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Abstract. Part 1 of this research concluded that many condi-water using current microwave radiometric technology and
tions of the 2003 Wakasa Bay experiment were not optimalprovides several general guidelines to improve future field-
for the purpose of tomographic retrieval. Part 2 (this paper)based studies of cloud tomography.

then aims to find possible improvements to the mobile cloud
tomography method using observation system simulation ex-
periments. We demonstrate that the incorporation offthe
norm total variation regularization in the tomographic re-

trieval algorithm better reproduces discontinuous structuregs|uds in the lower troposphere exert large influences on
than the widely used.» norm Tikhonov regularization. The he Earth's radiation budget and also play a crucial role in

S|th)J_I|at|on expegment_s ”reveal th?t a typ|ca! ground-basbe he planet’s hydrological cycle. The spatial distribution of

mobile setup substantially outperforms an airborne one beg,q,q water is one of the most poorly represented compo-
cause the grounq-bqsed setup gsually moves slower and h @nts in numerical models and is considered as one of the
greater contrast in microwave brightness between clouds an rgest uncertainties in climate change predictions (Weare,

fche background. It is show_n that,_ as expected, the_erroag%; Stephens, 2005). Part of the reason is that the scarcity
in the cloud tomography retrievals increases monotonlcallyof consistent long-term cloud observations makes it difficult

with both the radiometer noise level and the uncertainty iny, yoqt ang evaluate the cloud representations in the models.
the estimate of background brightness temperature. Itis alspn order to enhance cloud process studies and to improve

revealed that a lower speed of platform motion or a faStercloud representations, we need observational techniques that

re capable of providing accurate cloud observations for a
latively large domain at suitable temporal and spatial res-
olution. For example, the validation of large eddy simula-

1 Introduction

scanning radiometer results in more scan cycles and mor
overlap between the swaths of successive scan cycles, bo
of which help to improve the retrieval accuracy. The last

fac';or_ exafr?wgdr:s.algcraft hlelogllzt. Itb's fourr:d t?atéhe Opi[ll' tion models requires cloud observations at a temporal res-
mal alrcra ﬁ}g tis .5htod JKm a ove;[] efc qu_lt,Op' ¢ O olution of a few seconds and a spatial resolution of a few
summarize, this research demonstrates the feasibility of 0z \o o meters over a domain of a few tens of kilometers.

mographically retrieving the spatial structure of cloud liquid Aircraft-based in-situ measurements can sample only a small

volume of a cloud, while the widely-used vertically-pointing
microwave radiometers, such as those used at the Depart-
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Water Content (LWC) (Liljegren et al., 2001; Westwater et It was shown that one of the most important factors for
al., 2004). On the other hand, active remote sensing techeloud tomography observations is the number of directions
niques like cloud radar (Frisch et al., 1995; Hogan et al.,from which each cloud pixel is viewed (Huang et al., 2008a).
2005) with rapid scanning capability provide a less directThe use of a dual-antenna radiometer in Warner's setup
measurement of cloud LWC (since LWC is proportional to (strictly speaking, it is not a scanning radiometer) allows for
the third moment of cloud drop size distribution but radar re-only two viewing directions, which is far from optimal and
flectivity is proportional to the sixth moment) and also would would result in insufficient information for retrieving cloud
likely be much more costly than passive methods. liquid water structures (Huang et al., 2008a). The angular
Tomographic methods provide great potential to addresscanning of clouds can be improved by replacing the dual-
the cloud observation problem. It was first proposed in theantenna radiometer with a scanning radiometer that can scan
1980s that the microwave cloud tomography method can beontinuously at different elevation and azimuth angles.
used to retrieve three-dimensional cloud LWC by probing the A very limited cloud tomography experiment was con-
thermal emission of clouds using either multiple distinctly- ducted during the 2003 AMSR-E validation campaign at
located ground-based microwave radiometers or a single ra¥akasa Bay of the Sea of Japan (Lobl et al., 2007),
diometer deployed on a mobile platform. The reconstructionwhere the Polarimetric Scanning Radiometer (Piepmeier and
of cloud water spatial distributions from the tomographic ob- Gasiewski, 1996) was mounted to the bottom of the NASA
servations can be converted into a matrix inversion problenP-3 research aircraft and scanned through a system of low-
(Warner et al., 1985; Drake and Warner, 1988; and Warnealtitude clouds from above. In a companion paper (Huang
and Drake, 1988). The fixed ground-based configuration hagt al., 2010, hereinafter referred to as Part 1) we demon-
the apparent advantage of continuously operation withoustrated that, although the tomographic retrievals from the
human intervention and thus it is well suited for long-term Wakasa Bay experiment roughly capture the spatial features
deployment. It was revealed recently that the retrieval accu-of clouds compared to a radar image, they fail to reproduce
racy of the fixed ground-based configuration depends on théigh-frequency structures. It was found that many conditions
number of microwave radiometers as well as their physicalof the Wakasa Bay experiment were not optimal for cloud
arrangement (Huang et al., 2008a). At least four radiometomography retrieval, such as strong surface wind and high
ters are needed for the fixed configuration to obtain a cloudspeed of aircraft motion. A more thorough examination of
reconstruction that is accurate to within 10% of the cloud’sthe mobile tomography method is thus needed in order to
maximum LWC. The requirement for a large number of mi- determine the optimal configuration and data collection strat-
crowave radiometers makes the fixed tomography configuraegy. These are the focus of Part 2 (this paper) of this research.
tion expensive to deploy. Furthermore, the fixed configura- Two possible mobile configurations are considered in this
tion has no cloud chasing capability and thus cannot be usegdaper: a downward-looking airborne configuration and an
to study the full cloud lifecycle (clouds can move out of the upward-looking ground-based configuration (Fig. 1). The
radiometer’s field of view in a few minutes). airborne configuration was used in the Wakasa Bay cloud
Alternatively, a mobile tomography configuration de- tomography experiment. The microwave radiometer is
ployed on a moving platform needs only one scanning ra-mounted to the bottom of the aircraft, which is a widely-used
diometer to collect tomographic data of similar quality. Ge- design of high-altitude research aircraft. With this design,
ometrically, tomographic reconstruction requires the objectthe radiometer has to look downward in order to observe the
(it is clouds for cloud tomography) to be scanned from mul- cloud microwave emission. Figure 1 shows the swaths of
tiple locations and directions. In other words, two scanningthree successive scan cycles, each labeled in a different color.
mechanisms are needed: spatial scanning and angular scafhe aircraft translates a certain distance along the flight track
ning. The spatial scanning of clouds is achieved in a mo-during each scan cycle, and the location of the aircraft for
bile setup by the horizontal motion of the platform. A first each cycle is also shown in the figure. The other configu-
investigation of this configuration was performed by Drake ration shown in Fig. 1 is a ground-based cloud tomography
and Warner (1988), in which the radiometer switches auto-system that uses a pickup truck as the platform. With this
matically between two fixed antennas as the platform movesonfiguration, clouds can only be scanned from below. Four
along a horizontal line passing just under a cloud. Theyscan cycles are shown in Fig. 1 for the this configuration,
showed that the dual-antenna setup performed similarly tesuggesting that the slower ground-based platform usually al-
a fixed ground-based setup using two scanning radiometergows for more scan cycles than its airborne counterpart. More
A follow-up field test was conducted in Louisiana, and the details on the difference between the ground-based and air-
LWC deduced from the radiometric measurements showedborne configurations and their relevance to cloud tomogra-
statistically good agreement with that measured directly byphy retrieval are described in Sect. 4.
a Particle Measuring System version of liquid water probe — The paper is organized as follows. In Sect. 2 we present
but a point-by-point comparison was not made due to a scal¢he details of the observation system simulation experiments
mismatch between the two techniques (Warner and Drakefor cloud tomography. Section 3 examines the skill of two
1988). different retrieval algorithms: one based on the standard
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- A - Fig. 2. The cloud liquid water and water vapor fields of a stratocu-
Tikhonov regularization and the other based on the total vari- !
g mulus case (ASTEX) and a puffy cumulus case (ATEX) simulated

ation regularization. Section 4 presents a group of sensmv—bya large eddy simulation model (Ackerman et al., 1998)Stra-

ity tests and thus providgs useful guidelines for possible im'tocumulus case, liquid watefty) Stratocumulus case, water vapor;
provements to_ the mob_lle_cloud tor_nography method. Sec-(c) Puffy cumulus case, liquid water; aid) Puffy cumulus case,
tion 5 summarizes the findings of this study. water vapor. The domain is 5 km wide and 2.5 km high.

Unit: gm'3 0.2

Ground-based iy 3t %0
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Fig. 1. lllustration of the observation geometry of the ground-based
and airborne tomography configurations. The cartoon shows the
swaths of radiometer scan at time- rg, 21g, 3tp, . Each scan
cycle is indicated by different color. The positions of the platform
at timer = rg, 21, 31, - are also shown in matching color.

2 Description of methodology distribution of cloud LWC from the resulting observations.

Observation system simulation experiments are useful toold he microwave radlathn intensity measured by radmmgters,
usually converted to brightness temperature for convenience,

to study a forecast or retrieval system. The observation sys: d of th thatt ted emission f the back
tem simulation for cloud tomography is mainly composed of IS composed ot Ine path-attenuated emission from the back-
two components: a forward model to generate virtual cloudground and the atmospheric emission (microwave emission

tomography observations and an inverse algorithm to retrievé)]c (;]IOLédS’ r\]/vat(gr vapor, and qugen) Elong the lobser:vatioE
cloud liquid water fields from the simulated radiometric ob- path. By choosing an appropriate working wavelength, suc

servations. The forward model contains an algorithm for@s centimeter waves, the scattering of microwave radiation
sampling modeled clouds in a manner consistent with mi-by cloud droplets and gases in the atmosphere can be ne

crowave radiometer observations. Specifically, the forwardgleCted' Thus the microwave radiometer observations de-

model first generates test clouds using a large eddy Simulapend on only the spatial distribution of atmospheric absorp-

tion and then generates virtual microwave observations witH'on coefficients. They relate to the spatial distribution of

prescribed radiometer specifications using a radiative trans(-:IOUd LWC and other atmospheric variables through the fol-

fer equation. The inverse algorithm numerically solves theIOWIng radiative transfer equation:
radiative transfer equation to obtain the cloud LWC fields. oo
In order to examine the validity of the mobile cloud to- /($2:)=/o07 (£2;,0, 00)+/ B(T)a (s, )T (i, 0,5)ds, (1)
mography method under different environmental conditions, 0
we select two very different cloud cases as the basis for thevherel (©2;) is the radiation intensity reaching the radiome-
observation system simulation experiments (Fig. 2). Theter from directionS2;; I is the intensity of the background
first case is a mid-latitude stratocumulus cloud simulated bymicrowave radiation and ($2;,0,00) indicates the attenua-
the DHARMA large eddy simulation model driven by data tion of the background emission along the path specified by
from Atlantic Stratus Experiment (ASTEX) (Ackerman et direction$2;; B(T) is the Planck function at temperatufe
al., 1995). The stratocumulus clouds in the ASTEX regione is the absorption coefficient determined by the atmosphere
generally have cloud tops between the 800 and 700 mbastate; andr ($2;,s1,s2) =exq—f;lza(s,sz,-)ds] is the trans-
levels. The second case is also a simulation from the samsiittance between two points ands, on the path along di-
model but is a patchy cumulus situation based on the Atlantiaection<;.
Trade wind Experiment (ATEX) data. The domain where the A radiometer observation is the convolution of Eq. (1)
simulated clouds are located is 5 km wide and 2.5 km high. with the antenna gain pattei (antenna directivity), which
The two key components of the cloud tomography tech-is determined by the size and shape of the antenna and can
nique are observing a cloud’s microwave emission from mul-be partially characterized by antenna beam width. In this
tiple directions and locations and reconstructing the spatiaktudy, the antenna gain pattern is assumed to be the widely

www.atmos-chem-phys.net/10/6699/2010/ Atmos. Chem. Phys., 10, 66992010



6702 D. Huang et al.: Part 2: Observation system simulation experiments

used form in which the gain decreases exponentially with thewherex; is the absorption efficiency of liquid water and de-
square of angular departure from the center &igDrake  pends only on temperature and radiometer frequency. The

and Warner, 1988), absorption model for calculating the absorption coefficients
_ for non-precipitating clouds, water vapor, and oxygen are
I(Qi):/I(Q)G(Q_Qi)dQ’ (2)  given by Westwater (1972) and Falcone (1966); they are
12 ) also specified in the Appendix of Warner et al. (1985).

GE) = i(ﬂ) exp[—4|n2<§) i| The use of more recent absorption model such as that of
w w Rosenkranz (1998) has negligible impacts on the simulation

experiments. Our previous studies shows that the retrieval

Herew stands for the W'.dt.h of th.e antenna beam bewVeenerror associated with the uncertainties in humidity and tem-
rays where the power gain is half its maximum value.

oo . o perature measurements is negligible with current radiosonde
Suk_)stltutmg Eq. (1) into Eq. (2), taking into account_the techniques. Thus, for simplicity, we assume the distributions
equality (§;, s1.52) = 7 ($2i.51,9)7 ($2i.5,52), and approxi- - ¢ yep vapor and atmospheric temperature are known ex-
mating the angular integral using Gaussian quadratures, Wgctly in this study.
get To summarize, the observation system simulation exper-
Nu 52 _ iment for cloud tomography is composed of the following
ZwkT(Qik,O, S1)/ Bat (Qik,s1,5)ds = 1 () () steps: (1) specifying the atmospheric state and cloud fields,
k=1 51 choosing appropriate radiometer specifications and data col-

Nu Nu 51 lection strategy (e.g., radiometer scanning speed, speed of
—ZWkloof(Qika 00) —Zwk[/o platform motion); (2) generating virtual radiometer observa-
k=1 k=1 . tions using the radiative transfer equation; (3) inverting the
Bat (Q4k,0,5)ds + 7 (Qix, 0, S2)/ Bat(Qr,s2,)ds |. simulated virtual radiometer observations to reconstruct the
52 spatial distribution of microwave absorption coefficient and

HereNy is the number of the Gaussian quadrature pOiI’]tS'then calculating the spatial distribution of cloud LWC using

wy, is the weight of the antenna gain pattern corresponding td=9- (6).

the Gaussian quadrature pointsands; are the path lengths

from the radiometer to the locations at which the beam with3  comparison of L, and L, regularizations
direction; enters and leaves the cloud.

Given a total number of: beams, Eq. (3) can be further As shown in our previous studies, the retrieval problem of
discretized by dividing a domain, which is large enough to cloud tomography, i.e., the inversion of Eq. (4) to obtain
contain the clouds of interest, into= N3 (N2 for a 2-D  vectorx, is highly ill-posed because of a limited range of
slice) equally-sized pixels to yield the following matrix equa- viewing angles of clouds (an ideal tomographic reconstruc-
tion: tion requires a cloud to be scanned from all directions inra 4
Ax=b, @) sphere centered at the cloud). Regularization techniques that

make use of various types of a priori knowledge should be
wherex” = (a1.a2,--.a,) is the vector of absorption coef- used to obtain physically credible retrievals (Twomey, 1977).
ficients;b” = (b1,b2,---,by), is the vector of adjusted obser- As shown in Part 1 of this paper, the regularization of the
vations,b; equals the right side of Eqg. (3) and can be inter- Eq. (4) in the form olp norm can be written as,
preted as the microwave emission from the observation path , 2
plus the path-attenuated background emissionfaada; ;) ”}'n{ %1l }, subject tollAx—bli5 <&
is anm x n matrix with and other constraints 7

The notation| ||, denotes thé&p norm of a vector, and is

an error tolerance usually determined by the measurement er-

ror and the error associated with the forward radiative trans-

¢ (s, Qix) is nonzero only if the points( Qi) isinthejth  fer model. In this section we examine the skill of two dif-

cloud pixel, and therg ;=1. ferent regularization techniques: the standard Tikhonov reg-
As shown in Part 1, the tomographic retrieval problem is yjarization that corresponds te=2 (L norm), and the to-

actually the inversion of the matrix Eq. (4) to obtain the vec- t5| variation (TV) regularization that correspondsptol (L1

tor of absorption coefficients. In clouds, the absorption coef-norm).

ficient generally consists of contributions from liquid water  The Lo norm Tikhonov regularization is widely used in

(c7), water vapor ¢,), and molecular oxygenxo,). The  many disciplines, and it is relatively easy to implement

absorption coefficient is simply a linear function of LWC:  nymerically because of its linearity under differentiation

o =k;-LWC+a, + a0y, (6) (Hansen, 199&_3). But thé, norm usual_ly penalize§ more

when the gradients are large, and thus it tends to bias toward

Ny 52
ajj ZzwkT(Qibo»Sl)/ Boj (s, Qi) T (Qik,s1,5)ds. (5)
k=1 S1
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a smooth solution (Strong and Chan., 2003). One of our pre-
vious studies (Huang et al., 2008b) shows that this methodf(t)
often fails to capture some discontinuous structures around
the cloud top where cloud water content decreases from its
maximum value to zero in a few tens of meters. Instead,
the retrieved cloud top boundaries are often blurred and ex-
tended to a higher altitude. Non-linear regularization tech-
niques such as the; norm TV regularization are also be-
coming more and more popular. The main advantage of the
TV regularization is that it does not penalize discontinuities
in the solution, while simultaneously not penalizing smooth-
ness in the solution; thus under certain conditions it can pre-
serve the discontinuous structures in the solution (Acar and
Vogel, 1994; Chambolle and Lions, 1997). Let us use a sim-
ple example presented in Pederson (2005) to illustrate th
point. Inspecting the piecewise linear function illustrated in
Fig. 3, we can calculate thgp norm (raised to the power)

of the gradient off () as follows:

Il =3[ ar

d

t

%ig. 3. A piecewise linear function used to illustrate the difference
between the.; norm total variation regularization and the norm
Tikhonov regularization.

th (c_l)Pdt cases are the stratocumulus and broken cumulus clouds de-
0 th (8)  scribed in Sect. 2 (Fig. 2). A virtual airborne cloud tomog-
=dPpl-p raphy setup is used to generate the simulated tomographic

observations. More details on the specifications of the air-
borne tomography setup can be found in Sect. 3. The direct

Hence forp=1 (the TV regularization), we have X , , , !
p=1( g ) algorithm described in Huang et al. (2008b) and the iterative

1 @], =d. retrieval algorithm described in Part 1 are then used to invert
) o the simulated tomographic observations to obtain retrieved
And for p=2 (the standard Tikhonov regularization), cloud LWC fields. The difference between the results of the

L2 21 two retrieval algorithms is negligible for both cloud cases. In
“f (t)”Z:d h the rest of our observation system simulation experiments,
This means that ip=1 the width of the intervak has noin-  We use the iterative algorithm because it does not require
fluence on the regularization term; thus the TV regularizationMultiple retrieval runs to determine the optimal weighting
should have no bias that depends on the scale of the stru®arameter for the regularization.
ture. On the other hand, fgr=2 it is easy to verify that We then conduct four observation system simulation ex-
the smaller is, the larger the regularization term becomes. periments for the airborne cloud tomography setup using the
Therefore thel., norm Tikhonov method tends to suppress two cloud cases and the two regularization techniques. Fig-
large discontinuities at small scales and is likely to miss high-ure 4 shows the retrieved cloud LWC fields using the stan-
frequency discontinuous structures (Strong and Chan, 2003dard Tikhonov regularization and the TV regularization for
However, the TV regularization is difficult to implement nu- the two cloud cases. The rms error of the Tikhonov retrieval
merically and also computationally expensive because of itds 0.09 gnT2 for the stratocumulus cloud case (Fig. 4a) and
nonlinearity under differentiation. 0.03 gn13 for the broken cumulus case (Fig. 4b). For both
The linear Tikhonov method can be implemented in a di- cloud cases, the Tikhonov retrievals reproduce the location
rect manner by calculating the inverse of the regularized kerand shape of clouds with reasonable fidelity. As expected,
nel matrix, but such direct techniques require a large amounthe Tikhonov method appears to smooth the sharp cloud top
of computer memory and are also computationally expensiveedges where the largest discontinuity of cloud LWC is lo-
(Hansen, 1998). Both the Tikhonov and the TV regulariza-cated. As a result, the retrieved cloud top is extended to a
tion problems can also be solved in an iterative manner, usingnuch higher altitude for both cloud cases. Also some patchy
techniques such as the widely used algebraic reconstructioolouds with very low water content appear in some regions
technique (Gordon et al., 1970; Twomey, 1987). In Part 1 ofthat are clear sky in the reference images, possibly associ-
this paper, we present an iterative algorithm that can deterated with the random noises added to the simulated radio-
mine the weight of the regularization term adaptively. Here metric observations. When the TV regularization is used, the
we carry out a test to verify whether the iterative retrieval retrieval error for both cloud cases is reduced significantly;
algorithm presented in Part 1 of this paper yields the samét becomes 0.065 gn for the stratocumulus (Fig. 4c) and
solution as the direct inversion method. The reference cloud.02 gnt2 for the broken cumulus (Fig. 4d). The significant
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Tikhonov regularization Total variation regularization and thus can impaCt the retrieval accuracy in a Signiﬁcant

m _ 0.8 way. Another major difference between the two setups is
0.7 that the ground radiometer scan clouds from below while the

2‘? airborne radiometer usually scans clouds from above due to
04 the limitation of aircraft design. Thus the microwave con-
03 trast between clouds and the background will be very dif-
0.2 ferent for these two setups. For the ground-based setup,
3.1 the atmospheric background emission consists of the cos-
mic background emission plus the gaseous emission from
12 the atmosphere above cloud tops. The cosmic background
1 is well known to be around 2.7K and is in sharp contrast
08 with clouds. For the aircraft-based setup, the background is
0.6 either land surface or sea surface and the brightness temper-
0.4 ature ranges from 150 to 250K in the microwave Ka band,
] 0. which is more similar to microwave emission from clouds. In
Unit: gmig 0 this research we consider only sea surface backgrounds in the

airborne tomography simulations because land surfaces have
) o ] ) ) ] high emissivity in the microwave region and thus have very
Fl'g' :'t The Clouhd "q‘:'d W"?‘ttﬁrt;'eltd? rlet”e_v‘f,d using lth_e at',rbomedlow contrast with warm clouds. The directional variation of
cloud fomography Setup with the tofal variation reguianzation andge 5 oyrface microwave emission is simulated by a two-scale
the standard Tikhonov regularizatiofa) stratocumulus case using .

thermal emission model (Johnson, 2006).

the Tikhonov regularization(b) stratocumulus case using the total \ )
variation regularization(c) puffy cumulus case using the Tikhonov ~ 1able 1 shows the typical values of radiometer and plat-

regularization; andd) puffy cumulus case using the total variation form specifications of the two tomographic setups; these val-
regularization. ues are used throughout the sensitivity studies if not men-

tioned otherwise. The radiometer is assumed to have 0.5K

random noise and 223eam width. The duration of each
reduction in retrieval error indicates thatthenorm TVreg-  radiometer scan cycle is 43 s and only the beams withtn 80
ularization is superior to thé, norm Tikhonov regulariza-  from the nadir or zenith are considered as a valid observa-
tion for the ill-posed cloud tomography problem. The cloud tion (ground and water vapor emission could overwhelm the
LWC fields are reproduced with higher fidelity in the TV reg- radiometer observation if the beam were too close to the hori-
ularization retrievals than in the Tikhonov retrievals. The zon). The atmospheric background brightness temperature is
sharp cloud top edges now are well reproduced in the TV20 K for the ground-based configuration, and a 0.5 K random
regularization retrievals, clearly showing the superior skill of noise is also added in all simulation experiments. For the air-
the TV regularization in preserving discontinuous structures.horne configuration, the background brightness strongly de-
pends on the incidence angle and is simulated by a two-scale
sea surface thermal emission model by assuming a 283 K sur-
face temperature. A 0.5K random noise is also added to the
In this section, we conduct a series of observation systenf€@ Surface brightness temperature. The speed of motion of

the ground-based platform is assumed to be 24 m/s, while the

simulation experiments to investigate the effects of a vari-" ; .
ety of factors on the tomographic retrieval and to determinea'rcgaﬁ is assumed to fly at a speed of 96 m/s at an altitude of
m.

the optimal tomographic configuration and data acquisition ) ) )
strategies. The factors examined include radiometer char- V& Perform a number of system simulation experiments

acteristics, radiometer scan strategy, background microwavE" €ach of the two mobile tomography setups using the two
characteristics, and platform speed and height. cloud cases described in Sect. 2. The radiometer specifica-

tions are identical for the ground-based and airborne setups
4.1 Ground-based and airborne setups but the background brightness temperature, platform altitude,

and speed of platform motion are different. Figures 5 and 6
There are several important differences between ground- anshow the cloud LWC fields retrieved using the two tomog-
aircraft-based cloud tomography setups. Among them ar@aphy setups along with the corresponding retrieval error.
speed of platform motion relative to clouds and backgroundFor the stratocumulus cloud case in Fig. 5, the retrieval er-
microwave brightness temperature. For a ground-based setupr of the airborne setup (0.061 g is 50% higher than
the speed of a truck trailer is typically on the order of 10 m/s, that of the ground-based setup (0.041gm The ground-
while the speed of an aircraft is usually one order of mag-based retrieval accurately reproduces the base and top of the
nitude faster than that of a truck. The large difference instratocumulus clouds, while the retrieval from the airborne
platform speed can result in very different data geometriessetup shows more spurious patchy clouds in clear sky regions

4 Results of sensitivity studies

Atmos. Chem. Phys., 10, 6699709 2010 www.atmos-chem-phys.net/10/6699/2010/
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Table 1. The typical radiometer specifications, background characteristics, and platform parameters of the ground-based and airborne cloud
tomography configurations.

Radiometer characteristics background platform
noise, frequency, beam width, scan period, Integration brightness uncertainty, speed, altitude,
K GHz degree S time, s temperature, K K m/s km
Ground-based 0.5 31.6 2.3 43 0.3 20 0.5 24 0
Airborne 0.5 31.6 2.3 43 0.3 165-180 0.5 96 35

(@) r. (b) Unit: gm 3 b Unit: gm 3
.
i s
(© (d) :: ()]
(9
- : ;
. :

Fig. 5. The stratocumulus clouds retrieved using the ground-based™ig- 6. The puffy cumulus clouds retrieved using the ground-based
and airborne setups, as well as the corresponding images of errognd airborne setups, as well as the corresponding images of error.
(a) Retrieved liquid water field by the ground-based setbpthe (@) Retrieved liquid water field by the ground-based se{bpthe

error of the ground-based retrievét) retrieved liquid water field ~ error of the ground-based retrievét) retrieved liquid water field

by the airborne setugd) the error of the airborne retrieval. by the airborne setujfd) the error of the airborne retrieval.

: . ._creases from 0.1 to 6.0 K. And for the airborne setup, the re-
(Fig. 5). For the patchy cumulus case (Fig. 6), the result Strieval error increases from 0.06 to 0.157fn The retrieval

very similar. The retrieval error of the ground-based setup rror incr t a slower rate when the noise level is hiah
is 0.006 gnT3, substantially lower than that of the airborne (e>§OK(): cases al a slower rale when the noise levetis hig

setup (0.02 gmd). The airborne retrieval shows some puffy Th ise level of mod . di ters is t
clouds with low water content in several clear sky regions,. € hoise level of modern microwave radiometers 1S typ-

while the ground-based retrieval reproduces the original im-'CaIIy n the_ range of 0.1 to 0.5K. Accordlng to Fig. 7, the
age with such high fidelity that one can hardly tell any dif- tomographic retrievals based on such radiometers are accu-

e ;
ference from the reference image (Fig. 6). The reason Whyrate to within 5% of the maximum cloud water content. Even

the ground-based setup is superior to the aircraft-based set hen the noise is extremely h|gh>4 K), thg simulations
will be discussed in Sects. 4.3 and 4.4. ow that the tomographic retrievals can still roughly repro-

duce some of the cloud features but high-frequency struc-
tures are difficult to resolve because the retrievals tend to rely
more on the arbitrary mathematical constraints rather than

. . . ) the observations.
The second factor examined is the radiometer noise level.

The experiment is based on the stratocumulus cloud cas&. 3 Uncertainty in the estimate of the background

Figure 7 shows that the retrieval error for both the ground- brightness temperature

based and airborne setups increases monotonically with the

radiometer noise level, as one would expect. The retrievallhe third factor considered in this research is the uncertainty
error of the ground-based setup increases by a factor of & the estimate of background radiometric characteristics,
from 0.036 to 0.12 gm? when the radiometer noise level in- i.e., the atmospheric background brightness temperature for

4.2 Radiometer noise level
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Fig. 7. The retrieval error as a function of radiometer noise level. Fig. 8. The retrieval error increases with the uncertainty in the es-
As expected, the retrieval error increases with radiometer noise |eVQ|imate of background brightness temperature for both the ground-

for both the ground-based and airborne setups. The stratocumulusased and airborne setups. The stratocumulus cloud case is used for
cloud case is used for this sensitivity test. this sensitivity test.

the ground-based setup and the sea surface brightness tem4 Scan strategy
perature for the airborne setup. For the ground-based setup,
the cosmic background is well-known to be around 2.7 K, butOur previous studies (Huang et al., 2008a, b) have shown
the water vapor emission between the cloud top and the tophat beam intersection is crucial to the success of a tomo-
of the atmosphere also contributes to the radiometer observagraphic reconstruction. If successive scans do not overlap
tions and thus should be considered as a part of backgroundith each other, one will be able to retrieve only the path-
emission. Accounting for this, we set the mean backgroundntegrated cloud water content. The duration of each ra-
brightness temperature of the ground-based setup to be 20 Riometer scan cycle (proportional to the inverse of radiome-
and add varying levels of random error (from 0.1 to 6 K) to ter scanning speed) is important to the geometry of the tomo-
the background. The sea surface microwave emission is graphic data; it is a key factor that determines to what extent
function of incidence angle and the angular distribution isthe microwave beams from successive scan cycles intersect
determined by surface roughness and the orientation of sewith each other.
waves (Johnson, 2006). For example, wind-driven waves and Figure 9 illustrates that the retrieval error increases mono-
foam can lead to an uncertainty much larger than 3K in thetonically with the duration of radiometer scan cycle. For the
simulation of directional brightness temperatures. Figure 8ground-based setup, the retrieval error varies by a factor of
shows that, similar to the noise in the radiometric observa4 from 0.032 to 0.13 gm® when the duration of radiometer
tions, the uncertainty in the background brightness temperascan cycle changes from 10 to 160s. For the airborne setup,
ture also has significant effects on the retrieval accuracy. Théhe retrieval error increases by a factor of 3 from 0.045 to
retrieval error increases with background uncertainty, while0.14 gnt3 with the same change in the duration of radiome-
the rate of this increase decreases with the background urter scan cycle. This result can be explained by two facts.
certainty. First, there will be more scan cycles if the radiometer scans
The microwave contrast between the atmospheric backfaster since the total time needed to pass the clouds of in-
ground and clouds is much greater than the contrast betweeigrest depends only on the speed of platform motion. Sec-
the sea surface and clouds. Thus the signal-to-noise ratio gnd, with a faster scanning radiometer, the distance between
the ground-based setup will be higher than that of the airtwo successive cycles will be smaller and thus the swathes
borne setup if the radiometer noise level is the same. Furof these scan cycles will have more overlap with each other.
thermore, wind-driven sea surface waves and foam can addiherefore, from the geometric perspective, fast scanning ra-
substantial uncertainty to the observing or modeling of thediometers are preferred in tomographic applications. On the
sea surface brightness temperature. As a result, the obser@ther hand, a faster scan means shorter integration time for
ing or modeling error of the sea surface brightness tempereach beam and thus greater random noise in data, which will
ature is usually much higher than that of the atmospheridhave an adverse effect on the retrieval accuracy. The optimal
background. Therefore, the higher retrieval accuracy of thechoice of radiometer scanning speed can be found by taking
ground-based setup can be partly attributed to the differenceBoth factors into account.
in the characteristics of the background emission.
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Fig. 9. The retrieval error as a function of the duration of radiome- Fig- 10. The retrieval error as a function of the speed of platform

ter scan cycle (proportional to the inverse of radiometer scanningnotion. A slower platform provides more accurate retrieval at the
speed). For both the ground-based and airborne setups, a faster r@pense of longer data collection time and possible loss of ability
diometer results in more accurate tomographic retrievals. The strat® monitor rapidly-evolving clouds. The stratocumulus cloud case
tocumulus cloud case is used for this sensitivity test. is used for this sensitivity test.

4.5 Speed of platform motion clouds can evolve significantly during the period when the
tomographic data are collected. Practically, there is always a
Speed of platform motion, similar to radiometer scanningtrade-off between choosing a slow speed of platform motion
speed, is a key factor that determines how many scans the r&nd minimizing the impacts of cloud evolution during data
diometers can perform while the platform passes the cloudgollection.
of interest and determines the distance between successive
scans. If the platform moves so fast that successive scané.6 Platform altitude
are well separated and do not overlap with each other, it will
be difficult to reconstruct the cloud structure from these to-The geometry of tomographic observations, specifically the
mographic observations. As illustrated in Fig. 10, a reducedrange of radiometer viewing angles (indicated £y in
platform speed substantially improves the retrieval accuracyFig. 11), often plays an important role in determining the
for both the ground-based and airborne setups. For theotal amount of useful information in the tomographic data.
ground-based setup, the retrieval error increases from 0.03fh general, the larger the angiespanned by the radiometer
to 0.073 gn13 when the platform speed increases from 24 to beams (those hitting the cloud), the more useful information
96 m/s. For the airborne setup, we vary the platform speedn the resultant observations. An ideal tomographic recon-
from 64 to 240m/s. Similarly, the retrieval error increases struction requires the target to be viewed from all directions,
with the aircraft speed, changing from 0.049 to 0.12dgm i.e., the range of viewing angles should be 36 cloud
When the platform moves slowly, the swath of each scan cytomography applications, the range of viewing angless
cle will overlap significantly with its successive scans (andusually much smaller than 18@&nd as a consequence the
also the previous scans) and thus there will be more valuableetrieval problem becomes highly ill-posed. The range of
information in the tomographic observations for retrieving viewing angles is often limited by the platform altitude as
cloud structure. When the platform speed exceeds 200 m/shown in Fig. 11. If the aircraft flies at an altitude that is
(each scan cycle at best overlaps with its previous and suanuch higher than the cloud top, it will need to move a large
cessive scan cycles), the tomographic retrieval will becomedistance in order to cover a useful range of viewing angles,
very difficult because of the very limited beam intersection. and it will take a longer time to collect the tomographic data.
The typical speed of a research aircraft is 100-300m/s, Figure 12 shows that the retrieval error increases when the
almost one order of magnitude faster than that of a groundaircraft altitude increases from 2.5 to 8 km (the cloud top is
based platform. This provides another explanation for theabout 2.2 km). This result is consistent with the fact that the
results in Sect. 4.1 that the ground-based setup substantialilange of viewing angles decreases with platform altitude if
outperforms the airborne setup. the total observation time (thus the distance the aircraft trav-
However, a slower moving platform means that it will take els) is fixed. The retrieval error increases by a factor of two
a longer time to collect the necessary data. The life time offrom 0.07 to 0.13gm® when the aircraft altitude changes
some types of clouds is on the order of tens of minutes androm 2.5 to 7 km. The optimal aircraft altitude seems to be
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(indicated as21, 22) decreases with the vertical distance between F_'g' 12. The retrieval error of the airborne sgtup as a function of
the aircraft and the cloud aircraft altitude. The altitude of the cloud top is about 2200 m. The

retrieval error first decreases with aircraft altitude, reaches a min-
imum when the aircraft is 500-1500 m higher than the cloud top,

between 2.8 and 3.5km. If the aircraft is above 5.5 km, theand then increases with fgrther increa_se of a_irc_raft altitude. The
retrieval of the airborne setup can hardly reproduce the cloud tratocumulus cloud case is used for this sensitivity test.

top boundary, indicating the lack of information in the tomo-

graphic observations. When the aircraft is close to the cloud _

top (between 2.8 and 4.5km), both the cloud base and topnUm LWC value in the cloud and captures many features
boundaries can be reproduced accurately. But if the aircrafef the cloud field in the original image. Nevertheless, the
is too close to the cloud top, the scan cycles will have little or "étrieved cloud top boundary appears to be much smoother

no overlap around the cloud top; so the tomographic obserthan that in the original image; this concurs with the results
vations again will not contain enough information to retrieve from our previous studies that tiig norm regularization can
cloud structures around the cloud top. hardly preserve large discontinuities. The retrieval from the

L1 norm total variation regularization shows some noticeable

improvements over it&, norm counterpart: the retrieval er-
5 Conclusions ror is significantly reduced, the sharp cloud edges are well

captured, and cloud morphology is also reproduced with high
Part 1 of this research examined the results of a very limitedidelity.
cloud tomography experiment during the 2003 AMSR-E val-  Our observation system simulation experiments show that,
idation campaign at Wakasa Bay and demonstrated that thibesides the choice of inversion technique, the retrieval accu-
tomographic method is capable of retrieving spatial distribu-racy also depends on many other factors such as radiometer
tions of cloud liquid water using only a single scanning mi- characteristics, scanning strategy, platform speed, and plat-
crowave radiometer aboard a research aircraft. It was foundorm altitude. A slow-moving ground-based cloud tomogra-
that during the experiment many conditions were not optimalphy setup substantially outperforms a typical airborne setup
for cloud tomography retrieval, such as high aircraft altitude,in terms of retrieval accuracy. There are two reasons for
fast speed of aircraft motion, and strong surface wind (thushis: (1) the slower ground-based setup allows for a longer
large uncertainty in the estimate of sea surface thermal emiseloud observation time (thus more scan cycles) and more
sion). Part 2 (this paper) then focuses on a sensitivity studyscan-to-scan beam overlap than the airborne one; (2) the
using observation system simulation experiments to investimicrowave brightness temperature of clouds contrasts more
gate the factors that determine the accuracy of tomographisharply with the atmospheric background than with the sea
retrievals. surface (thus the ground-based setup tends to have higher

We conducted a series of observation system simulatiorsignal-to-noise ratio). It is found that the retrieval error in-

experiments both by varying the specifications of the cloudcreases with the radiometer noise level and the uncertainty in
tomography configuration and by choosing different inver- the estimate of background brightness temperature. The ra-
sion techniques. Two inversion techniques were examineddiometer scan speed is another factor that plays an important
the first one based on the Tikhonov regularizatibp orm) role in determining the tomographic retrieval quality. Fast
and the other based on the total variation regularizatlon ( scanning means more scan cycles and more overlap between
norm). The retrieved cloud LWC from the Tikhonov reg- the swaths of successive scan cycles if other conditions are
ularization method is accurate to within 10% of the maxi- the same, and thus it will lead to improved retrieval accuracy.
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The speed of platform motion is also a critical parameter toHuang, D., Liu, Y., and Wiscombe, W.: Determination of cloud
cloud tomography observations. A slow platform allows for  liquid water distribution using 3D cloud tomography, J. Geophys.
more scanning data and more overlap between the swaths of Res., 113, D13201, doi:10.1029/2007JD009133, 2008a.

the radiometer scan cycles. Thus, in this respect, a slow platsuang, D., Liu, Y., and Wiscombe, W.: Cloud tomography: Role of
form is favorable to cloud tomography. On the other hand, constraints and a new algorithm, J. Geophys. Res., 113, D23203,
clouds evolve at the same time as the radiometric observa- uiﬂélobloéigg\?éi?%o%gszhs%?/?slzombe W.: Tomographic re-
“°'."S are taken and thus a fast pI_atform has the advantage 0 trieval of cloud liquid water fields from a single scanning mi-
being able to capture fast evolution of the clouds. The last

) . . - ‘ crowave radiometer aboard a moving platform — Part 1: Field
parameter examined is the altitude of the aircraft. The sim- s results from the Wakasa Bay experiment, Atmos. Chem.

ulation experiments show that the optimal aircraft altitude is  phys., 10, 6685-6697, doi:10.5194/acp-10-6685-2010, 2010.
about 0.5 to 1 km above the cloud top. When the distance bejohnson, J. T.: An efficient two-scale model for the computation
tween the aircraft and the cloud top becomes comparable to of thermal emission and atmospheric reflection from the sea sur-
the horizontal dimension of the cloud, the range of radiome- face, IEEE T. Geosci. Remote., 44, 560-568, 2006.
ter viewing angles will be limited, and thus accurate retrieval Liliegren, J., Clothiaux, E., Mace, G., Kato, S., and Dong, X.: A
of cloud structures will be difficult. new retrieval for cloud liquid water path using a ground-based
microwave radiometer and measurements of cloud temperature,
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