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Abstract In situ microphysical observations of midlatitude cirrus collected during the Department of

Energy Small Particles in Cirrus (SPARTICUS) field campaign are combined with an atmospheric state

classification for the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site to

understand statistical relationships between cirrus microphysics and the large-scale meteorology. The

atmospheric state classification is informed about the large-scale meteorology and state of cloudiness at the

ARM SGP site by combining ECMWF ERA-Interim reanalysis data with 14 years of continuous observations

from the millimeter-wavelength cloud radar. Almost half of the cirrus cloud occurrences in the vicinity of the

ARM SGP site during SPARTICUS can be explained by three distinct synoptic conditions, namely, upper level

ridges, midlatitude cyclones with frontal systems, and subtropical flows. Probability density functions (PDFs)

of cirrus microphysical properties such as particle size distributions (PSDs), ice number concentrations, and

ice water content (IWC) are examined and exhibit striking differences among the different synoptic regimes.

Generally, narrower PSDs with lower IWC but higher ice number concentrations are found in cirrus sampled

in upper level ridges, whereas cirrus sampled in subtropical flows, fronts, and aged anvils show broader

PSDs with considerably lower ice number concentrations but higher IWC. Despite striking contrasts in the

cirrus microphysics for different large-scale environments, the PDFs of vertical velocity are not different,

suggesting that vertical velocity PDFs are a poor predictor for explaining the microphysical variability

in cirrus. Instead, cirrus microphysical contrasts may be driven by differences in ice supersaturations

or aerosols.

1. Introduction

Cirrus clouds contribute about 30% to the global high cloud cover but exhibit pronounced latitudinal vari-

ability ranging from 20% in midlatitude storm tracks to more than 50% in the Tropics [Stubenrauch et al.,

2006; Sassen et al., 2008]. Cirrus clouds have a strong impact on the radiative energy balance of the Earth

by reflecting parts of the incoming solar radiation back to space and absorbing and reemitting longwave

radiation [Ackerman et al., 1988]. Due to these two opposing radiative effects, the net radiative forcing of cir-

rus clouds can be positive or negative depending on the cirrus radiative properties. The radiative properties

of cirrus are in turn controlled by cirrus microphysical (e.g., crystal habits, particle size distribution, and ice

water content) and macrophysical properties (e.g., cloud height, geometrical thickness, cloud fraction, and

cloud lifetime).

Recent studies show that cirrus clouds are the dominant contributor to the longwave cloud feedback in

Global Climate Models (GCMs) [Zelinka et al., 2012], but uncertainties remain regarding the magnitude of the

cirrus cloud forcing and its role for climate sensitivity. These uncertainties are largely tied to deficiencies in

representing the observed spatiotemporal variability of cirrus in GCMs. Perturbed physics ensemble exper-

iments with GCMs suggest that one of the leading factors contributing to the spread in climate sensitivity

among GCMs is ice terminal fall velocities that control the ice water path (IWP) and cirrus cloud cover in the

simulations [Sanderson et al., 2008]. Furthermore, assumptions about the particle size distribution (PSD) in

cirrus and, in particular, the contributions from small (maximum dimension smaller than 50 μm) ice crys-

tals to the total ice number concentrations are shown to have profound impacts on the IWP and radiative

forcing exerted by cirrus [Mitchell et al., 2008].
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A fundamental problem for parameterizing cirrus in GCMs is the diversity of environmental conditions under

which cirrus clouds form and the profound impacts these environmental conditions can have on the micro-

physical evolution and the life cycle of cirrus. Predicting the evolution of cirrus requires a priori knowledge

of complex physical and dynamical processes operating on a wide range of scales. For example, past obser-

vations document midlatitude cirrus clouds forming in regions of large-scale and mesoscale uplift such

as low pressure systems and fronts [Sassen, 1997], in the vicinity of warm conveyor belts [Spichtinger et al.,

2005a], breaking Rossby waves [Eixmann et al., 2010], and in regions of strong upper level divergence and

ageostrophic motion typically found in the vicinity of jet streaks [Mace et al., 1995]. Furthermore, cirrus cloud

formation can be triggered by mesoscale perturbations such as mountain waves [Karcher and Strom, 2003],

internal waves near jet streams [Spichtinger et al., 2005b], or deep convection [Garrett et al., 2004]. Unfor-

tunately, many of the important mesoscale dynamical processes cannot be explicitly resolved by current

GCMs and, thus, require parameterization. Consequently, GCMs have considerable difficulty in represent-

ing cirrus microphysical and macrophysical properties and are unable to capture the mesoscale variability

of cirrus induced by these different dynamical processes [Liu et al., 2007; Joos et al., 2008; Gettelman et al.,

2010]. A better understanding of the interactions among cirrus microphysics, macrophysics, and dynamics

is important for advancing our fundamental understanding of cirrus cloud formation and life cycles and is a

necessary step toward improving the representation of cirrus in GCMs and adding confidence to estimates

of the climatic impact of cirrus. The core objective of this paper is to establish a clearer understanding of the

relationship between the large-scale dynamical and thermodynamical structure of the atmosphere and the

microphysical and macrophysical properties of cirrus clouds at midlatitudes. In order to achieve this goal,

we combine meteorological reanalysis data from the European Center for Medium-Range Weather Forecasts

(ECMWF) with radar backscatter measurements from the millimeter-wavelength cloud radar (MMCR) at the

Southern Great Plains (SGP) site of the Atmospheric Radiation Measurement (ARM) Program and several

months of in situ aircraft observations obtained during the recent U. S. Department of Energy (DOE) Small

Particles in Cirrus (SPARTICUS) field campaign.

Section 2 of this paper introduces an objective atmospheric state classification scheme used to describe

the large-scale characteristics of the atmosphere and discusses the statistical relationships to the observed

cloudiness at the ARM SGP site by means of cluster analysis. The meteorology and statistics of atmospheric

conditions leading to cirrus clouds during SPARTICUS are discussed in section 3. Section 4 details the in situ

aircraft observations used throughout the study. Section 5 describes the contrasting characteristics of cirrus

microphysical and macrophysical properties observed during SPARTICUS and relates the cirrus properties to

the environmental conditions under which they form. The conclusions are presented in section 6.

2. Method

The objective classification of atmospheric states at the ARM SGP site is based on previous work by

Marchand et al. [2006, 2009] and Evans et al. [2012], and only some fundamental aspects of the classification

scheme are reviewed here to elucidate the concepts and limitations of this study. Atmospheric state classi-

fication methods are essentially clustering techniques used to relate similar patterns of cloud properties to

meteorology in a statistically meaningful way. Various clustering techniques have been used in the past and

are becoming increasingly popular as a tool to better understand statistical relationships between clouds

and dynamics [e.g., Evans et al., 2012; Muelmenstaedt et al., 2012; Berry and Mace, 2013]. In this study the

atmospheric state classification is based on a competitive neural network that objectively identifies and cat-

egorizes weather patterns and their associated state of cloudiness at the ARM SGP site. The neural network

algorithm is informed about the large-scale environmental conditions of the atmosphere and cloud occur-

rence profiles by utilizing two independent data sets. The first data set is the ECMWF ERA-Interim reanalysis

[Dee et al., 2011] and is used to provide a best estimate of the meteorology at and around the ARM SGP

site. The second data set provides long-term continuous observations of vertical hydrometeor occurrence

profiles from ground-based MMCR reflectivity observations at the ARM SGP site [Clothiaux et al., 2000].

The meteorological input to the neural network classifier consists of six hourly reanalysis fields of tem-

perature, relative humidity, horizontal wind components, and surface pressure taken from the ECMWF

ERA-Interim reanalysis for a 14 year period from 1996 to 2010. Each input field is defined on a 9 × 9 horizon-

tal grid points centered at the ARM SGP site with a grid spacing of 1.5◦ and seven predefined pressure levels.

Thus, at each time step (i.e., every 6 h) the neural network is provided with one meteorological observation

that is an input vector with 2349 elements. The output of the neural network algorithm is a set of clusters,
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Table 1. Basic Meteorological Characteristics of the Atmospheric Statesa

State 375 hPa Winds 500 hPa Winds 875 hPa Winds 375 hPa Relative Humidity Surface Temperature

1 NW NW Anticyclonic Dry Cold

2 NW NW N, divergent Dry Warm

3 NW NW Anticyclonic Dry Warm

4 W, anticyclonic SW SW Dry Warm

5 SW SW SE Moist Cold

6 NW NW NW Dry Cold

7 NW NW Anticyclonic Dry Warm

8 SW SW S Moist Warm

9 SW W S Moist Warm

10 W W SW Dry Warm

11 W W, convergent S Dry Warm

12 SW SW SW, convergent Moist Cold

13 W W Anticyclonic Moist Cold

14 SW, cyclonic W, cyclonic N Moist Cold

15 W, anticyclonic W, anticyclonic SW Dry Warm

16 W W N, divergent Moist Cold

17 W W SW, convergent Moist Cold

18 SW, cyclonic SW, cyclonic Cyclonic Dry Cold

19 NW, cyclonic NW, cyclonic NW Dry Cold

20 SW SW SW, convergent Dry Warm

21 NW NW NW Dry Cold

aWinds at 375 hPa, 500 hPa, and 875 hPa, relative humidity at 375 hPa, and surface temperature are diagnosed

from ECMWF ERA-Interim reanalysis fields. Wind directions are northerly (N), northwesterly (NW), westerly (W),

southwesterly (SW), southerly (S), and southwesterly (SE). Cyclonic, anticyclonic, convergent, and divergent flow

patterns are indicated as appropriate. Wet/dry conditions are defined as above/below 50% based on averaged rel-

ative humidities in the vicinity of the ARM SGP site. Warm/cold states are defined as above/below 10 ◦C based on

averaged surface temperatures in the vicinity of the ARM SGP site.

each representing a certain atmospheric state in the vicinity of the ARM SGP site. Throughout this study

we refer to an atmospheric state or cluster as a number of reoccurring similar weather patterns and we use

these terminologies interchangeably. Each atmospheric state is characterized by environmental conditions

with similar dynamical and thermodynamical properties as well as similar vertical cloud occurrence profiles.

All clusters are statistically distinct from each other in terms of their meteorology and cloudiness over the

ARM SGP site.

Due to the nature of the algorithm, the initial number of atmospheric states must be prescribed. We

then perform an iterative procedure until the algorithm converges on a final set of states. Convergence

is achieved by continuing the iterative procedure until all clusters are temporally stable and statistically

distinct in terms of the mean cloud occurrence profile seen by the MMCR. For each state, temporal stabil-

ity is achieved by comparing the mean hydrometeor occurrence profile in the first half of the record with

that from the second half of the record and applying a statistical hypothesis test based on moving-blocks

bootstrap resampling [Marchand et al., 2006]. If the statistics test fails, meaning the radar profile of cloud

occurrence is changing over time, the state is either divided, thereby increasing the total number of states,

or eliminated, thereby reducing the total number of states. The decision whether a state is divided or

removed depends on whether the total number of observations in the particular cluster exceeds a threshold

criterion as detailed in Evans et al. [2012]. In a similar fashion, statistical distinctness in terms of cloudiness is

achieved by applying the same hypothesis test to the hydrometeor occurrence profile in each state against

all other states. Again, states failing the distinctness test are either divided or eliminated. Using this classi-

fication technique,Marchand et al. [2009] found overall 11 atmospheric states for the ARM SGP site based

on 17 months of Rapid Update Cycle (RUC) analyses. This study finds 21 states using ECMWF’s ERA-Interim

reanalyses for a 14 year period (1996–2010). The discrepancy between these studies in terms of the total

number of states can be explained by the number of observations that go into the cluster analysis.

Increasing the number of observations generally allows for a finer partitioning of the cluster space and, thus,

tends to increase the number of robust clusters. Sensitivity tests performed by Evans et al. [2012] suggest

that changing the input variables, domain size, and horizontal resolution only marginally affects the results

of the cluster analysis or the total number of clusters.
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Figure 1. Distribution of the frequency of occurrence of atmospheric states at the ARM SGP site during (a) winter,

(b) spring, (c) summer, and (d) fall. Data are based on the ECMWF ERA-Interim reanalysis for the time period 1979–2010.

The histogram is normalized such that the sum of all occurrences equals unity.

Throughout this study, the 14 year atmospheric state classification is used as a tool to identify and categorize

synoptic-scale weather events during the SPARTICUS field campaign (January–June 2010) and as a basis for

compositing aircraft observations by large-scale meteorology. The categorization of large-scale atmospheric

states during SPARTICUS is performed by remapping the occurring weather events onto the 14 year atmo-

spheric state climatology. A short overview and description of some basic meteorological characteristics of

the atmospheric states at the ARM SGP site is given in Table 1.

3. Large-ScaleMeteorologyDuring SPARTICUS

The climatology of atmospheric states at the ARM SGP site is shown in Figure 1 for the time period

1979–2010. A feature of the distribution of atmospheric states over longer time periods such as multiple

years or decades is that the frequency of occurrence of any state is relatively close to the expected value of

a uniform distribution (here approximately 4.8% for each atmospheric state). This statistical feature reflects

the design of the neural network and is a consequence of the sorting of individual observations within the

cluster space (i.e., breaking up large states and deleting smaller ones).

However, on a seasonal time scale, the frequency of occurrence of many states is far away from a uniform

distribution and there is clear evidence for variation. In other words, on an interannual time scale, some

states occur more frequently than others. In fact, some of the atmospheric states deviating from the uniform

distribution the most are convective states typically associated with deep convection over land and occur

predominantly during summer and early fall (e.g., states 3, 11, and 15). In contrast, cyclones, frontal systems,

or jet streams are more prevalent during winter and early spring when the activity of midlatitude cyclones is

highest. About 5 out of 21 states related to deep convection occur most frequently during the summer and

fall months (JJA and SON), whereas 11 out of 21 states occur mainly during the winter/spring months

(DJF and MAM).
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Figure 2. Distribution of the frequency of occurrence of atmospheric

states during SPARTICUS research flights. The histogram is normalized

such that the sum of all occurrences equals unity.

Figure 2 shows the distribution of atmo-

spheric states that have been sampled

by aircraft between January and June

2010 during the SPARTICUS campaign.

Although the dynamical and thermo-

dynamical structure of the atmospheric

states are different, they all promote

the occurrence of cirrus clouds. This

underlines the variety of upper tropo-

spheric conditions under which cirrus

clouds exist at midlatitudes. The three

atmospheric states most frequently sam-

pled during SPARTICUS are upper level

ridges (state 4), midlatitude cyclones

with embedded cold front (state 18), and

subtropical flows with embedded jet

streak features (state 5). Almost half of

the cirrus cloud occurrences in the vicin-

ity of the ARM SGP site during SPARTICUS

can be explained by these three differ-

ent synoptic conditions. The by far most frequently observed convective state during SPARTICUS is state 10.

Examples of the typical synoptic conditions representing each of these states are shown in Figures 3 and 4.

Each of these examples represents the nearest centroid member of the cluster; thus, it is the meteorology of

the most representative member in the cluster rather than the averaged meteorology of all members. State

4 represents an upper level ridge over North America with the ridge axis centered at the ARM SGP and anti-

cyclonic flows at upper levels. At lower levels, state 4 is characterized by an approaching surface low and

southwesterly flows indicating a fair amount of baroclinicity. State 18 represents a deep upper level trough

and jet stream to the southeast of the ARM SGP site. At lower levels, state 18 represents a low pressure sys-

tem centered at the ARM SGP site featuring cyclonic flows and an embedded cold front promoting large

gradients in temperature and moisture. State 5 represents an approaching deep trough with embedded

jet streak and southwesterly flows at upper levels leading to advection of moist subtropical air toward the

ARM SGP site. At lower levels, state 5 features a line of convergence between warm winds from the south

and cold winds from the north. The major differences between state 18 and 5 are the vertical wind profile

and the moisture flux toward the ARM SGP site. State 18 exhibits strong cyclonic flows at all levels, whereas

state 5 features anticyclonically turning winds with height. Also, state 5 has a larger moisture flux at cirrus

levels than state 18 for which the influx of moisture is largely at lower levels. The differences in the wind and

humidity profiles have implications for the dynamical mechanism by which cirrus forms. During state 18,

cirrus is created through the forced ascent of moisture within the frontal system, whereas during state 5,

cirrus is created by ageostrophic motions within the jet streak region [e.g.,Mace et al., 1995]. The convective

state 10 is characterized by relatively weak gradients and low wind speeds at upper levels. At lower levels,

state 10 exhibits convergent flows of warm and moist air from the Golf of Mexico at the ARM SGP site. The

advection of warm and moist air together with low-level convergence at the ARM SGP site is conducive for

buoyancy instability leading to deep convection over Oklahoma.

It is expected and has been well documented that cirrus clouds occur frequently in regions with large-scale

uplift such as frontal systems and near jet streams [Sassen, 1997; Spichtinger et al., 2005a]. Our finding that

cirrus clouds occur frequently in environments with large-scale subsidence such as high pressure systems

and upper level ridges is still rather unexpected given what appear to be unfavorable conditions for cloud

formation, but it is consistent with results from previous climatological studies of cirrus at midlatitudes

[Mace et al., 1997; Sassen and Campbell, 2001;Mace et al., 2001]. In fact, during SPARTICUS, about 41% of the

observed cirrus occurred in either ridge-type conditions or anticyclonic flows with nearing high pressure

systems (state 4 and 8) or after cold fronts (states 2, 6, 13, 17) mainly occurring from January to April 2010.

An equal number of cirrus occurrences is observed in troughs with cyclonic activity or warm/cold fronts

(states 5, 12, 14, 16, 18) during the same time period. Approximately 18% of observed cirrus cases stem from

convective-type conditions (states 3, 9, 10, 11, 15) mainly during April and June 2010.
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Figure 3. Synoptic conditions of atmospheric states leading to cirrus clouds at the ARM SGP site. Examples are shown

for (a) ridge-crest cirrus, (b) frontal cirrus, (c) subtropical jet stream cirrus, and (d) anvil cirrus. Shown are wind speeds

(shaded), wind direction (vectors), geopotential heights (solid), and relative humidity with respect to ice (dashed) at

the 300 hPa pressure level. Units are m s−1 for wind speeds, gpdm for geopotential heights, and percent for relative

humidities above 80%. Geographical boundaries are shown in gray, and the location of the ARM SGP site is highlighted

with a red triangle. The red box denotes the region used for subsetting and analyzing of the aircraft data throughout this

study. These examples are cluster members representing the nearest-to-centroid observation within each cluster rather

than mean conditions averaged over all cluster members.

By design, the observational period of SPARTICUS was chosen between January and June for reasons that

are twofold. First, winter and spring months are known to exhibit a climatological maximum in the fre-

quency of occurrence of cirrus at the ARM SGP site in Oklahoma [Mace et al., 2006]. Second, the SPARTICUS

campaign goal was to sample primarily synoptically driven cirrus and therefore to deemphasize the contri-

butions from convectively generated cirrus during the summer months. Thus, anvil cirrus or cirrus detraining

from convective outflows are undersampled in the SPARTICUS data set relative to cirrus generated by syn-

optic mechanisms other than deep convection. Although none of the synoptic conditions leading to cirrus

over the ARM SGP site have been preferred a priori, it cannot be ruled out that SPARTICUS observations

are unintentionally biased toward certain meteorological conditions due to the flight planning, decision

making, and aircraft operations during the campaign.

Figure 5 shows a comparison between the expected variability in the frequency of occurrence of any given

atmospheric state based on the ERA-Interim climatology and the actual frequency of occurrence of the

states observed during the SPARTICUS period. From this comparison, we see that there is a higher than nor-

mal Rossby wave activity leading to a larger number of upper level ridges (state 4) and troughs/cyclones

(state 18) during SPARTICUS. Nevertheless, the number of occurrences of these weather events falls within

the expected year-to-year variability and, thus, represents typical conditions at the ARM SGP site during

winter and spring. Similarly, there is a higher than normal contribution from subtropical flows (state 5)
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Figure 4. Same as Figure 3 but for potential temperature (shaded), geopotential height (solid), specific humidity (dashed), and wind direction (vectors) at the

850 hPa pressure level.

leading to cirrus cloud occurrence at the ARM SGP site during the SPARTICUS period. In contrast, the

contributions from states 6 or 10 exhibit relatively high frequency of occurrences with respect to the cli-

matology. The observations from state 10 indicate an unusually high number of convective events during

June not representative of the long-term ARM SGP climatology. For the remainder of the study, we focus

on the subset of states featuring cirrus that explain most of the aircraft data set and contain long enough

observational records to draw statistically viable conclusions. Thus, we focus on observations from states

4 (upper level ridges; ridge-crest cirrus), 5 (moist subtropical flows; subtropical jet stream cirrus), and state

18 (cyclones with embedded cold front; frontal cirrus). We contrast these typical synoptic cirrus categories

with observations representing anvil cirrus and cirrus originating from convective outflow regions typical for

state 10.

4. Aircraft Observations

A major objective of SPARTICUS (January–June 2010) is to advance the scientific understanding of micro-

physical and dynamical processes controlling the evolution and life cycle of midlatitude cirrus by providing

a long-term data set of in situ microphysical observations collected by aircraft. In particular, SPARTICUS has

been designed to provide further insight into the persistent uncertainties in ice microphysics such as the

contributions from small (i. e., < 50 μmmaximum diameter) ice crystals to the mass and radiative proper-

ties of midlatitude cirrus. This objective is motivated by mounting evidence that our understanding of the

occurrence of small ice crystals in cirrus has been biased by in situ aircraft observations frequently showing

high ice number concentrations in cirrus. Recent studies suggest that most occurrences of high ice crys-

tal number concentrations are measurement artifacts caused by shattering of ice crystals at the protruding

components of cloud probes such as tips, shrouds, and inlets. These shattering effects produce several
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Figure 5. Observed (blue dots) and expected (box and whiskers)

variability of the January to June frequency of occurrence of atmo-

spheric states. The frequency of occurrence is plotted in terms of an

anomaly with respect to the mean. Data are based on the ECMWF

Era-Interim reanalysis for the period 1979–2010. The median is shown

as a red horizontal line, boxes indicate the interquartile range (25th

to 75th percentile), and the whiskers extend to ± 2� of the standard

normal distribution.

hundreds or even thousands of ice

crystal fragments, thereby artificially

amplifying the number counts at small

particle sizes [Korolev and Isaac, 2005;

McFarquhar et al., 2007; Jensen et al.,

2009; Korolev et al., 2011]. It has been

shown that ice shattering artifacts trans-

late into large errors in the measured

bulk microphysical properties of cirrus

such as ice number concentrations, ice

water content, and extinction coeffi-

cients [McFarquhar et al., 2007]. Many

of the ice microphysical data sets col-

lected with airborne cloud probes during

the past 30 years have been widely

used, either implicitly or explicitly, in

microphysics parameterizations leav-

ing the impact of ice crystal shattering

on cloud parameterizations largely

unquantified. SPARTICUS addresses the

shattering problem by employing new

instrument designs and post-processing

algorithms that minimize the impact

of artifacts on the measurements of ice

number concentrations.

4.1. Observational Platform

The primary platform of SPARTICUS is the Stratton Park Engineering Company (SPEC Inc.) Learjet 25. Typical

flight patterns flown during SPARTICUS are level legs, ramped ascents/descents, and spirals. During SPARTI-

CUS, the Learjet carried a set of instruments to measure dynamical and thermodynamical quantities such as

vertical velocity, temperature, and water vapor, as well as a set of optical cloud probes and particle imagers

for measuring particle size distributions (PSDs) and bulk microphysical properties such as ice water content

(IWC), ice number concentrations, and crystal habits. Although some of the measurements are collected at

sampling rates higher than 1 Hz, all data used throughout this study are reduced to a 1 Hz sampling rate.

4.2. Cloud Probe Data

Measurements of ice crystal number concentrations in midlatitude cirrus with the two-dimensional stereo

(2D-S) cloud probe have been obtained recently during the SPARTICUS and NASA Midlatitude Cirrus Proper-

ties Experiment (MACPEX) aircraft field campaigns. Throughout this study, we use in situ data from the 2D-S

probe to obtain PSDs and bulk estimates of ice number concentrations and IWC in cirrus clouds.

The 2D-S probe has been introduced by Lawson et al. [2006] and measures particles in the size range

10–3000 μm with 61 unequally spaced size bins. The smallest 2D-S size bin ranges from 5 to 15 μm

(centered at 10 μm) and, thus, captures the small particle end of the PSD to a reasonable degree. The 2D-S

is specifically designed to minimize the impact of ice crystal shattering on the sample volume by minimiz-

ing protruding instrument surfaces and by using modified probe tips to divert the trajectories of shattering

particles from the sample volume. In an effort to minimize the impact of ice particle shattering on the mea-

sured PSD, interarrival time algorithms and image processing techniques are used to identify and efficiently

remove clusters of small ice crystal fragments resulting from shattering from the 2D-S measurement.

It is possible that a mechanism such as ice crystal clustering could produce an enhancement in nearly

coincident interarrival times. Saw et al. [2012a, 2012b] provide numerical simulations and laboratory mea-

surements of the inertial clustering of water droplets in homogeneous isotropic turbulence and show that

the correlation function increases with decreasing length scale. The correlation function has a smooth,

monotonic increase, indicating that the clustering increases smoothly with decreasing length scale, rather

than producing a bimodal size distribution which we think is attributable to shattering. Water droplets are

weakly inertial with relatively minimal gravitational settling, while ice crystals have a greater inertia and
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faster sedimentation rates. In addition, ice particles have a considerably small number density in tropo-

spheric clouds than do water drops. Thus, it likely takes longer times to induce clusters due to turbulence

and the clusters are likely to dissipate more quickly due to the larger values of terminal fall speeds. Although

we cannot completely rule out ice clustering as the source of the peak in short interarrival times, it seems

quite unlikely that it is an important process in producing a local maximum in short interarrival times.

Consequently, we attribute the maximum to particle shattering and remove it using the interarrival time

technique developed in recent years.

The performance of the 2D-S interarrival time algorithm has been carefully evaluated and is discussed in

great detail in Lawson [2011]. Details regarding the measurement uncertainties of the 2D-S instrument are

discussed in Lawson et al. [2006]. The processing of 2D-S image data is a complex process that has evolved

based on both theoretical and empirical approaches. The processing can loosely be divided into three broad

steps [Lawson, 2011]: (1) determination of characteristic lengths and areas of an image, (2) removal of spuri-

ous events including electronic noise, optical contamination, particle shattering, and splashing effects, and

(3) estimation of bulk physical parameters such as particle number concentration, extinction, and mass as

a function of size (these include correction for diffraction effects based on the Korolev [2007] methodology

and adjustments to sample volume as a function of particle size).

These algorithmic processes require the introduction of various parameters and a set of equations that are

defined in Lawson [2011, Appendix A and B] and are not reproduced here for the sake of brevity. In recent

years, data from the 2D-S with the interarrival time algorithm applied in the same way to remove shattering

artifacts have been used in a number of studies on mixed-phase clouds [e.g., Mitchell et al., 2011; Jackson

et al., 2012] and ice clouds [e.g., Jensen et al., 2009; Lawson et al., 2010; Deng et al., 2013; Zhang et al., 2013;

Jensen et al., 2013].

4.3. Water Vapor Measurements

Measurements of water vapor pressure inside and outside of cirrus clouds are available from the NASA

Diode Laser Hygrometer (DLH) instrument. Relative humidity with respect to water and ice is computed

from the measured water vapor pressure using the saturation water vapor pressure formulas ofMurphy and

Koop [2005] and the in situ temperature measurements from the Rosemount probe. According to previous

analyses of upper tropospheric water vapor measurements by Kraemer et al. [2009] and assuming the homo-

geneous freezing theory of Koop et al. [2000] holds, any ice relative humidity data should scatter below the

homogeneous freezing threshold of aqueous solution droplets. A hard upper limit in any case should be

the water saturation line. Unfortunately, some of the SPARTICUS water vapor measurements are affected by

an internal humidity problem with the DLH, thus leading to unrealistically high and partly unphysical mea-

surements of ice relative humidity. About 7% of the DLH RHI data are above water saturation and another

3% are below water saturation but above the homogeneous freezing threshold. Only measurements below

the water saturation line and below the threshold humidity for homogeneous freezing are used for analysis

throughout this study. None of the other measurements used in this study are affected by this problem.

4.4. Vertical Velocity Measurements

Vertical velocities are obtained from the AIMMS-20 instrument carried by the aircraft. Unfortunately, abso-

lute measurements of vertical velocity are uncertain due to the poor absolute accuracy of the instrument.

According to the AIMMS-20 manual, the absolute accuracy of the vertical velocity measurements from the

AIMMS-20 is approximately ±0.75 m s−1, which is typically on the same order of magnitude as observed

vertical velocities in the upper troposphere [Gultepe et al., 1990]. However, Lenschow [1972] argues that

the random component of errors in measured vertical air motions is considerably lower than the bias com-

ponent. Thus, similar to previous studies, we derive the perturbation vertical velocities by subtracting the

mean vertical velocity and best estimate linear trend along constant-altitude flight legs.

An automated technique is used for identifying constant-altitude flight legs and is based on two statistical

tests applied to the aircraft height measurements and aircraft vertical motions along each 30 s flight seg-

ment. Since on a level leg the distribution of aircraft vertical velocities follows a normal distribution with

zero mean but unknown standard deviation, the null hypothesis (i.e., the mean of the aircraft vertical veloc-

ity distribution is not different from 0) can be tested with a simple t test. If the null hypothesis is true, the

flight segment is identified as level leg and vice versa. The second statistical test involves estimation of the

mean ascent/descent rate of the aircraft during each flight segment from the slope parameter of a simple

linear least-squares regression model fitted to the sequence of aircraft height measurements. If the total
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Figure 6. Probability density functions of (a) ice water content and (b) ice number concentration composited by

atmospheric state. The numbers in brackets indicate the number of research flight hours going into each curve.

height deviation along a 30 s flight segment is less than 15 m (corresponding to a height slope of less than

0.25%), the flight segment is classified as level leg. Based on visual inspection, combining both tests gives

excellent results for the identification of level flight legs.

5. Analysis

During SPARTICUS, approximately 200 h of flight time were spent on the collection of in situ aircraft data.

However, in order to exclude possible mixed-phase conditions, only aircraft data collected below a typical

temperature threshold of −30◦C for cirrus clouds is considered throughout this study. Thus, the subset of

the aircraft data set used in this study is representative of midlatitude cirrus with cloud bases above approx-

imately 7 km altitude. Since some of the research flights during SPARTICUS were conducted away from the

ARM SGP site, we limit our analysis to data inside a 10 × 10◦ area centered at the ARM SGP site for which

similar meteorological conditions are guaranteed based on the atmospheric state classification. These con-

straints reduce the amount of in situ aircraft data used in the subsequent analysis to about 50 h. Changing

the size of the limited domain does affect the sample sizes in the statistical analysis but does not qualita-

tively change the results. Similarly, changes in the temperature threshold by ±5 ◦C have little impact on the

overall statistics.

5.1. Bulk Microphysical Properties

Figure 6 shows probability density functions (PDFs) of in situ aircraft measurements composited by atmo-

spheric state for the states that contribute most to cirrus cloud occurrence during SPARTICUS (i.e., upper

level ridges, cyclones with embedded cold front, and subtropical flows). The statistics of cirrus ice water con-

tent and ice number concentrations exhibit striking differences among the different synoptic regimes. The

statistics of cirrus microphysical properties (i.e., the cumulative density functions and the mean of the dis-

tribution) are tested with two nonparametric tests, namely, a two-sample Kolmogorov-Smirnov test and

a two-sided Wilcoxon rank sum test, and both tests suggest that the differences among the PDFs are sta-

tistically significant at the 95% confidence level. The number of research flights and days of observations

considered in the statistics are listed in Table 2.

Cirrus clouds sampled during upper level ridges show lower ice water content than cirrus clouds forming in

subtropical flows or cirrus triggered by deep convection over land. Although, ridge-type cirrus are forming

in environments with considerable ice supersaturation, the ice water content is generally lower due to the

Table 2. Number of Research Flights, Number of Days, and List of Days for Which SPARTICUS Observations are Taken

Into Account for the Various Considered Cirrus Categories and Atmospheric Statesa

State Number Cirrus Category Number of Research Flights Number and List of Days

4 Ridge-crest cirrus 10 5 (Mar 19, 30, Apr 01, 28, 29)

5 Subtropical jet stream cirrus 9 7 (Jan 14, 15, 31, Feb 01, 03, 04, 11)

10 Anvil cirrus 6 5 (Jun 11, 14, 15, 17, 18)

18 Frontal cirrus 10 7 (Jan 19, 20, 21, Mar 10, 11, 27, Apr 24)

aAll observations are from year 2010.
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Figure 7. Joint histograms of ice water content as a function of height composited by atmospheric state for (a)

ridge-crest cirrus, (b) frontal cirrus, (c) subtropical jet stream cirrus, and (d) anvil cirrus.

lack of water vapor available under these conditions. In contrast, all other categories benefit from a substan-

tial influx of water vapor though the meteorological reasons for the water vapor flux are different in each

cirrus category as discussed in section 3.

Ice number concentrations are highest in cirrus clouds forming in upper level ridges and lowest in the

anvil/convective outflow cirrus categories sampled during SPARTICUS. The low particle number concentra-

tions in the latter seem counterintuitive but are explained by the fact that during SPARTICUS anvil cirrus

and cirrus detrained from convective outflow regions are microphysically aged as they are sampled far away

from the convective cores. Previous studies show that both ice water content and ice number concentra-

tions decrease rapidly in aging anvil cirrus drifting away from convective sources but also point out that

ice particle number concentrations exceeding 10 cm−3 can be found in fresh anvils near convective towers

[Lawson et al., 1998, 2010].

The frequency of occurrence of cirrus ice water content is shown as a function of height and temperature

in Figures 7 and 8, respectively. The ice water content is generally found to increase with decreasing height

but increasing temperature as low ice water contents typically occur at cloud tops and increase toward

cloud base as a result of ice particle growth by deposition and aggregation. The frequency of occurrence for

high ice water contents is largest for the anvil/convective outflow cirrus category, followed by cirrus form-

ing in subtropical flows and frontal systems and lowest for the ridge-crest cirrus category. Also the cloud

tops of ridge-crest cirrus are found at higher altitudes and lower temperatures than the other synoptically

driven cirrus categories except anvil cirrus. Although the cloud tops of the anvil cirrus category are at similar

heights, they occur at considerably warmer temperatures.

The frequency of occurrence of ice number concentrations is shown as a function of height and temper-

ature in Figures 9 and 10, respectively. For most cirrus categories, the highest ice number concentrations

are typically found at higher altitudes and lower temperatures, which is consistent with the idea of ice

nucleation occurring primarily at the cold cirrus cloud tops. High frequency of occurrence of high ice num-

ber concentrations is typically found well below the homogeneous freezing temperature of pure liquid

water at around −40◦C. However, there is also indication of high occurrences of lower ice particle number
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Figure 8. Same as Figure 7 but as a function of temperature.

concentrations at temperatures considerably warmer than −40◦C in cirrus generated by moist subtropical

flows, which may be indicative of significant contributions of ice crystals freezing heterogeneously. However,

an alternative explanation could be the growth of ice particles by aggregation followed by sedimentation,

thereby lowering the cirrus particle number concentrations. The highest occurrence of small ice crystals

(i.e., high ice number concentrations and low ice water content) is found in the ridge-type conditions and is

consistent with high (up to 12 km) and cold (down to −65◦C) cloud tops that are sampled in this particular

cirrus category. In contrast, cirrus cloud tops in the frontal category do typically occur at lower altitudes of

approximately 10 km and warmer temperatures down to about −60◦C (Figures 7–10).

5.2. Particle Size Distributions

Particle size distributions (PSDs) are investigated by aggregating and averaging the measured 1 Hz particle

spectra over 5 s intervals. Given an aircraft true airspeed of approximately 200 m s−1, temporal averaging

of 5 s correspond to a spatial averaging of approximately 1 km distance along the aircraft flight path as in

Heymsfield [2003a, 2003b]. Similar to previous studies, we fit the observed particle spectra with gamma

distributions of the form

F(D) = N0D
� exp(−�D) (1)

to obtain the size distribution parameters, which are the intercept parameter N0, the shape parameter �, and

the slope parameter �. D is the maximum diameter of the particle. Gamma distributions have been widely

used to fit observed PSD in cirrus and, by allowing for a variable shape parameter, are found to represent

the variability in the observed PSDs to a better degree than exponential distributions [Mitchell, 1991; Ivanova

et al., 2001; Heymsfield, 2003b].

The procedure to fit the observed particle size spectra is based on work by Kozu and Nakamura [1991] and

Heymsfield et al. [2002] and is briefly reviewed. The PSD parameters are estimated by simultaneously match-

ing three moments of the observed size distribution. Following Heymsfield et al. [2002], we use the first

(diameter), second (area), and sixth (reflectivity) moments of the measured PSD in the fitting procedure. The

pth complete moment of the gamma distribution is given by

Mp = ∫
∞

0

DpF(D)dD =
N0Γ(� + p + 1)

��+p+1
(2)
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Figure 9. Joint histograms of ice number concentration as a function of height composited by atmospheric state for (a)

ridge-crest cirrus, (b) frontal cirrus, (c) subtropical jet stream cirrus, and (d) anvil cirrus.

with the gamma function Γ(x) = ∫ ∞

0
tx−1 exp(−t)dt for x > 0 and Γ(x + 1) = xΓ(x). Using the first moment

M1 and the second momentM2 in the expression for the sixth momentM6, defining F = M5
2
∕
(

M4
1
M6

)

and

solving for the shape parameter � give the following fourth order polynomial equation:

(1 − F) �4 + (8 − 18F) �3 + (24 − 119F) �2 + (32 − 342F) � + 16 − 360F = 0 (3)

Thus, the shape parameter � can be derived by finding the real roots of the polynomial equation (3) subject

to the boundary condition � > −1. The intercept parameter N0 and slope parameter � are then given by

N0 =
M1�

�+2

Γ(� + 2)
(4)

and

� =
M1 (� + 2)

M2

, (5)

respectively. Because previous studies found that PSDs in cirrus can exhibit considerable bimodality [e.g.,

Ivanova et al., 2001; Zhao et al., 2011], we separate the particle size spectrum into small- and large-particle

modes and fit gamma distributions to each of the particles modes. The fixed threshold particle size sepa-

rating the small-particle mode from the large-particle mode is chosen to be Ds =100 μm based on visual

inspection of the PSDs and is similar to Ivanova et al. [2001]. To ensure that the PSD fits have reasonable

quality, we apply a simple data acceptance criterion that filters out all time averaged PSD segments that

do not contain data in at least 30 % of the size bins. Furthermore, only fits for which the coefficient of

determination R2 is larger than 0.6 are considered.

Figure 11 shows the mean PSD for each cirrus category. Although there is no compelling evidence of distinct

bimodal features in the averaged PSDs in terms of two distinct peaks, there is indication of two populations

of particles sizes if PSDs are composited by atmospheric state or temperature. The two particle populations

manifest themselves in terms of a narrower small-particle mode with elevated number concentrations of
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Figure 10. Same as Figure 9 but as a function of temperature.

particles at smaller sizes and a broader large-particle mode separated from each other by a plateau at diam-

eters somewhere between approximately 40 and 100 μm. The bimodal features are more evident in the case

of subtropical and anvil cirrus, whereas PSDs in ridge-crest and frontal cirrus conditions exhibit monomodal

size distributions.

A similar separation of the data is seen if the PSDs are first composited by temperature and then averaged.

PSDs in cold cirrus (T ≤ 235K) such as under ridge-crest type conditions tend to be monomodal, whereas

PSDs in warmer cirrus (T > 235K) exhibit a plateau at size ranges between approximately 70 and 200 μm.

Unfortunately, the 2D-S probe does not have sufficient resolution to detect particles below about 5 μm

in size, and thus, we do not see a decline in particle number concentrations at sizes below 10 μm as, for

example, in the data presented by Ivanova et al. [2001]. However, a decline in the number concentrations

at small sizes is seen in measurements taken by the Fast Forward Scattering Spectrometer Probe (F-FSSP),

which has higher resolution than the 2D-S at small sizes. Whether the elevated number concentrations at

small sizes are physically founded or an artifact of measurement uncertainty is debatable needs further
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Figure 11. Mean particle size distributions composited by (a) atmospheric state and (b) temperature. Solid lines are

based on data from the 2D-S probe, whereas dashed lines are based on data from the F-FSSP.
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Figure 12. Statistical relationships of the fitted PSD parameters as a function of the slope parameter � for (a, c) the

small-particle mode and (b, d) the large-particle mode. The data are subsampled for plotting purposes, and only one

out of four data points is plotted to decrease the clutter. Power law fits based on all data are shown together with

relationships found previously by Heymsfield [2003b].

investigation. PSDs of all cirrus categories except the ridge-crest cirrus exhibit a broader shoulder indicative

of a large-particle mode.

There is clear evidence for higher number concentration of small particles with sizes smaller than about

60 μm in the ridge-crest cirrus category. Particle number concentrations at the small bin sizes are at least a

factor of 2 higher in the ridge-crest cirrus category than in any other cirrus category, which suggests that

particle generation by nucleation is more active and important in cirrus forming under ridge-type condi-

tions. This result is consistent with our previous finding that cirrus in the ridge-crest category form at high

altitudes with cold cirrus cloud top temperatures down to about −60◦C.

The lack of a large-particle mode and the narrower averaged size spectrum of cirrus in the ridge-crest cat-

egory is suggestive of an inefficient particle growth regime despite the relatively high ice supersaturations

found under these conditions (see analysis of relative humidity data later). Possible explanations for the

inefficient growth of ice crystals are the lack of water vapor to grow particles to larger sizes through diffu-

sional growth or longer water vapor relaxation times due to kinetic limitations of ice particle growth at low

temperatures. In contrast, all other cirrus categories promote wider particle size spectra and show consider-

able higher number concentrations of particles at larger (i.e., D ≥500 μm) sizes, which is indicative of a more

prominent role of depositional growth and aggregation under these conditions.

Figure 12 shows the fitted size distribution parameters and the slope parameter � for the various cirrus

categories. Similar to Heymsfield et al. [2002] and Heymsfield [2003b], we find well-defined statistical rela-

tionships among the size distribution parameters for cirrus forming under various conditions. For example,

both the intercept parameter N0 and the shape parameter � increase with increasing slope parameter �. For

the large-particle mode, the relationship between intercept and slope as well as between the shape and

slope found from the SPARTICUS 2D-S data obeys power laws and is qualitatively similar to the relationships

obtained by Heymsfield [2003b] for midlatitude cirrus. However, there is considerable variability depending

on the cirrus category and significant differences in the estimated fit coefficients since the 95% confidence

intervals of the fitted curves do not overlap. The estimated exponents of the �-� relationships range from
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Figure 13. Same as Figure 6 but for ice relative humidity.

0.67 to 0.87 depending on particle size range

and atmospheric state but include the value

of 0.8 found by Heymsfield [2003b]. Especially

for the small-particle mode, the previously

obtained relationships do not hold, and in fact

for the same intercept and shape parameter,

the slope parameter is about an order of mag-

nitude higher. Potential explanations for the

disagreement with the results of Heymsfield

[2003b] are twofold: First, Heymsfield [2003b]

omitted bimodal PSDs and second, PSDs are

obtained from a 2-DC probe with a detection

limit of 50 μm, which is somewhat larger than

the 2D-S probe used throughout this study.

Ridge-crest cirrus indicate higher frequency

of occurrence for size distributions with larger

shape and slope parameter indicative of narrower size distributions and lower ice fall speeds and sedimen-

tation rates (not shown). The latter is consistent with findings by Heymsfield [2003b] showing generally an

inverse relationship between the slope parameter � and temperature and the largest values of � occurring

at the lowest temperatures.

5.3. Relative Humidity

Consistent with the PDFs of ice number concentrations in the different cirrus categories, the PDFs of rela-

tive humidity with respect to ice (Figure 13) exhibit long tails and generally higher probabilities of high ice

supersaturations (i.e., larger than 140%) in the ridge-type cirrus category. Lowest ice supersaturations are

observed in the anvil cirrus category, which is consistent with the relatively low ice number concentrations

but high values of IWC observed in these cases. Mean in-cloud supersaturations are approximately 17%

above ice saturation, which is somewhat higher than the 13% above ice saturation reported by Gao et al.

[2004] during CRYSTAL FACE.

5.4. Vertical Velocities

Vertical velocities measured with an AIMMS-20 instrument are analyzed along constant-altitude flight legs.

Figure 14 shows the PDFs of perturbation vertical velocity composited by atmospheric states for all data

collected inside and outside of cirrus. Typical vertical velocities at midlatitude cirrus altitudes are on the

order of ± 1 m s−1. The PDFs of perturbation vertical velocities obey normal distributions with a mean close

to 0 and a standard deviation of about �w = ± 0.43 m s−1. Overall, there is little difference between the

PDFs of vertical velocities inside versus outside of cirrus but the variability of vertical velocities inside cirrus
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Figure 14. Same as Figure 6 but for perturbation

vertical velocity.

(�w = ± 0.46 m s−1) is somewhat higher than

the variability outside of cirrus clouds (�w = ±

0.41 m s−1). However, the variability of pertur-

bation vertical velocity inside cirrus determined

from the aircraft data set is considerably higher

than the variability of �w = ± 0.27 m s−1

reported by [Kalesse and Kollias, 2013] from

multiple years of Doppler radar data at the ARM

SGP site. Possible explanations for the discrep-

ancy may be differences in the sampling period

(multiple month versus multiple years) or differ-

ences caused by the measurement or analysis

technique. Interestingly, there is virtually no

difference in the perturbation vertical veloci-

ties in the various dynamical regimes and the

PDFs are statistically not different. This result

suggests that although there may be lagged

correlations between vertical velocities and
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Figure 15. Box-whisker plots of the fraction of kinetic energy contained in wavelengths bands representative of gravity

waves and turbulence/embedded convection composited by atmospheric state for (a) ridge-crest cirrus, (b) frontal cirrus,

and (c) anvil cirrus.

cirrus microphysical properties (e.g., ice number concentrations) in certain cases, the PDFs of vertical veloc-

ity sampled over many cases are a poor predictor of the microphysical properties of cirrus clouds and cannot

be used to constrain the cirrus microphysical variability. In order to further investigate the role of vertical

velocity perturbations among the different atmospheric states, a spectral analysis is performed.

The spectral analysis of the perturbation velocity data is performed to identify the role of turbulence

and wave activity and to calculate energy spectral densities and spectral slopes of the inertial subrange.

Further, we obtain estimates for the contributions of turbulence and waves to the observed vertical velocity

perturbations. In previous studies, various techniques have been applied to vertical velocity measurements

to obtain spectral information such as wavelet analysis [e.g., Kalesse and Kollias, 2013], structure function

methods, and fast Fourier transform (FFT) analysis [e.g., Gultepe and Starr, 1995]. The latter method is also

applied in this study to compute the kinetic energy spectral density E(�) for wave number � = 2�f∕Ua,

frequency f , and horizontal aircraft velocity Ua. The wavelength is calculated from the true aircraft speed and

frequency as � = Ua∕f . Kinetic energy fraction is defined here as the fraction of kinetic energy ∫ �+Δ�

�
E(k)dk

contained in a defined wave number interval [�, � + Δ�] to the total kinetic energy ∫ ∞

0
E(k)dk. The frac-

tional kinetic energy is computed for two wavelength bands, namely, gravity waves with wavelengths

� > 5 km and turbulent motion with � ≤5 km. The spectral slope in the inertial subrange is determined

from a linear regression of ln(�) against ln E(�) for all wavelength � ≤5 km. The choice and definition of

wavelengths bands is mainly motivated by previous studies but is also due to limitations of the aircraft data

to identify wave motions on larger scales as a result of the relatively short horizontal flight legs. Most of

the SPARTICUS flight legs are between 2 and 5 min, which limits the maximum detectable wavelengths to

less than about 70 km and, thus, the gravity wave spectrum. However, a few legs with lengths up to 10 min

also allow the detection of modes from large gravity waves or mesoscale waves (� ≈100 km). Kalesse and

Kollias [2013] find gravity wave activity over the ARM SGP site with typical wavelengths of about 10 km

during summer and between 20 km and 70 km during winter. The longer gravity wave modes are associ-

ated with synoptic-scale weather perturbations, whereas the shorter wavelengths are related to convective

activity. Quante [2006] report a wavelength range of about 2–5 km as the threshold between turbulence

and waves. Our turbulence category includes small-scale overturning motions resulting from embedded

convection within unstable or neutrally stratified layers in cirrus. A true aircraft speed of about 200 m s−1 on

average results in a Nyquist frequency of 0.5 Hz that limits the lowest detectable wavelength in the aircraft

data to about 400 m.

Figure 15 shows the fraction of kinetic energy contributed from the two different wavelength bands. For

most cirrus in the ridge-crest category (state 4) and anvil category (state 10), about 70% of the kinetic

energy originates from gravity and mesoscale wave modes with considerably smaller contributions tur-

bulence at smaller scales. In contrast, for cirrus forming in frontal systems (state 18), contributions from

gravity/mesoscale waves and turbulence/embedded convection are the same order of magnitude. Contri-

butions frommesoscale waves can be appreciable, but in the majority of the cases, the energy fraction from

mesoscale waves is less than about 10%. Unfortunately, no data exist for the subtropical jet stream cirrus

category (state 5) due to instrument malfunction during these flights.
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Figure 16. PDFs of vertical velocity contributions from gravity waves (blue) and turbulence/embedded convection (red) composited by atmospheric state for (a)

ridge-crest cirrus, (b) frontal cirrus, and (c) anvil cirrus.

Figure 16 shows PDFs of contributions to the vertical velocity from gravity/mesoscale waves and turbu-

lence/embedded convection, respectively. Vertical velocity contributions from gravity waves are on the

order of ±0.4 m s−1 with little variability among atmospheric states. However, the variability of contributions

from turbulence/embedded convection is significantly larger. The contributions from gravity/mesoscale

waves and turbulence/embedded convection to the vertical velocity are about equal for ridge-type condi-

tions (state 4) and anvil cirrus (state 10). In contrast, for cirrus forming in frontal systems, the vertical velocity

contributions from turbulence/embedded convection outweighs the contributions from wave activities.

Contributions from mesoscale waves are typically on the order of 10 cm s−1, which is in rough agreement

with estimates from previous aircraft campaigns such as FIRE I and FIRE II [Gultepe et al., 1995; Gultepe and

Starr, 1995], but considerable uncertainty is attached to this estimate due to the limited number of long

flight legs.

An analysis of the spectral slope of the inertial subrange (here defined as all wavelength smaller than 5 km)

shows that for the majority of the cases spectral slope estimates range from −1.6 to −2.5 similar to recent

estimates inferred from Doppler radar by Kalesse and Kollias [2013]. On average, the estimates of the spec-

tral slope are relatively close to the theoretical �−5∕3 dependence for the ridge-crest cirrus and frontal

cirrus categories (state 4 and 18) and indicative of isotropic three-dimensional turbulence. However, there

is considerable variability especially toward steeper slopes. For example, some cases suggest a spectral

dependence between �−2 and �−2.4 associated with weakly interacting gravity waves or intermittent turbu-

lence. The occurrence of intermittent turbulence in clouds can be attributed to strong wave interactions or

intermittent convective activity [Gultepe and Starr, 1995], which is consistent with the anvil cirrus category.

6. Conclusions

In this study, we use an objective atmospheric state classification for the ARM SGP site as a statistical tool

to identify and categorize synoptic-scale weather events during the SPARTICUS campaign and as a basis for

compositing in situ microphysial observations of cirrus by large-scale meteorology. The approach allows for

drawing statistically viable conclusions of the statistical relationships between cirrus microphysics and the

large-scale dynamical and thermodynamical properties of the atmosphere. The atmospheric state classifi-

cation is informed about the large-scale meteorology and state of cloudiness at the ARM SGP site by using

ECMWF ERA-Interim reanalysis and 14 years of continuous observations from the MMCR.

Almost half of the cirrus cloud occurrences in the vicinity of the ARM SGP site during SPARTICUS can be

explained by three distinct synoptic conditions, namely, upper level ridges, midlatitude cyclones, and asso-

ciated cold fronts and subtropical flows with embedded jet streak features. Probability density functions

(PDFs) of bulk microphysical properties (in particular PSDs, ice number concentrations, IWC) exhibit strik-

ing differences among the different synoptic regimes with low ice water contents but high ice number

concentrations found near the cloud tops of cirrus forming under ridge-type conditions. In contrast, cirrus

MUHLBAUER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3993



Journal of Geophysical Research: Atmospheres 10.1002/2013JD020035

sampled during subtropical flows and aged anvils blown off deep convective towers show considerably

lower ice number concentrations but higher ice water contents. During SPARTICUS, small particles are most

frequently found at low temperatures and high altitudes within upper level ridges. The presence of gravity

wave modes together with patches of high ice supersaturation at upper levels promotes the formation and

maintenance of cirrus within upper level ridges despite indications of large-scale subsidence.

PSDs of cirrus exhibit narrow size spectra indicative of inefficient particle growth in the ridge-crest cirrus

category, despite the occurrence of high relative humidities, whereas all other cirrus categories promote

wider PSDs with considerable higher number concentrations of larger particles due to depositional growth

and aggregation. Possible explanations for the inefficient particle growth regime may be kinetic limitations

such as low water vapor deposition coefficients at lower temperatures or the lack of sufficient water vapor

to promote particle growth to sizes large enough for aggregation to take place.

Similar to previous studies, we find well-defined statistical relationships among the size distribution

parameters for cirrus forming under various environmental conditions. For the large-particle mode, the rela-

tionships between intercept and slope parameter as well as between shape and slope obey power laws

and are qualitatively similar to previous studies in midlatitude cirrus [Heymsfield, 2003b]. However, for the

small-particle mode, previously obtained relationships do not hold. Despite the considerable variability

of the size distribution parameters depending on cirrus category, such diagnostic relationships could be

exploited to better account for varying shapes of cirrus PSD in bulk microphysical parameterizations and the

effect on parameterized ice sedimentation rates in GCMs.

Despite striking contrasts in the PDFs of cirrus IWC and ice number concentrations for different large-scale

environments, PDFs of vertical velocity are virtually the same. This lack of a dynamical contrast on smaller

scales suggests that PDFs of vertical velocities are a poor predictor for explaining the microphysical variabil-

ity in cirrus among various dynamical regimes. Similar PDFs of vertical velocity can be the result of different

partitioning of kinetic energy between gravity wave modes and turbulence or embedded convection on

small scales. This result suggests that the use of PDFs of vertical velocities in GCM cloud parameterizations

may not be enough to predict or constrain the microphysical variability of cirrus clouds. It also suggests

that variability in ice supersaturation and aerosols and their potential impacts on the availability of ice

nuclei rather than variability in vertical velocity may be the primary drivers of the microphysical variabil-

ity of midlatitude cirrus which highlights the increased need for detailed aerosol measurements in future

campaigns.
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