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ABSTRACT

Since cirrus clouds have a substantial influence on the global energy balance that depends on their mi-

crophysical properties, climate models should strive to realistically characterize the cirrus ice particle size

distribution (PSD), at least in a climatological sense. To date, the airborne in situ measurements of the cirrus

PSD have contained large uncertainties due to errors in measuring small ice crystals (D & 60 mm). This paper

presents a method to remotely estimate the concentration of the small ice crystals relative to the larger ones

using the 11- and 12-mm channels aboard several satellites. By understanding the underlying physics pro-

ducing the emissivity difference between these channels, this emissivity difference can be used to infer the

relative concentration of small ice crystals. This is facilitated by enlisting temperature-dependent charac-

terizations of the PSD (i.e., PSD schemes) based on in situ measurements.

An average cirrus emissivity relationship between 12 and 11 mm is developed here using the Moderate

Resolution Imaging Spectroradiometer (MODIS) satellite instrument and is used to ‘‘retrieve’’ the PSD

based on six different PSD schemes. The PSDs from the measurement-based PSD schemes are compared with

corresponding retrieved PSDs to evaluate differences in small ice crystal concentrations. The retrieved PSDs

generally had lower concentrations of small ice particles, with total number concentration independent of

temperature. In addition, the temperature dependence of the PSD effective diameter De and fall speed Vf for

these retrieved PSD schemes exhibited less variability relative to the unmodified PSD schemes. The reduced

variability in the retrieved De and Vf was attributed to the lower concentrations of small ice crystals in the

retrieved PSD.

1. Introduction

The measurement of small ice crystals (D , 60 mm)

has been a controversial issue in the atmospheric sci-

ences community largely because their concentrations

may be partially due to the shattering of larger ice

particles at the inlet of the probes that measure them,

resulting in artifact ice crystals. Depending on the in

situ measurements one uses, these small ice crystals

may affect cirrus cloud optical depth by a factor of 2

(McFarquhar et al. 2007). The concentration of these

small crystals relative to larger ice particles is critical

to climate prediction (Mitchell et al. 2008) since this

affects the overall ice sedimentation rate of the ice

particle size distribution (PSD). Through their impact

on ice fall speeds, their relative concentration affects

the cirrus cloud feedback and climate sensitivity (the

equilibrium change in global mean surface tempera-

ture) in global circulation models (GCMs). Sanderson

et al. (2008) show that next to the entrainment co-

efficient, the ice fall speed has the greatest impact on

climate sensitivity in thousands of perturbed physics

GCM experiments.
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The measured concentrations of small ice crystals are

often orders of magnitude greater than that of the larger

particles (McFarquhar and Heymsfield 1997; Ivanova

et al. 2001; Lawson et al. 2006a; Garrett et al. 2005). The

instruments used to measure the concentrations of small

ice crystals include, but are not limited to, the ice par-

ticle replicator (Hallett 1976), the Video Ice Particle

Sampler (VIPS) (McFarquhar and Heymsfield 1996),

the Forward Scattering Spectrometer Probe (FSSP)

(Knollenberg 1981) and the Cloud Aerosol Spectrom-

eter (CAS) (Baumgardner et al. 2001). The FSSP and

the CAS have an inlet tube in which ice particle shat-

tering could easily occur. The replicator and VIPS do not

have an inlet tube but their collection efficiency varies as

a function of particle size.

Recent progress in instrument design and signal pro-

cessing has resulted in new probes for measuring cloud

PSDs (Baumgardner et al. 2001; Lawson et al. 2006b).

Evidence of ice artifact production resulting from shat-

tering is given in Field et al. (2003), McFarquhar et al.

(2007), Heymsfield (2007), and Jensen et al. (2009). Evi-

dence that the FSSP can measure realistic number con-

centrations is given in Ivanova et al. (2001) and Gayet

et al. (2006).

In view of these types of conflicting results regarding

the measurements of small ice crystal concentrations,

this study addresses this issue using results derived from

in situ measurements and from satellite remote sensing.

A new satellite remote sensing technique has been de-

veloped that uses parameterized results from aircraft

measurements to help characterize the larger ice parti-

cles (D . 60 mm). That is, in situ measurements of ice

particle size distributions are parameterized by tem-

perature and ice water content (IWC), henceforth re-

ferred to as PSD schemes. To characterize the smaller

ice crystals of the PSD, the effective cirrus cloud absorp-

tion optical depth ratio obtained from satellite measured

radiances at 12 and 11 mm is used. Based on several

satellite remote sensing studies of midlatitude and tropi-

cal cirrus, the ratio appears to have climatological sig-

nificance, and so does the relative concentration of small

ice crystals estimated from this ratio. Combining the

satellite-inferred information with the PSD estimate for

the larger ice particles yields the entire parameterized

PSD for a given IWC. While satellite measurements

have their own uncertainties, the problem of artifact

small ice particles from shattering is avoided using this

approach.

Theory concerning ice particle–radiation interactions

is described in section 2. Section 3 describes two re-

trieval methods for the cirrus absorption optical depth

ratio and microphysics. The results are presented and

discussed in section 4, and a summary is given in section 5.

2. Radiation theory for cloud particles

The modified anomalous diffraction approximation

(MADA) (Mitchell et al. 1996, 2006a; Mitchell 2000,

2002) is used to treat ice cloud optical properties in the

retrieval algorithm. With MADA, extinction and ab-

sorption are expressed in terms of the parameters of

a gamma function PSD and the representative measured

mass–dimension and projected area–dimension power

law relationships. This dependence allows us to estimate

PSD information from satellite radiances.

To evaluate the relative concentration of small ice

crystals in cirrus clouds, we use the cloud emissivity

difference retrieved in the 12- and 11-mm bands that are

a common component of many environmental satellite

sensors. To understand how this is possible, the absorp-

tion processes involved and how they differ between

liquid water and ice particles need to be understood.

These fundamental insights are illustrated in Fig. 1,

where the real and imaginary refractive index (nr and ni)

for bulk ice and water are plotted against wavelength

(refractive indexes from Warren and Brandt 2008;

Downing and Williams 1975). Also plotted is the cloud

particle absorption efficiency, Qabs, which is given by the

simple anomalous diffraction theory (ADT) described

in Mitchell and Arnott (1994):

Q
abs,ADT

5 1� exp(�4pn
i
d

e
/l), (1)

where l is wavelength and particle effective size de is

defined as de 5 m/rAp where m is particle mass, r is bulk

FIG. 1. Solid (dashed) curves correspond to ice (liquid water),

showing the (top) real and (bottom) imaginary refractive index.

The two middle curves show the ADT absorption efficiency for an

ice crystal having an effective size of a 25- and a 10-mm cloud

droplet, where absorption occurs only over the particle cross sec-

tion. See text for details.
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density of water or ice, and Ap is particle cross section

or projected area. The Qabs,ADT values correspond to

a cloud droplet and ice particle de of 10 and 25 mm, re-

spectively, with 10 mm being typical for water clouds. In

the absence of very high concentrations of small ice

crystals, an ice particle de of 25 mm is considered small,

with more than about 90% of the PSD projected area

residing with larger particles (Jensen et al. 2009). Thus,

for most cirrus ice particles, for wavelengths greater

than 10.5 mm, Qabs,ADT ’ 1.0, meaning that all radiation

incident upon the particle’s cross section is absorbed.

Under such conditions we can apply the zero-scattering

approximation for cloud emissivity «:

« 5 1� exp(�t
abs

/cosu) 5 1� exp(�Q
abs

P
t
Dz/cosu),

(2)

where tabs is absorption optical depth, u is satellite

viewing angle, Qabs 5 babs/Pt, babs 5 absorption co-

efficient, Pt is PSD projected area, and Dz is cloud depth.

If Q
abs

in (2) is approximated as Q
abs,ADT using (1), then

«(11 mm) ’ «(12 mm). Thus, there must be an additional

process other than the Beer’s law absorption repre-

sented in ADT that is responsible for the observed dif-

ferences between «(11 mm) and «(12 mm). This other

process is referred to as wave resonance or photon

tunneling. In Mitchell (2000), the maximum tunneling

contribution is shown to be directly proportional to nr.

In Fig. 1, the solid curves refer to ice and the ice nr curve

is seen to increase almost linearly between 11 and

13 mm, implying a quasi-linear absorption contribution

from tunneling. Although previous literature has credi-

ted ni for the cirrus cloud emissivity difference between

«(11 mm) and «(12 mm), it is actually nr that is respon-

sible, with the emissivity difference due to differences in

tunneling contributions to absorption.

The dashed curves in Fig. 1 refer to liquid water re-

fractive indexes and Qabs,ADT for a cloud droplet hav-

ing de 5 10 mm. It is seen for water that tunneling does

not contribute to the difference between «(11 mm) and

«(12 mm) since nr is almost constant over those wave-

lengths. The rapid change in Qabs,ADT between 11 and

12 mm shows that it is Beer’s law absorption based on ni

that is responsible for the emissivity differences in liquid

water clouds.

We now show that small ice crystals can be evalu-

ated using the properties of photon tunneling or wave

resonance. Photon tunneling can be described as the

process by which radiation beyond the physical cross

section of a particle is either absorbed or scattered out-

side the forward diffraction peak. As shown in Mitchell

(2000) and Mitchell et al. (2006a), tunneling is strongest

when

(i) the wavelength and the effective size of the particle

are comparable,

(ii) the particle is spherical or quasi-spherical, and

(iii) the real part of the refractive index is relatively

large.

Attribute (i) is illustrated in Fig. 2 for a wavelength of

12 mm, where it is seen that the absorption contribution

from tunneling is significant for hexagonal columns less

than 60 mm and can account for 20% or more of the

absorption efficiency. This tunneling contribution was

calculated from Eq. (10) in Mitchell (2000). Since the

shape of ice crystals becomes more spherical as their size

decreases (Korolev and Isaac 2003), their tunneling

contribution is enhanced via attribute (ii). Finally, the

wavelength dependence of tunneling in Fig. 1 suggests

the difference in absorption between 12 and 11 mm, or

the 12/11-mm absorption efficiency ratio, defined as b,

might be a useful signal for detecting small ice crystals.

The operating principle of this remote sensing method

is further illustrated in Fig. 3. The solid curve shows

Q
abs

for a bimodal size distribution of quasi-spheres

(droxtals) in the small mode and bullet rosettes in the

large mode. The dashed curve is for the large-mode ro-

settes only. The Qabs for wavelengths more than 11 mm

are greater for the complete PSD owing to tunneling. The

reason Qabs is greater between 11 and 13 mm when the

full PSD is used is because of the first two factors listed

above regarding small ice crystals, and Q
abs

(12 mm) .

Q
abs

(11 mm) because of the third factor [nr(12 mm) .

nr(11 mm)]. Since tunneling is only a measure of the

small mode and the ratio Qabs (12 mm)/Qabs(11 mm), or

b, is determined from tunneling, this ratio serves as

a measure of the small mode of the cirrus PSD. These

FIG. 2. Size dependence of the photon tunneling contribution

(i.e., wave resonance) to the absorption efficiency of a hexagonal

column for a wavelength of 12 mm.
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calculations are based on the optical property database

given in Yang et al. (2005), but the same result is given

by MADA.

MADA is unique in that it is analytically formulated in

terms of explicitly parameterized scattering/absorption

processes. As described in Mitchell et al. (2006a), tun-

neling efficiencies (Te) for various ice crystal shapes

were determined by comparisons between MADA and

finite-difference time-domain (FDTD) calculations and

were parameterized as a function of ice particle shape

and large mode D. Based on Cloud Particle Imager

(CPI) ice crystal morphology measurements in synoptic

cirrus, 53% of the small ice crystals were assumed to be

quasi-spherical (Te 5 1.0), 31% compact-irregular (Te 5

0.70), and 16% budding bullet rosettes (Te 5 0.70). At

these small sizes (D , 40 mm), most ice crystal shapes

exhibit aspect ratios close to 1.0 and thus have relatively

high tunneling efficiencies between 0.70 and 1.00. Tun-

neling contributions from the larger ice particles was

negligible regardless of Te owing to the size dependence

of tunneling (Fig. 2).

3. Estimating small ice crystal concentrations

a. Microphysical framework

Our challenge is to estimate the relative concentration

of small-to-larger ice particles in a size distribution. A

bimodal PSD framework is adopted here, where each

mode of the PSD is described as a gamma function of the

form

N(D) 5 N
o
Dn exp(�lD), (3)

where l is the slope parameter, n is the dispersion or

width parameter, and No relates the other two param-

eters to the PSD (or mode) number concentration N or

IWC. While our objective is to estimate the complete

PSD for a given IWC, each PSD mode is described by

the three terms in (3). With six PSD terms, there are

more unknowns than we can infer from two measured

radiances. The PSD terms that we cannot infer from

satellite radiances are estimated from a temperature-

dependent PSD scheme (derived from in situ measure-

ments) that provides a bimodal PSD estimate given a

satellite-retrieved cloud temperature and an assumed

IWC. Since the measurement uncertainties associated

with the larger ice particles are expected to be less

than the small crystal uncertainties, we approximate the

large-mode mean size from temperature (e.g., Ryan

1996; Platt 1997; Ivanova et al. 2001; Donovan 2003;

Field et al. 2007). For reasons given in section 2, the

relative contribution of the small (D , 60 mm) ice

crystals can be estimated from satellite radiances. By

combining the PSD scheme based on in situ measure-

ments of the larger ice particles with radiance mea-

surements that are sensitive to the small PSD mode,

an estimate of the complete PSD (bimodal or mono-

modal) can be retrieved for a given IWC. The only

restriction on the choice of IWC is that it should not

yield an ice water path (IWP) that causes «(11 mm) /
1.0 (i.e., a blackbody). We assumed IWC 5 10 mg m23

and IWP 5 15 g m22.

A salient feature of this study is the ability to couch

the derived cirrus PSDs in a ‘‘climatological context.’’

Parameterizations of PSDs from six studies described in

the literature are examined using satellite radiance mea-

surements of cirrus (explained in section 3b). The PSDs

described in Lawson et al. (2006a) were parameterized

as described in the appendix. The other PSD schemes

were extracted from Ivanova et al. (2001), Donovan

(2003), Heymsfield (2003), Ivanova (2004), and Schmitt

and Heymsfield (2009). The Donovan scheme is based

on lidar–radar ground-based remote sensing.

The Heymsfield (2003) and Schmitt and Heymsfield

(2009) PSD schemes are monomodal whereas the others

are formulated as bimodal. The modified gamma func-

tions in Donovan (2003) were reformulated as gamma

functions. A given PSD scheme provides an initial esti-

mate via cloud temperature for the large-mode slope

parameter or mean size. It also defines n for the large

and small mode and l for the small mode. The satellite-

measured radiances are used to estimate the small-mode

IWC (related to the parameter No) and sometimes to

modify the large-mode l. For the monomodal PSD

schemes, we use Ivanova et al. (2001) to define the small-

mode n and l in the retrieval algorithm.

FIG. 3. Absorption efficiencies for a bimodal size distribution

(solid) and the same PSD but without the small crystal mode

(dashed). The difference in the curves between 11 and 13 mm is due

only to tunneling.
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b. Effective absorption optical depth ratio

To estimate the complete PSD we use the 12-to-11 mm

effective absorption optical depth ratio, or beff, where

beff is calculated from satellite measured effective emis-

sivities (i.e., based on the zero-scattering approximation)

of semitransparent cirrus. The relative concentration of

small ice crystals is then estimated from beff. To appraise

these concentrations in a climatological context, the beff

retrievals should be sufficiently extensive.

The absorption optical depth ratio is equivalent to the

absorption efficiency ratio Qabs (12 mm)/Qabs(11 mm)

and is independent of IWC. To account for scattering

effects, Parol et al. (1991) recommend using an effective

absorption efficiency ratio that is equivalent to beff,

where

b
eff

5 Q
abs,eff

(12 mm)/Q
abs,eff

(11 mm) (4)

and

Q
abs,eff

5 Q
abs

(1� v
o
g)/(1� v

o
), (5)

where g is an asymmetry parameter and vo is single

scattering albedo of the PSD. When all radiation is

scattered in the forward direction (approached in non-

scattering conditions), g 5 1 and Q
abs,eff

5 Q
abs

in the

PSD retrieval algorithm; beff is calculated from (4) using

the g parameterization given in Yang et al. (2005). In the

effective emissivity satellite retrieval, beff is calculated

as (Inoue 1985)

«
eff

(12 mm) 5 1� [1� «
eff

(11 mm)]beff . (6)

SATELLITE RETRIEVAL OF bEFF

Using the Advanced Very High Resolution Radiom-

eter (AVHRR) channels 4 (10.5–11.5 mm) and 5 (11.5–

12.5 mm) aboard the polar-orbiting satellite NOAA-7,

Inoue (1985) found that beff ’ 1.08 based on (6) and 860

satellite measurements for eight cirrus clouds in a

550 km2 region over the Pacific, centered at 258N, 1508E.

Parol et al. (1991) showed similar beff results for a small

region of cirrus. Giraud et al. (1997) developed an au-

tomated split-window analysis using these AVHRR

channels that estimates a maximum value for beff, using

21 AVHRR images of cirrus during fall over the northern

Atlantic and Europe. For cirrus temperatures less than

2408C, the mean upper limit for beff was about 1.12. At

warmer temperatures, beff was larger, but this is believed

to be due to the presence of supercooled liquid water

(Giraud et al. 2001) as shown by an analysis including

Polarization and Directionality of the Earth’s Reflectances

(POLDER) satellite data where the cloud thermodynamic

phase was determined. Therefore, for the cirrus clouds in

these studies, beff from AVHRR appears to have an av-

erage value of about 1.08 and a mean maximum value of

about 1.12.

While these measurements are considerable in scope,

they have two limitations: (i) the more extensive mea-

surements of Giraud et al. (1997) do not yield mean

values for beff, making a climatological estimate of av-

erage beff very uncertain, and (ii) the retrieval equations

involve three unknowns (cirrus emissivity « for two sat-

ellite channels and cirrus temperature T) but the two

radiance measurements allow only two unknowns to be

solved. Hence, in these studies T was approximated as

the brightness temperature of the nearest ‘‘blackbody’’

cirrus (« ’ 1.0).

To address these issues we developed a new retrieval

method that solves for T independently of emissivity,

using Moderate Resolution Imaging Spectroradiometer

(MODIS) carbon dioxide channels. A more detailed

description of this method can be found in Mitchell and

d’Entremont (2008) and in a future paper. In brief, T is

estimated using radiances measured in two CO2 chan-

nels centered at 13.3 and 14.2 mm. The real refractive

index here is 1.52 and 1.58 respectively, indicating the

absorption contribution from tunneling is almost the same

in these channels (Mitchell 2000). The imaginary index ni

is 0.355 and 0.246, respectively, yielding a PSD Qabs ’

1.0 for each wavelength when tunneling is neglected. For

these reasons the emissivity in each channel is essen-

tially the same («13.3 5 «14.2), allowing us to solve for T

using radiance observations from these two channels.

Considering their spectral response functions, the MODIS

channels used to retrieve beff were centered at 11.00 and

12.01 mm. The corresponding response function-weighted

AVHRR channels are centered at 10.81 and 11.98 mm,

making AVHRR beff slightly greater than MODIS beff.

AVHRR and MODIS beff values are compared in

Heidinger and Pavolonis (2009), although mean values

of beff are not given.

To obtain more extensive sampling of beff, this method

was applied to three case studies: the Tropical Western

Pacific International Cirrus Experiment (TWP-ICE) on

2 February 2006 and the Tropical Composition, Cloud

and Climate Coupling (TC4) campaign on 22 July and 5

August 2007. The cirrus sampled during these case studies

covered approximately 10 428, 65 415, and 41 925 km2,

respectively, based on the approximation of 1 km2 per

MODIS pixel. Since these case studies contained both

anvil and in situ cirrus, the mean beff values obtained

should be fairly representative of tropical anvil and in

situ cirrus (although it is unclear whether they are rep-

resentative of cirrus at midlatitudes).
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Only single-layer cirrus clouds over ocean were ana-

lyzed, making it more straightforward to estimate the

clear-atmosphere contribution to the infrared upwelling

radiances. These are influenced by two main physical

processes: ocean-surface emissivity and atmospheric at-

tenuation. We prescribe ocean-surface emissivity using

the model of Nalli et al. (2008), which specifies emis-

sivity as a function of sea surface temperature (SST),

wavelength, ocean-surface wind speed, and view angle.

The SST analysis is obtained from the National Centers

for Environmental Prediction (NCEP) Global Forecast

System (GFS) SSTs, which for our case studies are valid

within 45 min of the MODIS overpass times. Finally

we use the Optimal Spectral Sampling (OSS) model of

Moncet et al. (2008) to compute the clear-atmosphere

transmittance profiles in the MODIS infrared channels

using coincident GFS upper-air temperature and water

vapor analyses. With these inputs prescribed, the only

unknown left to solve for in a given infrared band is the

cirrus emissivity.

Since T was also retrieved, we filtered the retrievals

such that (i) T # 2358C (to insure we were not sampling

mixed phase clouds) and (ii) «(11 mm) # 0.40. The later

was done for three reasons: 1) to increase confidence that

the satellite radiance observations, and hence the emis-

sivity retrievals, are sensitive to ice particles throughout

the entire vertical extent of the cloud, thereby strength-

ening the relationship between T and cirrus microphysics;

2) thermal radiances are affected strongly by the parti-

cle size and shape in thin cirrus but less so as the cirrus

become optically thicker (Wendisch et al. 2007), with

blackbody cirrus radiances containing no microphysical

information (beff 5 1.0); 3) beff retrieval errors due to

partial cloud coverage of a pixel are relatively low when

«(11 mm) , 0.5 (Heidinger and Pavolonis 2009). Results

from this analysis are summarized in Figs. 4 and 5. Using

all «(11 mm) for T # 2358C, the retrievals were parti-

tioned into nine «(11 mm) intervals of width 0.10, with

mean values of «(11 mm) and beff calculated within each

interval. These are shown in Fig. 4 for each case study,

with one standard deviation (s) from the mean beff

given by the vertical bars. The curves are remarkably

similar, suggesting little variance in beff as a function of

«(11 mm) as per location and cloud system. This re-

lationship could be due to a relationship between PSD

effective diameter De and the IWP, where IWP is di-

rectly related to «(11 mm), or it could result from reason

2 above, or perhaps both factors are responsible. For the

three case studies, the mean value of beff for «(11 mm) #

0.4 and T # 2358C is 1.065 6 0.046. This is the beff value

that all ‘‘retrievals’’ in this paper are based on and, since

the PSD schemes are functions of T, a single beff value

assumes that beff is independent of T. In Fig. 5, beff is

related to T for the 22 July 2008 case study [«(11 mm) #

0.4, T # 2358C], where the retrievals were grouped into

nine equally spaced temperature intervals to provide

mean values and s in beff. Figure 5 indicates that beff is

independent of T for this case study. The same result was

found for the 5 August TC4 case study, and the TWP-

ICE case study did not have a sufficient range in T to

draw any conclusions. The maximum beff values reported

in Giraud et al. (1997) for T , 2358C also indicate beff

is independent of T. Thus, it appears that beff for cirrus

is generally independent of T.

c. Retrieval logic

The higher the small-mode ice mass content (or small-

mode number concentration Nsm), the larger beff becomes.

This principle is used to determine Nsm by matching the-

ory with observations, as described below:

1) The first step when retrieving cloud properties is to

begin with a retrieved cloud temperature and a beff

value. For the purposes of this paper, only beff is

needed while temperature is systematically decreased

from 2208 to 2608C.

2) From this temperature, the PSD scheme yields a rough

estimate of the large-mode mean size D, the small- and

large-mode dispersion parameters, and the small-

mode mean size. A ‘‘first guess’’ of beff is calculated

using only the large mode for an arbitrary IWC.

3) If the calculated beff , 1.065, the small-mode con-

tribution to the cirrus IWC is incremented until

FIG. 4. The mean values of the retrieved effective absorption

optical depth ratio beff related to retrieved mean emissivity for the

three case studies with retrieved cirrus temperature ,2358C to

insure the clouds are only ice phase. Vertical bars indicate standard

deviations and the beff 5 1.0 line is given for ease of reference.
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beff 5 1.065. In this case the retrieved large-mode D

equals the original first-guess large-mode D.

4) If the calculated beff . 1.065, then no small mode

exists, and the large-mode D is systematically in-

creased until a match is obtained.

5) In this way the effective diameter De and the small-

to-larger ice particle concentration ratio Nsm/Nlg can

be retrieved. For a given IWC, ice particle number

concentration N and the complete PSD are retrieved.

This procedure requires a ‘‘most likely’’ value for a and

b in the ice particle mass–dimension relationship: m 5

aDb. The same is true for the projected area–dimension

relationship: A 5 gDd. Since we are using MADA to

predict the optical properties, ice particle shape is ex-

pressed and quantified through these m–D and A–D re-

lationships, with the m–D expression having the greater

impact on the retrieval. New instrumentation and methods

have provided improved estimates of a, b, g, and d for

both small and larger ice particles, as described in the

appendix, which provided the values used here. Since

the m–D and A–D expressions change as a function of D,

the incomplete gamma distribution is used when inte-

grating microphysical and optical properties over the

PSD, as described in Mitchell (2002). The sensitivity of the

retrieval to these parameters is addressed in section 4b.

4. Results and discussion

a. Size distributions

As shown in Figs. 6–8, the above retrieval was per-

formed on the PSD schemes described in Ivanova et al.

(2001), Donovan (2003), and the appendix regarding

midlatitude synoptic cirrus; in Heymsfield (2003) and

Ivanova (2004) regarding tropical anvil cirrus; and in

Schmitt and Heymsfield (2009) regarding tropical tro-

popause cirrus. The appendix describes a new PSD pa-

rameterization method, which has been developed using

data from Lawson et al. (2006a) collected from synoptic

cirrus. This PSD scheme differs from others in that the

large mode is parameterized by considering the entire

measured PSD, possibly leading to a more realistic PSD

shape. Henceforth this PSD scheme will be referred to

as the Mitchell scheme. Ivanova (2004) is based on PSDs

sampled during the Central Equatorial Pacific Experi-

ment (CEPEX), henceforth referred to as the CEPEX

scheme. With the exception of the Donovan (2003),

Heymsfield (2003), and Schmitt and Heymsfield (2009)

studies, ice crystals less than 50 mm were sampled by

an FSSP, while larger ice particles were sampled by a

2D-C probe. A Cloud Particle Imager (CPI) was used

for the Lawson et al. (2006a) dataset for intermediate

sizes (characterizing the transition between the FSSP

and 2D-C). The novel Donovan PSD scheme is based

on ground-based lidar and radar retrievals, although some

a priori microphysical information used in the retrieval is

based on in situ measurements.

The above retrieval was applied to all PSD schemes

using two values of beff: 1.065 to represent the average or

climatological PSD for a given temperature and 1.11

(mean beff 1 s) to illustrate PSD behavior for one

standard deviation s above the mean beff. Using the

methodology described in the previous section, the PSD

was retrieved for each of these PSD schemes for three

temperatures, as shown in Fig. 6. The solid curves cor-

respond to beff 5 1.065 while the dashed curves corre-

spond to beff 5 1.11. The difference between the solid

and dashed curves yields an estimate of uncertainty in

small ice crystal concentration (only the mean 1s con-

centration is plotted for readability; the mean 2s PSD is

always monomodal).

These results indicate that the following PSD config-

urations are consistent with satellite measured radiances

at 11 and 12 mm: monomodal superexponential (Mitchell

scheme), bimodal exponential (CEPEX scheme), and bi-

modal subexponential (Ivanova and Donovan schemes),

where subexponential refers only to the large mode.

There is a slight bimodality for the Mitchell synoptic

cirrus at 2308C when beff 5 1.11, but otherwise the PSD

are superexponential monomodal spectra. The mono-

modal PSDs are consistent with the radiation since their

superexponential attribute introduces many small ice

crystals that increase beff. Nonsuperexponential PSDs

require a separate small mode to satisfy beff. From these

results it is difficult to say whether cirrus PSD tend to be

FIG. 5. The retrieved effective absorption optical depth ratio beff

related to cirrus cloud temperature for «(11 mm) # 0.4 and T ,

2358C using the 22 July 2008 TC4 case study. Mean beff are given

by the pink curve and vertical bars indicate standard deviations.
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monomodal or bimodal. It is possible that the distinc-

tion between monomodal and bimodal depends on the

methodology employed in parameterizing the PSD. For

example, parameterizing the particles measured by the

FSSP and 2DC as two separate populations or modes (as

done in the CEPEX anvil and Ivanova synoptic schemes)

may artificially produce or enhance a bimodal structure.

The Mitchell scheme avoids this practice by considering

all the particles when parameterizing the large mode

(see appendix). There is a clear trend of increasing bi-

modality with increasing temperature, although this is

less apparent with the Mitchell scheme (which exhibits

some bimodality at T 5 2208C).

Figure 7 compares the retrieved climatological PSDs

(solid curves) with their corresponding PSD generated by

the original PSD scheme (dashed curves). For example,

the retrieved PSD at 2308C using a priori microphysics

from the Ivanova synoptic scheme (solid red) is com-

pared against the PSD at 2308C predicted by the orig-

inal Ivanova synoptic cirrus scheme (dashed red). It is

seen that the differences between the dashed and solid

curves for the Ivanova synoptic scheme are slightly less

than the corresponding uncertainty differences reported

in Fig. 6. This suggests that the small ice crystal concen-

trations predicted by the Ivanova et al. (2001) scheme are

well within the range of observed concentrations, based

on the uncertainty in beff. For the other PSD schemes,

the original scheme overpredicts the concentrations of

small ice crystals (relative to the retrieval), often by an

order of magnitude or more. A possible explanation is

the ice particle shattering phenomena described in the

introduction. The Donovan scheme is not based on in

FIG. 6. Retrieved PSD from the indicated PSD schemes based on the mean beff of 1.065 (solid) and the mean 1 sbeff

of 1.11 (dashed) for the indicated IWC.
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situ aircraft measurements, so ice particle shattering

was not a factor in this study. Overprediction by the

Donovan scheme appears greatest at T 5 2608C, but at

T 5 2308C the Donovan PSD is within the concen-

tration uncertainties shown in Fig. 6.

A possible explanation for the relative agreement be-

tween the Ivanova scheme and the Ivanova retrievals in

Fig. 7 is that the FSSP-100 used in Ivanova et al. (2001)

incorporated a 6-ms ‘‘dead time,’’ as suggested in that

paper. That is, after a particle was detected and sized,

the probe electronics were inactive for 6 ms before an-

other particle could be sized. During this period (cor-

responding to 600 mm at an airspeed of 100 m s21), if

the detected particle were the leading edge of a cluster

of shattered artifacts, most of the trailing artifacts would

be ignored as they pass through the sample volume. Other

possible explanations may also exist and the cause of this

agreement is speculative at this time.

The PSD schemes of Heymsfield (2003) and Schmitt

and Heymsfield (2009) are evaluated in Fig. 8. The

Heymsfield scheme applies to both midlatitude and trop-

ical anvil cirrus while the Schmitt and Heymsfield (SH)

scheme applies only to tropopause cirrus between 2568

and 2868C. Since the small ice crystal measurements

were not considered reliable in Heymsfield (2003), only

ice particle sizes greater than 50 mm were considered.

Using a beff of 1.065, the retrieved PSDs indicate that the

concentrations of small ice crystals are underestimated

by the monomodal Heymsfield scheme (dashed curves).

However, the Heymsfield scheme is consistent with

beff ; 1.035, which lies within one s of beff. In general,

these retrievals are highly uncertain when beff , 1.03 since

FIG. 7. Retrieved PSD (solid) based on beff 5 1.065 compared with the corresponding PSD from the original

PSD scheme (dashed).
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a small change in beff produces a large change in large-

mode D. The SH scheme (dashed) agrees fairly well with

the retrieved PSD (right panel). The long-dashed curve

shows the retrieved PSD when based on beff 5 1.11

(mean beff 1 s); the solid curve is for mean beff. The

unmodified SH PSD slope lies between those of the two

retrieved PSDs, showing consistency with the retrieved

PSDs. The SH scheme is based mostly on VIPS mea-

surements, which accurately measures down to 10-mm

particle size. Shattering may be less of a problem for the

VIPS since it does not use the inlet tube that charac-

terizes the FSSP and other probes. Finally, the SH com-

parison illustrates how the retrieval decreases the PSD

slope when the initial PSD estimate yields a beff larger

than 1.065 (see section 3c, item 4).

The ‘‘radiance corrected’’ Mitchell scheme exhibits

PSDs that appear most similar to PSDs measured with

the new two-dimensional stereo (2D-S) probe, where the

shattering problem is much reduced. Examples of 2D-S

PSDs are shown in Jensen et al. (2009).

b. Uncertainties

The retrieved PSDs in Figs. 6–8 depend on the ice

particle mass–dimension (m–D) power law assumed.

For example, if we use a single m–D expression for

bullet rosettes [Eq. (22) in Heymsfield et al. 2002], the

retrieved CEPEX PSDs are monomodal for tempera-

tures 2408C and colder. This is because the bullet ro-

sette m–D expression yields lower ice particle masses for

a given D than the m–D expressions in the appendix,

which translates to a lower effective size De. Each PSD

ice particle has its own effective size de and the tunneling

contribution to absorption increases with decreasing de.

Thus, by decreasing de, fewer small ice crystals are re-

quired in the PSD retrieval to produce a beff of 1.065.

Owing to the dependence of our PSD results on the

m–D expression, we have developed a new method to

better characterize an m–D power law for cirrus, as

described in the appendix. Since our m–D expressions

predict more mass per unit length than many of the m–D

expressions in the literature (e.g., Mitchell 1996), our

main findings will not be changed by using different

m–D expressions. That is, the retrieved PSDs have lower

concentrations of small ice crystals than the original

PSD schemes predict. Naturally, if the PSD retrievals

depend on the m–D expression, so also will the sedi-

mentation velocity Vf and De and N, which are derived

from the retrieved PSD. Since our m–D expression is

supported by measurements from the Counterflow Vir-

tual Impactor (CVI), we feel our estimates for Vf, De, and

N are realistic. In addition, since the same m–D ex-

pression is used for all the PSD schemes considered,

relative differences between the retrieved PSDs and the

PSD scheme-predicted PSDs should be meaningful (as

well as corresponding differences in Vf and De).

Reasonable changes in the tunneling efficiency Te had

little effect on the retrieved PSD, Vf, De, and N. This

is because Te for small ice crystals is relatively high

(Mitchell et al. 2006a) and the tunneling contribution for

the larger ice particles is always relatively low (regard-

less of Te). For example, regarding the CEPEX PSD,

setting the value of Te to 1.0 for all the small ice crystals

FIG. 8. As in Fig. 7 but for the PSD schemes of (left) Heymsfield and (right) Schmitt and Heymsfield. The long-

dashed curve in the right panel is the PSD corresponding to beff 5 1.11, one standard deviation above the mean beff

(corresponding to the solid curve). See text for details.
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changed Vf and De (calculated from retrieved PSD) by

less than 1% and 2%, respectively. This change reduced

N by up to 13%.

c. PSD sedimentation rates

As noted in the introduction, one of the two factors

that most affect climate sensitivity in GCM simulations

is the ice fall speed (Sanderson et al. 2008; Mitchell et al.

2008). In this study, we use the ice particle mass and area

dimensional relationships developed in the appendix

and the radiance-corrected PSD schemes developed in

this study to estimate the ice fall speed (that yields the

cirrus ice mass sedimentation rate) as a function of tem-

perature. For a given temperature and PSD scheme, the

ice fall speed will be calculated from both the original

and retrieved PSD.

The relationship between the PSD ice fall velocity and

the PSD slope and mass–area dimension power laws will

now be described. For a monomodal PSD described by

(3), the fall velocity giving the mass flux removal rate

from a cirrus layer, Vf, corresponds to the median mass

flux dimension or Df (i.e., the size that divides the PSD

mass flux into equal parts). From Ivanova et al. (2001),

Df is defined as

D
f
5

(b 1 B 1 n 1 0.67)

l
, (7)

where B is the power on the fall speed expression

V 5 ADB. (8)

From Eqs. (7) and (12) in Mitchell and Heymsfield

(2005), B is given as a function of the Best number X and

the mass and area dimensional power laws, where the

mass and projected area Ap are given as

m 5 aDb, (9)

A
p

5 gDs, (10)

and

X 5
2agr

a
Db12�s

gh2
, (11)

where g is the gravitational constant, h is the dynamic

viscosity of air, and ra density of air. The prefactor A in

(8), given by (6) and (11) in Mitchell and Heymsfield

(2005), is also a function of m–D and Ap–D power laws.

To obtain Vf, Df is substituted into (8), and the mass

flux removal rate is simply Vf IWC. It can now be seen

that accurate estimates of Vf rely on how accurately the

PSD slope l and the m–D and Ap–D relationships are

estimated. It might be noteworthy that ice sedimentation

rates are often related to the median mass dimension Dm

[Dm 5 (b 1 n 1 0.67)/l], but it is more accurate to relate

them to Df. For a bimodal PSD, one applies this method

to both modes as described in Ivanova et al. (2001):

V
f
5 (IWC

sm
/IWC)V

f ,sm
1 (IWC

lg
/IWC)V

f ,lg
, (12)

where subscript ‘‘sm’’ denotes the PSD small mode, ‘‘lg’’

the large mode, and IWC (in the denominator) refers

to the total IWC. In the retrieval of small-mode infor-

mation, the ratio IWCsm/IWC is retrieved, which is used

in (12).

The results of this analysis are shown in Figs. 9 and 10,

where Vf was based on the m–D and Ap–D expressions

given in the appendix. Since the treatment of m–D/Ap–D

expressions was identical across PSD schemes, differ-

ences in Vf can be attributed solely to differences in

PSD formulations. Small discontinuities result from the

fact that each 58C interval has a fixed, unique Ap–D

expression that abruptly changes between intervals. An

m–D expression specific to small ice crystals less than

240 mm (a 5 0.08274, b 5 2.8135) and another for larger

ice particles (a 5 0.001902, b 5 1.802) was used for all

temperatures (see appendix). Atmospheric pressure p was

estimated for a given temperature T assuming an upper

troposphere lapse rate G of 7.58C km21 with To 5 2208C

at po 5 500 hPa:

p 5 p
o
(T/T

o
)g/RG, (13)

where R is the gas constant for dry air and g the gravi-

tational constant.

FIG. 9. Temperature dependence of the PSD median mass flux

fall velocity for the five applicable PSD schemes that share the

same ice particle mass and projected area relationships and stan-

dard atmosphere conditions.
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The Vf predicted for the original PSD schemes is shown

in Fig. 9 as a function of temperature. The variability in

Vf is tremendous, ranging from a few to ;80 cm s21 at

low temperatures. The Heymsfield scheme has higher

values owing to the absence of small crystals and the

PSD shape, resulting in a temperature dependence of l

and n that causes Df to increase slightly with decreasing

temperature.

Figure 10 shows the same analysis except that Vf is

now derived for the retrieved PSD schemes. While beff is

assumed to be constant (1.065) over this entire tem-

perature range, this has been demonstrated only for T ,

2358C for glaciated conditions (Fig. 5). For the 22 July

case at warmer temperatures, beff slowly increases, prob-

ably due to the increasing presence of a liquid phase

(Giraud et al. 2001), but mean beff # 1.10 for T # 2268C.

This appears consistent with a constant beff over the range

of temperatures plotted here for all-ice conditions.

It is seen in Fig. 10 that, by including the retrieved

estimates of the small ice crystal concentrations, the

variance in Vf is reduced considerably. However, con-

siderable variance remains, showing the importance of

large-mode Df for predicting Vf. The CEPEX, Ivanova,

and Donovan schemes generally yield similar Vf values,

consistent with their similar large-mode behavior de-

scribed in Figs. 6 and 7. For T , 2408C, the Donovan

and CEPEX schemes exhibit higher Vf than before

(sometimes a factor of 2 or more), while Vf for the

Mitchell scheme is higher at all temperatures. The

Mitchell scheme Vf is roughly constant for T , 2408C

since the retrieval increases the original D, producing

a quasi-constant D. In general, Vf is substantially higher

in Fig. 10 when the IWC contribution of the small mode

is substantially decreased. Since for the Heymsfield

scheme the retrieved small-mode IWC was only 4%–5%

of the total IWC, Vf for the Heymsfield scheme did not

change much. Since the Ivanova small-mode IWC did

not change much, Vf did not change much.

In summary, satellite-inferred small ice crystal con-

centrations may be helpful in reducing Vf uncertainties,

but better instruments for in situ PSD measurements

are also needed. Some uncertainty is expected owing to

natural variability between cloud systems sampled, and

information on the type of cirrus (e.g., physical depth,

optical depth, anvil, synoptic) may be useful in charac-

terizing Vf. For example, the cirrus reported in Heymsfield

(2003) were relatively thick whereas the Lawson et al.

(2006a) cirrus were relatively thin.

d. Effective diameter and number concentration

Another cloud property important to climate model-

ing is the effective diameter or De. Here we use the

definition of De that is universal to both liquid and ice

clouds (Mitchell 2002):

D
e
5 3/2(IWC/r

i
P

t
), (14)

where ri is the bulk density of ice (0.917 g cm23) and Pt

is the PSD projected area. Figure 11 shows the tem-

perature dependence of De based on the original five

PSD schemes. The legend is the same as for Figs. 9 and

10. Since the m–D and Ap–D expressions are the same as

used for Vt and apply to all PSD schemes, differences in

De are due solely to the PSD differences. Since the

Heymsfield scheme is based on D . 50 mm, De is larger

there. But even if that scheme is not considered, De can

still vary by a factor of 4 (from 15 to 60 mm). Figure 12

FIG. 10. As in Fig. 9 but fall velocities are based on the retrieved

PSD for each PSD scheme.

FIG. 11. Temperature dependence of De for each of the PSD

schemes: all schemes share the same ice particle mass and area

assumptions. Legend is as in Fig. 10.
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examines the temperature dependence of De when the

five PSD schemes were modified for small crystals based

on the retrieval. Although De differences for a given

temperature are still substantial, the range in De values

is greatly reduced due to the changes in small ice crystal

concentration. These De values are larger than many

previous estimates (e.g., Francis et al. 1999) because of

the m–D expression used, where for D , 240 mm, ice

particle mass approaches that of a sphere (consistent

with the observation of mostly quasi-spherical ice par-

ticle shapes). However, these De values are typical of

those measured during the TC4 experiment where ice

artifacts were either greatly reduced or removed from

the measured PSD (Jensen et al. 2009).

Using an arbitrary IWC of 10 mg m23, we contrast

the temperature dependence of the number concentra-

tion N predicted by the five original PSD schemes with

that predicted by the radiance-modified PSD schemes,

shown in Fig. 13. The curve legend is the same as in

Fig. 10. The N curves given by the modified PSD are

colored blue and are clustered in the 40–100 L21 range

with virtually no temperature dependence. This con-

centration range corresponds to the peak in the proba-

bility density function for cirrus cloud N sampled during

the TC4 experiment (Jensen et al. 2009), where ice

artifacts from shattering were minimized or removed.

Those curves in Fig. 13 retrieved from the Ivanova and

Donovan schemes are overlaid on one another, as is

also true for the Heymsfield scheme at warmer tem-

peratures. The N given by the original PSD schemes

are in red and lie above these curves, except for the

Heymsfield scheme (corresponding to N ; 5 L21). The

Ivanova scheme appears less sensitive to shattering

(see also Fig. 7) and the Heymsfield scheme addressed

only the larger ice crystals.

If the radiance-modified N curves are representative

of nature, this might imply that ice nucleation rates in

cirrus clouds are not very dependent on temperature. As

temperatures increase, some subset of the nucleated ice

crystals might grow more rapidly, producing an ever-

broadening large mode and increasing bimodal (or su-

perexponential) appearance (see Fig. 6). More research

is needed to verify that the MODIS beff ’ 1.065 at cirrus

temperatures, as N here is dominated by the small ice

crystals that are largely determined by beff.

It is not clear why N as given by the original CEPEX,

Donovan, and Mitchell schemes increases at the coldest

temperatures relative to the corresponding retrieved N.

If the N difference (between the original and retrieved

PSD) is due to shattering, then this implies that shat-

tering contributions are higher at colder temperatures

for which particle sizes are smaller. This finding ap-

pears at variance with other studies (Field et al. 2003;

McFarquhar et al. 2007; Jensen et al. 2009) that show

shattering contributions increase with increasing ice

mass and particle size. It is hoped that this paradox

will be resolved through future research. It may be

noteworthy that the Schmitt and Heymsfield (2009)

PSD scheme for thin tropopause cirrus and the Ivanova

scheme are not suggestive of enhanced shattering at

cold temperatures.

Regarding sampling statistics, the Heymsfield scheme

was based on 13 aircraft spiral descents and 3 balloon-

borne ascents and the Ivanova scheme was based on 17

flights, while the CEPEX scheme was based on 3 anvil

case studies (1 leg-profile per anvil) and the Mitchell

FIG. 12. As in Fig. 11 but De is based on the retrieved PSD from

each PSD scheme. Legend is as in Fig. 10.
FIG. 13. Temperature dependence of the total number concen-

tration for the original PSD schemes (red) at the indicated IWC

and for the corresponding retrieved PSD (blue). For T . 2358C

the curves for the retrieved Ivanova, Donovan, and Heymsfield

schemes are overlaid, with the Ivanova curve only visible around

T 5 2508C. Legend is as in Fig. 10.
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scheme was based on 22 flight missions reported in

Lawson et al. (2006a) where the cirrus were relatively

thin (mean depth 5 1.5 km 6 1.0 km).

The temperature dependence of N in Fig. 13 is broadly

consistent with the findings of Gayet et al. (2006) and

Krämer et al. (2009), considering that N would de-

crease with decreasing temperature if IWC did the

same. These studies provide reasons why their findings

were not significantly affected by the problem of ice

particle shattering.

5. Summary

Considerable uncertainty exists regarding the concen-

trations of small ice crystals (D , 60 mm) in cirrus clouds,

and their contribution to the PSD may strongly affect

GCM predictions of climate sensitivity through their im-

pact on the ice fall speed (Mitchell et al. 2008; Sanderson

et al. 2008). The small ice crystals are difficult to mea-

sure in situ in part because of the shattering of natural

ice particles impacting the inlet tube of the probe used to

measure these crystals, thus producing artifacts. Based

on a new understanding of the emissivity difference

between the 11- and 12-mm channels aboard several

satellites, this emissivity difference is used to infer the

concentration of small ice crystals for several PSD

schemes. This emissivity difference was represented by

the 12-to-11-mm absorption optical depth ratio beff, which

was found by several case studies to have a mean value

of 1.065 for semitransparent cirrus clouds [«(11 mm) #

0.4]. Based on this ratio (which appears independent of

temperature), a retrieval algorithm was designed to re-

trieve the small particle mode of the PSD. An existing

PSD scheme supplies a priori information to the algo-

rithm, enabling it to estimate the contribution of small

ice crystals to the PSD. Combining this small ice crystal

estimate with the PSD for larger particles (initially

supplied to the retrieval by the original PSD scheme),

the complete PSD is obtained. Comparing these re-

trieved PSD with the original PSD scheme used in the

algorithm, the possible impact of ice particle shattering

is evaluated for each PSD scheme. Moreover, the re-

trieved PSD provide new estimates of the temperature

dependence of the PSD effective diameter De and fall

speed Vf for each of the five PSD schemes considered.

For a given IWC, the temperature dependence of the

ice particle number concentration N was evaluated for

each original PSD scheme and its corresponding re-

trieved PSD.

This analysis revealed that the in situ measurements

of small ice crystals do appear to be overestimated

(presumably due to shattering), but more so at colder

temperatures. However, N from two PSD schemes

agreed within one standard deviation of their corre-

sponding retrieved N (Figs. 6, 7, 8, and 13). This study

suggests that elevated concentrations of small ice crystals

may be real but that their concentrations are generally

not as high as some in situ measurements have indicated.

However, the spread in our beff retrievals indicates that

cirrus containing high concentrations of small ice crys-

tals (;1 cm23) at moderate to low IWPs do sometimes

occur. Whether or not the retrieved PSDs are mono-

modal depends on how the large mode of the PSD is

parameterized in the original PSD scheme. If the large

mode is parameterized as superexponential, the retrieved

PSD tends to be monomodal and superexponential.

Otherwise the retrieved PSD tends to be bimodal. The

retrieved N was independent of temperature.

If the retrieved PSD is truly representative of natural

cirrus, then the uncertainties associated with the tem-

perature dependence of De and Vf (as predicted by the

original PSD schemes) are reduced considerably for De

but less so for Vf, based on De and Vf from the retrieved

PSD. This may be helpful in representing cirrus clouds

in GCMs but also underscores the need for improving

the treatment of Vf in GCMs. Cirrus radiative properties

and climate feedbacks are largely determined through

these properties.

Recently there have been instrumentation improve-

ments regarding PSD measurements (e.g., Lawson et al.

2006b; Jensen et al. 2009), and the findings of this study

are in general accord with those in Jensen et al. (2009).

To have confidence in representing the cirrus PSD in

climate models, consistency between in situ and remote

PSD measurements is desirable. While Donovan (2003)

may have been the first to evaluate the cirrus PSD using

ground-based remote sensing, this research effort may

be the first to attempt to characterize the cirrus PSD

using a satellite remote sensing approach. In this ap-

proach, the retrieval infrastructure was derived from in

situ measurements of the larger ice particles, and in this

way this research can be viewed as a hybrid between

remote sensing and in situ measurements. It should be

noted that this work did not address Arctic cirrus.
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APPENDIX

Parameterization of Ice Particle Mass, Area,
and Size Distributions Using In Situ Data

This appendix describes the methodology used to

develop the Mitchell PSD scheme used in this study. In

addition, the ice particle mass–dimension and projected

area–dimension power laws used in this study are de-

veloped here. Separate power laws apply to the small

and larger ice crystals, and these are an important com-

ponent of the retrieval algorithm.

The aircraft data used to develop this methodology

and PSD scheme are described in Lawson et al. (2006a)

and consist of 22 flight missions in midlatitude cirrus

of nonconvective origin, 104 horizontal flight legs (one

PSD per leg), and 15 000 km of in-cloud sampling. The

PSDs were measured by the FSSP, CPI, and 2D-C probes

over approximate size ranges of 2–30, 31–200, and 201–

2000 mm, respectively. These settings varied somewhat

between flight missions depending on particle concen-

trations. Owing to the continuous nature of these PSDs,

it was possible to develop this methodology. Although

shattering is likely to have produced many small artifact

crystals in this dataset (Jensen et al. 2009), it is none-

theless useful for demonstrating and evaluating a new

methodology for parameterizing PSD.

The PSD in the Lawson et al. (2006a) midlatitude

cirrus dataset can be described as two populations of

ice particles. The first population is likely to often be

contaminated with shattering artifacts and can be de-

scribed as a single mode exhibiting a mean maximum

dimension D between about 10 and 20 mm and ex-

tending to sizes of about 60 mm. The second popula-

tion of ice particles is often observed as a broadened

shoulder of the first mode for maximum dimension D .

60 mm for temperatures greater than 2508C. Ice par-

ticle morphology changes occurred around an N(D)

inflection point near 60 mm, which was selected as the

size dividing the two populations for this particular

dataset.

a. Analytically describing the PSD

The two populations are parameterized using two

gamma functions as defined by (3). The methodology

for parameterizing the PSD is similar to that described

in Ivanova et al. (2001) but with some improvements.

While some PSDs may not require the parameteriza-

tion of two modes, sometimes PSD are bimodal and

this possibility should be allowed for in a parameteri-

zation scheme. The two-gamma approach effectively

defaults to a single-gamma PSD if there is only one size

mode.

The formulas for calculating the gamma distribution

parameters when PSD are monomodal (or for the small

mode when PSD are bimodal) are as follows:

n 5
[(b 1 0.67)D�D

m
]

(D
m
�D),

(A1)

where b is defined in (9), D is the mean maximum di-

mension, and Dm is the median mass dimension of a

given mode. The slope parameter is defined as

l 5
(n 1 1)

D
(A2)

and the No parameter can be defined in terms of N or

IWC:

N
o

5
Nln11

G(n 1 1)
(A3)

or

N
o

5
lb1n11IWC

aG(b 1 n 1 1)
. (A4)

To obtain these parameters, n is first determined from

the measured PSD. This requires knowledge of D, Dm,

and b. While the calculation of D is straightforward via

numerical integration over the measured PSD, the cal-

culation of Dm involves integrating the PSD mass until it

matches half of the IWC:

IWC/2 5 �
n(Dm)

i51
m(D

i
)N(D

i
)DD

i
, (A5)

where i refers to PSD bin number, Di is midpoint of ith

bin, DDi is the bin width, and N(Di) is the ice particle

concentration in the ith bin. The IWC is given by the

right side of (A5) when the upper limit is the maximum

size of the PSD. The calculation of Dm is not sensitive to

the choice of a (Mitchell 1991), allowing n to be de-

termined from (A1). Once n is determined, l is calcu-

lated from (A2) and No can be calculated from (A3)

using the measured number concentration N. Alterna-

tively, (A4) can be used if the IWC is measured.

If the PSD are bimodal, the calculation of the large-

mode gamma parameters is more involved because the

concentrations of the smallest particles in the large-

mode gamma distribution are ‘‘masked’’ by the small

particle mode. Thus, the behavior of the large mode is

only partially revealed by the measured PSD. However,

n can be estimated for the large mode by using the entire

measured PSD and solving for n via (A1). But since (A1)

is based on D and Dm, the largest ice particles in the PSD

are not always well represented by the gamma fit. To
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remedy this, n can also be expressed in terms of DZ—

that is, the D that divides the entire PSD into equal parts

of radar reflectivity Z:

n 5
[(2b 1 0.67)D�D

Z
]

(D
Z
�D),

(A6)

where DZ is determined from

Z/2 5 �
n(D

Z
)

i51
[m(D

i
)]2 N(D

i
)DD

i
(A7)

and Z is given by (A7) with maximum size as the sum-

mation upper limit (Mitchell et al. 2006b).

For a given gamma function, (A6) yields the same

value of n as (A1) does. However, for measured PSD,

(A6) yields a gamma fit having a lower (or more nega-

tive) value for n than does (A1) while better repre-

senting the largest ice particle concentrations. Equation

(A6) can be derived analogously to (A1) as described in

Mitchell (1991).

Once the large-mode n is determined, the large-mode

l is given by (A2) where D and n correspond to the

entire PSD. Neither (A3) nor (A4) can be used to cal-

culate No since the number concentration N or the IWC

for the large mode is not known (i.e., the contribution of

smaller particles to the large-mode gamma distribution

fit). However, the large-mode No can be determined by

solving (3) for No:

N
o

5
N(D)

[Dn exp(�lD)].
(A8)

Using the measured PSD, a point corresponding to the

large mode is selected to fix D and N(D) so that No can

be calculated. In practice, to avoid unrepresentative be-

havior at a given point, D and N(D) can be averaged over

a 5- or 10-micron interval. We now have equations de-

scribing all six parameters for the small- and large-mode

gamma distributions based on the measured PSD. In

section c below we will describe methods of obtaining a

and b, thus closing this system of equations and yielding

analytical fits to the observed PSD.

b. Parameterizing the PSD

In the approach taken here, the key to parameterizing

the PSD in midlatitude cirrus is to first analytically de-

scribe the PSD, as described above. Once the various

PSD terms are known for each temperature level, the

PSD can be diagnosed as a function of temperature and

IWC by relating some terms to temperature using poly-

nomial curve fitting. The terms related only to tempera-

ture are n and D (for both modes). From these, l is

calculated using (A2). The polynomial best-fit equations

are not shown here owing to space limitations.

For bimodal PSD, the two No terms can be determined

for a given IWC if one knows the ratio of small-mode

IWC to total IWC. This ratio can be calculated from the

fitted PSD modes using corresponding values for a and

b. Then this IWC ratio can be related to temperature

using curve-fitting methods. So, for a given temperature

and IWC, one knows the IWC in each mode. For ex-

ample, if the total IWC 5 IWCt, the small-mode IWC

(IWCsm) is estimated by multiplying the IWC ratio

(IWCsm/IWCt) by IWCt. Similarly, the large-mode IWC

is given by the difference IWCt 2 IWCsm. Knowing the

IWC for each mode, No for each mode can be estimated

by (A4). However, since the small mode includes some

particles having D . 60 mm and the large mode includes

many particles having D , 60 mm, and the mass–

dimension relationships change across the PSD modes,

No is most accurately calculated using the incomplete

gamma function. This equation for No is described in

Mitchell [2002; Eq. (A11)].

The PSDs predicted from this parameterization scheme

(dashed curves) are compared with the sampling time-

weighted mean PSD (solid curves) for each 58C tem-

perature interval in Fig. A1. The parameterized PSD at

the two warmest temperatures are based on an extra-

polation scheme using results from Ivanova et al. (2001).

Since there are no measured PSD to compare with in

these two cases, only the predicted curves are shown.

For each temperature interval the midpoint tempera-

ture (at which the PSD scheme was evaluated) is in-

dicated, along with the De based on the measured and

predicted PSD. The measurement-derived IWC was

used as input for the PSD scheme.

c. Estimating m–D power laws for cirrus clouds

Little is known about the m–D relationships for cirrus

particles as it is difficult to measure in situ the masses

of individual ice crystals and to gather meaningful sta-

tistics on crystal mass and dimension. However, Baker

and Lawson (2006) have developed a method that re-

lates an ice particle’s projected area to its mass. Using

field measurements of photographed ice crystals and

their corresponding melted hemispherical droplet im-

ages from which their mass was estimated (described in

Mitchell et al. 1990), Baker and Lawson related the

projected area of these crystals to their masses. This

resulted in m–Ap relationships for calculating the IWC

since the Ap directly measured by the optical probes

can be translated into particle mass and integrated over

the PSD to provide IWC. Figure A2 shows IWCs ob-

tained by applying this technique to 2D-S probe (Lawson

et al. 2006b) PSD measurements during the NASA TC4

campaign. As demonstrated in Jensen et al. (2009), the

2D-S measures ice particles from 10 to 1280 mm at jet
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aircraft speed and electronically processes these mea-

surements using interarrival times to remove shattered

particles. These 2D-S IWCs are compared with IWCs

measured simultaneously by the collocated counterflow

virtual impactor aboard the DC-8. Given that these are

two very different methods for estimating the IWC, the

agreement is quite good (within ;20% usually). The

CVI uncertainty in IWC is estimated to be 13% at water

contents of 0.05 to 1.0 g m23 and increases to 16% at

0.01 g m23 and to 40% at 0.0025 g m23 (Heymsfield

et al. 2007; Twohy et al. 1997, 2003). The data in Fig. A2b

are from all flights in anvil and aged anvil cirrus during

the TC4 campaign (covering ;2600 km). Regions of

CVI data where the CVI saturates have been elimi-

nated. The CVI saturated between 0.5 and 1.0 g m23,

depending on how the operator set the flow rate. Also,

regions where the CVI shows nonzero IWC after exiting

cloud (due to residual moisture in the CVI chamber)

have been set to zero in Fig. A2b. Figure A2a shows such

regions where the blue 2D-S curve is at zero (no cloud),

FIG. A1. Comparisons of PSD predicted by the parameterization scheme (dashed) with the time-weighted mean PSD from Lawson

et al. (2006a) midlatitude cirrus measurements (solid) for each temperature interval. Note that there are no measurements to compare

with the 2278 and 2228C parameterizations. Measurement-derived and predicted De are compared to evaluate the accuracy of the

analytical fits and parameterization procedure.
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while the red CVI curve is nonzero. This agreement

between the CVI and 2D-S IWC provides some level of

confidence that the 2D-S IWCs are realistic. It should

be noted that Heymsfield et al. (2002) also found that

ice particle area was a better predictor of mass than ice

particle maximum dimension.

The 2D-S measurements combined with the m–Ap

relationships provide estimates of differential mass con-

centration in each size bin of the 2D-S, and integrating

over the PSD yields the IWC. Dividing the bin mass

concentration by the bin number concentration yields

the average ice particle mass for that bin. Figure A3

plots for a given PSD the bin average ice particle mass

against the bin size midpoint (i.e., approximate average

ice particle length in bin), generating m–D relationships

for the various PSD. The red curve represents an aver-

age of all the PSDs sampled in aged anvils that were

generally characterized by dense quasi-spherical parti-

cles (classified as spheres or irregulars). The blue curve

corresponds to PSD, sampled at the top of an aged anvil

at 2588C, comprising almost entirely quasi-spherical par-

ticles. As expected, it conforms closely to the dashed black

line that gives the m–D relationship for ice spheres. The

purple curve is from PSD measured in nonanvil (in situ)

cirrus having relatively high bullet rosette concentrations

(;20% of total and 50%–60% of the larger ice parti-

cles). Surprisingly, the purple curve is not too different

from the other curves characterized by dense, blocky, or

quasi-spherical ice particles. The black lines are the best-fit

lines for the averaged PSD (red curve). The two black

lines meet at a size D of 240 mm that seems to divide the

PSD into two ice particle shape regimes.

The above illustrates how 2D-S estimates of size-

resolved mass and number concentration can be used to

produce m–D expressions that yield IWCs similar to

those measured by the CVI. This consistency provides

added confidence that these m–D expressions are re-

alistic. From the 2D-S PSD data, two m–D expressions

are estimated for aged anvil cirrus (red curve), one for

D , 240 mm:

FIG. A2. (a) Time series of the 2D-S and CVI IWC for a TC4 case study. CVI response time lagged 6 s behind 2D-S measurements,

producing a slight offset. (b) 2D-S IWCs compared with CVI IWCs for 12 000 1-Hz measurements (averaged over 10 s) in TC4 anvils

cirrus.

FIG. A3. The m–D relationships derived from 2D-S PSD

measurements as described in the appendix.
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m 5 0.08274 D2.814, (A9)

and one for D . 240 mm:

m 5 0.001902 D1.802, (A10)

where all units are cgs. These expressions were used ex-

clusively in this study. Previous studies (e.g., Heymsfield

et al. 2007) have also related m–D expressions to CVI

measurements but only a single m–D expression was

used to characterize the PSD. As a result of this, ice

particles having D , ;100 mm generally have predicted

masses greater than those of an ice sphere of the same

length, which is nonphysical. While one can prevent the

particle mass from exceeding that of an ice sphere in

numerical integrations, it is more practical and accurate

to use the incomplete gamma function to perform the

integration analytically using two m–D expressions. Near

cloud top, maximum particle size is often around 100–

300 mm, making a two-m–D approach a must.

In the future we intend to develop temperature-

dependent m–D expressions for other types of cirrus,

but (A9) and (A10) are sufficient for the purpose of this

study.

d. Estimating Ap–D power laws for cirrus clouds

Ice particle projected area–dimension (A–D) power

law relationships were developed for this dataset that

are representative for each PSD mode at each temper-

ature interval. The CPI renders accurate measurements

of ice particle projected area that have been used to

determine Ap–D relationships for each PSD mode at

each temperature interval. When the PSD projected

area for each mode was determined directly from the

CPI measurements, the difference between this mea-

sured projected area and the projected area calculated

by integrating the Ap–D relationships over the PSD was

no more than about 3%. The prefactors and exponents

for these Ap–D relationships are given in Table A1 as

a function of PSD mode and temperature interval, and

these relationships were used in this study. Analogous

to No, the incomplete gamma function can be used for

obtaining the highest accuracy when calculating Pt in (14).
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Krämer, M., and Coauthors, 2009: Ice supersaturations and cirrus

cloud crystal numbers. Atmos. Chem. Phys., 9, 3505–3522.

Lawson, R. P., B. Baker, B. Pilson, and Q. Mo, 2006a: In situ

observations of the microphysical properties of wave, cirrus,

and anvil clouds. Part II: Cirrus clouds. J. Atmos. Sci., 63,

3186–3203.

——, D. O’Conner, P. Zmarzly, K. Weaver, B. Baker, Q. Mo, and

F. Jonnson, 2006b: The 2D-S (stereo) probe: Design and pre-

liminary tests of a new airborne, high-speed, high-resolution

particle imaging probe. J. Atmos. Oceanic Technol., 23, 1462–

1477.

McFarquhar, G. M., and A. J. Heymsfield, 1996: Microphysical

characteristics of three anvils sampled during the Central

Equatorial Pacific Experiment. J. Atmos. Sci., 53, 2401–2422.

——, and ——, 1997: Parameterization of tropical cirrus ice crystal

size distributions and implications for radiation transfer: Re-

sults from CEPEX. J. Atmos. Sci., 54, 2187–2200.

——, J. Um, M. Freer, D. Baumgardner, G. Kok, and G. Mace,

2007: Importance of small ice crystals to cirrus properties:

Observations from the Tropical Warm Pool International

Cloud Experiment (TWP-ICE). Geophys. Res. Lett., 34,
L13803, doi:10.1029/2007GL029865.

Mitchell, D. L., 1991: Evolution of snow-size spectra in cyclonic

storms. Part II: Deviations from the exponential form. J. At-

mos. Sci., 48, 1885–1899.

——, 1996: Use of mass- and area-dimensional power laws for

determining precipitation particle terminal velocities. J. At-

mos. Sci., 53, 1710–1723.

——, 2000: Parameterization of the Mie extinction and absorption

coefficients for water clouds. J. Atmos. Sci., 57, 1311–1326.

——, 2002: Effective diameter in radiation transfer: General

definition, applications, and limitations. J. Atmos. Sci., 59,
2330–2346.

——, and W. P. Arnott, 1994: A model predicting the evolution of

ice particle size spectra and radiative properties of cirrus

clouds. Part II: Dependence of absorption and extinction on

ice crystal morphology. J. Atmos. Sci., 51, 817–832.

——, and A. J. Heymsfield, 2005: Refinements in the treatment of

ice particle terminal velocities, highlighting aggregates. J. At-

mos. Sci., 62, 1637–1644.

——, and R. P. d’Entremont, 2008: Satellite remote sensing of small

ice crystal concentrations in cirrus clouds. Proc. 15th Int. Conf.

on Clouds and Precipitation, Cancun, Mexico, ICCP, 185–188.

——, R. Zhang, and R. L. Pitter, 1990: Mass-dimensional re-

lationships for ice particles and the influence of riming on

snowfall rates. J. Appl. Meteor., 29, 153–163.

——, A. Macke, and Y. Liu, 1996: Modeling cirrus clouds. Part II:

Treatment of radiative properties. J. Atmos. Sci., 53, 2967–2988.

——, A. J. Baran, W. P. Arnott, and C. Schmitt, 2006a: Testing and

comparing the modified anomalous diffraction approxima-

tion. J. Atmos. Sci., 63, 2948–2962.

——, A. Huggins, and V. Grubisic, 2006b: A new snow growth

model with application to radar precipitation estimates. At-

mos. Res., 82, 2–18.

——, P. J. Rasch, D. Ivanova, G. M. McFarquhar, and T. Nousiainen,

2008: Impact of small ice crystal assumptions on ice sedimen-

tation rates in cirrus clouds and GCM simulations. Geophys.

Res. Lett., 35, L09806, doi:10.1029/2008GL033552.

Moncet, J.-L., G. Uymin, A. E. Lipton, and H. E. Snell, 2008:

Infrared radiance modeling by optimal spectral sampling.

J. Atmos. Sci., 65, 3917–3934.

Nalli, N. R., P. J. Minnett, and P. van Delst, 2008: Emissivity and

reflection model for calculating unpolarized isotropic water

surface-leaving radiance in the infrared. I: Theoretical devel-

opment and calculations. Appl. Opt., 47, 3701–3721, doi:10.1364/

AO.47.003701.

Parol, F., J. C. Buriez, G. Brogniez, and Y. Fouquart, 1991: In-

formation content of AVHRR channels 4 and 5 with respect to

the effective radius of cirrus cloud particles. J. Appl. Meteor.,

30, 973–984.

Platt, C. M. R., 1997: A parameterization of the visible extinction

coefficient of ice clouds in terms of the ice/water content.

J. Atmos. Sci., 54, 2083–2098.

Ryan, B., 1996: On the global variation of precipitating layer

clouds. Bull. Amer. Meteor. Soc., 77, 53–70.

Sanderson, B. M., C. Piani, W. J. Ingram, D. A. Stone, and

M. R. Allen, 2008: Towards constraining climate sensitivity by

linear analysis of feedback patterns in thousands of perturbed-

physics GCM simulations. Climate Dyn., 30, 175–190.

Schmitt, C. G., and A. J. Heymsfield, 2009: The size distribution and

mass weighted terminal velocity of low-latitude tropopause

cirrus crystal populations. J. Atmos. Sci., 66, 2013–2028.

Twohy, C. H., A. J. Schanot, and W. A. Cooper, 1997: Measure-

ment of condensed water content in liquid and ice clouds using

an airborne counterflow virtual impactor. J. Atmos. Oceanic

Technol., 14, 197–202.

——, J. W. Strapp, and M. Wendisch, 2003: Performance of

a counterflow virtual impactor in the NASA icing research

tunnel. J. Atmos. Oceanic Technol., 20, 781–790.

Warren, S. G., and R. E. Brandt, 2008: Optical constants of ice

from the ultraviolet to the microwave: A revised compilation.

J. Geophys. Res., 113, D14220, doi:10.1029/2007JD009744.

Wendisch, M., P. Yang, and P. Pilewskie, 2007: Effects of ice crystal

habit on thermal infrared radiative properties and forcing of

cirrus. J. Geophys. Res., 112, D08201, doi:10.1029/2006JD007899.

Yang, P., H. Wei, H.-L. Huang, B. A. Baum, Y. X. Hu,

G. W. Kattawar, M. I. Mishchenko, and Q. Fu, 2005: Scat-

tering and absorption property database for nonspherical ice

particles in the near- through far-infrared spectral region.

Appl. Opt., 44, 5512–5523.

APRIL 2010 M I T C H E L L E T A L . 1125


