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Influence of Microphysical Cloud Parameterizations
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Abstract—The microphysical parameterization of clouds and search, studying radar and lidar remote sensing applications,
rain cells plays a central role in atmospheric forward radia- and developing precipitation parameter retrievals from satel-
tive transfer models used in calculating microwave brightness |ite_pased passive microwave imagery.

temperatures. The absorption and scattering properties of a : - . . )
hydrometeor-laden atmosphere are governed by particle phase, Of interest here is improving our understanding of the rela

size distribution, aggregate density, shape, and dielectric constant. tionships between the microphysics of hydrometeors in a con-
This study investigates the sensitivity of brightness temperatures vective storm and the upwelling microwave brightness temper-
with respect to the microphysical cloud parameterization. Cal- atures for the purposes of rain rate and precipitation parameter
culated wideband (6-410 GHz) brightness temperatures were retrieval. A comprehensive understanding of these relationships
studied for four evolutionary stages of an oceanic COnvective ;q pindered by the lack of accurate and sufficiently detailed at-

storm using a five-phase hydrometeor model in a planar-stratified S . . e O
scattering-based radiative transfer model. Five other micro- mospheric microphysical profile truth [4], [3]. Difficulties in ob-

physical cloud parameterizations were compared to the baseline taining microphysical cloud profile truth for convective systems
calculations to evaluate brightness temperature sensitivity to stem from limitations in remotely sensed measurements, air-
gross changes in the hydrometeor size distributions and the craft sampling capabilities, and the extremely inhomogeneous
ice—air—.water ratios in the froz.en or part.ly frozen phase. The and complex nature of convection [6], [7]. The dynamics of
comparison shows that enlarging the raindrop size or adding convection complicate thm situ measurements of hydrome-

water to the partly frozen hydrometeor mix warms brightness . . . .
temperatures by as much as 55 K at 6 GHz. The cooling signature teor size, shape, total water content and the ice—air—water ratio,

caused by ice scattering intensifies with increasing ice concen-and Nyquist spatial and temporal sampling of these quantities
trations and at higher frequencies. An additional comparison remains a formidable challenge.

to measured Convection and Moisture Experiment (CAMEX-3) A microphysical cloud parameterization used in radiative
brightness temperatures shows that in general all but two pa- yansfer models requires specifying the size distributions and

rameterizations produce calculated Tgs that fall within the . . .
CAMEX-3 observed minima and maxima. The exceptions are for ice—air-water ratios for each hydrometeor type at each atmo-

parameterizations that enhance the scattering characteristics of SPheric level along with vertical profiles of temperature, relative

frozen hydrometeors. humidity, and pressure. Parameterizations have been developed
Index Terms—Clouds, electromagnetic scattering, millimeter using statistics from physical models of parﬂclel growth and

and lidar observations. Early cloud parameterizations (e.g., [8])
used in radiative transfer models allowed for a uniform rain
. INTRODUCTION layer and separate cloud water layer with no ice particles. Later

VER the past four decades, significant effort has been d&odels added an ice layer (e.g., [9]-[12]).

voted to understanding the microphysical cloud charac- Contemporary microphysical cloud parameterizations allow
teristics of convective storms (e.g., [1]-[3]). The microphysid®r multiple liquid and ice phases (e.g., [2], [4], [13], [14]).
of clouds is of considerable interest in a wide range of interdiséieveral research studies have indicated that five hydrometeor
plinary studies. These studies include improving global climaBhases adequately represent a convective storm [5], [15] from
models for understanding climate variability, investigating thiée standpoint of passive microwave signatures. The five
role of hydrometeors in lightning generation, examining cheriydrometeor phases are generally classified as cloud water,

ical interactions and rain evolution in clouds for pollution retain drops, cloud ice, snow (or ice aggregates), and graupel
(including hail). The rain drops are commonly modeled by

the Marshall-Palmer (MP) [16] size distribution. However
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study the sensitivity of computed microwave brightness temp€i-) vectors. In this iterative model, scattering is considered to
atures to changes in the microphysical parameters. The analy& s perturbation to the clear-dig solution [11], [20]. To sim-

of these changes is facilitated using wideband microwave gplify the analysis the brightness temperature observation angle
craft data. Since identifying the best parameterization requingas assumed to be nadér £ 0°), and horizontally finite cloud
detailed collocated and coincidéntsitu, radar, and radiometer structures were not considered. Furthermore, the ocean surface
observations, we instead focus on identifying a plausible clagid speed is set to 0.0 m/s and the ocean is assumed to be a
of parameterizations. Indeed, cloud parameterizations are cggecular surface with reflectivity determined using Fresnel co-
specific. The work of [18] and [19] are two examples whergfficients. The aggregate absorption and scattering coefficients
parameterizations that best match case-specific radiometer gbthe atmosphere<,, K., respectively) are obtained from the
servations have been determined. Even though an optimal géinospheric state at each level. The aggregate absorption and
rameterization cannot be identified in this study, inappropriaégattering coefficients are equal to the algebraic sum of all the
and unrealistic parameterizations can be identified and avoidggividual hydrometeor absorption and scattering coefficients.
in future work. The algebraic sum can be used because the hydrometeors are

In studying microphysical cloud parameterizations and th&indomly distributed and thus scatter incoherently. The aggre-
effect on computed brightness temperatures, a planar-stratifigde coefficients are given by:

atmosphere and a midlatitude oceanic surface are assumed.

The simple planar model is adequate for all but the most lo- H

calized cumuluform convection. The highly reflective oceanic Ko =Ko, + Km0 + Z Kay, Q)
background is more uniform and provides greater sensitivity h=1

to hydrometeor scattering and absorption than would a land H

background, and thus represents the more conservative of the Ks = Z K, - (2)
two backgrounds. For comparison purposes, four cloud profiles L=1

are selected to represent the early cumulus, evolving, matur%, d denote the ab i d tteri
and dissipating stages of a convective storm. Six microphysi e:eg,,g an moll '((janol et € ahso_rp lon "ﬂ S(f[a errllndg con-
cloud parameterizations were selected for use in evaluatifiputed by an individual atmospheric constituent or hydrome-

brightness temperature sensitivities to the hydrometeor sf'? rtypeh, andH is the number of hydrometeor types modeled.
g D y _The individual absorptions{,, ) and scattering«;, ) coeffi-

parameters, and frozen particle ice—air—water ratios. A five-hy: A e A
drometeor-phase (cloud water, rain, cloud ice, dry snow, ag@nts are governed by the size distribution, density, shape, and

dry graupel) parameterization is considered to be the baselfig/ectric constant of both gases and hydrometeors. Water vapor

case. Brightness temperatures at twelve frequencies (6.0, 1088! 0xygen absorb electromagnetic radiation as described by

18.7, 23.8, 36.5, 89.0, 150.0, 183.317.0, 220.0, 325+ 8.0, [21] and [22], and denoted by, ,;,, and ., respectively.

340.0, and 410.0 GHz) were computed for each of the foﬁpIyQigpgrsive pgrticle size distribu'Fions are assurr_led for the

cloud stages and six parameterizations using the planar-stPigcipitating particles. The absorption and scattering coeffi-

ified scattering-based radiative transfer model of [11]. Welents are determined by integrating the Mie efficiencies over

discuss herein the variations in brightness temperature val{fa@ polydispersive size distribution [23]. In practice, simplified

when the microphysical cloud parameterization is changedt¥merical calculations are available using Rayleigh theory [24]

the radiative transfer calculations. for electrically small particles, (i.e{D) <« 0.1A/x), where
While convective storms under different prevailing conditl’) is the average diameter andis the wavelength. The

tions (e.g., tropical, midlatitude, maritime, or continental) havw&formulated Mie equations from [25] are used for electrically

differing hydrometeor characteristics, this study nonetheldgsge particles.

identifies several issues. First, in order to select the properThe particle size distribution (PSD), or number density of

parameterization for any specific condition, one requires a gwrticles within the diameter range to D + dD, is modeled

of detailed atmospheric truth profiles along with a collocatdey a decaying inverse exponential function

and coincident set of brightness temperature observations.

Second, we show the sensitive relationship between the bright- Ny (D) = Njye 2P (em™*) (3)

ness temperature and the underlying hydrometeor profile. In

identifying these issues we first briefly describe the radiativghere

transfer model and calculations, including the ocean surface i}

and top-of-atmosphere conditions. Dielectric mixing theory Ay = [7rthh0/Mh]02° (cmfl) = (D) L. 4)

for heterogeneous snow and graupel particles is outlined. Sec-

tion 1ll details the six microphysical cloud parameterizationsn the previous equatiod;, is the content in g/crhof hydrom-

The comparison among the six parameterizations (Section I&tgor typeh, p;, is the average intrinsic density in g/émand

and to the aircraft data (Section V) is described with a summahy,, in cm—* is a multiplier. The subscript is used to distin-

in Section VI. guish among the various classes of hydrometeors (€.94,

pi, ps, andp,, for the intrinsic density of cloud water, rain, ice,

show, and graupel, respectively). For large particle diameters

(i.e., greater thar-0.5 mm in diameter and for frequencies be-
The planar-stratified radiative transfer (RT) model developdeieen~10 and~300 GHz the liquid scattering coefficiert

by [11]is used to compute the upwelling brightness temperatuseslightly greater than the liquid absorption coefficiept{23];

Il. RADIATIVE TRANSFERMODEL
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for smaller particles, liquid absorption is greater than liquid scat- TABLE |

tering. Ice scattering dominates ice absorption for all microwave MICROPHYSICAL SiZE DISTRIBUTION PARAMETERS
frequencies and particle sizes. The relationship between the ag- -
gregate scattering coefficieit, and aggregate absorption co- Hydrometeor | N, Ph (D) | {r)mas
efficient K, can be used to indicate if radiative cooling from type (cm™) | (¢/cm®) | (mm) |.(mm)
scattering or warming from absorption will occur. Rain (MP) | 0.08 1.0 020 | 4.48

The complex dielectric constant needed to compyjeand
Ka, IS @ function of frequency, temperature, and the constituent
materials of the hydrometeor (e.g., water, ice, or a heteroge- Dry graupel | 0.04 04 022 ] 588
neous mixture of ice and air and/or water). Dielectric constants
for liquid and homogeneous ice hydrometeors are easily ob- TABLE Il
tained using available Debye relaxation formulae or tables [26], SIX MICROPHYSICAL CLOUD PARAMETERIZATIONS
[27]. In contrast, heterogeneous hydrometeors require the use of
a dielectric mixing theory and one that is appropriate for preci| Case | Description
itation-sized particles is the explicit Maxwell-Garnett formuli 1 | Five hydrometeor phase model (baseline) with suspended cloud water,
[28] which is equivalent to the implicit Rayleigh mixing for-
mula. Although mixing theories exist for ellipsoidal particles o
multilayer spheroidal inclusions [29], the use of such detaile
models warrants separate study. The Maxwell-Garnett mixil
theory states that given a host material with dielectric conste
€0, and dielectric inclusions;, with sizel <« A, the effective
dielectric constant is:

Dry snow 0.04 0.1 0.18 5.94

rain, suspended cloud ice (100% ice), dry snow (10% ice, 90% air), and
dry graupel (40% ice, 60% air). Particle size distributions are provided
in Table 1.

2 | Five phase but with rain having a (1] thunderstorm size distribu-
tion. This size distribution uses N,y = 0.014 cm™ and A, =

14.49M %24 ¢m~1 in Eq. 3.

3 | Five phase but with snow and graupel having a SS [31] size distribution,

€1 — €0 where N,, = 6.4 x 1073M 1% cm™ and A, , = 11.9M %% cm~1.
3.0v <461 ¥ 20 ) 4 | Five phase but with the ice-air-water ratio of snow being 20-80-0% and
Ceff = €0 1.0+ €1 — €o (5) the ice-air-water ratio of graupel being 80-20-0%.
— <—61 T 260) 5 | Five phase but with snow and graupel having liquid percentages as a

function of temperature. (See Eq. 6.)
wherewv is the volume fraction of the inclusions [29]. In thiS 6 | Two phase with all liquid summed as MP rain and all frozen hydrom-
work we assume temperature-dependent ice—air—water ratio eteors summed as SS ice.

The mixing formula (5) breaks down at high frequencies
where the wavelength is smaller than the size of the inclusions.
A more appropriate dielectric mixing theory for high frequen- For the baseline case, we assume that rain, snow, and graupel
cies is that of [30]; however, such a computationally intensivéydrometeors have the exponential size distributions of [3]
mixing theory is unnecessary due to constraints on the inclusigiven in (3) and (4) with parameted,, and p; given in
size. For large graupel we may have, e(@) = 4 mm. If we Table I. The ice—air-water ratios for cloud water, rain, cloud
assume that < (D)/4, then we can satisfy < A for all but ice, snow, and graupel are 0-0-100%, 0-0-100%, 100-0-0%,
the highest frequencies of concern and the largest particlé8-90-0%, and 40-60-0%, respectively. The non precipitating

Moreover, since the higher frequencies are unable to proparticles have a fixed mean diameter @) = 0.002 cm
down to the cloud depths where the largest particles exist, the (A)~* and the parameterd,,, and N, [in (3)] vary to
mixing theory in (5) as used in this study is acceptable. account for the differing content®,, and ;.

The six microphysical parameterizations investigated in this
study are presented in Table II. All parameterizations use the
same underlying storm profile data. The previously described

As RT cloud models developed, the complexity of the cloufi/e-phase model with dry snow and dry graupel is considered
parameterizations increased from two phases (e.g., [9], [1ifje baseline case (case 1) because of its general acceptance
[12]) that included only liquid and ice spheres to multiple liquidnd use elsewhere [2], [15]. Furthermore, brightness temper-
and ice phases (e.g., [2], [4], [5]) and non spherical ice particlatire values obtained with this five-phase model are corrobo-
[5]. Within the class of spherical particle models the multipleated by low frequency aircraft observations [13]. Parameteri-
natural phases of liquid and ice hydrometeors are well repmations 2-5 are identical to the five-phase baseline case, except
sented by a five-phase parameterization that allows for non pfer the modifications described below. Parameterizations 2 and
cipitating cloud water, rain, non precipitating ice, dry snow, ang8l have modified particle size distributions as follows. For pa-
dry graupel. The last of these constituents is essentially hail witimeterization 2, we use the Joss thunderstorm size distribution
entrained air [2], [3]. While the use of spherically symmetri§l] for rain, and for parameterization 3, we use the Sekhon-Sri-
particles is somewhat idealized, this simplification allows theastava (SS) size distribution [31] for the dry snow and graupel.
important effects of particle size distribution and dielectric corFhe Joss thunderstorm size distribution favors fewer small-sized
stitution to be considered separately from that of aspherical pparticles and more large-sized particles than the MP size distri-
ticle orientation. bution. For parameterization 3, ice particles are assumed to be

I1l. MICROPHYSICAL CLOUD PARAMETERIZATIONS
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solid spheres with an SS distributialV; = 6.4 x 10~3M,7 1%

(cm %) andA; = 11.9M;°%% (cm™1). The SS size distribution
is an equivalent liquid-sphere size distribution for snowflakes 1o
near the ground which yields precipitation rates that are consis-
tent with measured snowflake terminal velocities [31]. The SS
size distribution leads to more smaller-sized particles than the
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modified MP distributions of the five-phase case.

There are two parameterizations (4 and 5) with varied 3 e
air—ice—water ratios in snow and graupel. Parameterization NN
4 doubles the percentage of snow and graupel such that 2| "« ] -
ps = 0.2 g/m?* andp, = 0.8 g/m® (i.e., ice—air—water ratios of o ) 0l o
20%—-80%—-0% and 80%—-20%—0%, respectively) making the 0 1 2 3 01 2 3 4 5 6
hydrometeors more typical of aggregates and hail [15]. Dou-
bling the ice percentage will increase the scattering coefficient
with respect to parameterization 1. Parameterization 5 adds a
wetness percentag#/) to the snow and graupel particles as a
function of the atmospheric temperature (in K)
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The ice—air—water ratios are adjusted by removirigrom the

air percentage and adding the same amount to the water per-
centage. The Maxwell-Garnett dielectric mixing formula is ap-
plied twice, once with ice inclusions in an air matrix and then
with water inclusions in the air—ice matrix. Adding water will 0 Lo ol e N
increase the absorption coefficient and cause brightness temper- 0 1 2 3 4 5 6 0123 456

ature warming. This “wet” parameterization models snow and Density (g/m’) Density (g/m’)

graupel absorption within the melting layer. Melting effects are ) ) ) ] ) )

the basis for the bright band in radar meteorology. L mcrophyscalerta rfles of he coud ater i low . s
Finally, parameterization 6 combines the ice, snow, and
graupel into one class of solid spherical frozen hydrometeors 1,

Height (km)
Height (km)

7
/
I
/
1
Il
o~
e
L/
b
/
1

7/
)

[\
T
-
I

with the SS size distribution. Similarly, the rain and cloud water N ~

are combined to form a single rain phase with a MP distribution. 10 - ™ 10 [ \\\\\5 4

This parameterization is included to provide intercomparison ’ ~. |

with the two-phase parameterizations commonly used in manyE 1 g 8r SO

earlier studies. :6 i | ~6l N
The microphysical cloud data used in the six cloud parameter- 'Eo ':ff - [

izations are from the Goddard Cloud Ensemble (GCE) simula- = 4 1 SRS Pt B

tion of a convective tropical squall [2], [32]. The microphysical || =" gimie | 5 L Disipating . (

information at each point in a storm frame includes height, tem- T Deing

perature, relative humidity, and the partial dendify for cloud o Lo ) 0 Lot i

40 20 0 20 60 70 80 90 100

water, rain, ice, snow, and graupel [32]. The vertical profiles ex-
tend from the ocean surface to between 12 and 20 km and have
a va_rylng altltUde_ spacing that is smalle{l km) where Con'_ Fig. 2. Temperature and relative humidity profiles for the four cloud stages.
vective clouds exist. At the lower boundary of the GCE profile

data a calm ocean surface at’I8is assumed. A calm surface is .. . . .
defined by a wind speed? m/s causing no significant surfac concentration is representative of a storm early in its evolution.
= “Ihe evolving stage (E) (Fig. 1) has much rain but little ice or

roughness. The boundary condition at the top of the atmosphere g
(at 100 km) is the cosmic background temperature of 2.73 Kgraupel and represents a storm further in its early development.
The mature stage (M) (Fig. 1) has high rain densities at low

altitudes k4 km) and high graupel densities between 4 and 10
km. This profile is representative of a storm at peak convection

Comparisons focus on four evolutionary profiles from thg2]. Finally, the dissipating stage (D) (Fig. 1) has moderate
three-dimensional GCE data. Each of the four evolutionalyw-altitude rain and significant graupel at midlevel altitudes.
stages provides a distinct “snapshot” of the storm. The cli-is representative of a weakening postconvective storm with
mulus stage (C) (Fig. 1) has low rain and graupel densities,developing anvil region. The GCE temperature and relative
but significant suspended cloud water. The large cloud watemmidity profiles for the four stages are shown in Fig. 2. The

Temperature (°C) Relative Humidity (%)

IV. COMPARISONS
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SURFACE RAIN RATES AND INTEGRATED ICE CONTENTS

FOR THE FOUR STORM STAGES
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the scattering signature is stronger than the absorptive warming
signature, and all's values are below the clear-diiz values
[negative perturbation values, Fig. 3(g)—(I)]. Above 220 GHz,

Stage || Rain Rate | Integrated Ice Content | Approximate Symboi the T’ _Variab"ity among all six para_meterizations ar_1d fOUI’_
(mm/hr) (ke/m?) Stage stage_g is reduced. The compression is gaused _by an increasing
sensitivity to hydrometeor size and increasing cloud-top
c 10.0742 0.5884 Cumulus X opacity as wavelength decreases. This sensitivity can saturate
E 80.7251 7.6733 Evolving o the response to cloud and hydrometeor particles at these higher
M 111.3941 28 9451 Mature o frgquencigs. The large opacity also precluo!es probing into the
D 50.5127 17.6868 Dissipating A highly variable hydrometeors at lower altitudes. The cloud

top opacity also explains why th€g variations of the early

cumulus profile (stage C, with its limited ice) are not strongly
temperature profiles show little variation, while the relativ<(a:0_r|I1 pty)rlesls\,/e:_c(jj[F|£c_1f._ 30)?]0)]' f than 5 K with t
humidity profiles show variation similar to the cloud water and argmgterilza?irc])rluIis'ﬁhizqgt?lse Zhrgv?/rsetha?rt]he J(;,Z;IS prggp((; Zraom—
rain profiles. The rain rateg anq integrated ice contents of t(Efaerization 2) only .affects frequencies at or below 36.5 GHz.
four storm stages are provided in Table IIl The Joss parameterization warms all storm stages at 6 GHz and
Nadir brightness temperatures at twelve microwave frequeRarms the 10 and 18 GHz channels when the rain rate is low
cies (6.0, 10.69, 18.7, 23.8, 36.5, 89, 150.0, 183.31@.0, (stages C and D). The Joss PSD cdbjsvalues at the higher
220.0, 325+ 8.0, 340.0, and 410.0 GHz) were computed fofequencies when the rain rate is high since it produces larger
each of the four stages and six microphysical parameterizatioggps that increase scattering.
A comparison of the computed brightness temperature valuesrhe SS PSD (parameterization 3) produces watfperalues
for each of the frequencies follows in Fig. 3(a)—(l). The plot fofyy frequencies at and above 18.7 GHz because the SS PSD
each frequency presents tiig values as a function of the pa-generates smaller snow and graupel particles than does param-
rameterizations. The symbois, [, o, A indicate storm stage eterization 1. At the lower frequencies only storm stages with
C (cumulus), E (evolving), M (mature), and D (dissipating), resignificant ice are warmed (stages E, M, D), however at higher
spectively. Thel'z values are presented as perturbations froffaquencies ¥ 150 GHz), the SS PSD does not changeZie
clear-air values. Not including the data to the right of the dottggh|yes of stage M because ice scattering reaches saturation re-
line, (to be discussed in Section V), two tables have been devgdygless of the ice PSD.
oped to intercompare the parameterizations, storm stages, anfn the other hand, parameterization 4 causes cooling at all
T values at each frequency. Table IV details ffig varia-  frequencies above 6.0 GHz. The increased ice percentage in the
tions for each frequency over the six microphysical parametefiow and graupel particles generates increased scattering. There
izations, while Table V provides a summary of the effects ¢§ |ess than a 5 K response for storm stage C for frequencies
each parameterization for the four stages. Tables IV and V ys§ow 36.5 GHz because stage C has little snow and graupel.

parameterization 1 as the reference. A brief textual summaryQf410 GHz saturation results in a minimal variatico K) for
Fig. 3 and Tables IV and V follows in low to high frequencystage M.

order. For parameterization 5 the snow and graupel have a variable

At 6 GHz, a warming response due to absorption frohiquid water fraction, and a general warming of thg values
only the highest densities and thus the largest rain dropsoiscurs. There is a single incidence of a decredggedalue at
expected. The absorptive signature of rain at 10.69 GHz 18 GHz. This s likely due to the fact that the “melted” snow and
significant. Liquid scattering (cooling) occurs when the sizgraupel particles appear to be large raindrops at 10 GHz—large
of the raindrop exceeds 0.5 mm or the rain rate excee®l3 enough to cause some scattering. Since the higher frequencies
mm/hr [23]. Thus, the bulk liquid scattering coefficient at 1@espond to the high-altitude frozen hydrometeors, there is little
GHz is only weakly dependent on the hydrometeor size. Ichange in the high frequendys values from parameterization
scattering should not be a prominent contributor to the signaturéo parameterization 5.
at 10 GHz unless the density of ice is extremely high [e.g., Since parameterization 6 combines the snow and graupel con-
Fig. 3(b), parameterizations 4 and 6]. At 18 GHz, scatterirignts to form a solid ice spherical particle, the scattering com-
from only the largest ice particles begins to cause cooling [ZJpnent is greatly increased with respect to the other parameter-
[4]. The 23.8 GHz water vapor channel is very sensitive taations. Thus the storm stages with high ice content have low
cloud water, and the ice scattering signature increases. Thilig,values (See Table V). These Idifs values are sometimes
the stage with the largest amount of cloud water and the few@&8tK lower than thél’s values for the baseline case [Fig. 3(c),
frozen hydrometeors (stage C) shows the warrfigstvalues dissipating stage].
at 23.8 GHz across all parameterizations [Fig. 3(d)]. At 36.5 Table V reinforces the data in Table IV while providing de-
GHz the effects of ice scattering are considerable and starttadls of the relationships between storm stage and parameteriza-
cancel the absorptive warming due to rain. For the 89 GHibn. Associated with Table V is a coded summary detailing the
channel, scattering dominates the spectral signature whilg changes for each storm type as a function of parameteriza-
liquid water absorption plays only a minor role. Above 89 GHzjon.
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Fig. 3. Brightness temperature perturbations from clear air for the four stages and six parameterizations at (a) 6.0 GHz, (b) 10.69 GHz, (c) 48.®GHz, a
23.8 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are the minima and maximawadhe obser
CAMEX-3 T's.

V. AIRCRAFT INTERCOMPARISONS observed values indicating that the parameterizations are
reasonable in most cases. Second, for 220 and 340 GHz the
In Fig. 3, nadirls perturbations from high-altitude aircraftcalculated values are well within the observed minima and
observations are plotted to the right of the dotted line for frenaxima for all parameterizations [Fig. 3(i) and (k)]. This
guencies where observed data are available. The observatiolmservation suggests increasing the complexity of frozen hy-
are from the Millimeter-wave Imaging Radiometer (MIRYrometeor PSD’s and their air—ice—water mixtures in simulated
[33] and the Advanced Microwave Precipitation Radiometetoud profiles and thus expanding the calculai&g ranges.
(AMPR) [34] onboard the NASA ER-2. The MIR observed aNext note that for parameterization 4 the calculdigdvalues
89, 150, 183.3k 1, £3, +7, 220, and 340 GHz, while the are too cool for most of the stages and frequencies between
AMPR observed at 10.7, 19.35, 37 and 85.5 GHz. Observatiat$ and 89 GHz [Fig. 3(c)—(f)]. This observation implies that
were obtained during the CAMEX-3 experiment [35] orparameterization 4 produces too much ice scattering at the
August 26, 1998 and September 17, 1998. The observatidm& and middle frequencies. Similarly, the two-phase model
are roughly categorized into cumulus, evolving, mature, arfparameterization #6) producé&s; values warmer than the
dissipating stages. The observgg minimum and maximum maxima of the 10 and 18 GHz observations for the cumulus
perturbations (from nearby clear-air observations) are indicataxdd evolving stages and cooler than the minima for most
with matching cloud stage symbols and a line joining thef the stages and the middle frequencies (18-150 GHz). A
minima and maxima. Comparing perturbed values removes thlausible explanation is that combining the rain and cloud water
effects of differing ocean surface conditions. Several featuriegreases absorptive warming, while combining the cloud ice,
of the observed versus computed data are enumerated. Fgsgw, and graupel densities increases scattering and cooling.
most of the calculations are within the minimum and maximui8ince parameterization #6 is consistently outside the minima
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Fig. 3. (Continued) Brightness temperature perturbations from clear air for the four stages and six parameterizations at (e) 36.5 GHz, (f) 89.0 GHz, (g) 150.0
GHz, and (h) 183.3% 7.0 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are the minima and maxima
of the observed CAMEX-3'5.

and maxima of the observations we conclude that it is notimulus, evolving, mature, and dissipating stages. The investi-
as applicable as the others for the cloud conditions obsengation illustrates how specific microphysical cloud parameteri-
during CAMEX. Finally, there are several individual stagegations can affect oceanic microwave brightness temperatures.
and frequencies wherein the comput&d do not fall within The densities of the five hydrometeor types of the GCE data
the observed minima and maxima, in particular: at 10 GHz farere mapped into six different microphysical cloud parameteri-
stage E; at 36 GHz for stages M and D; and at 89 GHz for stagestions. The parameterizations were designed to evaluate bright-
E and D. These inconsistencies could mean that the observatiess temperature sensitivity to particle size distributions and
stages were inadequately categorized into cumulus, evolviigg—air—water ratios. A comparison among the six parameter-
mature, and dissipating stages or that the parameterizatiaregions, four convective storm stages, and twelve frequencies
studied do not model the true microphysics of the observationgas performed. A five hydrometeor-phase parameterization [2],
Only with detailed coinciderit’s observations anih situPSD [13] was considered as the baseline case.
measurements can some of the inconsistencies be understoodThe comparisons generally showed that increasing the em-
phasis of water or rain warmed the brightness temperatures.
When the size distribution of rain was changed to that of the Joss
et al.thunderstorm size distribution (which favors larger particle
Brightness temperatures at twelve frequencies between @i@meters), th&s values at 6 GHz were warmed by up to 55 K.
and 410.0 GHz were computed for four storm stages obtain&t18 and 23.8 GHz the larger-sized Joss particles initiate liquid
from the simulated GCE model set of [36]. The four profilescattering more so than the smaller-sized MP size distribution,
used in the comparison represent a convective storm in its eadgulting in a small’s cooling. From 10.69 GHz to 36.5 GHz, a

VI. SUMMARY
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Fig. 3. (Continued) Brightness temperature perturbations from clear air for the four stages and six parameterizations at (i) 220.0 GHz, (j}325.C33Z,
(k) 340 GHz, and () 410.0 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are thel miasxmzsan
of the observed CAMEX-3'5.

transition from mostly absorptive (characterized by warifigr The compression was caused by an increasing sensitivity to
values) to mostly scattering (characterized by codlervalues) hydrometeor size as wavelength decreased. This increasing
occurs. At stage C (the early cumulus profile), a change frosensitivity caused an increased opacity at the higher frequen-
having the coolesf’s at 10.69 GHz for all parameterizationscies.
and pixels (because there is little absorptive warming) to havingFinally, a comparison of the calculat€ti; values with
the warmest's values at 36.5 GHz (because there is little scatvailable observed’s values from the CAMEX-3 experiment
tering) occurs. Above 36.5 GHz changes in the raindrop sighowed reasonable agreement for most stages and param-
distribution initiated no differences in thBg values with re- eterizations. Exceptions occurred for the doubled ice-ratio
spect to the five-phase model due to the strong scattering sigparameterization and the two-phase parameterization. These
tures of storm-top ice at these higher frequencies. Adding liquido parameterizations consistently yield&g values outside
water to the snow and graupel hydrometeors caused absorptive range of the observed minima and maxima, indicating
warming at the low and middle frequencies. that they are less physically realistic than the others. Another
From 89 GHz to 220 GHz the scattering signature is strongateresting feature is that the 220 and 340 GFjzcalculations
than the absorptive warming signature. The comparisane well within the minima and maxima of the observations,
showed that the cooling signature due to ice scattering at higliens providing an argument for increasing the diversity and
frequencies was increased with larger ice concentrations. Téwnplexity of frozen hydrometeors in models of convective
ice concentration rose when additional ice was allocated ¢tmud profiles. (The parameterizations used herein do not pro-
the ice—air-water ratio. Above 220 GHz tHlg; variability vide enough diversity at these frequencies.) Finally, there are
among all six parameterizations and four stages was reducadew stages/parameterizations/frequencies whose calculations
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TABLE IV
FREQUENCY VERSUSPARAMETERIZATION COMPARISON STAGES WITH
LESSTHAN A 5 K DIFFERENCEFROM THE BASELINE FIVE-PHASE
PARAMETERIZATION ARE INDICATED BY BLANKS. A “+" (“ —") I NDICATES A
WARMING (COOLING) OF MORE THAN 5 KELVIN WITH RESPECT TO THE
BASELINE PARAMETERIZATION

Freq. Parameterization
(GHz) 2 3 4 5 6
6.0 +CEMD +EMD | +C,-M
10.69 +CD, -M -EMD -M | +C, -EMD
18.7 +C,-ED | +MD -EMD +C, ~-EMD
23.8 +EMD | -EMD +D | +C,-EMD
36.5 -C +EMD | -CEMD | +EMD | -CEMD
89.0 +CEMD | -CEMD | +EMD | -CEMD
150.0 +CED |-CEMD | +ED -CED
183.314+7.0 +ED |-CEMD | +D -CED
220.0 +CED |-CEMD | +D -CE
325.15+8.5 +ED |-CEMD | +D -CE
340.0 +CED | -CEMD -CE
410.0 +E -CED -CE
TABLE V

(a) YMMARY OF 1’5 EFFECTS FORVARIOUS STORM STAGES AND
PARAMETERIZATIONS. COMPARISONS AREWITH RESPECT TO
PARAMETERIZATION 1. (b) GCODES FOR()

Stage Parameterization
2 3 |4 5 6
Cumulus (x) |a,b| e |h j p,q

(
Evolving (B) Je,d| f |1
Mature (O) c,difgli
Dissipating (A) {f e, d | £ |1
@)

k,I m q

k,,m,n|q,r

lLLmo |gq,r

Code Effect/Interpretation

a  Joss rain PSD warms T < 18.7 GHz due to increased absorption for the larger drop.
b The transition from warming due to the larger rain PSD to cooling due to liquid
scattering occurs at 36.5 GHz.
¢ The upper altitude particles reduce the probing depth at the higher frequencies.
Warming due to the larger raindrop size is only seen at 6 GHz.
d  Same as b, but at 10.69 to 36.5 GHz depending on upper altitude hydrometeor content.
e The SS smaller ice sizes warm all window channels > 89 GHz.
Same as e but for frequencies > 18.7 GHz due to additional ice in the profile.
g  For the mature stage and frequencies > 150 GHz ice scattering saturation
occurs for the size distributions of both parameterizations 1 and 3.
h Since stage C has little ice, doubling the ice ratio only affects > 36.5 GHa.
i Doubling the ice ratio increases scattering and reduces T’ for frequencies > 10.69 GHz.
i Stage C has a minimally thin melting layer, therefore no significant T changes.
k  Cloud top ice hydrometeors cause saturation and produce nearly the same T
for stages E, M and frequencies > 150 GHz.
1 Warming due to increased liquid water content for 36.5—150 GHa.
m  Warming response is reduced ahove 89 GHz because the high altitude large ice
particles preclude probing into the melting layer.
n  Cooling at 10.7 GHz because snow/graupel appear as large raindrops (see b).
Same as k except for 6.0 GHz and 23.8—325 GHz.

<

Absorptive warming due to larger particles of the combined cloud water and rain.

The combined ice, snow, and graupel generate larger particles and increase scattering.

= 0 T

Scattering saturation causes no significant T’z change at higher frequencies.

(b)

do not fall within the observed minima and maxima. These few
inconsistent cases could mean that the clouds were inadequately
categorized into cumulus, evolving, mature, and/or dissipating
stages or that the parameterizations are not modeling the true
cloud microphysics for all cases. A detailed coincident set of
T observations anth situ PSD measurements might be used

to further refine cloud microphysical parameterizations.

Some implications of this study on radiative transfer mod-
eling should be noted. First, this study shows that a variety of pa-
rameterizations are appropriate for brightness temperature cal-
culations. However, extreme parameterizations (e.g., when ice
is over emphasized) produce calculatgg values outside the
range of those observed over midlatitude storms. Second, the
observedls values show larger ranges of variation than do
the calculated’s values, suggesting that more variety in par-
ticle types and sizes might be needed for accurate modeling. Fi-
nally, the brightness temperature sensitivity to particle param-
eters drops at wavelengths shorter thehmm (e.g., at~325
GHz and higher frequencies). This final point supports the po-
tential for using submillimeter wavelength channels to retrieve
cirrus ice particles.
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