P4.26
MULTISPECTRAL THER MAL RETRIEVALS OF SIZE DISTRIBUTION SHAPE,
EFFECTIVE SIZE, ICE WATER PATH, OPTICAL DEPTH AND PHOTON TUNNELING CONTRIBUTION
David L. Mitch ell 1, Robert P. d’Entremont2, Daniel H. DeSlover 3, W .Patrick A rnott 1,
1. Desert Research Institute, Reno, Nevada
2. Atm osp heric and Environm enta l Res earc h, Inc., Lexington , Ma ssa chu setts
3. C ooperative Ins titute fo r M ete orological Satellite S tud ies, Madison, W isconsin
1.

INTRODUCTION

Satellite and ground-based retrievals from
cirrus clouds of effective diameter (D eff) and ice
water path (IW P) are needed to describe cirrus
radiative prop erties and to eva luate the role of cirrus
in clim ate. U nfortuna tely, D eff and IW P are not
sufficient for describing ice cloud radiative properties
at terrestrial wavelengths. Size distribution shape
must also be k nown for terrestrial ra diation (M itch ell
2002), since, for example, the absorption optical
dep th m ay differ up to 44% for two cirru s size
distributions (SD) having the same D eff and IWP . But
even knowing the SD is not sufficient for describing
the radiative role of cirrus at terrestrial wavelengths.
This is because photon tunneling often contributes
15-42% of the absorption at terrestrial wavelengths
(8), as show n in Fig. 1. Contributions are greatest
when particle size and 8 are comparable. Photon
tunneling accounts for radiation beyond the area
cross-section of a particle that is either absorbed or
scattered outside of the forward diffraction peak.
Baran et al. (2001) have shown that tunnelin g
contributions decrease as ice particle shape
becomes m ore com plex. S ince ice particle shapes
in natural cirrus tend to be complex relative to the
pristine shapes assumed in treatments of ice cloud
radiative pro perties based on electrodynam ic theory
(i.e. at low size parameter), the contribution of the
tunneling process to absorption represents a large
uncertainty in terrestrial radiation transfer.
In this study we use the modified anomalous
diffraction approximation (ADA) for ice clouds
(M itch ell 2002), which accurately parameterizes the
process of photo n tunneling (Mitchell 20 00), to
quantify the tunneling process in ice clouds by
retrieving a tunneling facto r, T f. Modified ADA was
validated with laboratory m easurem ents in Mitch ell
et al. (2001) and with T-m atrix theory in Mitchell and
Baran (2002). The va lue of T f ranges from 1.0 (ice
or water spheres) to 0 (no tunneling). Shown below
are estim ates of tun neling (i.e. T f) found in natural
cirrus clouds.
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Figure 1. Photon tunneling contribution for a SD of
planar polycrystals, large mode mean size = 100 :m.
The proposed methodology provides a
means of retrieving D eff and IW P based on the 2 nd
and 3 rd mom ents (area and m ass ) of the size
distribution, SD . That is, the cirrus emission a
sensor receives is from absorption, which ranges
from particle area (strong abs orption) to mass (weak
absorption) dependence. Moderate absorption in
the window region (8.3-12.5 :m ) would generally
exhibit partial area and partial mass dependence.
These retrievals are thus sensitive to the sm all
particle mode of the SD (D < 100 :m), which
retrievals using radar (6 th mom ent dependence) may
not be sensitive too.
Note tha t the peak
concentration of the sm all mode is typically 2-3
orders of m ag nitude greater than the peak
concentration in the large SD m ode, making D eff
based on only the larg e m ode typically about 45%
larger than Deff based on both modes, based on
m eas urem ents of the Fo rw ar d S ca tter ing
Spectrometer Probe (F SS P) and the 2DC pro be in
mid-latitude cirrus (Ivanova et al. 2001). Hence a
radar retrieval of Deff that does not “see” the sm all
mode could seriously overestimate D eff.
Although there is evidence that the FSSP
may be accurate in cirrus clouds within a factor of 23, a possibility remains that particle shattering at the
probe inlet m ay enhance the num bers of small

crystals. In order to test our ideas concerning ice
crystal nucleation rates, and to accurately describe
ice cloud m icrophysical and ra diative pro perties, it is
critical to determ ine wheth er the sm all SD m ode is
an artifact d ue to shattering at th e F SS P inlet (or
possibly other factors), or whether the high ice
particle concentrations meas ured by the FSS P are
real.
The objectives of this study are as follows:
1) Dem ons trate the fe asibility of retrieving D eff, IW P,
visible extinction optical depth J, and photon
tunneling con tributions to absorp tion (T f) for both
ground- and space-based remote sensing.
2) Provide a means of remotely assessing the
m agn itude and temperature dependence of the
sm all SD m ode relative to the large p article m ode , to
help resolve the role of the sm all SD m ode in
determining cirrus microph ysical and radiative
properties. Do this for both satellite and groundbased remote sensing.
3) Test existing parameterizations of ice particle SDs
using therm al radiances from both ground-based
and satellite remote sensing.

2.

GROUND-BASED RETRIEVALS: AERI

This section describes how th e Atm ospheric
Em itted Radiance Interferom eter (A ER I; see Sm ith
et al. 1995) can be use d to evalua te SD sha pe, D eff,
IW P, T f and visible extinction op tical depth J. This is
shown by way of example, where we have analyzed
a mid-latitude cirrus case study (10 Nov. 1995; see
DeSlover et al. 1999) and a cold tropical cirrus case
study from the CAMEX 3 field program.
Previous studies (e.g. Platt et al. 1989; 1998;
2002; DeSlover et al. 1999; Com stock and Sassen
2001) have use d the ratio of visible extinc tion to
thermal absorption optical depth, known as ", to
infer ice particle size . How ever, the ratio of the fie ld
of view (FOV) between AERI and the high resolution
lidar (HSRL) is 2000 (Edwin E loranta, private
com m unication), and thus m ay introduce e rrors in "
(DeSlover et al. 1999). But by using only the
retrieved cloud emissivity (and not extinction optical
depth), ratios of a bsorptio n optical depth, or J abs
ratios, may be obtained spectrally from the AERI
(assuming zero scattering). These ratios, often
taken at a mod erate and a strongly absorbing
wavelength, exh ibit less scatter relative to the "
ratios, and app ear to provide reliable es timates of
D eff, IW P, T f and J

By ratioing J abs using, for example, the AERI
m icrowindow combinations of 3.9/10.1 :m, or
3.9/11.2 :m , the effective diam eter D eff can be
retrieved, as s how n in Fig. 2. In this w ork , D eff =
(3/2) IW C/(D i P), where D i = density of bu lk ice and P
= projecte d are a of the size d istribution SD . Size
information is best retrieved when using a band
where absorption is volume or m ass dependent, and
absorption at 3.9 :m is closest to this co ndition. In
the window region at 10.1 :m , absorption is partially
mass and partially area dependent, and is area
dependent at 11.2 :m . This causes non-unique
solutions for D eff retrievals using the 10.1/11.2 :m
ratio, as s how n in Fig. 2. Curves were generated
using the m odified AD A, as sum ing size distributions
parameterized for (1) tropical and (2) m id-latitude
(non-convective) cirrus, and assuming 4 ice particle
shapes. This provides a measure of expected
retrieval uncertainty. As des cribed in Mitchell (2002),
SD s ha ving different D eff values can have the same
radiative prop erties (i.e. J abs ratio) due to the
behavior of the small and large particle modes
relative to each other.
W e have exam ined the fe asibility of using
AERI bands around 3.9 :m , and found that
radiances emitted by m ost cirrus are above the clear
sky background radiance under nighttime conditions.
Also, when AERI bands around 11 :m becom e
saturated (emissivity approaches 1.0), one can
switch to the 3.9/10 :m curve for D eff estimates.
Sensitivity tests have shown that varying T f has little

Figure 2. Use of absorption optical depth ratios at
various 8 for Deff retrievals. Curves are based on two
SD parameterizations (tropical and mid-latitude) and
four ice crystal shapes to estimate uncertainties. Circles
correspond to MODIS retrievals from anvil cirrus using
ratios radiatively similar to those indicated.

effect on the 3.9/11 :m curve, while the 3.9/10 :m
curve is m oderate ly sensitive (e.g. ±4 :m). The
curves in Fig. 2 assume T f = 0.5.
2.1

Non-convective Case Study

Once D eff is retrieved, the tunneling factor T f
can be estimated from AERI spectral J abs where J abs
is normalized by J abs at 8 = 12.93 :m . This is shown
for the window region in Fig. 3. The AERI data (x)
are for the 10 November 1995 non-convective cirrus
case des cribed in D eSlover e t al. (1999), while the
solid curve was predicted by modified ADA (M itch ell
2002) for T f = 0.3, D eff = 65 :m. The short dashed
curve predicts normalized J abs for T f = 0, while the
long-dashed curve is for T f = 1.0 (m axim um value).
This illustrates how data betw een 10.5 and 11.7 :m
is sensitive to the value of T f, and can be used to
estim ate T f. AERI data at 8 # 10.1 :m is m uch less
sensitive to T f, but is sensitive to D eff, and can be
used to estimate D eff. The 5 data points < 10 :m
above the predicted curves are unexplained based
on our knowledge of ice refractive indices, and these
points were persistently high in the AERI samples.
This issue is cu rrently under inves tigation.
Nonetheless, the microwindow at 10.1 :m was
consiste ntly in agreement with predicted values, and
may be used with greater confidence.
The AERI data from No v. 10 th could be
explained using either the mid-latitude SD schem e of
Ivanova et al. (2001), or by the tropical SD scheme
of Mitchell et al. (2000), using one or more crystal
shapes. In this an alysis, we use d the m id-latitude
schem e and assumed hexagonal columns (or
com pact high density crystals that would have a
similar m ass- and area-dim ensional relationship).
Since we were restricted to the window region, dual
D eff solutions existed (see Fig. 2). But since the
cirrus cloud began thin and steadily deepened, we
assum e D eff starts off small and grows to larger
sizes. Having two D eff solutions has no impact on the
retrievals of T f, since T f depends on the SD
absorption efficiency Q
& abs, and a single Q
& abs can
correspond to m ore than one va lue of D eff (M itch ell
2002).
Knowing D eff and T f, the modified ADA gives
us the area weighted absorption efficiency of the SD,
Q
& abs (Q
& abs = absorption c oefficient $ abs/P), for each
AERI microwindow. This information can now be
used to determine ice water path (IW P) at each
wav elength 8 using the form ula given in M itch ell and
d’Entrem ont (2000):
IW P =

2 D i D eff ln(1 - ,) cos 2
3Q
& abs

(1)

Figure 3. Retrieval of tunneling factor from an AERI
sample, with Jabs normalized to the longest 8. Dashed
curves indicate range of tunneling contributions.

Figure 4. Evolution of non-convective cirrus case based
on multispectral AERI retrievals.
where , = cloud emissivity and 2 = instrument
viewing angle (2 = 1 at zenith). IW Ps at each 8 can
be averaged (if ,(8) is unsaturated) to produce a
mean IWP, and an estimate of precision is obtained
from the sta ndard deviation. F or this case stu dy, the
precision w as about ± 5% . For optically thick cirrus,

Figure 5. Comparison of Jabs ratios predicted for SDs
with and without the small mode as measured by the
FSSP. Measured Jabs ratios are given by the ‘x’
symbols.
8 . 3.9 :m can be used to obtain , and Q
& abs, so that
IW P values at least up to 100 g m -2 can be retrieved.
Fin ally, visible optical depth J is estimated
from the retrieved IW P and D eff:
J = 3 IW P/(D i D eff)

(2)

wh ich is based on the assumption that at visible
wa velength s, e xtin ctio n effic iency Q ext = 2.
The res ults of o ur analysis of the 10
November cirrus case are described in Fig. 4. Th is
methodology is the first to estimate the contribution
of photon tunneling to natural ice clouds, quantified
using T f. Since T f depends on the complexity of ice
particle shape (B aran et al. 2001), the variation of T f
in Fig. 4 may reflect variations in crystal sha pe. The
mean value of T f in Fig. 4 is 0.53 ±0.1 8. In Mitch ell
et al. (200 1), T f was found to be about 0.6 for
hexagonal colum ns grown in a cloud cham ber.
How ever, a T f of 0.8 fit the extinction efficiencies in
the w indow region the best.
2.1.1

Size distribution shape

A major question relevant to the disciplines
of cloud physics, atmospheric radiation, and clim ate
prediction is whethe r the high ice particle
concentrations N measured by the FSSP probe are
real. If the answer is yes, then ice particles having
maxim um dimension D < 100 :m account for a large
percentage of the SD projected area P, and thus will
have a major impa ct on cirrus cloud radiative
properties.
Fortunately, this question can be

Figure 6. Temperature dependence of Jabs ratio
(10.1/11.2 :m) as predicted by SD schemes for
tropical and mid-latitude cirrus. Ratios from the midlatitude AERI case study of 10 November are plotted
(x).
addressed throu gh A ER I m eas urem ents , which
provide information of SD shape. The mid-latitude
SD scheme of Ivanova et al. used FSSP
m eas urem ents to characterize the small mode, and
the 2DC probe to characterize the large SD mode.
If small mode N is orders of magnitude greater than
large mode N, then the SD area weighted absorption
efficiency, Q
& abs, will be co nsiderab ly less tha n 1.0 in
the window re gion for 8 between 8.3 and 10.2 :m ,
wh ile Q
& abs for 8 . 11 :m will be generally be near 1.0.
For example, the 10.1/11.2 :m J abs ratio obta ined via
AERI will be . 0.93 if small mode N is high. Such
AERI data from the 10 November case stu dy is
plotted in Fig. 5, along with corresponding J abs ratio
curves from m odified ADA and the mid-latitude SD
schem e for various ice particle shapes. The SD
tem perature dependence in Ivanova et al. allows us
to plot the J abs ratio against temperature. A sounding
released during the AERI case study (Madison
W isconsin) was us ed to estima te the temp erature
corresponding to the clouds “radiative center of
m ass”, as estimated from lidar backscatter
(DeSlover et al. 1999). Also plotted are curve s (in
upper figure) that are based on exponential size
spectra. These spectra are calculated from the
mean particle size D
& l measured by the 2DC probe
and the associated SD slope (SD slope = 1/D
& l),
which was parameterized in terms of tem perature in
Ivanova et al. (2001). Thes e expon ential SDs insure
that N increases with decreasing size, but by
definition are not bim odal, so that s m all m ode N is
not orders of magnitude higher than large mode N.

The difference between the exponential and
bimodal SD curves in Fig. 5 demonstrate the impact
of the small mode on the J abs ratio. It is seen that
using the small mode based on the FSSP renders
good agreem ent with the measured J abs ratios (x
symbols) for no n-convective cirrus . The vertical
scatter in the m eas ured ratios cou ld be d ue to
changes in ice crystal shape, or due to changes in
sm all mode D
& and N.
T he point for the coldest
tem perature (lowest J abs ratio) was obtained when
the cloud was thinnest nea r the beginning of its life
cycle.
Finally, the J abs ratio 10.1/11.2 :m is
predicted to behave differently as a function of
tem perature for tropical convective (M itch ell et al.
2000) vs. non-cove ctive m id-latitude cirrus (Ivanova
et al. 2001), based on modified ADA. This is shown
in Fig. 6. The temperature dependence of this
measured J abs ratio (x sym bols in Fig. 6) reveals the
tem perature dependence of the small SD mode
relative to the large SD m ode, and whethe r this
behavior conform s to that predicted for the tropical or
mid-latitude cirrus schemes. It is seen that the AERI
data conform well with the predicted mid-latitude
curves. One reason for the different tem perature
dependencies in Fig. 6 is that th e sm all particle
mode in the m id-latitude SD sch em e becom es m ore
pronounced (higher concentrations) as the large SD
mode broadens (SD slo pe decreases).
The
opp osite is true for the tropical SD schem e, where
the small mode diminishes as the large mode
broadens. Th ese differing behaviors result in a
much different tempera ture depend ence regarding
D eff and SD shape, with D eff in the m id-latitude
schem e varying m uch less with temperature than D eff
for the tropical SD scheme. Both D eff and SD shape
con tribute to the differences between SD schemes
in Fig. 6.
Even if the retrieved J abs ratios did not
correspond to either SD sch em e, it is poss ible to
m o d i f y t h e tro p i c a l o r m i d - l a ti tu d e S D
parameterization, based on the retrieved D eff and J abs
ratios, and the large mode m ean length D
& l given by
the para m eterization as a function of temperature.
No te that D
& l is based on measurements from the
2DC probe, which are fairly reliable. First, it is
helpful to note that the J abs ratio is the same as the
corresponding Q
& abs ratio. For two SDs having the
sam e D eff, Q
& abs will be lower in the SD having higher
ice crystal concentrations N (i.e. steeper slope) in the
sm all particle mode (Mitchell 2002). T hus Q
& abs is
both a function of D eff and SD sha pe. By retrieving
both D eff and the J abs ratio, the SD shape can be
inferred by manipulating the relative contribution of
sm all m ode N in our radiation sch em e to yield curves
conforming with the observed temperature

dependence of the J abs ratios and D eff values. To
estim ate temperatures corresponding to retrieved
J abs ratios and D eff, a sounding and vertical lidar (or
radar) backscatter profile are needed to estimate the
tem perature of the cloud’s radiative center of mass.
W ith this information, one can modify the existing SD
schemes such that they fit the AERI retrievals.

2.2

Convective Case Study

During the CAMEX 3 field experiment, cirrus
outflow from Hurricane Bonnie was sampled by the
AERI on 23 August 1998 near the Bahama Islands,
and soundings were taken during the sampling
period. The cirrus were several km thick , centered
around 14 km altitude with mid-point temperatures
around -60 oC. Due to the cold temperatures, cirrus
emittance was lower than for the mid-latitude case
cen tered around -40 oC, making the AERI signal
noisy relative to the mid-latitude case. But optical
dep th was more than 1.0, and some periods of
sam pling contained useful data. For this case, the
microwindow at 9.1 :m app eare d m ore s table than
the microwindow at 10.1 :m, and D eff retrievals were
based on the 9.1/11.2 :m J abs ratio. The curves
relating D eff to the J abs ratio were for tropical cirrus,
similar to the 10.1/11.2 :m J abs ratio curves in Fig. 2
for tropical cirrus (i.e. the curves extending to the
largest D eff values). D eff estimates were unique with
uncertainties ± 13% for D eff < 60 :m (due to particle
shape). Planar polycrystals were assumed.
D eff was also estimated using all window
region wavelengths, as illustrated in Fig. 7. The 3
curves correspond to a T f of 0 (s hort-das hed ), 0.5
(solid) and 1.0 (lon g-da she d). Both D eff and T f were
optimized to produce the be st m atch between theory
and observations. Fig. 7 is typical of this case in that
J abs ratio s (norm alize d by J abs at 8 = 12.93 :m )
appeared anonymously high relative to theory for
wavelengths between 8.6 and 10.1 :m. W e note that
the J abs ratio at 8 = 9.1 :m was consisten tly the
lowe st, and this point was considered valid when
m atching theory with ob servations. It is not c lear
why other J abs ratios for 8 < 10.3 :m appear
anonym ously high, but the high contribution of
background emission and potential ozone emission
may be factors.
The analysis illustrated by Fig. 7 was also
used to estimate T f. W hen estimating T f, we used
the “leas t noisy” AER I data, which co rrespon ded to
wavelengths at 9.1 :m and 10.3 :m < 8 < 11.9 :m .
Still, the uncertainty in estimating T f was greater here
than in the m id-latitude case. The T f estimated for

Figure 7. Retrieval of Tf from a tropical cirrus AERI
sample, with Jabs normalized to the longest 8. Dashed
curves indicate range of tunneling contributions; solid
curve gives Tf = 0.5. For this sample, Tf was
estimated as 0.7.
the A ER I sam ple in F ig. 7 wa s 0.7.
Retrieval resu lts for this tropical cirrus case
study are shown in Fig. 8. The 0.8 hour sampling
gap between 3.2 and 4.0 hours UT C w as a ctua lly 3.6
hours, but is shown here as 0.8 h to present the
results m ore clearly. As noted, D eff was determined
two ways: using only two wavelength ts, and using all
8 as illustrated in Fig. 7. The circle sym bols
correspond to the two 8 approach, while the X
sym bols correspond to the all 8 app roac h. It is seen
that the two 8 approach, relevant to satellite
retrievals, is sufficient fo r m ost applications. As
noted, IW P was calculated for all 19 8. Mean values
and their standard deviations are s how n in the IW P
panal. Given the challenging operating conditions
for the AERI, the IW P uncertainties are qu ite low.
Tunneling factors for this case varied considerably,
and were gen erally larger tha n in the mid-latitude
case (mean T f = 0.74 ± 0.27).
The re is some evidence of periodicity in the
results for D eff, J and possibly IW P. This might be
explained by gravity waves emanating from
Hurricane Bonnie, although this is only a guess at
this time. If we interpret the data this way, with
decreases in Deff corresponding to increases in IWP,
there is an implication that ice crystal nucleation
rates increase with increasing condensation rates,
driving down the mean ice particle size.
2.2.1

Size distribution shape

As noted, the tropical cirrus SD scheme
described in Mitchell et al. (2000) predicts that the

Figure 8. Evolution of cirrus outflow from Hurricane
Bonnie, based on AERI retrievals.
sm all and large particle m odes in anvil cirrus behave
in the opposite m anner relative to non-convec tive
mid-latitude cirrus as described in Ivanova et al.
(2001). That is, as the large mode (D > 100 :m )
broadens with increasing temperature T in anvil
cirrus, the number concentration N in the small SD
mode dim inishes. T his m ay be due to size-sorting
by fall speed, with the larger particles descending
faster and accumulating preferentially in the mid-tolower cloud , while the sm allest crystals tend to
rem ain aloft at the m ain detrainmen t level. Also,
aggregation by larger ice particles is likely to deplete
the sm aller crystals.
This physical reasoning
sup ports the above observation in anvil cirrus. In
mid-latitude cirrus, the opposite occurs, with sm all
mode N increasing as the large mode broadens
(slope decreases) with increasing T. To understand
the microphysics and radiative properties of
convec tive and non -convective cirrus, w e ne ed to
know wheth er these differences are rea l or s im ply
artifacts of the FSSP.
Figure 9 shows the J abs ratio 9.1 /11.2 :m
predicted by m odified AD A for m id-latitude and
tropical cirrus for 4 different ice crystal shapes,
giving an estimate of expected uncertainty. Also
shown are the AE RI J abs ratios corresp ond ing to
9.1/11.2 :m (x symbols). These are plotted at the
m id-cloud temperature, which is based on soundings
launched during sampling and lidar backscattering
returns. The AERI data clearly support the tropical
anvil SD schem e, and the implied physics described
above. The tropical SD scheme predicts very high

Figure 9. Comparison of AERI Jabs ratios (x) from
Hurricane Bonnie outflow with ratios predicted from
the mid-latitude and tropical cirrus schemes.
N in the small mode at these temperatures, with the
sm all mode dominating the SD are a. T he scatte r in
the AERI data may be due to variation s in particle
shape or small mode N.
Figure 10 is similar to Fig. 9 except the J abs
ratio is pre dicted for the tropical schem e with only
the large particle m ode, which an exponential
function. The absence of the small mode is see n to
raise the J abs ratio co nsiderab ly. The A ER I data
suppo rt the parameterization of the sm all mode and
the tropical SD scheme in general. Moreover, the
AERI data indicate the presence of very high
concentrations of s m all crystals in tropical cirrus, that
are generally too small to be detected by the 2DC
probe.

3.

SAT EL LIT E R ET RIE VAL S: M OD IS

Sim ilar methodology to that above can be
used with MOD IS satellite data to retrieve D eff, T f,
IW P and SD shape information. This methodology
will be demonstrated using a MOD IS satellite scene
from the western north Atlantic featuring cirrus of
convec tive origin (associated with the Gulf Stream )
during 13 Oc tober 2000. Using a methodology
similar to d’Entrem ont et al. (199 0), J abs can be
obtained for each MOD IS channel. This method
solves the equation
Iobs = (1- ,)Isfc + ,B ci

(3)

at two wavelengths, where
, is bulk cirrus
em issivity, Iobs is the upwelling thermal radiance from
cloud, I sfc is the upwelling radiance emitted by the

Figure 10. Comparison of Jabs ratios predicted for
the tropical SD scheme, with and without the small
SD mode. Measured ratios from Hurricane Bonnie
outflow are given by the x symbols.
underlying surface (i.e. either the ground or a low
level cloud) and clear atmosphere, and B ci denotes
the cirrus Planck blackbody radiance, which is a
known function of the cirrus effective tem perature
T ci. The two measured quantities in (2) are Iobs and
I sfc, corresponding to cloudy or adjacent cloud-free
scenes, respectively. This results in two equations
(one for each 8) and two unknowns (, and B ci).
Unique solutions for , and B ci are a chieved due to
(1) the Planck fun ction depende nce on tem perature
at widely separated wavelengths , and (2) the
dependence of , on wavelength. The , (com m on to
both 8) corresponding to T ci is then used in a
radiation transfer model incorporating radiances
from other MOD IS channels, with , in each channel
forced to be consistent with all observed radiances,
the initial , retrieval, and radiation transfer theory
using modified ADA. From the resulting , retrievals,
J abs is obtained assum ing zero scattering, provided ,
is significantly < 1.0. W hile J abs retrievals are not
sensitive to ice particle shape assum ptio ns, the re is
a weak sensitivity to SD shape (i.e. convective vs.
stratiform cirrus), which is diagnosed from retrieved
properties like cloud temperature and altitude, and
the general appearance of the cloud field in the
satellite scene.
The D eff retrieva ls illustrated in Fig. 2 can
also be applied to satellite retrievals. For instance,
the MOD IS instrument has channels at 3.74, 8.55,
11.0 and 12.0 :m, allowing J abs ratios sim ilar to those
used in Fig. 2 to be form ed (n ote refractive indices at
10.1 and 8.5 :m are very similar). As described
above, J abs was retrieved for these MODIS channels.
An arbitrary sample of about 800 pixels gave mean
J abs ratios of 3.7/8.5 :m and 3.7/11 :m of 0.655 and

Figure 11. Curves for MODIS Deff retrievals based
on tropical SD scheme. Each crystal type has 2
curves: with maximum tunneling and with no
tunneling.
0.550, respectively. These are indicated by the “o”
sym bols in Fig. 2. The fac t tha t the se ratios both
correspond to D eff = 55 :m is encouraging.
As a proof of concept exercise, we
evaluated this anvil cirrus MOD IS image, stratifying
the em issivity re trievals for each channel into 4 bins
based on the 11 :m em issivity: 0-0.2, 0.2-0.5, 0.50.8, and 0.8-1.0. A D eff was retrieved for each bin
using the predicted J abs 3.74/11.0 :m ratio for anvil
cirrus, shown in Fig. 11 (essentially the same as the
3.9/11 .2 :m curves in F ig. 2). Ea ch crysta l type in
Fig. 11 has two curves: one ass um ing zero tunneling
and one ass um ing ma ximu m tunneling (T f = 1.0). It
is see n that tunneling has little effe ct on D eff
retrievals, except at the sm allest s izes . This is
because tunneling is minimal at both wavelengths;
due to the large size parameter at 3.7 :m, and due
to the low real refractive index at 11 :m .
Next, MODIS J abs at 3.74, 4.05, 8.55, 11.0
and 12.0 :m were normalized to J abs at 11 :m to
determine T f and to confirm the D eff retrievals. Th is
data is plotted in Fig. 12 for each emissivity bin. The
retrieved D eff values are listed, and predicted J abs
curves are shown for each D eff retrieval. The lowest
curve corresp ond s to the sm allest D eff value, the
highest curve to the largest D eff. Since the tunneling
process depends on D eff, the use of four retrieved
D eff values to generate four J abs curves provides a
m ore rigorous estim ate of T f.
The difference in J abs between 11 and 12 :m
is a m easure o f the tu nneling contribution and T f.
This is bec aus e witho ut tunneling, Q
& abs would be
about 1.0 at both wavelengths in most cirrus. The
difference in brightness temperature and J abs at

Figure 12. Predicted curves of Jabs(8), normalized
to Jabs at 11.0 :m, for the retrieved Deff listed (lower
curves for smaller Deff), using Tf = 1.0. MODIS
observations (x) are sensitive to Tf at 12 :m.
these wavelengths is alm ost entirely due to
differences in tunneling contributions (see Fig. 1). In
this 2 nd step of the MO DIS retrieval, T f is varied
between 0 and 1 in order to find the T f that best
describes the MODIS data.
W ith these steps complete, modified ADA is
then used to determine the SD Q
& abs for each of the
above MOD IS bands. The retrieved D eff, and
corresponding em issivities, are the n us ed w ith Q
& abs
in Eq. (1) to calculate IW P for each channel, and a
mean IW P is determined.
Retrievals of T f are shown in Fig. 12.
Matching between theory and observations at 8 = 12
:m depends strongly on Tf, with a T f of 0.8 producing
a clear mismatch (not shown). A Tf of 1.0 fits the
MODIS data best, as shown in Fig. 12. This was
unexpected, as
laboratory measu rem ents and
electrodynam ic theory both indicate T f should be less
than 1.0 for hexagonal columns and plate s (Mitch ell
et al. 2001; Baran et al. 2001). O ne poss ible
explanation is that convective cirrus, formed through
the detrainment of condensed water from the
convec tive updraft column, may be comprised of
high concentrations of frozen droplets or quasispherical particles that dominate the SD are a. W hile
l arger c r ys t a l s h a p e s a r e n o n- s p h e r ic a l,
concentrations of quasi-spherical particles with D <
50 :m m ay be high enough to dom inate the anvil
infrared radiative properties as seen from space.
Clearly m ore satellite scenes and analysis are
needed to understand this issue.
Fin ally, the SD shape can be inferred using
MO DIS channels, such a s those a t 3.74 and 11.0
:m , using the methodology described under AERI

retrievals and retrievals of T ci. This is illustrate d in
Fig. 14. W hile more points are needed, the present
MO DIS data are consistent with the SD scheme for
tropical (i.e. anvil) cirrus. This is encouraging, since
most of the cirrus in the satellite scene were of
convective origin. The low Jabs ratios relative to midlatitude values indicate higher concentrations of
smaller crystals in the small mode for anvil cirrus.
The points near -50 and -40 oC correspond to the ,
bins 0-0.2 and 0.8-1.0, respectively. The number of
pixels used in each , bin, from lowest to highe st ,,
are 1148, 8100, 8861, and 17474, respectively.

4.

SUMMARY

A relatively accurate method of retrieving
IW P has been described and implem ented for
ground-based and satellite rem ote sening, with
uncertainties (standard deviation) < ± 20% ,
applicable over an IW P range of at least 1-100 g m -3
when using a channel around 3.9 :m . Effe ctive size
and optical depth are also retrieved in this process.
Methods were introduced allowing two new
cloud properties to be retrieved for the first time: (1)
size distribution shape or bimodality, and (2) photon
tunneling contribution to absorption, quantified as a
tunneling factor T f. Results regarding (1) suggest
that the high concentrations of small crystals (D < 60
:m ) m easured by the FS SP are rea l (no t prim arily
artifac ts of ice particle shattering at the probe inlet),
and that the ir radiative impact is important. These
results also s upp ort existing parameterizations of
cirrus size spectra of convec tive and non-conve ctive
origin, providing evidence that the physical
processes governing the evolution of size spectra in
these two c irrus c ategories are fun dam entally
different. Future retrievals regarding (2) may reduce
much of the uncertainty that plagues radiation
transfer in ice clouds at thermal wavelengths.

Figure 13. Temperature dependence of the Jabs ratio as
predicted by the SD schemes for tropical and mid-latitude
cirrus. Corresponding MODIS data are compared.
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