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Abstract. A remote sensing approach for simultaneous re-1 Introduction

trievals of cloud and rainfall parameters in the vertical col-

umn above the US Department of Energy’s (DOE) Climate Discriminating between small drop cloud liquid water, which
Research Facility at the Tropical Western Pacific (TWP) Dar-is suspended in the atmosphere, and precipitating liquid wa-
win site in Australia is described. This approach uses verti-ter contained in larger raindrops is a challenging remote sens-
cally pointing measurements from a D@ -band radar and ing problem. Liquid water clouds and rain often coexist in
scanning measurements from a nearby C-band radar pointhe same atmospheric layer (e.g., Dubrovina, 1982; Mazin,
ing toward the TWP Darwin site. Rainfall retrieval con- 1989), which makes their separation difficult. Estimates of
straints are provided by data from a surface impact disdromthe suspended and precipitating water are essential for cloud
eter. The approach is applicable to stratiform precipitatingand climate model verification purposes, so a comprehensive
cloud systems when a separation between the liquid hydromcharacterization of hydrometeors (including liquid water and
eteor layer, which contains rainfall and liquid water clouds, ice) in the vertical atmospheric column is one of the impor-
and the ice hydrometeor layer is provided by the radar brightant objectives of the Atmospheric Radiation Measurement
band. Absolute C-band reflectivities afig-band vertical re-  (ARM) Program (Ackerman and Stokes, 2003), which was
flectivity gradients in the liquid layer are used for retrievals of recently incorporated into the US Department of Energy’s
the mean layer rain rate and cloud liquid water path (CLWP).(DOE) Atmospheric System Research (ASR) program.
C-band radar reflectivities are also used to estimate ice water A novel radar-based remote sensing method was recently
path (IWP) in regions above the melting layer. The retrievalsuggested for simultaneous retrievals of cloud liquid water
uncertainties of CLWP and IWP for typical stratiform pre- path (CLWP), a layer-mean rainfall rat&,,, or rain wa-
cipitation systems are about 500-800 g?nffor CLWP) and  ter path (RWP), and cloud ice water path (IWP) in the ver-
afactor of 2 (for IWP). The CLWP retrieval uncertainties in- tical atmospheric column above the ARM Southern Great
crease with rain rate, so retrievals for higher rain rates mayPlains (SGP) Central Facility (Matrosov, 2009a, b). This
be impractical. The expected uncertainties of layer mearinethod uses measurements from the ground-based vertically
rain rate retrievals are around 20%, which, in part, is duepointing DOEK,-band Millimeter-wavelength Cloud Radar
to constraints available from the disdrometer data. The ap{MMCR) and the W-band Cloud radar (WACR) which op-
plicability of the suggested approach is illustrated for two erate at wavelengths of 8.7 and 3.2mm, respectively. The
characteristic events observed at the TWP Darwin site durfetrievals of parameters in the liquid hydrometeor layer are
ing the wet season of 2007. A future deployment of W-bandbased on estimates of attenuation of cloud radar signals
radars at the DOE tropical Climate Research Facilities carin this layer, and estimates of IWP are based on absolute
improve CLWP estimation accuracies and provide retrievalsMMCR reflectivity measurements corrected for attenuation
for a wider range of stratiform precipitating cloud events.  in the liquid and melting layers (and also for attenuation
by the wet radome) using observations from a scanning
S-band Weather Surveillance Radar-1988 Doppler (WSR-

Correspondence tdS. Y. Matrosov 88D), which has an identifier KVNX and is located at a
BY (sergey.matrosov@noaa.gov) distance of about 60 km from the SGP site. Rain drop size
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distribution (DSD) measurements from a ground-based Josst998), and the scanning C-POL radar (Keenan et al., 1998),

Waldvogel (1967) disdrometer (JWD), which is collocated located at a 25.5km distance from this facility, regularly

with the DOE radars, are used to constrain retrievals. JWD(once in 10 min) performs the range-height indicator (RHI)

data are corrected for the “dead” time effects according toscans over the MMCR. These RHI scans are used to recon-

Sheppard and Joe (1994). struct the vertical profiles of C-band radar reflectivity, so two
The suggested SGP remote sensing method is applicablgequency reflectivity profiles (i.e., &,- and C-bands) are

to stratiform precipitating systems which exhibit radar melt- available over the TWP Darwin site. The availability of the

ing layer signatures (e.g., the reflectivity bright band — BB); JWD deployed near the MMCR at this site since 2007 allows

thus the vertical separation of the liquid hydrometeor layerconstraining rain rate retrievals.

containing liquid water clouds and rain from the cloud re- The total two-way attenuation of MMCR signals (in deci-

gions, which contain predominantly ice, is readily available. bels), AZk, in the liquid hydrometeor layer between the

The attenuation-based retrievals in the liquid hydrometeodowest unsaturated MMCR range gate and the bottom of the

layer provide estimates of layer-integrated (e.g., CLWP) ormelting layer is caused by rain, liquid water clouds, and at-

layer mean values (e.gR,,). The vertical variability of non- mospheric gases and it can be given as

attenuated cloud radar reflectivities in the rain layer is not

known for SGP measurements and it is a contributor to theAZx =2Ck R Ah+2Bg CLWP+ G, 1)

retrieval uncertainty, which i nted for when estimatin . . . .
et ievarunce tainty, cnis acc_ou__ted_ orwhe est a_t gwhereAh is the thickness of this layer ar@y is the two-
retrieval errors. Although this variability in stratiform precip- ) S .

way gaseous absorption, which is calculated assuming a

itation is generally small (e.g., Cifelli et al., 2000) and usu- - . e - .-
ally amounts to only 1-1.5dB (or even less at W-band due90/o relative humidity in the liquid hydrometeor precipita-

to strong non-Rayleigh scattering effects; Matrosov, 2007),tlon layer. The attenuatlonz,{ linearly depends on CLWP

: oo : . X because cloud droplets, which are generally smaller than
accounting for it directly in retrievals will make them more L . . .
robust 50 um, are within the Rayleigh scattering regime for radar

S - .. wavelengths, so there is a linear relation between cloud lig-
Estimating the variability of non-attenuated reflectivity . . . .
. . . . : : uid water content and the attenuation coefficient. The linear-
in rain requires vertical profiles of radar observations at

frequencies where attenuation is negligible (e.g., S- or C_lty of the K ,-band attenuation coefficient in rain as a function

bands). These observations should be collocated with th Of rain rate i§ o!ue to the proportiqnality of both these quanti-
profiles of attenuated ARM cloud radar measurements, so thé?s ztgég;} S'}rﬁlelaéxrssar:;rc])tnssofforratlk?eDcizéié(iaég]és I\a/llr?;rgsov et
effects of cloud radar signal attenuation can be better sepaér'é given 'by Matrosov (2009a) K
rated from the effects of vertical variability of non-attenuated The mean rain rat&.. is caICLante das
reflectivities. The KVNX radar measurements cannot be "
used for S-band vertical profiles estimates in the rain layer 1 hun
above the DOE SGP site because of the scanning strateg@m =Ah /h R(h)dh @)
employed by the weather service radars and also due to °
a poor cross-beam resolution, which~& km at a 60km  Where the integration is carried out from the height of the
range. lowest unsaturated MMCR range gatg) to the height of

At the Tropical Western Pacific (TWP) Darwin DOE site, the base of the melting layek (), and Ah = h,, — ho. The
however, the availability of high resolution C-band reflectiv- Vertical profile of rain rateR(h), is estimated based on the
ity profiles over the MMCR radar from the nearby scanning Profiles of C-POL reflectivitiesZ,.(h), and theZ,. — R re-
polarimetric radar (C-POL) provides a means for account-lations, which are established for each opservational case
ing for the vertical variability of non-attenuated reflectivities. Pased on all the data from the JWD from this case
While this site lacks a W-band radar, a combination of C- R(h)=(1/a)(1/b)zec(h)(l/b) )
band andK,-band radar measurements still can be used for
retrieving parameters of precipitating clouds (although atthe TheZ,. — R relations are expressed in the power law form
expense of increased CLWP retrieval uncertainties). b

Zee=aR?, 4)

where the equivalent radar reflectivity at C-badg is in
mmPm~3 andR isin mmh1,

It is assumed that the JWD estimates of rain r&gyp,
are representative for the rainfall at the lowest heightso

2 An approach to retrieve cloud and rain parameters
from MMCR and C-POL

Although future deployment of W- and X-band radars is
planned for the TWP Darwin site, the MMCR and C-POL gy\n=R (ho) = (1/a) YD) Z,c (ho) /D). (5)
measurements are currently the only routinely available radar

data at this site. The MMCR, located at the DOE TWP facil- The reported C-POL radar reflectivity profile is then cor-
ity, provides vertically pointing measurements (Moran et al., rected so that the observed shape of the profile is retained
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but it is shifted by a constant value @&Z in such a way measurements. The IWEZ; relations are used for these es-
that the resulting reflectivity value at the heighg would timates. For the TWP Darwin site, C-POL measurements
correspond to the valug,. (ko) as calculated fronRywp, a above this height are more appropriate for this purpose.
andb using Eq. (5). As a result, consistency of C-POL esti- There are several reasons for this. First, unlike the KVNX
mates of rain rate is achieved by constraining them with theradar, which provides only a few data points over the SGP
surface-based estimates®f(i.e., Rywp), which are consid- MMCR, the C-POL radar provides relatively high resolu-
ered as “ground truth”. In other words, the observed verticaltion vertical profiles of reflectivity above the TWP Darwin
profile of C-POL estimates describes the vertical changes oMMCR. In addition, the TWP MMCR is less sensitive than
rain rate in the liquid hydrometeor layer using Eq. (3) wherethe SGP MMCR, and the total attenuation in the liquid layer
values ofZ,. represent the reported C-POL values correctedis generally larger for similar rainfalls at the TWP site (com-
by AZ. This correction is calculated for each C-POL pro- pared to the SGP site) because melting layers are generally
file and it accounts for miscalibrations and unaccounted forhigher in the tropics. As a result, some significant parts
losses of C-POL signals, which could originally exist. Since of precipitating systems above the melting layer could be
the MMCR vertical gate spacing-Q0 m) is finer than that of missed by the TWP MMCR (as will be shown in Fig. 1).
C-POL RHI estimates above the MMCR site300 m), the
linear interpolation is used to recalculate C-POL reflectivities
to the MMCR vertical resolution points. 3 Examples of simultaneous cloud and rain retrievals at
After the layer mean rain rateR,, is estimated from the TWP Darwin site
Egs. (2) and (3), where the corrected (i.e., shifted by the
value of AZ) C-POL reflectivity profile is used, the CLWP In spite of a tropical location of the TWP Darwin site and the
value in the liquid hydrometeor layer betwekfandh,, is occurrence of strong convection during the monsoon season,
calculated using Eqg. (1). In Eq. (1), th&,-band reflectiv-  stratiform rainfall is also common there. Two characteristic
ity difference due to attenuation (i.eAZg) is estimated by  events from the wet season of 2007 are described below.
subtracting the reflectivity difference due to the change of

non-attenuated reflectivity between heightsandhg, (i.e., 3.1 Observational data
AZgc ), from the MMCR observed reflectivity difference
between these heights (i.&A Zx o), so it becomes Two examples of the stratiform precipitating events observed

at the TWP Darwin site on 27 January 2007 and 27 Febru-
CLWP=0.5(AZko — AZgc —2Cxk Ry Ah—Gg)Bgt. (6)  ary 2007 are shown in Fig. 1. The time-height cross sec-
tions of reflectivities atk,-band (as measured by the verti-

The C-POL reflectivity difference between heightsand  cally pointing MMCR in the general operational mode) and
ho is used as a proxy for the value AZx . Thisis justified  C-band (as reconstructed from the C-POL RHI scans, which
by the fact that differences between non-attenuated reflecare performed every 10 minutes) are depicted. The reflectiv-
tivities in stratiform rainfall at C- and&,-bands are usually ity enhancements in the melting layer (i.e., the bright band
very small (as shown in the next section). Attenuation of C-— BB), which separates the liquid hydrometeor layer and the
band signals in rain is much smaller than thatkgf-band  layer where the ice phase dominates, are clearly seen at both
signals and it is accounted for using differential phase shiftfrequency bands. It also can be seen that the C-POL radar
measurements (note that differential phase-based correctiorecho tops are higher than those from the MMCR, which is
of C-POL reflectivities for attenuation in intervening rain ar- due to the high attenuation &,-band signals by the lig-
eas between the C-POL radar and the TWP Darwin site wereid and melting hydrometeors and also by the wet radome.
generally less than 1 dB for the experimental examples conNote that the general MMCR mode is its most robust mode.
sidered in Sect. 3). Moreover, due to the slant low elevationAlthough this mode has an unambiguous Doppler velocity
angle viewing geometry of the C-POL radar measurementsthreshold of only about 5nT$, the reflectivity estimates,
this C-band attenuation is expected to be very similar for C-which are obtained from Doppler spectra, are performed with
POL signals at all the heights in the liquid layer above theaccounting for velocity aliasing in rain measurements when
MMCR. Because of that, the difference in the reported C-Doppler velocities exceed the unambiguous velocity value.
band reflectivities at the bottom and at the top of the liquid The markedly different vertical structures &f,- and C-
hydrometeor layer is an appropriate substitute for the differ-band reflectivities are obvious from Fig. 1. While reflectiv-
ence in non-attenuated reflectivities at the boundaries of thisty values from vertically pointing MMCR measurements in
layer. the liquid hydrometeor layer below BB exhibit a very pro-

In the SGP stratiform precipitating cloud retrieval ap- nounced diminishing trend with height as a result of attenua-
proach (Matrosov 2009a), estimates of the ice water contion by rain and liquid water clouds, C-band reflectivity pro-
tent (IWC) and its vertical integral — ice water path (IWP) files in this layer change in the vertical rather insignificantly.
are based on the MMCR reflectivity data which are attenu-Figure 2 illustrates this fact by showing examples of MMCR
ation corrected above the melting level height using KVNX and C-POL reflectivity profiles for two different times for
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MMCR general mode, 27 January 2007, TWP Darwin
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Fig. 1. TWP Darwin MMCR @ andc) and C-POL ) andd) reflec-
tivity cross sections observed in stratiform precipitation events on
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27 January 2007 (a and b) and 27 February 2007 (c and d).
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TWP Darwin, 27 January 2007
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Fig. 2. Vertical profiles of MMCR and C-POL reflectivity observed
at two different times during the stratiform precipitating events of
27 January 2007a) and 27 February 200(b).

both experimental cases from Fig. 1. The steeper vertical gra-
dients in MMCR reflectivity correspond to higher rain rates
and larger C-band reflectivities. The BB reflectivity enhance-
ment is sharper in the MMCR data due to their finer verti-
cal resolution. To avoid a BB contamination of liquid layer
reflectivity measurements, a relatively conservative value of
the melting layer bottom height,, =4 km was chosen for
retrievals. A value of 0.3km was chosen fbg because
examining the data indicates that at lower heights, MMCR
measurements are sometimes saturated and C-POL measure-
ments might have some beam blockage problems. The sig-
nificant difference in MMCR and C-POL reflectivities at the
lowest “good” gate (i.e., at thig height), where attenuation
due to hydrometeors is expected to be very small, can be ex-
plained by the attenuation caused by the wet MMCR radome.
This fact does not cause problems, because the MMCR re-
flectivity differences and not their absolute values are used
for retrievals.
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Fig. 3. Time series of mean and standard deviation values of C- © 0 8 9 10111213141516 17 18 19 20 21 22

POL reflectivity vertical profiles in the rain layer for the events of time

27 January 2007a) and 27 February 200(b).
Fig. 4. Time series of rainfall accumulation from the JWD and rain
gauge at the TWP Darwin site for the events of 27 January 2407

N . . and 27 February 200b).
The low variability of C-POL measurements in the rain

layer is expected for stratiform precipitation. Figure 3 depicts

time series of the mean and the standard deviation (SD) ofyyjation measurements, so the observed agreement provides
the C-POL reflectivities in vertical profiles between heights configence in JWD rain rate data used to constrain retrievals.
of h,, andho. A SD value in a profile is calculated relative to gy the event of 27 January 2007, rain rates varied modestly
the mean reflectitivity in this profile and represents the verti- 3nd the accumulation increased at a relatively steady rate.
cal variability of reflectivity. It can be seen that SDs usually goy the 27 February 2007 event, two periods of heavier rain

are between 1 and 2dB. This is in general agreement withyere observed between 11:30 and 12:30 UTC and between
the results of Cifelli et al. (2000) and Matrosov et al. (2007) 16:00 and 17:00 UTC.

who in_d@ca_ted aI(_)w vertic_al variability of longer wayelength As mentioned above, th&,. — R relations and C-POL
reflectivity in stratiform rainfall. SD values are practically in-  aasurements are used to estimate mean layer rairRyate,
dependent of the profile mean reflectivities, which vary quite These relations are established for each observational case.
significantly (e.g., between about 20 and 38 dBZ for the evemi:igure 5 shows the,. — R scatter plots calculated from the
of 27 February 2007). JWD DSD measurements during the stratiform rain events
Figure 4 shows rainfall accumulations obtained by time considered in this study. It can be seen from this figure that
integrating of Rywp values inferred from JWD DSDs. The while there is some event-to-event variability in the coeffi-
JWD-based accumulation estimates are in very good agreesients of these relations (i.€Z,. = 411R>*1 for 27 January
ment with the collocated 0.0Fesolution tipping bucket rain 2007 vs.Z,. = 237R134 for 27 February 2007), overall the
gauge values, which are also depicted. Such gauges are thiata scatter within individual events is not very significant.
standard meteorological instruments used for rainfall accu-The relative standard deviation of the data points with respect
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3326 S. Y. Matrosov: Synergetic use of millimeter- and centimeter-wavelength radars
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10° 10 7 nl](}:1 63 10° 10° crepancies, however, in typical stratiform rains are usually

ec’ less than about 1dB (Fig. 6). Furthermore, for simultane-

ous C-POL and MMCR vertical profiles, the discrepancies

Fig. 5. Scatter plots of C-band radar reflectivity versus rain rate aspetyween non-attenuated reflectivity differences at these two
calculated from the JWD DSDs measured during the events of 2%equency bands (i.e Zec(ho) — Zec(hm) Which is a proxi

January 2007a) and 27 February 200(b). for AZgc, and Z. (ho) — Z.x(hy,)) are expected to be, on

average, even smaller than such discrepancies for single re-

to the best fit power-law approximations is about 20% andflectivity values. This is because the non-attenuated reflec-
250 for the events of 27 January 2007 and 27 February 2007tivities vary little in the vertical in stratiform rains, so the
correspondingly rhagnitudes non-Rayleigh scattering effects, which generally

Since measurements of C-POL reflectivity near the boungd.ncrease with reflectivity, are expected to be similar at dif-
aries of the liquid hydrometeor layer (i.ek, and ho) ferent heights in the vertical profile. As a result a partial
-l

are used to estimate the contribution of changes in nonSancelation of these effects will take place for the reflectiv-

attenuated MMCR reflectivith Z ¢- to the total change of ity Qiﬁerence§. This justifies using C-POL measurements to
the MMCR reflectivity in this layer, it is important to evalu- estimate vertical changes of non-attenuated MMCR reflectiv-

ate the validity of using C-band reflectivity differences as aities. Reflectivity measurement noise can also contribute to
proxy for K,-band reflectivity differences. JWD data allow the uncertainty of estimating reflectivity differences between
such evaluaations. Figure 6 shows ascattér plot of C-iand the boundaries of the liquid hydrometeor layer. To mitigate
band radar reflectivities as calculated from JWD DSDs ob-.this factp " _three point mean values of c-POL reﬂecti\(ities
served during the event of 27 February 2007. The data fron{" the_v!qlnlty of both h’". and /g rather than smgle pomt.
the event of 27 January 2007 are similar and not shown. Théeflectlvmes at these heights were .u.sec'j o es't |m.ate vertical
T-matrix approach (Barber and Yeh, 1975) and non-spherica?hanges of non-attenuated reflectivities in the liquid hydrom-
rain drop shape (Brandes et al., 2005) were used for calculat(?teor layer.
ing C-POL and MMCR radar reflectivities from experimental

DSDs.
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TWP Darwin 27 January 2007 The variability in retrieved C_LWI? is more significant. The
10000 ———— 0 15 CLWP values generally varied in a range between 0 and
~9000F — WP a 13 3000 g nT2. Occasional CLWP retrieval points were slightly
NE goooF — R, 12 _ negative (e.g., around 10:00 UTC). The occurrence of such
7000 F ié"(__ unrealistic negative estimates is (as will be shown in the
E_’eooof 9 next section) a consequence of high CLWP retrieval uncer-

8 g tainties. The IWP values are noticeably greater than those
; = of CLWP and reach 8000gm. As mentioned in Sect. 2,

5 X IWP was calculated by vertically integrating the IWC values
g estimated from the C-POL reflectivity measurements. The
2

1

0

= 5000

2000
2 3000

in \\i\\\\l\\\\|\\H|HH|HH|HH|\H\|HH|HH|\M\
~

were similar to those retrieved for the 27 January 2007 case.
Due to generally lower C-POL cloud top heights and weaker
reflectivities above the melting layer for the February event
(Fig. 1b vs. Fig. 1d), the retrieved IWP values in Fig. 7b are
on average significantly smaller compared to those in Fig. 7a.

the vertical column above the ARM TWP Darwin site during the 27 It should be mentioned that thi Iovlvest reflectivities mea-
January 2007a) and 27 February 200(b) stratiform precipitating sured by the C-POL radar near the cloud tops are ab&ut

events. —10dBZ. Due to sensitivity limitations, this radar might not
detect cloud parts with lower reflectivities (thus not observ-
ing “true” cloud tops), but this fact should not significantly
3.2 Results of cloud and rainfall parameter retrievals bias the IWP retrievals because usually more than 90% of
the ice cloud mass in stratiform precipitating systems comes
Figure 7 presents the time series of simultaneous retrievals dffom cloud parts with reflectivities that are greater than 0 dBZ
the mean layer rain rat®,,, IWP and CLWP of precipitat- (e.g., Matrosov and Heymsfield 2008).
ing cloud systems shown in Fig. 1. IWP values correspond Columnar characteristics of rainfall can also be given in
to cloud regions located above the melting level, and CLWPterms of rain water path (RWP) instead of the mean layer
andR,, represent the liquid hydrometeor layer. Ice/snow par-rain rate,R,,, because there is a relatively tight relation be-
ticles above the melting layer in stratiform events generallytween rain water content (RWC) amRl Figure 8 shows the
dominate radar backscatter (e.g., Shupe et al. 2004), so r&(RWC-R relations as calculated from the JWD DSDs. It can
flectivity measurements can be used to estimate ice contenbe seen that these relations are close to linear, and the dif-
Since C-band measurements are used in accounting for thigrence between best fit approximations for the experimental
shape of the vertical profiles &,-band non-attenuated re- events considered here is relatively small. Since C-POL mea-
flectivities, and C-POL RHI scans over the MMCR are per- surements are used to provide the vertical structure of rain
formed only once every 10 min, retrievals are carried out onlyrates (with the JWD constraint as discussed above), RWC
at the times of C-POL RHI scans. Thus, there are generallyprofiles can also be estimated using the relations presented
only six retrieval points per hour. The MMCR and JWD data in Fig. 8. The RWP values can then be calculated by verti-
used for the retrievals are averaged in#®5 min intervals  cally integrating RWC. Time series of the RWP estimates for
centered at the times of the RHI scans. the precipitating systems considered in this study are shown
During the event of 27 January 2007 (Fig. 7a), the meanin Fig. 9. The mean layer rain rates are also shown for refer-
layer rain rates generally varied in a range between 2 anence.
6mmh L, which is rather typical for stratiform rainfall.

b

d izzzé (/ AV relation IWC (gn13)=0.04 226 (mm® m~3) was used for
A, Y YN S ice content estimates. This relation was obtained with an in
0" g 9 10 11 12 13 14 situ microphysical data set previously used for deriving mm-
Time (UTC) wavelength IWCZ, relations for high reflectivity ice clouds
TWP Darwin 27 February 2007 as described by Matrosov and Heymsfield (2008).
10000———— 05 ) b)] e The columnar cloud and rainfall parameters during the 27
000 F ——— WP 413 February 2007 event (Fig. 7b) were more variable than those
‘S 8000F T R 12 for the event of 27 January 2007. Although the average rain
7000 F e rate for this February event-@.5 mmh 1) was lower than
Zeooo F {0 g that for the January event8.3 mmh1), there were two pe-
= 5000 - :57’ = riods (around 12:00 and 16:30UTC in Fig. 7b) with more
~ 4000 EP ~E significant rainfall. The second of these periods was ac-
Q- 3000 -gi o companied also by increases in cloud CLWP and IWP. The
%2000 afE CLWP values exhibited higher variability, but overall they
'
?

b M Ad.. \HIHHIHH"\ i
8 9 10 11 12 13 14 15 16 17 18 19 20 21

Time (UTC)

Fig. 7. Retrievals of cloud IWP, CLWP and mean layer rain rate in
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Fig. 8. Scatter plots of rain water content versus rain rate as calcu-
lated from JWD DSDs for the events of 27 January 2@G0and 27

February 2007b). While retrievals of R,, are independent of cloud lig-

uid since small cloud drops contribute negligibly to radar
backscatter in the presence of rain, estimates of CLWP for
4 Assessment of retrieval uncertainties a given vertical column, which are based on attenuation ef-
fects and are performed using (6), dependignestimates in
Under the described retrieval approach for the TWP Darwinthe same vertical column. Two main sources of the CLWP re-
site, the simultaneous estimates of hydrometeor parametetsieval uncertainty are the measurement error in the observed
in precipitating systems are performed independently in thereflectivity differenceAZg o — AZkc, and the uncertainty
liquid hydrometeor layer (for,, and CLWP) and in the ice in the two-way rainfall attenuation termC% R,,,Ah. The
regions above the melting level (for IWP). Estimates of the CLWP uncertainty§(CLWP) due to the first of these two
mean layer rain rate®,,,, are based on the C-POL reflectivity sources can be given as
measurements using case specific— R relations and con-
strained by the JWD data. As shown above, the individuald(CLWP)1=8Z(2Bx) ™™, (7
data scatter around the case spedific— R relations is rela-
tively low (~20-25%). When estimating the mean layer rain
rate by integrating profiles aR using Eq. (2), some partial
cancelation of individual point errors in_ a rai_nfall profile can 5(CLWP)2 = SR, Cx Ah/B<L, ®)
be expected, so a 20% uncertainty in inferring thge value
could be reasonable. An uncertainty in estimating RWP iswhere §R,, is the R,, uncertainty. The coefficient®
expected to be similar to that d@t,,, due to the relatively and Cx, which describe specifi&,-band attenuation in
tight RWC-R relations. liquid water clouds and rain, do not significantly de-
pend on DSD details and are about 0.87 dB#mtm?3

wheres Z is the error in the reflectivity difference estimates.
The second main uncertainty source results in
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3000 For heavier rainfall which was occasionally observed
r during the event of 27 February 2007 (e.gR,,~8-
2500 14mmht), LWP uncertainties can be very high reaching
e 2000-2500 gm? which could make cloud liquid water path
2000 retrievals impractical. Such large CLWP retrieval errors are,
: r in part, due to the high altitude of the melting layexA)
01500 F which is usually observed in the tropics. Attenuation due
% g to rain is proportional toAh resulting in higher values of
Q1000 8(CLWP), according to Eq. (8). Another reason for high
i 5 CLWP retrieval uncertainties at the TWP Darwin site is that
500 the K,-band MMCR signals are relatively weakly attenuated
i by liquid water clouds. At W-band frequencies, attenuation
O 3 1 5 s 7 8 9 101112131415 in liquid water clouds is about a factor of 5 stronger than
mean layer rain rate, R (mm h™) that atK,-band, while the attenuation ratio in rain for these

two frequency bands is only about a factor of 3 (Matrosov,
Fig. 10. Estimates of the CLWP retrieval error as a function of the 2009a). As a result, the relative contribution of cloud at-
mean layer rain rate. tenuation to the total attenuation by liquid hydrometeors at
W-band is greater by approximately 60—70%.
Additional advantages of W-band radars ov€x-band

and 0.26 dBkm* mm~1h, correspondingly (e.g., Matrosov radars for the purpose of attenuation-based CLWP and rain
2005). While the temperature dependenceCgf is negli-  retrievals are in much larger observed reflectivity differences
gible, Bk exhibits some relatively modest temperature vari- due to attenuation and lower vertical variability of non-
ability. It was assumed during retrievals that the mean lig-attenuated reflectivities due to stronger non-Rayleigh scat-
uid cloud temperature was equal to the mean temperature ifering effects at higher radar frequencies. While there are
the liquid hydrometeor layer, which was known from the ra- some disadvantages too (e.g., more data scatter in the rain
diosonde soundings. attenuation — rain rate relations at W-band compareki to

Figure 10 shows the estimated retrieval e8(€LWP)  pand), overall, the future use of vertically-pointing ground-
suggesting the independence of these two main error contrihased W-band radars (when available) instead of (or in ad-
butions (i.e. 3(CLWPY =5 (CLWP) + 8(CLWP)) and as- dition to) the K,-band MMCR will improve the retrievals
suming an uncertainty for the reflectivity difference estimatesgf CLWP in stratiform precipitating systems observed at the
8Z =1dB. The two error terms considered above are responTwp Darwin site.
sible for the bulk of the CLWP retrieval Uncertainty. The In the Suggested approach, the IWP values are obtained
gaseous attenuation tei@ix due to water vapor and oxygen py vertically integrating IWC profiles estimated from CPOL
is relatively small aik,-band (Stepanenko et al., 1987). The reflectivities, so the IWP retrieval errors are determined by
model uncertainties of this term’s calculations are expectec{hose of IWC. The IWC estimate errors mosﬂy come from
not to exceed a few tenths of 1 dB and here the correspondinghe uncertainties in the IWQ, relations. Often, about a
uncertainty is considered to be absorbed by the uncertaintyactor of 2 (or even higher) uncertainty in the radar reflectiv-
in the reflectivity difference estimaté<. The influence of ity based estimates of IWC can be expected (e.g., Protat et
temperature uncertainties By on the retrieval errors is mi- |, 2007) due to the data scatter in the individual \ZC-
nor compared to the two main uncertainty sources consideregoints used to derive best fit power law reflectivity — ice con-
above (Matrosov, 2009a). tent relations. While accounting for temperature can improve

It can be seen from Fig. 10 that the CLWP error is gen-accuracies of radar-based estimates of ice content for smaller
erally quite high and it increases with the mean layer rainyalues of IWC, for larger ice contents, which are common
rate as attenuation by rain in the liquid hydrometeor layerfor precipitating cloud systems, the temperature information
gradually overwhelms attenuation by liquid cloudsfasin-  might not be of significant help for ice content estimates
creases. For a typical TWP stratiform event of 27 January(e.q., Matrosov and Heymsfield 2008). It is assumed in this
2007, wheng,, values generally varied between about 2 andstudy that a factor of 2 uncertainty is also representative for
6mm !, LWP retrieval uncertainties can be in a range of jwp estimates, although some opposite sign error cancela-

600-1000gm?. Such relatively large uncertainties mean tion might occur when vertically integrating IWC values.
that retrievals of lower values of CLWP with the radars that

are currently available at the TWP Darwin site might be not
reliable. It also explains the fact that CLWP retrievals can oc-
casionally provide unrealistic negative estimates and exhibit
significant fluctuations.
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5 Conclusions ties. In future, the suggested remote sensing approach can
be applied for longer data sets collected at the TWP Darwin
Measurements from the vertically pointi&g,-band MMCR  ACRF. Comparisons of ground-based retrievals with space-
radar at the TWP Darwin ARM Climate Research Facility borne retrievals (e.g., those based on the W-band CloudSat
(ACRF), the reflectivity profiles over this facility from the radar) are also planned.
nearby CPOL C-band scanning polarimetric radar and sur- The high CLWP retrieval uncertainties are, in part, due to
face disdrometer data can be used for estimations of cloughe relatively low attenuation rate of MMCR,-band signals
and rainfall parameters in stratiform precipitation events.py liquid water clouds. The future plans for the DOE TWP
CPOL data constrained by the disdrometer measurement&CRFs include deployments of W-band radars the signals of
provide estimates of the mean rain raf,, and/or RWP  which are attenuated by a liquid phase significantly stronger
in the liquid hydrometeor layer located between the surfacecompared to MMCR signals. Besides, the ratio of attenua-
and the melting layer, which boundaries are clearly identifi-tions by liquid clouds and by rain (for given water amounts)
able from radar data. The attenuation-based approach utilizs |arger at W-band compared #,-band. The aforemen-
ing the MMCR data provides estimates of CLWP for clouds, tioned factors and the lower variability of non-attenuated re-
which co-exist with rain in the liquid hydrometeor layer but flectivities at higher radar frequencies are expected to im-
are not detectable against the rain background in the abs@yrove retrieval accuracies of CLWP when W-band radars are
lute reflectivity measurements. The availability of C-band ysed. A further improvement is likely to come when ver-
vertical reflectivity profiles over the ACRF site improves the tically pointing cm-wavelength radar or profiler measure-
attenuation-based CLWP estimates by allowing separation ofnents (e.g., at X-band or S-band) will be added. This ad-
the effects ofK,-band signal attenuation from the effects dition will allow higher vertical resolution estimates of non-
of the vertical changes of non-attenuated reflectivity in thisattenuated reflectivity and a better collocation of mm- and
layer. The CPOL profiles are also used for retrieving IWP cm-wavelength radar measurements in the vertical column.
values (and/or IWC profiles) over the ACRF site above the|t will also significantly improve temporal resolution of re-

melting layer so the characterization of liquid and ice hy- trievals, which are now available only for the times of the
drometeors and a separation of suspended (i.e., cloud) andpOL RHI scans.

precipitating (i.e., rainfall) liquid in a vertical column over
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