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ABSTRACT

Numerical simulations of cirrus formation in the tropical tropopause layer (TTL) during boreal win-
tertime are used to evaluate the impact of heterogeneous ice nuclei (IN) abundance on cold cloud mi-
crophysical properties and occurrence frequencies. The cirrus model includes homogeneous and hetero-
geneous ice nucleation, deposition growth/sublimation, and sedimentation. Reanalysis temperature and
wind fields with high-frequency waves superimposed are used to force the simulations. The model results
are constrained by comparison with in situ and satellite observations of TTL cirrus and relative humidity.
Temperature variability driven by high-frequency waves has a dominant influence on TTL cirrus micro-
physical properties and occurrence frequencies, and inclusion of these waves is required to produce
agreement between the simulated and observed abundance of TTL cirrus. With homogeneous freezing
only and small-scale gravity waves included in the temperature curtains, the model produces excessive ice
concentrations compared with in situ observations. Inclusion of relatively numerous heterogeneous ice nuclei
(N = 100 L") in the simulations improves the agreement with observed ice concentrations. However, when
IN contribute significantly to TTL cirrus ice nucleation, the occurrence frequency of large supersaturations with
respect toice is less than indicated by in situ measurements. The model results suggest that the sensitivity of TTL
cirrus extinction and ice water content statistics to heterogeneous ice nuclei abundance is relatively weak. The
simulated occurrence frequencies of TTL cirrus are quite insensitive to ice nuclei abundance, both in terms of
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cloud frequency height distribution and regional distribution throughout the tropics.

1. Introduction

The formation of ice crystals in the cold upper tropo-
sphere has been the subject of numerous investigations
over many years, driven in part by the challenges of the
problem and in part by the climatic importance of cirrus
clouds. These investigations have included laboratory
studies of ice nucleation [see Hoose and Mohler (2012)
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and references therein], field measurements of individual
aerosol ice nucleation activity and ice crystal properties
(DeMott et al. 2003; Froyd et al. 2010; Cziczo et al. 2013),
numerical simulations of ice nucleation (e.g., Kércher
et al. 2006; Spichtinger and Cziczo 2010), and global
cirrus simulations using parameterizations of ice nucle-
ation processes (e.g., Lohmann et al. 2004; Gettelman
et al. 2015). Here, we use ensembles of detailed cirrus
simulations (constrained by cirrus observations) to in-
vestigate the implications of different assumptions about
ice nucleation processes on the statistical properties of
cirrus in the cold, uppermost tropical troposphere.
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We focus on cirrus forming in the tropical tropopause
layer (TTL; between about 15 and 18 km in the tropics).
Interest in TTL processes has been motivated by the fact
that this layer is generally slowly rising (in balance with
radiative heating), and therefore the composition of the
TTL represents a lower boundary condition for the
stratospheric composition [see Fueglistaler et al. (2009)
and references therein]. In particular, growth and sedi-
mentation of cirrus ice crystals in the extremely cold
TTL are responsible for dehydration of the air entering
the stratosphere to very low water vapor mixing ratios.
TTL cirrus are also of interest because of their high
occurrence frequency (Wang et al. 1996); the regional
TTL cirrus coverage can exceed 50% (Haladay and
Stephens 2009; Yang et al. 2010). Even though TTL
cirrus are optically thin, the high cloud cover implies a
climatically significant radiative forcing (Haladay and
Stephens 2009). Also, TTL cirrus radiative heating is a
large term in the local thermal budget (Yang et al. 2010),
with corresponding effects on the regional temperature
and dynamical structure.

At temperatures below about —38°C where existence
of pure liquid water is not possible, the potential ice
nucleation mechanisms include spontaneous (homoge-
neous) freezing of aqueous solution drops and hetero-
geneous nucleation of ice on the surfaces of dry aerosol
particles or insoluble inclusions in aqueous aerosols.
The key differences between these mechanisms that will
affect cirrus occurrence and physical properties are
1) homogeneous freezing of aqueous aerosols requires
large supersaturations with respect to ice [~165% rela-
tive humidity with respect to ice (RHI) at TTL tem-
peratures], whereas heterogeneous nucleation can occur
at lower supersaturations; and 2) effective heteroge-
neous nuclei comprise a small subset of the total aerosol
population, whereas an abundant supply of aqueous
aerosols is always present in the upper troposphere.
Therefore, the presence of heterogeneous ice nuclei
(IN) can alter the meteorological conditions required
for cirrus formation and the microphysical properties
(e.g., sizes and concentrations of ice crystals) of the
cirrus clouds that form.

Mineral dust and metallic particles have been shown
to be particularly effective ice nuclei promoting ice
formation in the upper troposphere (DeMott et al. 2003;
Cziczo et al. 2013). Both Murray (2008) and Zobrist
et al. (2008) proposed that homogeneous nucleation
could be delayed or prevented in highly viscous oxidized
organic aerosols that are particularly prone to be in
semisolid or glassy states at low temperatures prevalent
in the TTL. Further work showed that glassy aerosols
can act as heterogeneous ice nuclei at low temperatures
(Murray et al. 2010; Wilson et al. 2012). However, the
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detailed chemical composition of organic-containing
aerosols in the upper troposphere (and their corre-
sponding effectiveness as heterogeneous ice nuclei) is
not known.

Since the atmospheric abundance of mineral dust,
metallic, and organic particles is changing in response to
human activities, there is potential for anthropogenic
modification of cirrus cloud properties, which could in
turn alter the Earth-atmosphere radiation budget, the
upper-tropospheric heat budget, atmospheric dynamics,
stratospheric humidity, and climate. This study ad-
dresses the basic questions of whether TTL cirrus ice
concentration, extinction, ice mass, and occurrence
frequency change significantly in response to changes in
heterogeneous ice nuclei abundance.

Cziczo et al. (2013) combined ice crystal residual
measurements from a number of airborne field experi-
ments and noted that heterogeneous nucleation appears
to play a major role in formation of much of the cirrus
sampled (mostly in the midlatitude upper troposphere).
However, the relative importance of heterogeneous nu-
cleation in the TTL is not well known. Direct airborne ice
nuclei measurements are unavailable at altitudes or
temperatures even approaching TTL conditions. High-
altitude aircraft measurements of ice crystal residual
composition made in the TTL do not indicate a clear
enhancement in abundance of known heterogeneous
nuclei (such as mineral dust) relative to the ambient
aerosol population (Froyd et al. 2010). Nearly every ice
crystal residual particle was an internal mixture of neu-
tralized sulfate and organic carbon, with similar compo-
sitions to the ambient aerosols. These measurements
could be interpreted as lack of evidence for heteroge-
neous nucleation on a preferred subset of the aerosol
population. Alternatively, mixed-organic aerosols in a
glassy state may have been acting as heterogeneous nu-
clei, resulting in ice crystal residuals with similar com-
positions to the predominantly mixed-organic ambient
aerosols. Past studies have hypothesized effloresced am-
monium sulfate as another candidate for effective ice
nuclei at low temperatures (Abbatt et al. 2006), and en-
hancement of ammonium sulfate in ice crystal residuals
would not necessarily be apparent in particle analysis by
laser mass spectrometry (PALMS) measurements. In
summary, neither the abundance of effective heteroge-
neous ice nuclei in the TTL nor the composition of TTL
ice nuclei is currently known. Further, the relative im-
portance of heterogeneous and homogeneous nucleation
for producing TTL ice crystals is not known.

We assess the representation of cirrus microphysical
processes in our numerical simulations by statistically
comparing results with recent observations of TTL cir-
rus from the Airborne Tropical Tropopause Experiment
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(ATTREX). In addition to the ATTREX in situ mea-
surements, we use TTL cirrus extinctions retrieved by
the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) instrument onboard CALIPSO to compare
the limited aircraft measurements to a global dataset.
We focus on the frequency distributions of cirrus ice
concentration, extinction, and ice mass; the TTL cirrus
occurrence frequency; and the frequency distribution of
relative humidity with respect to ice. In section 2, we
revisit the competition between heterogeneous and
homogeneous nucleation indicated by parcel model
simulations. In section 3, we describe the methodology
for simulating TTL cirrus throughout the tropics with a
one-dimensional cloud model forced by meteorological
analysis fields along trajectories. The ATTREX and
CALIOP cirrus and humidity measurements are de-
scribed in section 4. The results are described in section
5, and section 6 provides a summary and discussion.

2. Parcel model simulations of ice nucleation

Parcel models (also called ‘““box models’) with zero
spatial dimensions have been used to study ice nucle-
ation in a number of past studies (e.g., Kédrcher and
Strom 2003; Spichtinger and Kridmer 2013). The ad-
vantages of this approach are the ability to isolate nu-
cleation processes and sensitivities from other cloud
processes and computational efficiency. The disadvan-
tage is the lack of realistic treatment of processes such as
sedimentation and entrainment that substantially alter
cirrus microphysical properties as the clouds age. For
example, sedimentation produces fall streaks with much
lower ice concentrations than were present in the nu-
cleation layer. Also, for heterogeneous nucleation on IN
with a range of threshold supersaturations, sedimenta-
tion may remove ice crystals from the nucleation layer
before the nucleation event is complete. We begin by
reexamining the parcel model indications of de-
pendencies of ice concentration just after nucleation
events on mode of nucleation and dynamical forcing.

It is important to emphasize here that the parcel
model calculations discussed above only predict the
peak ice concentration just after the nucleation event is
complete, and they are only representative of the ver-
tical level where ice nucleation occurs. Cloud processes
such as sedimentation, entrainment, and aggregation all
tend to reduce ice concentrations as the clouds age; in
particular, sedimentation fall streaks produce broad
regions below the nucleation layer with relatively low
ice concentrations (Jensen et al. 2012, 2013a; Murphy
2014). Cirrus measurements generally sample the clouds
in a variety of vertical locations and ages. Only in wave
clouds is it possible to repeatedly sample the nucleation
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zone. As a result, the statistics of ice concentrations
simulated with parcel models are generally not appro-
priate for comparison with observed statistical distri-
butions of ice concentration. In the remainder of this
paper, we use one-dimensional simulations of TTL cir-
rus and compare the simulated cloud properties with
in situ and remote sensing observations.

a. Competition between homogeneous and
heterogeneous ice nucleation

As discussed above, at the very low temperatures
(~180-210K) prevailing in the TTL, the possible modes
of ice nucleation include homogeneous (spontaneous)
freezing of aqueous solution drops, heterogeneous
freezing of aqueous aerosols on insoluble inclusions, and
deposition nucleation directly on the surfaces of dry
aerosol particles. The temperature at which homoge-
neous freezing occurs is primarily a function of the
aerosol activity, which is a measure of the solution
concentration. In the absence of very rapid temperature
changes, the aqueous aerosol water content (activity)
remains in equilibrium with the ambient water vapor
(Mohler et al. 2003). Therefore, as the air temperature
cools and relative humidity increases, the aerosols take
up water and dilute until they reach the homogeneous
freezing solution concentration. The relative humidity
with respect to water at which homogeneous freezing is
triggered corresponds to a large supersaturation with
respect to ice [critical relative humidity with respect to
ice (RHI;) of ~165% at TTL temperatures]. Labora-
tory studies have shown that this homogeneous freezing
threshold is essentially independent of the detailed
aerosol composition (Koop et al. 2000), which greatly
simplifies representation of homogeneous freezing in
models. It is worth noting that even small variations in
the homogeneous freezing threshold supersaturation
with aerosol composition can significantly affect the
concentration of ice crystals produced (Murphy 2014),
and TTL aerosols are generally multicomponent mix-
tures, with most aerosols containing organic and in-
organic components (Froyd et al. 2009). Such small
variations in homogeneous freezing threshold super-
saturation would not be discernible in the laboratory
experiments with typical temperature and water vapor
measurement uncertainties.

Heterogeneous nucleation of ice crystals is much
more complicated, with dependencies on the solid par-
ticle composition, heterogeneities in composition and
surface properties, and the hydroscopicity of the aero-
sols (Pruppacher and Klett 1997). Both theoretical
considerations and laboratory measurements have been
used to develop parameterizations of heterogeneous
nucleation in models (e.g., Hoose and Mohler 2012),
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with primary dependence on relative humidity and
temperature. As discussed above, very little is known
about the abundance or properties of IN in the TTL.
Here, we make the simple assumption that IN present
are active whenever the ice saturation ratio s;.. exceeds a
value of 1.3, and we explore the sensitivity to the number
concentration of these IN. The rate of ice nucleation
when s;c. exceeds 1.3 is assumed to be 1/60s ™ *. In section
5b, we explore the more realistic situation with a variety
of IN types having different nucleation thresholds.

Several past studies have used parcel models to in-
vestigate the ice concentration produced by homoge-
neous freezing events (e.g., Sassen and Dodd 1989;
Heymsfield and Sabin 1989; Jensen and Toon 1994;
Kircher and Lohmann 2002). These parcel simulations
predict the ice concentration just after completion of a
nucleation event. As a parcel cools and the relative
humidity increases to the threshold for homogeneous
freezing, the largest aerosols will freeze first and begin to
grow in the highly supersaturated environment. As
cooling continues, nucleation of ice in smaller and
smaller aerosols will occur until the ice crystals are
abundant enough such that depletion of vapor by de-
position growth reverses the increase in relative hu-
midity driven by the cooling. The parcel models show
that the concentration of ice crystals produced by ho-
mogeneous freezing is strongly dependent on cooling
rate, moderately dependent on temperature, and only
weakly dependent on aerosol number concentration.
The weak dependence on total aerosol number con-
centration results from the fact that only a small fraction
of the aerosol population freezes to produce ice crystals:
the aerosol concentration in the upper troposphere is
typically 101000 cm 3, whereas the ice concentration in
cirrus rarely approaches or exceeds 1cm > (Jensen
et al. 2013a).

Parcel models have also been used to study the com-
petition between heterogeneous and homogeneous ice
nucleation in cooling air parcels (e.g., DeMott et al.
1997; Jensen and Toon 1997; Kéarcher and Strom 2003;
Kércher 2004; Kircher et al. 2006; Spichtinger and
Cziczo 2010). As discussed above, the presence of het-
erogeneous IN can modify cirrus properties because IN
can be active at supersaturations much lower than those
required for homogeneous freezing, thus allowing ice
crystals to nucleate earlier in a rising parcel. Also, ef-
fective IN comprise a small subset of the upper-
tropospheric aerosol population [upper-tropospheric
IN concentrations are almost always less than 100L "
(DeMott et al. 2003)], so the ice concentration in cirrus
can be controlled by the abundance of IN if heteroge-
neous nucleation is the only ice production process oc-
curring and the IN concentration is low relative to
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FI1G. 1. The number concentration of ice crystals nucleated in
a cooling parcel is plotted vs updraft speed (cooling rate) and
temperature. (a) Simulations with homogeneous freezing of
aqueous aerosols only and (b) including 30 L™ IN active at RHI ~
130%. Note that these box model simulations omit sedimentation
and only indicate the maximum concentration of ice crystals just
after nucleation is complete.

typical cirrus ice concentrations. The relative impor-
tance of the homogeneous and heterogeneous nucle-
ation processes ultimately depends on the abundance of
ice nuclei and the cooling rate. In a slowly cooling parcel
with relatively high IN concentrations, growth of ice
crystals nucleated on IN at low supersaturation will
quench the rising supersaturation before the homoge-
neous freezing limit (i.e., RHI;) is reached, and the
cloud microphysical properties will depend on IN
properties only. In the other extreme, with rapid cooling
and relatively few IN, the ice crystals nucleated on IN at
low supersaturation are too few to quench the rising
supersaturation, and homogeneous freezing will ulti-
mately be triggered when RHI,; is reached, resulting in
nucleation of numerous ice crystals. In this case, the
cloud properties will primarily be controlled by homo-
geneous freezing.

Figure 1 demonstrates the dependence of ice con-
centration on temperature, cooling rate, and the pres-
ence of IN indicated by parcel model simulations. For
these box model calculations, we used a model that
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tracks the nucleation and growth of individual ice crys-
tals (Jensen and Pfister 2004), with the exception that we
are not including sedimentation at this point. Homoge-
neous freezing nucleation rates as a function of tem-
perature and relative humidity are calculated using the
formulation provided by Koop et al. (2000). We
assume a lognormal size distribution of aqueous aero-
sols with a total concentration of 1000cm >, a mode
radius of 0.01 um, and a distribution width of 2.0. As
discussed above, the ice concentration produced by
homogeneous freezing is only weakly dependent on the
specification of aerosol size distribution (Kéarcher and
Lohmann 2002). For each aerosol size range, the freez-
ing rate is calculated, and we determine whether new ice
crystals should be created in a time step depending on
the assumed volume of the parcel and the number
concentration of aerosols in the size bin. Once ice
crystals are nucleated we track their deposition growth
and change the water vapor concentration accordingly.

The strong dependence of ice concentration (i. €., Nic)
on cooling rate is apparent in the set of simulations with
only homogeneous freezing (Fig. 1a). At TTL tempera-
tures, homogeneous freezing driven by rapid cooling
(such as high-frequency gravity waves) can produce ice
concentrations well in excess of 1000 L', Such large ice
concentrations were occasionally observed in narrow
layers near the tropical tropopause during the ATTREX
campaigns (Jensen et al. 2013b).

As discussed above, heterogeneous nuclei will gen-
erally dominate ice production at low cooling rates,
where quenching of supersaturation by growth of het-
erogeneously nucleated ice crystals can prevent homo-
geneous freezing. Figure 1b shows an example with
30 L' IN. The ice concentration is limited to less than
30L"! at updraft speeds less than about 10-20cms ™.
Even at somewhat higher updraft speeds (20-30cms '),
the heterogeneously nucleated ice crystal growth slows
the rise in supersaturation and somewhat decreases the
ice concentration produced by homogeneous freezing. If
higher numbers of IN were present, heterogeneous nu-
cleation would dominate over a broader range of
updraft speeds.

b. Influence of waves on ice nucleation

Since the dependence of ice concentration on dy-
namical forcing is strong, this sensitivity must be in-
cluded in an evaluation of the impact of IN abundance.
Parcel model simulations have also been used to in-
vestigate the influence of atmospheric waves on cirrus
ice nucleation. Upper-tropospheric temperature vari-
ability is dominated by waves spanning a wide range
of frequencies (from gravity waves with periods
approaching the Brunt-V4iséla periods of about 10 min
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to planetary waves with periods of weeks). Higher wave
frequencies and larger wave amplitudes generally drive
higher cooling rates and result in higher ice concentra-
tions produced by homogeneous freezing events. The
phase of the wave at the location and time where nu-
cleation occurs will also affect cooling rate and ice
concentration. In some cases (particularly for very high-
frequency waves), the wave-driven temperature reaches a
minimum partway through the nucleation event and the
parcel starts to warm up, thereby truncating the nucle-
ation event and limiting ice concentration (Jensen et al.
2010; Spichtinger and Kridmer 2013; Dinh et al. 2016). The
result is that the variety of wave frequencies, amplitudes,
and phases present in the TTL can produce a wide range
of ice concentrations even if homogeneous freezing is the
only ice production process (Kércher and Strom 2003).
Note that, although we are not including the high-
frequency wave nucleation-quenching effect in the par-
cel model simulations discussed above, this effect is
included in the full trajectory-curtain simulations with
wave spectra described below.

3. Global simulations of TTL cirrus

Following Jensen and Pfister (2004) and Ueyama et al.
(2014, 2015), we use a semi-Lagrangian model to simu-
late cirrus throughout the TTL. The first step is to run a
large number of diabatic back trajectories from a uni-
form grid in the tropics. For the cloud simulations dis-
cussed here, we use the set of trajectories described by
Ueyama et al. (2015): 60-day back trajectories ending on
1 February 2007 every 2° longitude X 2° latitude span-
ning the tropics (20°S-20°N) at 372-K potential tem-
perature (approximately 100-hPa pressure). Wind fields
and temperatures are based on the European Centre for
Medium-Range Weather Forecasts interim reanalysis
(ERA-Interim; Dee et al. 2011). Next, we extract ver-
tical profiles of temperature from each time and location
along each trajectory, thus generating “curtains” of tem-
perature versus potential temperature and time. These
temperatures are then used (stepping forward in time) to
drive a one-dimensional cloud model that treats homo-
geneous freezing of aqueous aerosols, heterogeneous ice
nucleation on solid particles, ice crystal deposition growth
and sublimation, ice crystal sedimentation, and vertical
advection of ice crystals. The cloud model is Lagrangian in
that we track the size and location of thousands of indi-
vidual ice crystals to represent the cloud (see Jensen and
Pfister 2004). This approach avoids the numerical diffu-
sion and dispersion associated with Eulerian treatments of
advection (either in the ice crystal size dimension or the
vertical dimension). Ice crystal aggregation is not treated,
but high-resolution ice crystal images from ATTREX
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suggest very few aggregates are present in TTL cirrus
(S. Woods 2016, personal communication). Water vapor is
treated with an Eulerian vertical grid spanning 350-430-K
potential temperature with 200 levels (0.4-K vertical spac-
ing). The vapor lost or gained by growing/sublimating ice
crystals is calculated by summing the change in size of all
ice crystals within each vertical grid box over the time step.
The water vapor vertical profile for each trajectory curtain
is initialized using measurements from the Microwave
Limb Sounder (MLS; Read et al. 2007).

The TTL vertical motion field in balance with radia-
tive heating is important, particularly for simulating
water vapor concentration (Ueyama et al. 2015). Above
about 150 hPa, the diabatic heating is dominated by ra-
diative heating, and other terms in the thermodynamic
equation (such as latent heating) are negligible (Wright
and Fueglistaler 2013). Therefore, we can diagnose the
diabatic vertical motion from the radiative heating.
Given the strong dependence of TTL radiative heating
on clouds (both within and below the TTL) and the large
uncertainties in representations of clouds in global
models, the radiative heating rates and corresponding
diabatic ascent rates in the analysis models are neces-
sarily uncertain. We prefer to use the Yang et al. (2010)
offline calculations based on satellite observations of
cloud fields. The disadvantage of this approach is that
the Yang et al. (2010) calculations are only available as
monthly averages, given the need to average the sparse
satellite cloud measurements. In reality, the heating
rates and vertical motions no doubt vary on much
shorter time scales indicated by the highly variable cloud
fields. Ueyama et al. (2015) showed that high-frequency
variability does not seem to have an overwhelming ef-
fect, at least for the global patterns of TTL cirrus and
water vapor averaged over several days. An additional
limitation of using the radiative heating rates calculated
offline is that they are only available for the 2006/07
winter, whereas the ATTREX data were collected in
late winter, 2014. We use CALIOP data to investigate
the magnitude of interannual variability in TTL cirrus
microphysical properties (see section 5).

Another key requirement for proper simulation of
TTL cirrus is accurate representation of temperature
variability. As discussed above, waves on a variety of
scales dominate TTL temperature variability. Even
modern reanalyses lack the temporal and spatial resolu-
tion required to resolve all of the important wave scales.
Kim and Alexander (2013) developed an approach for
proper interpolation of the wave spectral components
between model levels. In addition, Kim and Alexander
(2013) provided amplification factors based on compari-
sons with tropical radiosondes to account for the un-
derrepresentation of wave amplitudes in the analysis.
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FIG. 2. Frequency distributions of TTL cooling rate along isen-
tropes are shown. The corresponding range of adiabatic vertical
wind speeds (assuming a temperature lapse rate of 7K km™') is
shown on the top axis. The distribution directly from ERA-Interim
fields (green curve) is relatively narrow, with vertical wind speeds
no larger than about 20cms ™. Applying the wave interpolation
and amplification (based on radiosondes) scheme of Kim and
Alexander (2013) (KA; blue) broadens the distribution slightly.
Superimposing high-frequency waves based on the parameteri-
zation discussed by Jensen and Pfister (2004) results in much
larger vertical wind speeds. Note that vertical wind speeds ap-
proaching or exceeding 1 ms ™ still occur rarely. The dashed red
line shows a typical value of TTL cirrus cloud radiative heating
(3Kday ! = 0.125Kh™ !, corresponding to about 0.5cms *
vertical wind speed).

Last, we use the parameterization developed by Jensen
and Pfister (2004) (based on TTL wave observations) to
superimpose waves with periods of less than two cycles
per day that cannot be resolved in the 6-hourly analysis
output fields. Ueyama et al. (2015) compared the ERA-
Interim temperature fields (including these wave adjust-
ments) with tropical radiosondes and found that biases in
the cold-point temperature were no more than 0.3 K. The
accurate representation of TTL temperatures and wave
motions represents a significant advance over past tra-
jectory studies of TTL cirrus and water vapor.

Figure 2 shows frequency distributions of cooling rate
along isentropic surfaces for the temperature fields
used in the simulations. Corresponding adiabatic verti-
cal wind speeds are shown assuming a lapse rate of
7Kkm™!. The global analysis models (in this case
ERA-Interim) are limited to cooling rates of less than 5—
10K h™! (vertical wind speeds less than 20-30cms ).
Applying the Kim and Alexander (2013) scheme to
properly interpolate and amplify the waves in ERA-
Interim wind and temperature fields broadens the ver-
tical wind speed frequency distribution somewhat. The
addition of high-frequency (less than 2 cycles per day)
waves using the parameterization described by Jensen
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and Pfister (2004) results in much larger cooling rates
along the trajectories. It should be noted that the rapid
cooling events (vertical wind speed w = 50cms ™) occur
relatively infrequently, which is consistent with the in-
frequent occurrence of very high concentrations of ice in
TTL cirrus (see discussion of TTL cirrus simulations
below). We note here that the wave parameterization
used is an attempt to represent climatological-mean
temperature variability driven by waves. In reality, the
wave amplitudes and frequencies are highly variable in
space and time, with stronger wave activity near sources
such as orography and deep convection.

Also shown in Fig. 2 is a typical value of TTL cirrus
cloud radiative heating (3K day ! = 0.125Kh™ !, cor-
responding to about 0.5cms™ ' vertical wind speed)
(Jensen et al. 1996; Comstock et al. 2002; Dinh et al.
2010). The cloud radiative heating is dwarfed by even
synoptic-scale temperature variability that is ubiquitous
in the TTL. Therefore, under typical conditions, effects
of this cloud radiative heating on temperature and sta-
bility will be swamped by wave-driven heating/cooling.

As discussed above, the highest-frequency gravity waves
(periods approaching the Brunt-Viiséld period of about
10min in the upper troposphere) can actually quench
nucleation if the temperature starts to warm up before a
nucleation event is complete. This effect is included in the
simulations presented here; however, the impact on ice
concentrations is small, because the wave amplitudes of
the highest-frequency components in our wave spectrum
are small. As described by Jensen and Pfister (2004), the
power spectrum of wave energy versus frequency is as-
sumed to follow an &2 power law, where @ is the intrinsic
frequency, such that the amplitude of temperature oscil-
lations at the high frequencies is small (<0.05 K).

Yet another key factor affecting TTL cirrus and hu-
midity is deep convection penetrating into the TTL. A
number of past studies have shown that deep convection
is either directly or indirectly responsible for much of the
TTL cloudiness (Pfister et al. 2001; Massie et al. 2002;
Riihimaki and McFarlane 2010; Riihimaki et al. 2012).
Detrainment of ice from deep convection can either hy-
drate or dehydrate the TTL, depending on the ambient
relative humidity where the ice detrains (Jensen et al.
2007). Ueyama et al. (2014) showed that convection
predominantly hydrates the TTL, with increases in lower
TTL water vapor concentration of 1-5ppmv. The con-
tribution of ice detrained directly from deep convection
to TTL cirrus is unclear. Ice crystal images in tropical
cirrus even relatively close to active deep convection
typically suggest a predominance of bullet rosette habits
(Whiteway et al. 2004) (see also S. Woods 2016, personal
communication), indicative of in situ ice nucleation and/
or growth in the upper troposphere. In contrast, in anvil
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cirrus detrained directly from deep convection, irregular
aggregate habits generally predominate (Lawson et al.
2006a). Further, the occurrence frequency of convection
extending into the TTL decreases rapidly with height
above ~13-14km (Ueyama et al. 2015). We assume
here that the microphysical properties of upper-
most tropospheric cirrus are dominated by in situ
formed clouds that are treated by our model.

Regardless of whether ice detrained directly from
deep convection contributes a great deal to TTL cirrus,
the TTL hydration by deep convection will undoubtedly
lead to in situ cirrus formation downstream of the con-
vection in colder regions of the tropics. We treat the
influence of deep convection on TTL humidity by trac-
ing the trajectories through 3-hourly geostationary sat-
ellite fields of infrared cloud top and rainfall (see Pfister
et al. 2001; Bergman et al. 2012; Ueyama et al. 2014 for
details). Whenever a trajectory passes through deep
convection extending into the TTL, we saturate the
column model up to the potential temperature corre-
sponding to the cloud top. The convective cloud-top
heights have been adjusted to account for biases in the
infrared retrievals of cloud-top altitude.

As a parcel makes its 1-2-month journey upward
through the TTL, several cloud formation events typi-
cally occur. Assuming heterogeneous IN promote the ice
nucleation, the most effective IN will be scavenged by
sedimentation of the ice crystals. Without IN re-
plenishment, the IN population is mostly removed from
the TTL well before the end of our 60-day curtain sim-
ulations. Detrainment from deep convection would seem
to be the most likely source of IN to the TTL; however,
the abundance of IN in convective outflow is not known.
Many of the effective IN may participate in ice formation
at lower levels in the deep convection and be removed by
sedimentation of the ice crystals. In the absence of any
information about TTL IN sources, we make the sim-
plified assumption here that, whenever convective influ-
ence on the trajectory curtain occurs (see above), the IN
population is restored to the assumed initial abundance.

Figure 3 shows the time evolution of clouds forming in
the first few days of a representative simulation. In this
case, we assumed 30L ! IN effective at s;.. > 1.3. This
example shows a number of features that are typical of
TTL cirrus simulated with the temperature-curtain ap-
proach: 1) heterogeneous nucleation occurs in more lo-
cations than homogeneous freezing; 2) supersaturations
approaching the threshold for homogeneous freezing
(and homogeneous freezing events themselves) occur in
small patches, and the large supersaturations are rapidly
quenched by growth of numerous ice crystals nucleated;
3) the localized homogeneous freezing events produce
narrow layers with high ice concentrations embedded in
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FIG. 3. A representative example of a segment of one of the temperature-curtain simula-
tions of TTL cirrus is shown. (a) Temperature, (b) ice saturation ratio, (c) ice concentration,
and (d) ice mass vs time and potential temperature. Black contours in (b) also show ice
concentration contours to indicate where the cloud outlines are relative to the supersaturated
regions. We have assumed 30 L™ ice nuclei effective at a ice saturation ratio of 1.3 in this case.
Only heterogeneous nucleation occurs in the first cloud patch at about 1.3 days and through
most of the depth of the cloud forming later at about 2.2—4 days. Homogeneous nucleation
occurs in a few narrow layers where the cooling rate is high enough to drive up supersaturation
even after ice crystals have nucleated on the IN such that the threshold for homogeneous
freezing (sice ~ 1.65) can be reached. These homogeneous freezing events produce narrow
layers of relatively high ice concentrations (up to about 500 L™ in this case).



JUNE 2016 JENSEN

deeper cloud layers with low ice concentrations (Fig. 3c),
consistent with the ATTREX observations (Jensen et al.
2013b); 4) sedimentation of ice from the narrow high-
concentration layers generates deep layers with relatively
low ice concentrations; 5) the slopes of cloud layers in
time-height space are steeper for heterogeneously nu-
cleated cloud layers (fewer, larger ice crystals falling
faster) than for homogeneously nucleated layers (more
numerous, smaller ice crystals falling slower); 6) indi-
vidual cloud elements persist no longer than 1-2 days;
7) the trailing edges of the cloud are collocated with
temperature increases (i.e., cloud dissipation is typically
driven by temperature variability).

The semi-Lagrangian, one-dimensional cirrus model-
ing approach used here does not permit inclusion of
interactions between radiative heating, small-scale dy-
namics, and cloud processes. Dinh et al. (2010, 2012,
2014) have shown that mesoscale circulations driven by
cloud radiative heating can, under some circumstances,
help maintain TTL cirrus and increase the vertical
transport of water vapor. Also, if the clouds persist long
enough, entrainment and mixing will reduce ice concen-
trations (Jensen et al. 2012). On the other hand, the ra-
diative heating rates in TTL cirrus are relatively weak
compared to wave-driven temperature variability (see
Fig. 2), and the time scale for thermal instability to build
up is on the order of a day. Determining cloud lifetimes
from ground-based, airborne, or satellite measurements
is generally not possible because the observations only
provide snapshots of cloud properties. Ground-based li-
dar observations may suggest long-lived TTL cirrus;
however, the persistence of cloud layers in the lidar data
could just be indicative of air advecting through a sta-
tionary cold pool conducive to cloud formation, and the
lifetime (following the flow) of individual cloud elements
may be relatively short. The trajectory-curtain modeling
approach suggests that TTL cirrus cloud elements typi-
cally last no longer than about 12-48h (Jensen et al.
2011), which is only marginally long enough for signifi-
cant radiatively driven circulations to begin to develop.
As in the example shown in Fig. 3, the lifetime of indi-
vidual cloud elements is typically limited by wave-driven
temperature increases that lead to sublimation of the ice
crystals. We suggest that radiatively driven motions likely
have second-order impacts on TTL cirrus microphysical
properties under typical conditions.

4. Measurements of TTL cirrus microphysical
properties and relative humidity

Before presenting the statistical properties of TTL
cirrus simulated with our global temperature-curtain
simulations, we first discuss the ATTREX water vapor,
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temperature, and cloud measurements, as well as the
CALIOP extinction and cloud frequency measure-
ments, which we use to evaluate the simulations.
ATTREX included three flight series. For the first two
flight series in October—-November 2011 and January-
March 2013 the Global Hawk was based at Armstrong
Flight Research Center (AFRC) in Southern California.
The long range of the Global Hawk permitted extensive
sampling in the tropics despite the midlatitude location
of AFRC. In 2014, the aircraft was deployed to Guam in
the western Pacific, and six flights were flown out of
Anderson Air Force Base during February and March.
We focus here on the flights from Guam because the
aircraft had the most extensive cirrus microphysics in-
strumentation during this deployment. See Jensen et al.
(2015) for details on the ATTREX Guam objectives,
payload, flights, and measurements.

The TTL cirrus measurements used here were made
with the Spec Inc. Hawkeye probe [see S. Woods (2016,
personal communication) for details of the ATTREX
cirrus observations]. Hawkeye is a combination of two
imaging instruments [equivalent to the two-dimensional
stereo (2D-S) probe (Lawson et al. 2006b) and the Cloud
Particle Imager (CPI; Lawson et al. 2001)], as well as a
spectrometer [equivalent to the fast cloud droplet probe
(FCDP)]. The FCDP measures the forward scattered
laser light from individual cloud particles and infers the
size of particles from 2- to 50-um diameter (McFarquhar
et al. 2007). The 2D-S probe is an optical array imager
that captures images of ice crystals with sizes ranging
from 10um to 4mm. The CPI provides detailed ice
crystal images that can be used to determine habit
information for crystals with maximum dimensions
larger than about 40 um. For the purpose of this study,
we use ice crystal concentrations from FCDP and 2D-S as
well as extinctions and ice mass contents from 2D-S. We
do not use FCDP extinction or ice mass measurements
because sizing of nonspherical ice crystals by FCDP is
uncertain. Extinction is a direct measurement for 2D-S
and ice mass is determined using area-to-mass relation-
ships (Baker and Lawson 2006). All ice crystal probes
flown on high-speed jet aircraft are subject to shattering
artifacts that can inflate the measured concentrations of
small crystals. The Hawkeye data processing includes
interarrival time analysis for identification and removal of
shattering artifacts (Baker et al. 2009; Lawson 2011). In
any case, TTL cirrus generally contain too few large
crystals to produce significant numbers of shattering ar-
tifacts compared to the concentrations of natural small
crystals (Lawson et al. 2008).

The CALIOP instrument onboard CALIPSO has
been providing a wealth of information about upper-
tropospheric cirrus microphysical properties and
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occurrence frequencies on a global scale since 2006
(Anselmo et al. 2007). The direct measurement made
by CALIOP is attenuated backscatter; calculation of
extinction requires assumptions about the extinction-
to-backscatter ratio, which varies with particle size
(Young and Vaughan 2009). Yang et al. (2010) in-
dependently estimated the CALIOP extinction un-
certainty to be about 30%. Here, we use the CALIOP
level 2 cloud layer and cloud profile measurements
(version 3.1 for 2007 and version 3.3 for 2014). The
extinction data are screened to exclude integrated at-
tenuated backscatter values less than 0.001 and greater
than 0.019 to avoid noise problems on the low end and
optically thick convective clouds on the high end. Our
TTL cirrus simulation approach does not include ice
crystals detrained directly from deep convection, and
such clouds were rarely sampled during ATTREX.

We also use the measured statistical distributions of
relative humidity with respect to ice to evaluate our sim-
ulations of TTL cirrus. The challenge of measuring water
vapor under the extremely dry TTL conditions (H,O mix-
ing ratios as low as 1 ppmv) was addressed by ATTREX
with two complementary instruments flown on the Global
Hawk. The NOAA Water (NW) instrument provides a
closed-cell tunable-diode laser (TDL) measurement that
includes the in-flight calibration system used on the
NOAA chemical ionization mass spectrometer (CIMS)
instrument during the Mid-Latitude Airborne Cirrus
Properties Experiment (MACPEX; Thornberry et al.
2015). The NW instrument also measures total water con-
centration using a forward-facing inlet that enhances ice
concentration in the sample flow by operating sub-
isokinetically. The diode laser hygrometer (DLH) in-
strument provides an open-path TDL measurement by
firing the laser from the fuselage to a reflector on the wing
and measuring the return signal. The pathlength (12.2m) is
long enough to provide a precise, fast measurement of
water vapor. Temperature, pressure, and wind measure-
ments were made with the meteorological measurement
system (MMS). The combined uncertainties in MMS tem-
perature (0.3K) and H,O from DLH or NW (5%-10%)
result in an uncertainty in derived RHI of no more than
about 15%.

We note here that past measurements of water vapor
concentration under these dry conditions have been
plagued by large, unresolved discrepancies between
different instruments (Oltmans and Rosenlof 2000;
Weinstock et al. 2009). We have a high level of confi-
dence in the estimated accuracy of the DLH and NW
measurements (~5%-10%) for two reasons: 1) The NW
and DLH data obtained on the 2013 and 2014 flights
suggest a high degree of consistency and agreement for
TTL H,O values less than 10 ppmv (T. Thornberry et al.
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2016, unpublished manuscript). 2) In TTL cirrus with
very high ice concentrations (in excess of 1000L ") the
relative humidity with respect to ice is consistently
near 100% (Jensen et al. 2013b). The time scale for
quenching of supersaturation/subsaturation by ice
crystal growth/sublimation in such clouds is a few min-
utes or less such that the RHI is expected to remain near
100%.

Figure 4 shows comparisons between frequency dis-
tributions of ice concentration, extinction, and ice water
content measured with different instruments. The ice
number concentration frequency distributions based on
FCDP and 2D-S (Fig. 4a) are very similar, except that
the FCDP data indicate ice concentrations larger than a
few thousand per liter in some cases, whereas clouds
with concentrations greater than about 2000 L ™" are not
detected by 2D-S. Given the limited available water
vapor for deposition growth of TTL ice crystals, the
majority of ice crystals in such high-concentration clouds
would be no larger than a few micrometers in diameter,
which is below the detection threshold for 2D-S. The
high-concentration TTL cirrus occur very rarely, and
the mean ice concentrations indicated by ATTREX
FCDP and 2D-S measurements, Forward Scattering
Spectrometer Probe measurements reported by Krdamer
et al. (2009) and in the numerical simulations (discussed
below) are consistently less than about 200L~". The
FCDP statistics of ice number concentration from
ATTREX in 2013 (central and western Pacific) are
similar to those from ATTREX in 2014 (western Pacific).

The statistics of TTL cirrus extinction measured by
2D-S and CALIOP (Fig. 4b) are consistent within the
uncertainties of the measurements. Sampling biases likely
account for some of the differences. The Global Hawk
could only reach the tropical tropopause near the end of
the Guam flights. As a result, the lower-middle TTL were
sampled more frequently than the uppermost TTL, pos-
sibly resulting in a high bias in extinction relative to the
uniformly sampled CALIOP dataset. Also, despite the
fact that the ATTREX 2014 Global Hawk flights pro-
vided about 34 h of TTL cirrus sampling, the aircraft data
still represent a relatively small sample. We also compare
the CALIOP TTL cirrus extinction statistics between the
ATTREX 2014 western Pacific TTL and all longitudes
during the ATTREX 2014 time period, and the dif-
ferences are relatively small, consistent with the ap-
parent lack of regional variability in TTL cirrus ice
concentrations. Last, we include a CALIOP TTL ex-
tinction frequency distribution from 2007 (the year
corresponding to the simulations discussed below). The
interannual variability in TTL cirrus extinction statis-
tics also seems to be small compared to the measure-
ment uncertainties.
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FIG. 4. Frequency distributions of TTL cirrus microphysical
properties based on different measurements are compared. (a) Ice
crystal number concentration measured by 2D-S and FCDP in
ATTREX 2014 (western Pacific) and by FCDP in ATTREX 2013
(central and eastern Pacific); (b) extinctions from ATTREX 2014
2D-S measurements, CALIOP in the region and time period
sampled by the Global Hawk during ATTREX 2014, global TTL
CALIOP measurements in February-March 2014, and global
TTL CALIOP measurements in February—-March 2007; (c) ice
water content from ATTREX 2014 2D-S and NOAA-H,O
measurements.

The ATTREX 2014 Global Hawk flights provided
two measures of ice water content (IWC): from 2D-S
(with the aid of mass—dimensional relationships) and
from the forward-facing inlet on the NOAA-H,O in-
strument. The NOAA-H,O forward-facing inlet, which

JENSEN ET AL.

2455

0.08 T T T T T T T T T T T T
r MMS Temperature and Pressure
L T <205 DLH H,O ]
0.06 — NOAA H,O 7
- J
o
f 4
(9]
=]
2 J
)
<= 0.04 .
o
= J
kS 1
[9]
o J
0.02 .
0.00 . . I . . . . [ . . . |

50 100 150
Relative humidity w.r.t. ice (%)
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surements are shown. The agreement in TTL RHI statistics from
the two datasets is excellent. The distributions show the expected
peak near RHI = 100% (within cirrus) and frequency occurrence
of substantial supersaturation with respect to ice.

samples both water vapor and cloud particles, operates
subisokinetically, with ice crystals larger than about
8 um enhanced by about a factor of 40, resulting in a
detection limit of about 2 ugm > (Thornberry et al. 2015).
The agreement between these datasets (Fig. 4c) is reason-
ably good, certainly indicating consistency within the un-
certainties of the measurements. Since cirrus ice mass is
generally concentrated in larger crystals, the habits of rel-
atively large TTL cirrus ice crystals assumed in the mass—
dimensional relationships will strongly affect the retrieved
IWC from 2D-S. The available information about TTL
cirrus ice crystal habits prior to ATTREX was limited, and
the mass—dimensional relationships could be improved
with the extensive ATTREX CPI dataset.

Frequency distributions of TTL relative humidity
with respect to ice from the DLH and NOAA-H,O
measurements are compared in Fig. 5. As shown in the
detailed analysis of ATTREX water vapor measure-
ments (T. Thornberry et al. 2016, unpublished manu-
script), the agreement between DLH and NOAA-H,O
TTL H,0 measurements was generally excellent. Both
datasets indicate a peak in the RHI frequency distribu-
tions near 100%, corresponding primarily to measure-
ments inside cirrus where the deposition growth/
sublimation of ice crystals tends to keep the RHI near
ice saturation. Both datasets indicate the relatively
common occurrence of substantial supersaturation with
respect to ice in the TTL. However, supersaturations
approaching the threshold for homogeneous freezing
(160%-170% at TTL temperatures) occur relatively
infrequently.
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TABLE 1. Summary of results from TTL cirrus simulation sensitivity tests. Values are averages for temperatures less than 205 K. The
first three rows show measured values. Variables fice het, fg net> a0d fiwc net are the fractions of TTL cirrus ice number, extinction, and mass in
ice crystals nucleated heterogeneously. Variable s, is the assumed saturation threshold for activation of heterogeneous nuclei.

Cloud fraction

Case Nicc,mcan (L_l) Bmean (km_l) IWCmcan (mg m—3) ﬁcc,hct fB,hct fIWC,hct (16_18 km)

Measurements

ATTREX 2D-S 122 0.058 0.47 — — — —

CALIOP Jan 2007 (global) — 0.056 — — — — 0.13

CALIOP Jan 2007 (west Pacific) — 0.046 — — — — 0.13
Model results

Homogeneous freezing only 290 0.069 0.30 0 0 0 0.15

No. high-frequency waves 115 0.039 0.25 0 0 0 0.081

Nin =30L7% sipe = 1.3 198 0.053 0.26 0.002  0.05 0.19 0.17

Nin =100L 7Y sjp0 = 1.3 145 0.050 0.26 0.05 0.29 0.50 0.17

Nin =300L 7Y, s = 1.2-1.6 111 0.44 0.25 0.17 0.49 0.71 0.18

Any precision limitation of the temperature and wa-
ter vapor measurements will tend to broaden the ice
saturation ratio frequency distribution. The estimated pre-
cision of the DLH H,O measurement is 50 ppbv + 0.1%
for 1-Hz data, and the MMS temperature and pressure
precisions are approximately 0.003hPa and 0.05K, re-
spectively. The resulting ice saturation ratio precision is no
worse than about 0.02; thus, the precision-driven scatter in
measurements should not contribute significantly to the
width of the ice saturation ratio distribution.

5. Results

We have run several experiments with the trajectory-
curtain model. Each experiment consists of 3780 indi-
vidual simulations along back trajectories ending in a
uniform grid across the tropics. We begin with homo-
geneous freezing only (no IN available) and run sets
with and without the Kim and Alexander (2013) wave
interpolation/amplification and superposition of high-
frequency waves. Next, we include heterogeneous ice
nuclei with threshold ice saturation ratios of 1.3 and
abundances of 30 and 100 L™'. Last, we consider a more
plausible scenario with a variety of heterogeneous ice
nuclei such that the concentration of active IN increases
as ice saturation ratio increases from 1.2 to 1.6. The sets
of simulations and statistics of simulated TTL cirrus
microphysical properties are listed in Table 1.

a. The sensitivity of TTL cirrus to dynamical
variability

Comparisons between frequency distributions of 2D-S
cloud properties and simulated TTL cirrus microphysical
properties with homogeneous freezing only are shown in
Fig. 6. We only include ice concentrations less than
3000L " in the mean calculation because upper-TTL

cirrus with higher ice concentrations are likely composed
of ice crystals with sizes below the 2D-S detection limit
(5 pm). (A monodispersed cloud containing 2 ppmv of ice
with an ice concentration of 3000 L' at 100-hPa pressure
and 195-K temperature will have ice crystal diameters of
about 5um.) Among the dynamical and microphysical
processes considered in this study, temperature variabil-
ity has the largest effect on TTL cirrus microphysics.
Inclusion of gravity waves not represented in the analysis
more than doubles the mean ice number concentration.
Without the high-frequency waves, the simulated ice
concentrations are lower than indicated by the 2D-S
dataset. With the full spectrum of waves and homoge-
neous freezing as the only ice production process, the
model produces excessively high ice concentrations by a
rather wide margin. Even in a set of simulations with the
high-frequency wave amplitudes decreased by a factor of
2 (not shown), the ice concentrations are nearly a factor
of 2 larger than indicated by the observations. However,
as also noted above, even a small dependence of the
threshold for homogeneous freezing on variations in
aerosol composition could significantly reduce the num-
ber of ice crystals nucleated (Murphy 2014). Our as-
sumption that all aqueous aerosols have the same
homogeneous freezing threshold produces the largest
possible ice concentrations.

We note here that even in the set of simulations with-
out high-frequency waves, high ice concentrations occur
on some occasions (red curve in Fig. 6a). These large ice
concentrations are an artifact of the temperature-curtain
approach we are using. The temperature variability is
only correctly following the flow at the vertical level
corresponding to the steering trajectory used to generate
the curtains. Above and below this level, the curtain is
actually crossing the streamlines, which can generate
spurious temperature variability that ultimately results in
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FIG. 6. The 2D-S distributions of ice concentration and extinc-
tion, and the NOAA-H,O ice water content are compared with
results from sets of simulations, including only homogeneous
freezing ice nucleation and with (green) or without (red) high-
frequency waves. Addition of high-frequency waves increases ice
concentrations and extinctions, as expected. The simulation with-
out waves seems to overestimate ice concentrations, but the ob-
served distribution of extinction measured by 2D-S is reproduced
well. Exclusion of waves results in substantial underestimates of ice
number concentration and extinction.

large ice concentrations produced by homogeneous
freezing. In reality, these high ice concentrations proba-
bly would not be present in simulations properly driven
by the analysis temperature variability alone. This
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spurious temperature variability is swamped by the
temperature variability driven by high-frequency waves;
therefore, it shouldn’t affect the results in the simula-
tions with the high-frequency waves included.

The shape of the extinction frequency distribution in
the set of simulations with waves agrees well with the
observations, although the mean extinction from the
model is somewhat larger than indicated by the 2D-S
and CALIOP measurements. The simulated extinctions
without high-frequency waves are considerably lower
than the observed values. The model seems to over-
emphasize midrange ice mass values (between about
0.05 and 1 mgm~>), and the model underestimates the
mean mass of TTL cirrus by more than a factor of 2 even
in the simulation with waves (Fig. 6). It is possible that
the largest observed ice water contents are associated
with convectively generated cirrus, which are not in-
cluded in the model.

Next, we examine the impact of dynamical variability
on the occurrence frequency of TTL cirrus. Following
Ueyama et al. (2015), we examine both the regional dis-
tribution and the tropical-average height profile of TTL
cirrus occurrence frequency. For these comparisons, we
average the model results over the last 30 days of the
trajectory-curtain simulations (essentially the month of
January 2007), and the CALIOP data are averaged over
the same time period. We exclude CALIOP cloud layers
for which the 532-nm integrated attenuated backscatter is
less than 0.001 (to avoid noise) or greater than 0.019 (to
avoid convective clouds). Note that the backscatter upper
limit will not remove aged anvil cirrus produced by con-
vection. The tropical-mean (*+20° latitude) vertical pro-
files of cirrus occurrence frequency from simulations with
homogeneous freezing and with and without small-
scale waves are compared with CALIOP measure-
ments in Fig. 7. As shown by Davis et al. (2010), the
most optically thin TTL cirrus are below the de-
tection limit of the CALIOP space-based lidar. For
the case with high-frequency waves included, we
show the frequencies of both all cirrus in the model
and only those with extinctions greater than the
0.005-km ™! CALIOP detection threshold. All sub-
sequent model cloud frequencies shown include only
the CALIOP-detectable extinctions. The model
generally reproduces the observed cloud frequencies
and the decrease in cloud frequency with height in
the TTL. However, the occurrence of cirrus in the
uppermost TTL is underestimated by the simula-
tions even when high-frequency waves are included.
Without high-frequency waves, the cloud frequency
is much too low throughout the TTL.

The regional distributions of upper TTL (between 16-
and 18-km pressure altitude) cloud coverage from
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FIG. 7. Tropical-average (|lat| <20°) cloud frequencies are
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homogeneous freezing-only simulations with and with-
out waves are compared with the CALIOP measure-
ments in Fig. 8. The overall pattern of TTL cirrus
occurrence indicated by CALIOP is reproduced rea-
sonably well by the model including high-frequency
waves, although the peak in simulated cloud coverage
over the western Pacific is shifted southward and is
broader relative to the observations. This offset is pre-
sumably related to errors in the temperature variance
distributions in ERA-Interim. The model also un-
derestimates the occurrence of cirrus over southern
Africa and South America. These continental regions
both have deep convection reaching the upper TTL,
some of which is likely included in the CALIOP sta-
tistics despite our use of an integrated attenuated
backscatter upper limit. The simulations without high-
frequency waves underestimate cloud occurrence fre-
quencies throughout the tropics.

The comparison between simulated and observed fre-
quency distribution of TTL ice saturation ratio is shown
in Fig. 9. With only wave motions resolved by ERA-
Interim, the model overestimates the occurrence of RHI
greater than about 120% indicated by the ATTREX
measurements. With high-frequency waves included, the
model substantially underestimates the occurrence of ice
supersaturations ranging from about 10% to 40%. Note
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that the occurrence of large supersaturations (greater
than about 45%) in the simulations with waves matches
the observations well. These results demonstrate the
close coupling between ice concentrations and supersat-
uration occurrence frequencies. Without waves, ice con-
centrations are relatively low, and large supersaturations
can persist. When numerous ice crystals nucleate in the
simulations including waves, supersaturation is rapidly
quenched by ice crystal growth. In other words, the deficit
in occurrence of ice supersaturation in the model with
waves is consistent with the excess ice concentration
(Fig. 6). It should be noted here that supersaturation
occurrence is probably the measurement most affected
by sampling biases. The ATTREX flights generally tar-
geted regions with cold tropopause temperatures and
relatively high humidity where TTL cirrus formation was
most likely. This sampling bias would tend to increase the
frequency of supersaturation. In contrast, the model re-
sults represent uniform sampling along TTL trajectories.
It is difficult to quantify the impact of the sampling bias
on the measured ice saturation ratio frequency distribu-
tion. The discrepancies between measured and simulated
occurrence of subsaturation with respect to ice (most
prominent at ice saturation ratios near 0.6) probably just
represent differences in the amount of dry stratospheric
air included in the samples.

b. The sensitivity of TTL cirrus to heterogeneous
nuclei

The impact of including heterogeneous nucleation
on TTL cirrus microphysical properties is shown in
Fig. 10. As expected, heterogeneous nucleation re-
duces the mean ice concentration compared to the set
of simulations with homogeneous freezing only.
However, even with 100 L' IN present, the cooling is
occasionally rapid enough to drive homogeneous
freezing events, resulting in large ice concentrations.
The mean ice concentration in the set of simulations
with 100 L~" IN is still somewhat larger than indicated
by the ATTREX FCDP and 2D-S measurements.
Based on a more limited dataset of TTL cirrus micro-
physical properties in the eastern Pacific, Lawson et al.
(2008) reported even lower mean ice concentrations
(66 L71); however, the cirrus included in this study
appeared to be somewhat aged with no evidence of
recent ice nucleation. Using a heterogeneous nuclei
population with a broad range of ice supersaturation
activation thresholds and a large total IN concentra-
tion (300 L™ ') results in good agreement with the shape
of the 2D-S ice concentration frequency distribution.
Such a population of IN in the TTL could be plausible
if a substantial fraction of the aerosols are glassy or-
ganics or effloresced ammonium sulfate.
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FIG. 8. Tropical distributions of upper TTL (16-18-km pressure altitude) cloud frequencies
are shown. (a) CALIOP January 2007; (b) January 2007 model results with homogeneous
freezing and including waves; (c) as in (b), but for results excluding high-frequency waves. Only
clouds with extinctions greater than 0.005km ' are included in the model cloud frequencies.

The inclusion of heterogeneous ice nuclei appears to
have a more modest impact on the statistics of TTL cirrus
extinction and ice water content (Figs. 10b,c). Including
30L"" IN reduces the mean extinction from 0.069 to
0.051km ™', and increasing the IN concentration to
100 L™! reduces extinction only slightly further. However,
in the simulation with 300 L' IN active over a range of ice
supersaturations, the mean extinction is 0.044 km™,
which is considerably lower than indicated by either the
ATTREX 2D-S measurements or the 2007 CALIOP
measurements. Inclusion of ice nuclei changes the mean
TTL cirrus ice water content by at most about 25%. In-
clusion of IN slightly exacerbates the disagreement be-
tween simulated and observed TTL cirrus ice water
contents. The impact of IN on the shapes of extinction and
ice water content frequency distribution curves is minor.

Inclusion of heterogeneous ice nuclei has remarkably
little impact on TTL cirrus occurrence frequency (Fig. 11).

Likewise, the distribution of TTL cirrus is insensitive to the
abundance of IN (not shown). A number of factors po-
tentially contribute to this general lack of sensitivity. Het-
erogeneous nuclei allow ice nucleation at a lower ice
supersaturation (30%) than homogeneous freezing
(~65%), but only about 1.2 K additional cooling is required
to increase the ice saturation ratio from 1.3 to 1.65 at the
tropical tropopause, and the ubiquitous waves included in
these simulations typically provide the needed cooling.
Heterogeneous nucleation typically produces relatively low
ice concentrations such that the crystals can grow rapidly
and sediment out of the supersaturated layers, resulting in
short-lived clouds. Ice clouds produced by heterogeneous
nucleation can, in some cases, deplete the vapor and pre-
vent cloud formation that would have otherwise occurred
downstream at a later time along the trajectories. The net
result of these various effects seems to be little impact of
nucleation details on TTL cirrus abundance. The water
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FIG. 9. Frequency distributions of TTL ice saturation ratio. The
black curve is based on ATTREX DLH H,0, MMS temperature,
and MMS pressure measurements. The green curve shows results
from sets of TTL cirrus simulations with homogeneous freezing
only and including high-frequency waves; the red curve corre-
sponds to a set without high-frequency waves.

vapor concentration and temperature variability dominate
cloud frequency statistics in these simulations.

The inclusion of heterogeneous nucleation in TTL
cirrus simulations tends to reduce the occurrence fre-
quency of supersaturation with respect to ice (Fig. 12).
Ice crystals nucleate on IN at relatively low supersatu-
ration, and their growth limits the buildup of larger su-
persaturations. The result is that the comparison with
ATTREX ice saturation ratio statistics degrades some-
what relative to the comparison with homogeneous
freezing only. However, the differences between ice
saturation ratio frequency distributions with different
abundances of IN are subtle, and comparison between
simulated and observed supersaturation frequency dis-
tributions likely will not be useful for assessing the im-
pact of IN on TTL cirrus. A possible exception to this
statement is the case with extremely abundant (300 L")
IN active at saturation ratios ranging from 1.2 to 1.6. In
this case, supersaturations larger than about 45% are
essentially absent (in contrast with the observations).

As indicated in Table 1, heterogeneous nucleation is
playing a significant role in production of ice in the model.
For example, in the case with 100L™" IN, 28% of the
extinction and 50% of the ice mass comes from hetero-
geneously nucleated ice crystals. Nevertheless, with the
possible exception of ice concentration, the statistics of
TTL cirrus microphysical properties and occurrence fre-
quency are relatively insensitive to inclusion of even a
relatively high concentration of ice nuclei. This relative
lack of sensitivity is primarily caused by the presence of
high-frequency waves in the TTL. With the occasional
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Fi1G. 10. As in Fig. 6, but for results showing the impact of
changing IN abundance. The presence of IN does reduce the TTL-
mean ice concentration somewhat; however, even with 100 L™ IN
available, the production of large ice concentrations by rapid,
wave-driven cooling is not entirely quenched. The impacts of het-
erogeneous nucleation on the normalized frequency distributions
of extinction and ice water content are minimal.

strong cooling driven by waves, even relatively abundant
IN do not prevent occasional homogeneous nucleation.

6. Summary and discussion

We have used a combination of boreal wintertime TTL
cirrus simulations and observations to statistically assess
the sensitivity of TTL cirrus microphysical properties,
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FI1G. 11. As in Fig. 7, but for results showing the impact of
changing IN abundance. The presence of IN does increase TTL
cirrus occurrence frequency because clouds can form at lower ice
supersaturations. However, the impact is minor compared to the
impact of temperature variability.

cirrus occurrence frequencies, and relative humidity to
TTL dynamical variability and the abundance of het-
erogeneous nuclei. The model includes dynamical forcing
specified by ERA-Interim with small-scale waves super-
imposed as well as detailed treatment of cloud micro-
physical processes, including ice nucleation, deposition
growth, sublimation, and sedimentation. The measure-
ments and simulations lead to the following conclusions:

e The airborne in situ and satellite remote sensing
measurements used in this study include more than
one measurement of most of the key variables con-
sidered. Frequency distributions of ice concentrations
from the ATTREX 2D-S and FCDP probes flown
on the Global Hawk aircraft are in good agreement,
with the exception of very large ice concentrations
(>3000 L"), for which the ice crystals were likely too
small for detection by 2D-S (Fig. 4). The 2D-S and
CALIOP TTL cirrus extinction frequency distri-
butions agree reasonably well (certainly within the
uncertainties of the measurements), although the
2D-S mean extinctions are about 20% larger than
indicated by the CALIOP measurements for the same
geographic region and time period. Ice water contents
measured with the NOAA-H,O instrument are about
30% larger than those determined from 2D-S mea-
surements with the use of mass—dimensional rela-
tionships. Frequency distributions of TTL relative
humidity with respect to ice constructed from the two
ATTREX water vapor measurements (DLH and
NOAA-H,0) are in excellent agreement (Fig. 5).
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FIG. 12. As in Fig. 9, but for results showing the sensitivity to
abundance of heterogeneous nuclei. Heterogeneous nucleation
tends to reduce the occurrence of supersaturation with respect to ice.

« With homogeneous freezing of aqueous aerosols as the
only ice production process, the simulated ice concen-
trations are considerably larger than indicated by the
observations (Fig. 6). These high ice concentrations
are a direct result of rapid cooling driven by the high-
frequency waves that tend to be ubiquitous in the TTL;
with high-frequency waves excluded, the model pro-
duces fewer ice crystals than indicated by observations.
Including heterogeneous ice nuclei reduces the fre-
quency of very high ice concentration clouds (Fig. 10).
Relatively high concentrations of IN (>300L ') are
required to produce good agreement with the mea-
sured frequency distribution of ice concentration.

o The extinction produced by simulations including
high-frequency waves and with homogeneous freezing
as the only ice nucleation process also exceed mea-
sured values (mean simulated extinctions about 16%
larger than 2D-S measurements and about 33% larger
than CALIOP measurements) (Fig. 6). Excluding
high-frequency waves reduces the extinction by
about a factor of 2 and results in simulated extinctions
well below those indicated by measurements. Inclu-
sion of heterogeneous ice nuclei in the model reduces
TTL cirrus extinctions (consistent with the reduction
in ice concentrations), but the extinction sensitivity is
weaker than the corresponding ice concentration
sensitivity (Fig. 10). However, the agreement be-
tween simulated and observed extinction is improved
somewhat if heterogeneous nucleation is included.

e The model underestimates TTL cirrus ice water con-
tents in all of the ice nucleation scenarios considered
here. The IWC discrepancy between the model and
observations is a factor of 2 or larger. Part of this
discrepancy may be caused by sampling biases in the
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ATTREX dataset (inclusion of some anvil cirrus pro-
duced by deep convection and bias toward lower TTL
sampling). Ice water contents in the model are rela-
tively insensitive to assumptions about heterogeneous
nucleation (Fig. 10). Mean IWC differences are at most
about 20% for the most extreme nucleation scenarios.

o The TTL cirrus occurrence frequencies in the homoge-
neous freezing-only simulations are in good agreement
with cloud frequencies indicated by CALIOP measure-
ments. Cloud occurrence is somewhat underestimated
in the uppermost TTL and overestimated in the lower
TTL (Fig. 7), and the model has too many clouds in the
southern part of the western Pacific (Fig. 8). With high-
frequency waves excluded, the simulated cloud frequen-
cies are much lower than indicated by CALIOP. The
simulated cloud occurrence frequencies are quite
insensitive to the assumed heterogeneous nuclei
abundance, either in terms of vertical distribution
or geographic distribution of cloud frequency.

o The homogeneous freezing-only simulations with and
without high-frequency waves bracket the observed
frequency distribution of relative humidity with respect
to ice (Fig. 9). This result is consistent with the differ-
ences in ice concentrations in the different simulations.
The frequency of supersaturation occurrence decreases
when heterogeneous nucleation is included in the model
because IN nucleate ice crystals at lower supersatura-
tions than homogeneous freezing, and increasing
IN concentration exacerbates the disagreement with
ATTREX relative humidity observations. In the ex-
treme case of 300 L~ IN, supersaturations greater than
about 45% are essentially absent in the model, which
contradicts the observed occurrences of large supersat-
urations. As noted above, the ATTREX flight-planning
bias might have produced a dataset with more frequent
ice supersaturation than would have been obtained with
uniform sampling of the western Pacific TTL.

Neither the homogeneous freezing-only scenario nor any
of the heterogeneous freezing specifications used here
provide absolute agreement with observations of all three
moments of the particle size distribution, the relative hu-
midity, and the cloud frequency. On the other hand, given
the limitations of the dataset and the measurement un-
certainties, and given the lack of realistic three-dimensional
dynamics or entrainment in our simulations, with the in-
clusion of waves and moderate numbers of heterogeneous
nuclei, the simulated fields agree with the observations
reasonably well. The observations of ice concentrations
exceeding 1000 L™ ! and the occurrence of supersaturations
approaching the threshold for aqueous aerosol homoge-
neous freezing suggest that this process is responsible for
TTL ice crystal production some of the time. However,
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some degree of heterogeneous nucleation seems to be re-
quired to avoid excessive occurrence of high ice concen-
trations and extinctions. Given the potential sampling
biases in the limited ATTREX airborne dataset, we cau-
tion against taking the results here as compelling evidence
for or against the predominance of homogeneous or het-
erogeneous nucleation in TTL cirrus. Perhaps the most
robust result from the model-observations comparison is
that some degree of high-frequency wave-driven tempera-
ture variability (beyond what is included in the global an-
alyses) is required to explain the observed TTL cirrus cloud
microphysical properties and occurrence frequencies.

The sensitivity tests presented here suggest a rather
limited potential for changes in TTL cirrus as a result of
changes in ice nuclei abundance. Ice crystal concentra-
tions are significantly altered by changing IN, but cloud
extinction is only moderately affected, and ice water
content changes very little. Since infrared cloud radia-
tive forcing (the dominant term in TTL cirrus net radi-
ative forcing) scales with cloud ice water content, the net
radiative forcing and local TTL radiative heating are not
likely to change dramatically in response to changing
TTL IN abundance. Further, since TTL cirrus fre-
quencies appear to be insensitive to IN, the overall im-
pact of TTL cirrus on the TTL thermal budget is not
likely to be strongly dependent on IN.

We emphasize here that these results apply only to the
boreal wintertime period investigated. TTL cirrus sen-
sitivities to ice nuclei during other seasons may be very
different from those indicated from this study.
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