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The results in Tables 7 and 8 and Figures 7 to 23 have beeredesiter fixing a bug in the
Bayesian retrieval code that effectively greatly redudedretrieval database size. The exact same
channel sets and retrieval and testing databases have be@mtthe revised results. The revised
retrieval errors are lower and more reliable, but the casiohs about the relative merits of various
channel sets did not change.

1. Introduction

Submillimeter-wave remote sensing of ice clouds is a neWwrtiegie for retrieving ice cloud mass
and particle size, which has been developed so far mosttytivitoretical work (e.g. Evans et al.,
1998). Radiometer measurements at multiple frequenciesstbe range from 180 to 900 GHz are
more directly related to vertically integrated ice mass¢erwater path, IWP) and median volume
equivalent sphere particle diametér,(.) than other ice cloud remote sensing techniques such as
millimeter-wave radar. As such, the submillimeter ice cdoemote sensing technique, in addition
to being used to retrieve IWP ard,,., can be used to test algorithms that retrieve ice cloud mass
from radar reflectivity.

Recently, several aircraft submillimeter radiometershasen built, including the Submillimeter-
Wave Cloud Ice Radiometer (SWCIR) developed at the Jet Bmpmu_aboratory (JPL) (Evans et
al., 2002), the Conical Scanning Submillimeter-wave Imgdradiometer (CoSSIR) developed at
NASA's Goddard Space Flight Center, and the Far Infrareds&efor Cirrus (FIRSC) developed
at NASA's Langley Research Center (Vanek et al., 2001). EIR8w in a number of experiments
from 1998 to 2002, CoSSIR’s first deployment (and only to tlaite) was in the CRYSTAL-FACE
experiment in Florida in 2002, and SWCIR has not been flowrRS& is a Fourier transform
spectrometer with &He cooled bolometer, while CoSSIR and SWCIR are heterodgdi®me-
ters with room temperature solid state receivers. The béyere approach is more promising for
space instruments because expensive cryogenic systemsogied, individual measurements are
obtained much more rapidly allowing cross track scanning, fzeterodyne radiometers have less
noise at the important lower frequencies (say below 600 GHije challenges for heterodyne
technology are achieving low-noise room-temperatureivece above 600 GHz and reducing the
mass and power, and hence cost, of a multifrequency spacerrent. Submillimeter heterodyne
radiometers have been (or will be) flown in space for astron@@RVAS and Odin) and atmospheric
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chemistry (Odin and EOS Microwave Limb Sounder to be laudéh004). Space missions have
been proposed to measure the climatology of ice cloud makpaaticle size, with the most recent
proposal being the Cloud Ice and Water-vapor Sub-mm ImaBadjometer (CIWSIR, Miao et
al., 2002). With new submillimeter-wave aircraft instrumeunder developement and space in-
struments being proposed, it would be useful to determiad#st set of frequencies to use. While
the submillimeter cirrus retrieval simulation technolatgveloped in Evans et al. (2002) has been
applied in limited ways to SWCIR and CIWSIR, it has never based to study the more general
issue of the optimal frequencies for submillimeter remetesing of ice clouds.

This report describes an in depth study of the theoreti¢akxal accuracy of ice cloud prop-
erties and water vapor profiles with many different microevdrequency configurations. Re-
trieval simulations are performed for 44 double sidebanttonvave frequencies from 183 GHz to
916 GHz and 4 infrared channels centered at 6.7, 8.5, 11d0]2:/0. Most of the frequency con-
figurations consist of six heterodyne receivers, thougrctrdigurations range from three to six
microwave receivers and one to four infrared channels. i$teiment viewing geometry is a fixed
zenith angle of 53appropriate for a conically scanning geometry. The sinedlaietrievals esti-
mate the expected accuracy of IWR,,., median IWP cloud height4,,...rw r), and water vapor
profiles for a wide variety of ice clouds. The simulationspeeformed for two situations: tropical
convective anvils and mid-latitude winter synoptic iceutds. For each retrieval simulation 10,000
atmospheres are randomly generated with a realistic rahgenperature and humidity profiles,
ice cloud heights and thicknesses, vertically inhomoges&&'C andD,,,., ice particle shape (ran-
domly oriented) and size distribution, and mixed phase anet level water clouds. A radiative
transfer model is used to simulate microwave brightnespégatures and infrared radiances from
these profiles. Realistic Gaussian noise is added to theasss to simulate instrument and
model errors. The simulated observations are input to a 8agaetrieval algorithm described
below, and the resulting retrieved ice cloud IWB,,., and Z,,.qrwp are compared to the true
values.

A second part of the report examines the range of polarizéidmae that could be expected
from different ice crystal types and investigates the egtl accuracy using vertical and horizontal
polarized brightness temperature (Section 7.).

2. Candidate Frequencies

A large number of candidate microwave frequencies from 8316 GHz were chosen so that
many sets of frequencies could be tested with the retrienallations. Most of the frequencies
are from sets of double sideband channels on water vapor gk absorption lines. The ra-
tionale for this is that one receiver centered on an absworpine can provide several channels
with independent information for a relatively small addiital cost. The offset frequency from the
line center is constrained by the available bandpass ofle@ryoise IF amplifiers, taken here to
be 0.5 to 11 GHz. The channels farthest from the absorpti@ndenters are chosen, within this
constraint, to have atmospheric transmission charatitersmilar to window channels. There are
frequencies from all the major absorption lines from 18316 $Hz, except for the 557 and 752
GHz water vapor lines, which are too strong for troposphesie, and two oxygen lines (715 and
774 GHz) near the 752 GHz line. Double sideband channels aleceselected for window re-
gions between lines. The frequencies of these channelschiesen based on their use in previous
proposals (e.g. CIWSIR), for being on existing aircraftioageters (e.g. CoSSIR and SWCIR), or
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Table 1: Frequencies of 44 Microwave Channels

Feature Set Name Center frequereyffset frequencies (bandwidths) [GHZ]
water vapor 183(3a) 183.3% 1.5(1.4), 2.9(1.4), 4.5(1.8)
lines: 183(3b)  183.3% 1.5(1.4), 3.5(2.0), 7.0(3.0)

325(3a)  325.15 1.5(1.6), 3.2(1.8), 5.9(3.0)
325(3b)  325.15k 1.5(1.6), 3.5(2.4), 9.5(3.0)
380(4)  380.20t 0.9(0.8), 2.3(2.0), 4.6(2.6), 9.5(3.0)
448(3a)  448.0&: 1.4(1.2), 3.0(2.0), 7.2(3.0)
448(3b)  448.00: 0.9(0.8), 2.5(2.2), 6.6(3.0)
620(3)  620.70t 0.9(0.8), 2.0(1.6), 7.5(3.0)
916(3)  916.17 0.9(0.8), 2.8(2.6), 9.5(3.0)
oxygen 425(3)  424.76: 0.8(0.4), 1.8(1.0), 7.2(3.0)
lines: 487(3)  487.2% 0.7(0.4), 1.2(0.6), 8.0(3.0)
834(3)  834.15t 0.7(0.4), 1.2(0.6), 9.5(3.0)

windows: 220 220.0- 2.5(3.0)
243 243.2+ 2.5(3.0)
280 280.0+ 3.0(3.0)
344 344.0+ 3.0(3.0)
462 462.4+ 2.6(2.6)
643 642.9+ 6.7(2.8)
664 664.0+ 4.2(3.0)
683 683.0+ 5.0(3.0)
874 874.4+ 6.0(3.0)

for being close to the geometric mean of two absorption lregdencies (e.g. 243 between 183
and 325 GHz or 280 between 183 and 425 GHz).

The frequencies were chosen by an interactive proceduodving viewing graphs of clear
sky brightness temperature spectra and weighting fungtiofiles. The brightness temperature
spectra were created at a resolution of 0.05 GHz from alisarptofiles generated by LBLRTM
(version 6.12) for mean tropical and midlatitude winter aspheres. The particular bandpasses
of the channels were chosen to avoid the numerous narroweaaosorption lines. For chan-
nels centered on absorption lines the channel offset fre;yuand bandwidth were chosen using
weighting function plots. These weighting functions are ¥ertical derivative of the transmission
from 50 km @7, (50, z)/dz) at a resolution of 0.5 km. The weighting functions are agethover
both sidebands assuming a rectangular bandpass. The llinshof the channels were chosen
to be as wide as possible without overlapping adjacent aiammd without unduly smearing out
the weighting function. The frequency offsets from the nemecenter frequency were chosen to
spread the weighting function peaks out evenly in altitudtd & spacing of 1.5 to 2.0 km between
adjacent channels. For the 183, 325, and 448 GHz receiverssdts of frequencies are selected
with the first being the SWCIR set and the second having thghtieig functions cover a wider
altitude range. The maximum bandwidth used was 3.0 GHz.

Table 1 lists the 44 microwave frequencies considered istindy and provides the name that



Table 2. Wavelengths of 4 Infrared Channels

Feature Channel Name Channel wavelength rapnge][
water vapor band 6.7 6.535-6.895

window 8.5 8.40-8.70

window 11.0 10.78-11.28

window 12.0 11.77-12.27

each set of frequencies for one receiver will be referredtier] Figures 1 to 5 show the weighting
functions for both atmospheres for all 44 microwave chasmnghe infrared channels were chosen
to match four of those on MODIS, as listed in Table 2.

3. Bayesian Retrieval Algorithm

The retrieval algorithm used in the simulations is a Bayesidegration method (Evans et al.,
2002). This algorithm is computationally efficient, intraasa priori information in a clearly
defined manner, and retrieves uncertainty estimates aladtiigioe cloud parameters and water
vapor profiles. The Bayesian retrieval algorithm is baseB8ayes theorem of probability theory:

_ p(T)ny(o)
P (21T) = P20

wherez is the vector of cloud and atmosphere parametersaisdhe vector of measured bright-
ness temperatures or radiances. The prior probabilityityefusiction (pdf) p,(z) represents our
knowledge of the atmospheric column before taking a measeme The conditional pdf;(7'|x)

is the distribution of brightness temperatures given aroapheric state, which is closely related to
the forward radiative transfer problem. The forward pdfdswaned to be a normal distribution of
measurement error around brightness temperatures seduigta radiative transfer modédl,;,,, ;,

i.e.

pr(T|z) = 1:[ N{(Tsim,j(x) — Tobs,5)/ 5] »

whereT, ; is thej’th brightness temperature with measurement/modeliray effio;. The result-
ing posterior pdp,,s:(x|1") gives the probability distribution of the atmospheric paeders given
the measurement.

A retrieval is made by integrating the posterior pdf to fine thean parameter vectat,.;.
A Monte Carlo integration is performed over the high dimensai parameter space by randomly
generating the atmospheric parameters for many casesvé@ahafficient algorithm the simulated
brightness temperatures for these cases are precompulea radiative transfer model and stored
in a database. The random cases in the database are déestramdording to the prior pdf. This
simplifies the Bayes integral for the retrieved vector to

2 Xi €xXp I:_%XZZ]
22; exp I:_%Xzz]

Xper = x; from p,(x)
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Figure 1: Weighting functions for 183 and 325 GHz channels.
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Figure 2: Weighting functions for 380 and 425 GHz channels.
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Figure 3: Weighting functions for 448 and 487 GHz channels.
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wherey? is the usual normalized measure of the disagreement betiveabserved and database
brightness temperature vectors,

o?

X; = % (Tobs,j = Toim,s (%))’
Jj=1 J

A similar summation over database cases gives the stan@aidtion around the mean vector,
which is an estimate of the uncertainty in the retrieval.

If the measurement noise is gaussian, as it is in the siroukatilescribed below, then the
expected value of? is M, whereM is the number of channels, and the standard deviatigf of
is /M for M >> 1. The Bayesian integration algorithm requires a minimum benof database
points (25 in the retrievals below) within a specifigtithreshold, here set o/ + 4v/M. If there
are fewer than the required number of points within thisgshadd due to the finite number of points
in the database, then a largg€rrange is considered by effectively increasing alldys in steps of
a factor ofy/2 until the minimum number of points is reached. This impliesttthere is a source
of retrieval error due to the finite database size. Since tietpin the database are distributed
according to the prior pdf, there are few cases with high ITffe database generation procedure
has the option of rejecting low IWP cases according to an eaptial probability distribution in
IWP and increasing the weight of the remaining cases so tigahigh IWP enriched retrieval
database is statistically equivalent to the prior pdf. Tgmnscedure improves the problem of not
having enough database points within the requjr&threshold for higher IWP.

4. Retrieval Database Generation

Generation of the database of atmospheric parameters amdponding brightness temperatures
is the key element of the Bayesian algorithm. The first stegeimerating the database is to create
random profiles of temperature, water vapor, liquid and load properties such as water content
and median particle size, and surface emissivity. Theildigton of these parameters is the a priori
information in the retrieval, so it is important that the files are realistic and completely cover the
possible parameter range. The parameters that specifyaihaycatmospheric profiles are chosen
from joint probability distributions, instead of using @vged profiles. This is necessary because
up to one million profiles may be generated and the Monte Gatkgration requires that each
case be independent. Since the atmosphere and cloud paranmethe database are distributed
according to the prior pdf, there are separate databasefifferent seasons and regions of the
globe.

The second part of generating the database is to simulaseitimillimeter and infrared obser-
vations with a radiative transfer model. A fast Eddingtooss®l approximation method is used.
The microwave and infrared radiances are simulated forwingezenith angle of 53°1(cosine
is © = 0.6). The microwave radiances are converted to brightnessdmnpe after the radiative
transfer calculation (which is important since submillterefrequencies are not in the Rayleigh-
Jeans limit). For efficiency the monochromatic absorptioofifes for an input atmosphere are
interpolated in temperature and water vapor from refergmoéles calculated with LBLRTM.
Double sideband brightness temperatures are calculatedwo monochromatic radiative trans-
fer computations (which is a good approximation for the oarbandwidths used here). Infrared
channel radiances are computed with a pseudo-k-distoibagpproach that performs a weighted
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sum of 4 to 6 strategically placed monochromatic calcutetiacross the spectral band. The single
scattering information for gamma particle size distribos is calculated for randomly oriented
nonspherical particles with the Discrete Dipole Approxiima (DDA) for the microwave chan-
nels and using volume and area equivalent sphere Mie dogttier infrared channels. A much
slower multistream radiative transfer method is availabl&imulate polarization of the brightness
temperature signal from horizontally or randomly orienpedticles (see section 7.).

The retrieval database temperature and relative humidityigs are generated with the correct
statistics and vertical correlations using principal comgnt analysis. The principle components
are calculated from 118 tropical or 72 midlatitude winteGR3 profiles. A random profile is
generated by setting the principle component coefficiementindependent normally distributed
random deviate with the appropriate variance. The mean andbility of the temperature and
relative humidity profiles from 10,000 realizations is simow Fig. 6.

Multilayer ice clouds, mixed phase clouds, midlevel andrztary layer water clouds are gen-
erated with realistic geometric properties. There may be@ntwo ice cloud layers. Part of an
“ice cloud” may be mixed phase or even liquid with a prob#pilhat depends on temperature. The
choice of the cloud geometry distributions is loosely basedbserved cloud height and thickness
distributions obtained from radar. The upper ice cloud teght is gaussian distributed, the gap
distance between the two ice clouds and all cloud thickrsemseexponentially distributed. All of
the distributions are independent.

The microphysical properties of the ice clouds in the dagabare based on in situ 2D-C probe
observations of cirrus. The midlatitude winter simulatigses 3477 cirrus size distributions from
the Atmospheric Radiation Measurement Cloud Intensiver@joa Period (IOP) in March 2000
(Heymsfield et al., 2002). The 2D-C/2D-P probe number comagan as a function of maximum
particle diameter for flights on March 5, 9, and 12 is convettemoments of equivalent sphere
diameter using the effective density - diameter fitted retapresented in Fig. 15 of Heymsfield et
al. (2002). This density - diameter relation gave betteeagrent between the 2D probe derived
ice water content (IWC) and the IWC measured by the countesfidual impactor (CVI) than did
the density-area ratio relation presented in the paper.\WW&and D,,. of a gamma distribution
(with o = 1) are obtained from the third and the fourth equivalent spladgameter moments for
each 5 second size distribution sample. The tropical simomases 3000 size distributions from
the CEPEX experiment in 1993 (McFarquhar and Heymsfield6)189 described in Evans et al.
(2002).

The cirrus microphysical generation procedure uses thereed relationship between IWC,
D,,., and temperature. The parameters of a trivariate norme@iliiton are specified with the 3x3
covariance matrix ofln(IWC), In(D,,,.), and temperature derived from the observed size distribu-
tions. Table 3 lists the the microphysical statistics tmatiaput to the cloud generation procedure
for the two simulations. The randomly generated ice cloudhts and thicknesses are used to
index into the random temperature profiles to get cloud taplasttom temperatures. Given the
top and bottom temperature, the IWC aby,. at the top and bottom of the cloud are generated
randomly from the log-normal distribution. The,,. varies linearly with height inside the cloud,
while the IWC varies as a power law in,,,.. The bottom IWC and),,. are required to be larger
than cloud top values. This procedure simulates the obdarvels microphysical relationships,
such as smaller particles at colder temperatures and |6W€rwith smaller particles.

Ice particle shape is effectively an error source in the loadretrievals. Since the shapes of
ice crystals in particular cloud types is relatively unkmosnd highly variable, the approach taken
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Figure 6: The mean and meanone standard deviation profiles of temperature and relhtineid-
ity from 10,000 randomly generated profiles for the tropiadl midlatitude winter simulations.
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Table 3: Microphysical Input Statistics

Temperature (K) In(IWC[g/m?)) In(Dpe[pml)
ARM2000 Midlatitude Winter
mean 2415 -4.01 5.37
std. dev. 12.9 1.59 0.63
correlation Pr—Iwc =0.534 PT—Dme =0.728 PIWC—=Dime =0.745
CEPEX Tropical Anvils
mean 230.3 -4.53 4.95
std. dev. 11.8 2.07 0.59
correlation Pr—iwc =0.322 PT—Dme =0.618 PIWC—=Dme =0.733

here is to bracket the range of particle shapes in terms wfrhdiative properties. In the randomly
oriented particle framework, the primary consideratiothesparticle bulk density or, equivalently,
the ratio of surface area to mass. At both microwave andriedravavelengths highly compact
particles have considerably different scattering prapethan more spread out particles. The two
particle shapes used for the retrieval database are selidpheres (most compact) and 7-bullet
rosettes (least compact). A single particle shape is rahdonosen for each cloud. The width of
the ice particle gamma distribution is also randomly chdsereach cloud4 =0, 1, or 2 in the
distribution defined bW (D) « D¢ exp|—(a+3.67)D./Dy,.], whereD, is the equivalent sphere
diameter). The solid spheres halkg,. between 20 and 100@m , while the bullet-rosettes have
D,,. between 25 and 400m (limited by the DDA technique and microphysical considierzs).

The mixed phase procedure first decides whether the clouguseawater or ice cloud. The
probability of a cloud being a pure water cloud depends ligean the cloud top temperature
between two specified temperature values (and is 0 below abd\e the range). The probability
of a cloud being a pure ice cloud depends linearly on the clmage temperature. If a cloud is
not a pure water cloud, and is not a pure ice cloud, then it iethphase. The mass fraction
of water depend linearly on height within the cloud accogdio random water fractions chosen
for the cloud top and base. The water fraction at cloud toplaase is a triangular distribution
with halfwidth of 0.25, and the mean varies linearly in heiglith a value of O at the level of
homogeneous freezing (-39) and a value of 1 at the melting level. The water fractioreists
0 above the homogeneous freezing level and 1 below the md#uel. The total water content
at cloud top and base is derived from the ice microphysidsssts. The liquid droplet median
mass diameter is normally distributed (uniform within auddwith a mean of 1&m and standard
deviation of 4um . There may also be a specified probability of having a boynkdger water
cloud. The boundary layer cloud has an exponential digidhwf cloud top height (which is
really an effective cloud height, since the cloud fractismnity). The liquid water content of the
boundary layer cloud is 0.3 gAnand the median mass droplet diameter is normally diseibat
for the other liquid clouds.

The surface has a small contribution for the lower altitudassng channels from 183 to
344 GHz in drier atmospheres. A normally distributed swefamissivity with a mean of 0.93
and standard deviation of 0.03 is assumed. The surfaceigityiss independent for four separate
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Table 4: Parameters of the probability distributions diéstg the cloud geometry and phase

Parameter Tropical Midlat. Winter
Retrieval Testing Retrieval Testing
Probability of two ice cloud layers 0.0 0.33 0.0 0.33
Temperature of mean cloud top height (K) 225 210 238 226
Standard deviation of cloud top height (km) 2.5 2.0 2.0 1.0
Mean upper cloud thickness (km) 2.5 1.0 2.0 1.0
Mean cloud gap distance (km) - 1.0 - 1.0
Mean lower cloud thickness (km) - 2.0 - 15
Pure water cloud top temp. range (K) 248-268
Pure ice cloud bottom temp. range (K) 238-273
Probability of boundary layer cloud 0.25 0.33 0.0 0.0
Mean boundary layer cloud top height (km) 0.5 0.5 - -

frequency ranges (around 183 GHz, 220-280 GHz, around 325 @htl above 380 GHz). The
infrared surface emissivity is normally distributed wittmeean of 0.97 and standard deviation of
0.01, and is independent for each of the three surface gpasannels (8.5, 11, 12m).

5. Retrieval Smulation Procedures

The synthetic SIRICE observations for the retrieval sirtiates are made with the same procedure
as used to generate the retrieval database profiles. It isenbstic, however, to use the same
statistics for the testing database as for the retrievalueste because the cirrus cloud statistics are
not well known. Therefore, the testing and retrieval dasalsdhave the following differences:

1. The testing database has one or two independent ice cyedslwith different statistics
from the single layer ice clouds in the retrieval databasablél 4 gives the retrieval and
testing database cloud geometry parameters for the twdations.

2. The testing database cirrus microphysical statistiesiiered from the retrieval database by
multiplying the IWC values by 2, but keeping the other parearseof the trivariatela(IWC),
In(D,,.), T) normal distribution fixed.

The two retrieval databases, one for the tropical simubaéind one for the midlatitude winter
simulation, are generated with 1,000,000 cases each. Tper tiopospheric water vapor profile
is retrieved in five 2 km thick layers from 16 to 6 km altitudetime tropical simulation and 12 to
2 km altitude in the midlatitude winter simulation. The rewed quantity is the integrated water
vapor density (g/if) in each layer.

The statistics of the 10,000 randomly generated clouds fmseesting are listed in Table 5.
There is a wide range in each of the cloud parameters. Thealygirus cloud has a somewhat
smallerD,,. in the tropical simulation than in the midlatitude wintemsilation, but a larger IWP.
There are mixed phase clouds in 6.7% of the tropical case8&4d of the midlatitude winter
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Table 5: Statistics of the randomly generated ice cloudd teetesting

Tropical Simulation

Parameter mean median std. dev. minimum maximum
IWP (g/nv) 108 15.9 381 0.01 7925

D, (um) 139 117 84 25 787
Zmearwp (Km)  12.8 12.9 2.2 5.6 20.5

Ziop (km) 13.9 13.9 1.9 7.5 20.7

Zpor (Km) 12.3 12.4 2.4 3.8 20.4

Midlatitude Winter Simulation

Parameter mean median std. dev. minimum maximum
IWP (g/nv) 31.2 9.7 71.0 0.02 1691

D, (um) 182 165 81 28 773
ZmedIW P (km) 7.8 7.6 2.0 0.0 16.7

Ztop (kM) 8.8 8.6 1.7 3.0 17.4

Zpor (km) 7.3 7.3 2.2 0.0 16.6

2]WP Is ice water pathpD,,. IS median mass equivalent sphere diame-
ter, Znm.arwp is height of median ice water path,,, is maximum cloud top
height, and7Z,,; is lowest ice particle height.

cases. For the tropical simulation 18.6% of the clouds H&VE < 2 g/m?, while for the mid-
latitude winter simulation 19.6% had&VP < 2 g/m?. However, less than 0.6% of the total ice
mass is contained in clouds wWilWP < 2 g/m? for both simulations. The distinction between the
fraction of clouds and the fraction of total IWP is importasihce the goal of the measurements is
to sense total regional ice mass, not individual cloud IWP.

Along with the microwave and infrared channels, the temipeeaprofile may be an observ-
able. This is to simulate a retrieval algorithm using terapge profiles obtained from numerical
weather prediction (NWP) models (which in turn obtain terapgre from other satellite sensors).
The temperature profile is specified as the average tempe@itthe same five 2 km thick layers
used for the water vapor retrievals. Gaussian distribubéserwith an rms of 1.5 K is added to each
layer temperature observable, as this is approximatelyetred of accuracy achieved by present
day NWP models.

Gaussian distributed noise with the appropriate amplitsidelded to the microwave brightness
temperatures simulated by the radiative transfer moded.nidise rms for each channel is derived
from an assumed system temperatdrg,), integration time{;,;), and the bandwidtii by

NEAT = b

V Btint
Receiver technology indicates that higher frequencie® iagher system temperatures, so the
formulaTy,s = 900 K + (3 K/GHz) f, wheref is the frequency, is assumed based on the lowest
noise receivers measured at JPL. The integration time enték bet;,, = 3 ms. The absolute
calibration and radiative transfer model error is assurodzet1.0 K and is added in quadrature to
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obtain the noise rms for each channgl:= (1.0 K)> + NEAT?. Theo’s range from about 1.1 K
for the 243 GHz channel to 1.5 K for the 874 GHz channel, with ohthe narrower bandwidth
high-frequency channels haviag= 3.3 K. The rms of the gaussian noise for the infrared channels
is based on 0.5 K NET at 260 K scene temperature, resultingsig= 0.6 mW cm/(n¥ st) for the

11 and 12um channels.

6. Channd Sdlection Retrieval Smulation Results

The number of possible combinations of the 44 microwave éksn 4 infrared channels, and
5 temperature layer observables is much too large to penfetneval simulations for each one.
Instead, particular channel sets are constructed basedranptes known to be relevant for ice
cloud sensing. These are that a wide range of microwave dreges should be covered and the
frequencies should be roughly equally spaced in a logaritlsense. The 26 sets of microwave
channels referenced A to Z are listed in Table 6. Most of the uire six receivers (ignoring
the issue of multiple receivers for orthogonal polarizasip Set A has the CIWSIR frequencies
with 5 receivers. Set B adds the 243 GHz receiver and chahge&38 GHz receiver to 664 GHz.
Sets C and D explore the difference between the SWCIR andrwats of bandpasses on 183,
325, and 448 GHz receivers. Sets E to H look at the placemethteo220-280 GHz and 640-
680 GHz window channel receivers. Sets | to L explore usirggpgdiion line channels instead of
the 664 GHz and 874 GHz window channels, while set M triesgusimy window channels (except
for 183 GHz channels). Sets N to P look at using different sebsorption lines including the
487 and 425 GHz oxygen lines. Sets Q through Z explore optidthsless than six receivers. Set
Q has five receivers, sets R to W have four receivers, and setZ Xave three receivers.

Six sets of the four infrared channels are considered, eeéed by numbers 1 to 6. These
sets range from one channel to all four (see Table 6). The nolakeire for sets that combine
microwave and infrared channels is to combine the microweiter with the infrared number,
as in “C3”". The addition of the five layers of temperature peoifnformation is indicated by an
additional lowercase t, as in “Ct” or “C3t”. Retrievals witht microwave channels are indicated
by “_”, as in “_3” which uses only infrared channels.

Retrieval simulations were first performed for all the migawve channel sets. One of the best
microwave sets (the “likely candidate”) was then combinathweach of the six infrared sets.
Retrieval simulations were done for all 26 microwave setsambination with one infrared set.
Simulations were also done for the selected microwave antbmave+infrared set combined with
the temperature profile information.

The ice cloud IWPD,,., and Z,,.qrwp retrieval errors are assessed by comparing the re-
trieved parameters to the known values. Since IWP variesrbgre of magnitudes, the error
is expressed in a fractional sense using the logarithmieréifice expressed in decibels (dB) (i.e.
4.343 In(IWPret /IWPtrue)). The fractional error is usually applied to cases with W@\

2 g/n? because a fractional error for IWP near zero is meaningless.errors are also expressed
in dB, while Z,,,.qrwp €errors are in km. Instead of the rms difference, a more roftasistic, the
median of the absolute value of the error is used. Thus, dvirearetrievals being combined for
an error estimate, 50% have a dB error less than the median and 50% have a larger error.
For a zero mean gaussian distribution the root mean squara®d.48 times the median absolute
error. A 1 dB error is a factor of0*%! or about 25%, while a 3 dB error is a factor of 2. The rms
water vapor errors in g/frfor each layer are normalized by the mean layer water vapouatto
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Table 6: Channel Sets Investigated

Microwave Channel Sets

Set

Channel names

N<Xs<CHu0TXOTVOZZIrX«-"IOTMOO®>

183(3a), 325(3a), 448(3a), 683, 874 (CIWSIR)
183(3a), 243, 325(3a), 448(3a), 664, 874
183(3b), 243, 325(3b), 448(3a), 664, 874
183(3b), 243, 325(3b), 448(3b), 664, 874
183(3b), 220, 325(3b), 448(3a), 664, 874
183(3h), 280, 325(3b), 448(3a), 664, 874
183(3b), 243, 325(3b), 448(3a), 643, 874
183(3b), 243, 325(3b), 448(3a), 683, 874
183(3b), 243, 325(3b), 448(3a), 620(3), 874
183(3h), 243, 325(3b), 448(3a), 664, 916(3)
183(3h), 243, 325(3b), 448(3a), 620(3), 916(3)
183(3h), 243, 325(3b), 448(3a), 643, 834(3)
183(3b), 243, 344, 462, 643, 874

183(3b), 243, 380(4), 487(3), 664, 874
183(3b), 243, 380(4), 487(3), 620(3), 834(3)
183(3h), 243, 325(3b), 425(3), 620(3), 874
183(3b), 243, 325(3b), 448(3a), 664
183(3b), 325(3b), 448(3a), 664

183(3b), 325(3b), 448(3a), 874

183(3b), 243, 380(4), 643

183(3b), 280, 425(3), 643

183(3b), 280, 425(3), 620(3)

220, 325(3b), 448(3a), 664

183(3b), 325(3a), 448(3a)

183(3b), 448(3a), 664

183(3b), 448(3a), 874

Infrared Channel Sets

et

Channel names

OOk, WDNEFW

11.0

11.0, 12.0
6.7,11.0,12.0
8.5,11.0,12.0
6.7,8.5,12.0
6.7,8.5,11.0,12.0
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derive the rms fractional error. The water vapor error is alsmpared to the “natural variability”
of water vapor by taking the ratio of the rms error to the staddleviation of water vapor amount
for each layer.

Overall summary results of the retrieval simulations fotta channel sets are given in Tables 7
and 8. In addition to the ice cloud property and water vaptienal errors, the fraction of the
retrievals that could be done without expandingtfénhreshold is listed. This fraction is a measure
of the overall retrieval error due to the finite size of theiestal database. As more channels are
added to the set and the retrievals become more constrairest,omes more difficult to get 25
database points within the origingt threshold. For example, the fraction of tropical retrisval
within the originaly? threshold for the C set is 0.903, for the C3 set is 0.762, andhi® C3t
set is 0.426. This problem with retrieval error due to thetdirdatabase size can result in the
retrieval error actually increasing when more channelsadded. There is also a certain amount
of stochastic noise in the retrieval due to the random castreeiretrieval database and the testing
databases. These facts should be kept in mind when integtee retrieval simulation results.

The retrieval simulations are designed to be realistic,thatlarge uncertainties in ice cloud
property statistics implies significant uncertaintieshia bverall magnitude of the retrieval errors.
Of course, the two situations simulated (tropical and ntitlide winter) are not representative
of all ice clouds. If the true statistics of ice clouds havghr IWP, larger particle sizes, or a
smaller range of particle density, then the retrieval erveould decrease. Nevertheless, the general
characteristics of the simulation results should be ctreech as the relative merits of particular
channel sets. Because the statistics of ice cloud propemesunknown, it is important not to rely
solely on the summary numbers listed in the tables, but al®mmpare the channel set retrieval
errors as a function of IWH),,.., and cloud height.

Scanning the summary results listed in the tables, it agpbat the best microwave channel
set is | and the best infrared channel set is 5, though therseareral sets that have about the
same retrieval accuracy. However, here microwave set C rd@makéd set 3 are singled out for
closer investigation. The overall characteristics of tteedloud retrieval errors, and how the errors
change with the addition of infrared and temperature infdrom, can be seen in graphs of the
IWP, D,,., andZ,,..rwp €rrors in Figs. 7 to 10. The addition of temperature infororato the
microwave channels (Ct vs. C) does not improve the IWP Bpd retrievals, and indeed can
make them worse due to the finite retrieval database errce.atldition of the infrared channels
improves the IWP retrievals very substantially, until tke water path is so high that the IR is
always saturated. The infrared channels dramaticallyovgtheD,,. retrievals for small particles
in the tropical simulation (Fig. 9), both because the IR n@groved sensitivity to thin clouds and
because the IR particle size sensitivity is limited1g, less than 10@m . The IR channels do not
improve theD,,. retrievals for small particles in the midlatitude wintemsilation. As might be
expected, the temperature information improves the retisef the median IWP heighZ(,.qrw p)
as do the infrared channels for smaller IWP in the tropicalgation (Fig. 10). With temperature
profile information the median error i6,,,.qrw p is less than about 0.3 km for IWE50 g/n?. It is
worth noting that the ice cloud retrieval accuracy with ehiefrared channels alone is very poor
compared to the microwave only or the microwave+infraredeeals (see3 entry in Table 8).

The comparison of the microwave channel sets can be doneobpigg related sets together.
Are the ice cloud retrievals improved by using the wider gglchannels on the 183, 325, and
448 GHz water vapor absorption lines? Fig. 11 shows sets Bn& D, which compare the nar-
rower and wider spaced channels. The figure and Table 7 tedicat the C set has slightly better
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Table 7: Summary Results for Microwave only Channel Sets

Tropical Simulation Midlatitude Winter Simulation
Median error Vapor Ret Median error Vapor Ret
Set| WP D,., Zn.a Error Frac| WP D,,. Z,.a Error Frac
0.963 0.624 0.780 0.903 0.928..540 0.651 0.670 0.859 0.987
0.934 0.608 0.760 0.893 0.908.488 0.655 0.660 0.824 0.973
0.936 0.608 0.760 0.893 0.903.413 0.661 0.660 0.805 0.966
0.966 0.618 0.550 0.435 0.792.373 0.657 0.490 0.477 0.759
0.949 0.624 0.750 0.898 0.911.466 0.667 0.660 0.797 0.964
0.937 0.603 0.760 0.894 0.902.407 0.658 0.660 0.801 0.963
0.937 0.611 0.760 0.893 0.908..391 0.662 0.660 0.814 0.971
0.944 0.609 0.760 0.894 0.903.425 0.654 0.670 0.804 0.966
0.934 0.610 0.760 0.892 0.903.411 0.653 0.660 0.804 0.967
0.909 0.601 0.690 0.893 0.892.344 0.652 0.640 0.798 0.962
0.960 0.572 0.600 0.888 0.874.471 0.659 0.630 0.789 0.955
0.985 0.580 0.600 0.890 0.878..553 0.672 0.630 0.785 0.958
1.002 0.616 0.720 0.833 0.903.509 0.663 0.670 0.787 0.960
1.076 0.654 0.820 0.917 0.94@.558 0.677 0.690 0.818 0.981
0.982 0.623 0.740 0.796 0.908.839 0.700 0.700 0.826 0.963
0.990 0.616 0.610 0.783 0.898.768 0.713 0.660 0.817 0.958
0.930 0.606 0.600 0.729 0.8794.377 0.649 0.610 0.761 0.944
1.147 0.686 0.780 0.891 0.918.558 0.690 0.680 0.806 0.974
1.158 0.696 0.790 0.891 0.926..562 0.693 0.690 0.822 0.984
0.952 0.631 0.770 0.894 0.92.425 0.662 0.670 0.820 0.982
1.195 0.750 0.810 0.880 0.932.075 0.786 0.740 0.839 0.982
1.315 0.804 0.810 0.722 0.946..905 0.750 0.740 0.791 0.982
1.330 0.760 0.620 0.724 0.92..870 0.749 0.650 0.782 0.975
1.150 0.752 0.810 0.897 0.936..568 0.740 0.710 0.824 0.984
1.582 0.800 0.820 0.890 0.9459.976 0.746 0.740 0.821 0.990
1.198 0.808 0.860 0.898 0.952.315 0.846 0.780 0.891 0.994
1.055 0.711 0.830 0.901 0.95@.226 0.817 0.760 0.890 0.993

*Median absolute error of ice water path (IWP), median maas/algnt sphere diam-
eter (D,,..), and height of median ice water path,.{.,) for cases with IWP above 2 gfm
“Vapor Error” is the average over the five layers of the ratioros error in layer water
vapor amount (g/d) to the standard deviation of water vapor amount. “Ret Fiathe
fraction of the 10,000 retrievals that could be done wittegtanding the? threshold.

N<XXS<CH0W0ITOUTOZZIrXwe—IOMMUQO >
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Table 8: Summary Results for Sets Including Infrared Chinne

Set

IWP

Tropical Simulation
Median error

Dme

Z, med

Vapor
Error

Ret
Frac

IWP

Dme

Zmed

Vapor
Error

Midlatitude Winter Simulation
Median error

Ret
Frac

C1
C2
C3
C4
C5
C6
C3t
3
_3t

0.549
0.536
0.510
0.510
0.496
0.494
0.555
2.389
2.436

0.449
0.449
0.425
0.444
0.422
0.422
0.460
1.320
1.335

0.720
0.710
0.660
0.690
0.660
0.660
0.510
1.200
1.090

0.913
0.927
0.920
0.931
0.919
0.925
0.474
0.985
0.661

0.81
0.77
0.7¢
0.73
0.72
0.7(¢
0.42
0.9¢
0.95

[ 2.839
(0.851
2.844
13.840
14).834
9.839
16).887
)3.741
»@3.533

0.588
0.591
0.583
0.598
0.593
0.587
0.589
1.157
1.165

0.680
0.690
0.690
0.680
0.670
0.680
0.520
1.310
1.150

0.789
0.797
0.799
0.794
0.792
0.793
0.514
0.975
0.589

0.87
0.82

0.81

0.7¢

0.81

0.78
0.3(
0.9¢
0.9¢

(1
5
2
)4
4
32

3
)7

1

A3
B3
C3
D3
E3
F3
G3
H3
13
J3
K3
L3
M3
N3
03
P3
Q3
R3
S3
T3
U3
V3
W3
X3
Y3
Z3

0.515
0.511
0.510
0.507
0.504
0.504
0.513
0.505
0.488
0.474
0.498
0.532
0.563
0.534
0.533
0.488
0.569
0.569
0.523
0.628
0.646
0.607
0.575
0.742
0.618
0.584

0.437
0.432
0.425
0.430
0.430
0.424
0.422
0.417
0.426
0.421
0.429
0.443
0.448
0.431
0.460
0.422
0.471
0.476
0.444
0.503
0.515
0.521
0.515
0.554
0.540
0.495

0.670
0.670
0.660
0.660
0.670
0.670
0.670
0.670
0.640
0.580
0.580
0.640
0.690
0.630
0.580
0.560
0.670
0.670
0.670
0.690
0.640
0.570
0.680
0.680
0.710
0.690

0.920
0.916
0.920
0.917
0.922
0.919
0.918
0.920
0.921
0.921
0.926
0.868
0.921
0.833
0.821
0.766
0.910
0.908
0.910
0.897
0.743
0.753
0.911
0.901
0.907
0.906

0.8(
0.77
0.76
0.77
0.75
0.7¢
0.7¢
0.7¢
0.74
0.7(¢
0.71
0.75
0.81
0.74
0.72
0.6§
0.74
0.81
0.79
0.82
0.8(
0.7¢
0.83
0.85
0.86
0.84

41.080
110.919
y.844
110.880
»dD.854

4.867

9.858

.844
120.835

10.829
|4).892
»&.876
|4).879
151.100
8..044
30D.841
)5).883
16).943
)7.920
131.186

7.053

21.001
320.951
»41.063
531.502
141.494

0.602
0.595
0.583
0.591
0.588
0.583
0.587
0.590
0.588
0.590
0.606
0.590
0.594
0.656
0.659
0.592
0.608
0.610
0.592
0.708
0.656
0.640
0.642
0.644
0.764
0.745

0.680
0.680
0.690
0.680
0.690
0.680
0.690
0.700
0.670
0.660
0.650
0.700
0.690
0.710
0.680
0.630
0.710
0.710
0.690
0.760
0.720
0.670
0.730
0.740
0.780
0.750

0.845
0.813
0.799
0.790
0.795
0.804
0.799
0.797
0.793
0.787
0.790
0.789
0.804
0.800
0.803
0.760
0.798
0.809
0.807
0.810
0.781
0.777
0.811
0.809
0.852
0.847

0.9¢
0.83

0.81

0.79
0.79
0.83

0.81
0.81

0.8(
0.77
0.78§
0.78§
0.85
0.78
0.74

0.71

0.84
0.89
0.88
0.87
0.85

0.82

0.88
0.92
0.94
0.93

7
38
2
)1
)3
39
1
2
2
(4
32
32
h8
36
6
2
12
)5
34
(2
Y4
7
32
02
10
32
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performance. The reason is that the 183 and 325 GHz weightitggions peak further down into
the atmosphere and can sense lower ice clouds. The seconidg GHz channels (set D) has
a channel with a higher altitude peak, but not one at a lowdudé, which makes the retrieval
worse.

How useful are the absorption line channels as compareding wnly window channels?
Figure 12 compares the C and M sets with and without IR chanfidle M set has only window
channels except for the 183 GHz receiver. The addition ofntheer vapor channel at 325 and
448 GHz does significantly improve the IWP retrieval at high&P, though the IR channels
partially compensate for the removed water vapor chaniiéls.overall results in the tables show
that the 325 and 448 GHz channels improve g, and Z,,...rwp as well as the IWP an®,,,
accuracy.

Does the exact placement of the window channels matter? @mze for the location of the
window channels is to make them equally spaced (in the loyyd®n adjacent channels. Another
principle is to maximize the transmission to the midtroguse. Figure 13 compares the IWP
retrieval error for sets C, E, F, G, and H with the IR chann8ksts E and F change the frequency
of the 243 GHz channel (to 220 and 280 GHz), while sets G andahgh the position of the
664 GHz channel (to 643 and 683 GHz). The results in the figude@bles show that there is not
a significant difference between these sets of window cHapt®ns.
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Would using absorption line channels for frequencies ali@® GHz improve the ice cloud
retrievals? Figure 14 compares thg,. accuracy for sets that use the 620 GHz and 916 GHz water
lines and the 834 GHz oxygen line. Sets J and K with the 916 QGténmels clearly improve
the D,,. retrievals for the small particles at the higher altitudéshe tropical simulation. This
improvement is probably related to the higher frequencyl®& GHz compared to 874 GHz, rather
than the use of an absorption line. However, this small garimprovement is negated with
the addition of the IR channels, as shown in the figure. Figaid® Table 7 show that there is
a significant improvement in IWP retrieval accuracy for thiglatitude winter simulation from
using the 620 GHz water vapor line (set | compared to set Qrdls no indication that using the
narrow oxygen line at 834 GHz improves the retrievals.

Would it be better to use other midrange submillimeter ghtsmm lines, such as the oxygen
lines at 425 and 487 GHz or the water vapor line at 380 GHz?r€iyeicompares the IWP retrieval
accuracy for sets C, N, O, and P with the IR channels includ@ibd.midlatitude winter simulation
shows that the 380 GHz channels (sets N and O) are not a gostitatésfor the 325 GHz channels,
probably because the lowest 325 GHz weighting function péaker in the atmosphere than the
lowest 380 GHz weighting function. The oxygen line chanmelsets N5 and O5 do not appear
to offer any advantages for IWP @p,,. retrievals. The 425 GHz channels of set P, however,
do improve theZ,,.q;wp accuracy (see Fig. 17), though this advantage is negatethjjerature
profile information is available from NWP models. Set P alspiioves the IWP accuracy for the
midlatitude winter simulation, probably because the 425%@Hannels have weighting functions
that peak lower than those of the 448 GHz channels.

The results in Table 8 show that the IR channel set 5, with&%,,and 12.Qum is the best
IR set. Figure 18 shows the difference between the IR setpduicle size retrievals. There is
little difference in the midlatitude simulation becauseldtesn’t have the smallest particles, but
in the tropical simulation sets C3 and C5 have substantiallemD,,,. errors than the others for
small particles. The difference for IWP retrievals is muebkd dramatic and there is only a small
difference between the five IR channel sets. Figure 19 shbaitsthere is a large difference in
Zmearw p Yetrieval accuracy between the IR channel sets for higtudtitropical cirrus which has
small particles. In the graphs IR channel sets 3 and 5 appterrsimiliar.

The water vapor retrieval error is summarized in Fig. 20. @arad to the natural variability
of water vapor the retrievals with only microwave channskt C) are poor (same for microwave
combined with infrared channels; not shown). In the trojgeae the fractional retrieval errors are
relatively low, but so is the natural variability (see th&atire humidity profile statistics in Fig. 6).
The addition of temperature information in the form of theggen line microwave channels in set
P noticeably improves the retrievals for upper layers inttbpical simulation. A very substantial
reduction in water vapor retrieval error is obtained by thditon of the five layer temperature
profile information (set Ct). The addition of three infrareldannels (set C3t) actually slightly
degrades the retrieval accuracy (an example of the finitebdae problem). The fractional rms
water vapor retrieval accuracy with the temperature profii@mation is about 0.2 in the tropical
simulation and about 0.3 in the troposphere part of the midtie winter simulation (below 8 km).

The microwave radiometer options with less than six recsiaee studied in the channel sets
A and Q through Z. The first option is to remove the 243 GHz claf(set A) as being too low
in frequency to matter for cirrus clouds. Another optionagémove the 874 GHz channel (set
Q), which might be necessary if the technology for that nesrgproved too difficult. Set R is the
combination of both by deleting 243 and 874 GHz receiverguifd 21 shows the IWP retrieval
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accuracy as a function db,,. for sets A, C, Q, and R without the IR channels. The 874 GHz
channel is clearly important for small particles, thougé IR channels can partially compensate
for its loss (not shown). The 243 GHz channel is importan¥¥®laccuracy fo,,, > 400 pm.

The sets with four microwave receivers, R through W inclgdime IR channels, are compared
in Fig. 22. Set S with the 874 GHz channel is clearly supendht others because of its better
sensitivity to small particles (it is the only one that has’d &Hz receiver). Table 8 indicates that
sets R, S, and W are the best in general for IWP Bpd retrievals, but S is preferred due to its
better accuracy for small particles. The superiority ofSe$ even more clear with the infrared
channels (see Table 8).

Figure 23 compares IWP retrieval error of the three micrasats with three receivers (X, Y,
Z) to the standard set C. Set X with 183, 325, and 448 GHz receig clearly the best for the
midlatitude winter simulation, which does not have the desalice particles, however, it is the
worst of the three for the tropical simulation. Set Z has aersbly lower IWP retrieval error for
the tropical simulation, but it highest for the midlatitudanter case. So there is not a clear choice
for the albeit small number of three receiver options stuithere.

7. Polarized Radiative Transfer Simulations

The fast Eddington second approximation radiative traradémrithm used to generate the retrieval
and testing databases above is unpolarized and therefoeaiibed for studying horizontally ori-
ented particles with large polarization signatures. Udtiety, a fast polarized Eddington radiative
transfer algorithm should be implemented for the retriemathod. For this report the approach
taken was to implement a fully polarized multistream dauipladding radiative transfer model
(Evans and Stephens, 1991) in the database generatioraprogr

The multistream polarized model performs radiative trangfith thermal radiation sources in
media with particles that may have preferred orientatiazeinith angle but are randomly oriented
in azimuth. The single scattering properties are inp@ a2 Stokes scattering matrices depend-
ing on incident and outgoing discrete zenith angkes, 2 Stokes extinction matrices depending
on incident zenith angle, and Stokes emission vectors digpgion incident zenith angle. For the
calculations shown below 8 Gaussian quadrature zenittreamgé used per hemisphere (i.e. 16 to-
tal). The single scattering information input to the muafgsm polarized model is thus much larger
than the single extinction, single scattering albedo, asyiranetry parameter that the Eddington
model requires for a calculation. The doubling algorithnused to compute the reflection and
transmission matrices and source vectors for homogenagassifrom the single scattering prop-
erties (e.g. see Evans and Stephens, 1991). Special roat@esed to speed the generation of the
reflection and transmission matrices for nonscatteringriayi.e. with only molecular absorption)
and for the combination (adding) of the properties of adjatayers if one or both is nonscatter-
ing. The output radiance may be calculated at the interfhaaypocomputational layer. The output
radiance at the desired zenith angle is linearly interpdl@etween the radiances at the quadrature
angles calculated by the doubling-adding model. The pr#drradiative transfer model may be
run using a single Stokes parametgrdr two Stokes parameters &énd(@) depending on whether
polarized output is required. The other two Stokes param@ieandV’) are zero for azimuthally
symmetric media, assuming the azimuthally dependentigatasn from the ocean surface can be
ignored due to the high water vapor opacity. For each chattweebutput may be chosen to be
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unpolarized, vertically polarized, or horizontally pofad brightness temperature or unpolarized
radiance (units of mW ¥ st-tcm).

The single scattering properties input to the polarizedistutam version of the database gen-
eration program are computed with the discrete dipole apmation (DDA) for horizontally ori-
ented or randomly oriented patrticles (see Evans et al., &888eferences therein). Since the goal
here is to determine the maximum range of microwave polaoizdrom ice crystals, only two
particle shapes are considered: horizontally oriented solumns and randomly oriented 7-bullet
rosettes. The aspect ratios of the columns and bullets ane Yang et al. (2000). The DDA
code calculates the scattering properties for individealdrystals with maximum diameters from
10 zm to 2500um (in 0.5 dB steps), and these properties are then assenmedamma size
distributions with a range ab,,. (from 25 um to 400m ) and two distribution widthsa( = 0
anda = 2). The scattering properties are calculated at the recemter frequencies (and 150
and 999 GHz) and interpolated in frequency an@®if,.

The multistream radiative transfer version of the datalggseeration program is first run in
unpolarized mode on bullet rosette clouds to determine tige due to the Eddington approxi-
mation in the original version. The testing databases W00 cases are computed for the “C”
microwave set of channels for the tropical and midlatitudeter simulations with both the Ed-
dington and multistream radiative transfer codes. Tablst8 the mean and rms difference in
brightness temperature between the Eddington and mahistradiative transfer models for each
channel. The Eddington rms error for the window channelsemges with frequency, though it
only reaches about 1.0 K. The bias is small for the tropicalgation but becomes more negative
with frequency for the midlatitude winter simulation. Thea increases with IWP (not shown)
with the maximum error envelope range at 874 GHz of -3 to +5KHe tropical simulation and -3
to O K for the midlatitude winter simulation. Overall, thedidgton model is surprisingly accurate
considering its simplicity. The systematic uncertaintguased in the retrieval modeling of 1 K
(due to instrument calibration and radiative transfer niadg seems appropriate, though perhaps
it should depend on frequency and IWP.

The next calculation with the polarized multistream mogdhbi illustrate the range of bright-
ness temperature polarization that could be expected. &itieal and horizontal brightness tem-
perature at 664 GHz and 874 GHz are computed for horizontaynted columns and randomly
oriented rosettes for 1000 cases from the tropical and mitigliie simulations. Figures 24 and
25 show the polarized brightness temperature differen@efasction of ice water path. As ex-
pected, the maximum polarization difference is much higbecolumns than for rosettes, though
the polarization difference for rosettes ranges up to 4 ke pblarization difference for columns
reaches about 24 K at 874 GHz and about 30 K at 664 GHz for IWReab@0 g/m in the tropical
simulation. There is a large range in polarization diffeesfor a single IWP due to the effect of
particle size, water vapor absorption, and multiple scatgeon polarization. The decrease in the
maximum polarization difference for IWP above 200 g/mvhich can be seen clearly in Fig. 24,
is probably due to multiple scattering. Real clouds with tanigs of particles would be expected to
have polarized brightness temperature differences betthee of the rosettes and columns shown
here.

With this large effect of particle shape on polarizationwhdoes particle shape affect the ice
cloud retrieval accuracy simulated earlier? Given thedalifference between horizontal and verti-
cal polarization for columns, which is the best polarizatio use for those instrument frequencies
having only one polarization? These questions are addtdgs@erforming retrievals on simu-
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Table 9: Statistics of brightness temperature differerfg@oetween Eddington and multistream
radiative transfer models for the microwave channels irCsfeir the two simulations.

Tropical Midlat Winter
Frequency mean rms mean rms
183.3+1.5 0.00 0.18 0.01 0.07
183.3:3.5 0.05 0.23 0.03 0.09
183.3t7.0 0.12 033 0.09 0.12
243.2+25 0.19 055 0.01 0.19
325.1%+1.5 -0.08 0.45 -0.10 0.27
3251435 0.06 053 -0.10 0.31
325,195 0.22 0.67 -0.02 0.26
448.0t1.4 -0.15 0.40 -0.02 0.08
448.0+3.0 -0.17 0.57 -0.13 0.28
448.0t7.2 -0.05 0.66 -0.23 0.46
664.0+4.2 -0.07 0.91 -0.49 0.76
874.4:6.0 -0.12 1.02 -0.65 0.90

lated observations produced with the polarized multistreadiative transfer model. Four testing
databases are created: unpolarized brightness temperdtam clouds of bullet-rosettes calcu-
lated with the Eddington model and with the multistream nioded vertical and horizontal po-
larized brightness temperatures from clouds of columrsutatied with the polarized multistream
model. The testing databases are based on the same ice nbath@osphere statistics used in the
previous sections. The CPU time to calculate the 10,000scaskhe tropical testing database is
36 sec for the Eddington model, 565 sec for the unpolarizeltistream model, and 2225 sec for
the polarized multistream computation. The retrievalsp@rormed with the same two databases
used before, which have clouds made of either 7-bullet teset solid ice spheres, using set “C”
of 12 microwave channels.

The results of this retrieval simulation are listed in Tatlle The IWP retrieval error for the Ed-
dington model is lower here than in Table 7, presumably beethis testing database consists only
of bullet-rosette clouds and does not also contain cloudsld ice spheres. The IWP retrieval
accuracy for bullet-rosette clouds with the multistreamdelas comparable to that for the Ed-
dington model (lower for the tropical simulation and higfarthe midlatitude winter simulation).
The retrieval accuracy for clouds of columns using vertycpblarized brightness temperature is
just slightly worse than for bullet-rosette clouds. The I\Wieval accuracy for columns using
horizontal polarization is much worse (median error avedagyer the two simulations is 2.42 dB
for horizontal vs. 1.04 dB for vertical polarization). Stigingly, theD,,,. retrieval error is lower
for horizontal polarization. These retrieval simulati@sults for different particle shapes will, of
course, depend on the assumptions made for the particlesiaphe retrieval database. Never-
theless, as expected from the forward modeling results anget al. (1998), vertical polarization
is much more robust to retrieval errors due to particle shiape is horizontal polarization. Based
on this limited test, ice cloud retrieval errors due to or@ehparticles do not appear to be a signifi-
cantly source of additional error to that modeled in the jones sections.
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Table 10: Ice cloud retrieval accuracy from the particlepgfpolarization tests.

Tropical Simulation Midlatitude Winter Simulation

Median error Ret Median error Ret

Model Pol Shapel WP D,. Z,aq Frac| IWP D,. Z,.a Frac
Edd none rosette 0.933 0.635 0.760 0.7881.079 0.756 0.720 0.809
MS1 none rosette 0.881 0.651 0.770 0.7881.116 0.782 0.750 0.820
MS2 V  column| 0.920 0.683 0.770 0.7681.159 0.786 0.730 0.810
MS2 H column| 2.095 0.628 0.710 0.6982.745 0.524 0.680 0.706

*Median absolute error of ice water path (IWP), median maas/algnt sphere diam-
eter (D,,.), and height of median ice water pathi,(.4) for cases with IWP above 2 gfm
“Ret Frac” is the fraction of the 10,000 retrievals that @bbke done without expanding
the x? threshold. Model is “Edd” for the Eddington model, “MS1” iset multistream
doubling-adding model with a single Stokes parameter, &n82” is the multistream
model with two Stokes parameters. Pol is “none” for unpakdibrightness tempera-
ture, “V” for vertical polarization, and “H” for horizontgbolarization. Shape gives the
ice crystal shape assumed for all the clouds in the testitajodae. The 12 channel mi-
crowave set “C” was used in the retrievals.
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8. Conclusions

Retrieval simulations have been carried out to determiaeofitimal microwave frequencies and
infrared wavelengths of a conically scanning satellitérimeent measuring the cloud properties
ice water path (IWP), median equivalent sphere volume dieam@®,,..), and median ice mass
height Z,,carwp)- A total of 44 microwave frequencies from 183 to 916 GHz wgreuped into
26 configurations, while 4 infrared wavelength bands weruged into 6 configurations. Of
the 26 microwave sets, 15 use six receivers, 2 use five reseeaise four receivers, and 3 use
three receivers. Many of the six channel configurations giwelar retrieval accuracy, so which
set has the lowest retrieval error is clearly dependent erpéiticular atmosphere and ice cloud
statistics used in the two simulations (tropical anvil d@nd midlatitude winter synoptic cirrus).
Furthermore, the Bayesian Monte Carlo integration resti¢echnique adds its own uncertainty
due to the finite number of cases in the retrieval databass (@oughl0° cases were used).
General conclusions that may be drawn about the microwageiéncies are:

e Locating several receivers on water vapor lines above 182 SHbetter than using only
window channels, though not overwhelmingly. Having allaigers centered on water vapor
lines does not appear to be optimal because at the higheeineges the wing channels have
transmission that is too low compared to the window channels

e When using receivers centered on water vapor lines, therargffset frequencies should be
as wide as possible, to give a large range in weighting fondaltitudes. It is most important
to have the lowest possible altitude weighting functioneghtransparent frequencies) in the
channel set. This work was constrained by the desire to ugle amplifier bandpass from
0.5to 11 GHz, but channel sets with larger frequency offsedslesirable.

e Using oxygen lines does not work as well as using water vapes! This is perhaps due to
the placement of the oxygen lines, but more likely due tortharrowness, which leads to
smaller bandwidth and thus noisier channels.

e Receivers on oxygen lines do help somewhat with the wateorviagtrievals, but good re-
trievals are only achieved with accurate layer temperatprevided by an NWP model.

e The exact placement of window channels, for example 220, @380 GHz and 643, 664,
or 683 GHZ does not matter much. Some window frequencies tnhighe better (lower
altitude) weighting functions, but others may have moresgmiity to ice particles.

e Retrievals with four microwave receivers are almost as gmathose with six receivers. Four
receivers is clearly better than three receivers.

The infrared channels are a very important addition to thersilimeter channels for cirrus
cloud retrievals. Using all four of the infrared channelsds¢d does not seem to offer any benefit
over three channels. The 6.7, 8.5, and J4®set of IR channels was slightly better than the 6.7,
11.0, and 12.um set according to the simulations, but either could be u$ethperature profile
information from NWP models, at least if accurate to the 1.81€ in 2 km thick layers assumed
here, is extremely important for water vapor retrievals alsd quite important for the median IWP
cloud height retrievals.
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The microwave channel configuration considered best ingtuidy is set “C” with 12 chan-
nels at 183.3£1.5,3.5,7.0, 243:22.5, 325.151.5,3.5,9.5, 448.001.4,3.0,7.2, 66484.2, and
874.4+6.0 GHz. In some ways set “I” with the 664 channel replacedbgd channels at 6206+D.9,
2.0, 7.5 GHz is better. A previous version of this study shebtvet the ice cloud retrievals were
improved with four channels on the 448 GHz water vapor lim8(@0t 0.8, 2.0, 4.5, 11.5 GHz),
but the 11.5 GHz offset may not be technically feasible. Anctgh with an offset around 9.5 GHz
is not effective because there is another (weaker) watenlag at 439 GHz. The best candidate
configuration with fewer receivers, and hence a cheapeuimsnt, appears to be set “S”, which
drops the 243 and 664 GHz receivers.

While the retrieval simulations in the channel selectiamdgtdid include the effect of two
extreme particle shapes (7-bullet rosettes and solid ibersg), they did not consider the errors
due to oriented particle shapes. A version of the ice cloudlimse generation code was devel-
oped that includes a fully polarized multistream radiatransfer model. This model was used
to assess the accuracy of the much faster Eddington secpnolxapation model normally used,
which was found to have rms errors over all cases of 1.0 K at@4 and less at lower frequen-
cies. The polarized model was also used to show that the ranvgetical - horizontal polarization
brightness temperature difference due to horizontallgraed column ice crystals is much larger
than that from randomly oriented bullet-rosettes. Re#disimulations were performed using test-
ing databases created with the polarized multistream miodedlouds of horizontally oriented
columns, but retrievals performed with the original unpiaked retrieval database (with sphere and
rosette particle shapes). These retrievals showed thdWReretrieval error is about the same
as for randomly oriented particles when using vertical ppéion, but much higher when using
horizontal polarization. Therefore, it is recommended tratical polarization be used for those
microwave frequencies at which only one polarization is¢arieasured.

9. Acronym List

ARM Atmospheric Radiation Measurement

CEPEX Central Equatorial Pacific Experiment

CIWSIR Cloud Ice Water Sub-millimetre Imaging Radiometer
CoSSIR Conical Scanning Submillimeter-wave Imaging Rawiter

CRYSTAL-FACE Cirrus Regional Study of Tropical Anvils andr@s Layers
- Florida Area Cirrus Experiment

FIRSC Far Infrared Sensor for Cirrus

JPL Jet Propulsion Laboratory

LBLRTM Line-By-Line Radiative Transfer Model from
Atmospheric and Environmental Research, Inc.

NASA National Aeronautics and Space Administration

NWP Numerical Weather Prediction

SWAS Submillimeter Wave Astronomy Satellite

SWCIR Submillimeter-Wave Cloud Ice Radiometer

IWC ice water content (ice mass per volume)

IWP ice water path (ice mass per area)

Dipe median volume equivalent sphere particle diameter

Zned median IWP cloud height
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