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Potential to Estimate the Canting Angle of
Tilted Structure in Clouds from
Microwave Radiances around 183 GHz

Gang Hong, Georg Heygstdvlember, IEEE, Jungang Miao, and Klaus KunZsenior Member, IEEE

Abstract— The effects of cloud structures on microwave ra-

effects of clouds on microwave radiances at the frequencies

diances at frequencies from 89 to 190 GHz are investigated by petween 89 and 190 GHz. The presence of hydrometeors in

simulations using the Goddard Cumulus Ensemble (GCE) model

data as input for a radiative transfer model. It was found that
the brightness temperatures at these frequencies have dffent
sensitivities to clouds with a tilted structure. The different sensi-
tivities to altitude and amount of hydrometeors allow to esimate
the canting angle and tilt direction of tilted cloud using brightness
temperatures at the water vapor channels at183.3 + 1 and
183.34+7 GHz. The estimated canting angle and tilt direction are
in agreement with the model situation. This method providesa
potential to estimate tilted convective structures from merowave
radiometric observations at 183.3 =1 and 183.3 =7 GHz. It is
applied to a tilted storm observed from the NASA ER-2 aircrat
flying at about 20 km on 26 August 1998 during the Convection
And Moisture EXperiment (CAMEX)-3 using the observed down-
looking brightness temperatures at the water vapor channe of
a Millimeter-wave Imaging Radiometer (MIR). The estimated
results are in good agreement with the realistic storm situgon
obtained from the simultaneous observations of the ER-2 Dqgger
radar (EDOP). This method also provides information about he
vertical displacement of cloud structure and thereby to esmate
the accurate location of surface rainfall. This is importart when
validating precipitation retrieval based on observationsof the ice
scattering above surface rainfall against surface rain obarvations
using the microwave frequencies sensitive to high altitude

I ndex Terms— Microwave radiance, water vapor channel, tilted
cloud, canting angle.

I. INTRODUCTION

The Advanced Microwave Sounding Unit (AMSU)-B on
board the NOAA-15, 16 and 17 satellites is primarily desajn
to measure radiation from a number of different layers of t
atmosphere in order to obtain global data on humidity prefil
(e.g., [1]). The key advantage of the AMSU-B channels wit
frequencies between 89 and 190 GHz is the unique abil
to penetrate clouds (e.g., [2] and [3]). However, the atm
sphere is not entirely transparent at these frequenciegsiesc

where thick clouds or precipitation significantly contaatis

the sounder’s field of view [4]. Consequently, the effects
cloud and precipitation on brightness temperatures peovi
possibilities to estimate cloud parameters, especiallyhat .

AMSU-B window channels (89 and 150 GHz) [5]-[7].

Several simulations (e.g., [2] and [8]-[10]) and aircra
observational studies (e.g., [11] and [12]) have examithed t
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the upper levels of cloud with high cloud top result in large
brightness temperature depressions at these frequehaes a
150 GHz. Furthermore, for three channdi83.3+1, 183.3+3,

and 183.3 +£ 7 GHz) around the water vapor absorption line
centered at 183.3 GHz, the farther the frequency is from
the center, the larger is the brightness temperature dapres
[2]. This is because th&83.3 + 7 GHz channel can view
deeper into clouds than the other two water vapor channels.
The temperature weighting functions of the three water vapo
channels peak at different altitudes, and they are above 9 km
for precipitating clouds [2]. Their different altitude pnses
entail a potential to delineate the distribution of hydroeoes

in clouds [2], [11], [13].

Making use of the correlation between ice scattering and
surface rain rate [5], the frequencies between 89 and 190 GHz
are able to delineate precipitation (e.g., [7]). Staelid &men
[14] used for the first time th&83.3 +1 and183.3 + 7 GHz
channels to estimate precipitation. The physical basihef t
retrieval is that hydrometeors reduce the brightness teanpe
ture below the frequency-dependend value for a saturated at
mosphere. However, convective systems are not alwayslgxact
vertical, many of them are tilted (Fig. 1) (e.g., [15]-[17The
ice particles aloft shift horizontally away from heavy aoé
rainfall regions because the convective cores and raitisshed
titted (e.g., [16], [17]). Therefore, the rain retrieval theds

ased on the correlation between ice scattering and thacgurf

H@i” rate provide a displacement of cloud ice and surfacg rai

hich was discussed for lower frequencies at 19 and 85 GHz
y Hong and Haferman [17].
In this study, hydrometeor profiles of a tropical squall

ﬁ}ﬁe system from the Goddard Cumulus Ensemble (GCE)

model output are used as input for a microwave radiative
transfer model. The simulated brightness temperature8-at 8

0’1790 GHz are used to investigate the effects of cloud strastur

n brightness temperatures. Different characteristios tu
ifferent sensitivities to altitude and amount of hydroewes
in a tilted cloud suggest a method to estimate the cantintpang

f'fmd tilt direction of the cloud from brightness temperasuae

water vapor channels centered around 183 GHz. This method
is also applied to a tilted storm observed by simultaneous
aircraft microwave and radar data. The knowledge of the
canting angle provides the possibility to estimate the sateu
location of surface rainfall when retrieving it from the ice
scattering above surface rainfall.
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Fig. 1. The total water content transect used in this studynfthe GCE
cloud model data at simulation time step= 240 min.
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Il. CLoOUD DATA AND RADIATIVE TRANSFERMODEL 001 I . A 3s0

Using nearby composite aircraft and radiosonde sounding 0 20 40 60 80 100
data as initial environmental field, an oceanic tropicaladiqu xdirection {km)
line was simulated by a realistic dynamical cloud model, th&y. 2. (a) Brightness temperatures at 89-190 GHz simulattitithe RTM.
Goddard Cumulus Ensemble (GCE) model developed by Té Column-integrated cloud liquid water, rain water, cldoe, snow, graupel,
and Simpson [18]. The model domain is1a8 x 128 x 31 and water vapor for the transect in Fig. 1.
grid with a horizontal resolution of 1.5 km and vertical
resolution varying from 0.2 to 1.0 km from bottom to top

; 8 . —4 6 m—4
(about 20 km). The GCE cloud model distinguishes five typégm’ 10% m" = for snow, and4 x 10° m™* for graupel. The

L ; sameN, values have been used in the TRMM version 6 of
of hydrometeors, namely cloud liquid water, rain waterudo

ice, snow, and graupel. Profiles of temperature and watemvathe 2A12 algorithm to retrieve hydrometeor profile (Haiyan

are also obtained along with profiles of the hydrometeors'.ang’ personal communication). The densities of rainwsno

. and graupel are 1.0, 0.1, and Gg&m—3, respectively [2].
Fig. 1 shows the total water content (total summed cont nanget al. [11], [12] suggested that cloud ice in the upper

of rain, cloud water, snow, cloud ice, and graupel) transec

selected from the GCE cloud model data at simulation tirrfeOrtlon of convection should be taken into account at high

stept = 240 min with one tilted cloud and one vertical cloud. cauencies above 150 GHz. The distribution of cloud ice

The tilted structure of the cloud spans fram= 75 km to the mcluded in this version Of th_e R.TM Is the one given by the
: . fit to observed cloud ice distributions by Heymsfield and tPlat
left and the vertical structure of the cloud is aroung 95 km

with a strong convective core. Above 5 km, the ice fraction (;?1]' The particle size of cloud water is gamma distributed
. ) I .. according to Liou [22]. The densities of cloud ice and cloud

the total water content is about 98%. But, below that algtud . " . 3

the liquid water prevails. Its contribution is about 93%. liquid water are respectively 0.917 and %6m™".

A microwave radiative transfer model (RTM) [19] is used

to calculate the microwave upwelling brightness tempeestu  11l. EFFECT OFCLOUD STRUCTURE ONMICROWAVE

between 89 and 190 GHz. The RTM considers the same five RADIANCES AT 89-190 GH

hydrometeor types as those obtained from the GCE cloudpyqfiles of hydrometeors, temperature, and water vapor are

model data. All hyd_rqmeteors are tre_ated as _Mle spheres. Th&q as inputs to the RTM to simulate brightness tempesature

Maxwell-Garnett mixing theory [20] is used in the RTM fory; 89190 GHz. Only nadir observations are simulated in our

the ice and air mixtures of frozen hydrometeors to obtag}udy (Fig. 2(a)). The background brightness temperanes

the dielectric constant. The RTM does not employ a meltirgmultaneously simulated from the same GCE cloud model

layers. The size distributions of rain, snow, and graupel &fata without any hydrometeors. The GCE cloud model out-

assumed to be exponentially distributed with put, the column-integrated hydrometeors and water vapor ar

N(D) = Nyexp(—AD), 1) showq in Fig. 2(b). - .

In Fig. 2, at the vertical strong convectidnwhere the total
where D is the diameter of particles)Vy is the intercept ice water path (total summed path of cloud ice, snow, and
parameter, and is the slope of the distribution depending orgraupel) is over 1&g m~2, and total liquid water path (total
Ny, the density of hydrometeor, and the hydrometeor watsummed path of rain and cloud water) is overigOm 2, the
content.Ny values used in this study ag2 x 107" m~* for 89 GHz simulations show the largest brightness temperature
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depression defined as the difference between the simulated 15
brightness temperature without (dotted lines in Fig. 2éaX)
including the hydrometeors (solid lines), then in sequence
150,183.3+ 7, 183.3 £ 3, and183.3 = 1 GHz. For the three T 10 i
water vapor channels it is obvious that the channel farthesg |
from absorption maximum at 183.3 GHz (il83.3 +7 GHz) £
has the largest depression. The brightness temperature @t |
183.3+ 7 GHz is over 46 K lower than that a83.3 + 3 and ST
over 92 K lower than that at83.3 £ 1 GHz. This behavior
is due to different weighting function at these channels [2] [
The frequencies farther from the water vapor absorptiotecen 0
can see deeper into the clouds (el3.3 £ 7 GHz). Thus,
they undergo larger influences from the hydrometeors in the
low layers. The brightness temperature depressions of all Total Water Content (g/m?)

frequencies between 89 and 190 GHz locate at the same point | Y \ \ \ |

xz = 94.5 km of the largest column-integrated total frozen  0.0010.01 0.02 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7

hydrometeors. Fig. 3. Estimati f th i le of the tilted loud. Th
. . ig. 3. stimation of the canting angle of the tilted strueteloud. The
Around the tilted structure cloud, the b”ghmess tem- horizontal lines are the altitudes of peaks of the weighfingetion at183.3+

perature depressions are much smaller than those for i{hsHz (dotted one) andi83.3 7 GHz (solid one), which are taken from the

strong convection and they have different features becanse/?luhes Iffom Fig-_ﬂﬁ) of Burnset a. [2]. Jhe vertical ””esi aferL‘e '(((’jcati%f‘s
. . . of the argest rng tness temperature epressmrifS?aa.B 1 z (dotte
the tilted cloud structure. Relatmg the br'ghtness terapee one) and183.3 + 7 GHz (solid one). The tilted red line passing through the

depressions to the column-integrated frozen hydrometéorswo points of intersection indicates the canting angle @f titted structure
is found that the places of largest brightness temperatt@l@d- The arrow in the red line shows the direction of theedilstructure
depressions at 89 and 150 GHz correspond more to the |O§ dt.ur(éo(I:(I)(:u((:j(?ntour is the distribution of total water cemit for the tilted
of the column-integrated graupel amount and those around
the water vapor channels correspond more to the peaks of
the column-integrated snow and cloud ice amounts. Moregover

largest brightness temperature depressions at 89,1850 + tilted structure of the cloud is the main cause for the misimat
7 183.3+ 3 and183.3+ 1 GHz locate at different locations ©f the locations of the maxima of the brightness temperature
of = = 66.0, 64.5, 61.5, 60.0, and 54.0 km, respectively. depressions at different frequencies. This mismatch tevea

The total water content shown in Fig. 1 is investigated fdifficulty to estimate the precipitation of clouds with &t
understand the effect of the tilted cloud on brightness terfi’uctures from microwave radiances at these frequencies.
peratures at 89—190 GHz. For the tilted cloud, the total watdOWeVer, it provides a possibility to estimate the cantingle
content above 5 km mainly stems from the ice water contefdf, the tilted structure of the cloud thereby obtain exacter
the highest total ice water content (over @6 ~3) being at locations of precipitation.

x = 66.0 km. The channels at 89 and 150 GHz can see deepe”A method to estimate the canting angle is illustrated in
than the water vapor channels and they have larger influerkdg. 3. The water vapor channels around 183 GHz are chosen
from the layer with larger total ice water content (belovbecause of their lesser sensitivity to surface emission, [10
7 km). So the locations of their largest brightness tempegat [11]. An important prerequisite for estimating the canting
depressions are on the right side of those for water vapwrgle of a tilted cloud is to know which layer (or altitudegth
channels. The channels closer to water vapor absorptidercemain contribution on brightness temperatures at the differ
are more sensitive to higher layers. Hent83.3 + 1 GHz frequencies comes from. In our study, the altitudes of the
produces the largest brightness temperature depresssin fjpeaks of the weighting functions for the water vapor chaginel
then in sequencd83.3+ 3 and183.3 =7 GHz. The variation are taken from Burngt al. [2] (Fig. 6(B)), since the tilted

of the locations of the maxima of the brightness temperatue®ud in our study has similar values of total ice water path
depression is clearly caused by the tilted distributionatélt and total water vapor as they have. Th&3.3 £ 1 GHz

ice water content. channel always has a peak at a higher altitude than the
183.3 +£ 7 GHz channel although the temperature weighting
functions will change for different cloud hydrometeor plesi

The peak altitudes of the temperature weighting functioes a
at about 10.0 km forl83.3 + 7 GHz and at 11.5 km for

From the above description of the effects of one verticaR3.3 +1 GHz. These altitudes indicate the main contribution
cloud and one tilted cloud on brightness temperatures legtwédayers on the brightness temperature depressiom83as + 7
89 and 190 GHz, it is obvious that brightness temperatuaed 183.3 + 1 GHz respectively in the vertical direction
depressions are related not only to different sensitwitie of cloud. The different horizontal locations of the largest
vertical hydrometeors but also to the cloud structure. ddiff brightness temperature depressions indicate the plackeof t
ent sensitivities to vertical hydrometeors result in diéfg main contributions on the brightness temperature demessi
amounts of largest brightness temperature depressiores. irhthe horizontal direction. Therefore, the canting angle o

x—direction (km)

IV. ESTIMATION OF TILTED STRUCTURE FROM
BRIGHTNESSTEMPERATURES
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the tilted cloud can be estimated from the slope of the line 280 (Io)l
passing through the two points of intersection created byc

K

corresponding peak altitudes of the weighting functiond an o 260
the locations of the largest brightness temperature dsipres 3
at 183.3 & 1 and183.3 + 7 GHz, which is shown by the red & 240

line in Fig. 3. Note that the retrieved canting angle dependse
only on the difference in the peak altitudes of the weighting y 220

functions, not on the maximum values themselves. The tiIt§ —— 183.3+7 GHz
direction of the tilted cloud can be derived by the relative &' 200 — 183.3%3 GHz

location of the largest brightness temperature depression —183.3%1 GHz
183.3 £ 1 GHz with respect to the location of the largest 18l . . . .+ . . W 0 o0 L L L1
brightness temperature depression188.3 £ 7 GHz. It is T
obvious that the estimated canting angle (the red line) is in 1 (bE)DOP Reflectivity (dB2)
agreement with the canting angle of the tilted cloud, and the 157 -:z%-
derived tilt direction is in agreement with with the actuit t ]-100 10 20 30 40 50
direction of the cloud. B nUUEAAT N

10 +—

Height (km)

V. APPLICATION TO AN AIRCRAFT CASE

This method is applied to a tilted storm observed from the 3

NASA ER-2 aircraft flying at about 20 km altitude along a ]

straight track from 1632:05 to 1643:11 UTC (from (7980 o] A J‘
33.27N) to (76.15W, 33.2PN)) on 26 August 1998 during T T

the Convection And Moisture EXperiment (CAMEX)-3. Fig. 4 1634 1636Time 1(%:}%) 1640 1642

shows the collocated simultaneous down-looking obsemati

at nadir including the microwave brightness temperatuteSrg. 4. Time series of MIR and EDOP data along the flight track
the three water vapor channels around 183.3 GHz from tfiem 1632:05 to 1643:11 UTC on 26 August 1998 during CAMEX-3
Millimeter-wave Imaging Radiometer (MIR), the reflectiyit (1 min =~ 13 km). (a) microwave brightness temperatures at the thiagerw

. vapor channels arountB83.3 GHz observed from MIR, (b) EDOP reflectivity
from the ER-2 Doppler radar (EDOP), and the estimategbss sections. The tilted red line indicates the cantingleaof the tilted

canting angle and tilt direction of the storm. structure cloud. The arrow in the red line shows the directid the tilted

. . . ___structure cloud. The horizontal dotted and solid lines heedttitudes of peaks
The EDOP radar sampllng at 9.6 GHz with a Vemcaﬁf the weighting function afl83.3 + 1 and 183.3 & 7 GHz, respectively.

resolution of 37.5 m [23] provides direct information ortdd The vertical dotted and solid lines are the locations of tgdst brightness
cloud structure (Fig. 4(b)). Again, as in the above Synmeﬁemperature depressions &3.3 &+ 1 and 183.3 &= 7 GHz, respectively.
case, the brightness temperatures at the three water vapor
channels around 183.3 GHz have different locations of thejr
depression maxima (Fig. 4(a)) because of the tilted cloug . A X .
structure and the different sensitivities to vertical hydeteors Mgt region of the weighting functions of the two involved
in the cloud. The peak altitudes of the temperature weightiff@nnels, i.e. between 10 and 11 km. Therefore, only if the
function at about 10.0 km for83.3 + 7 GHz and 11.5 km for Ult IS vertically constant from the melting layer (indieat
183.3 + 1 GHz are also used in this case. Then, the canti _F|g. 4b as a horizontal r_ed_band b_etween 5 and 6 km
angle and tilt direction of the cloud are estimated (readvarr at|Fude) to the C',O!Jd .top, th's_ mfor_matlon may be .us_ed to
in Fig. 4(b)). The results agree well with the EDOP rad!,jﬁstlmate the precipitation location (Fig. 4). Howeverhié tilt
observation. With respect to the simulated case, the besfefitS N0t vertically constant, but bended, we would need more
using the canting angle to estimate the surface preckmitati'nformat'o_n abo_ut the cloud shear structqrg b_etween 5 and
location is weaker for the aircraft case. This is due to theeto 10 km altitude in oder to I(_)(_:ate the precipitation (pne case
spatial correlation of frozen hydrometeor contents in the ant shown). In the three fal_lmg cases, the_separanon of the
served cloud than in those from the model simulations. HoRrgntness temperature minima of the two involved channels
ever, there is still a slight displacement present betwéaen tV@S t00 low (less than 3 km) or zero.
brightness temperature depression minimurhdat3 +1 GHz
and the surface precipitation core. This reveals that esiim VI. CONCLUSION
the canting angle can be used to improve the estimation of theVe have investigated the effects of one vertical cloud and
surface precipitation location using the microwave fregues one tilted cloud on brightness temperatures at the freqegnc
sensitive to high altitudes (e.gl.83.3 + 1 GHz) [14]. between 89 and 190 GHz using a microwave radiative transfer
In order to explore this possibility, five more cases of tiitemodel with cloud resolving model simulations as they would
deep convective clouds from the CAMEX-3 campaign werge observed from satellite or aircraft microwave radioimetr
analyzed (not shown here) in presentations similar to Fig. gensors in nadir direction. We have found a method to estimat
In three of the six cases in total, it was possible to deteet tthe canting angle and tilt direction of tilted clouds usingter
canting angle correctly as verified visually from the EDORapor channels at83.3+1 and183.3+7 GHz. The estimated

ta. The procedure gives information about the tiltinghia t
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canting angle and tilt direction are in agreement with thgsg] B. M. Muller, H. E. Fuelberg, and X. Xiang, “Simulationd the effects

actual canting angle of and tilt direction of the tilted sture or water vapor, cloud lquid water, and fee on AMSU moistufmmmel
. . . : : ightness t tures). Appl. Meteorol., vol. 33, pp. 1133-1154,
in the cloud model simulations. The method is applied to 1384_%35 emperaturesy: Appl. Metearol., vo PP

a tilted storm observed by simultaneous aircraft microwave] G. M. Skofronick-Jackson, A. J. Gasiewski, and J. R. Wthgluence

measurements at the water vapor channels and with radar. The ©of microphysical cloud Fgram?tefiza“ons on miclro"voa"@”“"egs tegns'
. . eratures,”|EEE Trans. Geosci. Remote Sens., vol. 40, . 187-196,
results agree well with the radar observations. At the same 2002_ PP

time, this method could provide a possibility to estimate th10] R. Bennartz, and P. Bauer, “Sensitivity of microwaveliaaces at 85—
displacement of the cloud vertical structure to estimate th _ 183 GHz to precipitating ice particlesRadio Sdi., vol. 38, no. 4, 2003.

. . T [11] J. R. Wang, J. Zhan, and P. Racette, “Storm-associateuowave
accurate location of surface rainfall for precipitatingrieval radiometric signatures in the frequency range of 90—220 GHAMOS,

methods based on the ice scattering above surface rainfall Ocean Technol., vol. 14, pp. 13-31, 1997.
using the microwave frequencies sensitive to high altigudd!2] J. R. Wang, J. Zhan, and P. Racette, “Multiple aircraficrowave

Realisti loud struct I k | | observations of storms over the western Pacific Ocedaadio ci., vol.
ealistic cloud structures are generally weaker, lowess le 33", 351 368, 1998.

spatially correlated, and exhibiting smaller contentsrozén [13] G. M. Skofronick-Jackson, and J. R. Wang, “The estioratf hydrome-

hydrometeors than the simulated precipitation structuress teor profiles from wideband microwave observatiodsAppl. Meteoral.,
hat the displacement between the positionsaf | vol. 39, pp. 1645-1657, 2000.
can cause tha ISp posiu c{?4] D. H. Staelin, and F. W. Chen, “Precipitation obsemwasi near 54 and

minima of the183.3 + 1 and183.3 = 7 GHz brightness tem- 183 GHz using the NOAA-15 satellite/EEE Trans. Geosci. Remote
peratures may not be as large as in the cases we investigated,Sens. vol. 38, pp. 2322-2332, 2000.

. . g 15] ‘M. A. LeMone, G. M. Barnes, E. J. Szoke, and E. J. Zips€he'tilt of
maklng it more difficult to use the method for real CIOUdé' leading edge of mesoscale tropical convective linédgh. Wea. Rew.,

Also, this methodology is applicable to airborne obseorati vol. 112, pp. 510-519, 1984.
rather than to satellite observations since satellitainsents, [16] G. Mcgaughey, E. J. Zipser, R. W. Spencer, and R. E. Hoddh-

. . . . resolution passive microwave observations of convectistesns over
i.e. AMSU-B, have quite coarse resolutions (espeC|aIIy at the tropical pacific oceanJ. Appl. Meteoral., vol. 35, pp. 1921-1947,

the edges) which may obscure the displacement between the 1996. _
positions of local minima of the brightness temperaturefet [17] Y. Hong, J. L. Haferman, W. S. Olson, and C. D. KummeroMi-*
f . crowave brightness temperatures from titled convectivetesys,” J.
two frequencies. Appl. Meteorol., vol. 39, pp. 983-998, 2000.
[18] W.-K. Tao, and J. Simpson, “Goddard cumulus ensembldehdart I:
Model description, Terr. Atmos. Oceanic ci., vol. 4, pp. 35-72, 1993.
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