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Abstract. Cirrus cloud radiative effects are largely affected
by ice microphysical properties, including ice water content
(IWCQ), ice crystal number concentration (#;) and mean di-
ameter (Dj). These characteristics vary significantly due to
thermodynamic, dynamical and aerosol conditions. In this
work, a global-scale observation dataset is used to exam-
ine regional variations of cirrus cloud microphysical prop-
erties, as well as several key controlling factors, i.e., tem-
perature, relative humidity with respect to ice (RHi), vertical
velocity (w) and aerosol number concentrations (V,). Re-
sults are compared with simulations from the National Center
for Atmospheric Research (NCAR) Community Atmosphere
Model version 6 (CAM6). Observed and simulated ice mass
and number concentrations are constrained to > 62.5 um to
reduce potential uncertainty from shattered ice in data col-
lection. The differences between simulations and observa-
tions are found to vary with latitude and temperature. Com-
paring with averaged observations at ~ 100 km horizontal
scale, simulations are found to underestimate (overestimate)
IWC by a factor of 3—10 in the Northern (Southern) Hemi-
sphere. Simulated N; is overestimated in most regions except
the Northern Hemisphere midlatitudes. Simulated Dj is un-
derestimated by a factor of 2, especially for warmer condi-
tions (—50 to —40 °C), possibly due to misrepresentation of
ice particle growth/sedimentation. For RHi effects, the fre-
quency and magnitude of ice supersaturation are underesti-
mated in simulations for clear-sky conditions. The simulated
IWC and N; show bimodal distributions with maximum val-
ues at 100 % and 80 % RHi, differing from the unimodal dis-
tributions that peak at 100 % in the observations. For w ef-
fects, both observations and simulations show variances of w

(o) decreasing from the tropics to polar regions, but simu-
lations show much higher o, for the in-cloud condition than
the clear-sky condition. Compared with observations, simu-
lations show weaker aerosol indirect effects with a smaller
increase of IWC and D; at higher N,. These findings pro-
vide an observation-based guideline for improving simulated
ice microphysical properties and their relationships with key
controlling factors at various geographical locations.

1 Introduction

Cirrus clouds represent one of the most ubiquitous cloud
types with an estimated global coverage of approximately
20 % to 40 % (Mace and Wrenn, 2013; Sassen et al., 2008).
According to the fifth assessment report of the United Na-
tions Intergovernmental Panel on Climate Change (IPCC)
(Boucher et al., 2013), the largest uncertainty in estimating
future climate change stems from clouds and aerosols. Un-
like most other cloud types, cirrus clouds may produce a net
positive or negative radiative forcing depending on their mi-
crophysical properties (Stephens and Webster, 1981; Zhang
etal., 1999), which are affected by meteorological conditions
and aerosol distributions. Tan et al. (2016) showed that the
radiative effects of misrepresenting the prerequisite condi-
tion of cirrus clouds — ice supersaturation (ISS, where rel-
ative humidity with respect to ice (RHi) > 100 %) — can
lead to an average bias of +2.49 Wm™2 at the top of the
atmosphere. Other modeling studies found large differences
in the net cloud radiative forcing depending on the fraction
of activated ice-nucleating particles (INPs) and the nucle-
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ation mechanisms (i.e., homogeneous and heterogeneous nu-
cleation) through which the clouds form (Liu et al., 2012;
Storelvmo and Herger, 2014). The large uncertainties in cir-
rus cloud radiative forcing illustrate the need for further study
of cirrus cloud microphysical properties as well as their con-
trolling factors in various geographical locations.

Ideally, a comprehensive quantification of cirrus cloud mi-
crophysical properties globally based on high-resolution, in
situ observations would mitigate many uncertainties. How-
ever, challenges remain in field measurements to achieve
such spatial coverage. Previously, efforts have been made to
understand cirrus cloud properties based on their geograph-
ical locations. Diao et al. (2014b) performed a hemispheric
comparison of in situ cirrus evolution and found little dif-
ference in the clear-sky ISS frequency as well as the pro-
portion of each evolution phase between the Northern Hemi-
sphere and Southern Hemisphere (NH and SH, respectively).
In situ observations of tropical, midlatitude and polar cirrus
clouds have shown that ice water content (IWC) can vary or-
ders of magnitude depending on the geographical locations
(Heymsfield, 1977; Heymsfield et al., 2005, 2017; Mcfar-
quhar and Heymsfield, 1997; Schiller et al., 2008). Wolf et
al. (2018) used balloon-based in situ observations to analyze
microphysical properties of Arctic ice clouds and found dif-
ferences in particle size distributions (PSDs) depending on
the cloud origin. Krimer et al. (2016, 2020) developed a cir-
rus cloud climatology, focusing on tropical and midlatitude
cirrus clouds, and showed that cloud thickness is larger at
lower altitudes and thus produces a more negative radiative
forcing. Moving from north to south using lidar-based ob-
servations from two research cruises starting from Leipzig,
Germany, one to Punta Arenas, Chile, and the other one to
Stellenbosch, South Africa, Kanitz et al. (2011) observed a
decrease in the efficiency of heterogeneous nucleation in the
SH, which could be a result of fewer INPs. This hemispheric
difference in aerosol indirect effects is consistent with sig-
nificantly higher aerosol number concentrations in the NH
(Minikin et al., 2003). Using satellite observations from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO), Mitchell et al. (2018) showed the de-
pendence of ice particle effective diameter on temperature,
latitude, season and topography. Thorsen et al. (2013) used
CALIPSO data to examine cloud fraction of tropical cir-
rus clouds and showed dependence on altitude and diurnal
cycle. Tseng and Fu (2017) used CALIPSO and Constel-
lation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) data and found that the tropical cold-
point tropopause temperature is a controlling factor of cirrus
cloud fraction in the tropical tropopause layer.

Regional and hemispheric variations of cirrus microphys-
ical properties are produced by various controlling factors,
such as thermodynamics (i.e., temperature and RHi), dynam-
ics (e.g., vertical velocity) and aerosols (e.g., number con-
centration and composition). The effects of temperature have
been extensively studied from in situ observations (Heyms-
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field et al., 2017; Luebke et al., 2013, 2016; Schiller et al.,
2008), showing an increase of IWC towards warmer temper-
atures. A number of studies focused on distributions of RHi
have found that in-cloud RHi occurs most frequently at or
near 100 % (Jensen et al., 2001; Kriamer et al., 2009). An-
other study by Diao et al. (2017) found that using different
RHi thresholds (e.g., 108 % to 130 %) for ice nucleation in
simulations can influence IWC and ice crystal number con-
centrations (N;) in convective cirrus. In addition, the spatial
scales of ice-supersaturated regions can vary from the micro-
to mesoscales, largely depending on the spatial variability of
water vapor (Diao et al., 2014a). The distributions of verti-
cal velocity have been investigated in different types of cir-
rus clouds, such as in ridge-crest cirrus, frontal cirrus and
anvil cirrus (Muhlbauer et al., 2014a, b). Stronger updrafts
are found to be associated with higher occurrence frequency
of ISS inside anvil and convective cirrus (D’ Alessandro et al.,
2017). Regarding the effects of aerosols, Cziczo et al. (2013)
and Cziczo and Froyd (2014) investigated ice crystal residu-
als from in situ observations and discovered that the majority
of midlatitude cirrus clouds form via heterogeneous nucle-
ation on mineral dust and metallic particles. Anthropogenic
aerosols, such as secondary organic aerosols, were found to
be less effective INPs compared with mineral dust (Prenni et
al., 2009). Based on remote sensing data, Zhao et al. (2018,
2019) showed that the correlations between ice crystal sizes
and aerosol optical depth can be either positive or negative
depending on the meteorological conditions in convective
clouds. Chylek et al. (2006) showed an increase in ice crystal
size during the more polluted winter months compared with
cleaner summer months over the eastern Indian Ocean, which
the authors speculate to be due to heterogeneous nucleation
occurring at lower ice supersaturation compared with ho-
mogeneous nucleation, therefore reducing the ambient ice
supersaturation magnitude and making homogeneous nucle-
ation a more difficult pathway. Using a global-scale dataset
of multiple flight campaigns, Patnaude and Diao (2020) iso-
lated individual effects on cirrus clouds from temperature,
RHi, vertical velocity (w) and aerosol number concentrations
(Na). They found that when N, is 3—10 times higher than av-
erage conditions, it shows strong positive correlations with
cirrus microphysical properties such as IWC, N; and number-
weighted mean diameter (D;). These aerosol indirect effects
are also susceptible to whether or not thermodynamic and
dynamical conditions are controlled, demonstrating the im-
portance of conducting a comprehensive analysis of various
key controlling factors altogether.

More recently, in situ observations have been used to eval-
uate and improve cirrus cloud parameterizations in global cli-
mate models (GCMs). Two types of simulations have been
frequently used for model evaluation, i.e., free-running (Ei-
dhammer et al., 2014, 2017; Wang and Penner, 2010; Zhang
et al., 2013) and nudged (D’ Alessandro et al., 2019; Koop-
erman et al., 2012; Wu et al., 2017) simulations. For free-
running simulations, a comparison on statistical distributions
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of ice microphysical properties is often used for model val-
idation (e.g., Penner et al., 2009). The nudged simulation
would nudge certain meteorological conditions towards re-
analysis data, such as horizontal wind and temperature (e.g.,
D’ Alessandro et al., 2019; Wu et al., 2017). These nudged
simulations can also be output to a similar location and time
to those of the aircraft observations. Given the importance
and limited understanding of how aerosols interact with cir-
rus clouds, much attention has been dedicated to the parame-
terization of aerosol indirect effects (Karcher and Lohmann,
2002, 2003; Kuebbeler et al., 2014; Wang et al., 2014a).
Shi et al. (2015) added the effects of pre-existing ice into
the Community Atmosphere Model version 5 (CAMS) and
found a decrease in N; with increasing aerosol concentration
due to the reduction of homogeneous nucleation frequency.
Other studies also investigated the effect of updraft veloc-
ity on simulated N; and aerosol indirect effects (Zhou et al.,
2016; Penner et al., 2018).

This study aims to bridge the knowledge gap on how cirrus
clouds vary depending on geographical locations and envi-
ronmental conditions by using a comprehensive in situ ob-
servation dataset that includes seven US National Science
Foundation (NSF) flight campaigns. Observations were col-
lected aboard the NSF/National Center for Atmospheric Re-
search (NCAR) Gulfstream V (GV) research aircraft. De-
scriptions of the seven flight campaigns, instrumentations,
model configurations of the NCAR Community Atmosphere
Model version 6 (CAM6) are provided in Sect. 2. Both ob-
servations and simulations are used to examine the regional
variations in the statistical distributions of cirrus microphys-
ical properties, including IWC, N; and D; (Sect. 3). Impacts
of several key controlling factors, i.e., temperature, RHi, w
and N,, are examined in Sect. 4. Discussions on observation-
based findings and model evaluation results are included in
Sect. 5.

2 Data and methods
2.1 In situ observations and instrumentations

In this study, in situ airborne observations at 1 Hz are pro-
vided by instruments aboard the NSF High-Performance In-
strumented Airborne Platform for Environmental Research
(HIAPER) GV research aircraft. A comprehensive global
dataset is compiled based on seven major flight campaigns
funded by the NSF, including STARTO8 (Pan et al., 2010),
HIPPO deployments 2-5 (Wofsy, 2011), PREDICT (Mont-
gomery et al., 2012), TORERO (Volkamer et al., 2015), DC3
(Barth et al., 2015), CONTRAST (Pan et al., 2017) and OR-
CAS (Stephens et al., 2018). Table 1 provides a detailed sum-
mary of the seven flight campaigns, including location, dura-
tion of flights, total flight hours of all temperatures and flight
hours for in-cloud and clear-sky conditions at temperatures
< —40°C only. Maps comparing the flight tracks of in situ
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Figure 1. Global maps of flight tracks representing the seven cam-
paigns in this study for (a) in situ observations and (b) CAM6-nudg.
Colors denote different campaigns.

observations and the collocated CAM6 nudged simulations
(hereafter named “CAM6-nudg” data) are shown in Fig. 1.
For this study, ice particle measurements are provided by
the Fast 2-Dimensional Cloud particle imaging probe (Fast-
2DC) with a 64-diode laser array for a range of 25—-1600 pm.
Larger particles can be reconstructed up to 3200 um. The
mass—dimensional relationship of Brown and Francis (1995)
is used to calculate IWC for the Fast-2DC probe, which
was previously used in other studies of the Fast-2DC probe
aboard the NSF GV aircraft (Diao et al., 2014a, b, 2015).
Number-weighted mean diameter (D;) is calculated by sum-
ming up the size of particles in each bin using the bin center
and then dividing it by the total number of particles. In or-
der to mitigate the shattering effect, particles with diameters
< 62.5 um (i.e., first two bins) are excluded in the Fast-2DC
measurements when calculating IWC, Nj and D;. The Rose-
mount temperature probe was used for temperature measure-
ments, which has an accuracy and precision of ~ £0.3 and
0.01 K, respectively. All analyses are restricted to tempera-
tures < —40°C, in order to exclude the presence of super-
cooled liquid droplets in this study. Laboratory calibrated and
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Table 1. Descriptions of seven NSF flight campaigns conducted with the NSF/NCAR GV research aircraft.

Acronym Field campaign Time Latitude, longi- Region* Flight In-cloud Clear-sky
tude hours hours hours
(all temperatures) (< —40°C) (< —40°C)
STARTO082-P Stratosphere- Apr-Jun 2008 26-62°N, 117- NM, NP 84 2 52
Troposphere Analyses 86°W
of Regional Transport
HIPPOS—f HIAPER Pole-to-  Oct-Nov 2009; 87°N-67°S, A 333 7 111
pole Observations ~ Mar—Apr 2010;  128° E-90° W
deployments 2-5 Jun—Jul 2011;
Aug-Sep 2011
PREDICT? PRE-Depression Inves-  Aug—Sep 2010 10-28.5°N, NT 105 25 66
tigation of Cloud Sys- 86-37°W
tems in the Tropics
DpC3h Deep Convective ~ May-Jun 2012 25-42°N, NM 144 23 54
Clouds and Chemistry 106-80° W
Project
TORERO! Tropical Ocean tRopo-  Jan—Feb 2012 42°S-14°N, NT, ST, SM 125 2 52
sphere Exchange of Re- 105-70° W
active halogen species
and Oxygenated VOC
CONTRAST!  CONvective TRansport  Jan—Feb 2014 20° S—40° N, NM, NT, ST 116 23 48
of Active Species in the 132° E-
Tropics 105°W
ORCASK The O,/N; Ratio and  Jan—Mar 2016 75-18°S, SM, SP 95 1 40
CO; Airborne Southern 91-51°W
Ocean (ORCAS) Study

* N, Northern Hemisphere; S, Southern Hemisphere; T, tropics; M, midlatitudes; P, polar regions; A, all regions.
a.b UCAR/NCAR (2009, 2019a). T UCAR/NCAR (2019b—¢). € UCAR/NCAR (2019f). P UCAR/NCAR (2018a). | UCAR/NCAR (2019g). § UCAR/NCAR (2018b).

kK UCAR/NCAR (2018c¢). Full citations of each dataset are included in the reference list.

quality-controlled water vapor data were collected using the
vertical-cavity surface-emitting laser (VCSEL) hygrometer
(Zondlo et al., 2010), with an accuracy of ~ 6 % and preci-
sion of < 1 %. Both temperature and water vapor are used at
1 Hz resolution for this analysis. Aerosol measurements were
collected from the Ultra-High-Sensitivity Aerosol Spectrom-
eter (UHSAS), which uses 100 logarithmically spaced bins
ranging from 0.06—1 um. RHi is calculated using saturation
vapor pressure with respect to ice from Murphy and Koop
(2005). The combined RHi uncertainties from the measure-
ments of temperature and water vapor range from 6.9 % at
—40°C to 7.8 % at —78 °C. Measurements are separated by
cloud condition where in-cloud condition is defined by the
presence of at least one ice crystal from the Fast 2-DC probe
(N; > 0L~"). The same in-cloud definition has been used by
several previous studies (D’ Alessandro et al., 2017; Diao et
al., 2014a, b, 2015, 2017; Tan et al., 2016), and all other
samples are defined as clear sky. For regional variation anal-
ysis, data are binned by six latitudinal regions in the two
hemispheres, that is, NH polar (60-90° N), SH polar (60—
90° S), NH midlatitudes (30-60° N), SH midlatitudes (30—
60° S), NH tropics (0-30° N) and SH tropics (0-30° S). The
majority of observations in the SH midlatitude and tropical
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regions are located over the oceans, while the observations
of NH midlatitude and polar regions are predominantly over
land.

The vertical profiles of observed in-cloud temperature,
clear-sky potential temperature (®) and their correlations
are shown in Fig. 2. The observations sampled tempera-
tures from —78 to —40 °C and altitudes from 5-15 km, while
a previous study of Kriamer et al. (2020) sampled —91 to
—30°C and 5-19 km (their Fig. 2). The lowest temperatures
are found in the tropical regions and at the highest altitudes,
whereas polar regions show more observations at lower alti-
tudes that satisfy temperature < —40 °C. Distributions of cir-
rus cloud properties (i.e., IWC, Nj, D;), in-cloud and clear-
sky RHi, and clear-sky water vapor mixing ratio for the ob-
servation dataset are shown in Fig. 3. D; increases with de-
creasing altitudes, IWC slightly increases with decreasing al-
titudes, and N; is almost independent of altitudes. Clear-sky
RHi and water vapor mixing ratio both increase with decreas-
ing altitudes, while in-cloud RHi is centered around 100 %
and shows smaller dependency on altitudes. Compared with
Fig. 3 in Kriamer et al. (2020), 48 % of their ice particle
samples have D; < 40pum, which is below the size cut-off
used in this study. The higher D; in this study also leads to
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Figure 2. (a) Vertical profiles of temperature, (b) potential temperature vs. temperature and (c) vertical profiles of potential temperature
based on in situ observations at temperatures < —40 °C. Number of samples (V) for 1 Hz observations is shown in the figure legend. Colors

denote six latitudinal regions.

lower range of N; (0.01-1000 L~") and higher range of IWC
(1075-10 gm~3) compared with that previous study (i.e., N;
from 0.1-10° L=! and IWC from 10~7—1 gm™3), represent-
ing the sampling bias towards larger particles in this study.
The relationships of IWC with respect to meteorological con-
ditions (i.e., temperature and RHi) and other microphysical
properties (i.e., Nj and Dj) are shown in Fig. S1 in the Sup-
plement. The distributions of IWC samples are relatively uni-
form at various temperature and RHi, while more IWC sam-
ples are correlated with D; between 100 and 300 pum.

2.2 Climate model description and experiment design

This study uses model simulations based on the NCAR
CAM6 model. Compared with its previous version (the
CAMS model), CAM6 implemented a new scheme, the
Cloud Layers Unified by Binomials (CLUBB) for represen-
tations of boundary layer turbulence, shallow convection and
cloud macrophysics (Bogenschutz et al., 2013). CLUBB is a
higher-order turbulence closure scheme that calculates prog-
nostic higher moments based on joint probability density
functions (PDFs) for vertical velocity, temperature and mois-
ture (Golaz et al., 2002). An improved bulk two-moment
cloud microphysics scheme has been implemented (Gettel-
man and Morrison, 2015) that replaces diagnostic treatment
of rain and snow with prognostic treatment of all hydrome-
teors (i.e., rain and snow). This is coupled with a four-mode
aerosol model (MAM4) (Liu et al., 2016) for simulations of
aerosols and aerosol—cloud interactions. It allows ice crys-
tals to form via homogeneous freezing of sulfate aerosols and
heterogeneous nucleation of dust particles (Liu et al., 2007;
Liu and Penner, 2005). The model uses Wang et al. (2014b)
for ice nucleation, which implemented and improved Hoose
et al. (2010) by considering the probability density func-
tion of contact angles for the classical nucleation theory. The
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model also uses Shi et al. (2015) for modifications of pre-
existing ice. Finally, the deep convection scheme (Zhang and
McFarlane, 1995) has been tuned to include sensitivity to
convection inhibition.

Results from in situ observations are compared with
two types of CAM6 simulations: nudged and free-running
simulations. Simulations are based on a finite-volume dy-
namical core (Lin, 2004) with a horizontal resolution of
0.9° x 1.25° and 32 vertical levels. All simulations are con-
ducted using prescribed sea-surface temperature and present-
day aerosol emissions and include a 6-month spin-up time.
CAMB6 nudged simulations are nudged spatially and tem-
porally with meteorological data (i.e., 2-D horizontal wind
and temperature) from the Modern-Era Retrospective Anal-
ysis for Research and Applications version 2 (MERRA2)
(Gelaro et al., 2017) and collocated with aircraft flight tracks
in space and time. A nudged simulation was conducted for
each campaign independently and was combined into one
dataset to compare with observations. One free-running sim-
ulation was conducted for the duration of all flight campaigns
from July 2008 to February 2016. To reduce the size of model
output when comparing with observations, a total of 24 in-
stantaneous output data from the free-running simulation are
combined into one dataset (“CAMG6-free” hereafter), which
includes 00:00 and 12:00 UTC for the first day of each month
in 2010. Additional sensitivity tests on different model out-
put from the free-running simulation show very minor differ-
ences in the statistical distributions of cirrus microphysical
properties and the correlations with their controlling factors
when selecting different years, seasons and days in a month.

In order to examine observations and simulations on more
comparable scales, a running average of 430 s was calculated
for meteorological parameters (i.e., temperature and RHi)
and microphysical properties (i.e., IWC, Nj and Dj), which
translates to ~ 100 km horizontal scales since the mean true
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Figure 3. Latitude and altitude distributions of (a) IWC, (b) Nj, (¢) Dj, (d) in-cloud RHi, (e) clear-sky RHi and (f) clear-sky water vapor
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variable. Note that the measurement ranges shown in the upper right corner are not the full ranges (see Table 2 for the full ranges).

air speed below —40°C for all campaigns was 230ms~!
(Fig. S2). When applying the running average, both in-cloud
and clear-sky conditions (i.e., where N; and IWC values are
zero) are included in the averages. Grid-mean quantities from
model output are used in comparisons with observations, in-
cluding “IWC”, “NUMICE”, “QSNOW” and “NSNOW”,

Atmos. Chem. Phys., 21, 1835-1859, 2021

which are mass and number concentrations of ice particles
and snow, respectively. Another type of comparison between
1 Hz observations and in-cloud quantities from model out-
put is shown in the Supplement. Both methods have been
previously used in model evaluation, such as D’ Alessandro
et al. (2019), who compared 200 s averaged aircraft obser-
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vations with simulated grid-mean quantities, and Righi et
al. (2020), who compared 1Hz aircraft observations with
simulated in-cloud quantities.

A summary of the ranges of meteorological conditions and
ice microphysical properties for in situ observations and sim-
ulations is shown in Table 2. Simulated RHi is calculated
from simulated specific humidity and temperature, and the
calculation of saturation vapor pressure with respect ice is
based on the equation from Murphy and Koop (2005). Sim-
ulated ice and snow are restricted to > 62.5 um based on
the size cut-off of the Fast-2DC probe by applying methods
from Eidhammer et al. (2014). Based on their equations 1
to 5, we followed their assumption that the shape parame-
ter u equals O when calculating the slope parameter A. Mass
and number concentrations of ice and snow are further calcu-
lated based on integrals of incomplete gamma functions from
62.5 um to infinity. The simulated values of IWC, Nj and D;
are calculated based on the combined ice and snow popula-
tion after applying the size restriction. In-cloud conditions
in simulations are defined by concurring conditions of IWC
>10"7gm™3 and N; > 1074 L~! based on size-restricted
grid-mean quantities. These thresholds are the lower limits
from observations after calculating the 430 s averages. Note
that due to the ice crystal size constraint, some thin cirrus
may not be detected. In addition, analysis of simulated cirrus
clouds is restricted to similar pressure ranges as those mea-
sured in the seven campaigns. An additional constraint on
cloud fraction > 10~ was applied to both nudged and free-
running simulations to exclude extremely low values.

To visualize the impact of the size truncation on simu-
lated data, we employed methods similar to Gettelman et
al. (2020) and reconstructed the simulated particle size dis-
tributions for snow and ice in Fig. 4a using gamma func-
tions from Morrison and Gettelman (2008). Compared with
the observations, the number density for combined ice and
snow is overestimated for smaller particles (< 400 um) and
underestimated for larger particles (> 1000 um). After ap-
plying the size restriction, the PDFs of simulated N; and IWC
show increasing probability of small N; and decreasing prob-
ability of small IWC due to the removal of small particles
(Fig. 4b and c).

Finally, simulated aerosol number concentrations are fur-
ther categorized by diameters > 500 and > 100nm (i.e.,
Nasoo and Ny 100, respectively), by summing the size-
restricted concentrations of the Aitken, accumulation and
coarse aerosol modes. Previously, field experiments found
that N, 500 correlates well with INP number concentrations
(DeMott et al., 2010). Even though that correlation was only
determined based on observations warmer than —36 °C, the
separation of N, 500 and N, 100 can help to examine the ef-
fects of larger and smaller aerosols in this work.

https://doi.org/10.5194/acp-21-1835-2021

3 Regional variations of cirrus cloud characteristics

3.1 Cirrus cloud microphysical properties with respect
to temperature

Three cirrus cloud microphysical properties IWC, N; and
D;) are examined in relation to temperature at six latitudinal
regions (Fig. 5). The standard deviations of the IWC, N; and
D; in each temperature bin are shown in Fig. S3. The 1 Hz
observations of IWC and N; in the NH indicate clear lati-
tudinal differences with the highest values occurring in the
midlatitudes, followed by tropics, then polar regions for tem-
peratures between —40 and —60 °C, while for colder temper-
atures the NH tropical region shows the highest IWC. In the
SH, the highest IWC and Nj; occur in the tropics, followed by
the polar regions and midlatitudes. Comparing the two hemi-
spheres, IWC and N; show significant reductions by ~ 1 or-
der of magnitude from NH midlatitudes to SH midlatitudes
(Fig. 5b, e). These hemispheric differences in midlatitudes
may be due to air-mass differences between NH (more con-
tinental) and SH (more oceanic) and/or more anthropogenic
emissions in the NH. The IWC, N; and Dj are relatively sim-
ilar between NH and SH tropical regions, while IWC and D;
are higher in the SH polar region than in NH polar regions.

The simulations are further compared with averaged ob-
servations at a similar horizontal scale of ~ 100 km. After ap-
plying 430 s running averages for observations, the average
IWC and N; values decrease by 0.5-1.5 orders of magnitude
compared with 1 Hz observations depending on temperature
and geographical region. Hemispheric differences are mostly
consistent between 1 and 430 s averaged observations except
for polar regions. CAM6-nudg data show a similar trend of
average IWC, N; and D; with respect to temperature as seen
in observations; that is, the average IWC increases with in-
creasing temperature, consistent with previous observational
studies (Kriamer et al., 2016; Luebke et al., 2013; Schiller et
al., 2008), average N; shows no clear trend with temperature,
and average Dj increases with increasing temperature. Dif-
fering from observations, CAM6 produces the highest IWC
and Nj; in the tropical regions, followed by midlatitudes, then
polar regions for both hemispheres. The simulated IWC, N;
and Dj also show smaller differences between hemispheres
and latitudes. The CAM6-nudg data underestimate and over-
estimate IWC in the NH and SH by 0.5-1 orders of magni-
tude, respectively, with the largest discrepancies in the mid-
latitudes. The simulations overestimate N; in the tropics and
polar regions in both hemispheres by 0.5-1 orders of mag-
nitude and overestimate Nj in the SH midlatitudes by 1-2
orders of magnitude. The simulated D; is about half of the
observed values in most regions except polar regions. This
result indicates “too many” and “too small” simulated ice in
most regions. The low bias of simulated Dj indicates possible
misrepresentation of ice particle growth and sedimentation in
the model parameterization.

Atmos. Chem. Phys., 21, 1835-1859, 2021
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Table 2. Ranges of meteorological conditions and ice microphysical properties for in situ 1 Hz observations, 430 s averaged observations,

CAM6-nudg and CAMO6-free data used in this study.

In situ observations 430 s averaged observations CAMG6-nudg CAMG6-free
T (°C) —78 to —40 —77 to —40 —75 to —40 —89.9 to —40
P (Pa) 12389-53 137 37778-53410 12300-53 446 12300-53 100
RHi (%) in-cloud (clear sky) ~ 0.99-175.1 (0.3-174.9)  0.3-153.7 (0.3-134.6) 0.8-159.8 (0.05-107.6)  0.003-257.2 (0.001-181.4)
IWC (gm™3) 0.00004-23.31 1 x1077-11.58 1 x1077-0.12 1 x 1077-0.16
Ny (L7 0.039-542.15 9.6 x 1079-188.7 1 x 1074-207.04 1 x1074-516.7
Dj (um) 62.5-3200 62.5-2175 62.5-2062 66.7-2556

A sensitivity test is conducted by comparing 1 Hz obser-
vations with in-cloud quantities from model output (Fig. S4).
Larger differences are seen between simulated and observed
IWC and N; in Fig. S4 compared with Fig. 5. The directions
(i.e., positive or negative) of model biases of IWC, N; and D;
are generally consistent in both comparisons.

A previous study by Righi et al. (2020) evaluated the
ice microphysical properties in the EMAC-MADE3 aerosol—
climate model (i.e., ECHAM/MESSy Atmospheric Chem-
istry — Modal Aerosol Dynamics model for Europe adapted
for global applications, third generation) by comparing in-
cloud quantities from model output with 1Hz in situ ob-
servations of multiple aircraft field campaigns from 75° N
to 25°S (Kriamer et al., 2009, 2016, 2020). Although that
study included a greater number of smaller ice particles (3—
1280 um) compared with this study, they still showed low
biases of simulated D; at 190-243 K and low biases of simu-
lated TWC at 205-235 K, as well as high biases of simulated
N; above 225K, which are generally in the same direction
as the biases we found in CAM6 model. Note that Righi
et al. (2020) implemented different cloud microphysics pa-
rameterizations compared with the CAM6 model, including
a two-moment cloud microphysics scheme of Kuebbeler et
al. (2014) and the ice nucleation parameterization for cirrus
clouds (T < 238.15 K) from Kircher et al. (2006), which ac-
count for both homogeneous and heterogeneous nucleation
and the competition between the two mechanisms. Addi-
tional future intercomparison studies of these models are
warranted to examine the reasons behind the similar biases.

3.2 RHi and o, distributions for in-cloud and clear-sky
conditions

Regional distributions of RHi for clear-sky and in-cloud con-
ditions are shown for 1 Hz observations (Fig. 6), 430 s aver-
aged observations (Fig. 7) and simulations (Fig. 8). The 1 Hz
observations show RHi magnitudes ranging from < 5 % up
to ~ 180 % in both clear-sky and in-cloud conditions, and
are mostly located below the homogeneous freezing line ex-
cept for the NH tropical region. A few samples exceed the
liquid saturation line but are within the measurement uncer-
tainties of RHi. This result agrees with the RHi distributions
based on previous midlatitudinal observations (Cziczo et al.,
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2013). Differing from 1 Hz observations, 430 s averaged ob-
servations show much lower RHi magnitudes for both clear-
sky and in-cloud conditions, ranging from < 5 % to 120 %—
140 %. For clear-sky conditions, the majority of the observed
and simulated RHi values are below 100 %, while the CAM6-
nudg data show fewer RHi exceeding ice saturation. For
in-cloud conditions, both 1 Hz observations and simulations
show that RHi frequently occur within ~20% of ice sat-
uration, consistent with previous observation and modeling
studies (Diao et al., 2014a, 2017; D’ Alessandro et al., 2017,
2019; Kriamer et al., 2009), while almost no simulated RHi
data exceed the homogeneous freezing threshold. The higher
RHi observed in the NH tropical region was also observed by
Krimer et al. (2009). Such features can be explained by the
competition between higher updrafts seen in the tropics and
the depletion of water vapor from newly nucleated ice par-
ticles as discussed in Kércher and Lohmann (2002). For the
polar regions, in-cloud RHi is skewed towards ISS in both
observations and simulations, indicating less effective water
vapor depletion likely due to lower N; values (Fig. 5e). Note
that the simulation samples in the tropical regions show peak
frequencies at certain temperatures due to larger bin sizes of
pressure levels in the lower latitudes.

Regional distributions of the variance of w (oy,) for 1 Hz
observations at 40 and 430 s scales and CAM6 nudged simu-
lations are shown in Figs. 9, 10 and 11, respectively. oy, in the
observations is calculated as the variance of w within each
40 and 430 of data, which correspond to a horizontal scale
of ~ 10 and 100 km, respectively. The oy, in simulations is
based on the “wgy,,” variable, which is calculated from the
square root of turbulent kinetic energy (TKE) (Gettelman et
al., 2010). Observed o, shows the highest values in the trop-
ical and midlatitude regions, reaching up to ~ 3ms~!, while
the polar regions show updrafts up to ~ 1ms~!. A similar
decreasing trend of maximum o, is seen in the simulations
from the lower to higher latitudes. The observations show
similar oy, maximum values between clear-sky and in-cloud
conditions, while the simulations show much higher max-
imum o, for in-cloud conditions in the tropics (1 ms~1),
midlatitude (1ms~') and polar regions (0.5 ms~ 1), com-
pared with those values in clear sky (i.e., 0.5, 0.25 and
0.1 ms~!, respectively). This result suggests that the model
has a stronger dependence on higher o, for cirrus cloud for-
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before and after the size restriction. Panels (b) and (¢) show PDFs of N; and IWC in the simulation before and after size truncation.

mation compared with observations. We further examine the
potential impact of convection in simulations and observa-
tions. Figure S5 shows the locations where w > I ms™! is
seen in the observations as well as where wg, > 0.5ms ™! is
seen in the CAM6-nudg data for in-cloud conditions. Since
wsub in CAMBS6 is based on the turbulent scheme, higher wgyp
values indicate that the convection scheme may be active and

https://doi.org/10.5194/acp-21-1835-2021

produce detrained ice in convective outflows. The majority
of observed and simulated in-cloud samples do not appear to
have high w or wgyp, indicating that detrained ice from the
convection is unlikely a significant contribution. More future
investigation is needed to track cirrus cloud origins and quan-
tify impacts from convection.
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4 Individual impacts of key controlling factors on
cirrus clouds

4.1 Probability density functions of temperature, RHi
and oy

PDFs of temperature, RHi and o, are shown in Fig. 12.
The PDFs are normalized by the total number of samples
of both clear-sky and in-cloud conditions. The observations
are located mostly around —68 to —40°C, and the simula-
tions show similar temperature distributions. For the PDFs
of RHi, the observations and simulations all show a peak po-
sition around 100 % for in-cloud condition. However, a sec-
ondary peak is shown in simulations at 80 % RHi, which is

Atmos. Chem. Phys., 21, 1835-1859, 2021

likely due to the parameter of RHip;, for ice cloud fraction
calculation being set at 80 % for representing variance of hu-
midity in a grid box (more details on RHini, are described
in Gettelman et al., 2010). In addition, the maximum RHi
values for in-cloud conditions are 170 %, 154 %, 160 % and
257 % for 1Hz observations, 430s averaged observations,
CAMG6-nudg and CAM6-free, respectively. The maximum
RHi values for clear-sky conditions are 175 %, 135 %, 108 %
and 181 %, respectively. The CAM6-free data show higher
maximum RHi values than CAM6-nudg data, likely due to
additional data from tropical regions at temperatures below
—70°C (Fig. 12j). When using a lower size cut-off (1 um) of
ice particles for the simulation data, the number of in-cloud
samples increases by 4 % (Fig. S6). However, negligible dif-

https://doi.org/10.5194/acp-21-1835-2021
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Figure 7. Similar to Fig. 6 but for 430 s scale.
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Figure 10. Similar to Fig. 9 but for 430 s averaged observations.
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Figure 11. Similar to Fig. 9 but for the CAM6-nudg data.
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every 40s.

ferences are seen in the PDFs of temperature, RHi and o, for
the two simulations between Figs. 12 and S6.

PDFs of o, show consistent results with Figs. 9-11,
with simulations showing much higher maximum o, for in-
cloud conditions than clear-sky conditions, while observa-
tions show similar maximum o, in both conditions. The

Atmos. Chem. Phys., 21, 1835-1859, 2021

lower maximum values of oy, in simulations are most likely a
result of the model missing representations of gravity waves
from topography, fronts and convection, and only including
oy from turbulence.
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4.2 Effects of RHi and oy, on ice microphysics

The relationships between ice microphysical properties and
RHi are examined in Fig. 13. For the 1 Hz observations, the
maximum IWC and N; occur slightly above ice saturation at
110 % RHi, while the maximum D; occur at 130 % RHi. The
average IWC and N increase 1.5 orders of magnitude from
40% to 110 % RHi and decrease 0.5 orders of magnitude
(i.e., a factor of 3) from 110 % to 130 % RHi. The maximum
IWC and N; do not occur at the highest RHi most likely due
to the consumption of water vapor by ice deposition. High D;
values at lower RHi (~ 30 %) are likely a result of sediment-
ing large ice crystals, which has been previously observed by
Diao et al. (2013) when investigating the evolutionary phases
of cirrus clouds. For 430 s averaged observations, the peak
IWC, N; and D; occur at 100 %, 100 % and 115 % RHi. The
maximum IWC and N; values are nearly the same between 1
and 430 s averaged observations (i.e., 0.04 gm’3 and 10L~1,
respectively) near saturation, while the 430 s averaged obser-
vations show lower minimum IWC and Nj; at very low RHi
(< 10 %), which are 1.5 orders of magnitude lower than 1 Hz
observations. This feature is due to in-cloud segments being
longer around saturation compared with subsaturated condi-
tions as shown in Diao et al. (2013), which means that fewer
clear-sky conditions are being included in the 430 s averages
around saturation and therefore show little reduction of the
IWC and N; due to spatial averaging.

In contrast to observations, both CAM6-nudg and CAM6-
free simulations show bimodal distributions of IWC and N;
with the primary peak at 100 % RHi and the secondary peak
at 80 % RHi. The secondary peak at RHi 80 % is likely pro-
duced by the RHiy,, parameter reflecting subgrid-scale RHi
variance as mentioned above (Gettelman et al., 2010), which
was set at the default value (80 % RHi) for both simulations.
The primary peak at 100 % RHi is likely a result of the mini-
mum threshold for heterogeneous ice nucleation being set at
120 % as well as a subgrid variability scaling factor of 1.2
being considered (Wang et al., 2014a). Similar to 430s av-
eraged observations, IWC and N;j show steep increase (i.e.,
3—4 orders of magnitude) from 40 % to 100 %. Increases of
average IWC and N; are seen in the simulations as RHi in-
creases from 120 % to 160 %, differing from the decreasing
trend seen in the observations. These higher values of IWC
and N; near 160 % are possibly due to RHi reaching the ho-
mogeneous nucleation thresholds, where ice nucleation be-
comes more dependent upon temperature and updraft speed
(Liu and Penner, 2005). Note that at this same point as IWC
and Nj; increase, there is a decrease in Dj, which also suggests
homogeneous nucleation in the model. For D;—RHi correla-
tions, both simulations show similar results to the observa-
tions, with the maximum D; around 130 % RHi and some
large ice particles in the subsaturated conditions. The large
variability of observed ice microphysical properties is also
significantly underestimated in the model for ISS conditions.
Standard deviations are 0.5—1 orders of magnitude lower for
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IWC and N; and a factor of 2 lower for D; compared with
observations.

Comparing the correlations with oy, (Fig. 14), the simu-
lations show increasing IWC and N; with higher o,, which
agree with observations, although the increases of IWC and
N; are smaller in the simulations than the 430 s observations.
The simulated Dj is relatively constant with increasing oy,
which differs from the slight positive correlation between D;
and o, in the observations. This slight positive Dj—o,, cor-
relation is likely due to the growth of ice particles as cirrus
clouds evolve with continuous updrafts that supply excess
water vapor above ice saturation, which was previously dis-
cussed in a cirrus cloud evolution analysis (Diao et al., 2013).
The simulations may overlook this positive correlation for
several reasons, such as the lack of temporal resolution to
resolve cirrus evolution in the growth phase, the lack of ver-
tical velocity subgrid variabilities (as discussed in Zhou et
al., 2016) and a dry bias (i.e., lower RHi) in the model (as
discussed in Wu et al., 2017).

Comparing the performance of two types of simulations,
both CAM6-nudg and CAM6-free show bimodal distribu-
tions for IWC-RHi and N;—RHi correlations, and they both
show positive correlations for IWC-oy, and Nj—o,. This re-
sult indicates that the general trends in these correlations are
statistically robust and less affected by sampling sizes and
geographical locations. For correlations with RHi, the max-
imum IWC value in CAM6-nudg and CAM6-free is lower
than the 430 s averaged observations by a factors of 25 and
100, respectively. The maximum Nj; value in CAM6-nudg is
similar to the 430 s averaged observations, while that value
in CAM6-free is lower by a factor of 3. For correlations
with oy, there are no significant differences for the maxi-
mum IWC between the two simulation types. The maximum
Nj value in CAM6-nudg and CAM6-free is higher than the
430 s averaged observations by factors of 3 and 10, respec-
tively. These results show that CAM6-nudg data, which are
collocated with flight tracks, produce IWC and N; values
closer to the 430s averaged observations than CAM6-free,
possibly due to the variabilities of IWC and N; in different
geographical locations as shown in Fig. 5.

4.3 Aerosol indirect effects

The effects of larger and smaller aerosols (i.e., Ny 500 and
Na,100) on ice microphysical properties are further examined
for observations and CAM6-nudg data (Figs. 15 and 16).
Cloud fraction is calculated in each temperature—N, bin by
normalizing the number of in-cloud samples with the total
number of samples in that bin for both observations and sim-
ulations. For three cirrus microphysical properties (i.e., IWC,
Nj and Dj), positive correlations are seen in 1 Hz observa-
tions with respect to N, 500 and N, 100. In addition, higher
Na 500 (> 10 cm_3) and Ny 100 (> 100 cm 3 values are asso-
ciated with significant increases in cloud fraction. At —70 to
—60°C, higher IWC, N; and cloud fraction are seen when
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Figure 15. Aerosol indirect effects from logarithmic-scale N, 500 on (a—¢) IWC, (d—f) Nj, (g-i) D; and (j-1) cloud fraction, compared among
1 Hz observations (left column), 430 s averaged observations (middle column) and CAM6-nudg data (right column). Number of samples of
each bin is shown in the bottom row (m-o0). Cloud fraction is calculated as the number of in-cloud samples over the total number of samples

for a given temperature and N, bin.

N, 500 is observed, with positive correlations of IWC and
N; with respect to N, s500. This finding indicates that larger
aerosols provide an effective pathway of ice particle for-
mation for colder conditions. The higher IWC and N; are
only shown in much higher N, 100 (> 100 cm_3) between
—70 and —60 °C, demonstrating that larger aerosols facilitate
ice formation more effectively than smaller aerosols at this
temperature range, possibly due to the activation of larger
aerosols as INPs for heterogeneous nucleation. Compared
with 1 Hz observations, 430 s averaged observations show
weaker correlations of IWC, N; and D; with respect to N,.
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However, they do still show higher IWC and N; between —70
and —40 °C associated with higher N, (i.e., Ny 500 > 1 cm™3
and N, 100 > 30 cm™3).

The CAM6-nudg simulation shows increasing average
IWC, average N; and cloud fraction with increasing N, 500,
consistent with the observations. But at temperatures below
—60°C, simulated IWC and N; do not show a sudden in-
crease with higher N, 500 as shown in the observations. The
simulated D; slightly decreases with increasing N, 500, dif-
fering from the increasing trend seen in observations. For
aerosol indirect effect analysis based on N, 100, the com-
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Figure 16. Similar to Fig. 15 but examined for log((Nj,,100)-

parison results are similar to N, s500; that is, the CAM6-
nudg simulation is able to represent positive correlations of
IWC, N; and cloud fraction with respect to N, 100. However,
the CAM6-nudg simulation shows smaller (larger) increase
of IWC (N;) at very high N, (i.e., Nas00 > 1.6 cm~3 and
Na,100 > 30 cm™3) compared with the 430 s averaged obser-
vations. The model also misses positive correlations between
D; and N, seen in both 1 Hz and 430 s averaged observations.

5 Discussion and conclusions

In this study, we investigate the statistical distributions of cir-
rus cloud microphysical properties (i.e., IWC, Nj and Dj)
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as well as several key controlling factors (i.e., temperature,
RHi, oy, and N,) using a comprehensive in situ observational
dataset and GCM simulations. Regional variations of cirrus
cloud microphysical properties are examined for six latitudi-
nal regions in two hemispheres. Two types of CAM6 simu-
lations are evaluated, i.e., nudged and free-running simula-
tions.

Regarding the regional variations in 1 Hz observations, the
highest and lowest IWC values were observed in NH mid-
latitudes and SH midlatitudes, respectively, while the polar
regions show the lowest N; and highest D; at warmer con-
ditions (i.e., —55 to —40°C) (Fig. 5). The hemispheric dif-
ferences between NH and SH midlatitudes indicate a possi-
ble role of anthropogenic aerosols and/or land—sea contrast
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in controlling ice microphysical properties. Thermodynamic
and dynamic conditions can also affect nucleation mecha-
nisms. For example, the tropical regions show the highest
IWC and N; at temperatures below —55 °C possibly due to
convection anvils with the droplet freezing from down below
or homogeneous nucleation in gravity waves generated by
convection. This feature is corroborated by the fact that trop-
ical regions show the highest RHi values for both clear-sky
and in-cloud conditions (Fig. 6), while the midlatitude and
polar regions show fewer samples exceeding the homoge-
neous nucleation threshold. The higher RHi values in tropics
are likely contributed by higher updrafts (indicated by higher
oy in Fig. 9). These results demonstrate the important roles
of these controlling factors on cirrus clouds at different lati-
tudinal and temperature ranges.

Evaluating the model simulations of cirrus microphysical
properties, different model performance results are seen in
different regions. For example, simulations underestimated
the IWC in NH (Fig. 5), possibly due to model dry bias
to form ice clouds (as discussed in Wu et al., 2017) and/or
smaller aerosol indirect effects on IWC in the simulations
(Figs. 15 and 16). Differences in the particle size distribution,
such as lower number density of larger particles (> 1000 pm)
in the simulation (Fig. 4a), may also contribute to the un-
derestimation of IWC by the simulation. All the compari-
son results on IWC, N; and D; are only applicable to the
size range being evaluated (> 62.5um). For RHi distribu-
tions, both simulations represent a similar peak position at
ice saturation for in-cloud RHi PDFs compared with obser-
vations but CAM6-nudg underestimates the frequency and
magnitude of ISS for clear-sky condition. For o, distribu-
tions, simulations represent similar regional variations of o,
compared with observations, with o, decreasing from lower
to higher latitudes. The model performs well for represent-
ing the effects of RHi and o, on ice microphysical proper-
ties, specifically for showing the maximum IWC and N; at
100 % RHi and the positive correlations with o,,. Some dif-
ferences include the simulated average IWC and N; show-
ing a secondary peak position at 80 % RHi, likely due to
the minimum RHi threshold used in the model parameteri-
zation. Both simulation types show similar correlation trends
of ice microphysical properties with respect to RHi and o,.
CAM6-nudg performs better for representing IWC and Nj;
magnitudes than CAM6-free, possibly due to better colloca-
tion between CAM6-nudg and observations.

For aerosol indirect effects, the simulations underestimate
IWC, Nj, D;j as well as cloud fraction at colder conditions
(< —60°C) when larger aerosols exist, indicating that the ef-
fectiveness of larger aerosols is underestimated at the colder
conditions. The observations also show higher D; than sim-
ulations by a factor of 3—4 at warmer temperatures (—50 to
—40 °C), indicating misrepresentation of ice particle growth
and/or sedimentation in the simulations. In addition, the
IWC, Nj and Dj in 430 s averaged observations show an in-
crease at higher N, 500 (> 1 cm~?) and Na,100 (> 30 cm’3),
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while simulations only show a significant increase of Nj. This
result indicates that aerosol indirect effects may be under-
estimated especially for higher N, values. It is possible that
small ice crystals < 62.5 um may have formed under high N,
but are excluded due to the size constraint. Additionally, be-
cause INP activation is highly dependent upon temperature,
we acknowledge the limitation of using N, 500 to indicate
INP concentrations. The assumption of ice mass and dimen-
sion relationship from Brown and Francis (1995) may also
lead to uncertainties due to various ice habits. These caveats
call for more investigation of small ice measurements, INP
measurements at temperature < —40°C and measurements
of various ice habits.

Overall, the global-scale observational dataset used in
this study provides statistically robust distributions of cirrus
cloud microphysical properties, which can be used to evalu-
ate the effects of thermodynamics, dynamics and aerosols on
cirrus clouds in a global climate model. Extending from pre-
vious studies that investigated climate model sensitivity to in-
dividual cirrus cloud controlling factors, i.e., w (Shi and Liu,
2016), RHi (D’ Alessandro et al., 2019), water vapor (Wu et
al., 2017) and aerosols (Wang et al., 2014a), this study pro-
vides an analysis of all factors. In addition, further attention
was given towards evaluating these factors in the simulations
based on geographical locations. For both observations and
simulations, higher ice supersaturations and stronger verti-
cal motions are shown in tropical and midlatitude regions,
which possibly lead to increased homogeneous nucleation
and convection-generated cirrus, consistent with higher IWC
and N; and lower D; in these regions compared with polar re-
gions. In addition, underestimating aerosol indirect effects in
the simulations likely contributes to the underestimation of
IWC in the NH. Even though small ice particles (< 62.5 um)
are excluded in this study, correlations between ice micro-
physical properties and these key controlling factors are still
clearly seen in the observation dataset. In addition, using two
methods that compare observations on the horizontal scales
of 230 m and 100 km with simulations, both methods show
similar signs for model biases of IWC, N; and Dj, while
smaller model biases are seen when comparing against the
coarser resolution observations. This study underscores the
importance of correctly representing the thermodynamic, dy-
namic and aerosol conditions in climate models at various re-
gions, as well as accurately simulating their correlations with
ice microphysical properties. Failing to do so may result in
biases of cirrus cloud microphysical properties depending on
different regions and temperatures, leading to biases in cirrus
cloud radiative effects on a global scale.

Code availability. The source code and namelist of the
CAM6 model version used in this work are archived
on the NCAR Cheyenne campaign storage system under
/glade/campaign/univ/usjs0006/. Access will be granted by the
authors on request.

https://doi.org/10.5194/acp-21-1835-2021



R. Patnaude et al.: Effects of thermodynamics, dynamics and aerosols on cirrus clouds 1855

Data availability. Observations from the seven NSF flight
campaigns are accessible at https://data.eol.ucar.edu/ (last ac-
cess: 11 December 2020): https://doi.org/10.5065/D6Z31X06
(UCAR/NCAR - Earth Observing Laboratory, 2009),
https://doi.org/10.5065/D6BC3WKB (UCAR/NCAR - Earth
Observing Laboratory, 2018a), https://doi.org/10.5065/D6TX3CKO0
(UCAR/NCAR — Earth Observing Laboratory, 2018b),
https://doi.org/10.5065/D65T3HWR (UCAR/NCAR - Earth
Observing Laboratory, 2018c¢), https://doi.org/10.5065/D6NZ85Z4
(UCAR/NCAR - Earth Observing Laboratory, 2019a),
https://doi.org/10.5065/D6JW8C64 (UCAR/NCAR - Earth
Observing Laboratory, 2019b), https://doi.org/10.5065/D6QFS8R6R
(UCAR/NCAR - Earth Observing Laboratory, 2019c),
https://doi.org/10.5065/D6V40SK6 (UCAR/NCAR - Earth Ob-
serving Laboratory, 2019d), https://doi.org/10.5065/D6CZ35HX
(UCAR/NCAR - Earth Observing Laboratory, 2019e),
https://doi.org/10.5065/D61R6NV5  (UCAR/NCAR - Earth
Observing Laboratory, 2019f), https://doi.org/10.5065/D6668BHR
(UCAR/NCAR - Earth Observing Laboratory, 2019g).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-21-1835-2021-supplement.

Author contributions. RP and MD contributed to the development
of the ideas, conducted quality control of aircraft-based observa-
tions and wrote the majority of the manuscript. RP contributed to
all model simulations and the subsequent data analysis. XL and SC
provided expertise on the setup of CAM6 model simulations and
provided input for the analysis of simulation data.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. Ryan Patnaude, Minghui Diao, Xiaohong Liu
and Sugian Chu acknowledge funding support from US National
Science Foundation (see financial support below). Ryan Patnaude
also acknowledges support from the San Jose State University
Walker Fellowship. For funding support during the summers of
2016 and 2018, Minghui Diao acknowledges the NCAR Advanced
Study Program (ASP) Faculty Fellowship. We would like to ac-
knowledge the NCAR/Earth Observation Laboratory flight teams
from the seven flight campaigns: STARTOS, HIPPO, PREDICT,
DC3, CONTRAST, TORERO and ORCAS. For in situ observations
of water vapor by the VCSEL hygrometer, field support, calibration
and QA/QC were conducted by Minghui Diao, Joshua DiGangi,
Mark Zondlo and Stuart Beaton. Additional appreciation is given
to Jorgen Jensen, Chris Webster and Christina McCluskey for help-
ful discussions.

Financial support. This research has been supported by the Na-
tional Science Foundation, Directorate for Geosciences (grant
nos. AGS-1642291, OPP-1744965 and AGS-1642289/2001903).

https://doi.org/10.5194/acp-21-1835-2021

Review statement. This paper was edited by Martina Krdmer and
reviewed by two anonymous referees.

References

Barth, M. C., Cantrell, C. A., Brune, W. H., Rutledge, S. A., Craw-
ford, J. H., Huntrieser, H., Carey, L. D., MacGorman, D., Weis-
man, M., Pickering, K. E., Bruning, E., Anderson, B., Apel, E.,
Biggerstaff, M., Campos, T., Campuzano-Jost, P., Cohen, R.,
Crounse, J., Day, D. A., Diskin, G., Flocke, F., Fried, A., Gar-
land, C., Heikes, B., Honomichl, S., Hornbrook, R., Gregory
Huey, L., Jimenez, J. L., Lang, T., Lichtenstern, M., Mikoviny,
T., Nault, B., O’Sullivan, D., Pan, L. L., Peischl, J., Pollack,
L, Richter, D., Riemer, D., Ryerson, T., Schlager, H., St. Clair,
J., Walega, J., Weibring, P., Weinheimer, A., Wennberg, P,
Wisthaler, A., Wooldridge, P. J., and Ziegler, C.: The Deep Con-
vective Clouds and Chemistry (DC3) field campaign, B. Am.
Meteorol. Soc., 96, 1281-1310, https://doi.org/10.1175/BAMS-
D-13-00290.1, 2015.

Bogenschutz, P. A., Gettelman, A., Morrison, H., Larson, V.
E., Craig, C., and Schanen, D. P.. Higher-order turbu-
lence closure and its impact on climate simulations in the
community atmosphere model, J. Climate, 26, 9655-9676,
https://doi.org/10.1175/JCLI-D-13-00075.1, 2013.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,
Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., Lohmann,
U., Rasch, P., Satheesh, S. K., Sherwood, S. C., Stevens,
B., and Zhang, X.-Y.: Clouds and aerosols, Clim. Chang.
2013 Phys. Sci. Basis Work. Gr. I Contrib. to Fifth Assess.
Rep. Intergov. Panel Clim. Chang., 9781107057, 571-658,
https://doi.org/10.1017/CB0O9781107415324.016, 2013.

Brown, P. R. A. and Francis, P. N.: Improved Measurements of the
Ice Water Content in Cirrus Using a Total-Water Probe, J. At-
mos. Ocean. Tech., 12, 410-414, https://doi.org/10.1175/1520-
0426(1995)012<0410:IMOTIW>2.0.CO;2, 1995.

Chylek, P., Dubey, M. K., Lohmann, U., Ramanathan, V., Kaufman,
Y. J., Lesins, G., Hudson, J., Altmann, G., and Olsen, S.: Aerosol
indirect effect over the Indian Ocean, Geophys. Res. Lett., 33,
L06806, https://doi.org/10.1029/2005GL025397, 2006.

Cziczo, D. J. and Froyd, K. D.: Sampling the composi-
tion of cirrus ice residuals, Atmos. Res., 142, 15-31,
https://doi.org/10.1016/j.atmosres.2013.06.012, 2014.

Cziczo, D. J., Froyd, K. D., Hoose, C., Jensen, E. J., Diao,
M., Zondlo, M. A., Smith, J. B., Twohy, C. H., and Mur-
phy, D. M.: Clarifying the dominant sources and mecha-
nisms of cirrus cloud formation, Science, 340, 1320-1324,
https://doi.org/10.1126/science.1234145, 2013.

D’Alessandro, J. J., Diao, M., Wu, C., Liu, X., Chen, M.,
Morrison, H., Eidhammer, T., Jensen, J. B., Bansemer, A.,
Zondlo, M. A., and DiGangi, J. P.: Dynamical conditions of
ice supersaturation and ice nucleation in convective systems:
A comparative analysis between in situ aircraft observations
and WRF simulations, J. Geophys. Res., 122, 2844-2866,
https://doi.org/10.1002/2016JD025994, 2017.

D’ Alessandro, J. J., Diao, M., Wu, C., Liu, X., Jensen, J. B., and
Stephens, B. B.: Cloud phase and relative humidity distributions
over the Southern Ocean in austral summer based on in situ ob-

Atmos. Chem. Phys., 21, 1835-1859, 2021


https://data.eol.ucar.edu/
https://doi.org/10.5065/D6Z31X06
https://doi.org/10.5065/D6BC3WKB
https://doi.org/10.5065/D6TX3CK0
https://doi.org/10.5065/D65T3HWR
https://doi.org/10.5065/D6NZ85Z4
https://doi.org/10.5065/D6JW8C64
https://doi.org/10.5065/D6QF8R6R
https://doi.org/10.5065/D6V40SK6
https://doi.org/10.5065/D6CZ35HX
https://doi.org/10.5065/D61R6NV5
https://doi.org/10.5065/D6668BHR
https://doi.org/10.5194/acp-21-1835-2021-supplement
https://doi.org/10.1175/BAMS-D-13-00290.1
https://doi.org/10.1175/BAMS-D-13-00290.1
https://doi.org/10.1175/JCLI-D-13-00075.1
https://doi.org/10.1017/CBO9781107415324.016
https://doi.org/10.1175/1520-0426(1995)012<0410:IMOTIW>2.0.CO;2
https://doi.org/10.1175/1520-0426(1995)012<0410:IMOTIW>2.0.CO;2
https://doi.org/10.1029/2005GL025397
https://doi.org/10.1016/j.atmosres.2013.06.012
https://doi.org/10.1126/science.1234145
https://doi.org/10.1002/2016JD025994

1856 R. Patnaude et al.: Effects of thermodynamics, dynamics and aerosols on cirrus clouds

servations and CAMS simulations, J. Climate, 32, 2781-2805,
https://doi.org/10.1175/JCLI-D-18-0232.1, 2019.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M.
D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and Rogers,
D. C.: Predicting global atmospheric ice nuclei distributions and
their impacts on climate, P. Natl. Acad. Sci. USA, 107, 11217-
11222, https://doi.org/10.1073/pnas.0910818107, 2010.

Diao, M., Zondlo, M. A., Heymsfield, A. J., Beaton, S. P., and
Rogers, D. C.: Evolution of ice crystal regions on the microscale
based on in situ observations, Geophys. Res. Lett., 40, 3473—
3478, https://doi.org/10.1002/grl.50665, 2013.

Diao, M., Zondlo, M. A., Heymsfield, A. J., Avallone, L. M., Paige,
M. E., Beaton, S. P., Campos, T., and Rogers, D. C.: Cloud-
scale ice-supersaturated regions spatially correlate with high wa-
ter vapor heterogeneities, Atmos. Chem. Phys., 14, 2639-2656,
https://doi.org/10.5194/acp-14-2639-2014, 2014a.

Diao, M., Zondlo, M. A., Heymsfield, A. J., and Beaton, S. P:
Hemispheric comparison of cirrus cloud evolution using in situ
measurements in HIAPER Pole-to-Pole Observations, Geophys.
Res. Lett., 41, 1-8, https://doi.org/10.1002/2014GL059873,
2014b.

Diao, M., Jensen, J. B., Pan, L. L., Homeyer, C. R., Honomichl, S.,
Bresch, J. F., and Bansemer, A.: Distributions of ice supersatu-
ration and ice crystals from airborne observations in relation to
upper tropospheric dynamical boundaries, J. Geophys. Res., 120,
5101-5121, https://doi.org/10.1002/2015JD023139, 2015.

Diao, M., Bryan, G. H., Morrison, H., and Jensen, J. B.: Ice nu-
cleation parameterization and relative humidity distribution in
idealized squall-line simulations, J. Atmos. Sci., 74, 2761-2787,
https://doi.org/10.1175/JAS-D-16-0356.1, 2017.

Eidhammer, T., Morrison, H., Bansemer, A., Gettelman, A., and
Heymsfield, A. J.: Comparison of ice cloud properties sim-
ulated by the Community Atmosphere Model (CAMS) with
in-situ observations, Atmos. Chem. Phys., 14, 10103-10118,
https://doi.org/10.5194/acp-14-10103-2014, 2014.

Eidhammer, T., Morrison, H., Mitchell, D., Gettelman, A., and Er-
fani, E.: Improvements in global climate model microphysics us-
ing a consistent representation of ice particle properties, J. Cli-
mate, 30, 609-629, https://doi.org/10.1175/JCLI-D-16-0050.1,
2017.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Re-
ichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella,
S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.
K., Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Par-
tyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S.
D., Sienkiewicz, M., and Zhao, B.: The modern-era retrospective
analysis for research and applications, version 2 (MERRA-2),
J. Climate, 30, 5419-5454, https://doi.org/10.1175/JCLI-D-16-
0758.1, 2017.

Gettelman, A. and Morrison, H.: Advanced two-moment bulk
microphysics for global models. Part I: Off-line tests and
comparison with other schemes, J. Climate, 28, 1268-1287,
https://doi.org/10.1175/JCLI-D-14-00102.1, 2015.

Gettelman, A., Liu, X., Ghan, S. J., Morrison, H., Park, S., Con-
ley, A. J., Klein, S. A., Boyle, J., Mitchell, D. L., and Li,
J. L. F: Global simulations of ice nucleation and ice super-
saturation with an improved cloud scheme in the Commu-

Atmos. Chem. Phys., 21, 1835-1859, 2021

nity Atmosphere Model, J. Geophys. Res.-Atmos., 115, 1-19,
https://doi.org/10.1029/2009JD013797, 2010.

Gettelman, A., Bardeen, C. G., McCluskey, C. S., Jarvi-
nen, E., Stith, J., Bretherton, C., McFarquhar, G., Twohy,
C., D’Alessandro, J., and Wu, W.: Simulating Obser-
vations of Southern Ocean Clouds and Implications for
Climate, J. Geophys. Res.-Atmos., 125, e2020JD032619,
https://doi.org/10.1029/2020JD032619, 2020.

Golaz, J. C., Larson, V. E., and Cotton, W. R.: A PDF-Based Model
for Boundary Layer Clouds. Part I: Method and Model Descrip-
tion, J. Atmos. Sci., 59, 3540-3551, 2002.

Heymsfield, A. J.: Precipitation Development in Stratiform Ice
Clouds: A Microphysical and Dynamical Study, J. Atmos. Sci.,
367-381, 1977.

Heymsfield, A. J., Winker, D., and van Zadelhoff, G.
J.:  Extinction-ice water content-effective radius algo-
rithms for CALIPSO, Geophys. Res. Lett, 32, 1-4,
https://doi.org/10.1029/2005GL022742, 2005.

Heymsfield, A. J., Krimer, M., Wood, N. B., Gettelman, A., Field,
P. R., and Liu, G.: Dependence of the Ice Water Content and
Snowfall Rate on Temperature, Globally: Comparison of in Situ
Observations, Satellite Active Remote Sensing Retrievals, and
Global Climate Model Simulations, J. Appl. Meteorol. Climatol.,
56, 189-215, https://doi.org/10.1175/JAMC-D-16-0230.1, 2017.

Hoose, C., Kristjdnsson, J. E., Chen, J. P, and Hazra, A.: A
classical-theory-based parameterization of heterogeneous ice
nucleation by mineral dust, soot, and biological particles
in a global climate model, J. Atmos. Sci., 67, 2483-2503,
https://doi.org/10.1175/2010JAS3425.1, 2010.

Jensen, E. J., Toon, O. B., Vay, S. A., Ovarlez, J., May, R.,
Bui, T. P, Twohy, C. H., Gandrud, B. W., Pueschel, R. F,
and Schumann, U.: Prevalence of ice-supersaturated regions
in the upper troposphere: Implications for optically thin ice
cloud formation, J. Geophys. Res.-Atmos., 106, 17253-17266,
https://doi.org/10.1029/2000JD900526, 2001.

Kanitz, T., Seifert, P., Ansmann, A., Engelmann, R., Althausen,
D., Casiccia, C., and Rohwer, E. G.: Contrasting the im-
pact of aerosols at northern and southern midlatitudes on
heterogeneous ice formation, Geophys. Res. Lett., 38, 1-5,
https://doi.org/10.1029/2011GL048532, 2011.

Kircher, B. and Lohmann, U.: A parameterization of cirrus cloud
formation: Homogeneous freezing of supercooled aerosols, J.
Geophys. Res., 107, D2, https://doi.org/10.1029/2001JD000470,
2002.

Karcher, B. and Lohmann, U.: A parameterization of cirrus cloud
formation: Heterogeneous freezing, J. Geophys. Res., 107, 4402,
https://doi.org/10.1029/2002JD003220, 2003.

Kaircher, B., Hendricks, J., and Lohmann, U.: Physically based
parameterization of cirrus cloud formation for use in global
atmospheric models, J. Geophys. Res.-Atmos., 111, D01205,
https://doi.org/10.1029/2005JD006219, 2006.

Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the de-
terminant for homogeneous ice nucleation in aqueous solutions,
Nature, 406, 611-614, https://doi.org/10.1038/35020537, 2000.

Kooperman, G. J., Pritchard, M. S., Ghan, S. J., Wang, M.,
Somerville, R. C. J., and Russell, L. M.: Constraining the in-
fluence of natural variability to improve estimates of global
aerosol indirect effects in a nudged version of the Commu-

https://doi.org/10.5194/acp-21-1835-2021


https://doi.org/10.1175/JCLI-D-18-0232.1
https://doi.org/10.1073/pnas.0910818107
https://doi.org/10.1002/grl.50665
https://doi.org/10.5194/acp-14-2639-2014
https://doi.org/10.1002/2014GL059873
https://doi.org/10.1002/2015JD023139
https://doi.org/10.1175/JAS-D-16-0356.1
https://doi.org/10.5194/acp-14-10103-2014
https://doi.org/10.1175/JCLI-D-16-0050.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-14-00102.1
https://doi.org/10.1029/2009JD013797
https://doi.org/10.1029/2020JD032619
https://doi.org/10.1029/2005GL022742
https://doi.org/10.1175/JAMC-D-16-0230.1
https://doi.org/10.1175/2010JAS3425.1
https://doi.org/10.1029/2000JD900526
https://doi.org/10.1029/2011GL048532
https://doi.org/10.1029/2001JD000470
https://doi.org/10.1029/2002JD003220
https://doi.org/10.1029/2005JD006219
https://doi.org/10.1038/35020537

R. Patnaude et al.: Effects of thermodynamics, dynamics and aerosols on cirrus clouds 1857

nity Atmosphere Model 5, J. Geophys. Res.-Atmos., 117, 1-16,
https://doi.org/10.1029/2012JD018588, 2012.

Krimer, M., Schiller, C., Afchine, A., Bauer, R., Gensch, 1., Man-
gold, A., Schlicht, S., Spelten, N., Sitnikov, N., Borrmann, S.,
de Reus, M., and Spichtinger, P.: Ice supersaturations and cir-
rus cloud crystal numbers, Atmos. Chem. Phys., 9, 3505-3522,
https://doi.org/10.5194/acp-9-3505-2009, 2009.

Kriamer, M., Rolf, C., Luebke, A., Afchine, A., Spelten, N., Costa,
A., Meyer, J., Zoger, M., Smith, J., Herman, R. L., Buch-
holz, B., Ebert, V., Baumgardner, D., Borrmann, S., Klingebiel,
M., and Avallone, L.: A microphysics guide to cirrus clouds
— Part 1: Cirrus types, Atmos. Chem. Phys., 16, 3463-3483,
https://doi.org/10.5194/acp-16-3463-2016, 2016.

Kriamer, M., Rolf, C., Spelten, N., Afchine, A., Fahey, D., Jensen,
E., Khaykin, S., Kuhn, T., Lawson, P., Lykov, A., Pan, L. L.,
Riese, M., Rollins, A., Stroh, F., Thornberry, T., Wolf, V., Woods,
S., Spichtinger, P., Quaas, J., and Sourdeval, O.: A microphysics
guide to cirrus — Part 2: Climatologies of clouds and humid-
ity from observations, Atmos. Chem. Phys., 20, 12569-12608,
https://doi.org/10.5194/acp-20-12569-2020, 2020.

Kuebbeler, M., Lohmann, U., Hendricks, J., and Kircher, B.: Dust
ice nuclei effects on cirrus clouds, Atmos. Chem. Phys., 14,
3027-3046, https://doi.org/10.5194/acp-14-3027-2014, 2014.

Lin, S. J: A “vertically Lagrangian” finite-volume
dynamical core for global models, Mon. Weather
Rev., 132, 2293-2307, https://doi.org/10.1175/1520-
0493(2004)132<2293: AVLFDC>2.0.CO;2, 2004.

Liu, X. and Penner, J. E.. Ice nucleation parameteriza-
tion for global models, Meteorol. Zeitschrift, 14, 499-514,
https://doi.org/10.1127/0941-2948/2005/0059, 2005.

Liu, X., Penner, J. E., Ghan, S. J., and Wang, M.: Inclu-
sion of ice microphysics in the NCAR Community Atmo-
spheric Model version 3 (CAM3), J. Climate, 20, 4526-4547,
https://doi.org/10.1175/JCLI4264.1, 2007.

Liu, X., Shi, X., Zhang, K., Jensen, E. J., Gettelman, A., Bara-
hona, D., Nenes, A., and Lawson, P.: Sensitivity studies of dust
ice nuclei effect on cirrus clouds with the Community Atmo-
sphere Model CAMS, Atmos. Chem. Phys., 12, 12061-12079,
https://doi.org/10.5194/acp-12-12061-2012, 2012.

Liu, X., Ma, P-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C.,
Ghan, S. J., and Rasch, P. J.: Description and evaluation of a
new four-mode version of the Modal Aerosol Module (MAM4)
within version 5.3 of the Community Atmosphere Model,
Geosci. Model Dev., 9, 505-522, https://doi.org/10.5194/gmd-9-
505-2016, 2016.

Luebke, A. E., Avallone, L. M., Schiller, C., Meyer, J., Rolf,
C., and Kriamer, M.: Ice water content of Arctic, midlatitude,
and tropical cirrus — Part 2: Extension of the database and
new statistical analysis, Atmos. Chem. Phys., 13, 6447-6459,
https://doi.org/10.5194/acp-13-6447-2013, 2013.

Luebke, A. E., Afchine, A., Costa, A., GrooB, J.-U., Meyer, J., Rolf,
C., Spelten, N., Avallone, L. M., Baumgardner, D., and Krimer,
M.: The origin of midlatitude ice clouds and the resulting influ-
ence on their microphysical properties, Atmos. Chem. Phys., 16,
5793-5809, https://doi.org/10.5194/acp-16-5793-2016, 2016.

Mace, G. G. and Wrenn, F. J.: Evaluation of the hydrometeor layers
in the East and West Pacific within ISCCP cloud-top pressure-
optical depth bins using merged CloudSat and CALIPSO data,

https://doi.org/10.5194/acp-21-1835-2021

J. Climate, 26, 9429-9444, https://doi.org/10.1175/JCLI-D-12-
00207.1, 2013.

Mcfarquhar, G. M. and Heymsfield, A. J.: Parameterization
of tropical cirrus ice crystal size distributions and im-
plications for radiative transfer: Results from CEPEX, J.
Atmos. Sci., 54, 2187-2200, https://doi.org/10.1175/1520-
0469(1997)054<2187:POTCIC>2.0.CO;2, 1997.

Minikin, A., Petzold, A., Strom, J., Krejci, R., Seifert, M., van
Velthoven, P., Schlager, H., and Schumann, U.: Aircraft observa-
tions of the upper tropospheric fine particle aerosol in the North-
ern and Southern Hemispheres at midlatitudes, Geophys. Res.
Lett., 30, 1503, https://doi.org/10.1029/2002GL016458, 2003.

Mitchell, D. L., Garnier, A., Pelon, J., and Erfani, E.:
CALIPSO (IIR-CALIOP) retrievals of cirrus cloud ice-
particle concentrations, Atmos. Chem. Phys., 18, 17325-17354,
https://doi.org/10.5194/acp-18-17325-2018, 2018.

Montgomery, M. T., Davis, C., Dunkerton, T., Wang, Z., Velden,
C., Torn, R., Majumdar, S. J., Zhang, F., Smith, R. K., Bosart,
L., Bell, M. M., Haase, J. S., Heymsfield, A., Jensen, J., Cam-
pos, T., and Boothe, M. A.: The pre-depression investigation of
cloud-systems in the tropics (PREDICT) experiment: Scientific
basis, new analysis tools, and some first results, B. Am. Me-
teorol. Soc., 93, 153-172, https://doi.org/10.1175/BAMS-D-11-
00046.1, 2012.

Morrison, H. and Gettelman, A.: A new two-moment bulk
stratiform cloud microphysics scheme in the commu-
nity atmosphere model, version 3 (CAM3). Part I: De-
scription and numerical tests, J. Climate, 21, 3642-3659,
https://doi.org/10.1175/2008JCLI2105.1, 2008.

Mubhlbauer, A., Ackerman, T. P., Comstock, J. M., Diskin, G.
S., Evans, S. M., Lawson, R. P, and Marchand, R. T.: Im-
pact of large-scale dynamics on the microphysical proper-
ties of midlatitude cirrus, J. Geophys. Res., 119, 3976-3996,
https://doi.org/10.1002/2013JD020035, 2014a.

Muhlbauer, A., Kalesse, H., and Kollias, P.: Vertical velocities
and turbulence in midlatitude anvil cirrus: A comparison be-
tween in situ aircraft measurements and ground-based Doppler
cloud radar retrievals, Geophys. Res. Lett., 41, 7814-7821,
https://doi.org/10.1002/2014GL062279, 2014b.

Murphy, D. M. and Koop, T.: Review of the vapour pressures of ice
and supercooled water for atmospheric applications, Q. J. Roy.
Meteor. Soc., 131, 1539-1565, https://doi.org/10.1256/qj.04.94,
2005.

Pan, L. L., Bowman, K. P, Atlas, E. L., Wofsy, S. C,,
Zhang, F., Bresch, J. F, Ridley, B. A., Pittman, J. V.,
Homeyer, C. R., Romashkin, P, and Cooper, W. A.:
The stratosphere-troposphere analyses of regional transport
2008 experiment, B. Am. Meteorol. Soc., 91, 327-342,
https://doi.org/10.1175/2009BAMS2865.1, 2010.

Pan, L. L., Atlas, E. L., Salawitch, R. J., Honomichl, S. B., Bresch,
J. F, Randel, W. J., Apel, E. C., Hornbrook, R. S., Weinheimer,
A. J., Anderson, D. C., Andrews, S. J., Baidar, S., Beaton, S. P.,
Campos, T. L., Carpenter, L. J., Chen, D., Dix, B., Donets, V.,
Hall, S. R., Hanisco, T. F., Homeyer, C. R., Huey, L. G., Jensen,
J. B., Kaser, L., Kinnison, D. E., Koenig, T. K., Lamarque, J.-F.,
Liu, C., Luo, J., Luo, Z. J., Montzka, D. D., Nicely, J. M., Pierce,
R. B., Riemer, D. D., Robinson, T., Romashkin, P., Saiz-Lopez,
A., Schauffler, S., Shieh, O., Stell, M. H., Ullmann, K., Vaughan,
G., Volkamer, R., and Wolfe, G.: The Convective Transport of

Atmos. Chem. Phys., 21, 1835-1859, 2021


https://doi.org/10.1029/2012JD018588
https://doi.org/10.5194/acp-9-3505-2009
https://doi.org/10.5194/acp-16-3463-2016
https://doi.org/10.5194/acp-20-12569-2020
https://doi.org/10.5194/acp-14-3027-2014
https://doi.org/10.1175/1520-0493(2004)132<2293:AVLFDC>2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132<2293:AVLFDC>2.0.CO;2
https://doi.org/10.1127/0941-2948/2005/0059
https://doi.org/10.1175/JCLI4264.1
https://doi.org/10.5194/acp-12-12061-2012
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/acp-13-6447-2013
https://doi.org/10.5194/acp-16-5793-2016
https://doi.org/10.1175/JCLI-D-12-00207.1
https://doi.org/10.1175/JCLI-D-12-00207.1
https://doi.org/10.1175/1520-0469(1997)054<2187:POTCIC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1997)054<2187:POTCIC>2.0.CO;2
https://doi.org/10.1029/2002GL016458
https://doi.org/10.5194/acp-18-17325-2018
https://doi.org/10.1175/BAMS-D-11-00046.1
https://doi.org/10.1175/BAMS-D-11-00046.1
https://doi.org/10.1175/2008JCLI2105.1
https://doi.org/10.1002/2013JD020035
https://doi.org/10.1002/2014GL062279
https://doi.org/10.1256/qj.04.94
https://doi.org/10.1175/2009BAMS2865.1

1858 R. Patnaude et al.: Effects of thermodynamics, dynamics and aerosols on cirrus clouds

Active Species in the Tropics (CONTRAST) Experiment, B. Am.
Meteorol. Soc., 98, 106-128, https://doi.org/10.1175/bams-d-14-
00272.1, 2017.

Patnaude, R. and Diao, M.: Aerosol indirect effects on cirrus clouds
based on global aircraft observations, Geophys. Res. Lett., 47,
€2019GL086550, https://doi.org/10.1029/2019GL086550, 2020.

Penner, J. E., Chen, Y., Wang, M., and Liu, X.: Possible
influence of anthropogenic aerosols on cirrus clouds and
anthropogenic forcing, Atmos. Chem. Phys., 9, 879-896,
https://doi.org/10.5194/acp-9-879-2009, 2009.

Penner, J. E., Zhou, C., Garnier, A., and Mitchell, D.
L.: Anthropogenic Aerosol Indirect Effects in Cirrus
Clouds, J. Geophys. Res.-Atmos., 123, 11652-11677,
https://doi.org/10.1029/2018JD029204, 2018.

Prenni, A. J., Petters, M. D., Faulhaber, A., Carrico, C. M., Zie-
mann, P. J., Kreidenweis, S. M., and DeMott, P. J.: Heteroge-
neous ice nucleation measurements of secondary organic aerosol
generated from ozonolysis of alkenes, Geophys. Res. Lett., 36,
1-5, https://doi.org/10.1029/2008 GL036957, 2009.

Righi, M., Hendricks, J., Lohmann, U., Beer, C. G., Hahn, V.,
Heinold, B., Heller, R., Kridmer, M., Ponater, M., Rolf, C.,
Tegen, 1., and Voigt, C.: Coupling aerosols to (cirrus) clouds
in the global EMAC-MADE3 aerosol-climate model, Geosci.
Model Dev., 13, 1635-1661, https://doi.org/10.5194/gmd-13-
1635-2020, 2020.

Sassen, K., Wang, Z., and Liu, D.: Global distribution of cirrus
clouds from CloudSat/cloud-aerosol lidar and infrared pathfinder
satellite observations (CALIPSO) measurements, J. Geophys.
Res.-Atmos., 113, 1-12, https://doi.org/10.1029/2008JD009972,
2008.

Schiller, C., Kriamer, M., Afchine, A., Spelten, N., and
Sitnikov, N.: Ice water content of Arctic, midlatitude,
and tropical cirrus, J. Geophys. Res.-Atmos., 113, 1-12,
https://doi.org/10.1029/2008JD010342, 2008.

Shi, X. and Liu, X.: Effect of cloud-scale vertical velocity on
the contribution of homogeneous nucleation to cirrus forma-
tion and radiative forcing, Geophys. Res. Lett., 43, 6588-6595,
https://doi.org/10.1002/2016GL069531, 2016.

Shi, X., Liu, X., and Zhang, K.: Effects of pre-existing ice
crystals on cirrus clouds and comparison between different
ice nucleation parameterizations with the Community Atmo-
sphere Model (CAMS), Atmos. Chem. Phys., 15, 1503-1520,
https://doi.org/10.5194/acp-15-1503-2015, 2015.

Stephens, B. B., Long, M. C., Keeling, R. F.,, Kort, E. A., Sweeney,
C., Apel, E. C., Atlas, E. L., Beaton, S., Bent, J. D., Blake, N.
J., Bresch, J. F, Casey, J., Daube, B. C., Diao, M., Diaz, E.,
Dierssen, H., Donets, V., Gao, B.-C., Gierach, M., Green, R.,
Haag, J., Hayman, M., Hills, A. J., Hoecker-Martinez, M. S.,
Honomichl, S. B., Hornbrook, R. S., Jensen, J. B., Li, R.-R.,
McCubbin, 1., McKain, K., Morgan, E. J., Nolte, S., Powers,
J. G., Rainwater, B., Randolph, K., Reeves, M., Schauffler, S.
M., Smith, K., Smith, M., Stith, J., Stossmeister, G., Toohey,
D. W, and Watt, A. S.: The O,/N; Ratio and CO, Airborne
Southern Ocean Study, B. Am. Meteorol. Soc., 99, 381402,
https://doi.org/10.1175/BAMS-D-16-0206.1, 2018.

Stephens, G. and Webster, P.: Clouds and climate: Sensitivity of
simple systems, J. Atmos. Sci., 38, 235-247, 1981.

Atmos. Chem. Phys., 21, 1835-1859, 2021

Storelvmo, T. and Herger, N.: Cirrus cloud susceptibility to the in-
jection of ice nuclei in the upper troposphere, J. Geophys. Res.,
119, 2375-2389, https://doi.org/10.1002/2013JD020816, 2014.

Tan, X., Huang, Y., Diao, M., Bansemer, A., Zondlo, M.
A., DiGangi, J. P, Volkamer, R., and Hu, Y.: An assess-
ment of the radiative effects of ice supersaturation based on
in situ observations, Geophys. Res. Lett., 43, 11039-11047,
https://doi.org/10.1002/2016GL071144, 2016.

Thorsen, T.J., Fu, Q., Comstock, J. M., Sivaraman, C., Vaughan, M.
A., Winker, D. M., and Turner, D. D.: Macrophysical properties
of tropical cirrus clouds from the CALIPSO satellite and from
ground-based micropulse and Raman lidars, J. Geophys. Res.-
Atmos., 118, 9209-9220, https://doi.org/10.1002/jgrd.50691,
2013.

Tseng, H.-H. and Fu, Q.: Temperature control of the variability of
tropical tropopause layer cirrus clouds, J. Geophys. Res.-Atmos.,
122, 11062-11075, https://doi.org/10.1002/2017JD027093,
2017.

UCAR/NCAR - Earth Observing Laboratory: Vertical Cav-
ity Surface Emitting Laser Hygrometer (VCSEL), Ver-
sion 1.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6Z31X06, 2009.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data (NetCDF), Version 3.0, UCAR/NCAR - Earth Observing
Laboratory, https://doi.org/10.5065/D6BC3WKB, 2018a.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 1.2, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6TX3CKO, 2018b.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 1.1, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D65T3HWR, 2018c.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT -1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 2.0, UCAR/NCAR — Earth Observing Laboratory,
https://doi.org/10.5065/D6NZ85Z4, 2019a.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 5.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6JW8C64, 2019b.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 5.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6QF8R6R, 2019c.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT -1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 3.0, UCAR/NCAR — Earth Observing Laboratory,
https://doi.org/10.5065/D6V40SK6, 2019d.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 3.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6CZ35HX, 2019e.

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT — 1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 2.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D61R6NVS, 2019f.

https://doi.org/10.5194/acp-21-1835-2021


https://doi.org/10.1175/bams-d-14-00272.1
https://doi.org/10.1175/bams-d-14-00272.1
https://doi.org/10.1029/2019GL086550
https://doi.org/10.5194/acp-9-879-2009
https://doi.org/10.1029/2018JD029204
https://doi.org/10.1029/2008GL036957
https://doi.org/10.5194/gmd-13-1635-2020
https://doi.org/10.5194/gmd-13-1635-2020
https://doi.org/10.1029/2008JD009972
https://doi.org/10.1029/2008JD010342
https://doi.org/10.1002/2016GL069531
https://doi.org/10.5194/acp-15-1503-2015
https://doi.org/10.1175/BAMS-D-16-0206.1
https://doi.org/10.1002/2013JD020816
https://doi.org/10.1002/2016GL071144
https://doi.org/10.1002/jgrd.50691
https://doi.org/10.1002/2017JD027093
https://doi.org/10.5065/D6Z31X06
https://doi.org/10.5065/D6BC3WKB
https://doi.org/10.5065/D6TX3CK0
https://doi.org/10.5065/D65T3HWR
https://doi.org/10.5065/D6NZ85Z4
https://doi.org/10.5065/D6JW8C64
https://doi.org/10.5065/D6QF8R6R
https://doi.org/10.5065/D6V40SK6
https://doi.org/10.5065/D6CZ35HX
https://doi.org/10.5065/D61R6NV5

R. Patnaude et al.: Effects of thermodynamics, dynamics and aerosols on cirrus clouds 1859

UCAR/NCAR - Earth Observing Laboratory: Low Rate (LRT -1
sps) Navigation, State Parameter, and Microphysics Flight-Level
Data, Version 3.0, UCAR/NCAR - Earth Observing Laboratory,
https://doi.org/10.5065/D6668BHR, 2019g.

Volkamer, R., Baidar, S., Campos, T. L., Coburn, S., DiGangi, J.
P, Dix, B., Eloranta, E. W., Koenig, T. K., Morley, B., Ortega,
L., Pierce, B. R., Reeves, M., Sinreich, R., Wang, S., Zondlo,
M. A., and Romashkin, P. A.: Aircraft measurements of BrO,
10, glyoxal, NO,, HpO, O,—0O, and aerosol extinction pro-
files in the tropics: comparison with aircraft-/ship-based in situ
and lidar measurements, Atmos. Meas. Tech., 8, 2121-2148,
https://doi.org/10.5194/amt-8-2121-2015, 2015.

Wang, M. and Penner, J. E.: Cirrus clouds in a global climate model
with a statistical cirrus cloud scheme, Atmos. Chem. Phys., 10,
5449-5474, https://doi.org/10.5194/acp-10-5449-2010, 2010.

Wang, M., Liu, X., Zhang, K., and Comstock, J. M.: Aerosol
effects on cirrus through ice nucleation in the Com-
munity Atmosphere Model CAMS with a statistical cir-
rus scheme, J. Adv. Model. Earth Syst, 6, 513-526,
https://doi.org/10.1002/2014MS000339, 2014a.

Wang, Y., Liu, X., Hoose, C., and Wang, B.: Different contact angle
distributions for heterogeneous ice nucleation in the Community
Atmospheric Model version 5, Atmos. Chem. Phys., 14, 10411—
10430, https://doi.org/10.5194/acp-14-10411-2014, 2014b.

Wofsy, S. C.: HIAPER Pole-to-Pole Observations (HIPPO): Fine-
grained, global-scale measurements of climatically important at-
mospheric gases and aerosols, Philos. T. R. Soc. A, 369, 2073—
2086, https://doi.org/10.1098/rsta.2010.0313, 2011.

Wolf, V., Kuhn, T., Milz, M., Voelger, P, Krimer, M., and
Rolf, C.: Arctic ice clouds over northern Sweden: microphys-
ical properties studied with the Balloon-borne Ice Cloud par-
ticle Imager B-ICI, Atmos. Chem. Phys., 18, 17371-17386,
https://doi.org/10.5194/acp-18-17371-2018, 2018.

Wu, C., Liu, X., Diao, M., Zhang, K., Gettelman, A., Lu, Z., Pen-
ner, J. E., and Lin, Z.: Direct comparisons of ice cloud macro-
and microphysical properties simulated by the Community At-
mosphere Model version 5 with HIPPO aircraft observations, At-
mos. Chem. Phys., 17, 4731-4749, https://doi.org/10.5194/acp-
17-4731-2017, 2017.

https://doi.org/10.5194/acp-21-1835-2021

Zhang, G. J. and McFarlane, N. A.: Sensitivity of climate simula-
tions to the parameterization of cumulus convection in the cana-
dian climate centre general circulation model, Atmos.-Ocean,
33, 407-446, https://doi.org/10.1080/07055900.1995.9649539,
1995.

Zhang, K., Liu, X., Wang, M., Comstock, J. M., Mitchell, D.
L., Mishra, S., and Mace, G. G.: Evaluating and constraining
ice cloud parameterizations in CAMS using aircraft measure-
ments from the SPARTICUS campaign, Atmos. Chem. Phys., 13,
4963-4982, https://doi.org/10.5194/acp-13-4963-2013, 2013.

Zhang, Y., MacKe, A., and Albers, F.: Effect of crystal size
spectrum and crystal shape on stratiform cirrus radiative forc-
ing, Atmos. Res., 52, 59-75, https://doi.org/10.1016/S0169-
8095(99)00026-5, 1999.

Zhao, B., Liou, K.-N., Gu, Y., Jiang, J. H., Li, Q., Fu, R,
Huang, L., Liu, X., Shi, X., Su, H., and He, C.: Impact of
aerosols on ice crystal size, Atmos. Chem. Phys., 18, 1065-1078,
https://doi.org/10.5194/acp-18-1065-2018, 2018.

Zhao, B., Wang, Y., Gu, Y., Liou, K. N., Jiang, J. H., Fan,
J., Liu, X., Huang, L., and Yung, Y. L.: Ice nucleation by
aerosols from anthropogenic pollution, Nat. Geosci., 12, 602—
607, https://doi.org/10.1038/s41561-019-0389-4, 2019.

Zhou, C., Penner, J. E., Lin, G., Liu, X., and Wang, M.:
What controls the low ice number concentration in the up-
per troposphere?, Atmos. Chem. Phys., 16, 12411-12424,
https://doi.org/10.5194/acp-16-12411-2016, 2016.

Zondlo, M. A, Paige, M. E., Massick, S. M., and Silver, J. A.: Ver-
tical cavity laser hygrometer for the National Science Founda-
tion Gulfstream-V aircraft, J. Geophys. Res.-Atmos., 115, 1-14,
https://doi.org/10.1029/2010JD014445, 2010.

Atmos. Chem. Phys., 21, 1835-1859, 2021


https://doi.org/10.5065/D6668BHR
https://doi.org/10.5194/amt-8-2121-2015
https://doi.org/10.5194/acp-10-5449-2010
https://doi.org/10.1002/2014MS000339
https://doi.org/10.5194/acp-14-10411-2014
https://doi.org/10.1098/rsta.2010.0313
https://doi.org/10.5194/acp-18-17371-2018
https://doi.org/10.5194/acp-17-4731-2017
https://doi.org/10.5194/acp-17-4731-2017
https://doi.org/10.1080/07055900.1995.9649539
https://doi.org/10.5194/acp-13-4963-2013
https://doi.org/10.1016/S0169-8095(99)00026-5
https://doi.org/10.1016/S0169-8095(99)00026-5
https://doi.org/10.5194/acp-18-1065-2018
https://doi.org/10.1038/s41561-019-0389-4
https://doi.org/10.5194/acp-16-12411-2016
https://doi.org/10.1029/2010JD014445

	Abstract
	Introduction
	Data and methods
	In situ observations and instrumentations
	Climate model description and experiment design

	Regional variations of cirrus cloud characteristics
	Cirrus cloud microphysical properties with respect to temperature
	RHi and w distributions for in-cloud and clear-sky conditions

	Individual impacts of key controlling factors on cirrus clouds
	Probability density functions of temperature, RHi and w
	Effects of RHi and w on ice microphysics
	Aerosol indirect effects

	Discussion and conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

