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ABSTRACT

Analysis of the Tropical Tropopause Layer Cirrus in CALIPSO
and MLS Data - A Water Perspective. (May 2011)
Tao Wang, B.S., Yunnan University

Chair of Advisory Committee: Dr. Andrew E. Dessler

Two mechanisms appear to be primarily responsible for the formation of cirrus
clouds in Tropical Tropopause Layer (TTL): detrainment from deep convective anvils
and in situ initiation. Here we propose to identify TTL cirrus clouds by analyzing water
content measurements from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) and Aura Microwave Limb Sounder (MLS). Using ice water
content (IWC) and water vapor (H,O) abundances we identify TTL cirrus clouds that
contain too much ice to have been formed in situ — and therefore must be of convective
origin. We use two methods to infer the maximum IWC available for cirrus formed in
situ, serving as our threshold. Cirrus with IWC greater than this threshold are categorized
as being of convective origin; cirrus with IWC below this threshold are ambiguous —
they could either form in situ or still be of convective origin. Applying the thresholds
from December 2008 to November 2009, we found three maxima in the occurrence of
convective cirrus: equatorial Africa, western Pacific, and South America. Averaged over
the entire tropics, we found that convective cirrus occur more frequently in boreal winter
and less frequently in boreal summer, basically following a decreasing trend from DJF,

MAM, SON, to JJA. At the tropopause (~375 K), at least 19.2% (4.6%) of TTL cirrus
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were definitively of convective origin during boreal winter (summer). Sensitivity tests
show that the thresholds derived at 390 K have the largest uncertainty. At lower levels,

especially 375 K, our thresholds are robust.
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1. INTRODUCTION

1.1 TTL cirrus and their radiative role

Cirrus are formed at higher altitudes (at lease above 8 km) where moisture is very
limited, thus they tend to be thin. Using ice as a classification indicator, cirrus referred in
our analysis are high clouds that are completely composed of ice crystals. Cirrus clouds
are globally distributed, being present at all latitudes with no respect to land or ocean, or
seasons of the year. Cirrus generally cover 20% to 25% of the earth’s surface [Wang, et
al., 1994; Rossow and Schiffer, 1999; Sassen and Mace, 2002], and up to more than 50%
in the tropical western Pacific [Prabhakara et al., 1993]. Despite their ubiquitous
presence, cirrus clouds remain a substantial source of uncertainty in our understanding of
the climate [e.g., Liou, 1986; Lynch et al., 2002].

Of particular interests are cirrus clouds in the tropical tropopause layer (TTL), a
transition layer that separates the troposphere and the stratosphere [Highwood and
Hoskins, 1998; Sherwood and Dessler, 2000; Fueglistaler et al., 2009] and therefore both
tropospheric and stratospheric characteristics can be found within. As shown in Figure
1.1, the bottom of the TTL is located at near 14.5 km (approximately 150 hPa or 355 K in
potential temperature) [Folkins et al., 1999; Gettelman et al., 2004] and is usually defined
as the level of zero net radiative heating (LZRH) [Sherwood and Dessler, 2000, 2001].
Below the bottom of the TTL, radiative cooling dominates, as air sinks back to the

surface, driven by the tropical overturning Hadley or Walker circulation. Above the

This thesis follows the style of Journal of Geophysical Research — Atmosphere.



bottom of the TTL, radiative heating dominates, as net radiative forcing changes from
negative (cooling) to positive (heating) under clear-sky conditions. Driven in part by the
stratospheric Brewer-Dobson circulation [Brewer, 1949], radiatively heated air eventually
enters the stratosphere. The top of the TTL is the maximum height where overshooting
convection occurs; this level is approximately 18-19 km in altitude, 70-80 hPa in
pressure, or 410-420 K in potential temperature [Alcala and Dessler, 2002; Fu et al.,
2007]. The tropopause is located within the TTL around 17 km or 375 K, which is
typically 1-2 km or about 20 K above the TTL bottom. More detailed discussion about

the TTL can be found in the review by Fueglistaler et al. [2009].
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Figure 1.1. Schematic show of the TTL. Letters a and b indicate deep convection and radiative
cooling; letter d indicates radiative heating; letters g and i indicates deep convective
clouds and thin cirrus clouds (often formed in situ). Adapted from Fueglistaler et
al. [2009].



TTL cirrus clouds occur frequently [e.g., Wang et al., 1996]. They can extend
several hundred kilometers horizontally [McFarquhar et al., 2000; Winker and Trepte,
1998] and persist over several hours or even days [McFarquhar et al., 2000; Dinh et al.,
2010]. Given their extensive spatial and temporal attributes, it is widely accepted that
TTL cirrus clouds play a significant role in the radiative budget of the TTL by regulating
both longwave (infrared) and shortwave (solar) radiation [McFarquhar et al., 2000] and
the transportation of trace constituents, particularly water vapor, into the stratosphere
[Gettelman et al., 2002; Dessler and Minschwaner, 2007]. A detailed cirrus model study
by Jensen et al. [1996] estimated that the absorption of infrared radiation by thin cirrus
clouds in the tropical tropopause might increase heating rates by several Kelvin per day.
Another study of a chemistry-radiation-dynamics model by Rosenfield et al. [1998]
showed that subvisible cirrus formation increases radiative heating by 0.1-0.2 K/day by
absorbing outgoing longwave radiation from the lower troposphere, which may increase
the average temperature of the TTL by 1 to 2 K. TTL warming increases water vapor
transport into the lower stratosphere. Since water vapor in the stratosphere is largely
determined by transport through the tropopause [Brewer, 1949; Solomon et al., 2010],
cirrus formation eventually increases water vapor abundance in the lower stratosphere.
Many research has shown that water vapor in the stratosphere has been increasing
[Oldmans and Hofmann, 1995; Evans et al., 1998; Rosenlof et al., 2001; Hurst et al.,
2011], which cools the stratosphere but warms the troposphere [Forster and Shine, 1999,
Smith et al., 2001].

Numerous studies have assessed the frequency of occurrence and distribution of

tropical cirrus clouds. Eguchi et al. [2007] reported that cirrus of at least 14 km height



occurs 30% of the time in the tropics. Compared with other tropical regions, they are less
frequent over the tropical eastern Pacific. Haladay and Stephens [2009], using
observation from the Cloud-Aerosol Lidar and Infrared Pathfinder satellite observation
(CALIPSO), revealed that cirrus with cloud tops of 13 km to 18 km cover 30% of
tropical region between 20° N/S. Another study by Massie et al. [2010] observed the
seasonal variations of occurrence of tropical cirrus from measurements of CALIPSO and
High Resolution Dynamics Limb Sounder (HIRDLS), and concluded that frequency is

highest during boreal winter and lowest during boreal summer.

1.2 TTL cirrus formation

Understanding the mechanisms responsible for the formation of TTL cirrus is an
important step in predicting cirrus occurrence in radiation and climate models. Previous
studies have suggested that two mechanisms appear to be primarily responsible for the
formation of cirrus clouds in the TTL: in situ initiation and convective formation.

The in situ formation can be driven by either large scale vertical uplifting or
temperature perturbations from Kelvin or gravity waves. Jensen et al. [1996], using a
detailed cirrus model, estimated that in situ ice nucleation initiated from synoptic-scale
uplift cooling of a humid layer or from shear turbulent mixing may result in the formation
of thin cirrus clouds. Pfister et al. [2001] suggested the same formation mechanism
based on an analysis of temperatures along back trajectories and pointed out that large-
scale uplift could also occur on the mesoscale. This uplift cooling could be driven by
flow over large-scale convective systems or above stratiform regions [Churchill and

Houze, 1990]; it can also be driven by momentum transport initiated from convectively



initiated Rossby waves in the Intertropical Convergence Zone (ITCZ) regions [Boehm
and Lee, 2003].

Another in situ formation process is the negative temperature (cold) anomalies
driven by equatorial Kelvin waves, which lead to regular formation of extremely thin
cirrus clouds [Boehm and Verlinde, 2000; Immler et al., 2008; Fujiwara et al., 2009].
Results show that cold anomalies with downward propagation of Kelvin waves from the
lower stratosphere into the TTL provide favorable conditions in the TTL for adiabatic
cooling of air parcels. Cooling is followed by ice nucleation and dehydration, forming
thin cirrus clouds. Those cirrus are usually observed detached from convection (see the

isolated cirrus labeled in Figure 1.2).
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Figure 1.2. An example of cirrus clouds from CALIPSO 05 km Cloud Layer
(CLay) product. In this figure, cirrus is outlined in pink; black
outlines deep convection. The isolated cirrus is most likely
formed in situ; while the convective cirrus formed from
convective anvil blow-off. Gray scale colorbar indicates cloud
layer optical depth. Adapted from Riihimaki and McFarlane
[20101].



This is not the case for cirrus clouds of convective formation. Recent detrainment
from deep convective anvils that penetrate into the TTL could inject large amount of ice
crystals into ambient air, forming physically and optically thick cirrus [Pfister et al.,
2001; Comstock and Jakob, 2004] (see Figure 1.2 the cirrus labeled as convective). But
the story is not finished. After a long dissipation time, thick cirrus gradually thin out and
advect away (detached) from the original convection region, with the remnant ice crystals
still persist, existing as thin cirrus clouds [Jensen et al., 1996; Mace et al., 2006]. The
dissipation occurs either in supersaturated air in which ice crystals grow by deposition
and then fall out, or in subsaturated air where ice particles sublimate. It may also occur
because of the horizontal wind shear that thins out the layer when cirrus persists for a

longer time. In our study, we focus mostly on the cirrus of convective formation.

1.3 Connection between TTL cirrus and deep convection

Numerous studies have assessed the connection between TTL cirrus and deep
convection. To summarize, those works usually start from three perspectives.

First, some works found that TTL cirrus generally occur over convectively active
regions such as the warm pool (western Pacific), or regions of low outgoing longwave
radiation (OLR), therefore they thought that those clouds must have strong relation with
deep convection. Using Nimbus-4 Infrared Interferometer Spectrometer (IRIS) data,
Prabhakara et al. [1988] deduced that thin cirrus clouds were 100-200 km away from
the center of high-altitude cold clouds, and hence were associated with convectively
active regions such as the ITCZ and the Bay of Bengal. In a later study [Prabhakara et

al., 1993], they found that IRIS observed thin cirrus clouds exist near the tropopause



more than 50% of the time in warm pool regions. Wang et al. [1996] estimated the
coverage of tropical subvisual cirrus to be 45% in the zonal mean and 70% in the annual
mean over the western Pacific, based on aerosol extinction data from the Stratospheric
Aerosol and Gas Experiment (SAGE) Il. Winker and Trepte [1998] observed laminar
clouds from the Lidar In-space Technology Experiment (LITE) to show that cirrus in the
tropical western Pacific may exist both detached from and closely associated with deep
convective clouds. Massie et al. [2002] established statistical and geographical
relationships between subvisual cirrus clouds, based on aerosol extinction data from the
Halogen Occultation Experiment (HALOE), and deep convection, based on outgoing
longwave (OLR) radiation data from the Climate Diagnostics Center (CDC). They found
that occurrence rates of cirrus are larger over regions of deep convection than away from
deep convection. At 121 hPa, they found that cirrus is observed 80% of the time when
OLR is less than 150 W/m®. Dessler et al. [2006] analyzed the distribution of thin cirrus
in the tropics using measurements from the GLAS (Geoscience Laser Altimeter System),
on board the Ice, Cloud, and land Elevation Satellite (ICESat). By comparing cirrus
location with OLR, they found general consistency between cirrus frequency maxima and
OLR minima, which means cirrus occurrence is strongly correlated with convection.
Using the same datasets, Eguchi et al. [2007] observed more than 70% of cirrus occurs
over regions of tropical convection and therefore they concluded that those clouds are
closely related to convection anvil outflow.

Second, many works on model simulations found that some cirrus could be traced
back to convection. Massie et al. [2002] used a five-day back trajectory simulation and

found that nearly half of the HALOE cirrus observations in the maritime continent can be



traced back to deep convective blow-off. Mace et al. [2006], combined millimeter cloud
radar (MMCR) observations of cirrus clouds and GMS (Geosynchronous Meteorological
Satellite) satellite-derived back trajectories, found that 47% of cirrus observed over a
western Pacific island, Manus, can be traced back to deep convective activity within 12
hours. From the same analysis, they found that 16% of cirrus observed at a central
Pacific island, Nauru, can also be traced back to deep convection.

Finally, many works found that some cirrus clouds are collocated with deep
convective clouds, and they suspect, therefore, that those clouds should be related to deep
convection. McFarquhar et al. [2000], comparing subvisible cirrus observed by SAGE II
(the Stratospheric Aerosol and Gas Experiment) with ISCCP (International Satellite
Cloud and Climatology Project) derived deep convective clouds, found at least 28% of
them were collocated with deep convective clouds. Sassen et al. [2009] studied the
occurrence and diurnal variations of tropical cirrus and deep convective clouds from joint
observations of space-based lidar and radar, they found that cirrus and deep convection
prevail/absent in the same pattern, then they concluded that cirrus cloud formation in the
tropics is generally tied to the direct and/or indirect effects of deep convection. More
recently, Riihimaki et al. [2010], using CALIPSO lidar measurements from July 2006
through June 2009 data, revealed that 36% of thin cirrus clouds were connected to
convection because they are directly attached to optically thick clouds with tops greater

than 10 km — their definition of convective clouds.



1.4  Motivation and basic idea

Much of the above works studied the connection between cirrus and convection
from the comparison with either typical deep convective regions or deep convective
clouds. Typically they tried to answer two questions: 1) whether the occurrence of the
TTL cirrus are related to deep convection; 2) if they are, then how many of them. This
brings up the motivation of our work. We are wondering:

* Just start from cirrus observations, is there a general way to determine if TTL cirrus
definitely originate from convection?

e If there is a way, then what fraction of the TTL cirrus clouds originates from deep
convection?

*  What is the distribution pattern of TTL cirrus clouds that are of convective origin?
Does it vary seasonally?

¢ Can simple models reproduce the observations?

* What role does supersaturation and convection play in determining the occurrence
patterns of TTL cirrus?

Instead of comparing with deep convective clouds (regions) or running model
simulations, in our work, we will introduce a general way to identify those TTL cirrus
that were definitively originated from convection by analyzing the water content within
cirrus. This idea is inspired by the TTL cirrus formation mechanisms.

For in situ formation of cirrus clouds (hereafter in situ cirrus), ice crystals
nucleate through adiabatic cooling. For example, we have limited amount of water
molecules floating in the TTL air (Figure 1.3 a). When this parcel is being lifted up,

through in situ adiabatic cooling, the formation of ice particles depletes water in the gas
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phase (vapor) and enhances water in the solid phase (ice). From the water content
perspective, the final ice water content (IWC) within cirrus clouds, therefore, does not
exceed the initial water vapor (H,O) abundance before nucleation (this is true even if
precipitation occurs). Therefore, the amount of ice within is situ cirrus is limited by how
much H,O is available in the ambient air before condensation. Since H,O abundance in
the TTL is very low due to extremely low temperatures, in situ cirrus clouds are expected
to have relatively lower IWC.

It is different for the convective formation of cirrus (hereafter convective cirrus).
We understand that convection comes from the boundary layer, where there are tons of
water molecules (Figure 1.3 b). The deep convective clouds take those water molecules
up to form lots of ice particles. In convective formation, most of the ice crystals within
cirrus originate from anvil blow-off. For cirrus initiated in this way, they could have
more ice due to injection from anvils, which makes them thicker geometrically and
optically. Therefore, the amount of ice within convective cirrus is not limited by how

much H,O is available in the upper ambient air.
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In situ cirrus Convective cirrus
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Figure 1.3. Schematic show of cirrus formed in situ (a) and from convection blow-off (b, adapted from
NASA online sources at http://earthobservevatory.nasa.gov/Features/Iris/). The light blue dots
indicate water molecules; dark blue dots indicate ice particles formed from nucleation of
water vapor.

The above explanation from the water perspective serves as a cut-in point for our
research: TTL cirrus containing more IWC than is available in gas phase in the ambient
air must be of convective origin. Thus, by finding how much H,O is available in the
ambient TTL air, we know how much ice can be found within in situ cirrus. Beyond this
amount of ice, cirrus must come from convection. We therefore need to determine an
IWC threshold whereby clouds that exceed that threshold were formed from convection.
This threshold is determined by the H,O abundances in the ambient air. Further details
on finding this crucial IWC threshold can be found in Section 3. To summarize, water
content (both solid phase and vapor phase) within cirrus clouds are crucial factors for

identifying cirrus clouds initiated from convection.
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1.5  A-Train and thesis structure

The launch of the Afternoon satellite constellation (A-Train) in 2006 has provided
an unprecedented wealth of measurements of cirrus clouds. We choose satellite
measurements not only because they provide water content measurements of cirrus
clouds, but also because their wide spatial and temporal coverage. We study the TTL
cirrus clouds by analyzing the water content of measurements from the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and Aura Microwave
Limb Sounder (MLS). CloudSat measurements are also investigated in this study
because they provide water content products as well. As members of the A-Train, they
follow sun-synchronous orbits, passing the equator at approximately 1:30 pm and 1:30
am local solar time, observing the atmosphere comprehensively on a nearly global scale.
This allows us to study cirrus clouds on a global scale with continuous observations.

This study will be the first time that TTL cirrus clouds are being explored from
joint observations of CALIPSO and MLS from a water content perspective. An overview
of the TTL cirrus formation mechanisms and identification methods, as well as their
seasonal and diurnal distribution patterns from December 2008 to November 2009, will
be presented in the remaining parts of this thesis.

The remainder of this thesis is organized in the following manner. Section 2
describes the datasets their usage. Section 3 outlines the methodology of the
identification, which includes two methods based on CALIPSO and MLS observations to
infer the IWC thresholds. Section 4 presents the distribution patterns of both the total

cirrus and the convectively originated cirrus clouds, including their seasonal variations.



13

A discussion of the robustness of thresholds we obtained is also included in this section.

The final conclusion and discussion are provided in Section 5.
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2. DATASETS AND THEIR USAGE

Aircraft-based in situ measurements and ground- and satellite-based remote
sensing measurements have provided invaluable datasets depicting the behavior and
microphysical properties of cirrus clouds (e.g., Heymsfield and Jahnsen, 1974; Wang et
al., 1996; Winker and Trepte, 1998; McFarquhar et al., 2000; Comstock et al., 2002;
Dessler et al., 2006; Sassen et al., 2009).

Aircraft-based in situ observations, with high temporal and spatial resolution,
provide the most direct measurements of cirrus clouds. However, in situ measurements
are very much constricted not only due to their limited temporal and spatial coverage, but
also because direct measurements are even more difficult to conduct, especially for those
tropical cirrus that exist at very high altitudes and extremely cold temperatures. Their
limited temporal and spatial coverage restrict their usefulness. The spatial and temporal
limitation is also the case with ground-based field campaigns. Those limitations make it
impossible to develop a statistically significant knowledge of the unique characteristics of
TTL cirrus clouds. Therefore, only satellite-based remote sensing provides sufficient
coverage for our analysis.

The measurements we will use in this study come from the A-Train satellite
constellation. Currently, the A-Train consists of four NASA missions: Aqua (launched
in 2002), Aura (launched in 2004), the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) and CloudSat (both launched together in 2006). In
addition, one French mission called Polarization and Anisotropy of Reflectances for

Atmospheric Science coupled with Observations from a Lidar (PARASOL, launched in
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2004) is also included, although it has now fallen out of the A-train due to fuel
constraints. The satellites fly at an altitude of 705 km in a sun-synchronous polar orbit

with an equator crossing time of about 1:30 p.m. and 1:30 a.m. local solar time (see

Figure 2.1).

CALIPSO “CloudSat

Aqua

‘ i : GCOM-W1
F—e T v
P - y A [
7.5 sec. ¢ P
1 min. 1 min: f
/
3 0C0-2
PARASOL 1-4min. )
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Figure 2.1. The Afternoon Constellation or A-Train. Two additional NASA Missions,
Glory and the second Orbiting Carbon Observatory (OCO-2), as well as the
Japanese Global Change Observation Mission-Water (GCOM-W 1) mission
will join the A-Train when they launch. (From
http://atrain.nasa.gov/intro.php).

The A-Train provides a unique opportunity to observe and cross validate cloud
observations made from specifically designed instruments. The high-quality data from
A-Train will improve our understanding of atmospheric hydrological processes,

atmospheric transport, and clouds’ role in Earth’s present and future climate.
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As mentioned in Section 1, comparisons between the ice water content (IWC) of
clouds and water vapor (H,O) abundances in ambient air allow us to identify cirrus of
convective origin. Thus, accurate measurements or retrievals of these quantities will be
the crucial factor for our study. In this section, we compare IWC retrieved from different
satellites to provide insight into the datasets and their usage. Then, there will be a brief

introduction to our analysis of estimating H,O abundance.

2.1 IWC comparison

Currently, three satellites in the A-Train provide measurements of IWC. They are
the CloudSat Cloud Profiling Radar (CPR), the Microwave Limb Sounder (MLS)
onboard the Aura, and the Cloud-Aerosol lidar with Orthogonal Polarization (CALIOP)
onboard the CALIPSO. We will next compare the IWC measured by different active

instruments.

2.1.1 IWC from CloudSat

The CloudSat CPR is a 94-GHz nadir-looking radar, providing cloud location and
classification, cloud ice and liquid water content, and cloud radiative fluxes and heating
rates, etc. [Stephens et al., 2002]. CloudSat derives IWC by using the IWC-Z-T
relationship described by Protat et al. [2007]. The temperature (T) is provided by the
auxiliary CloudSat product ECMWF-AUX, which comes from European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis. The IWC-Z-T algorithm is
applied to CloudSat Z and EMWF-AUX T at each radar range bin to produce IWC.

CloudSat provides IWC at 125 range bins with ~240 m intervals from the surface to
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about 28 km in altitude. The CPR footprint and result IWC profile is 1.7 km along track
by 1.4 km across track.

There are two standard IWC products in the latest release 04 (R04) of CloudSat
datasets: the radar-only (RO) Cloud Water Content (CWC) product (2B-CWC-RO) and
the radar-visible optical depth (RVOD) product (2B-CWC-RVOD). The 2B-CWC-
RVOD combines CloudSat reflectivity and Moderate Resolution Imaging
Spectroradiometer (MODIS, onboard the Aqua satellite of the A-Train) visible optical
depth estimates to constrain the cloud retrievals and produce accurate results. When
optical depth retrievals are unavailable, the radar-only retrieval, the 2B-CWC-RO, is
used. The 2B-CWC-RVOD products are therefore an optimal combination of RVOD and
RO retrievals from the most comprehensive information in the CloudSat measurements.

In our comparison we use IWC retrievals from RVOD products.

2.1.2 IWC from Aura MLS

The Aura MLS provides simultaneous measurements of H,O, cloud IWC,
temperature (T), and several trace gases [Waters et al., 2006]. MLS observes microwave
thermal emissions from atmospheric edge viewing forward along the orbital track, with a
tangent point in front of the Aura satellite. The limb sounding has limitations in
horizontal view, but is optimal for high-resolution vertical measurements. Aura MLS
provides data profiles at 12 levels per decade change in pressure, i.e. 215, 178, 121, 100,
68 hPa, etc. We use MLS Version 2.2 (V2.2) Level 2 [Livesey et. al., 2007] datasets in
which IWC is retrieved from cloud-induced radiance (T, the difference between

measured radiance and modeled clear-sky radiance). A study by Wu et al. [2008]
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validated the MLS IWC products. The validations of H,O and T are described by Read
et al. [2007] and Schwartz et al. [2008].

MLS IWC must be screened using the status field in the collocated temperature
profile to exclude bad retrievals [Schwartz et al., 2008]. Besides temperature status and
quality screening, a 20-3c¢ screening, where o is the precision of single IWC
measurement, derived on a daily basis, must also be applied in order to screen for noise
(see the data quality and description document at http://mls.jpl.nasa.gov/data/v2-
2 data quality document.pdf). Single IWC measurements from MLS have a vertical
resolution of around 3 km and horizontal along-track and cross-track resolution of around

300 km and 7 km, respectively.

2.1.3 IWC from CALIPSO

The CALIOP onboard the CALIPSO is a polarization lidar at 532 nm and 1064
nm, provides retrievals of cloud and aerosol quantities such as extinction coefficients,
optical depth, cloud and aerosol type, and cloud thermodynamic phase, etc. [Winker et
al., 2003]. CALIOP observes the atmosphere in nadir direction. Retrievals provide IWC
in the Version 3 Release of Level 2 Cloud Profile (CPro) products at 60 m resolution
vertically, 5 km resolution horizontally along-track, and resolution of the effective width
of the laser beam across-track. IWC is derived applying the a-IWC-T relationship from
Heymsfield et al. [2005] with visible extinction a calculated from the CALIPSO standard
extinction algorithm [Young and Vaughan, 2009].

According to the Data Quality Statement issued on May 2010

(http://eosweb.larc.nasa.gov/PRODOCS/calipso/Quality Summaries/CALIOP L2Profile
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Products 3.01.html), there are several substantial improvements in Version 3 cloud
profile data products. Among the improvements, a newly developed five-dimensional
PDF-based (probability density functions) Cloud-Aerosol Discrimination (CAD)
algorithm classifies the feature types (e.g., cloud, aerosol, etc.) better than previous
versions [Liu et al., 2010]. This is important for our work because we only want to
analyze scenes that are definitely classified as “clouds” but not “aerosols”. The quality
assurance parameter CAD Score provides a numerical confidence level for the
classifications. A positive value of 100 indicates absolute confidence in the scene
classification of cloud.

The other major improvement in Version 3 data is an entirely new developed
algorithm for cloud thermodynamic phase discrimination [Hu et al., 2009]. This
algorithm classifies detected cloud layers as liquid water, randomly oriented ice (ROI), or
horizontally oriented ice (HOI), based on relations between depolarization-backscatter
thresholds and spatial coherence. The HOI and ROI are substitutes for mixed phase
cloud and ice cloud respectively in previous Version 2 algorithm. Our study suggests a
higher confidence on the retrieved IWC from ROI. This is because the non-depolarizing
HOI particles yield anomalously large backscattering that makes extinction retrievals
difficult, which makes the IWC derived from o -IWC-T relationship unreliable. The
feature types/subtypes and phase discrimination are stored in the atmospheric volume
description (AVD) flag.

In our case, we only use IWC measurements from cloud that have a CAD Score
of 100, and a cloud phase of ROI. Apart from AVD and CAD, quality assurance

parameters such as the extinction quality control (QC) flags are also used to screen IWC.
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For detailed data information and screen suggestions for using IWC, please refer to the

CALIPSO cloud profile data quality statements.

2.1.4 Comparison

The retrieved IWC from these instruments may differ due to different viewing
geometries and interrogated volumes and the use of different wavelengths. As indicated
in Table 2.1, CloudSat R04 data correspond to a tangential volume over around 1.8 x 1.4
« 0.24 km’, and MLS V2.2 data correspond to a tangential volume over around 300 x 7 x
4 km’, and the CALIPSO L2 data is of 5 km x 70 m horizontal spatial resolution at 60 m

vertical resolution.

Table 2.1. Averaging volumes in different satellite data products.

along-track (km) across-track (km) vertical (km)
MLS 300 7 4
CloudSat R04 1.8 1.4 0.24
CALIPSO L2-05km 5.0 0.07 0.06

To compare the data, we average data sets with finer spatial resolution to match
the measurement volume of coarsest resolution, i.e., we average CloudSat and CALIPSO
data to yield an equivalent measurement comparable to the MLS measurements. Cross-
track averaging is ignored in this case. It should be noted that due to the A-Train satellite
orbit path, CloudSat measurements are retrieved around 15 s ahead of CALIPSO and
around 7 min ahead of Aura/MLS. This is short enough that we will ignore the

difference in time.
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Inside the merging process, all CloudSat/CALIPSO IWC profiles within +/-
150km (along-track) of a MLS tangent point are considered coincident with the MLS
measurement. The coincident measurements are then averaged vertically within +/-1.5-
km field-of-view of MLS height and then tangentially, to provide a single equivalent
IWC for each MLS IWC measurement. The complete merging strategy is shown in
Figure 2.2. Note that CALIPSO altitude (alt) and pressure (pres) are provided by GEOS-

5 (Goddard Earth Observing System, version 5) meteorological products.

Merging working flow...

1. Reading process: read valid data from MLS (mls), CALIPSO (cal), and CloudSat (cs)...

mls Temp CloudSat 2B-CWC-RVOD IWC CALIPSO L2V3 IWC
1) geolocation 1) geolocation 1) geolocation
12) precision > 0 mls IWC 2) RVOD_CWC_status 2) uncertainty <=2.0
3) status = even 1) 20-30 bit2=0 (no precipitation) 3) extinct QC flag = 0 or 1
4) quality >0.6 2) geolocation bit9=0 (small chi?) 4) AVD bit1-3: type=2(cloud)
6) convergence<=1.2|  13) tomp status = even bit7=0 (good TAU input) bit6-7: phase=1(ROI)
[
A ,
valid mis data I valid cs data ‘ valid cal data ‘

H,O, Temp, IWC coexist footprints (merging grid) merged footprints merged footprints

I merging process ]

2. Merging process: for each merging grid (on the same pressure (pres) level)...

1. find closest cal.pres to mls.pres

For each coinciden} 2. get cal.alt on cal.pres level, take as m/s.alt
cal footprint 3. altLimit = mls.alt +1.5km

coincident cal | ~=---1 mean 4. accumulate altLimit
___[footprints Lf true:! ™ aLimit
(+30min; along Eor each coincident |average valid IWC vertically within altLimit
track 300km) cal footprint v_iwc
laverage v_iwc along track > cal.iwc |
merging
process
For each coincident, [average valid IWC vertically within altLimit
coincident cs | mc =1 [ s footprint Sv_iwe
| [footprints Lif lry?-"
(+30min; along
track 300km) "»laverage v_iwc along track > cs.iwc |

Figure 2.2. The complete merging strategy of CloudSat (cs) and CALIPSO (cal) into MLS (mls). The first
step is to read and screen data sets properly before going into merging process. The second
step is to merge data sets using time, longitude, latitude, altitude, pressure etc.
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Figure 2.3 shows a comparison of IWC at 121 hPa (~15 km) for the first week of
January 2009. The IWC shows consistent enhancements in the western Pacific, southern

Africa and South America.

MLS[14.9km,121.2hPo,Max:1.55,Mean:0.04]

CloudSot[14.9km,121.2hPo,Mox:9.64,Aver:0.18] CALIPSO[ 14.9km,121.2hPo, Mox:2.85,Aver:0.21]
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Figure 2.3. Merging IWC (>=0) comparison between MLS, CloudSat, and CALIPSO at approximately the
same volume for January 1-7, 2009. In upper panel a, the IWC are averaged on an 8°x4° Lon—
Lat grid, and a 3-point smoothing has been applied to the grid box averages. The lower left
panel b is a scatter plot of CALIPSO vs. MLS, ratio distribution of CALIPSO/MLS; lower
right panel ¢ is a scatter plot of CALIPSO vs. CloudSat, and the ratio distribution of
CALIPSO/CloudSat. The blue solid line shows 1:1 ratios; the red and green dash lines show
5:1 and 1:5 ratios, respectively.

On average, MLS detects the lowest IWC. CloudSat mean IWC is 3-4 times
greater than that of MLS, due to MLS sensitivity degradation at large ice particles [Wu et
al., 2009]. Meanwhile, CALIPSO measurements are larger than that of MLS in most of

the area. Part of the reason is that MLS has difficulty to penetrate through all clouds
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along the path due to further attenuation away from the instrument. Also, CALIPSO can
see small particles that MLS misses.

CloudSat has the smallest area with detectable IWC, whereas CALIPSO covers
the largest. The reason is that at higher altitude like ~15 km, most of the clouds are
cirrus clouds with small amount of IWC (see Section 4). The CloudSat is insensitive to
these particles but they are easily detectible by CALIPSO. This can also be observed in
the lower panels with scatter and ratio plots of nonzero IWC measurements from MLS,
CloudSat, and CALIPSO. From the plots of CALIPSO versus MLS (panel b), it is shown
that CALIPSO IWC are greater than that of MLS for most of the cases. Lower right
panel ¢ shows CALIPSO versus CloudSat. There are large areas where CALIPSO
detects ice but CloudSat does not; the IWC are larger for CALIPSO in these areas.

The above results should not come as any surprise. Compared with MLS and
CALIPSO, CloudSat has better cloud penetrating ability with the radar, so it can detect
and measure optically thick ice clouds without being strongly attenuated [Wu et al., 2008,
2009; Schwartz and Mace, 2010]. But it is not the case when detecting cirrus. Studies by
Comstock et al. [2002] and Sassen et al. [2009] concluded that the optically thin and cold
cirrus could go entirely undetected by radar, especially those tropical cirrus clouds that
are thin optically or laminar in appearance. As previously discussed, operationally, it is
well established that lidar is better suited than even the most sensitive millimeter-wave
cloud radar for detecting cold, optically thin cirrus clouds [Comstock et al., 2002; Sassen,
2002]. Our results support the common arguments.

The difference in ice cloud detection between radar and lidar is mainly due to the

fact that the wavelength of the incident electromagnetic wave in radar is larger than the
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size of most cirrus cloud particles. This makes the particles behave as Rayleigh scatterers
with radar backscattering dominated by the particle diameter-to-the-sixth power law. On
the contrary, lidar backscattering is proportional to the diameter squared because the
wavelength is smaller than the particles. Small particles whose diameters differ by a
factor of 2 may result in radar cross sections differ by a factor of 64, and in terms of radar
echo power, the difference will be ~18dB [Sassen et al., 2009]. Therefore, when
observing the same clouds, lidar views higher cloud tops than the radar does because of
its great sensitivity to small hydrometeors; meanwhile, radar can penetrate deeper into
clouds with little or no attenuation.

The above comparison results further prove that CALIPSO lidar observation of
cirrus clouds is most suitable for our study since most of the TTL cirrus clouds that we
focus on are substantially thin and high. For most of the parts in our study, we will use

IWC from CALIPSO Level 2 V3 Cloud Profile (CPro).

2.2 Other datasets besides IWC

The other key factor in our analysis is the estimate of maximum H,O abundance
available for in situ cirrus formation. We will infer this vapor abundance from both
CALIPSO and MLS measurements in different standpoints.

When deriving H>O from CALIPSO datasets, optical depth(t) measured by
CALIOP, GEOS-5 reanalysis temperature (T) and pressure (P) information are also used
(see next section). The optical depths are obtained by integrating the 532 nm cloud
extinction profile. We performed the similar screen of optical depth data by inspecting

the extinction quality control (QC) flags, CAD Scores, and cloud phase. The estimated
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uncertainty in the column optical depth can be found in CALIPSO Version 3 Extinction
Uncertainty Document'. Temperature and pressure are derived from GEOS-5 reanalysis
data products provided by Global Modeling and Assimilation Office (GMAO) Data
Assimilation System. The GEOS-5 reanalysis products provide updated atmospheric
state information four times daily at 00Z, 06Z, 12Z, and 18Z, using optimal combinations
of model forecasts and observations. Detailed data uses and validations can be found in
the GEOS-5 documentation® by Rienecker et al. [2008].

MLS HO is retrieved from calibrated radiance observations by the MLS data
processing algorithms [Livesey et al., 2006; Jarnot et al., 2006] and validated by Read et
al. [2007]. It is produced at the same pressure surfaces as other MLS fields. MLS H,O
has 10% accuracy, which means that if MLS data gives 5 ppm in concentration of H»O,
4.5-5.5 ppm will be the range that can be considered possible. Further details please refer

the following section.

23 Summary

To summarize, for our topic of study, we will analyze CALIPSO v3.1 Level 2
(http://www-calipso.larc.nasa.gov/) Cloud Profile (CPro) datasets as well as MLS v2.2
Level 2 [Livesey et al., 2007] water vapor mixing ratio (H,0O), ice water content (IWC),
and temperature (T) datasets. Our analysis will cover the period from December 2008
through November 2009 for a complete seasonal cycle. GEOS-5 data interpolated into

CALIPSO data grids will provide meteorological parameters.

Ihttp://eosweb.larc.nasa.gov/PRODOCS/calipso/pdf/CALIOP_Version3 Extinction Error Analysis.pdf
? http://gmao.gsfc.nasa.gov/pubs/docs/GEOS5_104606-Vol27.pdf
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3. METHODOLOGY

From Section 1 we understand that cirrus clouds in the TTL could form either in
situ or as blow-off from convective anvils. The key point for distinguishing the
convective cirrus is to find how much H,O is available in the ambient air for in situ cirrus
formation. This brings up another question: H,O within the TTL is not strictly even
distributed anywhere; it might have different vapor amount in different area. For
example, in the TTL, H>O above the cold tropical western Pacific is usually lower than
the other regions.

To make it general, we find the maximum amount of H,O available in the
ambient air through the whole tropics. Under extreme conditions that if all H,O
condenses into ice, this will give us an upper limit of IWC as our threshold. In this way,
cirrus clouds that have IWC beyond this threshold must come from deep convection. For
example, the maximum amount of H,O available around the tropopause is about 5 parts
per million by volume (ppmv), then measurement of cirrus IWC indicating 20 ppmv
definitely comes from convective anvil blow-off. However, for clouds that contain less
IWC than is available in the ambient gas phase, they cannot be uniquely assigned with a
formation mechanism—they may either form in situ or still be of convective origin but
have thinned out.

Noted that because the IWC thresholds come from two steps of maximization
(maximum amount of H,O through the entire tropics and maximum condensation of all

available H,O into ice), they are upper limits and they generate lower fractions of
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convective cirrus. Therefore, all fractions in this study could be higher, but the values we
provided are the ones that we are most confident of.

We emphasize that in our analysis, we use the volume mixing ratio (VMR) to
express the abundance of a constituent. Conceptually, the VMR of a constituent is the
fraction of molecules in a given volume that are this constituent. The VMR is the ratio of
the number density of a constituent to the total number density. While the number
density of a constituent changes when temperature or pressure in an air mass change, the
VMR does not. In other words, the VMR is conserved for changes in the pressure or
temperature of a parcel, which makes VMR very useful. Because the VMR is typically
small, it is usually multiplied by 10° or 10° to obtain parts per million by volume (ppmv)
or parts per billion by volume (ppbv). For example, a VMR of 5x10 or 5 ppmv of H,O
means that 5 out of every 10° molecules in a sample are H,O molecules. Unless noted
otherwise, we will always use VMR but not added v. It should be clear that the unit ppm
in our analysis indicates parts per million by volume.

We use two methods to infer the maximum amount of H,O available for in situ
cirrus formation. This is the most critical calculation in our analysis and this value
represents our threshold. Two methods based on measurements from different satellites

yield two sets of thresholds. They are consistent and verifiable, as will be shown below.

3.1  Vertical coordinate
Before explaining our methods, we emphasize that potential temperature is
chosen as our vertical coordinates because in the TTL, saturated water vapor mixing

ratios are typically very low due to extremely low temperatures. At low water mixing
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ratios, heat release from water phase change is small compared to radiative heating.
Therefore, air parcels can effectively be treated as dry. Thermodynamic processes in this
layer are approximately adiabatic [Danielsen et al., 1993] and horizontal flow roughly

follows an isentropic surface.

Isentropic
mountain

South North “ /

Figure 3.1. Schematic illustration of isentropic surfaces and moisture advection along them. Panel a: moist
air from low levels on the left is transported upward and to the right along the isentropic
surface. (Adapted from Bluestein, vol. I, 1992, p.23). Panel b: moist air flows along the
isentropic surface from south to north, with humidity decreases. The solid black lines are
isobars in hPa, and the dashed red lines are isohumes (constant mixing ratio) in g/kg. Adapted
from Millersville University Isentropic Workshop by James T. Moore, 2003.

N

As shown in Figure 3.1, the advantage of representing meteorological conditions
on isentropic surfaces is that horizontal flow along an isentropic surface already contains
the adiabatic component of vertical motion (panel a). Besides, the moisture transport
occurs along isentropic surfaces (panel b).

Our work mainly focuses on four isentropic levels: 1) 357 K, the bottom of TTL,
which is close to the typical level of neutral buoyancy (LNB) of deep, tropical convection

[Folkins et al., 1999]; ii) 365K, halfway between TTL bottom and the tropopause; iii)
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375 K, near the cold-point tropical tropopause; and iv) 390 K, which our study suggests
is approximately the highest level that has statistically detectable cirrus clouds in

CALIPSO data.

3.2  MLS H,0 method

Our first method is based on the MLS direct measurements of water vapor
concentration ([H,O]) in the TTL air. MLS data profiles are provided at 12 levels per
decade change in pressure from ground to 21.5 hPa. Therefore, in this method we find
the threshold at different isobaric surfaces.

Figure 3.2 depicts a global five-year mean temperature and water vapor
abundance at 100 hPa. The 100 hPa surface in the tropics is close to the tropical
tropopause (about 375 K in potential temperature or 17 km in altitude). Unlike in the
lower atmosphere, H>O is nearly uniformly distributed in the tropical tropopause.
Concentrations of H,O around the tropics are usually between 3.7 ppm and 4.4 ppm, with
an exception over the western Pacific region, where concentration of H,O is less than 3.4
ppm due to lower temperature there. This supports the theory that T controls humidity

near the tropical tropopause [Holton and Gettelman, 2001].
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Figure 3.2. A five-year mean (January 2005 to December 2009) annual H,O and T maps at 100 hPa from
MLS datasets. Black contours enclose GEOS-5 OLR of 240 Wm™ or less (regions of deep
convection). Adapted from Jiang et al. [2010].

We define MLS measurements of non-zero IWC as cloudy and zero IWC as
cloud-free. The H,O abundance in cloud-free air is then considered as H,O available in
ambient air to form in situ cirrus. The first two plots in Figure 3.3 show the probability
density functions (PDFs) and cumulative density functions (CDFs) of cloud-free air
temperature (T) and [H,O] measurements at 100 hPa (close to the tropopause) during
boreal winter (DJF). We see that ambient air usually has T ranging from 187 to 200 K
with mean 193 K, and most probably with T of 192 K (first panel). The second panel
shows that the retrieved [H,O] is generally between 1.6 ppm and 5.4 ppm with mean 3.3

ppm, and most probably at 3.0-3.4 ppm, but never exceeds 6 ppm.
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Figure 3.3. MLS cloud-free observations at 100 hPa (close to the tropical tropopause) during boreal winter.
The upper two panels are PDFs and CDFs of temperature and H,O mixing ratio ([H,O]).
Dashed lines show PDFs in left-y axis and solid lines show CDF in right-y axis. The third
panel shows the magnified cumulative [H,O] fraction from 0.6 to 1.0. Finally, we choose 99%
of clear air measurements that have [H,O] below 5.1 ppm as our MLS H,O threshold.

The third panel is a magnification of cumulatively over 60% of [H,O]. We see
that before reaching above 99%, [H,O] is very steady and less than 5.1 ppm. Therefore,
we choose 99% of clear air observations with [H,O] below 5.1 ppm as our MLS H,O
threshold. This is the expected maximum IWC that can be found within cirrus formed
through in situ adiabatic cooling. Beyond this threshold, cirrus clouds must have
originated from convective anvil blow-off, and are therefore categorized as convective

cirrus in our analysis.
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3.3  CALIPSO T-Dependent method

Our second method is based on CALIPSO datasets. Different from MLS,
CALIPSO does not measure H,O directly. But we know the truth that temperature
controls humidity (see Figure 3.2), thus, find the maximum amount of H,O in ambient air
for in situ cirrus formation is equivalent to find the highest temperature that in situ cirrus
could have. This is the critical temperature (T.) that below T., we see abundant cirrus
formed in situ, whereas above T, we barely see any in situ cirrus. Therefore, we name
this method as the CALIPSO T-Dependent method.

In this method, the thresholds are derived from using CALIPSO observations of
cirrus IWC and optical depth, and meteorological parameters are provided by GEOS-5
reanalysis datasets. The cirrus are referred as the measurements that show “cloud” (not
“aerosol”) from the CALIPSO Cloud-Aerosol Discrimination (CAD) algorithm, and
show “cirrus” from the definition by the International Satellite Cloud Climatology Project
(ISCCP) at the same time (refer the CALIPSO data statement). We take these cirrus
clouds as our data basis to perform identification. It turns out that CALIPSO is very
efficient in detecting cirrus. The detailed cirrus observations from CALIPSO can be
found in the next section.

Since this method is based on temperature, it is necessary to understand the
characteristics of temperature in the TTL. A global view of seasonal temperature
variations at 4 isentropic surfaces is depicted in Figure 3.4. The plots show that low
temperatures are always located in the deep tropics, particularly the tropical western
Pacific, where both in situ and convective cirrus exist [e.g., Comstock et al., 2002;

Winker and Trepte, 1998]. In the tropics, the coldest season is DJF and the warmest
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season is JJA. Temperatures tend to increase above 375 K in all seasons as well as the
entire year, which indicates that 375 K potential temperature is close to the cold-point

tropopause, where the temperature minimum is found.
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Figure 3.4. Seasonal temperature variations in isentropes from GEOS-5 reanalysis data (provided in
CALIPSO datasets). The five columns, from left to right, are December-January-February
(DJF), March-April-May (MAM), June-July-August (JJA), September-October-November
(SON), and annual (year) respectively. From lower to upper the four isentropic levels are 357
K, 365K, 375K, and 390 K, respectively.




34

For finding the in situ cirrus, we pick optically thin cirrus measurements, so as to
exclude convective clouds. Here we use the definition of “thin” as optical depth 1<=0.3
(Sassen and Cho, 1992). Then the associated T, is the upper limit of temperature in which
these in situ cirrus clouds can still be found. Above T., we barely see in situ cirrus.

Figure 3.5 shows the PDFs and CDFs of altitude, pressure, and temperature of
optically thin cirrus at 375 K, approximately the level of tropical tropopause, during
boreal winter. Results suggest that at the tropopause, most thin cirrus occur at least 16.7
km above mean sea level and at most 17.4 km, and most probably at 17.1 km. At this
high altitude, pressure is usually lower than 100 hPa, mainly between 91 and 98 hPa.
Thin cirrus are then extremely cold, usually around 191 K, with the lower limit at 188 K
and the upper limit at 194 K, indicating that most thin cirrus form at least below 194 K
and most likely at 191 K. We may choose the warmest temperature of 194 K as our

critical temperature (T,).
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Figure 3.5. PDFs and CDFs of altitude, pressure, and temperature of CALIPSO thin cirrus at 375
K level during boreal winter. Dashed lines show PDFs in left-y axis and solid lines
show CDFs in right-y axis.

Given this critical temperature T., we can infer the theoretically maximum
amount of H,O at which the air reaches to saturation, i.e., the saturation mixing ratio at T,
([H20(To)]s ). [H20(Ty)]s is then referred as our T-Dependent threshold, which is the
maximum [WC could exist within in situ cirrus if ambient H,O completely condensed
through in situ adiabatic cooling.

It should be noted that we calculate the saturation vapor pressure with respect to

ice (esi) using the relation from Murphy and Koop [2005] (see appendix), as shown below

esi (T.) = exp(9.550426 — 5723.265/ T, + 3.53068 In(T,) — 0.00728332 T.) (i)
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where T, in units of Kelvin and ey in units of Pa. As the equation indicates, saturation
vapor pressure is only dependent on temperature. As we mentioned earlier, we use
volume saturation mixing ratio in our analysis, then [H20(T,)]sis the ratio of e over the
actual pressure (P) of the air. To make it clear, we multiply it by 10° to obtain parts per
million (ppm).

Figure 3.6 illustrates the [H20(T,)]s dependence with temperature from Figure 3.5.
Results further reveal that [H2O(T.)]s increases monotonically with increasing
temperature. For example, 80% of thin cirrus clouds have temperatures less than 191.7
K, if take this value as critical temperature, when reaching to saturation, the maximum
amount of water vapor ([H20(T.)]s) will be 4.5 ppm; 90% of thin cirrus clouds have
temperatures less than 192.3 K, in which the associated [H2O(T,)]sis 4.9 ppm. For the
top 2%, temperature jumps abruptly and reaches to almost 200 K, and the associated
[H20(T,)]s increases to a maximum of 13 ppm. The most likely reason for this long tail
may be that there is error in the GEOS-5 reanalysis data. To avoid the exceptions, we
eliminate the top 2% but still pick up the relatively conservative 98% threshold, which
yields 193.4 K as T, and the associated [H20(T,)]s of 5.8 ppm to be our threshold value.
Compared to this threshold, higher IWC in cirrus clouds are not likely to come from in

situ, and therefore must come from convection.
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Figure 3.6. Thin cirrus temperature (solid line) and the associated H2O saturation
mixing ratio (dashed line). 98% of thin cirrus has a temperature below

193.4 K, then a vapor saturation mixing ratio of 5.8 ppm is chosen as our

threshold.

3.4  Thresholds comparison
Table 3.1 summarizes the thresholds derived from both methods. Note that MLS

thresholds are obtained at isobaric surfaces, whereas the T-Dependent thresholds are

derived at isentropic levels. To compare them, we choose the levels with closest

temperature range because temperature is the key factor controlling H,O abundances in
the TTL. Temperature from both datasets are validated in Jiang et al. [2010] and they
concluded that both temperatures agree on average to within ~0.5 K above 147 hPa (close
to the TTL bottom), which guarantees the accuracy of our work. These thresholds

indicate, from different perspectives, the maximum possible IWC that can be found

within cirrus formed in situ.
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Table 3.1. Thresholds comparison (DJF, tropics) at nearly the same levels.

CALIPSO 0 (T) / [HO(TJ)s MLS P (T) / [H;0]
390 K (190-197K)/ 7.7 ppm 83 hPa (181-201 K)/ 5.0 ppm
375 K (188-195K)/ 5.8 ppm 100 hPa (187-200K)/ 5.1 ppm
365 K (187-203 K) / 11.9 ppm 121 hPa (191-206 K)/ 9.1 ppm
357 K (195-206 K) / 22.2 ppm 147 hPa (198-209 K) / 19.6 ppm

Generally, CALIPSO T-Dependent method yields higher thresholds. This could
be caused by errors in GEOS-5 reanalysis data because this method is highly dependent
on reanalysis data. Error of 1 degree could make huge difference. Or, it could be the
MLS H,O that is around 10% in accuracy. Besides, we have to realize the fact that they
are not at exactly the same surfaces.

MLS threshold at 100 hPa is similar to that of the CALIPSO threshold at 375 K.
This should not come as a surprise because 375 K and 100 hPa are both near the tropical
tropopause. Below the tropopause both thresholds show versa similar trend (thresholds at
lower levels tend to be higher and at upper levels tend to be lower). This trend is
especially prominent at lower isentropic levels (357-365 K) where warmer air leads to
higher [H,O] because temperature dominates the air’s ability to hold vapor. Above the
tropopause, the critical temperature increases, resulting in higher values of [H20(T,)];.
This is not featured in MLS data, which may partly be due to the large averaging volumes

of MLS data.
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4. IDENTIFICATION RESULTS

In Section 3, we developed two methods to infer theoretical maximum amounts of
water vapor (H,O) available in ambient air for in situ cirrus formation, which serve as our
thresholds. We concluded that cirrus with an IWC higher than the threshold must be of
convective origin. Now, we ask the following questions: What fraction of TTL cirrus
originates from convection if we apply the thresholds? What is their distribution pattern?
What is the seasonal variation of their distribution? The following will serve to answer

these questions.

4.1 Cirrus distributions revealed in CALIPSO data

Before analyzing the identification results, it is necessary for us to have a general
picture of TTL cirrus observed by CALIOP. Many studies have studied the distribution
of tropical cirrus using CALIPSO datasets because CALIOP is capable of detecting
optically thin and high clouds. The study by Sassen et al. [2008, 2009] identified cirrus
with optical depths no greater than 3.0 and cloud top temperatures less than -40°C.
Nazaryan et al. [2008] used the Cloud Layer (CLay) data products to identify cirrus
based on Feature Classification Flags indicating cloud and layer base height higher than 8
km. A study by Schwartz and Mace [2010] took layer base above 14 km and geometrical
thickness no greater than 3 km to focus on TTL cirrus. Similarly, Riihimaki and
McFarlane [2010] identify TTL cirrus based on the criteria that cloud base heights are

greater than 14 km and optical depths are less than 0.4. Although many techniques are
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employed to identify cirrus, the results of these techniques are generally similar and
consistent.

In our study, we identify cirrus clouds using the CALIPSO Cloud Profile (CPro)
datasets of both daytime and nighttime measurements. Recall that CPro datasets provides
feature type of “cloud” and subtype of “cirrus” or “deep convective cloud”
classifications. According to the quality statements of Version 3 CPro data, cloud
subtypes are defined by the International Satellite Cloud Climatology Project (ISCCP)
based on the combined measurements of cloud top altitude, cloud ice/water phase, cloud

opacity, and cloud fraction within an 80 km segment.
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Figure 4.1. Annual fractions of tropical (30°S-30°N) total clouds, cirrus clouds, and
deep convective clouds revealed in the CALIPSO CPro datasets.
Cloud fractions are the ratio of number of measurements classified as
cloud over total number of measurements; cirrus fractions are obtained
the same way except here we count the number of measurements
flagged as cirrus. So as convection fractions.
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Figure 4.1 shows the annual fractions of total clouds, cirrus clouds, and deep
convective clouds in the tropics (30°S-30°N) from 355 K to 400 K in bins of 2.5 K, as
measured by CALIOP. At each isentropic level, the total cloud fraction is the ratio of the
number of measurements indicating cloud over the total number of measurements at that
level throughout the entire year (December 2008 to November 2009). Cirrus cloud
fraction is obtained in a similar way, except by counting the number of clouds flagged as
cirrus at that level. Results show that the cloud fractions of all clouds and cirrus clouds
decrease with increasing height. Maximum cirrus fractions occur between 357 K and 362
K (around the TTL bottom), which is between 14.7 and 16.2 km, agreeing with other
works such as Eguchi et al. [2007], Nazaryan et al. [2008], and Riihimaki et al. [2010].
Through the entire TTL, cirrus frequency is close to cloud frequency, especially above
375 K where almost all clouds are categorized as of cirrus type, which agrees well with
common knowledge. Of the remaining clouds, most are deep convective clouds (dash-
dotted line). This result indicates that most of the clouds in the TTL are either cirrus or

deep convective clouds, which agrees with our discussion of cirrus formation in Section

1.
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Figure 4.2. Fractions of occurrence of TTL cirrus at four isentropic levels viewed from CALIOP. (a)
Annual fraction maps are plotted with fractions obtained on 4°x2° Lon-Lat grid boxes and a 3-
point smoothing from December 2008 to November 2009. (b) Monthly fractions at tropical
regions (30°S-30°N).

Figure 4.2 shows the fraction of occurring cirrus at four isentropic levels within
the TTL, as viewed from CALIOP. The annual fraction maps are plotted with fractions
obtained from 4°x2° Lon-Lat grid boxes and 3-point smoothing. To be noted that the
following fraction maps are all obtained in the same manner. From panel a, we see that
the highest fraction of occurrence of cirrus is collocated over the equatorial Africa,
tropical western Pacific, and northern South America throughout the TTL. This result is
consistent with many previous works, such as Massie et al. [2002], Dessler et al. [2006],
and Sassen et al. [2008, 2009]. Cirrus clouds occur more often in the lower TTL than in
the upper TTL, especially when the tropopause (375 K) is encountered where frequency

of occurrence drops down abruptly. This result agrees with previous studies such as
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Wang et al. [1996], Fu et al. [2007], and Massie et al. [2010]. The highest frequency of
cirrus is found over the tropical western Pacific near the bottom of the TTL (357 K). The
annual averages of fractions, represented by the total number of cirrus measurements
over total number of measurements, at 357 K, 365 K, 375 K, and 390 K are 0.20, 0.18,
0.11, and 0.07, respectively.

The monthly tropical (30°S-30°N) cirrus frequencies at different isentropic levels
show a similar trend, as the highest fractions occur during boreal winter and the lowest
occur during boreal summer. At and above the tropopause, starting in March, the
occurrence of TTL cirrus becomes less frequent until the end of October. At lower TTL,
occurrence of cirrus in May and July is heavily influenced by the Indian and Southeast
Asian monsoon, which makes the frequency higher than adjacent months.

Figure 4.3 shows the seasonal vertical fractions of cirrus clouds (panel b). In
order to best interpret the seasonal variations we also include total clouds fractions (panel
a) as well as temperature profiles (panel d). Cirrus clouds, as well as total clouds, occur
in the TTL following the same trend, in that they are most frequent during the boreal
winter (brown line) and least frequent during the boreal summer (red line). This agrees
well with many previous studies such as Mergenthaler et al. [1999] and Massie et al.
[2003, 2010]. The less frequent occurrence of cirrus in JJA can be attributed to both
warmer temperatures near the tropical tropopause and less frequent deep convections, and
vice versa [Reed and Vicek, 1969]. From our previous discussions we know that most of
the clouds in the TTL are cirrus clouds. This is further verified in panel ¢, where fraction
profiles of cirrus (dashed lines) and total clouds (solid lines) are similar throughout all

seasons at nearly all isentropes, especially above the tropical tropopause (375K). The
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seasonal variations in the temperature profiles shown in panel d present a trend opposite
of that of the cirrus occurrence: the lowest temperatures in DJF correspond to the highest
frequency of occurrence of cirrus, whereas highest temperatures in JJA correspond to the

lowest cirrus frequency.
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Figure 4.3. Seasonal fraction variations of total and cirrus clouds recorded in CALIPSO CPro datasets.
Yellow, purple, red, and blue represent season DJF, MAM, JJA, and SON, respectively.
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Overall, many distinct features of TTL cirrus can be found in CALIPSO
observations. They agree well with other datasets, which gives us confidence in using the
datasets provided for further analysis. Then, we are ready to identify those cirrus clouds

of convective origin.

4.2  Convective cirrus distributions revealed by CALIPSO
4.2.1 Overview of convective cirrus in boreal winter (DJF)

Cirrus clouds with IWCs higher than thresholds are categorized as of convective
origin. Here when we comparing IWC with thresholds, we converted CALIPSO cirrus
IWC from g/m’ to volume mixing ratio (ppm) using the temperature and pressure
provided from reanalysis data (see Appendix for details of converting). Figure 4.4 shows
the fraction maps of occurrence of TTL cirrus (first column) and convective cirrus in
boreal winter (DJF) at four isentropic levels, in which we apply both the T-Dependent
thresholds (second column) and MLS H,O thresholds (third column).  Within each grid
box, convective cirrus fraction is defined as the number of cirrus measurements identified
as of convective origin over the total number of cirrus measurements. The fraction maps

are obtained in the same manner as in Figure 4.2 a.



46

Total Cirrus Fraction Convective Cirrus Fraction
CALIPSO T-Dependent Identification MLS H20 Identification
Ci[DJF,max0.17] conCi[DJF,thld7.7,max0.28] conCi[DJF,thld5.0,max0.41]
30N ; - -

b3

A

e/ X{ ll‘i\
\l] ..
(&5
Ci[DJF,max0.57] conCi[DJF,thid9.1,max0.36]

)
’A‘ Zm

v
A}

bR\

60E 120E 180E 120W 60W 00 60E 120E 180E 120W 60W 0

Fraction Convective Ci Fraction

0.00 0.01 0.05 0.10 0.20 0.30 0.40 0.50 0.650.00 ~ 0.05 0.0  0.15 020 025 030 035 040  0.50

Figure 4.4. Cirrus and convective cirrus fraction maps from 2008 December to 2009 February. Fractions
are averaged on 4°x2° Lon-Lat grid boxes and 3-point smoothing has been applied to the grid
box averages. Three rectangles mark are three most enhanced convective cirrus regions:
equatorial Africa, tropical western Pacific, and northern South America.

At all isentropic surfaces, we observed highest fraction of boreal winter cirrus
occur in the same regions as in annual maps (Figure 4.2), but with enhanced values. This
supports our previous conclusion that cirrus occurrence during boreal winter contributed
much to the annual average, i.e., cirrus clouds occur more often during DJF (Figure 4.3).
Especially at the TTL bottom (~357 K), we observed a frequency maxima appear at the
tropical western Pacific, reaching to 61% within a 4°x2° Lon-Lat grid box. This agrees

well with results reported in Sassen et al. [2008].
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Throughout the TTL, both methods of identifying convective cirrus show the
same overall patterns as well as good quantitative agreement. In Figure 4.4, we also
found that continental regions have the most frequent occurrence of convective cirrus
clouds, which is consistent with the knowledge that deep convection occurs more
frequently over land. The fraction of occurrence of convective cirrus can be observed up
to 0.27, 0.30, 0.35 and 0.28 by applying the T-Dependent thresholds, respectively, from
357 K to 390 K.

Three most enhanced regions of convective cirrus are marked with rectangles on
fraction maps. They mainly reside in the regions with the most frequent total cirrus. The
frequency variations of convective cirrus by T-Dependent thresholds within three
rectangles are illustrated in Table 4.1. For comparison, we also averaged around the

tropic region (30°S-10°N).

Table 4.1. Regional frequency differences of convective cirrus by applying CALIPSO T-Dependent
thresholds at different isentropic levels (DJF).

Africa region western Pacific region South America region tropic region
3°E~38°E, 25°S-5°N  120°E-160°E, 20°S-10°N  70°W-40°W, 30°S-10°N 30°S-10°N
390K 12.1 % 10.3% 7.9% 8.5%
375K 23.2% 25.5% 24.1% 20.1%
365K 16.4% 15.5% 17.6% 13.1%
357K 12.5% 14.3% 11.9% 11.2%

From Table 4.1, at each level there is little regional difference as to the frequency
maxima. It can be found in western Pacific region at 357 K (14.3%) and 375 K (25.5%),
or South America region at 365 K (17.6%), or it can also be found in Africa region at 390

K (12.6 %). Note that the frequencies we obtained may depend on the area where boxes
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enclosed. But frequencies in each region all show a maximum at 375 K level, which
builds our notion that convective cirrus occur most frequently near the tropical
tropopause. This is further supported by the higher fraction averaged around the entire
tropics. Overall, from high to low the fractions show a vertical trend from 375 K, 365 K,
357 K, to 390 K.

For convective cirrus identified by the MLS H,O thresholds, the fraction maxima
appear in the same regions but show higher values, due to the fact that MLS H,O
thresholds are generally lower. For example, T-Dependent thresholds yield average
frequencies in tropic area from 30°S to 10°N of 11.2% (357 K), 13.1% (365 K), 20.1%
(375 K), and 8.5% (390 K), respectively. By applying the MLS H,O thresholds,
however, we find relatively higher occurrence of 12.9%, 16.7%, 22.6%, and 14.9%.
These differences can be considered a measure of the uncertainty of our calculations.

Note that we calculate a single threshold for the entire tropics, but different
regions might have different thresholds. For example, the water vapor content over
colder tropical western Pacific is lower (see Figure 3.2), meaning that the threshold there
should probably be lower. However, with no consideration of continent-land differences,
ocean convective cirrus clouds might be underestimated. Therefore, in our analysis the
fractions over western Pacific region might be higher.

Overall, the two sets of thresholds result in the similar distribution patterns of
cirrus clouds that are of convective origin. Since they are derived from different
perspectives, we cannot evaluate which method is better or worse. But the fact that they
generate approximately the similar thresholds supports they are both effective in

determining cirrus that must come from convection.
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4.2.2 Seasonal variations of convective cirrus

To examine the seasonal variations of the distribution of convective cirrus, we get
thresholds associated with other seasons first. Here we only derive T-Dependent
thresholds. Further verification from MLS observations is omitted here. Based on
previous section, the statistical effectiveness of the thresholds from both methods should
be the same.

From Section 3, the theoretical maximum amount of H,O that air at critical
temperature (T.) reaches to saturation is defined as our T-Dependent threshold
([H20(T,)]s, in ppm). Figure 4.5 shows the seasonal variations of T, and associated
[H20(T,)]s at different isentropic levels. T, and [H20(T,)]s are obtained at every 2.5 K
with the range from 357 K to 410 K throughout the entire seasonal cycle. The T profiles
show an apparent inversion from the lower TTL to the upper TTL, similar to the general
variation of temperature profiles (due to the change of radiative heating rates), except
here referring to temperatures from optically thin cirrus clouds. At any specific
isentropic level, the T, from high to low shows a trend from JJA, SON, MAM, to DJF,
representing the general temperature trend from high to low as expected. Thus, the
associated [H20(T,)]s decreases following the same pattern, i.e., the highest thresholds
always show in JJA and the lowest always show in DJF. An exception is noted at levels
above 405 K where limited observations of cirrus cloud lead to less significant
temperature analysis, statistically. From the figure, thresholds during JJA appear to be
the highest, mostly due to the Indian and South Asian monsoon effect, which brings a

large amount of moisture into the air.
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Figure 4.5. Seasonal variations of T-Dependent thresholds profiles. Critical
temperature (T.) in left panel and associated saturation volume

mixing ratio [HyO(T,)]s are obtained at every 2.5 K from 357 K to

410 K through entire season cycle.

With thresholds of all seasons ready, we investigate the seasonal variations of

convective cirrus. Figure 4.6 shows the seasonal fraction maps of convective cirrus
occurrence identified by applying corresponding thresholds separately. The DJF maps

are repeated from Figure 4.3. Regions of frequent convective cirrus are similar through

all seasons. We see a clear modulation by Indian and South Asian monsoon during
boreal summer, which drives the fraction maxima moving northward. Particularly over

the western Pacific, a large-scale seasonal migration of convective cirrus clearly shows in
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all isentropic levels. It shifts towards the north from DJF to JJA and then shifts back to

the south.
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Figure 4.6. Seasonal map of convective cirrus fractions from 2008 December to 2009 November. The
same, fractions are obtained on 4°x2° Lon-Lat grid boxes, and a 3-point smoothing has been
applied to the grid box averages.

During JJA, we observe frequent occurrence of convective cirrus in the Tibetan
Plateau at all levels due to the monsoon effects. This is expected because tropospheric
convection, driven by elevated surface heating over Tibetan Plateau, usually develops

deeper and reaches to higher altitudes during boreal summer [Fu et al., 2006]. A similar
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enhancement along the eastern coast of North America can be attributed to moist
convection increasing during North American monsoon as well [ Weinstock et al., 2007].

Note that the frequency maps of convective cirrus depend on not only the
occurrence of convective cirrus (the numerator) but also the occurrence of total cirrus
clouds (the denominator) in each gridded averaging box. Therefore, the frequency values
are highly dependent on the box sizes. But the general patterns should be consistent
regardless of the size of the averaging boxes.

Table 4.2 summarizes the seasonal mean frequencies of occurrence of convective
cirrus in the tropics. Unlike the tropical averages obtained for DJF, for seasonal
variations we calculate averages around the entire tropics from 30°S to 30°N. At each
isentropic level, convective cirrus occur more frequently during boreal winter and less
frequently duing boreal summer, basically following the trend from DJF, MAM, SON, to
JJA. One exception is at 390 K, where convective cirrus frequency is higher in JJA than
in SON. This might be due to the small amount of thin cirrus observed at this level,

which leads to uncertainty in the threshold, as we will discuss later.

Table 4.2. Seasonal fraction variations of convective cirrus around the tropics (30°S to 30°N) by applying
the T-Dependent thresholds.

DJF MAM JJA SON
390 K 8.3% 8.1% 6.1% 5.6%
375K 19.2% 12.4% 4.6% 6.5%
365K 12.8% 9.4% 7.7 % 7.9%
357K 10.9% 8.9% 6.1% 7.7%

Luo and Rossow [2004] showed that at least half of the tropical cirrus are not

directly related to convective detrainment. A study by Rihimaki and McFarlane [2010],
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using 3 years of CALIPSO Cloud Layer data, revealed that 36% of cirrus clouds with
base heights greater than 14 km are directly attached to optically thick clouds, by which
they define as convective clouds. Apparently, we are getting lower frequencies than
previous studies. This is because our thresholds produce a lower limit for the fraction of
cirrus from convection. Those convective cirrus clouds that form with the amount of
injected ice below our thresholds and those clouds that thinned out eventually cannot be

identified by our thresholds.

4.3 Sensitivity analysis of the thresholds

In this section, we perform a sensitivity test to see how sensitive our results are to
the threshold. For simplicity, we only perform the sensitivity test of CALIPSO T-
Dependent method on boreal winter data. The results will show the same trend if we
perform on the MLS H,O thresholds.

We applied +/- 20% variability of the thresholds to the three most enhanced
regions marked in Figure 4.4 and the entire tropics at all levels to test their sensitivity to
the final results. Figure 4.7 demonstrates the sensitivity of results to the changed
thresholds. At all regions investigated, 375 K level has the most robust threshold due to
the least variations when we changed the thresholds (cyan lines). At 375 K, when
threshold changes from -20% to +20% to the original calculated values, the frequencies
deviated relatively by +22% to -14%, +18% to -12%, +16% to -10%, and +21% to -11%
for the box region over equatorial Africa, western Pacific, South America, and the entire
tropics, respectively. For example, within the box marked in equatorial Africa, the

original threshold is 5.8 ppm and the convective fraction is 23.2%. When we decrease
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the original threshold by 20% to 4.6 ppm, the mean convective cirrus frequency increases
by 22% to 28.3%; when we increase the thresholds by 20% to 7.0 ppm, the convective
frequency decreases by 14% to 20.0%.

Figure 4.7 also shows that our results vary less at 365/375 K and more at 357/390
K with changed IWCs and thresholds. This is because 365 K and 375 K are well suited
within the TTL, where our methods are designed to be qualified in identifying cirrus of
convective origin. The 357 K is close to the TTL bottom where air features appear more
likely to be troposphere, so our methods show relatively less effectiveness. The 390 K is
the most sensitive to uncertainty in the threshold, especially over the box region in
equatorial Africa, where the mean frequency of convective cirrus increases by 28% when
threshold decreases by 20%. Meanwhile, when we increase threshold by 20%, the mean
frequency decreases by 21%. Part of the reason may be attributed to the smaller amount
of thin cirrus measurements in 390 K, which makes our results of critical temperature
(T,) statistically biased. Aware of the fact that our methods are based on statistical
analysis of TTL air, the less effective ability of our methods due to limited data at 390 K

are still tolerable.
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Figure 4.7. Sensitivity analysis of thresholds on three most enhanced regions of convective cirrus and the
entire tropics.

We also found that when we applied the same variability on the threshold, either
decrease 20% or increase about 20%, we see the final results deviated much more when
thresholds are decreased. For example, when thresholds decrease about 20%, the
prominent deviation from original results will tend to be 20-30%; when we increase the
thresholds about the same extent to 20%, the deviation is just 10%-20%. This also shows
that our thresholds are indeed the upper limits. Since they are already the highest value,

increasing does not affect the final results too much.

44  Summary
In this section we examined the fractions of cirrus as well as that of convective

cirrus. As expected, total cirrus and convective cirrus mainly occur in the three most
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enhanced regions of convection: the tropical western Pacific, equatorial Africa, and
northern South America. Applying the T-Dependent thresholds and MLS H,O thresholds
reveal similar patterns of results. Within the TTL, convective cirrus occurs most
frequently at 375 K, the classic level of tropical tropopause. Overall, convective cirrus
occur more often in boreal winter and less in boreal summer. Performing the sensitivity
test we found 375 K has the most reliable and robust thresholds and 390 K has the most

uncertain ones.
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S. SUMMARY AND FUTURE WORK

In this study we analyzed that in situ nucleation and convective anvil blow-off are
responsible for TTL cirrus formation. Given that, for a cloud formed in situ, ice water
content (IWC) cannot exceed the amount of water vapor (H,O) available in the ambient
air. We developed two methods to infer this amount of H,O, which serves as our
threshold. The first method yields the thresholds from direct observation of H,O in clear
air by the MLS instrument, which we call the MLS H,O thresholds. The second method,
using CALIPSO datasets, generates the threshold based on statistical analysis of the
temperature of air in which in situ cirrus are found. We call it the T-Dependent
thresholds. The thresholds from both methods match well, which builds our confidence
in the methods we developed.

Applying the T-Dependent thresholds on CALIOP measurements from December
2008 to February 2009, we found that at least 20.1% of the tropical (considering 30°S-
10°N) cirrus was definitively of convective origin at the tropopause (375 K). At lower
levels, the TTL bottom (357K), and half way (365K) from bottom to the tropopause, at
least 11.2% and 13.0% of cirrus must come from convective anvil detrainment in the
same season, respectively. Above the tropopause at 390 K, we found only 8.5% were
definitely of convective origin.

At each level, we found frequency maxima of occurring convective cirrus appear
in three regions: western Pacific, equatorial Africa, and South America. The frequencies
vary regionally with highest value seen in the Western Pacific (357 K and 375 K),

Central Africa (390 K), or South America (365 K). See Table 4.1 for a review.
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There is an obvious seasonal variation of occurrence of convective cirrus.
Averaged over the entire tropics (30°S to 30°N), we found convective cirrus occurs more
frequently in boreal winter and less frequently in boreal summer, basically following the
decreasing trend from DJF, MAM, SON, to JJA (Table 4.2). Our results show clear
modulation by Asian summer monsoon and North American monsoon, which drives the
maxima in total cirrus as well as in convective cirrus northward during boreal summer.
This agrees well with many previous studies [e.g., Massie et al., 2010].

Sensitivity tests show that the thresholds derived at 390 K have the largest
uncertainty. This is because cirrus clouds occur less frequently at this height, and the
limited observation results make our statistical results less significant. At lower levels,
especially 375 K, our thresholds are robust.

Many previous studies have focused on the relationship between cirrus occurrence
and deep convection. They compared cirrus observations with either outgoing longwave
radiation (OLR, deep convection proxy) [Massie et al., 2002] or convection observations
from radar [Sassen et al., 2009] to find the connection between them. Much of the
previous results are consistent with ours, which adds confidence to our results.

It is important to recognize that our methods produce lower fractions of cirrus of
convective origin because we are using the upper limits to identify convective cirrus.
Besides, situations like 1) convective cirrus may be injected into the TTL with values of
IWC below the threshold, and 2) the clouds could thin out with time and eventually reach
IWC values below the threshold are not taken into consideration in our methods. Thus,
the clouds that are not identified as convective cannot be assumed to have formed in situ.

Instead, these clouds must be considered to have an uncertain origin.
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For the next step in this research effort, we are planning to run a forward-
trajectory model of the TTL to see if such a simple model can reproduce the observations.
Comparisons of observations to the model will provide a fundamental test on the fidelity
of the model simulations and a test of our understanding of the TTL. In particular,
differences between observations and the model can be used to help us understand the
shortcomings of models and give us insights into how air is processed in the TTL.

This model will provide insights to the roles that supersaturation and convection
play in determining the occurrence patterns of TTL cirrus. This model estimates the
location of in situ cirrus where relative humidity along the trajectory exceeds a specified
threshold for condensation (100% for saturation or higher for supersaturation). When
convective scheme is added, this model also predicts the convective cirrus. By varying
the model parameters, we can see how that affects the locations of cirrus occurrence.

The results of the model’s simulations of clouds can then be compared to the
results we have obtained. We will also compare the model’s prediction for TTL and
lower stratospheric water vapor to MLS measurements to make sure that these are

reasonable.
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APPENDIX

1. About the new ice saturation relation from Murphy and Koop (2005).

Using new laboratory data on the molar heat capacity of supercooled water as
constraints, Murphy and Koop [2005] formulated a new expression for the vapor pressure
over (hexagonal) ice, which presents a much better fit than previous formulations. The
new relation is as following

esi = exp(9.550426 — 5723.265/T + 3.53068 In(T) — 0.00728332 T) (in Pa)
This formula is suitable for saturation vapor pressure with respect to ice of temperatures

below -80°C.

2. Converting IWC from mg/m’ to volume mixing ratio in parts per million (ppmv).
g g g parts p

IWC(mg | m*)x—&_ /18.016(g / mol)
1000mg 6
[UWC(ppmv)] = x10

Pres(hPa) x 100Pa
1hPa

8.314(J /(mol - K))x Temp(K)
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