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Abstract. During the Baltex Bridge Campaign in 2001 atthe  The existing relationships between the radar reflectivity
Cabauw site in The Netherlands, a whole set of instrumentdactor and the liquid water content were developed either
was used to probe water clouds. An important element ofbased on a parametrizaton of the dropsize distribution, like
the BBC-campaign was to develop and test advanced remota log-normal or gamma distribution, or statistical regression
sensing technigues to measure cloud properties, especiallgchniques through measured cloud dropsize distributions.
the combination of radar, lidar and microwave radiometers.(e.g, REFS). The use of these relationships requires a well-
One of the preliminary findings of the campaign is thdar calibrated radar system, and measurement conditions such
discrepancywhich is the systematic difference (although de- that they match the assumptions underlying the Z-LWC rela-
pending on the cloud type) between radar observations of retionships. In this paper we will address the latter.

flectivity factor Z and the aircraft/balloon predictions of the

same quantity. As the radar reflectivity is one of the key el-

ements in many sensor synergetic retrieval algorithms, it i2 The Z-LWC relationship of stratocumulus

essential to understand the phenomenon. . .
The Z-LWC relationship takes the form of a power law:

Z=alWCF 1)

1 Introduction in which « and 8 are constants that depend on the range of

Over the last decade, cloud radars have become importaﬁ/tananon of the dropsizes and the number concentration. In

tools for the study of cloud properties. Detailed observa—Case of a monomodal dropsize distributivaries between

) : . .1 and 2. However, for bi-modal dropsize distributions (e.g.

tions of the structure of a cloud as well as its microphysical’ . X
. ; . .in case of drizzle formation}j can become much larger than

properties are done routinely now at several observatories (Ijré

the world. The main drive behind this development was and ™

o . : The radar reflectivity factor is derived from the received
still is the need for reliable observations that are necessar . .
S o adar power, and, consequently, the Z-LWC relationship is
to reduce the uncertainties in climate models due to indirec

ased on several assumptions:
aerosol effects.

The fundamental radar observable is the radar reflectivity _ Rayleigh scattering of the radar waves, linking the radar

factor Z. Similar to traditional weather radar systems, with  efiection to the 6th moment of the dropsize distribution
which the radar reflectivity facor is used to estimate the rain- n(D) :

fall rate, relationships between Z and the cloud liquid water
content were developed. However, it was soon recognized 6

that the impact of even a small amount of drizzle dropletsZ = /”(D)D dD @

in the cloud would lead to large errors. Furthermore, the re-

flections from the droplets at the cloud base are not alway$3iven the small size of cloud droplets (in the order of 10-20
strong enough to enable detection by radar. To overcoménicron radius) and the millimeter to centimeter wavelengths
these problems, cloud radars have to be combined with othe®f the radars, this assumption is valid.

instruments like a microwave radiometer and a lidar. . . . .
— The received radar signal is due to the incoherent sum-
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spatial gradients of the dropsize distribution occur inside the
radar volume.

In ideal adiabatic clouds the particles grow while they as-
cend deeper into the clouds and reach a maximum at the
cloud top. They will evaporate at the cloud boundaries or
if they grow large enough, leave the cloud as drizzle. This
means that care has to be taken with the assumption of uni-
form volume filling, especially in case of adiabatic clouds in
which a spatial gradient of the liquid water content is to be
expected.

Figure 1 shows examples of simulated Z-LWC relation-
ships. These relationships are calculated with dropsize dis-
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regimes can be distinguished: one for low radar reflectivi-

Fig. 1. Simulated Z-LWC relationships, based on different obs,erva-::fSt thrOUghb;N.hICg re.?hres‘;llons ﬂ;strgs’ 9 ?ndl 10) "’?&e drt‘?""”
tion campaigns. The solid lines are Z-LWC relationships derived in at were obtained either throug eoretical considerations

Fox and Illingworth (1997), Atlas (1954) and Sauvegeot and omar©f non-drlzzl!ng Stratocumulqs C'OUQS or In situ _data sets,
(1987). one for the high radar reflecties of drizzle (curve fit 12), and
a transition region (curve 11) [Krasnov and Russchenberg,
2002, Baedi et al, 2000]. These plots were calculated with
droplets are moving fast enough to change the interthe above mentioned assumptions in mind, and can in princi-
particle distance by more than half a wavelength. Stan-ple be used to derive the liquid water content once the right
dard cloud radars use a wavelength in the order of 8 to Iegime has been identified (see for instance May et al, 2004).
millimeter, which means that the velocitjfferenceof However, because of the implicit assumptions in the retrieval
the separate cloud droplets should be of the order of 2 taschemes, the question ‘How does the measured radar reflec-
4 mm/s. This is probably valid for most stratocumulus tivity factor compare to the simulations?’ arises. To this end
clouds, especially if turbulence air motions randomizesradar observations at the CESAR Observatory in Cabauw
the velocities of cloud droplets, or if drizzle dominates (The Netherlands) were compared with aircraft data and data
the backscattering. However, it is not self-evident that obtained with a fssp-equipped tethered balloon. The mea-
in all circumstances the differences are large enough tsurements were done during the Baltex Bridge Campaign in
cause incoherent scattering. Under wind free conditions2001.
the fall velocity of cloud droplets is given by [Rogers
and Yau, 1996]
3 Comparison of radar measurements and airborne
v = &-D? (eequals 4.75e-5 when D is in micrdB) simulations

For particles smaller than 14 micron, the fall speed is lessDuring the BBC campaign in 2001 a large set of ground-
than 10 mm/s. Large particles of 40 micron have a fall speethased remote sensing instrument was installed at Cabauw. At
of 76 mm/s. These small numbers show that in the absencselected days, airborne data of cloud dropsize distributions
of external forces like turbulence, the average inter-particlewas collected with instrumented aircrafts and occasionally
velocity difference can easily be of the order of half radar with a tethered balloon. Figure 2 shows ground observations
wavelength per second or smaller. Under such circumstancesf stratocumulus. The top panel shows the radar reflectiv-
the backscattered radar signal will consist of a coherent agty factor obtained with a 95 GHz cloud radar, the middle
well as an incoherent term. panel the lidar-ceilometer backscattered signal, and the lower

o ) ] panel shows the liquid water path, which is the total cloud
— The rgdar reflectivity factor is determined from the radar liquid water in a column of 1 fcross-section. The liquid
equation water path is derived from multi-frequency radiometer data.
The cloud reflections are very low (less thaB0 dBZ); the
(4) cloud thickness varies around 300 m. The circles in the top
panel denote the cloud base observed with the ceilometer: it
wih P, as the received poweras the distance of the radar does not alwys coincide with the cloud base that the radar
volume andC as the radar constant, taking all system param-observes. This due to a difference in sensitivity of the two
eters into account; among these the size of the radar voluménstruments.
The radar reflectivity factor is derived assuming that the radar Figure 3 shows Z-LWC relationship that is derived from
volume is uniformly filled with cloud droplets and that no the aircraft data that was sampling the same cloud field as
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Fig. 2. Radar and lidar observations of stratocumulus. The lower panel is the liquid water path derived from multi-frequency radiometer
output. The circles denote the cloud base derived form the ceilometer data.
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Fig. 4. Histograms of simulated and measured radar reflectivities.

such a large difference of 13 dB: the difference can vary be-
e tween none and 17 dB. One of the first questions in these
R L R types of problems is: are the instruments well-calibrated?
Iog, o(LWC) [g/r] The 95 GHz radar was compared with a 35 GHz radar which
was located close to the system, but no big differences be-
Fig. 3. Simulated Z-LWC relationship, based on the BBC-data set.tween the observations of the two instruments were seen.
The solid lines are the same as in Fig. 1. Furthemore, given the fact that the regression fits obtained at
other campaigns also fit the aircraft data of this campaign, it
is also unlikely that the airborne instruments were faulty. An
the instruments at Cabauw were observing. The solid linesanother important consideration relates to the measurement
in the figure are the same regression fits as in Fig. 1. Thestrategy. Are the instruments sensing the same clouds? The
confirm that the cloud situation is similar to clouds observedanswer is: no. The aircrafts is flying long horizontal tracks
in other campaigns. Figure 4 shows the histograms of theand the radar is measuring in a fixed vertical column. This
radar reflectivity factor observed by the radar and its simula-means that a one-to-one comparison can not be made; a sta-
tion with the aircraft data. A large difference exists: 13 dB. tistical approach has to be used. To decrease the influence of
What is the reason for this? distance between the aircraft and radar, a subset of the data
Apart from the example, more days were analyzed. Manywas analyzed in which the aircraft was flying in the vicin-
of them showed the same trend, although not always withity of Cabauw. This did not reduce the radar discrepancy.
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Fig. 5. Left panel: retrieved cloud liquid water content. Right panel: the implicitly used Z-LWC relationships superimposed on the Z-LWC
plane of Fig. 1.
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Fig. 6. The impact of cloud adiabicity on cloud reflectivitg.is the Fig. 7. A realisation of impact of partly coherent addition of radar
power of the Z-LWC relationship¢ is the ratio of LWC at the top  waves on Z, showing that that an underestimation of Z can occur.
and bottom of the radar volume.

To further explore the impact of distance, a comparison wastry have been developed. For instance, the liquid water path
made with data obtained (albeit at a different day) with a par-obtained with the microwave radiometer can be used to con-
ticle measument probes attached to tethered balloon, a cotrain the vertical integration of the liquid water content that
ple of hundred meters away from the radar. Also in this caseis derived through the application of the Z-LWC relationship
the radar reflectivity factor was significantly smaller than the to real radar data. One such technique (Frisch et al, 2000)
simulated values. In Frisch et al. (2000), a similar differ- fixes 8 of the Z-LWC relationship and varies until a good

ence between radar measurements and aircraft simulatiorf§ is obtained with the liquid water path. The resulting val-
was seen. ues can then be used to calculate vertical profiles of LWC in

the cloud. See Fig. 5 for an example. The right panel shows

the Z-LWC scatter diagram again, but with the radar-derived
4 Synergy of radar, lidar and microwave radiometry Z-LWC relationships superimposed on it. Also in this case,

the Z-LWC relationships based on real radar data are far be-
Cloud microphysical properties can not be obtained withoutlow the aircraft simlations. Further analysis revealed that to
sensor synergy (Russchenberg and Boers, 2003). To this erabtain these fits, number concentrations of cloud droplets are
techniques that combine radar, lidar and microwave radiomneeded that are far more than observed: a 1000-2000 ger cm
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while the measured values are of the order of several huné Conclusions
dreds. So, also in this indirect way a smaller radar reflectivity _ _
was observed than could be expected. Similar results werd his paper presented a puzzling difference between radar ob-

obtained with the IPT-technique of Loehnert et al. (2001).  servations and expectations based on in situ measured drop-
size distributions and results obtained from synergetic use of

remote sensing instruments. Several possible explanations
] ) for the difference were presented, but no definitive conclu-
5 Possible reasons for the radar discrepancy sions could be drawn yet. However, it is clear that care has

to be taken when radar measurements of stratocumulus are
In Frisch et al. (2000), the difference between radar measuregsed to retrieve cloud microphysical parameters.
ment and aircraft simulation was attributed, albeit without
guantitiave motivation, to system inaccuracies and horizon-AcknowledgementThe authors thank their colleagues of the BBC
tal cloud inhomogeneity. These issues were investigated witlfampaign for doing such high quality onbservations. acquiring the
the BBC data base, and the obvious effects, like radar calidata. This project was done as part of the EU FP5 projects CLOUD-
bration, collocation of instruments, antenna near field ef“fects!\'ET and CLIWANET.
could be ruled out, leaving the more fundamental question

open: is the radar discrepancy due to cloud properties? References
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volume randomizes the phases of the radar signals emanat-

ing from the individual cloud droplets. The imact of coherent

addition will depend on the number of samples used for inte-

gration before Z is calculated, as well as the degree of turbu-

lence and the radar wavelength: the shorter the wavelength

the lesser the sensitivity to coherent backscatter. Simulations

have shown that this effect can amount to several dB for short

integration times. An example of this is shown in Fig. 7.



