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1. INTRODUCTION

The diflicully of remote sensing cirrus ice mass
from a satellite is a major problem for obscrving
the climate system. With climate models now pre-
dicting cloud water and ice colitent, global measure-
mients of cirrusice water path (IWP) are needed for
GCM validation]), as well as for understanding the
upper tropospljere liydrologic cycle. While some op-
tical properties of ice clouds can be measured from
satellites, there are large inaccuracies inrelating op-
tical depth to TWP because of uncertainties in cirrus
phase functions, size distributions, and spatial inho-
mogeneity.

Recently anew technique for remotely sensing cir-
rus IWD and characteristic particle size was pro-
posed (Evans and Stephens, 1995). This 1 acthod
relics onthe scattering of upwelling microwave ra-
diation by ice crystals, reducing the brigh{ness tem-
perature from clear sky valucs. Theoretical calcula-
tions al frequencies up to 340 GHz showed that the
sensitivity of mmicrowave radiometry Lo cirrus IWP
incrcases with frequency and that characteristic par-
ticle sive is the major factor in relating brightness
temperature depression to IWP. The differential sen-
sttivity of {two radiometer frequencies was found to
be uscful in estimating characteristic particle size.

Based 011 this theoretical work internal Jet Propul-
sion Laboratory funds were obtained to begin con -
structing a prototype dualfrequency (500 G]] » and
630 Gliz) submillimeter- wave radiometer for remote
sensing of icc clouds from an aircraft, platform. The
f\d\’?‘nta‘gcs of moving to submillimeter wavelengths
arc discussed below,

2. Sill\-MM RADIOMETRY AND CIRRUS

In the microwave portion of the sprectrum the ab-
sorption by atimospheric gases, outside of isolated
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oxygeni bands, is fromm water vapor. Thus the ra-
diation ecmitted by the surface and lower tropo-
sp herl ¢ water vapor is aflected little by the dry
uppcer tioposphere.  ‘The absorption by water va-
por inct cases with frequency, but the transinission
from tylical cirrus levels to space is still high inthe
submillimcter-wave atmospheric windows (Fig. 1).
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Pigure 1@ ‘Transmission from spaceto 10 and § km
in a standard midlatitude suminer atinosphere.

Unlike in the infrared, ice particles in the mi-
crowave (< 1000” G11z)interact with radiation pri-
marily by scattering ratl ier than cinission. Cirrus
clouds scalter s0tue of theupwelling radiation from
the lower atimosphere back down, while emitting lit-
tle, and s o cause a reduction in the power mea-
surcd by a downward looking radiometer. It is this
change in brightness temperature from the clear sky
value (A73) that is the observable quantity related
to the cirrus IWP. Given the tenuous nature of cir-
rus clouds, mmicrowave radiative transfer will usually
beinthe linear regime. Fhismeansthe sensitivity,
defined as the ratio of the brightness temperature
change to the ice water path (AT, /TW P), is ncarly
constand.




Iigure 2 snows the sensitivily for various particle
size distributions for arange of' microwave frequen-
tics. I'hic characteristic particle size of these gamma
distributions of spheres is given by the median mass
diameter 1),,.. 'The sensitivity increascs dramati-
cally with frequency for all size distributions for the
longer wavelengths (< 300" GHz). Above 300 Gliz
the sensitivity still increases rapidly with frequency
for the smaller particles, but much less so for the
larger sizes, so therange of sensitivity narrows with
frequency in the submillimeter region. Thus in the
submillimeter region the particle size dots not need
to beknown as accuralely in order toretrieve the cir-
rus IWP. The increase in sensitivity with frequency
depends on the characteristic particle sire, with less
Increase for larger particles. 1t is this property that
allows the brightness temperature change at two fre-
quencies to be used to ret rieve the characteristic par-
ticle size.
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IMigure 2: Sensitivity for different size distributions
of spherical particles.

Thesubmillimcter-wave sensitivity is high enough
that cirrus of moderate visible optical depth will be
detectable, For a given 1 W1’ the microwave sensi-
tivity Incercases with particle size, while the optical
depth decreases. Thus the brightness temperature
chanige for a visible optical deptly of one ()ig. 3)
varies constderably with the size distribution. How-
cver, evenn a size distribution with imoderately siall
particles (D, = 100pm) is detectable at 630 Gllz
(AT} = 2.6 K).

‘U0sunnnarize, the advantages of subimllimeter
wavelengths are 1) there is much greater sensi tiv-
iy to cirrus IWDP, 2) there is less depe ndence on
the characteristic particle size, 3) surface cinissivity
variations arc unimportant because there is virtually
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Figure 3: Ratio of brightness temperature change to
visible optical depth for various size distributions of
spherical particles.

110 surface contribution. A plausible set of frequen-
cies for amullichannel instruient can be chosen by
sclect ing atmospheric window frequencies that are
about a factor of 1 .4apart (for particle size deter-
mination; Gastewski, 1992),such as 210, 290, 410,
(30, and 880 GHz.

3. THE I, CLOUDICE R ADIOMETER

'I'he Jet Propulsion Laboratory is a world leader
in subn nllhieter- wave radiometry. Ultra low-notse
heterodyne reccivers for ast rophysical and carth re-
mote sensing applications have been developed in
recent vears. Costs for this prototype instrument
were greilly reduced by using two existing receivers
operating at 55( | GHz (Febvreet a., 1994) and 626
GHz (Salez et al., 1994), which are being retuned
t o the atmospheric windows at 500 and 630 Gllz.
These receivers employ  superconductor-insulator-
supcrconductor (S1S) detectors. They are eryogeni -
cically eooled to 4 K and have noise temperatures
around 200 K some »-30 times lower tha n uncooled
Schottky barrier diodes. This low noise characteris-
tic is uscful, thoughnot strictly nccessary for cloud
iceradiometry.

A high f-number optical systemn will couple the at-
mospheric signals to thereceivers. The radiometer
willmeasure two ort hogonal hincar polarizat ions at
500 and 630 Gltz with matched 3° heamwidths, The
radiomecter bearn will scan along one axis to view
bhoth upward and downward from the aireraft. With
the S1S recievers anintegration time of 35 millisce-
onds should yield amncasurcinent precision of ().2 K.



T'wo temmperature-controlled blackbody targets will
be inserted into the beamn periodically for receiver
calibration.

The optical system and mounting hardware are
designed for the NASA DC-8aircraft. We hope to fly
the submilliineter-wave radiometer 011 DC-8 atmo-
spheric rescarch flights in Spring 1996, specifically
those of the N A SA Subsonic Assessiment program
(SASS) and/orthetest flights for the ,11'1, cloud
radar.

A dedicated radiometer for sensing cirrus clouds
would have the characteristics of the prototype ra-
diometer discussed here, but in addition have 1 )
more widely separated frequencices for better particle
size determination, 2) multiple frequencies for good
sens it ivity over a wide range of IWP and 3) lower
frequency chiannels (such as around the 183 Gllz wa-
ter vapor line)to beused for determining variations
 the upwelling radiation b clow cirrus layers.

4. MODELING FOR 'THI, J31°], RADIOMETER

A modecling study is underway to inprove the
previous analylical work and extend it to the fre-
quencies of the J PL radiometer.  The ice crys-
tal scattering properties arc modeled with the dis-
crete dipole approximation (DDA) (sce Kvans and
Stephens, 1995 and references therein). lere 21 log-
arithimically spaced particle sires from10{o 1000 juan
arc computed for11 shapes (solid column, Liol low
coluni, solid colummn with a different aspect ratio
formula, lower density p = 0.6 g/cm® column, 4 bul-
let spatial rosette, b bullet. rosette, 6 bullet rosette, 5
bullet rosette with modified bullet aspect ratio, ran-
domly oriented b bullet rosette, g = 0.6 stick-1 »all

cylinder with a sphere on one end, p = 0.6 pro-
late spheroid). A polarized planc-parallel radiative
transfer model calculates the radiance (and hence
brightness temperature) for several angles at any
level in the atmosphere. For the results shown here
a standard midlatitude summer atimospliere is used
with the relative humidity of the cirrus layersetto
75%. 'T'he particle size distributions arc character-
ized by equivalent sphiere gamma distributions:

N(D)Y=aD¢ exp[—(a + 3.67) De/Dme] |

where 1), is the diameter of the equivalent mass
sphere, 1),,, . 1S the median mass diameter of the
distribution, e controls the width of the distribu-
tion, and « is found from the ice mass concentration.
Tests have shown that using gamma distributions
fit to observed size distributions (from F1RY 1991,
D, < 1500m) gives rins fractional differences in

sensit ivity of only 6% when 1, 1s it to the 5th
mornent of D, anda is fixed at ] .

The scnsitivity for 9 garnma size distributions and
4 representative particle shapes for an upward view-
ing geomelry is showninllig. 4, Yort hese hori-
zontally oriented particles the brighiness tempera-
turechange for vertical polarization is smaller than
for horizontal polarization. The range in sensitivity
duc to shape increases with particle size, and at 49°
view angle is about afactor of 2.0 for 1 pol and 1.7
for V pol.Most of this rangein sensitivity is from
the high density assumption for the columm shape.
Other modeling results indicate that the range in
sensitivity from the distribution width (e = (), 1, 2)
is much smaller than that from shape.
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Figure 4: Scnsitivity for four particle shapes and
different, size distributions at 500 G1lz and 630 Gllz
for two polarizations.

Figure 4 aso showsthe sensitivity of roscttes for
a downward viewing geometry froon a 20 ki fhight
level. 'The downward looking sensitivity is slightly



lower, especially for smaller pa rticle sizes. This can
be explained with a stmple first order scattering ra-
diative transfer niodel. Assuming no downwelling
incident radiation on the top of the cloud this model
gives:

A]],up =-7 [(1 - Wf)](),up - (] - w)”cld] ,
A](l,dn =T [(1 - w.f)](),up - (1 - w)(]O,u]v == ];Cld)] ,

where 7 is thesub-umn optical depth of the cloud,
w is the single scat tering albedo of the cirrus par-
ticles, f is the forward scattering ratio, 3.4 is the
Planck enmission for theaverage clond temperature,
Iy is the upwelling zenith radiance from the top
of thecloud, and Iy, 4, is the downwelling nadir radi-
ance from the bot tom of thecloud. For this simple
two-streaim nodel the upward and downward radi-
ance chiange are the sa1 ne magnitude (but opp osite
sign) if the ice particles do not absorb (w = 1). |f
the icc particles are smalland therefore emit then
this niodel shows that the downwelling delta radi-
ance would 1)(C greater. ‘Fhe simple model can also
explain why the sensitivity for solid columns is sub-
stantially greater than that for roscties. For a given
TWP and size distribution the colmmns have ahigher
opt ical depth hut a lower forward scattering ratio
and these effeets combine to give a larger Al.

The eflects of various atmospheric huimidities and
cirrus layer heights was examined. The change in
sensitivity for cloud base heights varied from 1 0
to 14 kmin a standard midlatitude summer atio-
sphere s 25% for ithe dow nward viewing geometry
but only 8% for upward viewing from 10 kin. As the
cirrus layer, or aircraft instrumnent, moves lower in
the atimosp here the transmission between the cloud
and radiometer deercases, thus lowering the sensitiv-
ity. One way to think about this is that the trans-
mission curve for a downward viewing geoimetry is
a kind of weighting function sclecting for upper tro-
pospheric ice clouds,

A simple approach to remnote sensing cirrus prop-
erlies is 1o consider the effects ot particle shape and
density as error sources, andiry to retrieve chara c-
teristic particle size andice water path using two
radiometer frequencies. One way to do this is tore-
late the ratio of A7y at 630 G111z and 500 Gliz to
the sensitivity as in Fig. 5. This relation is fairly
lincar, though there are substantial uncertainties in
sensitivity as seenin the scatter inthe plot.

The lincar regression relat ion for sensitivity (S) at
630 GHz for vertical polarization at 49° is

S = 0.837 - 0.820(AT 630/ ATiso0 — 1) 4 0.075

(the standard error of theregression is after the 4:).
For a oo viewing angle from 10 kminthis sunmner
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Figure h: Sensitivity at 630 Gllz as a function of
the ratio of A7} at 630 GHzto 500 Gllz for various
particle shapes and size distributions.

at mosp here the relation is
S==0.569- 0. 383(A1} 630/ Absoo 1) 4 ().10{) ,

and for a downward looking geometry at 49° V pol
therclation is

S == 0.675 — 0.58 0(AThas0/ AT bs0n - 1) + 0.072.

This type of plot can also give a relationship be-
tween the Ay ratio and the characteristic particle
size ])'m:: c.g.,

Dy o= 1540exp[- 3.43( AT yez0/ AT bsoo — 1)] 4 24%

for thec asc inVig. b, Assuming lincarity, which is
accural ¢ to within about 10% foc A4}, < 30 K, the
icc wateipath is simply the brightness temperature
change divided by the sensitivity

WP = Alygsn/S6 30

T'his defines a very sitnple cirrus retrieval algorithm
for the 3 PL sub- mmradiometer.

It is important to estimate the errors associated
with this simple algorithin. Potentially the largest
source of error is determining the A7y’s from the
measured brightness temperatures. This might be
done by differencing nearby clear pixels or by using
lower microwave frequencies, which are much less
sensitive to cirrus, {o mcasure water vapor and mi-
dlevel eloud variations. ‘I'hese type of errors are the



Table 1: Example IWP and particle size 1y, ( re
tricvals with the siinple algorithm. Inicluded is the
range O f uncertainty in IWDP from A7y errors of
about 2.0 K .

ATy Sens Dy, TWP | IW] range
500 630 jan g/m?
) 7 | 0.509 390 13.8 12 26
) 8 | 0.345 197 23.2 19 77
5 91 0.181 99 497 | 27 105
10 14 1 0.509 390 27.5 24 32
1) 10 ]0345 197 464 | 38 82
10 18 | 0.181 99 99.4 61 225
200 281 0509 3900  55.0| 48 65
20 32 1 0.345 197 92.8 76 123
20 36 | 0.181 99 198.9 134 451

focus of another ongoing modeling study. The other
major error source inthis simple scheme is the uncer-
tatntics in the sensitivity due to particle shape and
density. The results of an illustrative error analy -
sis comnbining I, hese two error sources for the case
inFig. b are shownin Tabl ¢ 1. The range in IWDP
is computed for ATy crrors of 4:2.0 and 42.2K for
500 GHz and 030 Gllz with perfect correlation be-
tween the errors at the two frequencies due to water
vapor variations. This A7} crror level should be
readily achievable.

Thel WP eror ranges are quite favorable for the
larger particle cases once the signal to noisc is rea-
sonable (Alys00 =10 K). The smallsize dist,ril)LI-
tions have large crror bars in IWP due to dividing
by a sensitivity with a fractionally large uncertainty.
This is not as much a concern as it mightscembe-
causcthesmaller particle sizes occur with low ice wa-
ter content. and generally won’t be observable with
a sub-mmm radio met er. It is important to remember
that the radiometer is making an integrated nca-
surcinent and so therelevant size distribution is that
of the Whole cirrus cloud which would include the
larger particles near the cloud base.

5. C ONCLUSI ONS AND FFUTURYE WORK

Passive microwave reinote sensing of cirrus clouds
becomes mmost. attractive when considering submil-
limeter wavelengths, This is due to the much greater
sensitivity to ice mass at higher frequencies and the
aeerci 1s¢( dependenceonparticle sizee. A proto-
type sub-mm radiometer with receivers at 500 and
630 GHz is under construction at J]’],. Thisinstru-
ment will meas ure vertical and horizontal polariza-

tion and scan both upward and qowpward from the
NASA DC-8 aircraft,, Modeling realistic cirrus par-
ticle shapes and size distributions at these frequen-
cics has shown that ice water path and characleristic
particle size can be retrieved with usable accuracy
with a very simple e chianmel algorithm.

In 1996 the prototype sub-1nm radiomeceter should
be finished and flown during atmospheric rescarch
flights (probably in late Spring). Future work will
include developing more sophisticated retrieval algo-
rithms for this new remote sensing technique, further
characterization of the errors, and analysis and vali-
dationusing theinitial data collect.cd. ‘I'here ismuch
to be gained in combining the sub-mm radiometer
with a cloud radar to reduce the particle size/1 WP
uncertainties that lmit both techniques. Looking
fartlicr a head, the low power and space requirements
of submillimeter-wave radiometers miakes a satel-
lite multichannel instrument an attractive option for
global remote sensing of cirrus cloud propertics.
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