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Abstract

Previous studies showed tha the retrieval of cloud water content usng dud-
frequency radar attenudion is very sendtive to error in radar reflectivity; either along
radar dwell time or averaging over many range gaes would need to reduce randomnoise
in radar data and thusto obtain accurate retrievals but at the cos of poore tempord and
gpdial resolution. In this pape we have shown that, by virtue of advanced mathematical
inversion techniques like total variation regularization, accurate retrieval of vertically
resolved liquid water content at high tempord and spaial resolution is achievable with
the co-located Ka-band and W-band cloud radars opeated by the Atmospheaic Radiation
Measurement progran. The liqud water pah caculated from the dud-frequency
retrieval agrees closely with that from a microwave radiometer, with mean difference
ranging from 20 to70 gm? for different cloud cases. Compaison with lidar
measurements reveal s that the dud-frequency retrieval also reasonably captures the cloud
base haght of drizzling clouds--- something that is very diffi cult to determinefrom radar
refl ectivity aore.



1. Intr oduction

Low and middle level stratus and stratocumulus are crudal modulators of the
EarthOgadiation budge because they are opticaly thick and cover about 46% of the
globeon average (Rosow and Shiffer, 1999). Yet, such doudsare poorly represented in
numerical models and are consdered as one of the largest uncertainties in predictions of
climate change Part of the reason is that existing techniques canna provide accurae
measurements of cloudsat the temporal and spatial resolution required for the study of
radiation and doud physcal progesses.

The potential of millimeter wavelength radar to measure clouds has been
recognized for many years (Hobbset al., 1985; Lhermitte, 1987; Frisch et a., 1995;
Kollias, et a., 2005;Matrosov, 2005).1n the Rayleigh approximation radar refl ectivity is
proportond to the sixth power of cloud drop size distribution, but the sixth moment is
usudly not the mog useful parameter for cloud microphyscal and cloud radiation
trander studies. In orde to obtain more useful moments like cloud liquid water content
(LWC) from radar reflectivity, certain assumptions have to be made on cloud drop size
distribution. Deviationsfrom these assumptionsresult in inaccurate relationships beween
LWC and radar reflectivity (Liu & al., 2008). Furthermore, a small concentration of large
drizzle dropscan dominate the radar reflectivity yet contribute little to cloud LWC and
optical depth. Unfortunaely, drizzle is found to be aimog ubiquitous at marine and
continental stratocumulus clouds from both field campaign studies and satellite
observations(Fox and lllingworth, 1997;Mace et a., 2007).

The dud-frequency technique tha makes use of differential radar attenuation was
therefore propogd to overcome limitations inheaent in single-frequency radar techniques
to retrieve cloud LWC and effective drop size (Eccles and Mudler, 1971; Martner et d.,
1993;Vivekanandan et al., 2001, Hogan et al., 2005).A promising propety of the dud-
frequency approah is tha the difference in the reflectivity factors measured at two
different frequendes is directly propationd to the pah-integraed LWC and no
assumptionson the naure of the cloud drop size distribution are needed, provided only
tha the cloud dropsare small enoughto scatter within the Rayleigh regime (< 0.5 mm).
A further advantage is tha the technique doesnOtrequire absolute calibration of the



individud radars; therefore only the capability of measuring the difference in radar
reflectivity at two frequenciesis nesded.

Earlier studies showed tha, when 10 and 35 GHz frequencies are used, it is
necessary to average over many range gaes for ardatively longtime peiod © reduce the
randomerror in radar reflectivity and to gain acceptable retrieval accuracy (Martner et al.,
1993; Vivekanandan et a., 2001). For example, the two-way differential attenuaion of
liquid water with a dud-frequency radar at 10 and 35 GHz is measurable only when the
refl ectivity factors are averaged over tens of range gaes, roughly 4 km (Martner et al.,
1993). Hogan et al. (2005) suggested tha usng 35 and 94 GHz frequencies can
subgantially improvethe retrieval sengtivity; under ideal conditionsaccurde retrieval of
LWC is achievable when the precision of radar measurementsis reduaed to 0.03dBZ by
increasing the dwell time to one minute and by averaging the daa over two range gaes
(150 m).

Theoretically, prdongeal radar dwelling can only reduce the randam noise in the
data (thusimprovethe precision of radar refl ectivity), but bias errorswill not necessarily
be damped with a longe dwell time. This poss a chdlenge to the dud-frequency
approah since high resolution retrieval of cloudliquid water is very sendgtive to both the
random and nonrandam errors in the radar reflectivity. Advanced mathematical
techniques such as total variation regularization have been widdy used in solving ill-
posed problems and in recovering corruped noisy digital images. This work adops such
mathematical techniques into the dual-frequency appraach and examines the utility of
these techniques in two case studies usng radar data collected by the Department of

Energy Atmospheaic Radiation Measurement (ARM) program.

2. Methodology

The attenuaed radar reflectivity factor Z;, often expressed in conventiond
logaithmic unit dBZ, at frequency f and height h can be calculated from the unétenuated
reflectivity factor Z" at the same height and oneway atmospheric attenudion coeffi cient
!+ (dB kmi®). Theformula can bewritten as (Hogan e &., 2005)

Z.(h)=2"(h)-2 jf a,(2)dz . (1)



Note that the undtenuaed reflectivity factor Z is not a function of radar frequency f,
provided tha the radar scattering is in the Rayleigh regime. Here we assume any
difference between the dielectric factor |K[? at the frequency f and that at an unatenuated
frequency is negligible or is aready includal in the calculation of radar reflectivity
factors

Assuming f = 35 and 95 GHz respectively in Eq. (1), caculating thar difference, and
performing asmple manipulation leadsto,

Z4o(1)" Zoo (1) = 24! (D) " ! (2)] 2 (2)

Theatenudion of radar sgnd is mainly dueto doud iquid water absorpton, weter
vapor absorption, and oxygen molecular absorption. The radar attenudion codfficient / ¢

at level hisalinear fundion of he mean LWC, denoted a5 X, at the same levdl,

Po(hy =" (y#x(h) +! “™(h), 3)

where ! , is the attenuation effi ciency coeffi cient of liquid water (dB km™ (gm®)™?), and

I °"" js the attenuaion by other atmospheic components (water vapor and oxygen). In
the Rayleigh approximation, the formulae for calculating these attenuaion coeffi cients
for nonprecipitating doudsare those of Westwater (1972.

A numerical quadrature for Eq. (2) can be obtained by dividing the cloudy domain
into N layers that are equdly separated by distance ! h. Let h;, hi;; be the haghts of the
bottom and top of layer i, and x; be the mean LWC in the layer i. Subgituting Eq. (3) to
Eq. (2), it is easy to show tha the vertical distributon of cloud LWC is related to the
difference beween radar attenuéion & 35and 95 Giz:
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where /. :2(h§" et Sg‘hl#l—zhl*#"g;““ f‘%*; represents the difference in radar
/ : 2 :

refl ectivity caused by the absorption from atmospheic absorptive comporents other than
cloud liquid water. Since the focus of this pgper is to examine the validity of the dud-
frequency radar method for retrieving vertical distribution of cloud liquid water, we
assume the attenudion by water vapor and oxygen can be calculated exactly from nearby
radiosonde ascents. Here we negglect the dependence of the absorption efficiency
coefficient !  on heght h.

The system of equaions (4) can be solved analytically given tha the radar
refl ectivity factors can bemeasured at each layer a 35 and 95 GHz frequencies by adud-
frequency radar. However, many studies have shown that the andytical solution is very
sendgtive to error in radar reflectivity. For example, for a typica mid-latitude
stratocumulus a 0.5 dBZ error in each of the 35 and 95 GHz radar reflectivities
corresponds to a 2.8 gm™ error in the LWC retrieval (assuming! h = 50 m), which makes
the andytical solution aimog useless. Here we convat the retrieval problem of dud-
frequency radar into the inversion of a matrix equéaion (Eq. (5)) so that reguarization

techniques can be used to improvethe retrieval of cloudLWC from noisy radar daa.
Ax=bh, (5)

where x” =(x,,x,,! ,x,) isthe vector of cloud LWC; b" =(b,,b,,! ,b,) is the vector
of radar differential atenuation where by equds the left-hand sde of Eq.(4);and A =(g;)

isatriangdar matrix with itsentry:

n

_&2#h(! s 81 55), i1 %]
"o, otherwise

(6)



Eqg. (5) is then solved usng the total variation (TV) reguarization apprcach, a
widdy technique in image denoising applicationsas well as ill-pos inversion prablems
whos solution is sengtive to noise. Instead of minimizing the rms difference between
predictions (Ax) and observations (b), the regularized solution minimizes the total

variation of heretrieval subject to the data condraint:

min{x|,} subject t4ax #b| " $andx! 0. (7)

The notation ||E |l standsfor the L; norm of a vector, and " is an error tolerance usudly
set to the estimated urcertainties in the measurements andin the forward modd.

Unlike the L, norm Tikhonov regularization tha usudly pendizes more when the
values are large and thusit tendsto bias toward a smooth solution (Strong and Chan.,
2003), the L; norm TV regularization doesnOtpendize discontinuities in the solution,
while simultaneoudy not penalizing smoathness in the solution either; thusunde certain
conditionsit can preserve the exact discontinuousedge in the solution (Acar and Vogd,
1994;Chambolle and Lions 1997).A numerical implementation of the TV regularization
described in Huang et a. (2009) is used hee to solve problem (7). This retrieval
algorithm is iterative and it adagptively findsthe solution that satisfies the data condraint
(within the error tolerance ") when moving toward the direction of the smallest total

variation.

3. Data and instr uments

The main datastreams used in this study are from the vertically-pointing millimeter
wavelength cloudradar (MMCR) and W-band ARM cloudradar (WACR), both of which
have been opeated at ARMOsSouthern Great Plains (SGP) centra facility for years. The
SGP central facility islocated on 160 ares of cattle pasture and wheat fields southeast of
Lamont, Oklahomg, and it is heavily ingrumented with a variety of cloud, radiation, and
aerosol ingruments.



3.1 Millimeter Wavelength Cloud Ralar

The MMCR is avertically-panting radar that operates at a frequency of 35 GHz (8
mm). The radar has a 0.2j beamwidth. The MMCR provides radar reflectivity of the
atmosphee with vertical resolutionsof 45 or 90 m and haght coveragefrom 0.1 up o 15
km above groundlevel. The radar also possesses a Doppler capability that allows the
measurement of doud @ndituent vertical velodties.

The MMCR cycles through several distinct opeating modes, each optimized for
specific types and locations of clouds and precipitation. The focus of this study is to
examine the validity of the dual-frequency radar technique for retrieving cloud LWC
profiles, so we use the data from only the bounday layer mode (mode 1). The MMCR
switches to this mode every 4 s to sample only the lowest kilometers (up to 4.5
kilometers above groundlevel), but has better sengtivity there than the other modes.
Unde the bounday layer opaating mode, the dwell and processing time is 2 s and the
refl ectivity measurements are accurate to within 0.591.0 dB. The vertica resolution of

the measurementsis45 m

3.2W-band ARM Cloud Ralar

The WACR system is a zenith-painting Doppler radar at 95 GHz (3.15mm). The
WACR is ingalled in the same shdter as the 35 GHz MMCR in orde to maximize
ovelap (afew meters separation). The beem width of the WACR is 0.35j and the vertical
resolution is about43 m. The estimated uncertainty of measured refl ectivity is about 0.5
dB. The system senstivity at 2 kmis-45dB with 2 s average. After each 2-s acquisition,
the system peforms an internd calibraion to monitor receiver gan, noise figure and
trangmitter output power. The WACR does not use pulse coding and opeaates in only
copolarization and cross-polarization modes. The daa from the copdarization mode are
used in this study; this means every 4 s we get a co-pdarization measurement and in

between across-polarization one

3.3 Lidar doud bae height
The Active Remote Sendng of CLouds (ARSCL) vaue-added produ¢ (VAP)

combines data from active remote sensors to produ@ an objective determination of



hydrometeor height distributions and estimates of ther radar reflectivities, vertical

velodties, and Doppler spectral widths which are optimized for accuracy (Clothiaux et
al., 2000).The ARSCL cloudbase height will be used in this study to examinethe ability
of the dud-frequency radar attenuaion technique to identify the low water content
drizzling regions bdow cloud base (these regionsusudly show high radar refl ectivity).
The dgerminaion of doud bae heghtinthe ARSCL agorithm relies on the commercial

Vaisala laser ceilometer and a micropulse lidar located a the SGP facility (Cothiaux et d.,
2000)

3.4 Microwave Radiometer

The MWR measures the downwelling microwave radiant energy of the sky (usudly
convated to brightness temperature for convenience) at 23.8 and 31.4 GHz frequendies.
Cloud liguid in the atmosphee emits in a continuum that increases with frequency,
condituting the primary portion of the signd at the 31.4 GHz channd, whereas water
vapor domnaes the signd at 23.8 GHz. The water vapor and liqud water signals can,
therefore, be separated by oberving at these two frequencies. The beam widths are
unequd for the two frequendes. 5.5; at 23.8 GHz and 4.6; at 31.4 GHz. The sampling
time of the MWR is 20 s and this gives a precison of 0.3 K in the measurements of
microwave brightness temperature. Theretrieval accuracy of theliquid water pah (LWP)
unde low and intermediate liquid water conditionsis about30 gn’. (Turne et d., 2007)

4. Results

We select two very different cloud cases to examinethe skill of this dud-frequency
radar technique We use thedaa from the collocated ARM Ka- and W-band radars at the
SGP central facility to retrieve cloud LWC profiles, and use the LWP retrievals from the
nearby microwave radiometer and the ARSCL cloud base heights to validate the dud-

frequency retrievals.

4.1 dnuay 20 2006 ese
We first present the retrievals of sratocumulus LWC a the SGP central facility Ste,
on Januay 20,2006.The MMCR and WACR are separate radars rather than a true dud-

10



frequency radar, i.e,. they are not ideally synchronized, their beamwidths gate lengths
and sampling rates are different. Data from both ingruments mug first be interpolated to
a common time and space grid. We choos atempord resolution of 4 ssince thisis close
to the sample rate of each of the radar opeating modes of interest in this study. The
vertical resolution is set to 46 m. To remove the effects of possible refl ectivity drift, we
adjus the MMCR dda so that they match those of WACR & thefirst two range gaes that
show significant radar return. Figures 1a& b depict the 35 and 95 GHz reflectivity fields
between 1200 ad 2400 U C ovelad by he ARSCL cloud bae haght. Note that we use
the temperature and pressure fields from the ARM merged soundng VaueAdda
Produd and subtract the gaseous attenudion (water vapor and oxygen) from the radar
refl ectivities by usng the water vapor mixing ratio calculated by assuming 100%relative
humidity in clouds Figures 1a&b show tha the cloud layer is characterized by variable
cloudtop and base, with a significant presence of drizzle down to the surface from 1800
to 2400 U C.

The LWC field retrieved uang the algorithm of Eq. (7) is shown in Figure1c. It
appears that mog of the LWC is located in the uppe cloud. A genera increase in LWC
with heght is appaent, which is typical of well-mixed stratocumulus The maximum
LWC foundin the cloudis 1.0 gm*. Figure 1d compares the LWP calculated from the
retrieved LWC field with the LWP obtained by the MWR. The dud-frequency radar
LWP shows subgantially more variation than the MWR LWP, since the MWR
beamwidth is one orde wider that the beemwidth of the radars. The agreement is good,
with a mean difference of 18 gm and an rms difference of 29 gm. But this agreement,
of course, does not guarantee the accuracy of the vertical distributon of cloud LWC. By
overlaying the ARSCL cloud base with the LWC retrieva (Figure 1c), we see that the
dud-frequency retrieval reasonably identifies the drizzling region of low liquid water,
while is impossible to distinguish usng the radar reflectivity images alone (Figures
1a&b).

4.2 May 6 2006 ese
Now we present observationsmade by thetwo radar at the SGP ste on May 6, 2006.

The daa are proaessed in the same manner as the previouscase. Figures 2a& b depict the
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radar reflectivity fields observed at 35 and 95 GHz between 1200 and 2400UTC in a
convective cloud. Updrdts and downdrdts of intermediate strength were observed from
1200to 1700UTC and the cloud showed very complicated structure during this period.
High rdlectivity factorsare seen a all levels, indicating ubquitousdrizzle presence.

Figure 2c shows the retrieved LWC field along with the cloud base haght derived
from lidar returnsby the ARSCL agorithm. Theretrieval seems to capture the cloud base
height very well in this case, in spite of strong drizzle returns below cloud base from
1200to 1800UTC. Figure2d shows tha the time series of LWP from the dud-frequency
retrieval agrees faithfully with tha of the MWR LWP during the period of 1700to 2400
UTC. From 1200to 1700 UTC, the dua-frequency LWP appears to be subgdantially
larger than the MWR LWP, which is indicative of Mie scattering effects from
precipitation particles. The mean difference is 70 gm?, which is three times higher than
for the January 20 2006 case. For such an optically-thick cloud (LWP > 1000gm™) the
microwave radiometer will approach saturaion and thus the microwave retrieval
accurecy isdso likely to bedegraded.

5. Conclusions

The dud-frequency radar approah takes advantage of thefact tha the differencein
radar attenuaion at 35 and 95 GHz frequendes is directly proportona to the total
amount of cloud LWC in the involved volume. The differentia attenuaion is about 7.1
dB km™ (gm®™* unde a typical environmental condtion and this means the retrieved
LWC is accurae only to within 2.8 gm® assuming 50 m vertical resolution of the
retrieval and 0.5dBZ uncertainty in theradar reflectivity factors A longradar dwell time
and averaging daa over many range gates are thus needed in orde to improve the
precision of radar measurements and to obtain accurée retrievals. However this degrades
the temporal and spaial resolution of the retrievals. In this paper we take a different
approaxh, employing an advanced mathematical inversion technique called total
variation regularization. We demondrate tha accurae retrieval of vertically resolved
cloudLWC at hightemporal and spatial resolution is achievable with ARMOso-located
Ka-band and W-band doud edars.
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We select two cases to examine the dud-frequency radar technique: a low level
stratocumulus and a pog-precipitation convective cloud. The LWP calculated from the
retrieved LWC profiles agree closely with tho retrieved with the MWR, with mean
difference ranging from 18 to 70 gm. Despite tha the beamwidths of the two radars and
the microwave radiometer differ by more than 10x, the agreement beween the dud-
frequency retrieval and the microwave radiometer retrieval is very good.This agreement,
of course, doesnOguaantee the validity of the retrieved LWC profiles. The validity of
one aspect of the profiles, cloud base heght, is clear however. The dud-frequency
retrievals appear to reasonably capture cloud base heights compared with the ARSCL
retrievals, though cloud base is difficult to identify for a drizzling cloud with radar
reflectivity alone Further validation of the dud-frequency radar retrieval requires
conaurrent indgoendent observations of cloud water profile either by in-situ airborne
cloud sensors or by a nework of surface-based microwave radiometers usng the cloud

tomography gproach (Huanget d., 2008)
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Figure 1. Dua-frequency measurements at the Southern Great Plains centra facility site on
January 20, 2006: (a) radar reflectivity factor a 95 GHz by the WACR with the lidar cloud base
shown by red ling; (b) radar reflectivity factor at 35 GHz by the MMCR; () the retrieved cloud
LWC. The data are averaged to 20 seconds to produced the retrieval; (d) the comparison between
the dual-frequency retrieved LWP and microwave radiometer LWP.
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Figure2. SameasFigure 1, but for May 06, 2006.
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