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Abstract. A new algorithm is presented to reproduce the distribution of liquid water content and droplet sizes from
three-dimensional structure of clouds from airborne mea-observations of a single instrument. Radar and lidar instru-
surements of microphysical parameters. Data from individ-ments (or even better combinations of both) are excellent in
ual flight legs are scanned for characteristic patterns, and theetrieving 1-D profiles or cross sections if they have scan-
autocorrelation functions for several directions are used taing facilities. For the retrieval of 3-D structures (if there
extrapolate the observations along the flight path to a fullis no special 3-D scanning facility) they are reliant on hor-
three-dimensional distribution of the cloud field. Thereby, izontal wind and a horizontal isotropic cloud field (Evans
the mean measured profiles of microphysical parameters areand Wiscombe, 2004). Passive satellite remote sensing in-
imposed to the cloud field by mapping the measured probstruments may provide a detailed horizontal distribution but
ability density functions onto the model layers. The algo- fail to give reliable information about vertical profiles (e.g.
rithm was tested by simulating flight legs through synthetic Crewell et al., 1999). In-situ observations, on the other hand,
clouds (by means of Large Eddy Simulations (LES)) and ap-may give data for any location but are usually restricted to
plied to a stratocumulus cloud case measured during the firstbnly a few point measurements, e.g. along an aircraft flight
field experiment of the EC project INSPECTRO (INfluence track. Physical cloud-models (e.g. LES) can provide the full
of clouds on the SPECtral actinic flux in the lower TROpo- 3-D information of all needed microphysical properties in a
sphere) in East Anglia, UK. The number and position of therealistic manner (Stevens and Lenschow, 2001) but much ef-
flight tracks determine the quality of the retrieved cloud field. fort is needed to make them reproduce the properties of mea-
If they provide a representative sample of the entire field, thesured cloud fields.

derived pattern closely resembles the statistical properties of Clouds vary significantly in the three spatial dimensions
the real cloud field. and in time. Common airborne instruments sample volumes
in the magnitude of a few liters during a single leg while cu-
mulus clouds, for example, often cover a volume of around
10°m3. The major part of the clouds are thus not consid-
ered for its characterization which is a significant limitation

According to IPCC (2001), the parameterization of the because of tr_le cloud’s large variability (Evans et al., 2003).
cloud-radiation interaction is one of the largest sources of! "erefore, aircraft measurements alone seem to be gener-
uncertainty in our prediction of future climate. To improve ally not sufficient to characterize the properties of inhomo-
such parameterizations, detailed three-dimensional (3-D) rageneous cloud layers.
diative transfer studies are required, to quantify the impact of On the other hand, the heterogeneous structure of cloud
cloud inhomogeneity on the radiation budget. fields is often characterized by strong vertical and horizontal
A challenge in three-dimensional (3-D) radiative transfer correlations (with cprrelation lengths depend.ing for example
is the generation of realistic clouds as input for sophisticated®” turbulent cell-size or topography), allowing to general-
radiative transfer models (e.g. Borde and Isaka, 1996; PettyZ€ ‘needle in a haystack”, that is very sparse, butinline (i.e.

2002). Currently, it is not possible to derive the required taken during flight legs on a more or less straight line) aircraft
measurements for the whole cloud. This structure is orga-
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Fig. 1. The four main steps of CLABAUTAIR. This figure illustrates an approach to retrieve 3-D clouds from aircraft measurements.

al. (1998). The basic assumption behind the algorithm presurements (CLABAUTAIR)) has been developed with the in-
sented here is that the atmospheric conditions determiningention to generate a 3-D cloud field which reproduces the
the turbulent spectrum do not change markedly within thestatistical properties of the microphysical aircraft measure-
model domain. For homogeneous conditions within a limitedments. The measurements of liquid water content (LWC)
area and time period, a similar behavior of the correspondingand effective radiusKef) are scanned, and the probability
cloud field is expected. Thus, in some cases such as for stratdensity functions PDFs as well as the autocorrelation func-
iform overcast or broken cloud fields, aircraft line measure-tions are determined for every layer, defined by the user. The
ments along a limited number of flight legs are representativepatterns which are found in the autocorrelation functions are
for the whole layer under stable conditions. For example,then used to extrapolate the aircraft data to a complete 3-D
Los and Duynkerke (2000) anddRanen et al. (2003) gen- field.
erated two-dimensional cloud fields from in-cloud aircraft This method is illustrated in Figda—d. Starting with mea-
measurements. However, they required some assumptiorsurements in a single horizontal layer the main directions
about cloud top and base structure, and about the profile afampled by the aircraft are identified. This means, the data-
microphysical parameters. points are sampled by relative angular bins (e.g. directions
This study introduces a new algorithm which generatesfrom one point to each other point) layer by layer, to spot
3-D cloud fields representing the statistical properties of along straight lines of measurements (Flg). This is neces-
measured cloud field by using in situ data of liquid water con-sary to avoid aliasing due to the connection of different flight
tent and effective radius. In Se@.the extrapolation of the legs and thus to correlate only data collected within a time
3-D structure from one-dimensional aircraft measurementsinterval during which the cloud can be considered constant.
and thus the filling of the gaps is described. SubsequentlyNext, the autocorrelation functions along these directions are
the algorithm is applied to a synthetic cloud field (S&)t. calculated (Figlb). As far as the cloud movement is slow
and to a measured cloud case (Sdjt.and a preliminary compared to the aircraft's speed and cloud structure is stable,
discussion of its applicability is given. advection should not be a problem since the autocorrelation
is not seriously affected.
Then the measured LWC ankL are replaced by their
2 Algorithm anomalies (i.e. deviations from the layers mean) and used
for the initial field. Since it is a ground-fixed (Eulerian) co-
An automated algorithm (old liquid waer content and ef-  ordinate system, the measurements have to be shifted with
fective radius retrievalypan aubmated use of agraft mea-  the cloud movement vector which may differ from the wind
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vector (e.g. for orographic clouds). To extrapolate the obserthe final cloud field. This last step ensures to keep the re-
vations, individual empty boxes are randomly selected withinproduced cloud field close to the measurements. At the same
the 3-D space. The requested paramétéamomaly of LWC  time it roughens the field that was smoothed by averaging
or Reff) for each of these boxes are calculated by a weightecpreviously. In a further consequence the structure or spa-
average over thé filled boxes along theg main directions tial pattern of this field is only determined by the sorting se-
(Fig. 1c). Horizontal anisotropies are taken into account by quence resulting from the weighted averaging, performed by
assigning each autocorrelation function to a specific direcEqg. (1).

tion. The weighting is performed by the autocorrelation co- The possible spatial resolution depends on the number, the
efficientr valid for the distancé=|x—x; ;| between the cen- direction, and the length of the flight legs, the sampling rate,
ter of the current (already filled) box at;(;) and theithbox  and on the autocorrelation function. For the cases used in
under calculation for thgth direction at £) (marked with a  this study, horizontal resolutions between 40 m and 250 m

question mark in Figlc): and vertical resolutions between 20 m and 100 m were used.
rj(x = xi jDE i)
j=li=1 ! " " 3 Test of the method
00 = — : (1)
> X |ri(x —xi D) The algorithm was tested with a synthetic cloud field. A
j=1li=1 large eddy simulation (LES) of a stratocumulus field pro-
If the weighting sum vided by the Intercomparison of 3-D Radiation Codes (I3RC,

at http://i3rc.gsfc.nasa.gpwvas chosen for this test. The

e LES cloud field has a horizontal resolution of 55m and a
Z |7 (lx = x| (2)  vertical resolution of 25m. With 64 times 64 boxes the do-
j=li=1 main size is 3.53.5kn?. The clouds are located between
fails to reach a certain threshold, calculatioregf) will be ~ 400m and 800 m altitude. Within this cloud field samples
postponed. Initially this threshold is set to 3 to take into ac- were taken by virtual flights. Each single flight (out of 200
count only calculations with a minimum attendance of con-in total) starts at the center of the area at the ground with a
tributing boxes. Due to the use of anomalies instead of absorandom direction and an ascent angel of.18 new direc-
lute values this approach is also meaningful in case of negtion is selected by random if the border is reached. If cloud
ative autocorrelation coefficients. Adjacent boxes from thetop is exceeded, the descent starts in the same manner but at
next layer above and below the chosen one (if already cala flatter angle (0.5. Samples are taken every 10 m with a
culated) are taken into account with a fixed wefghit0.95.  random error of£5% added to the data. A cloud retrieval
This step is repeated until all boxes are filled. Finally, theis based on about 10 to 20 flight-legs (depending on random
PDF of the measurements (including the cloud-free parts talirections). The distance covered by the aircraft within the
permit cloud fractions smaller than 1) are mapped onto thecloudy layers is constant. For the ascent we got (climbing
thus derived spatial distributions. This mapping is done forheight 400 m, 10ascending angle) about 2304 m and for the
all cloudy layers separately by first calculating the cloud frac-descent (0.5 descending angle) about 45837 m. In result
tion cf from measurements. Then setti{ig-cf) Niot (Niot iS typically about 2% of the total model boxes are described by
the total box number per layer) boxes with the lowest valuevirtual measurements so that about 98% had to be calculated
of the anomalies to zero. For the remaining boxes, a modifiedy our algorithm.
random number generator that reproduces any given distribu- For the retrieved cloud field, the horizontal resolution was
tion (in this case the requested PDFs) is used. The generset to 43 m and the vertical to 39 m to avoid the unrealistic
tor is started ciVio; times and finally the values reproduced case of model boxes that fit perfectly to the source cloud.
this way are assigned to the remaining boxes according to thé&hree examples of different flight patterns and the result-
sorting order (the largest reproduced value to the box with théng retrievals are given in Fig2z. We found that the gain
largest anomaly-value, the second largest reproduced valui@ information by following the same flight track at differ-
to the second largest anomaly, and so on). Fiddrshows  ent altitudes is marginal (left column) because of the large
vertical correlation of microphysical properties. Therefore
o - we recommend random-like flight patterns (middle and right
'a“‘z’“s t will be. redu.ced temporatly. . ) column) to get more independent information and to sample

Actually this weight depends on the vertical resolution but for a larger area.

magnitudes used in this study, the stated weight is reasonable. In the A . f original and d d .
moment we are collecting profiles of LWC a®ds; to calculate res- comparison ot original and reproduced power-spectra Is

olution dependent vertical correlation coefficients to base our preShown in Fig.3 These spectra were averaged over three hor-

sumptions on facts, but anyway the vertical correlation coefficientizontal tracks in E-W direction with about 1.5km N-S sepa-
can not be measured for any individual case hence it must be paration. The different colors represent the three different real-

rameterized. izations of the original cloud as shown in F&. The power

=

1if this threshold results in accepting less than 1% of the calcu-
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Fig. 2. Three examples of different flight patterns within a LES cloud field (upper rovnglE'»krT?). Red arrows mark ascending and blue

arrows descending legs. Considered are only flight legs meeting the cloudy altitudes (400 m—800 m). The retrieved cloud structures are given
in the lower row (3.5263.526 km’-). The plotted parameter is the liquid water path in arbitrary units just to give an impression of the cloud
structures.
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Fig. 3. Comparison of original (black) and reconstructed (colored) gig 4 Frequency of optical thicknesses for the original cloud field

power-spectra. Different colors distinguish petween different rea"(green), the retrieval from triangular flight (red), and the mean of

izations. All spectra are averages over 3 horizontal legs. 200 retrievals (blue). The shaded area marks the 68% confidence
interval.

spectrum from the original LES cloud (black line) shows a

step at a wavenumber of 6 krthwhich cannot be seen in the

reproduced power spectra. This step is most likely the re- Figure4 shows the frequency of optical thicknesses for the

sult of LES internal low-pass filtering. Due to crossing the original cloud field as well as for the mean of 200 retrievals

boxes in different than right angles more variability is found based on random flights. The original cloud fraction is 0.926

on smaller scales. Therefore, the reproduced field does nathile the retrieval-mean gives 0.959 with a standard devia-

exhibit this break in the power spectrum. tion of 0.018. This overestimation of cloud-fraction could
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Fig. 5. Two-dimensional PDF of the measured liquid water content and the effective drop radius at three altitudes to illustrate the vertical
distribution of horizontal data spread.

be a hint that the assumed vertical correlation coefficient 0f1998) and a Particle Volume Monitor (PVM-100, Gerber et
0.95 is too small for the given vertical resolution, becauseal., 1994). The Fast-FSSP measures the cloud drop size dis-
the minimum in cloud fraction is realized with a maximum tribution by detecting the forward scattering signal of each
overlap. Any deviation from this maximum overlap towards individual droplet passing a laser beam. From the drop size
a random or even minimum overlap increases the cloud fracdistribution, bulk parameters such as the LWC, the drop con-
tion. Therefore the vertical correlation coefficient that de- centration, andief can be derived (Schmidt, 2004). In con-
termines the overlap could be responsible for this bias. Therast, the PVYM-100A measures the LWC directly by detect-
under-representations of extreme optical thicknesses idFig. ing the scattering signal of an ensemble of droplets. For this
by simulated cloud fields may also vanish if a larger vertical study, the LWC measurements by the PVM-100A were used
correlation coefficient would be applied. Columns with very because of the high accuracy and temporal resolution of the
large and very smatl should grow at the expense of columns data. The effective droplet radiugs was derived from the
with mediumz. The complete distribution should be shifted FSSP measurements because of its higher accuracy for this
towards the original one. parameter.

For the cloud volume the retrieval provides a mean of |n order to examine the three-dimensional cloud structure,
1.860kn? and a standard deviation of 0.123%while the  several ascents and descents through the cloud layer were
original volume is 1.874 kfh So we found CLABAUTAIR  flown by the aircraft. In addition, one triangular flight pat-
to reproduce the cloud fields features in a reasonable accugrn within the layer was performed. FiguSeshows the
racy. two-dimensional PDFs of the LWC anklg¢; for three dif-

ferent altitudes. They were determined by combining the
measurements of the PVM-100A and the Fast-FSSP, and bin-

4 Application to field measurements ning them into several height layers. The color scale in the
) plots corresponds to the probability of a particular LWC and
4.1 Aircraft data Regf at the respective level. These two-dimensional PDFs

reflect the microphysical properties accumulated throughout
The first application of the algorithm to in-situ microphysical he cloud layer. The layer cloud fraction as a macrophysical
data was performed for a cloud situation which was measuregyoperty is also deduced from the microphysical measure-
during the first field experiment of the EC project INSPEC- ments. The horizontal structure is contained in the autocor-

TRO (influence of clouds on the steal actinic flux in the  rejation functions which are calculated for the three legs of
lower trogposphere) on 14 September 2002, on the coast ofne triangle.

East Anglia, United Kingdom. On this day, a stable stra-
tus layer which was moving into land at a speed of about , .
10 m/sec was observed between 500 and 1100m altitudéh-2 Retrieved cloud fields

The microphysical measurements used for this study were

performed with a two-propeller research aircraft, a Parte-For the INSPECTRO cloud case which is described in
navia P68B, which was equipped with meteorological, mi- Sect.4.1, the output of the algorithm was quantitatively com-
crophysical, and radiation instrumentation. The microphys-pared with the measurements by analyzing the measured and
ical cloud properties were measured with a Fast Forwardetrieved profiles of the LWC and the power spectra along

Scattering Spectrometer Probe (Fast-FSSP, Brenguier et ahgrizontal lines.

www.atmos-chem-phys.org/acp/5/2333/ Atmos. Chem. Phys., 5, 23382005



2338 R. Scheirer and S. Schmidt: Retrieving cloud structure from airborne measurements

1.0 1
measured (PVM) b
reconstructed 7 =
| reconstructed i = 0.
0.8 mean ' € o
{=—— minimum é
—06- —-—-- maximum “E 0.01
S S
2 = 1E-34 Power Spectra ‘
(§) 0.4+ = -0~ measured along track 'i
= £ reconstructed s
o - D1E-4 along track
2 = 6
N S L across track
] i o Q~ n-5/3
H 1E-5+ T !
ool —- 4 1 = == : 01 1
400 500 600 700 800 900 1000 1100 1200 n [1/km]

Altitude [m]

Fig. 7. Power Spectra calculated from in situ aircraft measurements

. ) (black dotted) of the LWC and its reconstruction (colored). Also
Fig. 6. Measured and reconstructed LWC profile. Note that the shown is thec—5/3 scaling law (thin solid line).

range of measurements does not fit exactly to the range of recon-
structed LWCs. See text for details.

dominant modes and the general shape of the real distribu-
In Fig. 6, measured and reconstructed profiles of the LWCtion are met by the measurements. Deviations are unlikely to
are displayed. The circles show the PVM-100A measure-alter the reproduced cloud substantially. Since one can never
ments. The cloud top and base heights vary approximatelyule out the possibility to have the extrema included in the
within 200 m. At 800 m, the horizontal flight pattern was per- measured data, an extension of the range of values in the re-
formed. The range of LWC values measured at this altitudeproduced cloud beyond the actually measured range does not
reflects the high variability which prevails even in a stratus seem to be justified.
layer. The solid blue line shows the mean reconstructed LWC The horizontal structure of the measured and reconstructed
profile. The error bars indicate the standard deviation whichcloud is compared in FigZ by means of power spectia(k)
was found throughout the grid. It reproduces well the rangewhere k denotes the wavenumber. The dotted line with open
of LWC values which were measured during the horizontalcircles shows the power spectrum which was calculated from
leg. The dashed and dash-dotted blue lines correspond to tte\vVM-100A measurements along one of the legs of the tri-
minimum and maximum LWC values, respectively, which angular pattern within the cloud layer (about 27 km length).
are generated at the levels. One may expect that due to thiehe measurements are in agreement withith&® scaling
approach described in Segtthe range of reproduced LWC |aw (thin solid line) which is typically found for real clouds
should exactly fit to the range of measurements. DeviationgDavis et al., 1996). The power spectra from the reproduced
in the maximum are mainly induced by the resolution of the cloud were obtained by calculating power spectra over hori-
stored PDF or by dominating measureméntith no liquid  zontal lines throughout the grid and by subsequent averaging.
water found (which are not shown in Fi§). The underes- The direction of the lines was chosen along and across the
timation of the reproduced minimum can also be explainedfiight leg whose power spectrum is displayed. The red line
by a consideration of zero-values. In general, the determishows the averaged power spectrum of lines parallel to the
nation of the reproduced cloud field to the measured span ofeg direction. In general the>/2 scaling is well reproduced.
microphysical properties should only become a problem ifThe blue line shows the averaged power spectrum from lines
the measurements are not representative. Though it is ratheicross the leg direction. In this case, the characteristic of this
unlikely to measure exactly the minimum and maximum of curve shows a better agreement to the measurements. The
LWC and Reff within the present domain, even so one may power spectra for the PVM-100A data measured along other
expect to get a quantitative overview in the sense that theegs of the in-cloud pattern are similar to the power spectrum
e which is displayed in Fig7. Thus, the differences between
Since we used a random number generator able to reproducgower spectra along different directions of the reproduced
any given distribution function (see Segj, the reproduced values  ¢4,q field cannot be explained by the measurements. How-
may not fill the whole range of the original measurements if there 'Sever, the power spectra of the reproduced cloud field agree

a dominating part in this range. FiguBéor example provides many . h L
zero values in altitudes between 1000 m and 1100 m. Therefore only\/’\”th the observations within the range of measurement un-

a few boxes in this layer need an assigned LWC Agg. That is cert_eunty. _ _ _ _
why the population could be found too small to cover the whole  Finally Fig. 8 gives an impression of the structure and the
measured range. variability of an in situ LWC measurement series. The red
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tance, the uncertainty of the estimation increases with the
distance to the measurements. We recommend to chose
evenly distributed flight legs with several (random-like) ori-
entations to sample as much independent information as pos-
sible and to avoid unrealistic smoothing. Nevertheless, addi-
tional work will be done on validation and improvement of
the presented algorithm. Advanced tests (including radiative
transfer tests) and comparisons with different approaches in
retrieving cloud properties are in preparation.
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