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Abstract

The radiative role of ice clouds in the atmosphere is known to be important, but un-
certainties remain concerning the magnitude and net effects. However, through mea-
surements of the microphysical properties of cirrus clouds, we can better characterize
them, which can ultimately allow for their radiative properties to be more accurately
ascertained. It has recently been proposed that there are two types of cirrus clouds —
in situ and liquid origin. In this study, we present observational evidence to show that
two distinct types of cirrus do exist. Airborne, in situ measurements of cloud ice water
content (IWC), ice crystal concentration (N,,.), and ice crystal size from the 2014 ML-
CIRRUS campaign provide cloud samples that have been divided according to their
origin type. The key features that set liquid origin cirrus apart from the in situ origin cir-
rus are a higher frequency of high IWC (> 100 ppmv), higher N, values, and larger ice
crystals. A vertical distribution of N, shows that the in situ origin cirrus clouds exhibit
a median value of around 0.1cm™, while the liquid origin concentrations are slightly,
but notably higher. The median sizes of the crystals contributing the most mass are less
than 200 um for in situ origin cirrus, with some of the largest crystals reaching 550 um
in size. The liquid origin cirrus, on the other hand, were observed to have median di-
ameters greater than 200 um, and crystals that were up to 750 um. An examination of
these characteristics in relation to each other and their relationship to temperature pro-
vides strong evidence that these differences arise from the dynamics and conditions in
which the ice crystals formed. Additionally, the existence of these two groups in cirrus
cloud populations may explain why a bimodal distribution in the IWC-temperature rela-
tionship has been observed. We hypothesize that the low IWC mode is the result of in
situ origin cirrus and the high IWC mode is the result of liquid origin cirrus.
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1 Introduction

Despite the difficulties and uncertainties associated with measuring and parameter-
izing cirrus cloud properties and the complex processes involved, the fact that cirrus
clouds are a key component in the Earth’s radiative budget is well established. Numer-
ous studies have demonstrated the intricate details involved in putting together a com-
plete and accurate portrayal of the radiative properties of cirrus clouds. For example,
analyses have reported on the sensitivity to ice crystal sizes, shapes, and concentra-
tions, cloud top height, optical depth, etc. and how these factors change within and be-
tween regions of the globe (e.g. Stephens et al., 1990; Jensen et al., 1994; Heymsfield
and McFarquhar, 1996; Zhang et al., 1999). However, as Boudala et al. (2002) point
out, models still typically use parameters like fixed ice crystal sizes or other values
that are inappropriate for global application of radiative calculations in Global Climate
Models (GCMs). Thus, it is not surprising that questions still remain in regard to the
magnitude of the radiative role of cirrus clouds.

In situ observations and subsequent analyses of cirrus microphysical properties such
as ice water content (IWC), ice crystal concentration (Ni,), and ice crystal size con-
tribute to the construction of a more accurate characterization of cirrus clouds by pro-
viding values that are the basis for creating and validating parameterizations devel-
oped for GCMs. These three properties are found to vary naturally over several orders
of magnitude (Luebke et al., 2013; Schiller et al., 2008; Kramer et al., 2009; Lawson
et al., 2010; Heymsfield et al., 2013), therefore it is more reasonable and useful to
explore them in the context of their relationship to other environmental variables (e.g.
temperature). This in turn allows us to infer other information such as the mechanism
of ice crystal formation and growth and go on to develop classifications of cirrus clouds
based on these relationships.

An analysis of a large database of cirrus data from Luebke et al. (2013) showed
that there is a bimodal frequency distribution of IWC as a function of temperature.
They hypothesized that the two modes are representative of the two formation path-
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ways of cirrus ice crystals, homogeneous and heterogeneous nucleation. Both modes
are observed over the complete cirrus temperature range, and the peak values of the
modes increase with temperature. Furthermore, the low and high IWC modes corre-
spond to respective N,,. A bimodality is also commonly observed in ice crystal size
distributions. Studies such as Muhlbauer et al. (2014) reported that two populations of
ice crystals were observed in particle size distributions (PSDs) from the Small Parti-
cles in Cirrus (SPARTICUS) campaign. They found a narrow small-particle mode and
a broader large-particle mode (usually between about 40 and 100 um). However, this
bimodality was not consistently evident. Further, they found that subtropical and anvil
cirrus types were more likely to display a bimodal PSD, while ridge-crest and frontal cir-
rus PSDs were more typically monomodal. Zhao et al. (2010) also observed bimodal
size distributions in cirrus in their ground-based remote sensing data from the Atmo-
spheric Radiation Measurement (ARM) site near Lamont, Oklahoma. It was orginally
suspected that the small ice crystal mode seen in the airborne measurements was
simply an artifact resulting from shattering of large crystals on in situ instrumentation,
but they found that this was not the case. While there were inconsistencies between
their N, measurements and those from airborne instrumentation, they did find that
a bimodality was frequently observed in warm cirrus clouds (T > 243 K) but was rare at
temperatures below 223 K.

While continuing our efforts to better understand and characterize the microphysical
properties of ice clouds with the concept of two modes in mind, one of our lingering
questions has been in regard to the high IWC values that have been observed as
a function of temperature (see Luebke et al., 2013). In the recent work of Kramer et al.
(2015), various cirrus production and development scenarios are discussed. These
scenarios are explored through extensive and detailed modeling work from a micro-
physics box model, MAID (Model for Aerosol and Ice Dynamics), and compared to in
situ observations from several airborne campaigns. However, the frequently observed
high IWC values in combination with high N, are not represented in the model simula-
tions, thus indicating that “classic” cirrus microphysics does not lead to such conditions.
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One feature that is not included in the MAID model is the possibility for preexisting ice.
Preexisting ice means that the ice crystals are formed in the mixed phase regime at
warmer temperatures (7 > 235K), but are eventually incorporated into a cirrus cloud
where they contribute to the overall microphysics. This pathway could lead to a cirrus
cloud that contains many, large crystals and thus the high IWC values, particularly if
the ice crystals first developed in an environment that allows them to grow larger.

The analysis presented here follows from Krdmer et al. (2015) by using observational
evidence to further explore and explain the two distinct types of cirrus proposed — in
situ and liquid origin cirrus clouds. Krdmer et al. (2015) used model results and a more
broad campaign-case method to introduce this concept. The following study seeks to
demonstrate the existence of these two cirrus cloud types by delving more deeply into
how the microphysical properties differ from one type to the other. Specifically, we focus
on IWC, N,.., and ice crystal size. This is especially important for fully understanding
cirrus clouds and how they should be properly represented in modeling scenarios as
changes in microphysical properties will affect the radiative properties of cirrus clouds,
both locally and globally.

2 Cirrus cloud origins

Cirrus analyses often categorize naturally occurring, non-aviation induced cirrus clouds
into two groups based on the meteorology associated with their development — synoptic
cirrus and convective or anvil cirrus. However, the recent study from Kramer et al.
(2015) introduced an updated classification of these two types which instead refers
to their origin — in situ and liquid. By default, the meteorological classification is also
embedded within this classification, but with some modification. For example, parts of
the cirrus clouds that develop as a result of warm conveyor belt systems as well as
convective/anvil cirrus are classified as liquid origin cirrus. The reasons for doing so
are explained in the following paragraphs.
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Cirrus clouds whose ice crystals have formed and grown within an ice cloud only
environment (T < 235K) are referred to as in situ origin cirrus clouds. This definition
is also used by Kramer et al. (2015). These clouds form via heterogeneous and ho-
mogeneous ice nucleation whereby an air parcel rises and cools to a point at which
a freezing threshold is crossed and ice crystals can form and continue to grow as con-
ditions allow. The freezing threshold is determined with respect to ice nuclei in the case
of heterogeneous freezing or with respect to the homogeneous freezing threshold. This
process is simply illustrated in the schematic shown in Fig. 1, left. In situ cirrus clouds
may also be observed at temperatures greater than 235K in the form of fall streaks,
i.e. where large ice crystals have sedimented to lower altitudes/higher temperatures.
However, this phenomena was not observed in the dataset used for this analysis.

Cirrus clouds whose ice crystals originally formed as liquid drops lower in the atmo-
sphere (T > 235 K), which subsequently froze while being lifted into the cirrus temper-
ature region of the atmosphere, are referred to as liquid origin clouds (Fig. 1, right).
This difference is important because liquid and mixed phase clouds develop and are
controlled by different microphysical processes, such as the mechanism described by
the Kdéhler equation, than those found in ice-only atmospheric environments. These
warmer clouds exist in a regime that supplies a greater amount of water vapor for
cloud particle formation and growth. Futhermore, the population of effective cloud con-
densation nuclei (CCN) can result in clouds with many liquid cloud particles. Hetero-
geneous drop freezing will be triggered in those particles containing an insoluble ice
nucleus. Homogeneous drop freezing is also possible but will only occur at —38°C if
supercooled liquid droplets still remain. These conditions also allow for other growth
mechanisms, such as aggregation and riming, that are not typically seen in the cir-
rus environment. As shown in Fig. 1, we suggest that if the vertical motion is strong
enough, any existing ice crystals or liquid droplets can also be lifted into the cirrus
environment. Any ice crystals or frozen liquid drops observed within this space would
then be identified as a cirrus cloud regardless of their origin. Additionally, liquid origin
cirrus clouds can be connected to in situ origin cirrus clouds. If the conditions allow for
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it (i.e. if the supersaturation reaches the homogeneous freezing threshold), nucleation
events producing small ice crystals may take place in addition to the existing, large lig-
uid origin cirrus crystals. This cirrus origin type is where convective cirrus is classified.
The uplift mechanisms associated with warm conveyor belt cirrus and, in some cases
lee wave induced cirrus, also make these clouds good candidates for inclusion in the
liquid origin category.

3 ML-CIRRUS 2014

The primary dataset used for this study comes from the recent ML-CIRRUS campaign,
which took place in the spring of 2014. The campaign was based out of Oberpfaf-
fenhofen, Germany using the HALO aircraft and comprises 16 flights in total covering
various locations over the European continent (Voigt, 2015). Only 13 flights are used in
the analysis presented here. The remaining three flights have been excluded from our
analysis because they were aimed at sampling pure contrail/aviation induced cirrus or
liquid clouds.

3.1 Measurement of ice crystal properties: NIXE-CAPS particle spectrometer
3.1.1 Instrument description

The instrument used in this study is a version of the Cloud Aerosol and Precipitation
Spectrometer (CAPS) that was developed in 2001 to measure the properties of cloud
and aerosol particles (Baumgardner et al., 2001). The CAPS is a combination probe
that integrates two techniques for measuring the particle size distribution (PSD): the
PSD of particles 0.6 to 50 um in diameter is measured with the Cloud and Aerosol
Spectrometer (CAS) using light scattered from individual particles that pass through
a focused laser beam. For measurements of particles 15—-930 um in diameter, the
Cloud Imaging Probe (CIP), which utilizes the the optical array probe (OAP) technique,
is used. The new version of CAPS, operated by Forschungszentrum Jilich, is called
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NIXE-CAPS (Novel Ice eXperimEnt-CAPS) and is described in more detail by Meyer
(2012).

The improved features of the new instrument are briefly described here. Both the
CAS and CIP are now equipped with the “particle-by-particle” option, meaning each
particle is recorded with its own time stamp. This option makes a particle interarrival
time analysis, and therefore the removal of most shattered ice crystal fragments, possi-
ble (Field et al., 2006). Additionally, the CIP has been upgraded to imaging at a higher
resolution with three gray-scale levels (CIP-Grayscale), which improves the discrimina-
tion of out of focus particles.

The CAS has undergone several modifications as well. Firstly, the inlet tube, which
originally had a stepped, slight expansion, has been replaced by a completely straight
tube to ensure that the velocity in the inlet equals the aircraft speed so that the particles
are sampled nearly isokinetically. Secondly, the entry of the CAS inlet tube has been
sharpened to a knife edge to minimize the area susceptible to shattering of ice particles.
Lastly, a new detector was implemented that allows the separation of spherical from
non-spherical (aspherical) shapes (CAS-DPOL). Briefly, it measures the intensity of
the parallel and perpendicularly polarized components of the scattered light caused by
single atmospheric particles (see Baumgardner et al., 2014, for more details).

In addition to the instrument improvements, a data processing library (NIXE-Lib) was
developed for fast and precise simultaneous data analysis of the NIXE-CAPS measure-
ments, which has been described in Meyer (2012). A flowchart of the NIXE-Lib is shown
in Fig. 2, where all subsequent standard data processing procedures are displayed, in-
cluding time synchronization of the measurements, velocity correction, corrections of
particle counts, particle sizing (D,: optical equivalent diameter for CAS-DPOL, area
equivalent diameter for CIP-Grayscale), interarrival time analysis, and finally calcula-
tion of the particle concentrations (dN: particle concentration per size bin, N,: total
ambient particle concentration; the true air speed (TAS) is used for the calculations),
and the PSDs (dN/dlog D,) for CAS-DPOL and CIP-Grayscale.
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The sphericity classification is performed for the size range 3-50 um by using the
polarization channel of the CAS-DPOL (see also Costa et al., 2016) and for sizes 70—
240 um from CIP-Grayscale measurements using the habit identification algorithm of
Korolev and Sussman (2000).

As a last step, the PSDs of CAS-DPOL and CIP-Grayscale are merged into a single
PSD covering the range of 0.6 to 930 um. Henceforth, the size bins up to 20 um are
taken from the CAS-DPOL and those larger than 20 um from the CIP-Grayscale. This
threshold is used since the CIP-Grayscale has a larger sampling volume than the CAS-
DPOL, thus providing better particle sampling statistics. Particles larger than 3 um in
diameter are classified as cloud, while the smaller particles are considered aerosols.

3.1.2 IWC from NIXE-CAPS measurements

During ML-CIRRUS 2014, the IWC is derived from the PSD information from NIXE-
CAPS by integrating the particle mass in each size bin. The mass-dimension relation
that we used for the different sizes is based on Mitchell et al. (2010) since it was de-
veloped using a good agreement between aircraft measurements (during the Tropical
Composition, Cloud and Climate Coupling mission, TC4). Namely, this IWC derivation
comes from PSD measurements using another type of optical array probe, 2D-S (with
interarrival time correction to remove shattered particles), and simultaneous measure-
ments with a CVI (Counterflow Virtual Impactor). The Mitchell et al. (2010) relationship
is

m=a-DP (1)
where m is ice particle mass in mg and

a=0.082740, b=2.814 for D <240pum

a=0.001902, b=1.802 for D >240um
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As shown in Fig. 3, we modified the relationship for ice crystals with D < 240 um so that

for D<10um crystals are spheres
for D=10-240pm a =0.058, b=27
for D >240um a =0.001902, b =1.802

This modification is derived from an inspection of the sphericity of the ice crystals (see
previous section), which shows that there are many spherical ice particles present
during the campaign, especially at the smaller sizes.

3.1.3 Nijce and Rjce from NIXE-CAPS measurements

N, and mass mean radius (R;,,) observations for this analysis also come from the
NIXE-CAPS. R, in um is calculated with

et lewC 3 '8

R.
Ice Nice 4,,l,p

()

where IWC is in mgm™2, Nie is in cm™2, and p is 0.92gcm™>. Note that Rice is Only
discussed in Sect. 4.2 and is used for consistency in a discussion that includes a figure
taken directly from Kramer et al. (2015). Elsewhere in the paper, ice crystal sizes are
referred to in diameter.

3.1.4 Modal mass diameter

The primary ice crystal size variable used in this analysis is modal mass diameter

(Dice,mode)- This variable is calculated by considering the observed ice crystal size dis-

tribution for each time step. The mass in each size bin is calculated by making a sim-

plified assumption that all crystals are spheres. Then, the bin size where the maximum

amount of mass is located is determined to be the modal mass size. It is worth con-

sidering this variable in addition to the traditionally used size variables, such as R,
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because we are interested in visualizing large particles and determining whether those
particles are in fact related to very high IWC values.

3.2 Origin classification

In order to categorize each ML-CIRRUS flight, or flight segment when appropriate, by
origin type, information from the CLaMS-Ice model was used. A detailed description of
the model can be found in Rolf et al. (2016), but is briefly discussed here. The Chemical
Lagrangian Model of the Stratosphere (CLaMS; McKenna et al., 2002; Konopka et al.,
2007) performs a back trajectory analysis using location information from the aircraft
along the flightpath (time, location) and ECMWF operational analysis data. The trajec-
tories are performed over a time frame specified by the operator. Next, the CLaMS-Ice
model is run in the forward direction and uses the two-moment box-model developed
by Spichtinger and Gierens (2009) to simulate cirrus cloud development. This mod-
eling scheme only considers those trajectories that end at T < 235K. If a part of the
trajectory existed at T > 235 K before crossing into the colder cirrus environment, then
it is possible for the forward model to be initialized with preexisting ice from mixed-
phase clouds, if present. Whether or not preexisting ice exists is determined by the
IWC values found in the ECMWF data.

The resulting simulated clouds show a clear difference between the two origins. An
example of each origin type is shown in Fig. 4. The flights from 7 and 11 April were
chosen to represent in situ and liquid origin clouds, respectively. The figure illustrates
the location of the aircraft in terms of the distance flown and pressure, and is marked
with a solid black line to form a flight track. The simulated clouds are depicted in a cur-
tain format using the IWC values calculated by CLaMS-Ice at each point along the
flight track. Grey areas appear for T < 235 K. The liquid origin cirrus clouds (top) are
found at lower altitudes (higher pressures) and exhibit a very high IWC (on the order of
100 ppmv) consistently throughout the base of the cloud. They are easily identfied by
eye due to the bright orange colors. On the other hand, the in situ origin clouds (bot-
tom) are found at higher altitudes. The simulations show a more cellular appearance to
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the cloud structure and IWC values that are lower than their liquid origin counterparts.
These clouds are also observed on top or to the sides of the liquid origin cirrus, which
is also illustrated by the 11 April flight in Fig. 4.

We were able to use this information along each of the flight tracks to determine
whether the flight or individual flight segments represent in situ or liquid origin cirrus.
Flights and flight segments were then divided accordingly. Temperature criteria were
also applied to the classification. For the in situ origin cases, only cirrus sampled at
T < 235K are considered. Clouds warmer than this temperature are likely to be influ-
enced by mixed-phase cloud microphysics. Thus, for the liquid origin cases, the tem-
perature range is extended to capture that influence and ice-only clouds at 7 < 250K
are considered. Clouds above that temperature threshold are likely to be mixed-phase
(containing both ice and liquid) and were not used in this analysis. Additionally, N
information from NIXE-CAPS was considered to aid us in determining in-cloud flight
segments and for visualizing characteristics of the clouds that were sampled.

The classification scheme was also validated using a different method based only
on the trajectory information from the CLaMS model and without the visual cues like
those shown in Fig. 4. A trajectory is classified as liquid origin if: (1) it contains ice at
the beginning of the trajectory that does not dissipate before reaching the flightpath,
(2) if the first valid temperature of the trajectory is warmer than 235K, and (3) if the
flightpath at the time of observation is at a higher altitude than the 500 hPa level. The
trajectories classified as in situ must satisfy one of the following criteria: the trajectory
does not contain ice water at the beginning, or if it does, it must first appear at a temper-
ature colder than 235K or must evaporate before the trajectory reaches the flightpath
if it began at a temperature warmer than 235 K. Good agreement was observed be-
tween the classification used in this analysis and the trajectory-based scheme. This
demonstrates the robustness of our classification.

Seven flights were found to contain in situ origin cirrus only and two flights contain
liquid origin cirrus only. Four flights contain a combination of both origin categories
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and have therefore been divided into respective segments. This information is listed in
Table 1.

4 Microphysical properties of in situ and liquid origin cirrus
4.1 |WC differences

As stated in the introduction, our work until this point has focused primarily on the re-
lationship between IWC and temperature. Thus, we begin our exploration of these two
cirrus types by looking at this particular relationship, as shown in Fig. 5. It is already
possible to see from this figure that our hypothesis concerning the difference in IWC
magnitude between the two origins can be demonstrated. As illustrated by the distri-
bution relative to the median line (in solid black), the most frequent IWC values (darker
colors) found in liquid origin cirrus are higher than those observed in the in situ origin
cirrus clouds. The next sections take a more detailed look at how the microphysics
of the two cirrus types differ, the mechanisms that can potentially explain those differ-
ences, and underscoring that two distinct cirrus types do indeed exist.

4.2 IWC, Nice, and Rice

While IWC, N, and R, are often investigated individually, this analysis considers all
three variables together, as shown in the two top panels of Fig. 6. This representation
was first used in Krdmer et al. (2015) and the top, left panel of Fig. 6 comes directly from
their article. The plots show N, as a function of R, with the colors representing IWC.
The black lines in the plot also denote IWC, but represent a value that is calculated
using Eq. (2). Comparing the plots side by side, one of the most obvious differences is
once again (as in Fig. 5) that the highest IWC values are found in the liquid origin cirrus.
Also, the high IWCs occur in combination with higher N, values than in the in situ
origin cirrus, which is a key indicator of liquid origin cirrus. Additionally, the R, values
observed in the liquid origin cirrus cases occasionally exceed 100 um in radius, while
34255
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the R, values in the in situ origin cirrus cases begin to taper off above approximately
75 um in radius.

Another feature that should be noted is the high N, values at small R;,, and low IWC
values that are exhibited in the in situ origin panel. These data are likely to be the result
of aviation induced cirrus (see also Kramer et al., 2015). Although they are also ice
clouds, aviation induced cirrus clouds, or contrails, develop in different environmental
conditions than naturally occurring cirrus clouds and display different microphysical
properties as a result. This includes lower IWC values, high N, and quite small ice
crystals between about 10—-20 um in diameter. For that reason, it is more appropriate to
consider and analyze this type of cirrus separately. In the study presented here, aviation
induced cirrus were not filtered out due to the complexities of doing so, particularly
since contrails are often embedded within naturally occurring cirrus. However, within
the NIXE-CAPS ice crystal data set, there are some instances in which we can observe
a strong contrail signal occurring during flight legs around 210K, which is the average
temperature at the cruising altitude for commercial aircraft in the midlatitudes. Thus, we
have an indication of which flights are more representative of aviation induced cirrus
as well as how the microphysical properties of those segments appear. Any strong
features resembling those found in aviation induced cirrus should be explored with
some amount of caution as they may be the result of contrail samples.

From the plots in the top panels alone it is difficult to say anything about the fre-
quency with which these observations have occurred. For this purpose, we can look at
the bottom two panels of Fig. 6. The same information from the top panels is presented
regarding N,.. and R, except the colors represent the frequency of observation in-
stead of IWC. However, the IWC information is not completely lost as the IWC lines
provide a rough indication of the expected IWC. Here, the differences between these
two cirrus types become more clear. Not only are the upper bounds of IWC and R,
reaching higher and larger values, respectively, in the liquid origin case, but the overall
distribution is shifted to higher INC, N, and R, values in terms of where the high-
est frequency observations are occurring. For example, the most frequently observed
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IWC for in situ origin cirrus are 1-10 ppmv, while the most common liquid origin cirrus
lie between 10 and 100 ppmv. Also, for the same N, value, R, values are shifted to
larger sizes in the liquid origin cirrus relative to the values in the in situ origin cirrus.

4.3 IWC, Nice, and Dice,mode

Another way of looking at the size of the particles is by considering the D.q moqe instead
of Ri.e. Figure 7 shows the same IWC and N, as Fig. 6, but now with Di,o 10qe @S
the size parameter. An advantage to looking at the sizes of the crystals contributing
the most mass is that the differences between the cirrus types become more clear.
For example, the fact that there are more high IWC values in the case of liquid origin
cirrus than in the in situ origin cirrus becomes more obvious given the abundance of
the orange and red colors. Also, we can see that D, ,,qe Values reach approximately
550 um in the in situ origin cirrus, but extend out to approximately 750 um for the liquid
origin cirrus. This provides a visual link between the high IWCs and large crystals.
Furthermore, a relationship between N, and the range of Dj,, moqe Values appears in
the liquid origin cirrus. As N, increases, the upper bound of Dis, moqe also increases.

For example, at 0.01cm™, the largest Dice moge Values are around 500 um while they
are up to 750 um for concentrations of 0.5 cm™3. The relationship between size and
concentration as well as possible explanations for the PSDs in each origin type are
discussed in more detail in Sect. 4.4.2.

4.4 Ice crystal properties: vertical and temperature profiles of
concentration and size

We have already shown that there is a variability of IWC as a function of temperature
and that there are differences in this variability and the magnitude of the IWC values
between origin types. Also, we have determined that there are differences in the con-
centrations and sizes of the ice crystals. In the following sections, we examine the ice
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crystals in a profile format in order to better examine these differences as well as look
for information concerning the mechanisms involved.

4.41 \Vertical profiles

Figure 8 illustrates the vertical profiles of N, and D;;q moge fOr in situ origin cirrus and
liquid origin cirrus. Median values of each variable were calculated for 500 m altitude
intervals along with the lower and upper quartiles (horizontal lines). Starting with the
top panels, it is clear that the N, values in the liquid origin cirrus type are larger than
those in the in situ origin cirrus type by up to nearly an order of magnitude depending on
the altitude. The ranges between the lower (LQ) and upper quartiles (UQ) also reveal
another difference. This range is larger for in situ origin cirrus than for most of the liquid
origin cirrus. The median values in the liquid origin are consistently greater than the
midlatitude modal value of 0.1 cm's, which we use here as a guideline, whereas the in
situ origin values are distributed around the modal value.

The bottom panels also demonstrate a clear difference between these origin types in
terms of their Dice moqe- Nearly all of the median values in the in situ origin type are less
than 200 um, while the opposite is true in the liquid origin case. The range between the
LQ and UQ is mostly narrower in the in situ origin cirrus compared to the liquid origin
cirrus. As for trends in D;ce moqe @s @ function of altitude, it is demonstrated there is not
a clear trend for in situ origin cirrus, but D;; moqe i decreasing with increasing altitude
in liquid origin cirrus, which is likely a result of sedimentation.

Another piece of information that becomes clear at this point is that while there is an
overlap region in regard to altitude, the liquid origin cirrus can be found at the lower end
of expected cirrus altitudes, while the in situ origin cirrus are found at higher altitudes.
This result is not surprising considering our hypothesized development mechanism and
the indications from the CLaMS-Ice model. It makes sense that the liquid origin cirrus
have strong ties to lower regions in the atmosphere.
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4.4.2 PSDs as a function of temperature

Further inferences about the formation and evolution of the clouds in each origin type
can be made based on how the overall population of ice crystals is behaving as a func-
tion of temperature. Figure 9 shows a comparison between the PSDs in 5K temper-
ature bins observed in liquid origin and in situ origin cirrus. For both origin cases,
the general trend is that as the temperature increases, the number of small crys-
tals decreases while the number of larger ice crystals increases, which is consistent
with reports from other studies such as Boudala et al. (2002). Cirrus clouds are typi-
cally structured with small ice crystals at the top and large ice crystals at the bottom.
The smallest crystals are found where nucleation is occurring. Larger crystals develop
mostly through diffusional growth by water vapor and then fall to lower cloud layers and
warmer temperatures as they grow. Despite the fact that PSDs from both origins fit this
description, clear differences remain.

The most obvious difference between the overall PSDs, is that the concentrations
of both small and large crystals are greater overall in the liquid origin cirrus clouds
(right panel, Fig. 9). This is consistent with the observations that have been discussed
in regard to the previous figures. The other clear difference is that the PSD range in
the liquid origin cirrus reaches higher ice crystal diameters (D). Excluding the PSD at
210K, which contains a smaller number of data points, the upper limit of the D, range
in the liquid origin cirrus clouds goes from 400—1000 pm as the temperature increases
while the in situ origin clouds reach only 300—700 pm.

If we consider the origin of the ice crystals, the reasons for the differences between
the PSDs become more clear. For example, though the liquid origin cirrus PSDs are
structured similarly to the in situ origin PSDs, they are in fact also consistent with what
is observed in ice crystal PSDs from glaciated mixed phase clouds (to be demonstrated
in an upcoming analysis from Costa et al., 2016). As explained in Sect. 2, the ice par-
ticles in glaciated mixed phase clouds stem from heterogeneous drop freezing. Thus,
the higher overall concentrations of cloud particles is indicative of the abundance of
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active ice nuclei (IN) lower in the atmosphere where the crystals first formed. In the
observations used here, we have not found evidence that homogeneous drop freezing
also contributed to the development of the liquid origin PSDs. This would have resulted
in even higher overall concentrations.

However, the result of secondary ice nucleation can be observed. The liquid ori-
gin PSDs at 215 and 220K both show an increased concentration of small particles
around 20 um. This feature can be traced back to a strong homogeneous freezing
event that was sampled during the flight on 29 March. Figure 10 shows a time series
of the PSDs observed by the NIXE-CAPS during this flight. Additional information con-
cerning temperature and pressure as well as RH (with respect to water and ice) from
the BAHAMAS and SHARC instruments, respectively, is also presented. Two passes
into the homogeneous freezing event were made between 16:50-17:10, one at 215K
followed by another at 220 K. High RH,, up to 150 % and N, as high as 5cm™° were
observed during the event, which are both a good indication of homogeneous freezing.
As evidenced by the yellows and oranges, there was an increase in the concentration
of small particles at these points, which is consistent with the increased concentrations
in the PSD in Fig. 9.

It is also possible that secondary homogeneous ice nucleation contributed to the
in situ origin cirrus, but such strong, visible indications are not observed in the PSDs
from ML-CIRRUS. The high concentrations of the smallest crystals seen at 210K in
the in situ origin cirrus (left panel, Fig. 9) are attributable to aviation induced cirrus, not
homogeneous freezing. Overall, the lower concentrations of ice crystals in the in situ
origin cirrus relative to the liquid origin cirrus are indicative that the number of available
IN is lower, thus minimizing the impact of heterogenous freezing. Futhermore, in cases
of homogeneous freezing, Ny is unlikely to be enhanced to the same degree as what
what observed during the 29 March flight.

The difference in sizes between the largest crystals observed in each origin type is
likely to be the result of the more desirable growth conditions found in the mixed-phase
regime (i.e. more water vapor). Also, it is possible for the ice crystals to continue grow-
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ing after arriving in the cirrus regime. When the air parcel is lifted already containing
containing many large crystals, they will continue to grow by diffusion, if the concentra-
tion is low and the air is supersaturated, or by aggregation when the concentration is
high. In comparison, in situ origin cirrus development essentially starts from the begin-
ning. Cirrus clouds with a liquid origin have a PSD to begin with and build upon.

5 Comparisons to MidCiX

Despite having a clear picture of the properties associated with the two cirrus origin
types, there are questions concerning whether they are also found in other locations
and regions, i.e. how cirrus produced by other meteorological situations (e.g. anvil
outflow cirrus) fit in to this classification scheme, and if the frequency with which they
occur is similar. In an effort to begin exploring this idea, we have compared the results
from ML-CIRRUS to the data from the Midlatitude Cirrus eXperiment (MidCiX), which
took place in the spring of 2004 and was based out of Houston, Texas. Figure 11 shows
the relationships between IWC, N, and D¢ moge in the same format as Fig. 7 for
each campaign. The top panel shows the observations from the ML-CIRRUS campaign
without any division between in situ and liquid origin cirrus. The bottom panel shows
data from the MidCiX campaign. For this campaign, the IWC values were measured by
the Closed-path Laser Hygrometer (CLH) from the University of Colorado (Davis et al.,
2007), while the N, and D¢ moqe Values come from a different CAPS instrument, but
also covering a similar size range as NIXE-CAPS. It is interesting to compare these
two campaigns because they are representative of different dynamics. The MidCiX
campaign took place in the springtime when the large scale dynamics in the US are
shifting from the winter frontal systems to the summer convective systems. As a result,
this dataset is representative of cirrus stemming from jet streams, convection, and
closed low pressure systems.

It can be seen in Fig. 11 that there is a difference in IWC, N, and D¢ moqge Values.
The MidCiX IWC content values are much larger overall and appear at larger Dice mode
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than in ML-CIRRUS. Also, these large IWC values are observed at both low and high
Nic.. From this comparison, we hypothesize, that conditions with more prevalent con-
vection will lead to more liquid origin cirrus with higher IWC values. However, the very
high N, values reported by the CAPS could be an overestimation caused by ice crys-
tal shattering. This data set has not been corrected by an interarrival-time-based algo-
rithm for such features. Instead, the concentrations of the particles in the overlapping
ranges of the CAS and CIP probes incorporated into the CAPS have been adjusted to
each other (see Kramer et al., 2015, for more details). However, an overestimation of
N, does not change the important message conveyed by this comparison in regard
to the high IWC and large Djse moge Values, the appearance of which should be mostly
unaffected by shattering.

Unfortunately, due to the important small scale features in these dynamic systems,
the CLaMs-Ice model was unable to accurately portray each MidCiX flight, and there-
fore, we do not currently have the same information with respect to where the appro-
priate divisions between in situ origin and liquid origin cirrus cases should be. Although
we cannot demonstrate it in the current analysis, we suspect that in MidCiX, and other
campaigns sampling from similar dynamics, the liquid origin cirrus clouds are more
prevalent relative to the in situ origin cirrus clouds than what is observed in the ML-
CIRRUS dataset. Further analysis and additional data, which can be found in Kramer
(2016), are necessary to answer this critical question.

6 Distribution of in situ and liquid origin cirrus

The differences between the cirrus cloud origins that have been described here offer
new insights into how cirrus can be classified. To demonstrate that two groups do in
fact exist within one campaign dataset, Fig. 12 shows the IWC-temperature relation-
ship from ML-CIRRUS. Similar to Fig. 5, the data are presented in 5K temperature
bins and provide information on the frequency with which each variable occurs within
a given temperature bin. Furthermore, the percentage by which each point is more rep-
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resentative of in situ origin cirrus (greens) or liquid origin cirrus (blues) is also shown
here. The most frequent observations at low IWC are at low temperatures and are
predominantly in situ origin cirrus while the most frequent observations at warmer tem-
peratures are predominantly liquid origin cirrus and exhibit high IWC values. There is
an overlap region in the mid-range temperatures where in situ origin cirrus becomes
less prevalent and liquid origin cirrus becomes increasingly dominant, but there is still
a distribution around the median fit line of the IWC-T relationship. It can be argued that
at T > 235K the data will show 100 % liquid origin because we have selected for it in
the data processing, but this is not true for 7 < 235K.

The emergence of two distinct groups of cirrus clouds is reminiscent of the bimodal
IWC distribution from Luebke et al. (2013) mentioned in the introduction, particularly
since one group is more representative of low IWC, while the other is more represen-
tative high IWC. Thus, after completing this analysis, we now hypothesize that the two
modes are the result of the presence of the two origin types. However, the hetero-
geneous and homogeneous freezing mechanisms are still highly influential in driving
the microphysical development of a cirrus cloud and are discussed further in Kramer
(2016).

Finally, classifying the data in this way could be more accurate for representing cirrus
clouds in the climate system because it includes the potential for also classifying the
clouds according to their radiative role. The distribution shown in Fig. 12 appears very
similar to what is shown in Fig. 11 in Krdmer et al. (2015). Further analysis is planned
to evaluate this.

7 Conclusions

The analysis presented here has expanded upon Luebke et al. (2013) and Kramer
et al. (2015) by showing that cirrus clouds can be divided into two groups according
to the origin of their ice particles. Here, we have used airborne, in situ observations of
IWC, N, and ice crystal size from the 2014 ML-CIRRUS campaign to demonstrate
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clear differences between the microphysical properties of each origin type. Notably, we
demonstrate that observations of high IWC and N, values in combination with large
crystals are found in the liquid origin cirrus type. The highest frequency IWC values
for in situ origin cirrus were observed to be between 1-10 ppmv, while they were 10—
100 ppmv in the liquid origin cirrus. The N, values appear to be similar between the
origin types, but median values demonstrate that there is a difference. Using the modal
N,ce value for midlatitude cirrus (0.1 cm™2) as a guideline, it was found that median
values of N, for in situ cirrus are distributed around this value, but liquid origin cirrus
clouds are above it. Similar to IWC, ice crystal size (both R, and D¢ moge) Proved
to also show distinct differences dependent on origin. Dice moge in the in situ origin
clouds had median values that were mosily less than 200 um with the largest particles
reaching sizes of 550 um. Ice crystals in the liquid origin cirrus had median Djce moge
values that were larger than the 200 um guideline and even larger crystals of nearly
750 pm.

PSDs in 5 K temperature bins allowed a more in depth look at the details of the cloud
structures based on the different populations of ice crystals and how they change with
temperature. Once again, it was clear that differences exist between the concentrations
and sizes of the particles. In particular, as noted throughout this analysis, the liquid ori-
gin cirrus could be characterized by higher concentrations of particles and a size range
that is noticeably broader and containing larger crystals. From this information com-
bined with the existing knowledge concerning the details of cloud development in the
cirrus environment versus lower in the atmosphere (mixed-phase regime), we could
speculate on the mechanisms and conditions that contributed to create the PSD for
each origin type. This indicates that the origin of the ice crystal matters and the influ-
ence of that origin can be observed. Moreover, an example was given demonstrating
how the PSD for a liquid origin cirrus cloud can continue to be built upon through sec-
ondary homogeneous ice nucleation after arriving in the cirrus regime.

One of the uncertainties still existing within the work that is presented here is what
the ratio of in situ to liquid origin clouds is on a local or even global scale. A comparison
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30

between the results from ML-CIRRUS and MidCiX provides evidence to suggest that
convective conditions will result in higher IWCs, which gives an indication of how differ-
ent dynamics in different locations can influence the relative frequency of occurrence
of in situ versus liquid origin cirrus. Additional data and analysis are necessary to carry
this conclusion further.

The existence of these two cirrus groups also leads us to examine how we define
a cirrus cloud. The major identifier of a cirrus cloud is that it is composed solely of
ice. Other measurable properties may be assigned to different cloud samples to tell us
more about the position, thickness, etc. of the cloud. However, as Lynch et al. (2002)
suggest, sub-classifications of cirrus based on their ice content would be useful. Infor-
mation concerning the origin of an ice crystal and how that influences the microphyscial
properties of a cirrus cloud is something that moves our understanding of cirrus in a di-
rection that begins to provide a more clear representation of the radiative role of cirrus
clouds. As stated by the 2013 IPCC report (Boucher et al., 2013), there remains a very
large uncertainty in the role of ice clouds in the atmosphere. Simply put, it is unclear
whether ice clouds have a warming or cooling effect on the atmosphere. Kramer et al.
(2015) suggest that in situ origin cirrus clouds may have the tendency toward a cooling
effect, while the thicker liquid origin clouds may tend toward warming. Future work is
planned to address this topic. While these clouds will be called “cirrus” in any case, the
study presented here demonstrates that a categorization scheme based on the two
origins is more appropriate for describing the variety of cirrus clouds.
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Table 1. ML-CIRRUS flight dates and respective origin categorization. Classification as “combi-  — A. E. Luebke et al.
nation” means that both in situ and liquid origin cirrus were observed. Some days contain more 5
than one flight. 3
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Figure 1. Schematic of the basic mechanism surrounding in situ origin cirrus (left) and liquid ori-
gin cirrus (right). Each scenario illustrates the movement of air and/or cloud particles from their
origin to a cirrus cloud. Left panel (in situ origin): the “freezing threshold” indicates where het-
erogeneous and/or homogeneous freezing takes place and cirrus development begins. Right
panel (liquid origin): the cloud particles first form in the mixed-phase region of the atmosphere
and become ice through heterogeneous or homogeneous drop freezing. After crossing the
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Figure 6. N, as a function of R, sorted by observed IWC. The solid black lines in all panels
represent IWC levels as calculated by Eq. (2). Top panels: The colors indicate the IWC (in
ppmv) that were observed for each observed N,..—R,.. combination. Bottom panels: The colors
indicate the frequency of observation for each N, ,.—R;,. combination. The cutoff at small R,
and N, <0.03 cm™ represents the lower N, detection limit of the CAS-DPOL when it is
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Figure 8. Vertical profiles of median values of N, (top) and D,c, 04e (DOttom) for in situ origin
(left) and liquid origin (right) cirrus. The horizontal bars represent the range from the lower
quartile to the upper quartile. The black, vertical line at 0.1 cm~2inthe top two panels represents
the modal N,;, observed in midlatitude cirrus. The red, vertical line at 200 pm in the bottom two
panels was arbitrarily chosen as a reference for comparing the D, 04 Values.
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Figure 9. Particle size distributions of in situ origin cirrus (left) and liquid origin cirrus (right)
for 5 K temperature bins. The temperatures listed in the key are the middle of the temperature
bin. D: optical equivalent diameter for CAS-DPOL, area equivalent diameter for CIP-Grayscale
(Dp > 20 um).
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Figure 10. Time series example from flight on 29 March demonstrating the observation of
a homogeneous freezing event in a liquid origin cirrus cloud. The top panel of the figure shows
the atmospheric data for the flight — time (red), pressure (green), RH,.. (turquoise), and RH,, e,
(blue). The bottom panel shows the PSD observed by the NIXE-CAPS (diameter is on the
y axis, time is on the x axis). The colors indicate the concentration of particles (in cm'3).
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