
MODIS cloud product optical depth corresponding to the granule in Fig. 8 and 9. Black,
red, and green dots denote pixels in which the MODIS cloud phase detection tree
determined ice clouds, not ice clouds, and multilayer ice clouds, respectively. Blue dots
denote pixels in which the MODIS algorithm was not run. The solid line is a one-to-one

plot.
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Fig. 15. False color RGB images (0.66, 0.55, and 0.47 um) obtained from Aqua MODIS
on (a) May 2, 2004, and (b) May 3, 2004. Red boxes denote the approximate regions

containing WBS57F spirals.
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Although the WBS57F flights were planned to coincide with MODIS overpass, the
flight and overpass times do not precisely match. To address this issue, flight level
winds observed by the aircraft are used to “advect” the flight track to its supposed
location during MODIS overpass. For the May 2 case, MODIS overpass occurred
roughly 30 minutes after the beginning of the spiral; for the May 3 case, MODIS
overpass occurred roughly 40 minutes prior to the beginning of the spiral. It should be
noted that these differences in observation times between the aircraft and MODIS may
cause larger discrepancies in the observations due to changes in the clouds themselves,
though the degree to which this occurs is impossible to determine.

Results from the evaluation are shown in Table 1. Listed for each case are cloud
conditions at the time of aircraft observation, optical depth derived from the current
method and from CLH, optical depth from the operational MODIS cloud retrievals, and
specifics regarding the advected flight track and MODIS overpass. For the May 3 case,
the current retrieval compares well with the CLH method. For the May 2 case, the

current retrieval more closely matches the operational MODIS retrieval than the CLH.
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3.3 Summary

A method has been developed, following a simple look-up table approach, to
globally retrieve ice cloud optical depth from the derived visible cirrus reflectance in the
MODIS atmosphere product. This method is an update of the previous technique of
Meyer et al. (2004) that limited optical depth retrieval to the tropics. For consistency
with the MODIS operational retrieval algorithms, the new bulk scattering properties of
ice clouds developed for the Collection 5 dataset are used here. Radiative transfer
calculations revealed that visible cirrus reflectance is dependent not only on optical
depth, but on ice particle effective size as well. Because of this, an effective diameter of
50 pum, corresponding to the peak in the histogram of MODIS globally derived effective
particle diameters, is assumed for look-up table calculations. The applicability of the
algorithm is then illustrated with two sample cases from the Aqua satellite. The
algorithm is then evaluated with similar results obtained from the operational MODIS
Collection 005 cloud products, as well as with in-situ aircraft observations. The main
advantage of the present method is that the retrieved ice cloud optical depths are mostly
attributable to upper level cirrus clouds, while both upper level cirrus clouds and lower
level water clouds can sometimes contribute to the ice cloud optical depths derived from

the present MODIS operational cloud algorithms.
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4. ICE CLOUD STATISTICS FROM MODIS LEVEL-3
OBSERVATIONS: CLOUD OPTICAL DEPTH, ICE WATER PATH,

AND FREQUENCY OF OCCURRENCE

4.1 Method

Here, simple statistics of ice cloud optical depth and ice water path, as well as ice
cloud frequency of occurrence, are used to determine the spatial and temporal patterns of
ice clouds. Ice cloud optical depth is derived on a global scale from the MODIS level-3
Collection 005 daily mean cirrus reflectance parameter using the method detailed in
Section 3. Ice water path is calculated from the ice cloud optical depth and ice particle
effective diameter. Ice cloud frequency fields are computed from cirrus reflectance

parameter pixel counts.

4.1.1 Ice Water Path

Ice water path (units g m?) is a measure of the amount of ice in a given column of the
atmosphere. Here, ice water path is derived from the retrieved ice cloud optical depth as
follows:

21D,p,
e ice , 1
0) M

where 7 is the retrieved ice cloud optical depth, D, is the ice particle effective diameter,

IWP =

Pice 1 the density of ice, and (Q.) is the average extinction efficiency for ice at 0.66-pum.

Here, we have assumed an ice particle effective diameter of 50 pm (for consistency with
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the optical depth retrieval), an ice density of 917 kg m™, and an average extinction

efficiency of approximately 2 (Yang et al., 2000).

4.1.2 Datasets

Data for the present study are taken from the MODIS level-3 global dataset, a daily
dataset consisting of statistics computed at 1 degree spatial resolution from the MODIS
level-2 1 km products. Specifically, the cirrus reflectance parameter included in the
atmosphere product from both the Terra (MODO08) and Aqua (MYDO08) satellites is used
to create a database of daily mean ice cloud optical depth. The Terra dataset spans from
February, 2000, through the present, while the Aqua dataset spans from July, 2002,

through the present.

4.1.3 Statistics

The spatial and temporal trends of ice clouds are inferred from simple statistics
computed from the daily mean ice cloud optical depth databases. Such simple statistics
include seasonal and zonal means of optical depth and ice water path, as well as cloud
frequency of occurrence. Seasonal statistics are computed for both the northern
hemispheric summer (June, July, and August) and winter (December, January, and
February). Here, ice cloud frequency of occurrence (F,..) for each grid point is defined

as follows:

Fvocc = x 100’ (2)

tot i

n
: : Nice,i
i=1
n
N
i=1
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where N,,,; and N;.; are the total and ice cloudy pixel counts (i.e., the number of pixels
within each 1 degree grid box with cirrus reflectance greater than a threshold of 0.005),
respectively, for day i. Mean ice cloud optical depth (t..) and ice water path (IWP,,.),

weighted with the ice cloudy pixel counts at each 1 degree grid point, are defined as

_ Z; (Nice,i ’ Ti)
N

, and 3)

ave

ice,i

27:1 (Nice,i : ]Wl)z )
WP, A = , (4)

ave n
: :i:l Nice,i

where t; and IWP; are the optical depth ice water path, respectively, for day i at each grid

point.

4.2 Results
4.2.1 Ice Cloud Frequency of Occurrence

The ice cloud frequencies of occurrence derived from Terra and Aqua for the entire
four year period are shown in Fig. 16(a) and (b), respectively. Both images are scaled as
indicated by the color bars at right. Note the tremendous similarities between the two
images, indicating little variation between ice cloud frequencies in the morning (Terra)
and afternoon (Aqua). Aqua appears to observe more ice clouds over Australia, the
southern tip of Africa, and South America; however, the differences over those locations
are minimal. Note also that the Inter-tropical Convergence Zone (ITCZ) is clearly
visible across the center of each image, as are the storm tracks at high latitudes. Arid

regions, especially mountainous regions such as the Tibetan Plateau, the Andes
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Mountains in South America, and, to a lesser extent, the Rocky Mountains in the western
United States, have relatively large ice cloud frequencies, a phenomenon discussed
below.

Fig. 17(a) and (b) show the ice cloud frequencies of occurrence from Terra and
Aqua, respectively, for the northern hemispheric summer (June, July, and August).
Again, both images are scaled as shown by the color bars. Similar to Fig. 16, the
morning and afternoon images are very much alike. Aqua does appear to observe a
greater frequency of ice clouds over all continents; but again, differences are minimal.
Here again, as in Fig. 16, arid regions are quite prominent in both images.

Fig. 18(a) and (b) show the ice cloud frequencies of occurrence from Terra and
Aqua, respectively, for the northern hemispheric winter (December, January, and
February). Differences again are minimal between the two images, although higher ice
cloud frequencies are observed by Aqua over Africa and Australia. Note that the ITCZ
in each image is farther south than in the corresponding images in Fig. 17. Arid regions

are again easily visible in both images.
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Fig. 16. Ice cloud frequency of occurrence derived from the MODIS cirrus reflectance

parameter for the entire seven year period of Terra (a) and four year period of Aqua (b).
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Fig. 17. Northern hemispheric summer (June, July, August) ice cloud frequency of

occurrence derived from the MODIS cirrus reflectance parameter for Terra (a) and Aqua

(b).
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Fig. 18. Northern hemispheric winter (December, January, February) ice cloud
frequency of occurrence derived from the MODIS cirrus reflectance parameter for Terra

(a) and Aqua (b).
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The relatively high ice cloud frequencies observed over arid regions, such as the
Andes Mountains, Rocky Mountains, and the Tibetan Plateau, as well as over northern
Africa during the winter (Fig. 18), may be attributable to surface contamination of the
1.375 pm channel. Surface contamination can result from a lack of water vapor in the
atmosphere sufficient enough to absorb all incident and reflected 1.375 um radiation.
Analyses of water vapor images taken from MODIS reveal very low amounts of water
vapor over mountainous regions, such as the Andes and Himalayas, and desert regions,
such as the Sahara in northern Africa (especially prominent during the winter months).
Fig. 19 shows the MODIS atmospheric water vapor (i.e., cm of precipitable water)
measured from the Aqua platform for (a) the entire four year period, (b) the summer
months, and (c) the winter months. Note the relatively low values (less than 1 cm) over
the regions listed above. The incomplete removal of signals leaked into the 1.375-um
channel from other wavelengths during the MODIS radiometric calibration processes
can also contribute to the large frequency of “cirrus reflectance” over northern Africa.

Zonally averaged ice cloud frequency of occurrence for both Aqua (solid lines) and
Terra (dotted lines) MODIS is shown in Fig. 20. Red lines indicate the northern
hemispheric summer months, blue lines indicate northern hemispheric winter months.
Note the local maxima near the equator, denoting the ITCZ. As expected, these maxima
are further south during the winter. The local maxima near the poles are quite large.
This can be attributed in part to actual ice cloud coverage, but also to surface
contamination in the 1.375 um channel, as there is an abundance of surface ice and snow

(high albedo) coupled with a relatively dry atmosphere.
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Fig. 19. Atmospheric water vapor (cm) from the operational Aqua MODIS atmosphere
product. (a) Mean water vapor for the entire four year period. (b) Mean water vapor for
the northern hemispheric summer months. (¢) Mean water vapor for the northern

hemispheric winter months.
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Fig. 20. Zonally averaged ice cloud frequency of occurrence from the MODIS on Aqua
(solid line) and Terra (dotted line). Red indicates the northern hemispheric summer
(June, July, and August), blue indicates the northern hemispheric winter (December,

January, and February).
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4.2.2 Ice Cloud Optical Depth

Daily mean ice cloud optical depth has been calculated using the entire observational
period of the MODIS. Fig. 21 shows histograms of the daily mean ice cloud optical
depths for both the Terra (solid) and Aqua (dotted) datasets. The histograms are nearly
identical, though Terra MODIS does observe slightly more thin ice clouds than Aqua
MODIS, a phenomenon evident in the following figures. Note that the histograms are
extremely right skewed, with a vast majority of daily mean optical depths below 5.0
(more specifically, approximately 95% of Terra and 94% of Aqua MODIS observations
fall below this threshold). The distribution appears to be from the gamma family (of
which the lognormal distribution is included). Missing data accounts for approximately
27% of both the Terra and Aqua data.

Mean ice cloud optical depth for the entire observational period is shown in Fig. 22
for both Terra (a) and Aqua (b). Both images are scaled as indicated by the color bars at
right. The patterns observed in each plot are remarkably similar. However, Aqua
observes optically thicker clouds than Terra over the continents, most notably over South
America, the middle of Africa, and throughout Asia. The ITCZ is clearly visible across

the center of each image, as are the storm tracks at higher latitudes.
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Fig. 21. Histograms of daily mean optical depths obtained from the entire observational

periods of Terra (dotted line) and Aqua (solid line).
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Fig. 22. Mean ice cloud optical depth for the entire period of (a) Terra and (b) Aqua

MODIS observations.
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Fig. 23 shows the mean ice cloud optical depth for the summer months (June, July,
and August) obtained from Terra (a) and Aqua (b) MODIS. The ITCZ is quite evident
across the center of each image. Note also that Aqua observes optically thicker clouds
than Terra. This difference is most notable over the continents, especially North and
South America, Europe, and Asia. Increased convection during the afternoons most
likely contributes to the increased optical depths observed by Aqua MODIS.

Fig. 24 shows the mean ice cloud optical depth for the winter months (December,
January, and February) obtained from Terra (a) and Aqua (b) MODIS. Similar to Fig.
23, Aqua MODIS observes optically thicker ice clouds than Terra MODIS and, again,
this difference is most evident over continents, specifically in the southern hemisphere
(South America, Africa, and Australia). There also appears to be slightly larger optical
depths surrounding Antarctica in the Aqua image. Again, increased convection in the
afternoons most likely contributes to these differences.

Zonally averaged daily mean ice cloud optical depths for both Terra (dotted lines)
and Aqua (solid lines) MODIS are shown in Fig. 25. Red indicates the northern
hemispheric summer months, blue indicates the northern hemispheric winter months.
Similar to Fig. 20, note the local maxima (ITCZ) near the equator. Again, as expected,
these maxima are further south during the winter months. Also note the large peaks over
mid-latitudes, phenomena readily visible in Fig. 23 and 24. Increased activity within the
storm tracks during local winter most likely contributes to these peaks. Overall, Aqua
MODIS observes optically thicker clouds than Terra MODIS, although the differences

generally are not considerable.
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Fig. 23. Mean ice cloud optical depth for the summer months (June, July, and August)

obtained from Terra (a) and Aqua (b) MODIS.
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Fig. 24. Mean ice cloud optical depths for the winter months (December, January, and

February) obtained from Terra (a) and Aqua (b) MODIS.
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Fig. 25. Zonally averaged daily mean ice cloud optical depth from Aqua (solid lines)
and Terra (dotted lines) MODIS. Red indicates the summer months (June, July, and

August), blue indicates the winter months (December, January, and February).



57

4.2.3 Ice Water Path

Daily mean ice water path is calculated from Equation 4 for the entire observational
periods of Aqua and Terra MODIS. Histograms of these values for both Terra (dotted
line) and Aqua (solid line) are shown in Fig. 26. Similar to the optical depth histograms
in Fig. 21, Terra MODIS observes small ice water paths more frequently than Aqua
MODIS. Both histograms are extremely right-skewed, with 92% (90%) of Terra (Aqua)
MODIS observations less than 50 g m>. Here, missing data accounts for approximately
27% of both datasets.

Fig. 27 shows the mean ice water path for the entire observational periods of both
Terra (a) and Aqua (b) MODIS. Both images are scaled as indicated by the color bars at
right. Both images show remarkable similarities in pattern; however, Aqua MODIS
observes larger ice water paths than Terra MODIS, most notably over the continents, but
also off the northeast coast of North America as well as the southeast coasts of South
America and Africa.

Fig. 28 shows the mean ice water path from Terra (a) and Aqua (b) MODIS for the
northern hemispheric summer months (June, July, and August). Again, the observable
spatial patterns in both images show remarkable similarities. Aqua MODIS does
observe larger ice water paths, particularly over the northern hemispheric continents and

the northern portion of South America.



Ice Water Path Histogram

0’14 T T T T T T

0.12

0.10

0.08

Fraction

0.06

0.04

0.02

000 L e o o

o

Ilce Water Path (g * m™)

Fig. 26. Histograms of ice water path derived from the entire observational periods of

Terra (dotted line) and Aqua (solid line) MODIS.
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Fig. 27. Mean daily ice water path from the entire observational periods of both Terra

(a) and Aqua (b).
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Fig. 28. Mean daily ice water path observed by (a) Terra and (b) Aqua MODIS for the

northern hemispheric summer months (June, July, and August).
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Fig. 29 shows the mean ice water path from Terra (a) and Aqua (b) MODIS for the
northern hemispheric winter months (December, January, and February). The patterns
observed in both images show significant similarities, although, again, Aqua MODIS
observes larger ice water paths. These differences are most notable over the southern
hemispheric continents, specifically South America, southern Africa, and Australia.

Zonally averaged daily mean ice water path is shown in Fig. 30 for both Terra
(dotted lines) and Aqua (solid lines) MODIS. Here, red indicates the northern
hemispheric summer months, blue indicates the northern hemispheric winter months.
The local maxima near the equator, which result from the ITCZ, are further north during
the summer months than during the winter months, as expected. The larger peaks over
higher latitudes, corresponding to the storm tracks, are quite visible in preceding figures.
The general pattern is identical to that shown in the zonal optical depth plot (Fig. 25),
which is to be expected under the assumptions made in Equation 4. In general, Aqua

MODIS observes larger ice water paths compared to Terra MODIS.
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Fig. 29. Mean daily ice water path observed by (a) Terra and (b) Aqua MODIS for the

northern hemispheric winter months (December, January, and February).
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Fig. 30. Zonally averaged daily mean ice water path observed by Terra (dotted lines)
and Aqua (solid lines) MODIS. Red indicates the northern hemispheric summer months

(June, July, and August), blue indicates the northern hemispheric winter months

(December, January, and February).
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4.2.4 Global Trends

Global time trends of various atmospheric parameters, such as temperature and cloud
cover, can be, and often are, used to describe and understand broad changes in the
Earth’s ever-evolving climate. Here, global ice cloud trends are investigated to
determine how these clouds have changed over time. Ice clouds are particularly
interesting due to their effects on the Earth’s radiative budget. It has been suggested that
cirrus clouds have a positive net radiative forcing (i.e., a warming effect on the
atmosphere), although clouds with a large number of small ice crystals have a negative
net forcing (Zhang et al., 1999).

Fig. 31 shows the global time trends of the mean monthly ice cloud frequency of
occurrence obtained from Terra (blue line) and Aqua (red line) MODIS observations.
Fig. 31(a) is the trend averaged over the entire earth, while (b) and (c) are the northern
and southern hemispheric trends, respectively. Note the Terra dataset starts a year and a
half before the Aqua dataset. Trend lines are plotted for the Terra dataset only. Ice
cloud frequency appears to by quite cyclical, as global minima occur each year in late
northern hemispheric summer. Also, there is no significant trend in frequency, as trend
slopes are essentially zero. Overall, Aqua MODIS observes ice clouds slightly more

frequently than Terra MODIS.
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Fig. 31. Time trends of mean ice cloud frequency of occurrence obtained from Terra
(blue line) and Aqua (red line) MODIS observations. The slopes of the trend lines

corresponding to the Terra plots are shown.
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Fig. 32 shows the global time trends of the mean monthly ice cloud optical depth
derived from Terra (blue) and Aqua (red) MODIS observations. Fig. 32(a) is the trend
averaged over the entire earth, and (b) and (c) are the trends averaged over the northern
and southern hemispheres, respectively. Again, trend lines are plotted for Terra MODIS
only. Similar to ice cloud frequency, ice cloud optical depth is quite cyclical, although
here it exhibits bi-annual fluctuations, with global maxima during the northern
hemispheric winter and summer. Here, too, Aqua MODIS observes optically thicker
clouds than does Terra MODIS. Again, similar to ice cloud frequency, there is no
overall trend in the Terra dataset (although the northern hemispheric plot does show a
slight downward trend, mostly due to decreasing maxima).

Fig. 33 shows the global time trends of the mean monthly ice water path derived
from Terra (blue) and Aqua (red) MODIS observations. Once more, (a) is the trend
averaged over the entire earth, and (b) and (c) are the trends averaged over the northern
and southern hemispheres, respectively. Trend lines are plotted for the Terra MODIS
dataset only. The cyclical nature of ice water path follows that of ice cloud optical
depth, namely, global maxima during the northern hemispheric winter and summer.
Here, yet again, Aqua MODIS observes slightly larger ice water path than does Terra
MODIS. However, global ice water path does exhibit a slight downward trend, mostly

due to a decrease by nearly 4 g m™ in the northern hemisphere plot.
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Terra plots are shown.
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Fig. 33. Time trends of mean ice water path derived from Terra (blue lines) and Aqua
(red lines) MODIS observations. The slopes of the trend lines corresponding to the

Terra plots are shown.
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4.3 Summary

Here, an analysis of global ice clouds has been completed using simple statistics of
daily ice cloud observations from the level-3 MODIS atmosphere product. Frequency of
occurrence, mean ice cloud optical depth (derived from the technique in Section 3), and
mean ice water path are determined for the entire observational periods of Terra and
Aqua MODIS, as well as for the northern hemispheric summer and winter seasons. It
has been found that ice clouds occur quite frequently near the equator and at high
latitudes. Also Aqua MODIS consistently observes more frequent ice clouds, higher
cloud optical depth, and larger ice water path than Terra MODIS, although the
differences between the two are relatively small. Globally averaged ice cloud frequency,
optical depth, and ice water path reveal seasonal fluctuations, but no significant trend

throughout either dataset.
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5. TIME SERIES ANALYSIS OF DAILY ICE CLOUD OPTICAL

DEPTH

Here, ice cloud patterns are investigated from a global perspective using a time series
analysis of daily optical depth measurements obtained from the MODIS on board
NASA’s Aqua satellite. The statistical analysis follows the method of Cahalan et al.
(1982), who analyzed cloud patterns using diurnal observations of outgoing infrared (IR)
radiance measured by the NOAA satellites. The focus of Cahalan et al. (1982) is a time
series analysis of the IR radiance using correlation calculations. Autocorrelation
provides insight into the persistence of cloud patterns, and cross-correlation provides

insight into the movement and persistence of cloud patterns through both space and time.

5.1 Method

Daily ice cloud optical depth time series are derived, using the technique detailed in
Section 3, from four years (Sep. 2002 through Sep. 2006) of the Aqua MODIS
Collection 005 level-3 cirrus reflectance parameter. The level-3 dataset, a global
product ona 1° % 1° (360 x 180 grid points) horizontal grid, contains statistically
averaged parameters from the level-2 dataset (1km spatial resolution at nadir). The

derived optical depths are archived according to date.
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5.1.1 Missing Data

The MODIS was designed to view the entire globe within one to two days.
However, due to orbital geometry and swath width, the MODIS is unable to completely
view the tropics within this time frame. This shortcoming ultimately results in gaps, or
missing data, in the dataset. Fig. 34(a) shows a sample time series taken from Aqua
MODIS over the western Pacific Ocean. Fig. 34(b) shows a magnification of the blue
section of the time series in (a). Missing data are denoted by gaps in the time series.
Orbital precession causes the missing data gaps to shift position from day to day, such
that any given location within the tropics is not dominated by missing data. This is
evident in Fig. 34(b). Nevertheless, these missing data must be properly accounted for
when performing statistical time series analyses.

A number of methods currently exist to properly account for missing data. Such
methods include simple mean insertion, deletion, and techniques base on maximum
likelihood estimators. Rankin and Marsh (1985) found that the deletion method, in
which missing data are simply omitted from the time series, does not alter the meaning
of a time series when missing data accounts for less than 20% of the dataset. From a
cursory analysis of MODIS cirrus reflectance observations, it has been found that
missing data accounts for approximately 5-10% of any given time series over the tropics,
a region which, excluding the polar regions, contains a majority of the missing data.

Consequently, the deletion method should hold for the current analysis.
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Fig. 34. Sample time series of daily optical depths derived from Aqua MODIS

observations over the western Pacific Ocean. (a) Daily time series for the entire

observational period. (b) Magnification of the blue section of the time series in (a).

Breaks in the plot denote missing data.
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5.1.2 Data Seasonality and Non-Normality

The validity of any time series analysis is directly dependent on the characteristics of
the dataset itself. Often, certain characteristics can lead to less than desired results. For
instance, long-scale fluctuations in the dataset, often referred to as seasonality, may
dominate the analysis, concealing the underlying small-scale fluctuations. Of somewhat
greater importance, however, is the shape of the distribution of the dataset. Most
common statistical tools are applicable only under the assumption of normality, i.e., the
dataset is distributed symmetrically with mean zero and standard deviation one. Results
from time series analyses of datasets that do not meet this criterion are difficult to
evaluate, and may be meaningless.

Seasonality is quite evident in long datasets of cloud observations, and the present
ice cloud optical depth observations are no exception. The most common seasonality is
associated with the Intertropical Convergence Zone (ITCZ). The ITCZ, seen as the band
of relatively widespread convective clouds near the equator, gradually moves between
hemispheres throughout the year, following the seasonal movement of the sun (with
respect to the Earth) from the southern hemisphere during northern hemispheric winter
to the northern hemisphere during the summer. Subsequently, locations near the equator
experience alternating periods of increased and decreased cloud cover. Fig. 35
illustrates the seasonality of ice cloud optical depth observations over the Atlantic Ocean

(latitude 5°S, longitude 15°W).
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Fig. 35. Time series of daily optical depth values derived from Aqua MODIS
observations over the Atlantic Ocean (latitude 5°S, longitude 15°W). Note the

seasonality exhibited by the time series (increased optical depths during local spring).
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Because the present study focuses on analyses of daily fluctuations of optical depth,
the seasonality of the dataset should be removed. This can be accomplished by means of
the boxcar average (or moving average) technique. The boxcar average, B4, about a

given optical depth observation at location x, 7, is calculated as follows:

BA, :M, ®))

2n+1
where 2n+1 denotes the total number of observations included in the average. For
instance, to calculate the boxcar average using the 10 observations surrounding a given
value in the time series, use n = 5. Seasonality is then removed by subtracting each
boxcar average value from its corresponding optical depth observation. In the present
study, a 31-day (n = 15) boxcar average is used.

Fig. 36(a) shows the time series in Fig. 35 plotted with the 31-day boxcar average
(blue line). Note the seasonality of the series is quite evident in the boxcar average plot.
Subtracting the boxcar average from the time series yields the residual series shown in
Fig. 36(b). Note here that the magnitude of the residual time series still increases during
local spring; however, there is no general increasing or decreasing trend.

Fig. 37 shows the histogram of the residual time series in Fig. 36(b). Evidently, the
boxcar average method not only removes seasonality, but also transforms the dataset into
a semi-symmetric distribution (optical depth is extremely right-skewed, as illustrated by
Fig. 21). Even though the series is still not Gaussian, the symmetry of the distribution

should be sufficient for the time series analysis.
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Fig. 36. Example of the boxcar average method. (a) Time series from Fig. 35 (red line)
plotted with the 31-day boxcar average (blue line). (b) Residual time series resulting

from subtracting the boxcar average from the time series.
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Fig. 37. Histogram of the residual time series shown in Fig. 36(b). Note the symmetry
of the distribution. This is in stark contrast to the right-skewed gamma distribution of

optical depth.
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5.1.3 Correlation

The present time series analysis employs correlation calculations to determine,
statistically speaking, the persistence and movement of ice clouds. These calculations
are carried out at each 1° x 1° MODIS level-3 grid point. Autocorrelation gives a
measure of how well a given time series compares to a time-shifted version of itself as a
function of the time shift, or lag day. In terms of the present study, it provides a measure
of the persistence of an ice cloud pattern over a given location. Autocorrelation is
calculated using the intrinsic Interactive Data Language (IDL) function a_correlate,

which defines autocorrelation as

Do fvf_l - T)(iHL —7) ’ ©)

zl‘:o (Ti _T)Z

where P,(L) is the autocorrelation at lag day L, N is the time series length, and 7 is the

P ()=

time series mean. Autocorrelation values range from -1 to 1, with 1 denoting perfect
correlation, and -1 denoting perfect anti-correlation. The lag day L can be any integer
(when L = 0, the autocorrelation function is 1). When autocorrelation falls below 1/e
(~0.37), the time series is said to have no “memory” of itself, indicating the pattern
observed in the original time series does not persist. A sample autocorrelation plot,
corresponding to the residual time series in Fig. 36(b), is shown in Fig. 38. Note that
autocorrelation falls below 1/e within one day, indicating little persistence of ice clouds

over this location.
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Fig. 38. Sample autocorrelation plot corresponding to the residual time series in Fig.
36(b). Here, autocorrelation falls below 1/e within one day, indicating little ice cloud

persistence.
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Similar to autocorrelation, cross-correlation provides a measure of how a given time
series compares to a second time-shifted time series. It can be used to determine the
persistence in time, as well as the movement through space, of observable ice cloud
patterns. Here, cross-correlation is calculated using the intrinsic IDL function

c_correlate, which defines cross-correlation as

N-|L|-1 = =
Z:‘vi_(l) (Ti+2L TN)(IUI' 771 : For L <0
P(L)= \/Zi—jv(jil_ T) __Zi—o (771‘ :77) l 7
Z (ri:r)(z,il ) iz
\/Zi:; (Ti _T) .Zi:; (ni _77) |

where P,(L) is the cross-correlation at lag day L, N is the time series length, 7 is the
mean for time series 7, and 5 is the mean for time series 77. Cross-correlation also

ranges from -1 to 1, with 1 denoting perfect correlation and -1 denoting perfect anti-
correlation. Again, when cross-correlation falls below 1/e, the observed pattern does not

persist.

5.1.4 Algorithm Details

The algorithms for calculating both autocorrelation and cross-correlation follow the
same general methodology. Since the MODIS is still operational, each algorithm is
written such that new data can be easily added to the analysis. First, after inputting all
available optical depth data, the daily one degree resolution data are averaged into a two

degree grid to remove noise from the dataset. Missing values are then removed
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following the deletion method. From here, the 31-day boxcar average for each time
series is computed and subtracted from the corresponding optical depth data in the
original time series. This step requires optical depth data from one month before and
after the period of interest. Here, calculating the 31-day boxcar average for the time
period spanning from September 2002 through September 2006 results in a time series
from roughly mid-September 2002 through mid-September 2006. The resulting residual
time series is now used for the analysis.

The correlation is then calculated at each grid point for the time period in question
(here, the time period is northern hemispheric summer and winter). For cross-
correlation, the correlation at each grid point is calculated with all points within £20°.
For the deletion method to hold, a missing data threshold is set to determine if
calculations will proceed at each grid point; specifically, locations with missing data
accounting for greater than 20% of the time series are omitted from correlation
calculations. Correlation is calculated for each year, and is subsequently averaged over

the number of years to obtain the mean seasonal correlation at each location.

5.2 Results
5.2.1 Autocorrelation

One day lagged autocorrelation computed at each two degree grid point over the
entire earth is shown in Fig. 39 for (a) the northern hemispheric summer and (b) the
northern hemispheric winter. The images are scaled as indicated by the color bars at

right. Here, regions of dark red correspond to large autocorrelation, and, subsequently,
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ice cloud patterns that persist through one day. These regions generally correspond to
the regions with low ice cloud frequency of occurrence, as can be observed in the
previous Fig. 17 and 18. Multiple periods of consecutive days with no observed ice
cloud (i.e., ice cloud optical depth is equal to zero) result in large autocorrelation. Blue
regions denote anti-correlation; a cursory analysis reveals that these regions generally

correspond to the high frequency regions of Fig. 17 and 18.

5.2.2 Cross-Correlation

Cross-correlation of daily ice cloud optical depth is computed on two degree
intervals over the entire earth. However, due to the threshold set on the amount of
missing data, the polar regions are filtered from the calculations. At each location, the
time series is correlated with the surrounding time series located within £20 degrees
latitude/longitude. For zero lag days, the cross-correlation at each location is equal to
one (i.e., zero day lagged autocorrelation); correlation then decreases when moving
away from that location. Ice cloud pattern movement is determined from the one day
lagged correlations. At one lag day, any movement of the center of the correlation
maximum from the location under consideration to another location with the £20 degree

latitude/longitude box indicates movement of the ice cloud pattern.
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Fig. 39. Autocorrelation calculated at 1 lag day for the northern hemispheric (a) summer

and (b) winter.
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Figure 40(a) and (b) show the cross-correlation calculated during the northern
hemispheric winter for zero day and one day lag, respectively, over a location off the
east coast of the United States (29.5N, 75.5W). Note that at the location, the zero day
lagged correlation is at a maximum (correlation equals one), and falls off when moving
outward. The pattern appears to be well-formed. The one day lagged correlation (b)
illustrates the movement of the pattern after one day. Here, it has moved to the
northeast, as indicated by the vector, and is now located over Nova Scotia. This shift
appears to follow the general movement of the strong low pressure systems and
associated fronts that progress across the U.S. during local winter.

The shift in the location of the correlation maximum in Fig. 40, which follows the
movements of North American winter frontal systems, demonstrates the capability of
this technique in diagnosing how ice clouds move in the atmosphere. Plotting a field of
movement vectors over the earth may provide insight into the general mechanisms of
formation and dissipation of such clouds. Fig. 41(a) shows the field of movement
vectors corresponding to the northern hemispheric summer months. Movement vectors
point from the maximum of the zero day lagged cross-correlation to the maximum of the
one day lagged cross-correlation. Red vectors denote movements in which the cross-
correlation remains statistically significant (i.e., is greater that 1/e) after one lag day.

Fig. 41(b) shows the red vectors from (a), plotted separately for clarity.
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(a) (b)

Fig. 40. Cross-correlation of daily ice cloud optical depth calculated during the northern
hemispheric winter at a location off the east coast of the Unites States (29.5N, 75.5W).
(a) Zero day lagged cross-correlation. (b) One day lagged cross-correlation
corresponding to the location in (a). The arrow denotes the movement of the maximum

correlation.



b)

Fig. 41. Sample movement vectors of daily ice cloud optical depth for the northern
hemispheric summer months. (a) Vector field illustrating the movement of the zero to
one day lagged cross-correlation. Red vectors denote movement in which the one day
lagged correlation remains statistically significant (i.e., greater than 1/e). (b) The red

vectors from (a), plotted separately for clarity.

86
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Fig. 42(a) shows the field of movement vectors corresponding to the northern
hemispheric winter months. Again, movement vectors point from the maximum of the
zero day lagged cross-correlation to the maximum of the one day lagged cross-
correlation. Red vectors denote movements in which the cross-correlation remains
statistically significant (i.e., is greater that 1/e) after one lag day. Fig. 42(b) shows the
red vectors from (a), plotted separately for clarity.

At first glance, the movement vector fields in Fig. 41 and 42 appear to be quite
random. However, a closer analysis reveals that both exhibit patterns indicating that ice
cloud movements may show some sort of general large-scale movement. Fig. 43 shows
seasonal 300 mb vector wind means for (a) the northern hemispheric summer months
and (b) the northern hemispheric winter months. Vector arrows indicate wind direction,
shading indicates the magnitude of the velocity. These plots are taken from the NCEP

(National Centers for Environmental Prediction) model re-analysis (Kalnay et al., 1996).
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b)

Fig. 42. Sample movement vectors of daily ice cloud optical depth for the northern
hemispheric winter months. (a) Vector field illustrating the movement of the zero to one
day lagged cross-correlation. Red vectors denote movement in which the one day
lagged correlation remains statistically significant (i.e., greater than 1/e). (b) The red

vectors from (a), plotted separately for clarity.
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It appears that the regions of statistically significant movement in Fig. 41 and 42
correspond quite well to the jets in Fig. 43. In regions with relatively weak winds (small
velocity magnitudes), such as the ITCZ, the movement vectors are randomly oriented.
This may signify that, generally speaking, ice clouds within these regions tend to form
with the deep convection characteristic of the ITCZ, and dissipate within one day.
Further investigation reveals that zero day lagged cross-correlation maximums within
these regions are much smaller, when comparing the width of the pattern, than those in
Fig. 40(a). This indicates a more localized formation process. An example of these
localized maxima is shown in Fig. 44, the zero day lagged cross-correlation for a
location over eastern equatorial South America (1.5N, 51.5W). Note the small size of
the correlation maximum compared to that in Fig. 40(a). Ice clouds located near the jet
regions appear to persist for longer periods of time, and are most likely associated with

the storm systems characteristic of the higher latitudes.
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0.0

Fig. 44. Zero day lagged cross-correlation of daily ice cloud optical depth over eastern

equatorial South America (1.5N, 51.5W).
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5.3 Summary

A statistical analysis, following the method of Cahalan et al. (1982), of time series of
daily ice cloud optical depth has been undertaken. Daily optical depth is derived from
the level-3 MODIS cirrus reflectance parameter using the technique detailed in Section
3. Tools such as autocorrelation and cross-correlation are used to determine the
persistence and movement of ice cloud patterns on a global scale. It has been found that
the statistical movement of ice clouds in mid-latitudes follows the upper level wind
fields, indicating these clouds are most likely associated with the low pressure systems
characteristics of these regions. In the tropics, ice cloud movement vectors are randomly
oriented and statistically insignificant (one day lagged cross-correlation maxima fall
below 1/e). The localized nature of the zero day lagged cross-correlation maxima in the
tropics suggests that these ice clouds are associated with the deep convection
characteristic of this region, and the lack of persistence indicates these clouds dissipate

relatively quickly (within one day).
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6. SUMMARY AND CONCLUSIONS

Ice clouds occur quite frequently, yet so much about these clouds is not understood.
In recent years, numerous instruments, investigations, and field campaigns have been
developed for and devoted to the study of ice clouds, all with the ultimate goal of
gaining a better understanding of the microphysical and optical properties, as well as
determining their radiative impact. Perhaps one of the most recognized instruments, not
only for ice cloud research but atmospheric research, as well, is the MODIS. Currently,
MODIS is flown aboard the NASA EOS satellites Terra and Aqua.

The research presented here aims to support ongoing efforts in the field of ice cloud
research by use of observations obtained from both Terra and Aqua MODIS. First, a
technique is developed to infer ice cloud optical depth from the cirrus reflectance
parameter included in the operational MODIS atmosphere product. This technique is
based on a previous method developed by Meyer et al. (2004). The applicability of the
algorithm is demonstrated with retrievals from level-2 and -3 MODIS data. The
technique is also evaluated against the operational MODIS cloud retrieval product and a
method based on airborne ice cloud observations.

From this technique, an archive of daily optical depth retrievals is constructed.
Using simple statistics, the general spatial and temporal distributions of global ice clouds
are determined. It is found that Aqua MODIS observes more frequent ice clouds and

larger optical depths and ice water path than does Terra MODIS. It is also discovered
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that there is no trend in the globally averaged ice cloud frequency, optical depth, and ice
water path, although shorter-scale seasonal fluctuations are quite evident.

Finally, an analysis of the time series of daily optical depth values is undertaken.
Here, statistical tools such as autocorrelation and cross-correlation are used to determine
the persistence and movement, respectively, of ice clouds. It is found that ice clouds at
high latitudes, which are most likely associated with synoptic scale weather systems,
persist long enough to move with the upper level winds. Tropical ice clouds, however,

dissipate more rapidly, and are in all likelihood associated with deep convective cells.
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