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Abstract

This paper investigates the relationship between high-spectral resolution infrared (IR) radiances
and the microphysica and macrophysica properties of cirrus clouds. Using radiosonde measurements
of the aimospheric state at the Department of Energy’ s Atmospheric Radiation Measurement (ARM)-
gte, high-spectra resolution IR radiances are calculated by combining trace gas absorption optical
depths from aline-by-line radiative transfer modd with the discrete ordinate radietive transfer
(DISORT) modd. The sengtivity of the high-spectra resolution IR radiances to particle Size, ice water
path, cloud top location, cloud thickness, and multi-layered cloud conditionsis estimated in a multitude
of cdculations.

DISORT calculations and interferometer measurements of cirrus ice cloud between 700 and
1300 cmi* are compared for three different situations. The measurements were made with the High-
gpectrd resolution Interferometer Sounder (HIS) mounted on NASA ER-2 aircraft flying & 20 km

during the SUbsonic aircraft Contrail and Cloud Effects Specid Study (SUCCESS).



1. Introduction

The importance of cirrus to the earth radiation budget iswell established (Stephens and
Webster 1981; Liou 1986). To improve the representation of cirrusin climate models, globd
digtributions of cirrusice water content and crystal Size are required. Satellite observations are needed
to satidfy this global requirement. Satdllite instruments that messure the infrared (IR) radiance & high-
spectra resolution show promise for improving the capability of characterizing ice clouds globdly. In the
next severd years, the Atmospheric Infrared Radiation Sounder (AIRS) on the Earth Observing System
- PM platform in 2002 and the Infrared Atmaospheric Sounding Interferometer (IASl) on the
Meteorological Operational Platform (METOP) in 2003 will place high spectra resolution infrared
soundersinto polar orbit. Cirrusice particle Sze and ice water paths can be inferred so that the effect
of these clouds on the Earth radiation budget will be more fully understood.

Algorithmsfor retrieving cirrus properties have been developed and gpplied to HIS
messurements by Ackerman et a. 1990, Smith et al. 1993, and Smith et d. 1998. The cloud
parameters are inferred by minimizing the difference between theoreticd calculations and the
interferometer observations. The accuracy of the retrieved effective microphysical propertiesis
fundamentally tied to accurate specification of the cloud boundaries. In the referenced studies, cloud
boundaries were specified with lidar measurements. In the absence of alidar, asngle cloud effective
dtitude is assgned using the CO2 dicing method (Smith and Frey 1990).

This paper presents the procedure for caculating emitted spectra of ice clouds in Section 2.
The sengtivity of high-gpectra resolution IR observations to cirrus cloud microphysica and
macrophysica properties with smulated data setsisinvestigated in Section 3. Particle sizeand ice

water path are explored in Sections 3.aand 3.b respectively. Section 3.c investigates the sengitivity of



high-gpectral resolution measurements to cloud property retrieva in the presence of errorsin cloud
boundary assignment. Smulations showing the errors associated with retrievals under multi-1ayered
cloud conditions are presented in Section 3.d. Section 3.e describes smulations assessing the sengitivity
of the high-spectra resolution measurements to verticd variationsin cloud particle Sze.

Actud measurements from the High-spectral resolution Interferometer Sounder (HIS) are
presented in Section 4 and effective particle Sze and ice water path are retrieved. Conclusons are

madein Section 5.

2. Calculation of Emitted Spectrafor Ice Clouds

The differentid equation for radiative transfer is well known (Chandrasekhar 1960; Stamnes et

a. 1988; Tsay et d. 1990). Using the agorithm of Stamnes et d. (1988),

mtele D =y @ me)- §¢,.m), M

where un(t ,,mf ) isthe (pecific) intengty of monochromatic frequency n in the plane-pardle layer of
optical depth t, inthedirection of (mf ). Here, f isthe azimuthd angle and misthe cosine of the zenith

angle. The source function S, consists of
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where w, is the single scattering abedo and Py (t ,mf ;m,f ") isthe phase function. Thefirst termisdue

to the multiple scattering. The second term is due to the interna source and is generdly written as
Q,(t,, mf) =Q"™™ (t,,mf)+Q**"(t, mf), €)
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where B[ T] isthe Planck function at temperature T, and Q,"*™ arises due to the usual distinction of
direct-diffuse radiation, m'™™ being the incident flux.

To arrive a the Discrete-Ordinate-Method Radiative Transfer (DISORT), the scattering phase

function is expanded by the Legendre polynomias as
2N-1
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where
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Accordingly, the intengty function is expanded as
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In this work, the solution for Eq. (1) is found one wavenumber at atime from 700.0 to 1300.0 cmi* in
steps of 0.1 cm* using the DISORT agorithm of Stamnes et . 1988. The number of expansion terms
2N in Egs. (6) and (8) isrelevant to the accuracy of the numerica integration by Gaussan quadrature.
Cdculationswith N=16, 24, and 32 produce results within 0.02% in the entire range of 700 to 1300
cm*, so N=24 was adopted. Contributions to the source function Q,**™ in Eq. (3) from the sun are
presumed to be insignificant in the infrared range between 700 and 1300 cmi* and areignored. The

phase function is gpproximated by the Henyey-Greengtein function so that g, (t,,) inEq. (6) isreplaced
by the ¢ - th power of the asymmetry factor, that is,

g((t n ) = g/Awm('t n ) ) (9)



The extinction coefficient (and hencet ,), the Sngle-scattering abedo w;, and the asymmetry factor
Oasm(t n) are computed from Mie calculations for various clouds, assuming a Deirmendjian type
digtribution function (Deirmendjian, 1964),

n(r) =ar® exp(- br). (20
If the peak of the distribution function occurs et r, then

b=alr,. (11a)

Inthiswork, a ischosento be 6. The normaization congtant is given by

a= (‘:‘—)<a D jal). (11b)

C

The particle Szeis assumed to be spherica and is measured in terms of the effective radius, defined as

i‘y(r)r?’dr

(12)
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The atmospheric temperature, pressure, and relaive humidity as afunction of the dtitude are inferred
from radiosondes launched from the DOE Atmospheric Radiation Measurement (ARM) ste. The clear
sky optica depths are computed as the integral sum of the absorption by H,O and other atmospheric
molecules using LBLRTM (Line-By-Line Radiative Transfer Modd) (Clough et d. 1992). The
atmosphere (0.315 - 20.0 km) is divided into 56 layers so that the temperature difference across any
boundary is no greater than 3.5K. The theoretica calculations of spectrainice cloud stuations are

performed using the Discrete-Ordinate Radiative Transfer (DISORT) method (Stamnes et a. 1988).



3. Senditivity Studies

The vertica didributions of particle effective Size (r«) and theice-water path (IWP) are
important cirrus microphysica properties for radiative transfer. The cloud top and base dtitudes are
aso important as they define the cloud effective temperature. The shape of theice crystals composing
the cirrusis thought to be a secondary effect in the IR region (Takano et a. 1992). This section
presents the influence of these characteristic parameters on cloud forcing, defined as the difference of
upwelling radiance of the clear and cloudy skies, expressed in brightness temperature.

a. Ice-Particle Sze (r«)

Variationsin the cloud forcing spectra, resulting from a cirrus cloud compaosed of a uniform
particle size digtribution, were investigated for effective particle Szes, r«, ranging from 4.5 to 22.5 mm.
The DISORT cdculation was performed for a0.8 km thick cloud layer at an dtitude of 10.8 km with
an IWP of 10.0 gm. Fig. 1ashows the variation of the cloud forcing as a function of the effective
radiusrer. In the infrared window region between 800 and 900 cmi?, the cloud forcing increases from
20 K for 22.5 nm ice particles to more than 65 K for 4.5 nm ice particles, the smaller particles cause
more atenuation in the infrared window radiation for afixed IWP. The spectrd changein cloud forcing
from 800 to 1000 cmi* shows a pronounced S-shape for smaller ice particles (less than 10 nm) which
becomes more linear for larger ice particles (greater than 10 mm). This S-shape was previoudy
reported by Smith et al. (1998) for 7.5 mmice particles. This characteristic shape of the spectra cloud
forcing between 800 and 1000 cni* for smdl and large ice partidles is useful for distinguishing the ice-
particle size ranges of cirrus clouds. Between 1100 and 1200 cni* the cloud forcing increases from
about 15 to 40 K with decreasing ice particle size, but there are no pronounced differencesin the shape

asrg changes. Infact in this range of wavenumbers, the cloud forcing is nearly congtant as a function of



wavenumber. Fig 1b shows acompanion plot to Fig 1lawhere the optical depth is kept constant (rather
than the ice water path) and the ice particle Szeisvaried. The same generd characteristics of Fig 1a
appear in thisplot.

Three radiative parameters are affected by a change of effective radiusr - the optical depth t,
abedo w, and asymmetry factor gasm. Theinterplay of these parameters within the rediative transfer
equation is complex, but quaitatively the wavenumber region 800 to 1000 cni* is affected more by
changesin t than by variationsin w or gas,m, Whereas changesin dl three parameters affect the 1100 to
1200 cmi* region.

b. Ice-Water Path (IWP) and Cloud Opagueness

The attenuation of radiation increases with increasing IWP and is wavenumber dependent. Fig.
2 shows the spectral variation of the cloud forcing as IWP changes but r isfixed & 7.5 nm. Cloud
forcing at 1000 cmi* increases from about 20 to 75 K as IWP increases from 7 to 80 gm'?; the
corresponding change at 800 cmi* is 40 to 75 K. Large WP renders the cloud opaque and the
gpectral cloud forcing becomes amost constant. The S-shape of the cloud forcing is clearly seen for
IWP = 7.0 and 15.0 gm?, but is much less pronounced at IWP = 22.5 - 30.0 gm. For IWP =50.0
gm? the cloud forcing shows very little spectral dependence and the cloud appears to be opaque. In
this paper acloud is called opague if the upwelling radiance is changed by less than one degree K asthe
underlying atmosphere changes. With this definition, clouds of re = 7.5, 15.0, and 30.0 mm become
opague when the WP exceeds about 45, 70, and 130 gm' respectively.

C. Cloud Altitude and Thickness
Difficultiesin defining the cloud dtitude increase the uncertainty in the retrieved cloud properties.

To edimate the impact, a reference upwelling radiance was computed for a 1.1 km thick cloud (r«r =



30 mm and IWP = 20 gm™®) at 11.1 km. The IWP was retrieved by minimizing the cloud forcing
difference between the reference and the calculated spectrain the 700-1300 cm' region. The IWP
retrievals assumed a known clear-sky spectrum, cloud thickness of 1 km, rg = 30 mm. Fig. 3 shows
the error in the retrieved IWP as afunction of the specified cloud top dtitude. An uncertainty of 1 kmin
dtitude leads to an IWP error of approximately 2 gm? (about 10%). As expected, assuming the cloud
istoo high resultsin alower value for the retrieved IWP and thus more radiance from below the cloud is
transmitted to match the smulated observation. Assuming the cloud dtitudeistoo low resultsin a
retrieved IWP that istoo large. The error is anorlinear function with assumed cloud-top atitude;
assuming the cloud is a 7.8 km increases the IWP error to 10 gm® (about 50%).

The sengitivity of the cloud forcing spectrum with repect to the cloud thickness was dso
investigated. For agiven cloud top (13.1 km) and IWP (10.0 gm™), the cloud base dtitude was varied
from 12.1 to 6.6 km. Fig. 4 showsthe cloud forcing spectrum as a function of the cloud base (or cloud
thickness). A 1 km error in cloud thickness leads to a decrease of cloud forcing by about 1.5 K and
0.7 K in the wavenumber regions 800-1000 cni* and 1100-1200 cmi* respectively. Compared to the
sengtivity to particle Sze (see Fg. 18), thisindicates arelative insengtivity to the thickness of the cloud
for fixed IWP.

d. Multi-layered Clouds

It is not unusua for awater cloud to exist below acirrus cloud. To assessthe IWP error
caused by assuming asngle layered cirrusin amulti-layered cloud condition, three sets of numerica
experiments are undertaken. The upwelling radiances were computed for a1.1 km cirruslayer (res =
7.5 mm; IWP =10, 20, or 40 gm‘z) at 11.1 km, with an underlying water cloud (r« = 20 mm; LWP =

30 gm?) at dtitudes ranging from 3.1 to 5.0 km. In each case, an IWP and r were retrieved for an
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isolated cirrus cloud (the water cloud is assumed to be undetected). The underlying cloud decreasesthe
radiance at the cirrus cloud base and the retrieved cirrus IWP is dways greater than the true value. Fig.
5 showsthe increase in the retrieved cirrus IWP as afunction of the dtitude of the unseen water cloud
below. Not surprisingly, thin cirrus (IWP = 10 gm®) are more susceptible to changesin underlying
conditions than thick cirrus (IWP =
40 gm?); retrieved thin cirrus IWP range from 14.5 to 19.5 gm? while thick cirrus IWP range from 44
to 47 gm?. The unseen water cloud at 5.0 km causes a grester change in the cirrus IWP than the
unseen water cloud at 3.1 km, since the 5.0 km cloud attenuates the radiation between 3.1 and 5.0 km
but the 3.1 km cloud does not. Cirrusrg ranges from 9.6 t010.875 mm, 8.625 to 9.375 mm, and
8.025 to 8.625 mm for theinitid dirrus IWP of 10, 20, and 40 gm™, respectively.
e Vertical Variationsin Cloud Particle Sze

Mogt passive IR retrieva methods assume the cloud microphysicsis uniformly distributed within
the cloud. This section investigates the sengitivity of the high-spectra radiances to the vertica structure
of cloud particle size for congtant IWP. The cloud is divided into two layers; the upper layer occupies
11.1 to 10.0 km and the lower layer from 10.0 to 8.9 km. One layer is composed of smdl particles
(rer = 9.0 mm) and the other has large particles (r« = 22.5 mm); both layers have the same IWP (5 gm'
%), The dloud forcing of "small particle over large" and "large particle over smal" isinvestigated. With
the two layers placed at 10.0 and 11.1 km, calculations show that the cloud forcing by “small over
large’ isgrester by 1-2 K than “large over smdl.” Fig. 6 shows the cloud forcing from these two cloud
configurations; the net cloud forcing is Smilar to that of anice doud of particle Sze around 13 nm. The
thin cirrus doud forcing is rdlatively insengtive to vertical variationsin cloud particle Sze and is weighted

toward the smaller particle Sze in average behavior.
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4. Comparison with HIS M easurements

This section presents comparisons of theoretical cadculations of cirrusice cloud forcing and
interferometer measurements between 700 and 1300 cni* for three different ice cloud situations. The
upwelling radiance spectra were observed by the High spectral resolution Interferometer Sounder (HIS)
mounted on aNASA ER-2 aircraft flying at 20 km during the SUbsonic aircraft Contrail and Cloud
Effects Specia Study (SUCCESS) on 21 April 1996 over the U.S. Great Southern Plains. The HIS s
aMichelson interferometer with a spectra resolving power (I /DI ) of approximately 3000 covering the

spectrd range from 3.7-16.7 mm. The HIS spectra have an unapodized resolution of approximately

0.35 cnt 1 from 600-1100 cnv1, and 0.7 e resolution from 1100-2700 e L. Integrated high
emissvity, temperature controlled reference blackbodies are used for an absolute cdibration. The HIS
has a noise equivaent temperature and reproducibility of about 0.1-0.2 K over much of the spectrum.
Revercomb et d. (1988) provide adetailed description of the instrument; Smith et d. (1998) report on
the interferometer measurements from SUCCESS.

Data from SUCCESS clouds labeled as 963, 990, and 998 (from 20:24:50 UTC, 20:29:20
UTC, and 20:31:17 UTC respectively during the 21 April 1996 flight) were investigated. Cloud forcing
was determined using the observed spectrafor cloudy and clear sky observetions; the time between the
measurements of the clear and cloudy skiesisless than 20 minutes.

The DISORT calculation reied on cloud dtitude and thickness provided independently by the
Cloud and aerosol LIDAR System (CLS) flying on the ER-2 aircraft (Spinhirne et a. 1996).

Atmospheric temperature, pressure, and relative humidity were measured with the ARM-ste



radiosondes (Lesnt 1995). Optica depths are caculated with LBLRTM and the extinction coefficients,
angle-scattering dbedo, and asymmetry factor of the clouds are determined from Mie calculations.

SUCCESS Cloud 998, observed at 20:31:17 UTC on 21 April 1996, consists of two layers:
one extends from 11.445 to 10.530 km (implying a thickness for the upper cloud of 0.915 km) and the
other is found between 2.355 and 2.130 km (0.225 km thick). The effective radius and IWP are
retrieved by matching the DISORT calculation to the HIS measurements. Close agreement between the
HI'S measurement and DISORT calculation isfound to occur with an r in therange of 7.2to 7.7 mm
and with IWP in the range of 6.6 to 7.1 gm?. The RMS (root mean square) differences of observed
and calculated spectra are less than 1.5 K in 800-1000 cm* and 2.5 K in 1150-1250 cmi*. Fig. 7
shows the HI'S spectrum and the DISORT calculation with rg =7.35 nm and IWP = 6.85 gm®. The
unusua inverted "'S' shape in 800-1000 cm™, characteristic of small-size particle cirrus dlouds, is
apparent.

SUCCESS cloud 990, observed at 20:29:20 UTC on 21 April 1996, is composed of layers at
10.515 t0 9.690 km, 8.820 to 7.365, and 1.665 to 1.260 km. The best DISORT result is obtained
with r¢ = 37.5 nm and IWP = 55.0 gm?; RM S differences of observed and calculated spectra are
1.9K (800-1000 cmi*) and 4.1K (1150-1250 cmi*). Fig. 8 shows the comparison between the HIS
observation and the DISORT cdculation. The quality of the comparison of observed and caculated
spectra does not change appreciably asr« changes by 10.0 mm and IWP changes by 10 g m?.
SUCCESS cloud 963, observed at 20:31:17 UTC on 21 April 1996, is reported to have three layers
from 10.830 to 9.600 km, 9.255 to 7.950 km, and 7.575 to 7.305 km and cal culations suggest .« =
37.5 nm and IWP = 604 gm'%; RMS differences are 1.8K (800-1000 cmi) and 4.5K (1150-1250 cri

1. Both calculated and observed spectra are shown in Fig. 9. From these calculations, re; is estimated
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within 10.0 mm and IWP within 50 gm2. These clouds are more opague than SUCCESS cloud 998
and their spectra cloud forcing is nearly constant with wavenumber from 800 to 1000 cmi?, indicative of
larger ice particles. The assumption of a spherica shape for the ice particle might be suspect and thus

interfering with a better fit of observed and calculated spectra.

5. Conclusions

Cdculaions of high-spectrd resolution infrared radiances in cirrus cloud Situations indicate that
cloud forcing (clear minus cloudy) spectra are sendtive to ice particle Sze, ice water path, and cloud
dltitude. They areless senditive to cloud thickness and lower layer clouds. These studies present the
probable errorsin cloud forcing when one or more of the cloud characteristics are not accurately
known.

A numerical procedure based on the DISORT agorithm is used to retrieve the effective radius
and ice water path of cloud layers with known optical depths and cloud boundaries and with nearby
clear sky atmospheric conditions aso known. The best sets of effective radius and ice water path can
reproduce the observed HIS cloud forcing within 2 K in 800-1000 cm™* and within 4.5 K in 1150-
1250 cm* for both small (r« < 10 mm) and large (e > 10 mm) particle clouds. Measured spectra
from the HIS have been used to infer arange of ice particle sizes between 7.5 and 40 mm with ice water
paths between 10 and 600 gm™. The reasonable reproduction in a rather wide window region suggests
that the DISORT based agorithm can distinguish small from large particle clouds aswell as provide a
far estimate of IWP. |ce particle Sze and ice water path are estimated with 20% variation in the

inferred vaues.
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Cirrus clouds with smal ice particles (r« < 10 mm) exhibit anontlinear S-shaped cloud forcing
in 800 - 1000 cmi* that gradually dissppears as the particle sizeisincressed. Clouds with ice water
path (IWP) greater than 50 gm® (130 gm®) and small (large) particles of re = 7.5 nm (r = 30mm) are
found to be opague (upweling radiance is unchanged within 1 K).

Imagers with three or four broad band (spectral resolution around 10 - 20 cm™®) messurements
in the infrared window region between 800 to 1000 cmi* are likely to be able to distinguish large from
amal particle 9ze cirrus and to provide IWP estimates. Suitable gpplications may include detection and
mapping of the globd digtribution of aircraft contrails aswell as cirrus clouds. High spectrd resolution

soundersin polar orbit will be capable of characterizing both rg and IWP for ice clouds unambiguoudy.
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Figure Captions

Figure 1a The sengtivity of high spectra resolution observations to variations in cloud effective radius.
Cloud forcing represents the brightness temperature difference between a clear and a cloudy sky
cdculation. Eight different effective radii are assumed, they are (from the top curve to the bottom) 4.5,
6.0, 7.5, 9.0, 12.0, 15.0, 18.75, and 22.5 mm. The cloud has a constant IWP of 10 g m and a.cloud
top atitude of 10.8 km.

Figure 1b. The sengtivity of high spectra resolution observations to variations in cloud particle effective
radius. Cloud forcing represents the brightness temperature difference between a clear and a cloudy
sky cdculaion. Sx different effective radii are assumed, they are (from the top curve to the bottom)
45,6.0,7.5,9.0, 12.0, and 18.75 nm. The cloud has a constant optical depth at 1000 cnmi* of 0.5 and
the cloud top dtitude is 10.8 km.

Figure 2. Cloud forcing as afunction of wavenumber for 5 different IWP; 50, 30, 225, 15and 7.0 g
m (from top to bottom). The clouds have the same g of 7.5 nm, acloud top dltitude of 10.8 km, and
athickness of 0.8 km.

Figure 3. Errorsin retrieved IWP if the cloud-top dtitude isincorrectly assgned during the retrieva.
Theice cloud has an IWP of 20 g ni?, an effective radius of 30 nm and exists between 11.1 and 10.0
km.

Figure 4. Cloud forcing as afunction of wavenumber for different cloud base dtitudes of 12.1, 11.1,
10.0, 8.9 and 7.8 and 6.6 km (from top to bottom). The cloud has a constant IWP of

10 g mi? and an effective radius of 10.5 mm; the cloud top dtitudeis 13.1 km.
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Figure 5. Errorsin retrieved IWP for a multi-layered cloud condition, if asingle 1 km cloud layer is
assumed. The cirrus cloud has an effective radius of 7.5 nm and is between 11.1 and 10.0 km. The
lower water cloud is gpproximately 1 km thick at atitudes ranging from 3.1 to 5.0 km and has an LWP
of 30 g m? and an effective particle radius of 20 mm. The retrieved errors are shown for three cirrus
IWP conditions, 40, 20, and 10 g m?.

Figure 6. The sengtivity of high spectrd resolution observationsto variaionsin the vertical distribution
of effectiveradius. In the top curve the upper cloud layer has an effective particle radius of 9.0 mm ad
the lower has an effective particle radius of 22.5 mm. The particle Szes are reversed in the lower curve.
Cloud forcing represents the brightness temperature difference between a clear and a cloudy sky
caculaion. The cloud has a constant IWP of 10 g m? and lies between 11.1 and 8.9 km.

Figure 7. Cloud forcing as afunction of wavenumber for a HIS observed spectrum during the
SUCCESS experiment and results from a DISORT cdculation with an effective radius of 7.35 nm and
an IWP of 6.85 g m“.

Figure 8. Cloud forcing as a function of wavenumber for a HI'S observed spectrum during the
SUCCESS experiment and results from a DISORT cdculation with an effective radius of 37.5 nm and
an IWP of 55 g m

Figure 9. Cloud forcing as afunction of wavenumber for a HIS observed spectrum during the
SUCCESS experiment and results from a DISORT cdculation with an effective radius of 37.5 nm and

an IWP of 604 g m?.
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Variation with Particle Size (r o)
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Figure 1a The sengtivity of high spectra resolution observationsto variaionsin cloud particle effective
radius. Cloud forcing represents the brightness temperature difference between a clear and a cloudy
sky cdculation. Eight different effective radii are assumed, they are (from the top curve to the bottom)
45,6.0,7.5,9.0,12.0, 15.0, 18.75, and 22.5 nm. The cloud has a constant IWP of 10 gm? and a
cloud top atitude of 10.8 km.



Variation with Particle Size (r o)
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Figure 1b. The sengtivity of high spectra resolution observations to variationsin cloud particle effective
radius. Cloud forcing represents the brightness temperature difference between a clear and a cloudy
sky cdculation. Six different effective radii are assumed, they are (from the top curve to the bottom)
45, 6.0, 7.5, 9.0, 12.0, 15.0, 18.75, and 22.5 mm. The cloud has a constant optical depth at 1000
cm* of 0.5 and the cloud top dtitude is 10.8 km.

21



Variation with Ice Water Path

(ro¢F7.5 micron; Cloud at 10.8-10 km)
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Figure 2. Cloud forcing as afunction of wavenumber for 5 different IWPs: 50, 30, 22.5, 15 and 7.0
gm’? (from top to bottom). The clouds have the same r; of 7.5 mm, a cloud top altitude of 10.8 km,
and athickness of 0.8 km.



Error due to wrong Cloud Altitude
(Cloud - 11.1-10.0 km; £#=30 micron; True IWP=20 g rﬁz)
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Figure 3. Differencesin retrieved IWP if the cloud-top dtitude is incorrectly assgned during the
retrievadl. Theice cloud has an IWP of 20 gm?, an effective radius of 30 mm and exists between 11.1
and 10.0 km.
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Variation with Cloud Base Altitude
(IWP=10 g m>; lefs = 10.5 micron; CT=13.12 km)

Cloud Forcing (K)

700 800 900 1000 1100 1200 1300

Wavenumber (cm '1)

Figure 4. Cloud forcing as afunction of wavenumber for different cloud base dtitudes of 12.1, 11.1,
10.0, 8.9 and 7.8 and 6.6 km (from top to bottom). The cloud has a constant WP of
10 gm™ and congisting of ice particles of effective radius of 10.5 mm; the cloud top dtitude is 13.1 km.
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Multi-layer Cloud Condition

(Cirrus 11.1-10.0 km; e=7.5: LWP=30g rﬁz; ref=20 micron, DZ=1
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Figure 5. Errorsin retrieved IWP for amulti-layered cloud condition if asingle 1 km thick water cloud
layer is assumed. The cirrus cloud containsice particles of effective radius 7.5 nm and is between 11.1
and 10.0 km. The lower water cloud is approximately 1 km thick at atitudes ranging from 3.1 to 5.0
km and has an LWP of 30 gm™ and an effective particle radius of 20 nm. The retrieved errors are
shown for three cirrus IWP conditions, 40, 20, and 10 g m*.
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Two layer cloud with different r o

(IWP =5gm ™ for each layer; Cloud 11-8.9 km)
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Figure 6. The sengtivity of high spectra resolution observationsto variations in the vertica distribution
of effectiveradius. In the top curve the upper cloud layer has an effective particle radius of 9.0 mm and
the lower has an effective particle radius of 22.5 nm. The particle Szes are reversed in the lower curve.
Cloud forcing represents the brightness temperature difference between a clear and a cloudy sky
caculation. The cloud has a constant IWP of 10 gm? and lies between 11.1 and 8.9 km.
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Retrieval
(SUCCESS cloud 998)
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Figure 7. Cloud forcing as a function of wavenumber for a HI'S observed spectrum during the
SUCCESS experiment and results from a DISORT caculation with an effective radius of 7.35 nm and
an IWP of 6.85 gm2. Shown arethe full calculated spectra, the HIS observed spectra, and the
difference spectra (at the HIS resolution) for those wavenumbers used in the fitting proceedure.
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Retrieval
(SUCCESS 990)
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Figure 8. Cloud forcing as a function of wavenumber for a HI'S observed spectrum during the
SUCCESS experiment and results from a DISORT cdculaion with an effective radius of 37.5 nm and
an IWP of 55 gm?. Shown are the full calculated spectra, the HIS observed spectra, and the
difference spectra (at the HIS resolution) for those wavenumbers used in the fitting procedure.



Retrieval
(SUCCESS cloud 963)
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Figure 9. Cloud forcing as a function of wavenumber for a HIS observed spectrum during the
SUCCESS experiment and results from a DISORT caculation with an effective radius of 37.5 nm and
an IWP of 604 gm?. Shown are the full calculated spectra, the HI'S observed spectra, and the
difference spectra (at the HIS resolution) for those wavenumbers used in the fitting procedure.



