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Abstract. Knowledge of water clouds is essential for cli-  One of the cloud properties that plays an important role in
mate studies. To understand present global climate and preslimate models, is the liquid water content (LWC). This pa-
dict climate changes, global observations of cloud micro-per focusses on the retrieval of the LWC of water clouds. A
physical properties are needed and space-based systems mpsbmising technique that makes use of ground based, col-
be considered. Retrieval of cloud parameters from spacéocated radar and lidar measurements to obtain the LWC
challenges current technological possibilities; not just duein water clouds is described in Krasnov and Russchenberg
to sensor limitations, but also due to complex relationships(2002a,b). This technique makes use of the ratio of the radar
between cloud parameters and remote sensing observablegflectivity and the lidar optical extinctiorZ(/«) to classify a
Straightforward retrieval of cloud microphysics with radar cloud into one of three types. Once the cloud type is known,
only, is hindered by the presence of drizzle. To overcomethe LWC can be derived from the radar reflectivity according
this problem, synergetic use of multiple sensors is employedto a cloud type specifizZ — LW C relationship.

This paper focusses on the retrieval of the cloud liquid wa- | the near future several satellite missions that will study
ter content by means of spaceborne radar and lidar measurgsq impact of clouds on the earth’s climate, are planned for
ments. The combination of radar reflectivity and lidar optical launch. The CloudSat radar and the CALIPSO lidar sys-
extinction is used to classify clouds according to their drizzletems of the National Aeronautics and Space Administration

fraction. Appropriate retrieval algorithms can then be ap'(NASA) will be launched in 2005. Furthermore, the Euro-

plied to each category to obtain the liquid water content. Aspean Space Agency is currently developing their EarthCARE
the method was initially developed for ground-based instru-pisqion which is to address the interaction and impact of
ments, d|ﬁerencgs bereen sensing clouds from abqve afiouds and aerosols on the earth’s radiative budget. In light
below were studied. Airborne data was then used to simulatey {hase developments, this paper studies the possibility of

space-based measurem'ents and suitability of the teChniqqfsing space-based radar and lidar measurements to retrieve
for space-based applications was established. It is shown th:ﬂt]e LWC of water clouds

accurate liquid water content retrieval from space is possible. _ ) S
The LWC retrieval method described in this paper was

originally based on a ground-based radar and lidar system,
sensing the clouds from below. In a space-based system,
however, the radar and lidar would be sensing the clouds
from above. To study whether this difference in viewpoint

It is generally assumed that changes in cloud radiative prop )
erties directly effect climate change (Cubasch and Cessaﬁects the retrieval method, ground-based data are compared

1990), but knowledge of cloud microphysical properties is t'p airborne measuremen';s. Subsequently, airborne radar _and
still insufficient for any quantitative analysis of these pro- lidar data were used to simulate space-based radar and lidar

cesses. To better understand the role of clouds on the afféasurements. The LWC retrieval technique was then ap-
mosphere’s radiative processes, further study of cloud miplled to both the airborne and the simulated spacgborne mea-
crophysics is essential. To understand present global climatgurements and the results were compared. Validation took
and detect and predict climate changes, global observation®!2ce by means of ground-based radiometer data.

are needed and space based remote sensing must be considThe LWC retrieval technigue and some implementation is-
ered. sues are discussed in Sect. 2 and 3. Section 4 describes the
data set used for cloud parameter calculations and LWC re-
trieval. The results of this study are presented in Sect. 5.
Correspondence tdd. Russchenberg Discussion of the results takes place in Sect. 6 and the con-
(H.W.J.Russchenberg@IRCTR.TUDelft.nl) clusions are presented in Sect. 7.

1 Introduction
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eters can then be computed from the drop size distribution
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wherep,, [kg-m~3]is the density of watety; [m~3-mm 1]

. . is the number of particles (normalized by bin width) mea-
2 The LWC retrieval technique sured in thei’” bin, r; [mm] is the droplet mid-radius and
The microphysical properties of water clouds can be parame-Ari [mm] s the width of thei"” bin. Unless stated otherwise, .
terized in terms of liquid water content. Since both the liquid the measurement results of the cloud parameters presented in

- X this paper are in the units as mentioned above.

water content and the radar reflectivity are functions of the
cloud particle size spectrum, the LWC can be derived froms 5 ¢|oud classification
Z. Retrieval of LWC based on radar measurements alone
is complicated by the presence of so-called drizzle dropletswhen combining radar and lidar for LWC retrieval, the
A small number of these large drops can produce extremellamount of drizzle must be determined before application of
large radar reflectivities, without contributing much to the the correctz — LWC relationship is possible. Since the
LWC (Fox and lllingworth, 1997). Since the presence of z/« ratio is proportional to the amount of drizzle, it can
drizzle in water clouds is more usual than its absence (Gerpe used to classify a water cloud into one of three types
ber, 1996), application of a straightforwatl— LW C re- (Krasnov and Russchenberg, 2002a):
lationship to the radar reflectivity to obtain the liquid water
content, is hardly ever possible. A study by Krasnov andThe cloud without drizzle:
Russchenberg (Krasnov and Russchenberg, 2002a) shows
that the combination of radar reflectivity and lidar optical ex- log1o(Z/a) = -1 (5)
tinction (i.e. theZ/« ratio) can be used to classify a cloud The cloud with light drizzle:
according to its drizzle fraction. The drizzle fraction then
determines whictlZz — LW C relationship is to be used for —1 < log,o(Z/a) < 1.8 (6)
LWC retrieval. As the study presented in this paper make

use of the same method, the theoretical basis of this approac he cloud with heavy drizzle:

is described in this section. logyo(Z/a) > 1.8. @)
To determine theZ — LWC relationship and the rela- .
tionship between the /« ratio and the drizzle fraction, in- _ 1he threshold values were determined from (#ga) —

situ cloud measurements from different field campaigns werefes relationship, as calculated from the drop size distribu-
used. For more information on the DYCOMS-II, CAMEX-3, tions of various measurement campaigns. Figure 1 clearly
CLARE’98 and BBC-I campaign, see Stevens et al. (2003);Shows that th&Z/«) — R,y relationship changes around

Clare’98 (1999); Cliwanet (2002) respectively. log,o(Z/e) = —1 and around logy(Z/a) = 1.8. The first
change occurs at the point where the influence of drizzle be-
2.1 Cloud parameters from in-situ data comes visible. The second point of change can be used to

mark the transition from light drizzle to heavy drizzle (Kras-
The particle size spectrum of a cloud, as measured by in-sitinov and Russchenberg, 2002a). Since the values in the figure
probes, can be used to calculate various cloud parameterare fairly scattered across th&/a) — R,y plane, the thresh-
Since dealing with water clouds, it is assumed that the sphereld values may vary a bit. However, because the thresholds
ical droplets act as Rayleigh scatterers for radar observationare only used for cloud classification and not for the actual
and as optical scatterers for lidar observations. Cloud paramtWC retrieval, the influence of this variability is limited.
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This is illustrated using Fig. 2, which depicts the- LW C

plane. The figure shows that differefit- L W C relationships 07 2Cove

can be applied to the cloud data from the different classes. o CAMEX-3

The solid lines represent the — LW C relationships for 107 BBe-t

the different classes. In the transitional area’s, where one g

class crosses over into another, the relationships usually lie 2 of om

close together. This illustrates the limited influence of the *E (12" f*

Z /o threshold variability on the LWC retrieval. The differ- E-“’I *ii*

entZ — LWC relationships in different parts of the plane are £ 34 * @gf

presented in the next subsection. Epg T
é %:‘i*f Jo°
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For the cloud without drizzle (Atlas, 1954; Sauvageot and
Omar, 1987; Fox and lllingworth, 1997): Fig. 2. Radar reflectivity versus Liquid Water Content for
20 DYCOMS-II, CLARE'98, CAMEX-3 and BBC-I data, including
Z=0048-LWC* (8)  z-LwC approximations with equation numbers.
Z =003.-Lwc 3t (9)
_ ] 116
Z=0012-Lwc (10) The cloud with heavy drizzle:
For the cloud with light drizzle (Baedi et al., 2000):
dBZ > —10 (15)

Z =5754. Lwc >/ (11) _
The threshold values are chosen in such a way, that most of

For the cloud with heavy drizzle (Krasnov and Russchen-the cloud without drizzle and with heavy drizzle is classified
berg, 2002a): correctly. Most of the cloud with light drizzle that is classi-

7 — 32359. LWC 158 (12) fied incorrectly will then be in arga’s of thé — LWC plane _

where one class crosses over into another. As the applied

The approximations of th& — LWC relationship for the Z — LWC relationships in those area’s lie close together, the
cloud without drizzle are based on a theoretical model (Eq. 8margin of error for the LWC retrieval will be limited.
or in-situ data from measurement campaigns other than the
ones in the figure (Egs. 9 and 10). The approximation for ] ] .
the cloud with light drizzle was based on in-situ data from 3 Implementation of the retrieval technique
the CLARE’98 campaign and to determine the— LWC
relationship for the cloud with heavy drizzle CAMEX-3 and
CLARE’98 data were used.

3.1 Lidar optical extinction estimation

The quantity measured by lidar is the lidar backscatter coeffi-
cient. The radar to lidar ratid//«) used for cloud classifica-
tion contains the lidar optical extinctian The lidar optical

We have shown that, although tle— LW C plane is quite extinction is obtained by applying an inversion algorithm to

scattered and no single approximation is suitableZférC the_ Iidar_ backscatter profiles. The inve_rsion algorithm ((_:Ie-
retrieval fromZ, once the cloud class is determined from the Scribed in Klett, 1981) makes use of a single absolute extinc-
Z/a ratio, it is possible to retrieve theWC by applying a tion as a reference value to calculate the rest of the extinc-

different Z — LW C approximation to each class. For the tion profile. The reference value for each profile is taken at
cloud without drizzle, Eq. (10) is used. the greatest distance from the ground where backscatter is

Because the lidar signal attenuates faster than the raddt€sent. _ _ _ _
signal, only radar data will be available for some cloud A low noise level is crumal_for a stable_lnversmn algo-
area’s. For area’s where only radar data is available, classifitithm. Therefore, before applying the algorithm, a threshold

2.4 LWC retrieval

cation is based on the following threshold values: noise level of 0.01 km!.sr* was determined and all values
below this threshold were removed from the backscatter pro-
The cloud without drizzle: file. Furthermore, individual profiles were smoothed by re-
moving values with one or less adjacent non-zero value (i.e.
dBZ < -20 (13)  avalue in the profile is considered noise when no non-zero

value is present directly above and below). At spaceborne
lidar resolutions smoothing was unnecessary, as the profiles
—20<dBZ < -10 (14)  were already smoothed due to the lower resolution.

The cloud with light drizzle:
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Ground-based radar reflectivity, Oct. 7, 1998
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Fig. 3. Ground-based MIRACLE and airborne KESTREL Radar reflectivity.

3.2 The radar to lidar ratio spaceborne horizontal resolution. The time resolution of the
common grid is calculated using the following equation:

Simultaneous radar and lidar data is used to classify a cloud

by calculating theZ /« ratio. Because radar and lidar systems _ Horiz,,
usually have different resolutions, the number of data-points " — v,

in a given volume differs for both instruments. To be able

to calculate theZ /« ratio, linear interpolation was applied to where 7, [s] is the intended time resolution of the space
obtain an equal number of data-points. grid, Horiz..; [m] the along-track resolution of the space-

The radar and lidar measurements used in this study arBased instrument to be approximated afd [m/s] the ve-
from collocated instruments. It may therefore be assumedocity of the aircraft carrying the radar and lidar.
that the instruments are always sensing the same cloud. For For the approximation of the horizontal resolution of the
this reason, and also because the data-sets proved most sudpace-based instruments, only the along-track resolution is
able for this approach, the radar and lidar data were synchroeonsidered. The cross-track resolution remains the original

(16)

nized in time and not in space. (airborne instrument) value.
The simulated spatial resolutions of the space-based in-
3.3 Simulating space-borne resolutions struments are based on the system characteristics of the

CloudSat radar and the CALIPSO lidar. Both satellite sys-

. ] tems are part of the Earth System Science Pathfinder (ESSP)
For the CLARE'98 measurement campaign airborne remotesygiact and are expected to be launched in 2005. The radar
sensing data was available. As the airplane flies above thgsg 5 vertical resolution of 500 m and an along-track resolu-
clouds, the nadir looking lidar and radar collect data that canjop, of 3.5 km (CloudSat). The lidar has a vertical resolution
be used to simulate space based measurements. To approg¥r 30 m and an along-track resolution of 333 m (NASA).
mate satellite mounted radar and lidar resolutions, linear in‘Except for the lidar vertical resolution, the CloudSat and
terpolation was applied to the original radar and lidar dataca| |pso resolutions are used for the simulated spaceborne
to obtain resolutions representative for space based measurfieasurements. Since the simulated spaceborne lidar has a

ments. higher vertical resolution (30 m) than the available airborne
The intended time resolution of the space grid depends ottidar data (60 m averaging interval), the vertical resolution
the spaceborne along-track resolution and the aircraft velocfor the spaceborne lidar is set to 60 m. Since the CloudSat
ity. The aircraft velocity is used to determine the time pe- minimum detectable radar reflectivity is26 dBZ, all simu-
riod over which airborne data has to be averaged to simulatéated spaceborne radar data below this value is removed.
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Ground-based lidar backscatter, Oct. 7, 1998
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Fig. 4. Ground-based Vaisala and airborne LEANDRE 1 Lidar backscatter.
3.4 Re-distributing spaceborne radar energy width of a lidar resolution cell) in the radar cell correspond-

ing to an empty vertical lidar profile andlj; 4, is the num-
At spaceborne radar and lidar resolutions, the radar resoluper of area’s corresponding to a non-empty lidar profile. Re-
tion cells are larger than the lidar resolution cells. Since thedistribution of the radar energy results in more accurate radar
lowest resolution usually determines the resolutions in thedata, with higher radar reflectivity values.
common grid, one is inclined to base the common grid on the
radar height and time resolutions. The common space grid3.5 Liquid Water Path
however, is based on the radar height resolution and the lidar )
time resolution. Due to differences in horizontal resolution, The liquid water path (LWP) is a measure of the total amount
gaps in the cloud cover, for example, might be recognized®f liquid water in a column of air. The LWP is calculated
as such by lidar, but perceived as cloud by radar. Due tdTom the retrieved LWC, using the following equation:
a low resolution, radar energy from the cloud is spread out,; w p — Z LWC;-h, [g-m3 (18)
covering (part of) the gap in the cloud cover. It is therefore ;

aSjurTéed that gherel_lj n%cloud, whenina \ﬁ:t'cal profile o?lywhereh [m] is the height interval of the resolution cells and
radar data (and no lidar data) are present. The presence of they "', 3] is the LWC in thei*” cell

radar data is attributed to the poor radar resolution, which The LWP measured by a radiometer is used to validate the
spreads out the radar energy over multiple horizontal Iidarretrieval method by comparing it to the LWP calculated from
resolution cells. The radar energy from a single horizontal

the radar derived LWC. In order to make an accurate compar-

raclilar FESO|UtI0; cell |srt]her:1 r(.a-d|str:bute<7 over th(lel areHa of tlr.]‘?son, the LWP from the radiometer is linearly interpolated to
cell corresponding to the horizontal resolution CENS WNere I 5 tain the same time resolution as the derived LWP.
dar data were present. The new radar reflectivity value for

each area where lidar data are present, is calculated using the
following equation: 4 The data-set used

Nempty .7 17) The 1998 Cloud Lidar and Radar Experiment (CLARE’98)

Niiaar M took place in Chilbolton (United Kingdom), in October 1998.
CLARE’98 was part of the European Space Agency'’s Earth

whereZ,.,, [mm® - m=3] is the new radar reflectivity value Observation Preparatory Programme.

for the area of the radar cell where lidar data are present, At the Chilbolton site, cloud radar reflectivity was mea-

Zoia [mm® - m~3] is the initial radar reflectivity value of the sured with the 95 GHz radar MIRACLE of the German re-

entire radar cell N,,,;, is the number of area’s (with the search centre GKSS. The available radar data have a 10 s

Znew = Zold +
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CLARE’98 also provided LWP estimations from radiome-
ter measurements. LWP data from the 93 GHz radiometer
belonging to the University of Bath was used. The radiome-
ter was situated at Chilbolton.

For this study, a suitable sub-set of the CLARE’'98 data
was selected, considering aspects as cloud cover, precipita-
tion, ice-content and availability of simultaneous observa-
tions of multiple instruments. All the CLARE’'98 data pre-
sented in this paper came from measurements that took place
during run 51 on October 7, 1998.
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5.1 Ground-based vs. airborne remote sensing measure-
ments

-1.5 -1 1 LWC -0.5 0
0g,yLWC) The data from the ground-based MIRACLE radar at

Chilbolton were compared to those from the airborne
Fig. 5. Histograms of the ground-based MIRACLE and airborne KESTREL radar (Fig. 3). Because of the difference be-
KESTREL radar retrieved LWC at Chilbolton, Oct. 7, 1998. tween the wind velocity and the aircraft velocity, the cloud
coverage of the two radars, in a given period of time, dif-
fers. That is, the cloud moves over the ground-based radar
more slowly, than the airborne radar moves over the cloud.
To compensate for this difference, the airborne data consist
of measurements taken between one minute before and after
passing over Chilbolton, whereas the ground-based data con-
sist of measurements taken between ten minutes before and
after this moment. The same applies to the lidar backscatter
data (see Fig. 4).

The comparison indicates that, where the radars sense the
same cloud, the lidar measurements show some differences.
Differences in lidar measurements occur as the ground-based
and airborne instruments sense different parts of the cloud.
The nadir looking airborne lidar mainly senses the cloud top,
whereas the ground-based lidar only senses the bottom of the
cloud.
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Fig. 6. Histograms of the airborne and spaceborne radar retrieve

150+ J

1001 1

50 |—| J
0 —215 -2 ‘ : ;

_15 -1 -0.5 0
log L 0(LWC)

LWC, Oct. 7, 1998.

As a result of the differences in viewpoint of the ground-
based and airborne lidaZ,/« data will be available for dif-
ferent parts of the cloud. This means that, for ground-based
Jneasurements, combined radar-lidar data will only be avail-
able for the bottom of the cloud, whereas for airborne mea-

surements, the cloud top will provide ¥/« data. Even

though different area’s of the cloud have to be classified
N . . .. based on radar reflectivity only, classification remains rea-
and 82.5 m averaging interval. The lidar optical extinction sonably stable. The effect of the differences in viewpoint on

Vr:l]aezgjrré\ée(g fr?hrz gh(;aSpr:z:'lsasis;gaé_l?s%aéti:aﬁg;fgfgncffs’tr?(:the LWC retrieval is therefore limited. The histograms of the
y retrieved LWC in Fig. 5 support this. The LWC retrieved

Dutch weather service KNMI. The available lidar data havefrom the ground-based measurements is similar to the LWC

a 30 s and 30 m averaging interval. . !
. retrieved from the airborne measurements.
The Fokker 27 ARAT aircraft, owned by the French

IPSL institute, carried both a radar (KESTREL) and a li- 5.2 Airborne vs. space-based measurements

dar (LEANDRE 1) system for airborne remote sensing. The

KESTREL is a 95 GHz radar of the University of Wyoming Airborne radar and lidar data were used to approximate
and LEANDRE 1 is a backscattering lidar, operating at space-based radar and lidar measurements. The resulting
532 nm and 1064 nm wavelength. The available radar dat@pace-based data had similar values as their airborne equiva-
have a 1 s and 50 m interval of averaging. The available lidalent. To be able to calculate the spacebarie ratio how-

data have a 1 s and 60 m interval of averaging. ever, linear interpolation had to be applied to the spaceborne
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lidar data to match the resolution of the spaceborne radar Liquid Water Path, Oct. 7, 1998
data. This resulted in much lower optical extinction values. 700/ R e ——
As a result the spacebori/« data have larger values than o Retrieved SPACE LWP
the airborne data. However, in both cases, most ofzhe 600 oo Retrieved SPACE RADARLWP
values are betweenl and 1.8 and can be classified as light
drizzle. The heavy drizzle is precipitating and can mainly be % a
found in the area for which only radar data is available for _ o
classification. This area is not classified based onzfie £ 400 @ o
ratio. ) - ®
The final cloud classification for airborne and spaceborne 2, 3007 n amn ° EaE
data show good agreement. After classification the LWC was Aircraft at Chilbolton o
retrieved. Histograms of the LWC retrieved from airborne | -
and spaceborne data are shown in Fig. 6. o R
The LWP as calculated from the retrieved LWC from [ smcmms mns Sl i
spaceborne data and the LWP from the Bath radiometer at e
Chilbolton, are shown in Fig. 7. The ARAT aircraft passed Y137 1372 1374 1376 1378 138 1382 1384 1386 1388 13.9

Time [hours]

over Chilbolton at 13.72 h. The figure shows that at that time,
both LWP’s agree nicely. E

Figure 7 also shows that when cloud classification is base%
on radar data only, the LWC retrieval is less accurate. This
results in an overestimation of the LWC values.

ig. 7. LWP from radiometer, spaceborne LWP with cloud class
ased on radar and lidar, and cloud class based on radar only.

will result in false classification very often. ThHé/« ratio
6 Discussion will hardly ever be used to classify heavy drizzle, as heavy
drizzle is mainly found at the bottom of the cloud, where
6.1 Ground-based vs. airborne remote sensing measureiassification will usually be based on radar data alone. The
ments majority of the light drizzle data will not be at the heavy driz-
] ) ) zle border and the bulk will remain within the same cloud
Subsection 5.1 showed that although for different view- o555 Although some light drizzle on the border of the heavy
points, different parts of the cloud have to be classified ONyrizzle class might be falsely classified due to increa&gd

radar data only, cloud classification was hardly influenced.5yes; this will nonetheless have limited influence on LWC
For both viewpoints, the radar retrieved LWC agreed nicely. retrieval, asZ — LWC relationships approach each other

It must be noted that the compared cloud did not yield ot ¢jass horders. As for the cloud without drizzle, part of
much radar reflectivity above-10 dBZ. These relatively  hjs class will be overlooked by spaceborne radar completely,
large reflectivity values can belong to both the light and qe 1o Jimited instrument sensitivity. The remaining part
heavy drizzle categories. When classification is based oy consist of data on the border of the light drizzle class.
radar data only, radar reflectivity values abeve0 dBZ are Wrongful classification, due to an increase in thex ratio,

classified as heavy drizzle. Their presence could influencegy; therefore have limited effect on the LWC retrieval.
LWC retrieval when they cause light drizzle to be mistakenly

classified as heavy drizzle. In a drizzle cloud however, light
drizzle usually formes in the cloud top and the precipitat-

Comparison of the histograms of the airborne and
spaceborne radar retrieved LWC showed good agreement
ing heavy drizzle will be mostly at the bottom of the cloud. (see Fig. 6). Furthermore, Fig. 7 showed _thgt the LWP as

. : . calculated from the spaceborne LWC was similar to the LWP
When sensing the cloud from above, the light drizzle at the ; o )

. o .. from the radiometer. Keep in mind that, as the ARAT aircraft
cloud top will be classified based on both radar and lidar,

. . . o flew over the cloud at much greater speed than that of the
while the heavy drizzle at the bottom will be classified by _ - : . .

. ) - wind blowing the cloud over the radiometer, airborne radar
radar alone. The heavy drizzle with radar reflectivity val-

ues above-10 dBZ will then be correctly classified by radar and lidar sensed a much larger cloud area than the ground-

only. LWC retrieval from above should therefore work just bgsed rad|omgter. During the Flme period as deplcted n
. Fig. 7, the radiometer was sensing a cloud area with much
as well (if not better) as from below.

less drizzle than the instruments on the aircraft. At the time
the aircraft passed over Chilbolton (13.72 h), the same, non-
precipitating cloud area was sensed. At this time, the ra-
As was described in Subsect. 5.2, linear interpolating the li-diometer and calculated spaceborne LWP agree nicely.
dar data to match the radar resolution resulted in lower opti- For the classification based on radar data only, part of the
cal extinction values and high&r/« values. light drizzle cloud was falsely classified as non-drizzle. This
The majority of theZ /o values, nevertheless remains lead to an overestimation of the LWC, as was shown in Fig. 7.
within the same cloud class. It is unlikely that an increaselt can therefore be concluded that radar-lidar synergy im-
inthe Z/« ratio, as a result of lower spaceborne lidar values,proves LWC retrieval from space.

6.2 Airborne vs. space-based measurements
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liquid water content retrieval from space is possible. Atlas, D.: The estimation of cloud content by radar, Journal of Me-
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