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ABSTRACT

The goal of this chapter is to synthesize information about what is now known about one of the three main types of

clouds, cirrus, and to identify areas where more knowledge is needed. Cirrus clouds, composed of ice particles, form in

the upper troposphere, where temperatures are generally below2308C. Satellite observations show that themaximum-

occurrence frequency of cirrus is near the tropics, with a large latitudinal movement seasonally. In situ measurements

obtained over a wide range of cirrus types, formation mechanisms, temperatures, and geographical locations indicate

that the ice water content and particle size generally decrease with decreasing temperature, whereas the ice particle

concentration is nearly constant or increases slightly with decreasing temperature. High ice concentrations, sometimes

observed in strongupdrafts, result fromhomogeneous nucleation. The satellite-based and in situmeasurements indicate

that cirrus ice crystals typically differ from the simple, idealized geometry for smooth hexagonal shapes, indicating

complexity and/or surface roughness. Their shapes significantly impact cirrus radiative properties and feedbacks to

climate. Cirrus clouds, one of the most uncertain components of general circulation models (GCM), pose one of the

greatest challenges in predicting the rate and geographical pattern of climate change. Improved measurements of the

properties and size distributions and surface structure of small ice crystals (about 20mm) and identifying the dominant

icenucleationprocess (heterogeneous versushomogeneous icenucleation)underdifferent clouddynamical forcingswill

lead to a better representation of their properties in GCM and in modeling their current and future effects on climate.

1. Introduction

There are 10 basic cloud types, grouped into three

primary categories: high clouds, mid clouds, and low

clouds (http://www.srh.noaa.gov/srh/jetstream/clouds/

cloudwise/types.html). The focus of this study is to

characterize the macrophysical and microphysical

properties of the high clouds: cirrus. The motivation for

this chapter comes fromworkshops conducted on ‘‘Data

Analysis and Presentation of Cloud Microphysical

Measurements’’ in Seaside, Oregon, in 2010, at the Swiss

Federal Institute of Technology (ETH) in Zurich in

2013, and at the Massachusetts Institute of Technology

(MIT) in 2014. There was a clear need identified at the

workshop and in discussions that followed to provide a

synthesis of the current understanding of cirrus.

The focus of this chapter is to use observations of, and

measurements within, cirrus clouds to characterize their
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properties. We describe the macrophysical properties of

cirrus, how they form, their microphysical properties,

their radiative properties, and their feedbacks to cli-

mate. The chapter concludes with a summary of areas in

need of further study.

2. General description of cirrus types and
macroscale properties

The Glossary of Meteorology (Huschke 1970) defines

cirrus clouds as detached clouds in the form of white,

delicate filaments, or white or mostly white patches,

that are composed of ice crystals. Cirrus clouds

form primarily in the upper troposphere, above about

8 km (25 000 ft), where temperatures are generally

below 2308C. From tropical to polar regions, the fre-

quency of cirrus cloud occurrence decreases from about

33% to 7%, median cirrus cloud-top heights decrease

from 14 to 8km, cloud thickness decreases from 2.8 to

1.4 km, and cloud-top temperatures increases from

about 2738 to 2608C (Sassen et al. 2008, 2009; see

Figs. 2-2–2-4, below). Cirrus clouds can be horizontally

and vertically extensive, especially when they are the

result of ice mass outflow from thunderstorms. An ex-

cellent cirrus cloud coverage climatology has been

derived from a large set of cloud observations collected

over decades from observations at the ground and from

ships (Hahn and Warren 2007; see Fig. 2-1). The sta-

tistics indicate that the coverage is about 30% over

North America and Asia, of the same order over parts

of Europe that are not blocked by lower cloud, is in the

15%–20% range over South America, and as high as

50% over equatorial regions of Africa, diminishing

toward 10% in the southernmost regions of Africa and

about 10% over Australia. In the polar regions of the

Northern Hemisphere, averages are on the order of

20%–45% and in the Southern Hemisphere they are

about 25%.

The primary cirrus cloud types are cirrus, cirrostratus,

and cirrocumulus. Cirrus are fibrous, threadlike, white

feather clouds of ice crystals that resembles hair curls in

form. Details can be found in WMO (1956) and in

American Meteorological Society (2012) but are sum-

marized here. Cirrostratus, the most frequently occur-

ring cirrus clouds, which are found in layers or sheets

with horizontal dimensions of hundreds or even

FIG. 2-1. Fractional cirrus cloud coverage as obtained from a large database of observations collected at the ground and from ships over the

period of 1971–96 (see text). Figure kindly prepared by Ryan Eastman, University of Washington.
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thousands of kilometers, are a milky, translucent cloud

veil of ice crystals, which sometimes cause the ap-

pearance of halos around the moon and sun. Cirrocu-

mulus are fleecy clouds, with cloud banks of small,

white flakes.

Each of the primary cirrus types have species associ-

ated with them. The category cirrus includes the sub-

species uncinus, which form in a patchy or tufted shape

when the ice crystals are large enough to acquire an

appreciable fall velocity (the rate at which ice crystals

fall in the vertical) so that trails of considerable vertical

extent (fallstreaks) may form. These trails curve irreg-

ularly or slant, sometimes with a commalike shape, as a

result of changes in the horizontal wind velocity with

height and variations in the fall velocity of the ice crys-

tals. Cirrostratus includes the species fibratus, which

have fibrous veils. Cirrocumulus includes the species

lenticularis, which are lens shaped or almond shaped,

often long stretched bands with sharply minted outlines

and are often associated with mountainous areas.

There are particularly noteworthy aspects of cirrus

clouds: for example, in tropical regions, subvisual cirrus

clouds occur sometimes in the tropopause. Cirrus cloud

optical depths (cloud optical density, essentially the

cross sectional area of the ice particles integrated from

the top to bottom of the column) can be large, as would

be the case for deep thunderstorm anvils, but they are

observed most frequently with optical depths below 0.1

(Sassen et al. 2008; Kox et al. 2014).

A wispy layered cloud that forms at the top of a

thunderstorm, termed an anvil because of its shape, is a

cirrus that consists essentially of ice debris that spreads

outward from the convective parts of the storm. Anvils

do not include the white, dense portions of thunder-

storms or the active convective column. Anvils can

spread to form large, widespread cloud layers, especially

in tropical areas, which can persist after their convective

cloud source has disappeared.

The cirruslike low-level ice clouds and ice fogs of the

Arctic are not considered cirrus. Nor are altocumulus

clouds, which form in distinct layers, often less than

100m thick, in the midtroposphere at about 5 to 8 km.

They are identified from the ground as sharply outlined

clouds reflecting their tendency to a liquid water com-

position containing rounded, often bubblelike convec-

tive elements. Cirrus often merge with altocumulus

clouds, producing a deep ice-cloud layer.

Planetary-scale mapping of cirrus cloud occurrence

and properties requires satellite remote sensing. How-

ever, it has proven to be difficult to detect cirrus clouds

from space using passive radiance measurements, ow-

ing to their thin optical depth and their frequent oc-

currence as part of multilayered cloud systems (Sassen

et al. 2008). With the launch of the NASA CloudSat and

Cloud–Aerosol Lidar and Infrared Pathfinder Satellite

Observation (CALIPSO) in 2006, cloud observations

from space entered a new era. Both satellites are part of

the Afternoon Train (A-Train) constellation, with

CloudSat carrying a cloud profiling radar andCALIPSO

carrying a depolarization lidar [Cloud–Aerosol Lidar

with Orthogonal Polarization (CALIOP); Stephens

et al. 2002; Winker et al. 2009]. The near-simultaneous

and coincident observations by a millimeter radar that

can penetrate optically thicker clouds and a lidar that is

sensitive to optically thin clouds have allowed vertically

resolved profiling of cloud layers with an unprecedented

accuracy (Mace et al. 2009). Since the launch of

CloudSat and CALIPSO, many retrieval algorithms

have been developed, and our knowledge on global

cirrus distributions and characterization has greatly

improved. In addition to active-only cloud observations

from space, Delanoë and Hogan (2010) showed how

additional assimilation of coincident infrared radiances

from the Moderate Resolution Imaging Spectroradi-

ometer (MODIS) can further improve the retrieval of

ice cloud locations and their microphysical properties.

Cirrus clouds as observed from CloudSat/CALIPSO

radar and lidar observations have been derived through a

combined cloud boundary data product (Mace and

Zhang 2014). In general, cirrus cloud tops are derived

exclusively from CALIOP lidar backscatter data, ow-

ing to the characteristically small crystal sizes for

which a millimeter radar is not sensitive. Cirrus cloud

bases, in turn, are mostly detectable by both lidar and

cloud physics radar (CPR) backscattering. Yet cloud

radar data have proven their use for the detection of

cirrus cloud bases, especially in relatively thick cirrus

clouds that completely attenuate the lidar beam (op-

tical depths larger than 3–5) (Sassen et al. 2008; Winker

et al. 2010).

Sassen et al. (2008) define two basic criteria that must

be satisfied to classify the detected cloud layers as cirrus,

including a maximum visible optical depth t of ’3.0

and a maximum allowable cirrus cloud-top temperature

of2408C, the homogenous freezing point of pure water.

Using this methodology, Sassen et al. (2008) found a

global average frequency of cirrus cloud occurrence of

16.7% from the first year of CloudSat/CALIPSO data

collected (Fig. 2-2), with a significant proportion of this

cirrus cloud cover in the tropical and subtropical zonal

belts (56% of the total cirrus coverage occurs within

6308 latitude of the equator). Moreover, cirrus display a

strong nocturnal frequency increase, in particular over

land, of up to ;30% (Wylie et al. 1994; Sassen et al.

2009; see Fig. 2-3). Cirrus detections by CloudSat/

CALIPSO further reveal the relatively high altitude of
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occurrence (Fig. 2-4), as expected from the results of

other sources. Using CALIPSO data, Nazaryan et al.

(2008) show that the maximum-occurrence frequency of

up to 70% is found near the tropics over the 1008–1808E
longitude band. They found a large latitudinal move-

ment of cirrus cloud cover with the changing seasons.

The examination of the vertical distribution of cirrus

clouds shows the maximum of cirrus top-altitude oc-

currence frequency of approximately 11% at 16km in

the tropics.

A drawback of the polar-orbiting CloudSat/CALIPSO

satellites is their limited temporal resolution, with a

repeat cycle of 16 days. Observation of full cirrus life

cycles is therefore limited. Kox et al. (2014) have shown

how retrievals from CloudSat/CALIPSO can be com-

plemented by measurements of the Spinning Enhanced

Visible and Infrared Imager (SEVIRI) aboard the

geostationaryMeteosat SecondGeneration (MSG) satellite.

Their algorithm retrieves cirrus optical depths (between 0.1

and 2.5) and top altitude every 15min, covers almost

one-third of Earth’s atmosphere, and is trained based on

coincident CALIPSO retrievals.

As a result of their frequent occurrence, height in the

atmosphere, and opacity (Sassen et al. 2008; Kox et al.

2014; see also Figs. 2-2–2-4), cirrus modulate the amount

of solar radiative energy received by the climate system,

reflecting a portion of the incident sunlight back to outer

space. They also control the loss of energy to space by

their effect on outgoing infrared radiation emanating

from Earth’s surface and lower atmosphere. Important

feedbacks involving cirrus, their water content, and

optical properties and their influences on climate have

been proposed (Ramanathan and Collins 1991; IPCC

2013). Cirrus also play a vital role in Earth’s energy

budget through their effects on the surface albedo and

generation of latent heat released in regions of ice

FIG. 2-2. Global distribution of average frequency of occurrence of cirrus clouds identified byCloudSat/CALIPSO

within 5.08 lat 3 5.08 lon grid boxes. These data are 1-yr averages of daylight and nighttime measurements and of

single and multiple cirrus layers (from Sassen et al. 2008).

FIG. 2-3. Zonal average occurrence (%) for (left) day and (right) night of global total, subvisual, thin, and opaque

cirrus clouds and of deep convective clouds (DCC) (from Sassen et al. 2009).
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crystal growth. Cirrus clouds are also an important

component of the planetary energy budget because of

their large spatial extent and their strong interaction with

radiation fields, both at solar wavelengths (visible light,

below about 0.8 microns) and infrared (Ramaswamy and

Detwiler 1986). The net radiation (infrared plus solar) is

related to their optical depth.When cirrus clouds are thin

enough that the sun can be seen through them, the net

impact on the planetary radiation balance is generally

warming; thicker cirrus reflect more sunlight and gener-

ally result in net cooling.

3. Cirrus formation mechanisms

Generally speaking, ice particles form after a moist

parcel of air cools to the temperature at which the water

vapor is supersaturated with respect to ice up to the

onset point of ice nucleation. The supersaturation is

produced primarily by lifting of the air parcel but can be

maintained or enhanced by radiational cooling (Fusina

and Spichtinger 2010). Lifting can occur on a large scale

along a frontal boundary or by small-scale vertical cir-

culations that develop in the vicinity of the core of the jet

stream (Heymsfield et al. 1975; Heymsfield et al. 2010)

or in convective clouds and gravity waves. In addition,

cirrus clouds can form in layers that have dry or moist

adiabatic thermal structures.

Cirrus cloud formation and development is in part

influenced by radiative effects. Radiative cooling in

moist upper-tropospheric layers can lead to cloud de-

velopment in much the same way it leads to ground fog

(Ramaswamy and Detwiler 1986). In addition, radiative

heating, which usually warms the lower portions of a

cirrus cloud, can warm the cloud layer and consequently

produce convection (updrafts and downdrafts) and tur-

bulence of sufficient strength to maintain or enhance the

layer. This is particularly relevant in tropical anvils. For

example, Ackerman et al. (1988) found anvil average

heating rates for 2-km-deep anvils is on the order of 20–

30Kday21, leading to convective instability in the anvil,

an effect studied by Lilly (1988) and others more re-

cently. The radiative heating of thin tropical tropopause

layer (TTL) cirrus, at altitudes from 14 to 18km and also

at low latitudes, has been estimated as sufficient to

produce temperature increases of at least 2–3Kday21

(Jensen et al. 1996;McFarquhar et al. 2000). As noted by

Garrett (2008), observational studies suggest that TTL

cirrus are often coincident with regions of deep convec-

tive cloud. Their numerical simulations demonstrated

that an anvil cirrus spreads because strong absorption of

thermal radiation and emission at cloud base and top

creates horizontal heating gradients between the cloud

and its environment. Durran et al. (2009) analytically and

numerically examined the potential of this radiative

heating on the TTL dynamics. They found that the layer

exhibits rising motion, ;0.5 cm s21, and horizontal out-

flow from its top, producing gravity waves. These studies

suggest that tropopause cirrus can affect climate indirectly

by altering anvil cirrus dynamics.

The formation mechanisms of cirrus clouds differ

according to the required supersaturations to form ice

and the number of ice crystals that are produced. Classi-

fying cirrus bymeans of the formationmechanisms leads to

cirrus types characterized by physical parameters, besides

those embedded in the terminology of the WMO (1956)

for all cloud types (see section 2a), which are defined based

on morphology derived from observations of visual ap-

pearance. Lynch et al. (2002) stated that particularly ice

content, but also temperature, altitude, color ,and optical

depth are relevant physical parameters for cirrus defini-

tions, and some of these parameters can be deduced from

the formation mechanisms (see also Sassen et al. 2002).

FIG. 2-4. Latitudinal distribution of identified heights of occurrence of cirrus clouds derived

for 0.2-km height and 2.58 grid intervals. The line shows the mean tropopause heights averaged

over the same 1-yr period, as taken from CALIPSO data files (from Sassen et al. 2008).
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Below a temperature of 2388C, activation of liquid

water drops does not occur, since the relative humidity

where ice forms is below water saturation (Heymsfield

andMiloshevich 1993). At warmer temperatures, clouds

can form via vapor deposition onto an ice nucleating

particle (INP) or as liquid drops, which may freeze ei-

ther heterogeneously due to an insoluble INP embedded

in the droplet (see Kanji et al. 2017, chapter 1) or ho-

mogeneously without any insoluble inclusion at 2388C.
These clouds can be partly or completely glaciated and

are not cirrus clouds, but so-called mixed-phase clouds.

If a mixed-phase or all-liquid cloud is, however,

lifted by atmospheric updrafts to altitudes with

temperatures , 2388C, it is considered a cirrus. Luebke

et al. (2016) and Krämer et al. (2016) classified this cirrus

type as ‘‘liquid origin cirrus.’’ They are found in the strong

updrafts caused by deep convection [and are also called

convective or anvil cirrus; Lynch et al. (2002); Sassen et al.

(2002);Muhlbauer et al. (2014), Jackson et al. (2015)], but

also in slower updrafts in connection to warm conveyor

belts (Krämer et al. 2016).

At temperatures ,2388C, cirrus clouds are formed

from insoluble or solution aerosol particles, either het-

erogeneously or homogeneously. This cloud type is

classified as ‘‘in situ cirrus’’ by Heymsfield (1977). Krämer

et al. (2016) summarized ‘‘in situ origin cirrus’’ as those

cirrus types that are named in other studies ‘‘synoptic’’ in

slowupdrafts and ‘‘leewave,’’ ‘‘gravitywave,’’ ‘‘orographic,’’

or ‘‘jet stream’’ cirrus in faster updrafts (Lynch et al. 2002;

Sassen et al. 2002; Muhlbauer et al. 2014; Jackson et al.

2015). In the next subsections, the heterogeneous and

homogeneous in situ ice formation processes are de-

scribed, while heterogeneous or homogeneous drop

freezing—which leads to the liquid origin cirrus—is

discussed in Cziczo et al. (2017, chapter 8).

a. Homogeneous and heterogeneous ice nucleation in
cirrus clouds

Homogeneous freezing is the spontaneous formation

of ice within a supercooled activated cloud droplet or a

pure solution aerosol particle (see Fig. 2-5, left; note that

the concentrated solution aerosol particles are also

named haze droplets, since they have grown hygro-

scopically in high humidities). Droplets/drops freeze

spontaneously at a temperature of 2388C, and freezing

of solution droplets (haze particles) occurs at pro-

gressively lower relative humidities as the temperature

decreases below 2388C (Heymsfield and Miloshevich

1993). The haze droplet that freezes homogeneously is

also termed a homogeneous freezing nucleus (HFN).

The process of homogeneous freezing is well defined

and the subject of a comprehensive treatment by Koop

et al. (2000), where it has been shown to be a function of

the particle volume and water activity. It is important to

note that at sufficient supersaturation all atmospheric

particles may serve as HFN. However, atmospheric

supersaturations are driven by the updraft of an air

parcel and temperature. Hence, the number of ice

crystals nucleated by homogeneous freezing increases

with increasing updraft and decreasing temperature

(Heymsfield and Miloshevich 1993). This is shown in

Fig. 2-6, where concentrations of homogeneously nu-

cleated ice crystals are calculated by Kärcher and

Lohmann (2002) for a range of atmospheric updrafts.

They found 0.001 to several hundreds of ice crystals

per centimeter cubed with mean mass radii ranging

between ;100 and 3mm, respectively (Krämer et al.

2016).However, observations show that themost frequent

ice concentrations are around 0.1–1 cm23 (Krämer et al.

2009). This could suggest that the updrafts where most

FIG. 2-5. Cirrus formation: two ways of ice formation determined by aerosol composition and supersaturation over ice.
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cirrus form are weak (see Fig. 2-6) or that heterogeneous

ice nucleation often plays a role in the atmosphere.

Heterogeneous ice nucleation is more poorly un-

derstood than homogeneous freezing because there are

several submechanisms by which ice is formed (see

Fig. 2-5, right). Each of these submechanisms is funda-

mentally different from one another. Heterogeneous

freezing can potentially begin as soon as the tempera-

ture is below 08C and saturation of water vapor with

respect to ice is reached. Heterogeneous ice nucleation

requires a solid particle or inclusion, termed the INP

[Pruppacher and Klett (1997); see also Kanji et al. (2017,

chapter 1)]. The heterogeneousmechanisms that act in the

cirrus temperature range are 1) immersion/condensation

freezing and 2) deposition nucleation. 1) Immersion/

condensation freezing is the formation of ice within an

INP that is immersed in a shell of water that condensed

while the air is cooling. There have been slight termi-

nology differences based on the history of the immersed

INP, but the two mechanisms are now considered syn-

onymous. 2) Depositional freezing is the direct accumu-

lation of ice on to the INP surface.A currently unresolved

mechanism is ‘‘preconditioning’’ of an INP (Pruppacher

and Klett 1997; Kärcher and Lohmann 2003; Wagner

et al. 2016). In this case, a previous freezing cycle leaves

some ice on or within a particle that then leads to more

rapid ice formation if a suitable temperature and sat-

uration are again reached. Heterogeneous freezing is

affected by the size, surface composition, and mor-

phology of the INP (Pruppacher and Klett 1997).

DeMott et al. (2003) and DeMott et al. (2010) have

shown INPs are rare in the background free tropo-

sphere, 10–100L21 (0.01–0.1 cm23), but with extremely

limited measurements below 2388C; at warmer tem-

peratures the INP concentration can be related to the

presence of aerosol larger than 0.5mm (DeMott et al.

2010). Some INPs can be referred to as relatively

‘‘good’’ and others as relatively ‘‘bad’’; examples of each

are listed in Fig. 2-5 (right panel), with a quantitative

representation given in Cziczo et al. (2013).

A cirrus cloud that forms heterogeneously is therefore

expected to be different from one that forms homoge-

neously, especially in updrafts $10 cm s21, because it

would contain ,100 ice crystals (i.e., no more than the

concentration of INPs in the initiating cloud parcel).

Even with weaker updrafts, the ice crystal concentra-

tions and sizes are modulated in the presence of INPs

(Kärcher and Lohmann 2003; Spichtinger and Cziczo

2010). The effect of INPs on ice crystal concentrations is

in most cases fewer ice crystals than due to pure ho-

mogeneous freezing. However, in very low updrafts,

where homogeneous freezing produces only few ice

crystals, heterogeneous freezing can create more ice

crystals when the INP number exceeds the homoge-

neously formed ice (Kärcher and Lohmann 2003).

Consequently, the sizes of the ice crystals are smaller

when more ice crystals are produced, while fewer nu-

cleated ice particles results in larger crystals.

Thus, the characterization of INPs, in particular in the

cirrus temperature range, is one of the important open

questions in the field of ice cloud research. This knowl-

edge gap can be traced back to instrumentation capable

of operating at ambient temperatures and/or sampling

the complete size distribution of ice crystals.

b. Atmospheric importance of cirrus freezing
mechanisms

The important aspect of atmospheric ice nucleation is

that heterogeneous ice nucleation mechanisms are ac-

tive at lower supersaturations (i.e., before homogeneous

freezing) (Fig. 2-5). That is to say a parcel reaching ho-

mogeneous freezing must first pass through tempera-

tures and saturations sufficient to cause heterogeneously

formed ice. This has been considered by researchers

such as Kärcher and Lohmann (2003), Kay et al. (2006),

and Krämer et al. (2016). The combination of INP abun-

dance, its freezing supersaturation, and how rapidly a

trajectory is traversed (i.e., the vertical velocity) de-

termines where and by what mechanism a cirrus cloud

forms and thus also which microphysical properties, such

as ice crystal number and size, ice water content, and

shape and surface texture of ice crystals, the cloud has.

This is important since these microphysical properties

of cirrus, for example, regulate the vertical redistribution

of water from sedimenting ice crystals in the upper

troposphere and, consequently, the water exchange

with the lower stratosphere (Krämer et al. 2016). The

upper-troposphere/lower-stratosphere region is especially

FIG. 2-6. Ice crystal number ni dependence on vertical velocity w

for purely homogeneous freezing (Kärcher and Lohmann 2002).
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sensitive to even small changes in water vapor, since it

is a greenhouse gas, and radiative transfer calculations

show that the small mass of water vapor in the lower

stratosphere plays a significant role in controlling sur-

face temperatures (see, e.g., Riese et al. 2012).

Further, to define the impact of cirrus on Earth’s ra-

diative budget (see section 5), it is critical to determine

how the microphysical and thus radiative properties of

ice particles in cirrus depend on environmental condi-

tions and formation mechanisms. DeMott et al. (2010)

provided a sketch on the possible relation between INP

number, cirrus appearance, and radiative feedback of

the cirrus clouds (Fig. 2-7): in case only few INPs are

available (left panel), the few formed ice crystals cannot

efficiently deplete the water vapor, and the supersatu-

ration increases until homogeneous ice nucleation oc-

curs and a cirrus with many small ice crystals forms at

high and cold conditions. These thin cirrus have a net

warming effect. If more INPs are available (right panel),

heterogeneous freezing produces a lower, warmer, and

thicker cirrus with fewer but larger crystals, which effi-

ciently reduces the supersaturation so that homoge-

neous ice nucleation is suppressed (Krämer et al. 2016).

The net radiative effect of such cirrus is unknown. Thus,

it is obvious that dependencies are needed to develop

and evaluate parameterizations of ice cloud properties

for models with a myriad of different spatial and tem-

poral scales and for evaluation of the model results

themselves. Observations of ice cloud properties can be

obtained from both in situ observations and remote

sensing retrievals, the latter of which require in situ

observations to evaluate assumptions used in the re-

trieval schemes.

The ice water content and distributions of ice crystal

sizes and shapes are the most important microphysical

quantities for determining how cirrus impact radiative

heating (e.g., Ackerman et al. 1988; Macke et al. 1996)

and for developing an understanding of the microphys-

ical and dynamical processes occurring in cirrus. In ad-

dition, distributions of crystal aspect ratios (Fu 2007;

Um and McFarquhar 2007; Yang and Fu 2009) and

knowledge of single-scattering properties (e.g., Takano

and Liou 1989; Yang et al. 2005) and ice crystal surface

roughness (Yang et al. 2003) are needed for quantifying

the radiative impact. Although many prior studies have

measured distributions of ice water content (IWC)

(Schiller et al. 2008; Luebke et al. 2013; Heymsfield et al.

2013; Krämer et al. 2016), ice crystal sizes (Heymsfield

and Platt 1984; McFarquhar and Heymsfield 1996, 1997,

1998; Ivanova et al. 2001; Boudala et al. 2002; Field and

Heymsfield 2003; McFarquhar et al. 2007a; Field et al.

2007), of crystal habits (Heymsfield and Miloshevich

1995; Korolev et al. 1999; Gallagher et al. 2005; Um and

McFarquhar 2009), and of aspect ratios (Auer and Veal

1970; Hobbs et al. 1974; Davis 1974; Mitchell andArnott

1994; Baker and Lawson 2006; Um et al. 2015) in dif-

ferent environmental conditions, there are few compre-

hensive studies that have identified the manner in which

the nucleation mechanism or cirrus formation mechanism

controls these ice crystal properties. A larger database

where properties are examined as a function of meteoro-

logical or crystal formation mechanisms (e.g., Muhlbauer

et al. 2014; Jackson et al. 2015; Krämer et al. 2016) is still

needed to understand how different growth processes and

formation mechanisms control the microphysical and ra-

diative properties.

4. Microphysical properties

The most important microphysical quantities of cir-

rus clouds are (besides crystal aspect ratios, single-

scattering properties, and surface roughness) the IWC,

the ice particle size distributions (PSD), and their

shapes. Characteristics of cirrus IWC, ice particle size

distributions, and associated size spectral moments

(median diameter and ice water content) have been

reported in a number of studies. Korolev et al. (2001)

present a large set of observations in continental strati-

form cirrus clouds over eastern Europe at temperatures

from 2308 to 2508C. The IWC was measured with a

Nevzorov total water content probe and the volume

extinction coefficient with an extinctiometer. Median

FIG. 2-7. The effect of the number of ice nuclei on cirrus cloud coverage and radiative effects (from

DeMott et al. 2010).
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values of the IWC decreased from 0.011gm23 in the

temperature range 2408 , T , 2308C to 0.007gm23

for 2508 , T , 2408C. Cumulative probability distri-

butions of the IWCs in these temperature intervals for

these temperatures are presented in Fig. 5a of Korolev

et al. (2001). Note that these IWCs may be somewhat

underestimated because the IWC measurements were

made with the older Nevzorov cone, not the updated

deep dish cone that reduces the amount of ice that bounces

out of the cone (Korolev et al. 2013). Also note that the

probe measures IWCs in the range of about 3 3 1023

to 2 gm23; thus, IWCs below the instruments’ detection

threshold suggest that the median values may be over-

estimated (see discussion below). The most globally di-

verse datasets are from the studies of Heymsfield and

McFarquhar (2002), Schiller et al. (2008), Luebke et al.

(2013), Heymsfield et al. (2013), and Krämer et al. (2016).

These include data from the Arctic, midlatitude Northern

Hemisphere, and tropical Northern and Southern Hemi-

sphere regions. Altitudes extend to almost 19km and

sampling temperatures to 2868C. An overview of these

cirrus properties will now be given, followed by a section

describing the feedback of cirrus clouds on climate.

a. Ice water content

Two studies that collected a large number of direct

measurements of the IWC in diverse geographical areas

are summarized here. Krämer et al. (2016) compiled a

set of direct measurements of the IWC from 17 field

programs over Europe, Africa, the Seychelles, Brazil,

Australia, the United States, and Costa Rica, totaling

94h of in situ data. The geographical range is from 758N
to 258S, and the temperature range is from 2258
to 2918C. Heymsfield et al. (2016) reported the direct

measurements of the IWC derived from 10 aircraft field

programs overNorth andCentralAmerica, theCaribbean,

and Australia, spanning latitudes from the Arctic to

the tropics and temperatures from 2868 to 08C. This
dataset contains about 260 000 data points, averaged

over 5-s intervals, with an in-cloud pathlength of about

260 000 km. To examine both the temperature dependence

of the IWC and its variability, we have used their original

data to derive probability distribution functions (PDFs) of

the IWC as a function of temperature. Within the 108C
temperature increments shown in Fig. 2-8, the IWCdisplays

considerable variability, the result of different formation

mechanisms (Krämer et al. 2016), geographical location

(Heymsfield et al. 2016), and presumably life cycle. The

median values of the IWC in each temperature inter-

val, listed at the top of each panel in Fig. 2-8, indicate

that the IWC increases with temperature. The rather

large differences between the Krämer et al. (2016) and

Heymsfield et al. (2016) studies has to do in part with the

former study focusing more on stratiform clouds and the

lattermore on convective clouds. Some of the difference

is also due to differences in the IWC measurement

ranges of the instruments used in those studies.

The in situ observations have an inherent sampling

bias in that they are usually directed toward measuring

specific types of clouds and, more generally, clouds that

are in their active, rather than decaying, stages. For that

reason and to gain a more comprehensive structure, we

draw upon ice water contents globally retrieved by

CloudSat over a 6-yr period. The CloudSat Ice Cloud

Property Product (2C-ICE) contains retrieved estimates

of the IWC for identified ice clouds measured by the

CloudSat CPR and the CALIPSO lidar. This 2C-ICE

cloud product uses combined inputs of the measured

radar reflectivity factor from CloudSat and measured

attenuated backscattering coefficients at 532 nm from

the CALIPSO lidar to constrain the ice cloud retrieval

more tightly than the radar-only product. Temperature

is derived from the ECMWF auxiliary (ECMWF-AUX)

temperature product. According to the authors, this

generates more accurate results, particularly at the

lower temperatures (Deng et al. 2015). We will address

that point below. Note that, as with any retrieval algo-

rithm, there are inherent uncertainties; the retrieval

accuracy is examined using case studies (Deng et al.

2013) and statistics (Heymsfield et al. 2016).

Using the 2C-ICE stratiform and convective cloud

flags, Fig. 2-9 shows the probability distribution function

of IWC as a function of temperature, partitioned by

stratiform and convective clouds (Figs. 2-9a and 2-9b,

respectively). Because the dataset is extremely large, it

is possible to derive PDFs in 18C temperature in-

crements, thereby eliminating variance in the PDFs due

to the 658C temperature increments necessary for the

in situ data. In Table 2-1, the median IWCs for all ice

cloud situations and the separation according to strati-

form and convective situations are listed.

The retrieved IWCs show a strong increase with

temperature andwide variability at a given temperature,

even for each cloud formation type (Figs. 2-9a,b). On

average, the IWCs, particularly at the higher tempera-

tures, are larger than for the in situ observations, although

the spread is just as wide. Of particular note is that at the

lowest temperatures, ;2858C, the IWCs from the in situ

observations (Fig. 2-9) are peaked at about an order of

magnitude lower than the 2C-ICE distribution. This

comparison suggests that the 2C-ICE product is missing a

significant portion of the very thin, subvisual cirrus that

was observed from the in situ observations.

Figure 2-10 uses the 2C-ICE product to derive the

latitudinal dependence of the IWC for constant

temperatures of 2708 to 2308C in 108C temperature
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increments. For stratiform and convective clouds com-

bined, there is a dependence of the median IWC on

latitude, with the highest values in the equatorial regions

and the lowest in the polar regions (Fig. 2-10a). When

convective clouds only are considered, a much stronger

dependence on latitude is noted, with relatively high

IWCs found in the tropical regions (Fig. 2-11a).

b. Cirrus ice crystal concentrations and size
distributions

Many prior studies havemeasured size distributions in

ice clouds. However, most of the earlier studies that

reported cirrus crystal concentrations did not consider

the artificial amplification of small crystal concentra-

tions due to large crystal shattering on probe tips and are

thus unreliable and should be used with caution [see

Baumgardner et al. (2017, chapter 9) and articles by

Korolev et al. (2011, 2013) and Jackson et al. (2014)].

Data acquired with the use of redesigned probe tips

(Korolev et al. 2011) and those that use processing al-

gorithms to eliminate artifacts (Field et al. 2006) aremore

reliable. Although Jackson and McFarquhar (2014)

showed that higher-order moments derived from mea-

surements in ice clouds are not significantly biased by

shattering, quantities based on lower-order moments,

such as total concentration and size distributions for

FIG. 2-8. Probability distributions of the ice water content measured in 108C increments of

temperature, with median values per 108C listed in the top of each panel: (a) from the original

data reported in Krämer et al. (2016) and (b) from the original data reported in Heymsfield

et al. (2016).
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diameter D , 200mm, that did not use corrections for

shattering or redesigned probe tips are suspect. A com-

plete discussion of measurement issues and uncertainties

is given in McFarquhar et al. (2017, chapter 11).

Ice crystal sizes generally increase downward in a cirrus

cloud layer (Fig. 2-11) and as the temperature increases

(Fig. 2-12). The PSD appear to fit well to gamma func-

tions or exponential functions (e.g., Gunn and Marshall

1958;Wong et al. 1988; Heymsfield et al. 2002;McFarquhar

and Black 2004; McFarquhar et al. 2007a; Heymsfield et al.

2009, 2013; Mitchell et al. 2010; Muhlbauer et al. 2014).

The cirrus total ice concentrations generally fall in the

range 5–500L21, with a gradual decrease noted with in-

creasing temperature. Exceptions are noted in convective

regions (temperatures below2408C) and cirrus anvils and
other situations that result from strong updrafts, where

much larger concentrations have been observed (see

Heymsfield et al. 2009). On average, the size distributions

broaden with temperature, with larger and more nu-

merous particles observed in the clouds that are associ-

ated with convection or that originate from liquid water

regions (liquid origin), that glaciated as determined from

liquid water sensing probes on the research aircraft

(Fig. 2-12a) or from analysis of backward trajectories

(Fig. 2-12b). In stratiform cirrus regions, where the cirrus-

forming updrafts are relatively weak, the largest particles

can still attain 1mm or larger. These cirrus clouds can be

the remnants of convection that has long since dissipated,

FIG. 2-9. Probability distributions of the ice water content retrieved from the CloudSat

2C-ICE product for the period 2006–10. Each PDF is for a 18C temperature interval over the

temperature range shown. (a) For ice clouds flagged as stratiform. (b) For convective clouds.
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but displaying a tendency for larger particles [the region

from the Stratospheric–Climate Links with Emphasis

on the Upper Troposphere and Lower Stratosphere

(SCOUT) in Fig. 2-12a, lower panel]. The largest

particle size in the measured PSD increases from

about 50mm to above 1mm over the 2868 to 2408C
temperature range.

McFarquhar et al. (2015) showed that parameters of

derived gamma distributions can depend on the algo-

rithm used to fit the data. They explained the parameters’

dependence on fit algorithms through the sensitivity to

parameters on the tolerance permitted by the fit algo-

rithms, meaning a volume of equally realizable solutions

in the phase space of gamma fit parameters is needed to

characterize PSDs. They derived a technique to construct

these volumes, taking into account both the codependence

of the fit parameters and the statistical uncertainty of the

measured PSDs. Jackson et al. (2015) used this technique

to examine how PSDs measured over Oklahoma during

the Small Particles in Cirrus (SPARTICUS) experiment

varied with temperature and cloud formation mechanism,

also showing that multimodal distributions were some-

times needed to characterize PSDs (Fig. 2-13). Consistent

with prior studies ofMitchell et al. (1996) andLawson et al.

(2010), they hypothesized that the smaller mode corre-

sponded to particles growing by vapor diffusion or ho-

mogeneous nucleation, whereas particles in the larger

mode grow by diffusion and aggregation. Differences be-

tween the SPARTICUS PSD and those measured by

Heymsfield et al. (2013) could be associated with the dif-

ferent geographic locations or the weaker updrafts in the

tropical cirrus measured by Heymsfield et al. (2013). This

shows that further studies are needed to stratify mea-

sured PSDby temperature, location, formationmechanism,

updraft strength, aerosol concentration, and other envi-

ronmental conditions to better understand the controls

of cirrus properties and to examine whether normalized

PSD are less sensitive to such changes (e.g., Delanoë
et al. 2005).

c. Cirrus cloud evolution

Few studies have characterized the evolution of cirrus

clouds. Heymsfield (1975a,b,c) studied the evolution

of the ice particle size distributions in cirrus uncinus

and cirrostratus clouds using a combination of aircraft

measurements at different altitudes and Doppler ra-

dar observations, together with a 1D parcel model. In

cirrus uncinus source regions (the generating cell

head), crystals were found to be nucleated in the up-

wind portion of the head (the updraft) before being

carried into the trail region of the head downshear

(the downdraft) as a result of wind shear. Ice parti-

cles grew in the ice supersaturated regions below

the head and then sublimated in the relatively dry

regions below. Ice nucleation was observed to occur

near the cloud top; crystals sedimented and grew

from this source region near the top to near the base

and sublimated to the base. Garrett et al. (2005), and

more recently Frey et al. (2011), examined the evo-

lution of a cirrus anvil. Ice crystals smaller than 50mm

dominated the size distributions and radiative prop-

erties. In the anvil, ice crystals larger than 50mm

aggregated and precipitated, thereby resulting in an

increasing dominance of small ice crystals. Aggrega-

tion and fallout led to a decrease in the ice water

contents and ice crystal effective radii with time.

Lagrangian spiral descents, where an aircraft descends

at about 1ms21, about the same velocity as the larger

particles in the size distributions, have been used to

characterize the change in the slope and number con-

centration of the ice particle size distribution (Heymsfield

et al. 2002; McFarquhar et al. 2007b). In the growth re-

gions of the clouds, the slopes of the PSD increase and

the number concentrations decrease, largely because of

aggregation. The smaller particles are swept out by the

larger ones, leaving relatively smaller particles up higher

in the cloud layer and larger but fewer particles in the

lower regions.

TABLE 2-1. Median values of the ice water content (gm23) in given temperature intervals from the in situ data and from CloudSat

retrievals.

In situ data

T (8C) 290 to 280 280 to 270 270 to 260 260 to 250 250 to 240 240 to 230 230 to 220 220 to 210 215 to 25

Krämer

et al. (2016)

0.000 035 0.000 014 0.000 56 0.001 85 0.0046 0.0042 0.0037 —

Heymsfield

et al. (2013)

0.000 047 0.000 150 0.0014 0.014 0.034 0.042 0.062 0.074 0.059

CloudSat

T (8C) 286 to 284 276 to 274 266 to 264 256 to 254 246 to 244 236 to 234 226 to 224 216 to 214 26 to 24

All 0.000 17 0.000 30 0.0007 0.001 83 0.0045 0.009 0.015 0.019 0.034

Stratiform 0.000 35 0.0011 0.0027 0.0058 0.015 0.031 0.067 0.176 0.26

Convective 0.000 43 0.0026 0.0082 0.0098 0.023 0.048 0.13 0.34 0.46
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Even with these observations, it is problematic to

measure the evolution of cirrus cloud microphysics from

in situ observations for several reasons. First, the in situ

aircraft may alter the clouds that are being sampled.

Second, except for anvil cirrus, it is very difficult to

identify when a cirrus cloud is first forming. With satel-

lite active remote sensors (CloudSat and CALIPSO), it

is impossible to measure the evolution because the

sensors on these satellites only take a snapshot of a

single cloud. The options for measuring cirrus cloud

evolution include ground-based or aircraft-borne active

remote sensors that try and track cirrus from its in-

ception through decaying stages, but this is operationally

difficult to do, and the microphysical retrieval algorithms

have inherent uncertainties.

The primary way in which evolution can be studied is

with a cloud or mesoscale model, although this has in-

herent uncertainties. Starr and Cox (1985) used a cloud

model to investigate the role of various physical pro-

cesses on the life cycle of cirrus clouds. They found that,

although the magnitude of large-scale ascent is critically

important in determining the bulk physical properties of

cirrus, the effects of the resulting microphysical com-

position (size distributions and crystal habits) affect the

larger ice crystals and thus the mean descent velocity of

the ice crystal populations. Radiative properties affect

the local buoyancy and hence the structure and bulk

properties of the cirrus and produce significant differ-

ences in the cirrus properties between midday and night

times. Khvorostyanov and Sassen (1998), using a 2D

FIG. 2-10. Ice water content as a function of latitude, partitioned by temperature as derived

from the CloudSat 2C-ICE retrieval product. Colored lines represent different temperatures,

and dotted lines are the 61 standard deviation for a temperature of2408C. (top) Stratiform
and convective clouds. (bottom) Convective clouds.
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model with explicit microphysics and radiation, mod-

eled developing cirrus clouds generated in a stable at-

mosphere by relatively slow, synoptic-scale ascent. They

found that the process of vapor deposition to ice crystals

and the eventual depletion of the supersaturation in

cirrus is far from instantaneous, varying from 0.5 to 3 h.

They found that cooling in the upper part of the cirrus

and heating in the lower part are appreciable. They also

found that the decrease in the shortwave radiative bal-

ance (albedo effect) for their simulated cirrus cloud

exceeded the net gain in longwave balance (greenhouse

effect) near local noon, attributing it to the abundance of

small crystals in the upper cloud regions.

The dependence of cirrus evolution on the initial

formation mechanism in terms of microphysical and

radiative properties has been studied by Joos et al.

(2014) and Kuebbeler et al. (2014). Joos et al. (2014)

used the large-eddy simulation Eulerian or Lagrangian

model (EULAG) to perform idealized simulations with

different concentrations of INPs in a dynamically dom-

inated regime with high vertical velocities. They showed

that, even under these conditions, low number concen-

trations of INP on the order of 0–50L21 are able to

strongly decrease the simulated ice crystal number

burden, the ice water path, and optical depth of the

cloud. The shortwave, longwave, and net cloud forcings

are also reduced with increasing INP concentrations.

Kuebbeler et al. (2014) studied dust ice nuclei effects on

cirrus clouds by applying a multiple-mode ice micro-

physical scheme to the general circulation model

ECHAM5. Similar to Joos et al. (2014), they found that

heterogeneous nucleation on efficient mineral dust

particles and the consideration of preexisting ice in the

nucleation process may lead to a global reduction of ice

crystal number and mass by 10% and 5%, whereas the

ice crystals’ size is increased by 3%.

d. Cirrus ice crystal shapes

Weickmann (1948) reported the earliest airborne in-

vestigations of the microstructure of cirrus clouds. From

ice crystals collected using an open-cockpit aircraft, he

found that the primary crystalline forms in cirrus with

the stronger vertical motions (e.g., cirrus uncinus) were

either hollow hexagonal columnar shapes or three-

dimensional clusters of prismatic crystals joined at a

common center (bullet rosettes); with weaker vertical

velocities (e.g., cirrostratus) they were primarily hex-

agonal columns and plates. More recent observations

indicate that ice particle habits are dependent upon the

temperature and ambient relative humidity. Laboratory

experiments of Bailey and Hallett (2004) indicate that,

from 2208 to 2408C and at ice supersaturations in

excess of 2%, the most frequent habits observed

were platelike polycrystals and plates, the complexity

FIG. 2-11. Pictorial depiction of the growth of cirrus crystals downward in a cirrus cloud layer,

using ice crystal replicator data collected from a balloon-borne system in a cirrus cloud with

a top temperature of2438C (from Miloshevich and Heymsfield 1997). The largest crystals are

about 300mm in diameter. The lines show the relative humidity with respect to water saturation

asmeasuredwith three different instruments, and a fourth line (labeledRHi) shows the relative

humidity with respect to saturation with respect to ice and the temperature at each level.
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FIG. 2-12. Cirrus ice PSD, in the form of concentrations measured per size bin normalized

by the bin width, averaged in the specified temperature intervals corresponding to cirrus

cloud forming temperatures. The PSD are based on (a) the dataset presented in Heymsfield

et al. (2013) and (b) from Luebke et al. (2016). (top) PSD in (a) and (b) are from cirrus clouds

formed in situ by layer lifting; (bottom) PSD in (a) are from cirrus clouds generated by deep

convection but detrained and with no liquid water and in (b) are thick cirrus clouds origi-

nating from mixed-phase clouds but with no liquid water (liquid origin).
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FIG. 2-13. Normalized distribution of N(D) (%) for all (left) synoptic and (right) convective

cirrus during the SPARTICUS field programwhen (a)(e)T,2548C, (b)(f)2548 ,T,2478C,
(c)(g) 2478 , T , 2408C, and (d)(h) T . 2408C, from Jackson et al. (2015). The solid black

horizontal line denotes the median; dashed lines denote 10th and 90th percentiles of N(D).

Solid colored lines show Heymsfield et al. (2013) curves. The solid vertical black line shows the

mean location of the boundary between the first and secondmodes. Colors represent normalized

frequency.
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of forms increasing with increasing supersaturation.

Colder than 2408C, a marked shift to columnar behav-

ior was found, except at low to moderate ice supersat-

uration (,10%), where the habit is essentially the same

as at warmer temperatures with a small increase in the

frequency of short columns. At moderate ice supersat-

uration (10%–25%), long solid columns and polycrystals

with columnar and platelike components were found.

Above approximately 25% ice supersaturation, bullet

rosettes, long columns, and column-containing poly-

crystals are observed, the frequency of bullet rosettes

and columns increasing with increasing ice supersat-

uration. At 2608C and colder, needle forms appear

along with columnar forms. In situ observations in-

dicate that cirrus particles, especially bullet rosettes,

can collect together to produce aggregates of crystals,

leading to most of the crystals observed at sizes above

500mm.

The laboratory findings are the result of ice crystal

growth at constant temperatures and relative humid-

ities, but in nature cirrus crystals encounter varying

temperatures and relative humidities during growth and

sublimation. Korolev et al. (1999) suggested that such

cyclic growth may lead to the formation of irregular ice,

and the same authors concluded that the majority of ice

particles in midlatitude stratiform clouds observed

during several campaigns had irregular shapes. Nelson

and Knight (1998) suggested that irregular shapes may

arise as a result of the asymmetry between the dynamic

processes involved in growth and sublimation. Recent

laboratory experiments where ice crystals were subjected

to several growth cycles indeed led to progressively in-

creasing complexity (Chou et al. 2014).

Both in situ and remote sensing measurements car-

ried out over the last few years indicate that cirrus ice

crystals typically depart from the simple, idealized ge-

ometry based on smooth hexagonal shapes, indicating

complexity and/or surface roughness. The most obvious

manifestation of this departure is in the relative rarity of

the 228 halo, which tends to be infrequent at most geo-

graphical locations, with the exception of the Antarctic

and Arctic, where diamond dust is relatively common,

for example (Yang and Liou 1998; Mishchenko and

Macke 1999; Ulanowski 2005). Despite the apparently

minor difference in terms of ice crystal appearance,

surface roughness can have a dramatic influence on the

scattering properties and, hence, the radiative proper-

ties of cirrus. The halo visibility, as quantified by the

so-called halo ratio, and the scattering asymmetry

parameter gmeasured in situ were found to be positively

correlated (Auriol et al. 2001; Gayet et al. 2011). Haloes

were also more likely for smaller crystal sizes and for

those with more compact shapes (Um and McFarquhar

2015). Smooth ice analogs had higher asymmetry pa-

rameters than their rough counterparts (Ulanowski et al.

2006), and the same was the case for modeled scattering

(Yang et al. 2015). This means that, at wavelengths that

can interact with the given roughness scale, rough ice

crystals can be significantly more reflective than smooth

ones, potentially shifting radiative forcing by cirrus to-

ward lesser warming.

While the fine detail of ice crystal geometry is cur-

rently beyond the reach of imaging cloud probes

(Ulanowski et al. 2004; Connolly et al. 2007; Bailey and

Hallett 2004), indirect information can be obtained by

means of various light-scattering probes or using remote

sensing. Typically, aircraft and satellite measurements

of cirrus radiances show featureless phase functions,

which are not consistent with the idealized geometries

(Foot 1988; Baran et al. 2001; Baran 2004; Garrett 2008;

Baran 2012). Gayet et al. (2011) found prevalent parti-

cles with imperfect or complex shapes at the trailing

edge of midlatitude frontal cirrus. For one full day of

Polarization and Anisotropy of Reflectances for At-

mospheric Sciences (PARASOL) data over ocean, very

rough faceted particles provided an improved fit to po-

larized reflectances (Cole et al. 2013). In a study by

Baum et al. (2011), CALIPSO depolarization mea-

surements were explained through modeling ice crystals

with rough surfaces. Best fits to data from Arctic clouds

were consistent with deeply rough hexagonal ice crystals

(Lampert et al. 2009). Measurements using the polar

nephelometer suggested that the surface of Antarctic ice

crystals was deeply rough (Shcherbakov et al. 2006).

Uncertain knowledge of the concentrations and

shapes of small ice crystals, those with D , ;100mm,

also hinders progress in understanding the radiative

properties of ice clouds. For example, Vogelmann and

Ackerman (1995) suggested that radiative fluxes need to

be known within about 5% for climate studies, which

means that the asymmetry parameter (g) needs to be

known within about 2%–5%. Um and McFarquhar

(2007) showed that theoretical calculations of g are

typically larger than those derived from directional ra-

diation measurements or nephelometer measurements,

with assumptions of surface roughness used to reduce

the discrepancies (e.g., Yang et al. 2008). However,

there is no closure between such radiative and micro-

physics observations because there are few direct ob-

servations of surface roughness at the required scales.

While electron microscopy images of pristine crystals

grown in laboratories (e.g., Pfalzgraff et al. 2010; Magee

et al. 2014) do show some fine surface roughness, it is

uncertain how representative this is of atmospheric ice,

as such experiments have necessarily been carried out at

very low air pressures.
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There is also considerable uncertainty in the larger-

scale detail of the shapes of small ice crystals, which also

affects the scattering properties. For example, columns

(TakanoandLiou 1995),Chebyshev particles (McFarquhar

et al. 2002), droxtals (Yang et al. 2001), Gaussian ran-

dom spheres (Nousiainen and McFarquhar 2004),

budding buckyballs (Um and McFarquhar 2011), and

spheres have all been used for representing small par-

ticle shapes, with current imaging probes unable to

resolve between these shapes. The impacts on calcu-

lated single-scattering properties are large enough

to appreciably impact g, depending on the crystal

shape (McFarquhar et al. 2002). Potential inflation of

small particle concentrations due to shattering can

also affect g.

5. Radiative properties and feedbacks to climate

Cirrus clouds significantly modify the solar and in-

frared radiation within the atmosphere. Cirrus clouds

reflect a significant part of the incoming solar flux back

to space depending on their coverage, position, thick-

ness, and ice crystal size distribution and shape (Yang

et al. 2005, 2008, 2015). The reflection of solar radiation

results in a cooling effect at the surface and at the top of

the atmosphere. However, cirrus clouds also absorb

upwelling infrared radiation emitted by Earth’s surface

and lower atmosphere and emit at much lower tem-

peratures than these, thus reducing the infrared energy

escaping the Earth–atmosphere system and eventually

lead to warming (Baran 2004). The prevalence of the

solar albedo effect versus the infrared greenhouse effect

determines the gain or loss of radiative energy, which

leads to warming or cooling (Liou 1986).

Ou and Liou (1995) conducted a detailed study on the

cirrus cloud climate feedback by studying the radiative

behavior of the microphysical properties like ice water

path (IWP, the integral of IWC over the vertical extent

of the cloud) and the particle effective diameter (Deff,

proportional to the IWC/extinction in visible wave-

lengths). According to this work, both the infrared

emissivity and the solar albedo are increasing functions

of the IWP and decreasing functions of Deff. Accord-

ingly, as the IWP increases, this results in warming and a

positive feedback in the infrared and cooling and,

hence, a negative feedback in the visible. Similarly, in-

creasing the effective diameter leads to a positive feed-

back in the visible and a negative feedback in the

infrared. Considering only IWP would result in a net

negative feedback, whereas including both IWP andDeff

results in a net positive feedback.

Clouds in general and cirrus in particular remain

one of the most uncertain components of a general

circulation model and pose one of the greatest chal-

lenges in predicting the rate and geographical pattern of

climate change (IPCC 2007). One reason for this is that

cirrus encompass a wide range of optical thicknesses and

altitudes. Another reason is that the dynamical pro-

cesses that generate cirrus, which are different in dif-

ferent geographical areas, are poorly resolved in general

circulation models (GCMs). Similarly, the transport of a

very small amount of water vapor to and within the

upper troposphere, which influences the prediction of

cirrus, cannot be vertically resolved in GCMs that typ-

ically have 10–20 vertical layers. In the current climate,

the global annual mean cirrus cloud radiative effect (the

difference is the top-of-the-atmosphere net radiation

with and without cirrus clouds) is positive and amounts

to 5.7Wm22, as estimated with the ECHAM6-HAM2

general circulation model (Gasparini and Lohmann

2016). This is larger than estimates from satellite-based

studies by Chen et al. (2000) andHartmann et al. (1992),

which obtain the TOA cloud radiative effect of cirrus to

be 1.3 and 2.4Wm22, respectively.

For a doubling of CO2, the global annualmean surface

temperature is projected to increase between 1.5 and

4.5K (Collins et al. 2013). This warming results from the

initial temperature increase due to CO2 and is enhanced

by several positive feedbacks. Of these feedbacks, the

cloud feedback has the largest spread between different

GCMs and thus is the most uncertain (Vial et al. 2013;

Boucher et al. 2013) for the reasons stated above. In

addition, because clouds can be smaller than the grid

box of a GCM, they need to be parameterized: that is,

described in terms of large-scale (grid mean) variables.

Therefore GCMs have problems in simulating certain

cloud types and cloud microphysical properties. The

cloud feedback results in a temperature increase of 0.76
0.5K (Dufresne and Bony 2008). The contributions to

the positive cloud feedback are as follows (Boucher

et al. 2013): (i) The rising of high-level clouds implies

that the longwave cloud radiative effect increases, which

decreases the amount of energy emitted to space.

(ii) In a warmer climate the Hadley cell is expected to

broaden, which would mean that the storm tracks mi-

grate poleward. This causes low-level clouds to prevail

in areas that experience less solar radiation, which de-

creases their shortwave cloud radiative effect. Zhou

et al. (2014) estimated the cloud feedback due to cirrus

clouds alone. Because of the rising of high-level clouds,

it was found to be positive, with 0.2 6 0.2Wm22K21

(Zhou et al. 2014), and thus it would be a substantial

fraction of the cloud feedback if confirmed by other

studies.

Better determinations of cirrus optical properties,

structure, and vertical and horizontal extent over broad
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scales are necessary if we are to improve the projections

of the effects of cirrus clouds on climate. Such mea-

surements must be made by satellite, because aircraft,

radar, and lidar characterize cloud properties only over

very small regions of the planet. However, in order to

fully understand the climate impact of cirrus clouds,

cirrus clouds must be reliably represented in a physically

sound way in climate models. Most climate models now

include prognostic equations of the liquid and ice water

contents. Two-moment cloud microphysics schemes in

addition predict number concentrations of ice crystals.

A saturation adjustment, meaning that water vapor in

excess of the saturation water vapor will be converted

into condensate, is an assumption that is justified in

water clouds because of the large number of liquid

droplets. This assumption is not justified in cirrus clouds

because of the low number of ice crystals that cannot

efficiently deplete the gas phase water vapor. Therefore

state-of-the-art cirrus schemes abandon the satura-

tion adjustment for cirrus clouds and allow super-

saturation with respect to ice (e.g., Lohmann and

Kärcher 2002).
The results of GCM simulations indicate that the

uncertainty associated with the measurements of small

ice crystals may have a deleterious effect on model

simulations if current parameterizations of cirrus PSDs

are used to constrain the model PSDs. Using different

assumed size distributions for small particles, Mitchell

et al. (2008) showed that the uncertainties in the con-

centrations of small ice crystals can cause a 12% dif-

ference in cloud ice amount and a 5.5% difference in

cirrus cloud coverage globally, largely as a result of the

dependence of particle precipitation (sedimentation)

rate on the properties of the PSDs, producing an un-

certainty in the net cloud forcing in the tropics of25Wm22

and in the warming of the upper tropical troposphere of

over 38C. This is comparable to the radiative impacts of

CO2 doubling.

Also, up-to-date climate models that are coupled to

aerosol modules consider the competition of homoge-

neous with heterogeneous ice nucleation and the de-

velopment of cirrus building on preexisting ice crystals

(Kärcher et al. 2006; Penner et al. 2015; note here that

preexisting ice represents the category of liquid-origin

cirrus introduced in section 3). Heterogeneous ice

nucleation—which happens at lower supersaturations

than the homogeneous—leads in most cases to cirrus

clouds consisting of fewer but larger ice crystals than cirrus

that formed homogeneously. This reduces the cirrus opti-

cal depth. In addition, the ice crystals sediment faster,

further decreasing the optical depth. Heterogeneously

formed cirrus clouds thus reflect less solar radiation

back to space while at the same time more longwave

radiation is emitted to space. The difference in the net

top-of-the-atmosphere radiation amounts to roughly

2Wm22 (Lohmann et al. 2008). Kuebbeler et al. (2014),

in another study of the effects of the ice nucleation

process, show the difference in cloud properties when

only considering homogeneous nucleation and when ac-

counting for the competition between homogeneous and

heterogeneous nucleation and growth onto preexisting

ice crystals. In the global annual mean, the difference is

1Wm22 in the shortwave cloud forcing (SCF) and

1.5Wm22 in the longwave cloud forcing (LCF).

Lohmann et al. (2008) found a much larger influence of

the mode of ice nucleation. They compared more ex-

treme scenarios: the difference between considering

only heterogeneous nucleation versus only homoge-

neous nucleation amounts to changes in SCF of

2.7Wm22 and in LCF of 4.7Wm22. However, there is

considerable uncertainty in the value of one factor in

the mass growth rate of ice crystals, the mass accom-

modation coefficient. This coefficient, defined as the

ratio of the number of molecules incorporated into an

ice crystal lattice to the total number of impinging

molecules, reflects the still uncertain mechanisms that

act at the crystal surface to preclude the successful in-

corporation of some molecules. To reflect the potential

range of uncertainty, they decreased the mass accom-

modation coefficient from 0.5 to 0.006. This resulted in

an increase in the SCF by 14.7Wm22 and LCF by

18.3Wm22.

The difference in the net top-of-the-atmosphere ra-

diation between homogeneous and heterogeneous nu-

cleation led to the proposal by Mitchell and Finnegan

(2009) to engineer climate by converting homogeneously

formed cirrus clouds into heterogeneously formed cir-

rus clouds using Bismuth tri-iodide (BiI3), as shown in

Fig. 2-14 from Storelvmo et al. (2013).

While Storelvmo et al. (2013) confirmed the negative

forcing of 22Wm22 by cirrus seeding, Penner et al.

(2015) and Gasparini and Lohmann (2016) obtained a

much smaller negative forcing. They attributed their

much smaller forcings to the more dominant role of

water vapor uptake by preexisting ice crystals together

with a more prominent role of heterogeneous freezing

of natural cirrus. The latter is in agreement with the

observations by Cziczo et al. (2013).

6. Challenges to our understanding of cirrus
formation, evolution, and microphysical
properties

According to chapter 7 of the IPCC report (Boucher

et al. 2013, p. 583), ‘‘Especially for ice clouds, and

for interactions between aerosols and clouds, our
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understanding of the basic micro-scale physics is

not yet adequate, although it is improving.’’ In par-

ticular, the complex interactions among cirrus cloud

microphysics and dynamics and radiation, sea surface

temperature, and climate mean that conclusive results

on cirrus cloud–climate interactions will require con-

siderably more knowledge than we currently have.

Crucial measurements include size distribution of ice

crystals below 100mm; scattering behavior of ice crystals

as a function of size and habit; cloud radiative properties

as a function of temperature, cloud thickness, and height

in the atmosphere; and, especially, vertical motion (ve-

locity) fields. There are issues related to sampling of

cirrus microphysical properties that need to be consid-

ered in future measurements.

The previous sections have summarized many of the

observations collected to date both in situ and remotely

about the microphysics of cirrus clouds. Those that we

believe are reliable include the onset temperature for

homogeneous ice nucleation, the direct measurements

of the ice water content, the size distributions and shapes

of ice particles measured for particle sizes above about

100 or 200mm, and the presence of roughness on the

surfaces of some of the ice particles.With corrections for

shattering and new probe tips, the size distributions

measured for particles 20mm and above are being de-

rivedmore accurately than in the past. Themore reliable

measurements and observations reported to date, in-

cluding those made prior to awareness by the commu-

nity of errors produced by shattering of large particles

on the leading edges of the particle probes, include the

higher moments of the particle size distributions and the

size distributions for particles above about 200mm.

However, there are numerous measurement limitations

that need to be overcome if we are to improve our un-

derstanding of cirrus physical processes and to more

reliably represent them in climate models (see also

Baumgardner et al. 2017, chapter 9). In the future, we

need to address the following topics:

1) How can we measure/document the relative impor-

tance of homogeneous versus heterogeneous nucle-

ation of cirrus ice crystals?
d Collect residuals from ice crystals sublimated in the

inlet of a counterflow virtual impactor (CVI) probe

and measure their chemical composition and size

distributions. This is a starting point, but it might be

problematic to identify ice crystals that form on

preactivated ice nuclei or when there is a mixture

of ice particles originating at different times in the

life cycle of a cirrus cloud.

2) How are cirrus ice nucleation processes affected by

cloud dynamics: gravity waves, shallow and deep

convection, radiative cooling at cirrus cloud tops, and

turbulence?
d A considerable amount of ice PSD data are now

available for cirrus forming by different dynamical

forcing. These data are reasonably reliable if

corrections are made to the size distributions by

considering particle interarrival times and even

more so when imaging probes have Korolev-type

tips. A compilation of such data, with this type of

study, is needed.

3) What are the size distributions of cirrus particles in

the size range of about 1–20mm, where the current

generation of probes has a very small sample volume

and that volume cannot be reliably specified because

the depth of field of focus of the particles is very small

(see Korolev et al. 1998)? How do these change for

in situ through deep-convectively generated cirrus?
d This is a very difficult problem to address because

particle probes are fundamentally limited by geo-

metrical optics. Holographic probes, now available,

can provide the sample volume needed to define

FIG. 2-14. Conceptual schematic of changes in cirrus cloud properties in response to seeding. Red arrows rep-

resent longwave (LW) radiation, and blue arrows represent shortwave (SW) radiation. The seeded cirrus clouds on

average reflect slightly less SW radiation back to space but also allowmore LW radiation to escape to space, and the

latter effect dominates. From Storelvmo et al. (2013).
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the concentration of small particles, but these

instruments are significantly limited by their sam-

pling frequency.

4) How do the properties of cirrus (ice crystal sizes,

shapes, scattering properties, mass contents, etc.) vary

with the cloud dynamics and geographical location?
d As in 2), a compilation of existing data is now

needed. A field program conducted in the Antarc-

tic to measure cirrus microphysical properties is

most urgently needed.

5) There are different approaches to measurement of

bulk ice water content (McFarquhar et al. 2017,

chapter 11). These instruments measure over differ-

ent IWC ranges and with differing accuracy. How

should these datasets be merged to develop a compre-

hensive understanding and representation of the IWC?

6) What are the dominant cirrus crystal shapes, and

have their scattering properties been reliably repre-

sented in climate models and satellite-based re-

trievals of cirrus cloud microphysical properties?
d Data from the small ice detector (SID) probes,

versions SID-2 and SID-3, are now available to

characterize the scattering properties of small

cirrus crystals (,60mm) forming in a wide range

of environmental conditions and geographic loca-

tions. With analysis of these datasets, it will be

possible to improve the representation of the scat-

tering properties of ice crystals in climatemodels and

in improving the retrievals of ice cloud properties

from active and passive satellite remote sensors.

7) How do cirrus crystal surface properties—especially

roughness—influence their scattering properties and,

more generally, the radiative properties of cirrus?
d The conditions that lead to the development of ice

crystal roughness or irregularity are still not well

understood. Supersaturation has been indicated as

one of the main parameters controlling the surface

roughness in experiments conducted by Hallett

(1987). Dedicated experiments in the Aerosol

Interaction and Dynamics in the Atmosphere

(AIDA) cloud chamber showed that increasing

the peak supersaturation leads to increased rough-

ness (Schnaiter et al. 2016). Also, this was observed

following repeated growth/sublimation events

(Chou et al. 2014). More laboratory experiments

are clearly needed to further understand the pro-

cesses leading to ice crystal surface roughness.

In future ice cloud measurements, we need to factor in

concerns about producing ice particles by the aircraft that

we are sampling with, for example, aircraft-produced ice

particles. We also need to avoid the contamination of our

measurements as a result of aircraft contrails, since these

will commonly be produced in circumstances where nat-

ural cirrus clouds form and evolve.
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