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Abstract

Ice supersaturation (ISS) is the prerequisite condition for cirrus cloud formation. To examine
multiscale dynamics’ inﬂuences on ISS formation, we analyze in situ aircraft observations (~200 m scale) over
North America in coordinates relative to dynamical boundaries in the upper troposphere and lower stratosphere.
Two case studies demonstrate that ISS formation is likely inﬂuenced by mesoscale uplifting, small-scale waves,
and turbulence. A collective analysis of 15 ﬂights in April–June 2008 shows that the top layers of ISS and
ice crystal distributions are strongly associated with thermal tropopause height. In addition, the average
occurrence frequencies of ISS and ice crystals on the anticyclonic side of the jet stream are ~1.5–2 times of
those on the cyclonic side. By deﬁning ﬁve cirrus evolution phases based on the spatial relationships
between ice-supersaturated and in-cloud regions, we ﬁnd that their peak occurrence frequencies are
located at decreasing altitudes with respect to the thermal tropopause: (phase 1) clear-sky ISS around the
tropopause, (phase 2) nucleation phase around 2 km below the tropopause, (phases 3 and 4) early and later
growth phases around 6 km below the tropopause, and (phase 5) sedimentation/sublimation around 2–6 km
below the tropopause. Consistent with this result, chemical tracer correlation analysis shows that the majority
(~80%) of the earlier cirrus phases (clear-sky ISS and nucleation) occurs inside the chemical tropopause
transition layer, while the later phases happen mostly below that layer. These results shed light on the role of
dynamical environment in facilitating cirrus cloud formation and evolution.

1. Introduction
Cirrus clouds are the type of clouds that are composed of ice crystals, and they are usually in the form of
ﬁlaments, patches, or narrow bands, according to the cloud classiﬁcation of World Meteorological
Organization [WMO, 1975, 1987]. Although the total water content of cirrus clouds is often 1–2 orders of
magnitude smaller than that of low-level clouds (such as stratus clouds) [Liou, 1992], cirrus clouds are located
at altitudes where the atmospheric radiative forcing is most sensitive to perturbations in water vapor
concentration. For example, Solomon et al. [2010] showed that a perturbation of 1 ppmv water vapor in a
1 km layer around the tropopause can lead to an instantaneous effect of ~+0.10 W m2 on surface climate
through longwave radiation. Such increase of longwave radiative forcing is 5 times of that caused by a
1 ppmv water vapor perturbation at 2 km below the tropopause (~0.02 W m2). In addition to water vapor,
the solid phase of water (e.g., ice crystals in cirrus clouds) in the upper troposphere and lower stratosphere
(UT/LS) also plays an important role in modulating the Earth’s climate system. Cirrus clouds inﬂuence the
partitioning between vapor and ice, as well as the dehydration of air in the UT/LS region [Jensen et al., 2013a;
Randel and Jensen, 2013]. In addition, the formation of cirrus clouds is under the inﬂuence of anthropogenic
activities, such as aerosol emissions [Cziczo et al., 2013] and global climate perturbations [Kärcher and
Spichtinger, 2009]. Thus, characterizing the formation and evolution of cirrus clouds is important for
providing an accurate estimation of water vapor and ice crystal concentrations in the UT/LS.
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Due to the highly variable nature of cirrus clouds in space and time, it is currently challenging to represent
their spatial heterogeneities on the grid-box scale in climate models. In the development of more realistic
simulations/parameterizations of cirrus clouds, an important step is to understand the controlling
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processes and conditions of their formation and evolution. In particular, much effort has been undertaken to
improve model representations of the birthplaces of cirrus clouds—regions of ice supersaturation (ISS, where
relative humidity with respect to ice, RHi, is greater than 100%) [Kärcher and Burkhardt, 2008; Gettelman et al.,
2012]. The ISS conditions, combined with dynamical processes and aerosol distributions, largely determine
the subsequent formation of cirrus clouds and their microphysical properties. In addition, although ISS is
the prerequisite condition for ice crystal formation, the two scenarios (clear-sky ISS versus cirrus clouds)
have very different radiation effects. For example, differences of up to ~3 K d1 in the vertical net heating
rate and up to ~41 W m2 in the net surface radiative budget are found when comparing the two
scenarios [Fusina et al., 2007]. Thus the controlling mechanisms for the transition from ISS to ice crystals
are relevant information for both cloud microphysical processes and radiation effects.
The formation and evolution from clear-sky ISS to cirrus clouds involves multiscale dynamical processes,
which not only inﬂuence their macroscopic structure such as horizontal and vertical extent but also
inﬂuence their microphysical properties. On the microscale, in situ aircraft observations (~200 m horizontal
scale) have demonstrated that the characteristics of ice-supersaturated regions (ISSRs, where ISS is
spatially continuously observed), such as location and RHi magnitude, are dominated by water vapor
horizontal variability as opposed to temperature variability [Diao et al., 2014a]. In addition, cloud model
studies have shown that the formation of ISS and ice crystals is inﬂuenced by small-scale dynamics, such
as vertical velocity perturbations [Spichtinger and Gierens, 2009a], eddies and turbulence [Fusina and
Spichtinger, 2010], and gravity waves [Spichtinger and Krämer, 2013]. At larger scales, model simulations
have shown that mesoscale to synoptic scale dynamics, such as mesoscale gravity waves [Spichtinger et al.,
2005b] and warm conveyor belts [Spichtinger et al., 2005a], can provide large-scale uplifting and cooling,
leading to ISSR formation. However, most of the previous analyses of ISSRs are either based on in situ
observations without simultaneous analysis of dynamics on the larger scales [Diao et al., 2014a, 2014b] or
based on modeling data [Spichtinger et al., 2005a, 2005b] that did not provide high-resolution information
on ISS and ice crystal properties. The goal of this work is to link the microscale observations with the
multiscale scale dynamical background to examine cirrus cloud formation in association with
multiscale processes.
The tropopause and jet stream are two fundamental dynamical features in the UT/LS region. The tropopause
is a distinct thermodynamic boundary that separates the relatively stable stratosphere from the more
convectively mixed troposphere. The jet streams mark the boundary between the stratosphere and
troposphere along the isentropic surface and are often associated with sharp decreases in the tropopause
height [e.g., Palmén and Newton, 1969; Shapiro and Gronas, 1999]. Furthermore, Tilmes et al. [2010] showed
that using the subtropical jet core and polar jet core deﬁned by the local maximum of zonal wind speed,
the distributions of tropopause height (given in potential temperature) can be separated into three
regimes: the tropics, subtropics, and the polar regions. In addition to the relationship between tropopause
height variations and jet stream locations, previous studies have shown that the locations of tropopause
and jet streams are often associated with strong gradient in the distributions of chemical tracers in
the UT/LS, such as ozone [Hudson et al., 2003; Ray et al., 2004; Brioude et al., 2008] and water vapor
[Follette-Cook et al., 2009; Zahn et al., 2014].
Due to the strong correlation between the spatial characteristics of ISSRs and the water vapor ﬁeld [Diao et al.,
2014a], a main goal of this work is to relate the distributions of ISS and ice crystals to the locations of
tropopause and jet cores, since sharp variations in water vapor ﬁeld have been frequently observed
around those regions [e.g., Follette-Cook et al., 2009; Zahn et al., 2014]. In addition, the clear-air turbulence
near the jet core [e.g., Shapiro, 1976; Jaeger and Sprenger, 2007] combined with the strong temperature
gradient across the tropopause can provide the potential dynamical and thermal background for ISS and
ice crystal formation. Further, due to their radiative effects, cirrus clouds can also interact with the thermal
and dynamical background, such as modifying the structure of tropopause region [Hartmann et al., 2001;
Yang et al., 2010]. Given the unique roles of tropopause and jet streams in the UT/LS and their interactions
with cirrus clouds, a quantitative analysis of cirrus clouds’ formation and evolution relative to these two
dynamical boundaries would provide valuable information for cirrus cloud simulations.
Previous investigations on the spatial distributions of cirrus clouds in the UT/LS region are mostly based on
satellite remote sensing observations [Kahn et al., 2008, 2014; Massie et al., 2010; Riihimaki and McFarlane,
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2010; Pan and Munchak, 2011]. For example, based on a 4 year data set from the Cloud-Aerosol Lidar and
Infrared Pathﬁnder Satellite Observations, Pan and Munchak [2011] showed that the cloud top height of
cirrus clouds is highly correlated with the location of thermal tropopause. In addition, based on the NASA
CloudSat data, cirrus clouds aloft in the UT have been observed on the leading edge of frontal systems
associated with extratropical cyclones [Posselt et al., 2008]. As the prerequisite condition for cirrus cloud
formation, ISS distribution has also been analyzed based on remote sensing observations. For example,
previous studies based on the NASA Atmospheric Infrared sounder (AIRS) observations showed that the
highest occurrence frequency of ISS over Northern Hemisphere midlatitudes happens near pressures of
250–300 mb [Lamquin et al., 2012] and altitudes of 10–12 km [Kahn et al., 2009]. In addition, based on the
NASA AIRS data, Gettelman et al. [2006] qualitatively reported that the high values of RHi are often found
on the edge of the frontal cloud bands. According to the global observations of Microwave Limb Sounder,
Spichtinger et al. [2003] compared the occurrence frequencies of ISSRs between two pressure levels (i.e.,
215 hPa and 147 hPa) and found that ISSRs occur more frequently at 215 hPa than 147 hPa around the
midlatitude storm tracks. Although the authors did not directly relate such variation in the occurrence
frequencies of ISSRs to the location of tropopause, their ﬁnding suggests an inﬂuence of tropopause
height on the ISSR distributions. In addition to the satellite observations, a modeling study by Gierens and
Brinkop [2012] analyzed the distribution of relative vorticity inside ISSRs based on the forecast data from
the European Centre for Medium-Range Weather Forecasts (ECMWF) over 4 months. The authors showed
that the ISSRs over Europe are associated more often with anticyclonic systems than cyclonic systems,
while no statistically signiﬁcant skewness was found for the relative vorticity distribution inside tropical
ISSRs. Due to the limitations in spatial resolution of satellite observations and model simulations,
additional in situ observations are required for analyzing distributions of small-scale ISSRs.
In this work, 1 s resolution, in situ observations of ISS and ice crystals from an aircraft-based ﬂight campaign are
analyzed in connection to the meteorological ﬁeld in the UT/LS. In order to provide a collective analysis of the
relatively scattered aircraft observations, we introduce an approach to group the in situ observations into a set
of dynamical coordinates based on their spatial relationship with two dynamical boundaries—the thermal
tropopause and jet core. The location of tropopause and jet core is derived from the National Centers for
Environmental Prediction (NCEP) Global Forecast System (GFS) model analyses. Furthermore, using chemical
tracer relationships derived from in situ measurements, we identify air masses in relation to the transition
layer around the chemical tropopause, where the mixing of stratosphere and troposphere dominates. The
chemical tracer analysis therefore provides a diagnosis of air mass mixing on the development of ISS and ice
crystals. The analyses using dynamical coordinates and tracer-tracer correlation complement each other in
providing information on the background conditions of ISS and ice crystal formation and evolution.

2. Data Set and Instrumentations
2.1. Stratospheric-Tropospheric Analyses of Regional Transport 2008 Campaign and Instrumentation
In this study we use 1 Hz (~230 m) aircraft-based observations from the National Science Foundation (NSF)
Gulfstream-V (GV) research aircraft during the NSF Stratospheric-Tropospheric Analyses of Regional
Transport 2008 (START08) campaign [Pan et al., 2010]. The START08 campaign includes 18 ﬂights during
the period of 18 April to 27 June 2008. The GV aircraft primarily targeted the extratropical UT/LS region
over North America (25°N–63°N, 86°W–118°W), with ﬂights almost exclusively over land. For this work, we
analyze the observations from research ﬂights (RF) 04–18, for which high-quality water vapor
measurements are available. The combined data set of RF04–18 provides about 100 h of observations,
including ~90 transects across the extratropical thermal tropopause. All analyses of ISS and ice crystals are
restricted to temperatures ≤ –40°C in order to exclude the mixed phase clouds (i.e., those with both
supercooled liquid droplets and ice crystals).
Table 1 summarizes the accuracy and precision of the instrumentation that have been used in this work.
Water vapor measurements are obtained by the 25 Hz, open-path vertical cavity surface-emitting laser
(VCSEL) hygrometer [Zondlo et al., 2010]. The water vapor measurements are averaged to 1 s for
consistency with the in situ temperature measurements. The accuracy and precision of water vapor
measurements are 6% and ≤1%, respectively. Temperature was recorded by a Rosemount total
temperature probe (deiced model 102 LA) with accuracy and precision of ~±0.5–1 K and 0.01 K,
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Table 1. Summary of Instrumentation Accuracy and Precision During the START08 Campaign
Instrument

Measurement

Accuracy

Precision

H2O mixing ratio
Temperature
O3
CO
Vertical wind velocity

6%
~±0.5–1 K
±(2 ppbv + 5%)
9%
~±0.15–0.30 m/s

≤1%
0.01 K
0.1 ppbv
0.8 ppbv
~0.01 m/s

Utilized range for in-cloud
detection

Utilized range for analysis of ice
crystal number concentration
and mean diameter

Concentrations of a single
particle count at typical
GV air speed (~200 m/s)

5–50 μm

10–50 μm

10–50 μm

25–1600 μm

50–1600 μm

100–1600 μm

VCSEL hygrometer
Rosemount total temperature probe (deiced model 102 LA)
Chemiluminescent reaction detector
NCAR vacuum ultraviolet resonance ﬂuorescence instrument
Honeywell LASEREF IV Inertial Reference Unit, radome pressure,
static pressure, pitot tubes, temperature probe, and differential
Global Positioning System
Ice particle measurement
Measurement range

SID_2H
Fast-2DC

1

15 L
1

0.1 L at 100 μm and
1
0.03 L at 1 mm

respectively. For the sampling range of 233 K–196 K in the START08 campaign, the combined uncertainties
from the temperature and water vapor measurements lead to uncertainties in RHi of ~8–18%. Most
(~95%) of the ISS observation happen at temperature above –59°C, which have ~8–16% uncertainties in
ISS. The probability density function (PDF) of the in-cloud RHi observations peaks around 100% [Diao et al.,
2014a], which is consistent with previous 1 Hz aircraft observations [Ovarlez et al., 2002; Krämer et al., 2009].
We conducted sensitivity tests on our analysis for temperature ±0.5 K and RHi ± 15%. Although details of the
vertical occurrence frequency distributions of ISS are quite sensitive to such variation, our basic conclusions
on the relationships between the ISS distribution and the thermal tropopause height do not vary.
Ozone measurements are obtained from the chemiluminescent reaction detector, which has a detection limit
below 0.1 ppbv and an uncertainty estimated at ± (2 ppbv + 5%) for 1 Hz data [Ridley et al., 1992]. Carbon
monoxide (CO) measurements are obtained from the National Center for Atmospheric Research (NCAR)
vacuum ultraviolet resonance ﬂuorescence instrument with an accuracy of 9% and precision of 0.8 ppbv
[Gerbig et al., 1999]. The vertical wind speed is measured by a combination of measurements (as shown in
Table 1) with an accuracy of ~±0.15–0.30 m/s and a resolution of ~0.01 m/s.
Ice crystals measurements used in this study come from two probes: the Small Ice Detector Probe (SID-2H)
instrument [Cotton et al., 2010] with a measurement range of 5–50 μm and the modernized Fast
2-Dimensional Cloud particle imaging (Fast-2DC) probe with a 64-diode laser array and 25 μm resolution for
a measurement range of 25–1600 μm. A quality control procedure is applied to SID-2H data to minimize
particles generated by noise or aerosols [Johnson et al., 2014], by ﬁltering out particles with low light
scattering intensity, thus effectively limiting the sensitivity of the SID-2H to particles with diameter of
approximately 10 μm or larger. The combined measurements of SID-2H and 2DC are used for the
discrimination between measurements with and without ice crystals, which are also labeled as the “in-cloud”
and “clear-sky” conditions for 1 Hz aircraft observations, respectively. When either of the two ice probes has
detected at least one ice crystal within 1 s, we deﬁne this second as in-cloud condition. Typically, the
in-cloud conditions detected by 2DC and SID-2H have concentrations of ice crystals at 0.03–2000 L1 and
15–1 × 104 L1, respectively. The concentration of a single particle count at a typical GV air speed (~200 m/s)
is about 15 L1 for SID_2H. The Fast-2DC has a size-dependent sample volume, so a single count represents
a concentration ranging from 0.1 L1 at 100 μm to 0.03 L1 at 1 mm. Based on instrument simulations, the
estimated uncertainty of measured ice crystal number concentration is up to a factor of ~2.0. Ice water
content (IWC) in two case studies of RF04 and RF11 are derived from 2DC data based on the massdimensional relationship given in Brown and Francis [1995]. For analyses of ice crystal number concentration
(Nc) and volume-weighted mean diameter (Dc), we exclude ice crystals smaller than 100 μm in 2DC
measurements to minimize shattering effects and optical uncertainties in 2DC Nc and Dc data. We note that
the distinction between clear-sky and in-cloud is not inﬂuenced by the overlapping size range of SID-2H and
2DC or shattering effects, since the only requirement for this classiﬁcation is the presence of an ice crystal.
In this work, ice-supersaturated regions (ISSRs) are deﬁned as regions where ISS is observed to be spatially
continuous, including both clear-sky and in-cloud conditions. This deﬁnition is consistent with the previous
deﬁnition of ISSRs [Spichtinger et al., 2005b]. Ice crystal regions (ICRs) are deﬁned as the regions where ice
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crystals are spatially continuously observed based on the in-cloud deﬁnition, consistent with the previous
deﬁnition by Diao et al. [2013]. Here ICRs represent quasi-horizontal, 1-D segments of cirrus clouds, since
the aircraft true air speed is always at least 20 times higher in the horizontal direction than the vertical
direction. The ﬁnal data set has ~60.5 ﬂight hours at T ≤ 40°C, including ~2.3 h of ISS and ~3.1 h of ICR
observations. The overlap between ISSRs and ICRs is ~1.3 h.
2.2. NCEP GFS Analyses
The NCEP Global Data Assimilation System analyses for the GFS spectral model (hereafter simply, GFS) were
used to provide meteorological context for this study. The GFS analyses were obtained in real time from NCEP
and archived at NCAR. The analyses have a horizontal resolution of 0.3125° with 47 pressure levels in the
vertical, providing a resolution of about 500 to 1000 m in the UT/LS region. The GFS analyses are available
every 6 h, beginning at 00:00 UTC.

3. Method
3.1. Jet Core Identiﬁcation and Horizontal Jet Core Coordinate
While the tropopause separates the UT from LS air mass vertically, the jet streams and associated frontal zone
often create air mass discontinuity in horizontal. A number of different studies used jet core relative
coordinates. Ray et al. [2004] used relative wind speed in the vicinity of jet maximum as a coordinate to
analyze ozone distribution across the jet. Tilmes et al. [2010] used jet streams to separate air mass regimes
and derive a trace gas climatology based on aircraft data. Manney et al. [2011] derived a jet core
climatology and showed that the tropopause and jet relative coordinates can provide a dynamically
consistent average of chemical tracer ﬁeld. Taking a similar approach as Manney et al. [2011], we use the
maximum horizontal wind speed (Umax) from GFS data to identify the jet core locations. The identiﬁcation
includes three steps: ﬁrst, the locations where horizontal wind speed ≥30 m/s are found; second, among
these locations, Umax locations are identiﬁed as where the bin values of horizontal wind speed (binned by
5 m/s) are higher than those in their adjacent regions. In each longitudinal or latitudinal vertical cross
sections, there might be multiple Umax identiﬁcations, since the subtropical and polar jet streams may
coexist over the sampling domain during the late spring/early summer period. In fact, during this period,
the polar and subtropical jets usually have a meandering shape, and though usually separate, they merge
into one jet stream in some locations [e.g., Tilmes et al., 2010]. Finally, we ﬁlter out Umax of negligibly small
horizontal scale (≤ ~1° in latitude and longitude), and the remaining Umax is deﬁned as jet core. More than
one jet core will be deﬁned if the two Umax locations are at least ~1° apart in latitude and longitude;
otherwise, only the highest Umax is used to deﬁne the jet core. A slight difference from the approach by
Manney et al. [2011] is that we search for Umax not only in meridional transect but also in zonal transect.
This modiﬁcation allows the consideration of the meandering shape of the jet, which has both zonal and
meridional components.
After identifying the jet core, we calculate the horizontal arc distance between 1 Hz aircraft observations and
the closest jet core locations. The distribution of arc distances (in degree) of all aircraft observations (T ≤ 40°C)
with respect to the jet core is shown by the abscissa in Figures 1a and 1b, where positive distances refer to
observations on the cyclonic side of the jet and negative distances refer to the anticyclonic side.
3.2. Vertical Thermal Tropopause Relative Coordinate
In the analyses of the vertical distribution of in situ observations, we use a modiﬁed thermal tropopause
relative altitude as the vertical coordinate following the deﬁnition given in Pan and Munchak [2011].
Speciﬁcally, Zr is calculated as

Z r ¼ Z trop þ Z – Z trop ;
(1)
where Z is the aircraft altitude with respect to sea level, Ztrop is the tropopause height collocated with the
aircraft observation, and Z trop is the average thermal tropopause height for all 15 ﬂights. The distribution of
(Z  Ztrop) is shown by the ordinate in Figure 1a, where positive values refer to aircraft measurements above
the tropopause. In comparison, the ordinate in Figure 1b shows the relative altitudes (Zr) of 1 Hz in situ
observations in tropopause relative coordinate, i.e., adding Z trop to (Z  Ztrop) as shown by equation (1). The
tropopause relative coordinate is useful for averaging vertical proﬁles with various tropopause heights, as

DIAO ET AL.

ICE SUPERSATURATION DYNAMICAL CONDITIONS

5105

Journal of Geophysical Research: Atmospheres

10.1002/2015JD023139

A

B

C

D

Figure 1. Number of 1 Hz observations for START08 research ﬂight (RF) 04–18 at T ≤ 40°C. (a) Distribution of in situ
observations with respect to the thermal tropopause and jet core. The negative (positive) altitudes show observations
below (above) the tropopause, and the negative (positive) arc distances show observations on the anticyclonic (cyclonic)
side of the jet core. (b) The abscissa is the same as Figure 1a, but the ordinate is replaced by the tropopause relative
coordinate (i.e., shifting the ﬂight altitudes with respect to the collocated tropopause by adding the average tropopause
height). The average proﬁles of tropopause height (in meter, black line), potential temperature (in K, orange contours),
and horizontal wind speed (in m/s, dot-dashed blue contours) are derived from the vertical proﬁles during the 15 ﬂights.
The ±1 standard deviation of tropopause height is shown in dotted lines. For both Figures 1a and 1b, the total number of
observations is shown in log scale for each 500 m × 0.5° bin. (c and d) The number of 1 Hz ISS and in-cloud samples in
altitudes relative to tropopause, respectively.

previously demonstrated by Birner et al. [2002]. We note that due to such shift, the values of Zr are generally
not the same as the real aircraft altitude (Z).
The average atmospheric conditions (including Z trop , potential temperature, and horizontal wind speed) are
derived from the vertical cross sections through each 1 s aircraft observation and its closest jet core. The
atmospheric conditions of these vertical cross sections are extracted from the GFS data, and their
horizontal scales are referenced to the jet core coordinate. Since each ﬂight has different sample sizes, we
ﬁrst calculate the mean vertical proﬁles for individual ﬂights and then average them over 15 ﬂights to
avoid overrepresenting a certain ﬂight. Z trop is shown in Figure 1b (thick black line), with the ±1 standard
deviation for the 15 ﬂights shown in black dotted lines. In addition, the average horizontal wind speed
(dot-dashed blue line) around the jet core has the maximum value around 38 m/s. The ~330 K isentropic
contour (orange line) intersects the jet core center, suggesting that this jet core coordinate has a main
feature of the polar jet, and there is also partial merging with the subtropical jet [Keyser and Shapiro, 1986;
Tilmes et al., 2010].

Table 2. Deﬁnition of Five Evolution Phases of In Situ Samples of Cirrus Clouds (Based on Diao et al. [2013])
Five Evolution Phases
Clear-sky ice-supersaturated regions (ISSRs)
Nucleation phase
Early growth phase
Later growth phase
Sedimentation/sublimation

DIAO ET AL.

Deﬁnition
Spatially continuous ISSRs in clear-sky condition
Partially in-cloud segments buried inside the ISSRs
ISSRs and in-cloud regions intersecting each other
Partially ice-supersaturated segments buried inside the in-cloud regions
In-cloud regions at subsaturation and/or saturation conditions
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We note that the aircraft generally
maintains the same pressure altitudes
when ﬂying horizontal legs, which results
in more sampling above the tropopause
on the cyclonic side than the anticyclonic
side due to the tropopause height change
between the two sides. The total number
of ISS and ice crystal samples is shown in
altitude with respect to tropopause in
Figures 1c and 1d, respectively.
3.3. Phases of ISSR and ICR Evolution

Figure 2. (a) The 18:00 UTC GFS 300 hPa analysis for RF04. Horizontal
wind speed (25–55 m/s binned by 5 m/s, green shaded) and geopotential
height (m, light blue). The light pink dashed line in Figure 2a shows the
A–B transect that is plotted in Figure 2b. (b) GFS vertical cross section
along line A–B of horizontal wind speed (10–60 m/s binned by 10 m/s,
green shaded). The light blue dots show the thermal tropopause. The dark
blue lines show contours of potential vorticity unit (PVU). The orange lines
show the potential temperature (K). In both Figures 2a and 2b, the thick
black line shows the ﬂight track. At the time of ISS observations (red dots),
the ﬂight was heading eastward.

Based on the method from Diao et al.
[2013], we separate ﬁve phases of cirrus
cloud development from 1-D Eulerian
observations into a quasi-evolutionary
view. An ISSR + ICR sample is used to
represent a horizontal transect of cirrus
clouds, which is deﬁned as the region with
spatially continuous observations of either
ISS or ice crystals. The ﬁve phases of ISSR
+ ICR evolution include (1) clear-sky ISSRs,
(2) ice crystal nucleation, (3) early growth,
(4) later growth, and (5) sedimentation/
sublimation. As shown in Table 2, the
nucleation phase is deﬁned as where
ICRs reside inside the ISSRs, while the
early growth phase is where ICRs and
ISSRs intersect each other, and the later
growth phase is where ISSRs reside inside
ICRs. Finally the sedimentation/sublimation
phase has all RHi values relaxed to
saturation and/or subsaturation inside
ICRs. This method helps to provide an
evolutionary view of cirrus clouds based
on the in situ observed spatial characteristics of ISSRs and ICRs. Totally, there are
779 cases of ISSR + ICR samples, and the
number of Phases 1–5 is 104, 31, 48, 35,
and 561, respectively.

4. Case Studies: Dynamical Background of ISS Formation
4.1. Meteorological Conditions Observed in RF04 and RF11
To demonstrate the ISS and cirrus cloud formation under different dynamical conditions, we identiﬁed two cases
from START08 ﬂights, RF04 and RF11, which represent two dynamical regimes associated with ISS formation: (1)
mesoscale uplifting and (2) small-scale waves and turbulence, respectively. RF04 took place on 28 April 2008,
and a stratospheric intrusion occurred over southern Illinois and Indiana around the time of the ﬂight. The
synoptic scale dynamical setting for RF04 is given in Figure 2. The 18:00 UTC 300 hPa GFS analysis (Figure 2a)
shows a highly ampliﬁed ridge-trough pattern with the polar jet crossing the upper midwest on the back
side of the trough centered at 89°W and extending into the Gulf Coast states, where it partially merged with
the subtropical jet and then extended northward into eastern Canada. The upstream ridge centered along
115°W was characterized by relatively lighter winds. The ISS observations occurred around 21:20 UTC
(around 39°N, 102°W) on the anticyclonic side of the polar jet between the trough and the upstream ridge.
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The vertical dimension of the ﬂight
and the dynamical ﬁeld is given in
Figure 2b (along the A–B transect in
Figure 1a). The jet core is located around
93°W with a horizontal wind speed
maximum of ~60 m/s. Animations of
GOES 12 thermal-IR imagery for 27 and
28 April 2008 showed extensive cirrus
within the ridge as it entered the West
Coast of the United States. Brightness
temperatures of the cirrus increased as
the cirrus moved into the intermountain
west but cooled as the clouds crossed
central Colorado (~39°N, 105°W) prior
to 15:00 UTC indicating orographic
enhancement, that is, uplifting. Images
from 15:00, 18:00, and 21:00 UTC are
shown in Figure 3. The coldest cloud
tops, suggesting enhanced mesoscale
upward motion, coincided with the
GV ﬂight track and ISS observations
near the Colorado-Kansas border at
21:20 UTC.
RF11 took place on 14 May 2008
and similar to RF04, a stratospheric
intrusion descended below the polar
jet stream around the time of
the ﬂight. The jet developed over
the west coast of Canada and the
Figure 3. GOES 12 thermal-IR satellite images over the U.S. The UTC
northwest U.S. in the north-south
time stamps are (a) 15:00, (b) 18:00, and (c) 21:00 UTC. The GV track is
direction. The 18:00 UTC 300 hPa GFS
shown in thick green line, and the ISS observations are shown in yellow
analysis (Figure 4a) illustrates that
dots. The azure contours show the 300 hPa horizontal wind speed. The
the GV intersected the jet in the
color bar shows the decreasing cloud top temperatures from 10°C
east-west direction over Montana. In
(grey), 40°C (red/pink), to 60°C (blue/green). The black arrow illustrates
ISS observations that happened almost at the same time as the GOES 12
contrast to RF04, ISS observations in
imagery of that panel.
RF11 were mostly found in the
vicinity of the jet. The vertical cross
section of the ﬂight shows that the
ISS occurrences are closely related to the tropopause location and are in the region of strong PV
gradient (Figure 4b), indicating a stronger inﬂuence from the stratospheric air mass than those
observed in RF04.
GOES 12 infrared satellite imagery (Figure 5) shows that the cirrus cloud top temperatures warmed over the
Idaho/Montana/Wyoming region during the morning. Along the ﬂight track, where the ISS segments were
observed around 18:30–18:50 UTC (Figure 5c, marked by black arrow), cloud top temperatures increased
from ~35°C to ~20°C (color changes from yellow to grey/white). The increase in cloud top temperature
implies that no obvious large-scale uplifting was present in the GOES 12 imagery, but we caution that the
vertical wind ﬁeld can change rapidly, which might not be fully captured by the discontinuous GOES
12 imagery.
4.2. Air Mass Identiﬁcation of ISS Observations in RF04 and RF11 Based on Chemical
Tracer-Tracer Correlations
The difference in the dynamical regimes where ISS was observed in RF04 and RF11 can be identiﬁed in
the tracer-tracer space using simultaneously sampled chemical tracers of ozone (O3), water vapor (H2O),
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and carbon monoxide (CO). The
relationship of these tracers, O3-CO
(Figures 6a and 6b) and O3-H2O
(Figures 6c and 6d), provides unique
information that complements the
large-scale meteorological information
since the chemical tracers are sampled
at the same scale as the microphysical
variables. CO and H2O are generally
used as the tropospheric tracers, since
the troposphere is the signiﬁcant
source region for the two species. For
the same reason, O3 is considered as a
stratospheric tracer. The relationship
of stratospheric versus tropospheric
tracers has been demonstrated to form
an “L”-shaped distribution in the UT/LS
region [e.g., Fischer et al., 2000; Pan
et al., 2004, 2007; Konopka and Pan,
2012]. As described in these previous
works referenced, the tracer-tracer
relationship identiﬁes three types of
behaviors, and they are referred to
as the “stratospheric branch” (low
CO/H2O and large variability of O3),
“tropospheric branch” (low O3 and
large variability of CO/H2O), and the
mixed or transitional air mass between
the two branches (the mixing layer
or
the
extratropical tropopause
transition layer). Thus, using the
relationships between O3, CO, and H2O,
Figure 4. Similar to Figure 2 but for RF11. Around the time of ISS
we can discern the tropospheric and
observations (red dots), the ﬂight was heading westward.
stratospheric reservoirs and lines of
mixing between the two. Notably, the tropospheric reservoir is often characterized by O3 < 100 ppbv and
widely varying CO and H2O, while the stratospheric reservoir is often characterized by widely varying O3 at
CO < 50 ppbv and H2O < 10 ppmv [e.g., Fischer et al., 2000; Pan et al., 2004].
The tracer-tracer relationships for ice-supersaturated and in-cloud segments are compared between RF04
(Figures 6a and 6c) and RF11 (Figures 6b and 6d), which represent associations with tropospherictropospheric mixing and stratospheric-tropospheric mixing, respectively. In RF04, both O3-CO and
O3-H2O relationships show that ISS was observed almost exclusively in the troposphere. The relatively
straight, positively correlated O3-CO and O3-H2O relationships (Figures 6a and 6c) indicate that a
two-level mixing had happened at the regions with ISS (Appendix B of Diao et al. [2014a]). That is, the
air masses originated from lower levels in the troposphere with high O3 and CO (H2O) and were uplifted
to higher levels in the troposphere, subsequently mixing into air masses with low O3 and CO (H2O)
concentrations.
In RF11, ISS follows mixing lines with negative slopes extending from the tropospheric reservoir toward
the stratospheric reservoir, which indicates mixing between the stratosphere and troposphere.
Such inﬂuences from stratospheric air masses are in agreement with the ﬁnding that ISS observations in
RF11 were located along the dynamical boundary of the stratospheric intrusion (as shown in Figure 4b).
Taken together, these two cases show that ISS generated by mesoscale uplifting versus small-scale
waves and turbulence both involve substantial mixing between air masses, including stratosphere-
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troposphere mixing and tropospheretroposphere mixing. Such chemical
tracer mixing features provide a useful
tool to identify the origins of icesupersaturated air parcels.
4.3. Inﬂuences of Mesoscale
Uplifting, Small-Scale Waves, and
Turbulence on Ice Microphysics
The dynamical conditions in RF04 and
RF11 are further compared by using
the in situ data of vertical wind
speed and ice microphysical properties
(Figures 7 and 8). The potential
vorticity contours of PVU = 2, 4, and 8
(1 PVU = 106 K m2 kg1 s1) are used
to illustrate the structure of dynamical
tropopause, such as stratospheric
intrusion (intrusion of PVU = 2 surface)
and jet stream (large separation
between PVU = 2 and PVU = 8 surfaces).
For times series of in situ vertical velocity
in RF04 (Figure 7b), the horizontal
segment (~100 km) of where ISS
was observed (21:34:20–21:42:50 UTC)
shows an average updraft of ~0.6 m/s,
consistent with the mesoscale uplifting in GOES 12 imagery referred from
the cooling of cloud tops. In contrast,
Figure 5. Similar to Figure 3 but for RF11. The UTC time stamps are
for RF11 (Figure 8b), the average
(a) 15:45, (b) 17:15, and (c) 19:02 UTC. The color bar shows the increasing
vertical velocity for one horizontal
cloud top temperatures from 35°C (yellow), 20°C (white), to 10°C (grey).
segment (~25 km) of ISS observations
(19:05:20–19:07:10 UTC) is ~0.08 m/s,
which is about 1 order of magnitude smaller than the updraft speed in RF04. In addition, RF11 shows
apparent gravity wave structure with a wavelength of ~30 km (18:36:40–18:45:00 UTC) and small-scale
turbulence (e.g., 18:45:00–18:47:30 UTC and 18:49:10–18:51:40 UTC) around the stratospheric intrusion.
In fact, according to previous work [Shapiro, 1976], the locations of ISS in RF11 coincide with regions of
expected clear-air turbulence, i.e., the region around the jet core on the cyclonic side. The mesoscale
uplifting scheme in RF04 is consistent with the previous case study of a large-scale uplifting condition
in a warm conveyor belt [Spichtinger et al., 2005a], while the results from RF11 showed that other
conditions involving small-scale vertical velocity perturbations due to waves and/or turbulence can
also generate ISS. These results point out the importance of understanding dynamical conditions
below the mesoscale.
The ice microphysical properties of two ﬂights are compared in terms of IWC, Nc, and Dc. The IWC observed in
RF04 (Figure 7b) is signiﬁcantly (~1–2 orders of magnitudes) higher than those observed in RF11 (Figure 8b). In
addition, the Nc and Dc values observed in RF04 typically are ~105–106 m3 and 30 μm (SID-2H), ~104–105 m3
and 125–1500 μm (2DC), respectively (Figure 7c). In comparison, the Nc and Dc observed in RF11 are
~104–105 m3 and 20–40 μm (SID-2H), ~102–103 m3 and 125–660 μm (2DC), respectively (Figure 8c).
These results show that the Nc values observed in RF04 are about ~1–2 orders of magnitudes higher than
those observed in RF11 for both 1–50 μm and 100–1600 μm measurements ranges, while the Dc values
between RF04 and RF11 are similar. The higher IWC and Nc values in RF04 are consistent with the fact
that RF04 is characterized by broader and stronger uplift.
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Figure 6. (a and b) O3-CO and (c and d) O3-H2O tracer-tracer correlations for (a and c) RF04 and (b and d) RF11. The red dots
and blue triangles show the 1 Hz ISS and ice crystal observations in that ﬂight, respectively. The grey color background
shows all the observations in that ﬂight at all temperatures.

In this work, we did not observe the strong anticorrelation between Dc and Nc values that was shown in
previous simulations of ice nucleation [Gensch et al., 2008; Krämer et al., 2009]. This could be due to
continuous uplifting, as reported by observational analyses [Diao et al., 2013] and cloud modeling studies
[Spichtinger and Gierens, 2009b], and therefore, ice crystal formation was not limited to a single nucleation
event with a certain amount of water vapor over saturation. Another possible reason for the lack of
anticorrelation between Dc and Nc could be due to the ice particle size range used in this analysis, since
our quality control on 2DC probe ﬁltered out ice particles <100 μm and the SID_2H probe measures up to
50 μm. We note that the START08 ﬂights do not have aerosol composition measurements; thus, we cannot
investigate the roles of aerosol composition in contributing to the different ice crystal properties between
RF04 and RF11. Future work is suggested to compare different meteorological conditions under similar
aerosol compositions in order to separate the aerosol effects from the dynamical effects in the formation
of cirrus clouds.

5. Composite Analyses of 15 Flights on ISS and Ice Crystal Spatial Distributions
5.1. Distributions of ISS and Ice Crystals in Tropopause and Jet Core Referenced Coordinate
We create a composite data set of START08 RF04–18 to systematically analyze the spatial distributions of
ISS and ice crystals. Occurrence frequency distributions of 1 Hz ISS and ice crystals in the dynamical
coordinates referenced to the tropopause and jet core are shown in Figures 9a and 9b, respectively. The
occurrence frequency of ISS (or ice crystal) observations is calculated as the number of such
observations normalized by the total number of 1 Hz aircraft observations (for T ≤ 40°C) in each bin.
The average proﬁles of tropopause height, potential temperature, and horizontal wind speed in Figure 9
are the same as Figure 1b. Because the sampling domain of the START08 campaign mostly targeted on
the poleward side of the subtropical jet stream, the observations are almost exclusively around the
extratropical tropopause rather than the tropical tropopause layer. Figure 9 shows that the occurrences
of ISS and ice crystals are mostly limited to below the tropopause and exclusively below the +1
standard deviation of the tropopause height. For the relationship with jet core, high occurrence
frequencies (~0.4–1) of ISS and ice crystals are observed in a small region that is in the vicinity of the
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jet core (~300–500 km) on the cyclonic
side, which may be a result of clear-air
turbulence that generally wraps around
the jet core on the cyclonic side along
the PVU contours [Shapiro, 1976].

A

5.2. Comparison of ISS and Ice Crystal
Distributions With Respect to
Tropopause Height
To compare the vertical distributions
between ISS and ice crystals, the
probability distributions of (1) clear-sky
ISS, (2) in-cloud ISS, and (3) ice crystals
are separately plotted with respect
B
to the thermal tropopause height
(Figure 10a). As before, the occurrence
frequency in each vertical bin is
normalized by the total number of
observations (at T ≤ 40°C) inside that
bin. Here the GFS tropopause level is
shown with ±0.5 km uncertainties
(yellow stippling). The peak position of
clear-sky ISS distribution is located at
about 0.25 km above the tropopause,
which is within the ±0.5 km uncertainty
C
of GFS thermal tropopause height. In
contrast, the peak positions of in-cloud
ISS and ice crystal distributions are
located at lower altitudes with respect
to the tropopause, i.e., around 2 to 6 km
below the tropopause. The relatively
lower altitudes of the peak occurrences
of in-cloud ISS and ice crystals point to
sedimentation of ice crystals during
the lifetime of the cloud. These results
are consistent with previous cloud
simulations, which show that clear-sky
Figure 7. Time series analyses for RF04. (a) Vertical distributions of ISS is generally located at the top level
ISS and ice crystals with respect to thermal tropopause. The ﬂight
of the cirrus clouds and a deep layer of
track and thermal tropopause are shown in solid black and grey lines,
ice crystals extends up to ~6 km below
respectively; PVU = 2, 4, and 8 contours (red, green, and blue dotted
the nucleation levels due to vertical
lines, respectively) are used to illustrate the structure of dynamical
mixing and sedimentation [Jensen et al.,
tropopause. ISS and ice crystal observations at 1 Hz are shown in red
solid circles and blue triangles, respectively. (b) Time series of vertical
2013b]. We note that a small percentage
velocity (dashed purple) and ice water content (IWC, green solid line).
(~5.4%) of the total ice crystal
(c) Time series of ice crystal concentrations (Nc, blue for 2DC and green
for SID-2H) and volume-weighted mean diameter (Dc, pink for 2DC and observations is located above the
tropopause, but they almost exclusively
yellow for SID-2H).
(except 42 s) are within the 0.5 km
uncertainty. A similar feature of ice
crystals located slightly above the tropopause has also been reported by Pan and Munchak [2011], but the
authors commented that this feature may be entirely due to the uncertainties in tropopause height
determination.
Because the magnitude of RHi is an important factor in ice crystal formation, we also analyze the occurrence
frequency distributions for different ranges of RHi (>100%, >110%, >120%, and >130%) with respect to the
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thermal tropopause (Figure 10b).
The probability at each bin is
calculated by the number of ISS
observations (both clear-sky and
in-cloud conditions) normalized by the
total number of observations at
T ≤ 40°C inside that bin. Similar to ISS
distributions in Figure 10a, two
main peaks of ISS distributions are
observed: one near the tropopause
and the other at ~1 km below. We
note that when using the 1 km vertical
bin size, the two peaks of the
frequency distribution of RHi > 100%
still exist. To determine whether such
two-peak feature is due to the limited
sample size of the current data set
requires more intensive observations
around the extratropical tropopause.
As the magnitudes of RHi increase,
the probabilities of ISS observations
decrease about 2 orders of magnitude,
from ~0.01–0.11 (RHi > 100%) to
~0.0003–0.004 (RHi > 130%).

A

B

C

Figure 8. Similar to Figure 7, time series analyses for RF11.

The PDF of RHi at T ≤ 40°C is shown in
Figure 10c, and the maximum RHi
observed in this data set is below
150%. The PDF of RHi for the in-cloud
condition peaks around 100%. On the
other hand, the PDF of RHi for
the clear-sky condition peaks around
5–10% due to the frequent sampling in
the lower stratosphere. We note that
the lack of observations at RHi > 150%
could be due to that only a thin layer
at the cirrus cloud top reaches
RHi > 150%, while the rest of RHi
vertical proﬁle is generally below 150%,
according to the model simulations of
Spichtinger and Gierens [2009b].

5.3. Distributions of ISS and Ice Crystals on the Cyclonic and Anticyclonic Sides of the Jet Core
The jet core generally marks the boundary between the extratropical cyclonic and anticyclonic systems. To
quantify the occurrence frequencies of ISS and ice crystals between the anticyclonic and cyclonic sides,
their occurrence frequency distributions with respect to the jet core are shown in Figure 11. The
probabilities of ISS and ice crystals within each bin are normalized by the total number of observations
(T ≤ 40°C) in that bin. The peak occurrence frequencies of ISS and ice crystals are located at ~5 arc
degrees (i.e., 550 km) from the jet core on both the cyclonic and anticyclonic sides. For observations
within ~800 km of the jet (>7000 of 1 Hz observations in each bin), the average probabilities of
observing ISS and ice crystals on the anticyclonic side are ~1.6 and 2.0 times of those on the cyclonic
side, respectively. We note that these ratios between the cyclonic and anticyclonic sides are subject to
the possible biases in the sampling between the two sides. To derive the climatological ratios of ISS and
ice crystal distributions between the two sides, one would need 3-D sampling with longer time span,
such as remote sensing observations.
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6. An Evolutionary View
of Cirrus Clouds’ Vertical
Distributions
6.1. Distributions of Five Evolution
Phases of Cirrus Clouds in Relation
to the Thermal Tropopause

B

Figure 9. ISS and ice crystals distributions in the tropopause relative
coordinate (vertical) and jet core coordinate (horizontal) for START08
RF04–18 at T ≤ 40°C. The average atmospheric proﬁles, as well as the
ordinate and abscissa for ﬂight observations, are the same as those
in Figure 1b. (a) The occurrence frequency of ISS observations are
calculated for each bin (500 m × 0.5°), normalized by the total number
of observations at T ≤ 40°C in that bin. The grey colors show where
ISS occurrence frequency = 0; the red colors from light to dark show
+
ﬁve ranges of ISS occurrence frequencies at 0 –0.2, 0.2–0.4, 0.4–0.6,
0.6–0.8, and 0.8–1 ranges. (b) Similar to Figure 9a but for ice crystal
occurrence frequency distribution.

To provide an evolutionary view of ISS
locations with respect to the thermal
tropopause, we analyze the ISSR + ICR
samples of ﬁve evolution phases using
the method of Diao et al. [2013], i.e., clearsky ISSRs (phase 1), ISSRs with ice
nucleation (phase 2), ISSRs intersected
with ICRs at early growth stage (phase 3),
ISSRs embedded inside large ICRs at
later growth stage (phase 4), and ICRs
in sedimentation/ sublimation without
ISS (phase 5). These ﬁve phases are represented in Figures 12a–12e, respectively. In
Figure 12, the tropopause relative
coordinate is the same as that in Figure 9.
The green triangles represent the 1 Hz
observations for the ISSR + ICR samples.
The earlier evolution phases, i.e., clearsky ISSRs and ice crystal nucleation,
occur in closer proximity to the
tropopause than the later phases. In
particular, the sedimentation/sublimation
phase has the widest range of vertical
distribution compared with other phases.
We note that almost all (~99.6%) ice
crystals are located below the 0.5 km
uncertainty of GFS tropopause and the
nucleation phase samples above 0.5 km
of the tropopause are actually the clearsky segments of the nucleation phase.

The variation in the vertical distributions for the ﬁve phases is quantiﬁed in Figure 13. The occurrence
frequency of each phase is calculated by the number of 1 Hz observations for each phase normalized by
the total 1 Hz observations (at T ≤ 40°C) in that bin. We note that the phase of clear-sky ISSRs (as a
consecutive region) in Figures 12a and 13 is different from the 1 Hz clear-sky ISS (at 1 s scale) observations
in Figure 10a, since the 1 Hz clear-sky observations also occur in phases 2–4.
For observations on both the cyclonic and anticyclonic sides (Figure 13a), the occurrence frequency
distribution of the nucleation phase (red dotted line) peaks at ~0.25 km above the NCEP GFS thermal
tropopause and within its 0.5 km uncertainty. In contrast, the early growth (dashed blue line) and later
growth (dotted-dashed green line) phases peak at ~2 km and ~6 km below the thermal tropopause,
respectively. These results show that during the evolution of cirrus clouds, the vertical positions of their
peak occurrence frequencies move downward with respect to thermal tropopause. In addition, the ice
crystals in sedimentation/sublimation (light blue line) show several peaks in their vertical frequency
distribution, which is likely due to sedimentation and sublimation happening throughout the evolution of
cirrus clouds and at multiple layers within the clouds. These observed vertical variations during cirrus
cloud evolution agree with the previous cloud simulations, which showed that the ice crystals could
extend to ~2–5 km below the nucleation sites [Spichtinger and Gierens, 2009b; Jensen et al., 2013b].
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The observed peak occurrence frequency of ice
nucleation around the thermal tropopause
is likely due to a combination of reasons,
including the abrupt changes of temperature
and humidity across the tropopause, as well as
the frequent occurrence of clear-air turbulence
around the jet stream. As the saturation
vapor pressure increases exponentially with
temperature according to the ClausiusClapeyron equation, a small perturbation of
the moisture or temperature ﬁeld near the
tropopause would be more likely to produce
high RHi than at lower levels. In fact, our
ﬁndings on the distributions of cirrus evolution
phases are consistent with previous lidar
observations of cirrus cloud distributions over
France in Noël and Haeffelin [2007]. The
authors reported that the peak frequency of
occurrence of cirrus cloud top is close to the
tropopause and the frequency of occurrence
of cirrus cloud base peaks at two locations:
1–1.5 km and 3–3.5 km below the tropopause.

A

B

When comparing the vertical distributions of
ﬁve cirrus evolution phases between the
anticyclonic side (Figure 13b) and cyclonic side
(Figure 13c), the peak occurrence frequencies
of the nucleation and early growth phases
occur around the same altitude relative to
the tropopause on both sides. On the
other hand, for the later growth and
sedimentation/sublimation phases, their peak
occurrence frequencies are located closer to the
tropopause on the cyclonic side (~2 km below
the tropopause) than the anticyclonic side
(~6 km below the tropopause). To determine
whether such a feature is due to the different
ice particle fall speed between the two sides
requires future observations targeting the
vertical distribution of ice crystals in cirrus layers.

C

Figure 10. Vertical occurrence frequency distributions of ISS and
ice crystals with respect to thermal tropopause. (a) The probabilities
of ISS observations in clear-sky (red solid line) and in-cloud
(blue dashed line) conditions and the probabilities of ice crystal
observations (grey dotted line) are shown in each layer with
respect to the thermal tropopause height. The distribution of total
number of observations is shown in black solid line (top abscissa).
(b) Similar to Figure 10a but for ISS at different RHi magnitudes:
RHi>100% (black), RHi>110% (red dotted), RHi>120% (blue
dashed), and RHi>130% (green dot-dashed). The probability in
each bin (binned by 0.5 km) is normalized by the total number of
observations at T ≤ 40°C in that bin. The yellow stippling shows
the GFS tropopause uncertainties of ±0.5 km. (c) Probability
density function of RHi at T ≤ 40°C for total observations, clear-sky,
and in-cloud conditions.
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Another main difference in the vertical
distributions between the two sides is that the
peak occurrence frequencies of nucleation and
early growth phases are ~1.5 and 1.2 times
higher on the anticyclonic side than the
cyclonic side, respectively. The slightly higher
frequencies of ISS on the anticyclonic side of
the jet agree with the previous ECMWF
simulations, which show more ISSRs associated
with anticyclonic systems than cyclonic systems
over Europe (similar latitudes to START08)
[Gierens and Brinkop, 2012]. In addition,
remote sensing analyses showed that higher
occurrences of cirrus clouds happen on the
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Figure 11. Distributions of ISS and ice crystals on the anticyclonic (negative abscissa) and cyclonic sides (positive abscissa) of
the jet core for START08 RF04–18 at T ≤ 40°C. The abscissa is similar to Figure 1, representing the arc distance (in degree)
from observations to jet core. The dashed line is to highlight the location of jet core. Occurrence frequency distributions of ISS
(red solid line) and ice crystals (blue dotted line) at each horizontal distance bin (binned by 1°) are shown on the left ordinate.
Total number of observations (T ≤ 40°C) in each bin is shown on the right ordinate (black solid line).

Figure 12. Distributions of the ﬁve evolution phases of cirrus clouds in the dynamical coordinates in thermal tropopause
relative coordinate (vertical) and jet core coordinate (horizontal) for START08 RF04–18. The coordinate system is the same as
Figure 1b. Observations of ﬁve evolution phases are shown as green triangles in (a) clear-sky ISSRs, (b) ice crystal nucleation
phase, (c) early growth, (d) later growth, and (e) sedimentation/sublimation. We note that the clear-sky ISSRs (a consecutive
region without ice crystals) in Figure 12a are different from the clear-sky ISS (1 s scale without ice crystals) in Figure 10a.
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anticyclonic systems over the U.S. and many
opaque cirrus occur in the ridges of Rossby
waves and on the anticyclonic side of the jet
[Wylie, 2002]. In contrast, at the troughs of
Rossby waves and on the cyclonic side of the
jet, the prevailing condition is clear sky.
We caution that there are several limitations in
using this method to convert the Eulerian
observations into an evolutionary view.
For example, new ice crystals formed
heterogeneously near saturation may not be
captured by the nucleation phase, since ISS is
required for its deﬁnition. In addition, the
transport history of ice crystals has not been
addressed by the current analysis. More future
work is suggested to use model simulations with
3-D structure of cirrus clouds to analyze the
vertical distributions of cirrus clouds in an
evolutionary view.
6.2. Distributions of Five Cirrus Evolution
Phases in the O3-CO Coordinate
We use tracer-tracer relationships to analyze
the distributions of the ﬁve evolution phases
of cirrus clouds with respect to the
extratropical chemical tropopause transition
layer. Figure 14 shows the scatterplot of O3CO tracer-tracer relationships, where the grey
background represents observed domain at
all temperature ranges. The red markers in
Figures
14a–14e
represent
the
1 Hz
observations that belong to each of the ﬁve
evolution phases. We deﬁne the regions of
extratropical stratosphere branch, troposphere
branch, and transition layer following the
previous deﬁnitions in Pan et al. [2004], with
new ﬁttings applied to the START08 data. The
vertical solid black line represents a
polynomial ﬁt to the chemical stratosphere
branch (CO < 35 ppbv); that is, CO = m0
+ m1 × O3 + m2 × O32, where m0 = 46.8 ± 0.08,
Figure 13. Occurrence frequency distributions of 1 Hz observations
m1 = 0.0433 ± 0.0003, and m2 = 1.82e-05
for ﬁve evolution phases with respect to thermal tropopause. (a–c)
Observations at T ≤ 40°C for the total data set, anticyclonic side,
± 2.01e-07, with both CO and O3 in units of
and cyclonic side, respectively. Phases 1–5 are shown in black solid,
ppbv. The vertical dashed black lines
red dotted, dark blue dashed, green dot-dashed, and light blue
represent ±3σr1 (σr1 is the standard deviation
dot-dashed lines, respectively. The occurrence frequencies are
of
the residuals of the poly3 ﬁt), where
normalized by total number of observations at T ≤ 40°C in each
bin (shown in Figure 10a). Note that we use 0.5 km bins above the σr1 = 1.49 ppbv. In addition, the horizontal
tropopause and 1 km bins below the tropopause.
solid black line represents the linear ﬁt to the
chemical troposphere branch (O3 < 70 ppbv);
that is, O3 = n0 + n1 × CO, where n0 = 44.1 ± 0.1 and n1 = 0.088 ± 0.001. The horizontal dashed black lines
represent ±3σr2 (σr2 is the standard deviation of the residuals of the linear ﬁt), where σr2 = 10.9 ppbv. The
light blue line represents the border for the transition layer in tracer space, where the two end points of
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Figure 14. Distributions of ﬁve cirrus evolution phases in chemical tracer coordinate of O3-CO for RF04–18. (a–e)
Observations of ﬁve phases (red markers) are the same as those in Figure 12. The grey background represents observations at all temperature ranges. The ﬁgures zoom into O3 < 850 ppbv and CO < 250 ppbv for a clearer view of the ﬁve
phases. The vertical and horizontal black solid lines represent the ﬁts for extratropical stratospheric branch and tropospheric branch in the tracer space, respectively. The ±3σ of the ﬁts are shown in dashed black lines. On the left of the
vertical ﬁt is the stratospheric branch, below the horizontal ﬁt is the tropospheric branch, and in between is the transition
layer. The end points of the light blue line mark the border of where a signiﬁcant number of data points (>10%) start to
deviate from the compact relationship (±3σ of the ﬁts). These end points are CO = 28 ppbv and O3 = 503 ppbv for the
stratosphere branch and CO = 215 ppbv and O3 = 63 ppbv for the troposphere branch.

the light blue line represent the positions where a signiﬁcant amount of data (>10%) start to deviate from
the compact ﬁts for each reservoir (within +3σr) for chemical troposphere and stratosphere.
In the tracer-tracer coordinate, the ISSRs and ICRs have been observed in both the transition layer (typically
located at ~8–13 km in START08 with a depth around 0.5–1.5 km) and tropospheric branch. No ISS or ice
crystals were observed in the stratospheric branch in tracer space. To quantify the variations in the
distributions of ﬁve phases, Table 3 shows the ratio of each phase in the transition layer and
the tropospheric branch. For earlier phases of clear-sky ISSRs and ice crystal nucleation, 69% and 85% of
the samples are located in the transition layer, respectively. In contrast, the later phases occur mostly
(>80%) in the chemical tropospheric branch. These analyses in the chemical tracer coordinate are
consistent with those in the dynamical coordinates, as they both show descending locations of ISSRs and
ICRs during the progression of the ﬁve evolution phases.
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Table 3. Ratios of Five ISSR + ICR Evolution Phases Inside the Extratropical Chemical Transition Layer and the
Tropospheric Branch Below the Transition Layer
Ratio of Each Phase
In transition layer
Below transition layer

Clear-Sky ISSRs

Nucleation

Early Growth

Later Growth

Sedimentation/Sublimation

0.69
0.31

0.85
0.15

0.17
0.83

0.12
0.88

0.12
0.88

7. Implications for Cirrus Cloud Simulations
Based on the observations of START08 campaign over the North American continent, two dynamical
regimes are found to be involved with ISS and ice crystal formation, i.e., (1) mesoscale uplifting and (2)
small-scale waves and turbulence. These two regimes were associated with different scales of dynamics
(mesoscale versus small scale) and with mixing of different air masses. The IWC and Nc values were
found to be very different (~1–2 orders of magnitude differences) between the two situations, which
points to the complexity of comparing in situ observations of IWC and Nc with cloud modeling results.
Our case studies suggest that ISS and ice crystal formation does not always require upward motion on
the large scale, since smaller-scale uplift can also be a contributor. Due to the lack of aerosol
composition measurements, more future measurements are suggested to separate the aerosol factors
from the dynamical inﬂuences.
Two types of coordinates (i.e., dynamical coordinates and chemical tracer coordinates) are used to analyze ISS
and ice crystal distributions in relation to upper tropospheric dynamics. The combination of these two
coordinates provides a comprehensive view of both large-scale dynamical background and distinct air
mass compositions on the microscale. Future studies are suggested to conduct comparative analyses
between in situ observations and cloud-resolving model simulations based on these two sets of
coordinates. For example, analyzing the tracer-tracer correlation based on the passive tracers released in a
cloud-resolving model [e.g., Bryan and Morrison, 2012] can help assess the formation mechanisms of cirrus
clouds in models.
For the vertical distributions of cirrus clouds, our results show that the predominant locations of earlier phases
of cirrus clouds (clear-sky ISSRs and nucleation phases) are located near the thermal tropopause, while those of
latter phases are located at ~2–6 km below the tropopause. These results suggest that excluding ISS in model
simulations would lead to more artiﬁcial ice crystals and less water vapor from around the tropopause to ~6 km
below the tropopause. In addition, the maximum underestimation of water vapor would happen near the
thermal tropopause. Such underestimation can have large impacts on the atmospheric radiative forcing due
to its high sensitivity to water vapor perturbations around the tropopause. Thus, including subgrid-scale
variabilities of ISS and ice crystals may help to improve the simulations of cirrus cloud radiative forcing
throughout the cloud lifetime. Future studies are suggested to evaluate cloud model results for their
representations of ﬁve evolution phases. In addition, quantifying the perturbations in atmospheric radiative
forcing caused by ISS exclusion in each evolution phase requires further study.
Due to the spatial and temporal limitations of in situ measurements, this work only provides two case
studies, i.e., mesoscale uplifting versus small-scale waves and turbulence, in addition to the composite data
set of 15 ﬂights. More future case studies are suggested to examine other dynamical conditions, such as lee
waves and deep convection, for their inﬂuences on cirrus cloud formation. The current data set only has a
few cases (RF06 and RF12) where deep convection has been identiﬁed [Homeyer et al., 2011], and removing
the regions with strong updraft and downdraft does not inﬂuence our conclusions on the distributions of ISS
and ice crystals. The GFS data used in this study are 6 hourly, which may not sufﬁciently resolve rapid
changes in the meteorological background (e.g., frontal passages). Future analyses using higher-resolution
GFS data would help to resolve the relationship between frontal systems and ISS formation. Additional
statistical analyses are needed to quantify the contribution of different types of dynamical conditions to ISS
and ice crystal formation on regional and global scales. Furthermore, the observations in this work are
limited to the Northern Hemisphere midlatitudes, which may or may not be applicable to other regions.
Expanding this analysis to other regions will likely rely on remote sensing techniques with greater coverage.
In particular, as the sampling domains in this study were focused around the extratropical thermal
tropopause, more analyses are needed to address these features in the tropical tropopause layer.
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