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Abstract

Airborme measurements of liquad water content (LWC) and drop size distribution were inade in
adiabatic regions of small, growing cumulus clowds during the Small Cumulus Microphysics
Study (SCMS). A new instrument. the cloud drop spectzometer (CDS), which measures LWC und
also drop sizz from an ensemble of drops, was flown for the first me in the ficld. Mcasurements
from olher sensors, including 4 Partick Mcasuning Systcms (PMS) forward scattexing spectrome-
ter probe {FSSP), the "fast' FSSP (FFSSP) developed by the Centre National De Recherches
Mewrorologiques (CNRM), and 3 Gerber Scientific airborne particulate volume monitor (PYM-
100A), are compared with the CDS data collected in adiabatic and other regions. The CDS
appeared to relisbly measurc very close to the peedicted value of LWC in regions identified as
being adiabetic. In addition, the drop size distribution measured by the CDS compared very well
with thc FSSP and FFSSP measurements, except wheve the 3-200 am range of the CDS allowed
il to measure lavger drops than the nominal 3-45 wm range of the FSSP, and the 2.7 10 384 um
range of the FFSSP. © 1998 Elsevier Science B.V. All rights rescrved,

Keywords: Drop spectrometer; Liquid wmer coolent; Drop size disaribution; Cumulus clouds; Adiabalic
regoas

1. Introduction

Aircraft measurements of liquid walcr content (LWC) and drop size distribution in
growing cumulus clouds have been colleeted for five decades (e.g., Warmner, 1955, 1969,
1973; Telford, 1975; Cooper and Lawson, 1984; Puluch, 1986, Blyth e1 al., 1988; Baker,
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1992; Gerber et al.. 1994). Both of (hese parameters are fundamental to studies of
entrainment and mixing, development of the drop size distribution and the eventual
formation of precipitation. Yet, in reviews of entrainment and mixing (Blyth, 1993) and
warm-rain initiation {Beard and Ochs, 1993), a lack of reliabie measurcments of LWC
and drop size are mentioned as major nbstacles thal must be overcome, Ounc objective of
the Small Cumulus Microphysics Study (SCMS) field project was to impleroent new
technology for making in situ measurements of LWC and drop size distributions in
small, warm cumulus clouds.

The project took place near Cape Canaveral, FI. from 17 July-13 August 1995.
Small cumuli were observed with three instrumenied aircraft and the NCAR CP-2 radar
with a view toward investigating the onset of the coalescence process, In this paper, we
discuss data collected with a new probe, the cloud drop spectrometer (CDS) made by
SPEC. The instrument provides information on LWC and drop size distributions. We
compare the LWC measurements to the theoretical values expected in adiabatic parcels,
andl also o messurements from cther optical devices which were installed on the
research aircraft. Mcasuwrements were made from about 500—-2000 m above cloud base in
both unmixed and mixed regions of growing comulus clouds, The primary objective of
this paper is 1o report on the mcasurements made by the new CDS.

2. Instromentation

Three rescarch aircraft were extensively mstrumented for making microphysical
measurements: A C-130 operated by the National Center for Atmospheric Research
(NCAR), the University of Wyoming (UW} King Air and a Mcrlin operated by the
Centrz National De Recherches Meteorologiques (CNRM) of France. Mcasurements
from five optical devices installed on the C-130 are discussed in his paper (1) A
Particle Measuring Systems (PMS) forward scatiering spectrometer probe (FSSP-100)
described by Knollenberg (1981), (2} a2 PMS 260X optical array probe (Knollcoberg,
1981), (3} a Gerber Scientific particulate volume monitor (PYM-100A) described by
Gerber et al. (1994), (4) a Fast FSSP (FFSSP) modified by the CNRM (Brenguier et al.,
1993), which was usually flown on the Mexiin, but was installed on the C-130 for flights
on 22 July and 24 July, and (5) the cloud drop spectrometer (CDS) described by Lawson
and Cormack {[995),

A King hot-wire LWC device (King et al., 1978) was also instalted on the C-130.
The King device is commenly used to measure LWC on research aircraft; however,
during this project the King probe read systematically (oo low and often ceased 1o
operate Iess than an hour into the flight. This response from the probe is unusual and the
reasons for these problemy arc unknown.

The PVM-100A measurcs LWC, drop surface area and effective radius a1 a sample
rate of 1 kHz. The measurements presented here were averaged o 1 Hz by the NCAR
data processing routine. Gerber et al. {1994) calibrated the PVM-100 (the ground-based
version of the PVM) in a low-speed wind tunncl and a cold room. They state that the
accuracy of the LWC (filter) measurement system in the wind munnel is 5%, However,
there were no calibration runs made for LWC > 1 g m™*.
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The FSSP has been under considerable scrutiny since its introduction into the field.
Processing of FSSP data by NCAR for this project included partial recovery of losses
due to coincidences and probe dead time (Baumgardner et al., 1985), and adjustment of
channel widths to account for airspeed corrections to the electronics (Cerni, 1983; Dye
and Baumgardner, 1984; Baumgardner, 1987). Corrections have not been made for
problems in the droplet spectrum due to coincidences, as discussed by Cooper (1988)
and Brenguier (1989), or due to laser beam inhomogeneities (Baumgardner and Spowart,
1990; Wendisch et al., 1996). The principle measurement of the FSSP is drop size and
signals were sorted into 15 equal drop size bins in the 3-45 pm range. The measure-
ments were summed and recorded every 0.1 s. The dynamic accuracy of the FSSP in
measuring LWC and drop size is difficult to quantify. Baumgardner (1983) suggests that
FSSP measurements of drop size are accurate to 17% and LWC is accurate to within
34%. However, subsequent evaluations of the FSSP have shown additional potential
error terms due to coincidences (e.g., Cooper, 1988), inhomogeneities in the laser beam
and effects of airspeed (e.g., Wendisch et al., 1996). In addition, the accuracy of the
FSSP appears to depend on factors which are not always quantifiable, such as field
calibrations, optical contamination, airflow effects due 1o position on the aircraft, etc.

The FFSSP was developed to overcome some of the drop sizing limitations of the
FSSP. The FFSSP eliminates electronic dead time and improves depth of field defini-
tion. The instrument sizes drops in 255 size bins and was set during SCMS 1o cover the
range from 2.7 pm-— 38.4 pum. The drop sizing measurements from the FFSSP in this
study are thought to be reliable, except for cases with large (i.e., > ~ 600 ¢cm ™) drop
concentrations, In such cases, coincidence of drops create broadening at the large end of
the size distributions measured by both the FFSSP and the FSSP (Cooper, 1988).

The CDS was flown on the C-130 for the first time in a field project, so here we
present an explanation of its principle of operation and calibration. The CDS is shown in
Fig. 1 installed in a standard PMS canister next to the PYM-100A under the right-wing
pod of the C-130. The technique of computing LWC by optically weighting and
summing the light scattered in the forward direction from an ensemble of drops was
pioneered by Chittenden (1976) and is reported by Blyth et al. (1984). The instrumenta-
tion developed by Blyth et al. (1984) was improved by Gerber et al. (1994), who used an
annular filter and improved electro-optics to measure LWC in the PVM-100A. The CDS
differs from these instruments in that it measures the raw forward-scattered light and
applies a weighting function to the measurements in software. It measures the forward-
scattered light from 0.15° to 9° using a CCD detector with 512 pixels, producing an
angular measurement resolution of 0.017°. The computation of LWC does not require an
inversion algorithm; however, the weighting function, which is a one-dimensional
vector, is determined using a least-squares optimization. Lawson and Cormack (1995)
discuss the methodology used to compute LWC and show some results from icing
tunnel tests. An example of a comparison of LWC measured by the King device and a
ground-based version of the CDS in the Ottawa icing tunnel (Strapp and Schemenauer,
1982) is shown in Fig. 2.

The CDS is the first airborne instrument to measure both cloud LWC and drop size
distribution from an ensemble of drops. The mathematics of the drop sizing technique
was originally developed by Chin et al. (1955) and is similar to the drop sizing method
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Fig. 1. Photograph of the instrumentation pod under the right wing of the NCAR C-130 showing the CDS
mounted at the six o'clock position and the PYM-100A installed at the nine o'clock position,

used in the Malvern particle analyzer, which has been used to measure drop sizes from
spray nozzles (see Riley and Agrawal, 1991 for a discussion of similar particle sizing
techniques). The basic measurement technique has some inherent advantages over
single-particle sizing and counting used in the FSSP, FFSSP and the phase Doppler
particle analyzer (Bachalo and Houser, 1984). The sample volume of the CDS is 6 cm®
and the measurement is independent of airspeed. Thus, coincidence and dead-time errors
inherent in the FSSP (Cemni, 1983; Baumgardner et al., 1985; Cooper, 1988: Brenguier,

2y
King
44
'E 3
- CDS—
1
T P T T TR T S T
Time (EST)

Fig. 2. Comparison of LWC measured by the King device and a ground-based version of the CDS in the
Ouawa icing wnnel.
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1989) urc not a problem in the CDS, A disadvantage inherent 1o sampling an ensemble
of drops (as is done in the CDS and PVM) is that some minimum population of drops
musl occupy the sample volume In provide a signal which is detectable above back-
ground naise. The minimum number of drops is a function of the drop size distribution
and this dependency has not been quantified. Another disadvantage (also shared by the
FSSP and PVM), is that the measurement lechnique assumes thal the sample volume
contains only {spherical) water drops; introduction of nonspherical particles, such as ice
crystals in mixed-phase clouds, may produce significant errors. The sample rate of the
CDS doring the SCMS project was 5 Hz and the measurements were averaged in
hardware and recorded at 1 Hz; however, faster sample rates are possible.

Since the CDS measurements were recorded at 1 Hz, higher rate LWC measurements
from other instruments (such as the FSSP and PVYM) were averaged 1o | Hz for purposes
of companson. [t should be noted that the (hardware and software) averaging procedures
used 1o process the CDS, FSSP and PYM measurements may reduce the magnitude of
any narrow (< ~ (00 m) spikes in these LWC data.

The CDS was calibrated in the laboralory from first ponciples. An cxample of
theoretical and measured scamering paticrns for polysiyrene spheres ranging from 5 (©
200 pm that were suspended in an aqueous solution in the Taboratory is shown in Fig. 3.
The theoretical scattering paticrns are ¢xacl Mie functions scaled oaly by the gain of the
CDS. The overall agrcement in Mic (heory and the measured light scattered from the
solutions of spheres with known diameters is ¢xcellent, The slight discrepancies are
most likely due 10 uncertainties in the aclal size distributions of the spheres and the
gain function of the CDS. The measurcments shown in Fig. 3 show that the CDS
responds to drops with sizes of al least 200 gem. Using the inversion algorithm discussed
luter in this paper, the CDS sizes monodispersed solutions of palystyrene beads so that
> 95% of the recovered size distribotion falls within about 10% of the mean size of the
beads.

The computation of LWC from CDS measurements is accomplished by applying the
relative gain of the instrument, det¢omined unambiguously from the optical geometry
and electronics, and by multiplying each of the S12 angular outputs by a single scale
factor. This iz mecessary to account for optical losses, which cannot be measured
directly, but are linear and can be adjusted by the scale factor. The scale factor is
determined by placing known concentrations and size distributions of polystyrene beads
in the sample volume and measuring the signals. Several measurements with the beads
are 1aken and the results are averaged. Based on a composite measurement uncertainty
analysis of the rype described by Abemethy and Benedict (1984), 95% of the CDS LWC
measutements, excluding flow enhancement and environmental effects from installation
on the C-13Q, are estimated 10 be accurale to within about 0.1 g m * 1 12% of the
signal level.

The very strong corrclation between theory and meassurements in Fig. 3 provides a
solid foundarion for devclopmeal of a drup sizing algorithm. The 1echnique used here o
recover drop sizc distribstion from the patierns of scattered light is called the estimate
maximize (EM) meihod (Latham and Anderssen, 1994). The EM and the EMS (smooth)
methods arc particularly suited to pootly posed systems of linear equations. In the CDS,
the scaticred light measurements are used to determine the shape of drop size spectra
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Fig. 3. Comparison of Mic i¢oretical {ligh line) and CDS measured (heavy kine)} diswribugons of light
scatered from agocous solutims of {from top) 5+0.035 am, 102+0.061 pm 2049102 xm, 299402
wm 68114 pm, 100220 gm. 139128 20014 pum polystyrene sphenes, where the fisted standand
deviativns sre defmed by the manufacturer, Duke Scianpfic.

and LWC separately, then the LWC is used to compute a linear scale factor which gives
absolute number concentrations for each drap size bin.

The EM methed has been successfully used in a wide variety of physical solutions of
poorly posed linear systems of equations where the solutions arc known a prion to be
nonnegative (Latham and Anderssen, 1994). A set of nonnegative linear equations which
describes the scattered light signal from the CDS can be written as

I=Sf(r) (1)
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where I is a column vector with length L, = 512, corresponding 10 the output of the 512
pixels of the CCD» array, § is the scattering vector compated from Mie theory with a
size L; X B and 8= 33 is the oumber of drop size bins, and f{r) is a colwnn vector
with leogth B comesponding to the actual drop size distibution. The EM method
computes f(r) using the iterative procedure

s i‘ sbd
(n) =123...., 2
F§ .g.'[_rsf"’(') ; b=12 B (2)
f{" n(’.) — Ff,')fé"(r) n=0123__. (3)

The final outpat is not hughly sensitive (o the initial guess for the drop size distribution
and f{r)=1 is used in all applications. Methods for terminating the EM nerative
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algonithm are not obvicus and in processing the SCMS data we fixed the number of
iteranons at 2. Tests using substantially more iterations did not appear to prodoce
better results; however, a method to terminate the algomhm after a specified level of
precison is obtained would potentially decrease computation time.

The EM and EMS methods have been commonly used i coission lomography and
slereology, (Latham and Anderssen. 1994), however, w our knowledge. this is the first
published use of this technique in clowd drop sizing. While an extensive snxdy of
ioversion algorithms has not been atlempted, we have found the EM algorithm to
produce more reliable rtesults than some inversicn lechniques commonly used 10
compute drop size diswribution in the atmospheric sciences. In particular, the EM
algorithm has the attractive feature of minimizing or eliminating higher-order harmorics
which often result in ‘ringing’, ie., the introduction of artifacts at the lasger sizes in the
drop size distribution {for an example, see Kouzelis et al.. 1988).

Fip. 4 shows a comparison of results from the EM method and a modified Twomey
algorithm (Riley and Agrawal, 1991) applied to a pre-given drop size distribution. The
modified Twomey algorithm used here is 0ol a strict inverse of 1be scattexing matrix, but
instead, vses a row-by-row matrix multiplication. The iterative EM algodithm is appre-
ciably slower than the matrix-multiply method, and uniess it can be optimized, this
precludes vsing it in real-time applications. The shape of the pre-given drop size
distributicn in Fig. 4 is typical of one which might be abserved in a cumulus cloud with
a 1ai! extending out to abouwt 45 um. The modified Twomey algorithm reconstructs the
shape of the onginal distribution fairly well, however, it introduces artifacts in the larger
size bins, out to about 90 pm. The EM algorithm reproduces the original size
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aur metion system in sdiabsitie region of cloed va 22 July 1995
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Drate, time. cloud base pressare ( £), temperamee {T), observaton level (Pang ), adisbatic value of LWC (LWC 5 ) LWC from CDS, PYM sod FSSP, FSSF .
mean drup drameter { D) and number concenmation (M) for the 14 adisbetic regions ploted in Fig. 6

Date Times  Clond Clond  FPogs LWC,, Fisp PVM Cos FSSP CcDs FSSP CDS

{GMT}  base base {mbar)  (gm™?) LWC LWC LWC Bium) Dl(pm) Wiem '} Nim

P (mba’) T (°C) Gm?) Go D Em

Jul 20 170327 915 2 730 3.88 30 2.89 1.90 17 N/A 750 N/A
Ju 20 171952 915 2 B8O 082 0.95 0.56 080 10 N/A 1000 N/A
Ial 22 152002 950 px ! 220 287 212 2.18 286 16 15 700 1440
I 24% (52719 937 24 915 032 075 0,25 032 10 8 1120 1350
Jul 24 (5390 937 2 915 0.12 0s 024 028 85 ] 1070 870
Jul24* 154547 €37 24 912 0.38 053 020 0.19 9 ] 1200 640
Jul 24 155008 937 b 91§ 012 0.54 029 0.27 9y ¥ 1100 930
Jul 24 163317 937 23 760 362 30 267 343 16 L& 900 1460
Jul 24° 170852 937 24 730 4.7 32 1.66 i 17 17 0 1190
Jul 24 172233 937 24 730 417 31 259 13 163 165 390 160
Aug IF 141149 950 23 48 0.36 0.53 042 0.40 0.5 8 725 890
Ang 11 143650 950 23 910 LI8 L1 0.86 054 14 12 620 470
Aug LIP 1530106 950 23 755 437 40 242 i n 19 450 &70
Aug 13 145133 960 23 945 0.2% 037 014 o g 9 900 270

The " denotes penctrations where one of the adiabalic ¢riteria was guestiooable (usually tha the venical velcity in the rrgion was variable). Note th
measuremeats from flights on 20, 12 and 24 July are activity comrecied using only total arobes and are therelore approaimate.
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disribution without iniroducing appreciable ninging. This is an especially important
feature relative to the determination of drop size distributions for analysis of the onset of
coalescence.

. Observations In adiabatic regions

There are usually large differences in the LWC measured by different devices (e.g..
Baumgardner, 1983). Littic insight has been gained over the years for the reasons for (he
discrepancies (see ¢.g.. the discussion in Miller (1991) of LWC measurements in cumuli
during the Hawaiian Rainband Project). One way of providing a good ‘standand’ is 10
compare measured and theoretical values in regions of cloud that have ascended
adiabatically from cloud base ta the observation level (e.g., Jensen et al., 1985). In these
regions, the number concentration N and vertical wind velocity w are ncarly constant
and al 4 maximom, and the droplet spectrum is narrow {i.e., the dispersion, defined as
the siandard deviation of the droplet spectrum divided by the mean diameler o/D, is
relatively small—the average dispersion for these regions is 0.43 as measured by 1be
FSSP). These were the criteria used, determined from 10 Hz FSSP measvrements of N
and /D and 25 Hz measurcments of w. to ascertain whether or not a region was
udinbalic.

The liquid water coment in u parcel (hat ascends adiabatically from cloud base can be
calculated using a variety of methods. One method, employed in this paper, uses the fact
that entropy (i.e., the wel equivalent polential lemperature) is coostant in adiabatic
ascent (Iribame and Godson, 1973). The entropy is calculaied a cloud base. Successive
approximations of the temperatuse are then found by inverting the eguation for cntropy.
The liquid water content is calculated by subtracting the saturated water vapor mixing
ratio at the leve! of interest from that at cloud hase.

DN

Observed LWC (g m™)

-

i+ ——— s s e | E TRy |

0 1 2 3 4 5
Adiabalic LWC (g m™)

Fig. 6. Scatiorplots of measurements from Table | showing CDS, FSSP and PVM [LWC compared wath
LWC,,, for 14 peastrations of adishatic regions.
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The cloud base iemperatre and pressure were obtained using a combination of
methods. Simultaneous measurcments from the UW King Air at clond base were used
when available. The C-130 often flew in the vicinity of cloud basc before or after
penetrations were made higher in the cloud, thus giving a good estimate of the
temperature and pressure of cloud base. CLASS soundings were aiso used 10 compute
the lifting condensation level, In the Florida region where the SCMS was conducted,
there was a consistent trend for cloud base altitude to stan at aboul $60 mbar in the late
moming and increase monotonically to about 930 mbar Later in the afiernoon, For a
typical cloud base at 950 mbar and 23°C, measurcment errors of 10 mbar and 1°C result
in about 0.2 and O.f g m™? epors in LWC,,. respectively. Uncertainties in the
determination of cloud base measwements can result in errors in LWC ,, of up to about
20-50% near clond base. The crror decreases (¢ aboul 5—10%% higher in clouds where
LWC,, =4gm™*

PYM LWC (g m™)

FSSP LWC (g m™)

CDS LWC (g m™)

Fig. 7. Scanerplos of a1 1-3 values of LWC messured oo 24 July and 13 August 1995 by the {2) CDS and
PYM. and (b) CDS and FSSP, respectivety.
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The CDS was instalied on the C-130 on 20, 22, 29 July, 11 and 13 Augusl, so only
data from penetrations of adiabatic regions on those days are discussed. Fig. 5 shows an
example of these measurements for a pass 1150 m above cloud base on 22 July. Daia
points at 152002 and 152003 show a region where the (unsaturated) FSSP-100 drop
concentration is a maximum value of 700 cm™? and flat, the dispersion is a minimum
value of 0.42 and flat, and there is a relatively flat 9.8 m s~' peak in updraft velocity.
Meusurements with this combined pattern are very typical of those found in adiabatic
regions in cumuius clouds (see, for example, measurements in Lawson and Cooper,
1990).

Nine adrabatic regions of at keast 100 m in length that sansfied the above critena
were identified—see Table 1. As can be seen from the wble, a further five regions
satisfied the number conceniation criterion, but the vertical winds were not smooth
and /or the region was smaller than 100 m. We believe these regions to be very close to
adiabatic mainly because of the large number concentration. but clearly mixing has
begun 1o take place. In addition, there were some regions about 2 km above cloud base
in which thc LWC mecasured by the CDS was approximately equal to the adiabatic
value, bul the number concentraon mecasured by the FSSP was too low. These regions
were mol included in the analysis. The regions may have actually been adiabanc and
emors associated with FSSP dead-time and coincikdence caused the number concentra-
tiuns w be underestimaied (Baumgariner ¢t al., 1985; Cooper, 1988: Brenguier, 1989).
One possibilily in these regions as weil as the others we have inchixled is that the CDS
measurements were an overestimale and the regions were not adisbatic. However, it 18
warth noting that the CDS LWC in regions 1-2 km above ¢loud base did not excoed the
adiabatic value by more than 5%.
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Fg. 8. Scuwapiol of makimom 1-s LW measurements from the PYM and FSSP devices far 568 SOCMS
cloud penctrations from 26 July- 13 August 1995,
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Fig. 6 shows scanerplots of FSSP, PVM and CDS measurements of LWC in all 14
regions. The scarcity of LWC measurements m adiabatic regions probibiis 4 nigorous
statistical analysis; bowever, somce trends are evident. The CDS measurements show the
best overall agreement with LWC,, and show no systematic trends. The FSSP
measuremes are also in fairly good agreement with LWC ,,, tending (o nverestimate
LWC,,, at the low end and underestimate slightly at the higher end of the range.
However, FSSP coincidence and dead-time emors are known to broaden the drop size
distribution and underestimate the concentration (Cooper, 1988: Brenguier, 1989), so the
relatively good agreement in adiahatic and FSSP LWC may he doe to a cancellation of
errors. The PVM measurements are in good agreement for LWC,,, of <~ 1 gm™.

CHEMDROP'84

- == WTFSSP (D,~47um)
+  zur-FssP (D,=32um) NP
10 ——— WT-F8SP (D =32pm) 0 ¢

LWC (g m™)

4:00 4:10 4:20 4:30 4:40 4:50 £:00
Time of Duy

Fig. 9. {a} Liquod Water Content (LWC) and (b} Effecrive Drop Radius (R ) obeained by integration of the
comected drop supe distribution of 1wo different F5SPs from Center for Enviroamental Research, Frankfun /M.
Germany (ZUF-FSSP) and Instiite for Tropospheric Rescarch, Leipng, Germmmy (UT-FSSP). The critical
Effective Drop Radius, abave which differences hetween PYM and FSSP derived LWC becomes natabie
(=88 pm) iy inclubed as 3 dashed, borizontal line (from Wendisch. 1997)
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Fig. 7a and b shows scatter plots of all the !-5 values of LWC measured on 24 July
and 13 August by the CDS and PVM, and CDS and FSSP, respectively. Figs. ¢ and 7a
display a common feature; the CDS measures a higher value of LWC than the PYM at
higher liquid water content values. The CDS-deiermined LWC also appears o be closer
o the adiabatic and the FSSP values. We compared LWC measured by the FSSP and
PVM in 568 penetations from 26 July—13 August. Fig. 8 shows the maximom LWC
{measured in a penetration) by the PVM and FSSP for the 568 penetrations. The FSSP
LWC is higher than the PVYM LWC at higher values of LWC,

The CDS and FSSP values of LWC compare reasonably well with each other and
with adiabatic values of LWC {Figs. 6 and 7b). The instruments both use scattermg of
light in the forward direction, but the method of obtaining the LWC is completcly
different {cf. Baumgardner, 1983; Lawsos and Cormack, 1993), so the result showing
that the LWC values agree 10 a reasonable approximation is encouraging. The resull
showing the apparent discrepancy between the PYM LWC and the other measurements
of LWC requires further investigation.

Measurements from FSSP-100 and PVM-100 ground-based probes reported by
Wendisch {1997) are reproduced in Fig. 9. The arrows in the time series measurements
shown in Fig. 9 indicate regions where the effective radius R, exceeded 88 pm. The
FSSP recorded incroasingly higher LWC with increasing drop size whike the PYM-100
remaincd csscotially constant. It should be noted, however, that the PVM measurements
in Fig. 9 are from a ground-based device, the PVM-100 (Gerber, 1984, 1991), which has
the same principle of operation as the PYM-100A airborne device (Gerber et al , 1994),
but is not identical. One explanation for the apparent decreased semsitivity of the
PVM-100 10 drops with r,, > 88 xm has recently been put forth by Wendisch (1997)
{personal communication), who suggests that the effect may be a problem of the PYM
detecting low drop concentrations. Also, the measurements reported by Wendisch (1997)
are in contrast to extensive wind hunnel and airbome measurements reported by Gerber
et al. (1994) and Gerber {1996). They compared the PYM-100, FSSP-100 and several
hot-wire instruments and found that LWC measured by the FSSP was sysiematically less
than the P¥M- 100, when either drop diameter or LWC was large, Vong and Kowalski
(1995) report good agreement between activity-corrected FSSP and PVM- 100 measure-
ments; however, their results were for 30 min averages when the drop diameters were
well below 35 uam.

4. Drop spectra

Fig. 10a-e shows FFSSP, FSSP, and CDS measurements of drop spectra made while
the FFSSP was on the C-130 or 22 and 24 July, 1995, and also includes the 260 X

Fig. 10. FSSP, FFSSF and C1S measurements of drop size distnbution in (a} an adiabatic region a 22°C about
50 m sbove cloud base on 24 July a1 155008, (b) an adisbatic region at 13.1°C about 2 kan above chud base
on 24 July at 135008, (c) at 10.3°C abowm 2 km sbove clowd base on 24 fuly 1 155008, (d) at 10.5°C about 2
km shave cloud base on 24 July at 155008 and (2) m a region where the CDS measuned drops with diameters
0 ) pm oo 22 July at 152308 sbont 2 ko sbove cloud buse at 120°C. PMS 260X memsuretems slartng
with (he founh (50-60 jam) size bis ane also showm in {e).
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Table 2

Vakes of LWC, mean drop diameter { 5). total number concenation (V) and dispersion (o /D) measyred hy the CTS, FSSP and FFSSP for Uk five drup spectra

shown in Fig. 0

Dair  Time s F55P FFsSP (DS FS5P FFSSP  CDS FSSP FFSSP CDSs FSSP FF3sp
LWC  LwC LWC D{um) Btuml Dium} Mem™} Nlem ') Nem™ %) o/DB(xm) o/Dipm) o/D{um)
Em™?) Egm ° (gm )

22lul 152808 4.06 2.21 1.38 174 170 205 1019 519 263 037 046 0.62
2410 155008 0.27 0.54 0.31 20 86 10.2 919 1052 03 042 044 042
MIa 163318 333 303 382 156 6.0 146 L4a3 o4 830 0.29 043 0.49
4 173233 18y 14 213 147 149 175 B9 e 602 0.3 049 0.73
24Jal 104 105 166 252 150 147 183 524 &« 2 0.35 U4R 0.65

Y= 124 (YO [} BP—=Lp YDA Seydiouny / Gig W'y 'NOURUT 3%
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measurements in Fig. 10e when the CDS measured drops with diameters up 1o ~ 60
am. Table 2 shows LWC, N, D, and o/D for the five drop specira shown in Fig. 10.
For the dala presented here, the CDS measuremems of scattered light were solved using
the EM algorithm for 33 cqual size bins with (he first bin centered at 3 um. We have
shown., in Fig. 10, a representative sample of specira, The measurements are taken from
an adiabatic region near ¢loud base and at 1 higher level in the cloud {(Fig. 10a and b,
respectively), and also from mixed regions where the spectra are bimodal (Fig. 10c and
d), or very broad (Fig. 10e). We can see from the figure that generally, the agreement
between the dvop size spectra measured by the three probes is good. 1t is interesting to
note that the FSSP and FFSSP spectra have comparable large droplet tails winle the
CDS spectra are about 3 am narrower (Fig. [0a and b). Fitzgerald (1972} showed with
theoretical calculations and measurements that the drop size spectra near cloud base are
typically very narow. As shown in Tables | and 2, the total drop concentrations
measurcd by the FSSP on 22 and 24 July werc 700 10 120¢ em™ . Coincidences are
known 16 be a problem for the PSSP with such large concentrations (Cooper. 19R8:
Brenguier. 1989) and the effect is (o broaden the spectrum at the large end. The FFSSP
suffers in a similar manner, The spectra can be corrected statistically, but the technique
1o do so is still under development.

The total conceatration of drops calculaied from the CDS signals were aiso in this
cange (Table 1), with concentrations occasionally as high us 1460 cm ™. Such large
concentrations are consistent with the values measured by the FSSP considering the
problem the FSSP has with coincidences. Coincidences do not occur in the CDS.
Certainly the CDS spectrum shown in Fig. 10b where the total concentration was over
(400 cm ? is namower than both the FSSP and FFSSP specira, The CDS and FFSSP
probes were not on hoard the same aircraft when the tolal drop concentration was low.
Notice, however, that the FFSSP spectra fall off much more rapidly at the small size end
than the FSSP spectra. The broadening at the small end is thought 16 be mainly due to
laser beam inhomogeneity {Wendisch ct al., [996), but also signal anenuation as a
function of signal duration (bandwidth of the amplifiers). it is likely that the broadcning
a1 the large end of the FSSP spectrumn ar the Jow levels in the cloud is the reason why
the FSSP LWC is sometimes almost Iwice (he adiabatic value.

5. Discussion

This was the first time the new cloud drop spectrometer (CDS} was flown in & field
program. The results reporied are very emcouraging, albeit, prcliminary. The CDS3
appeared 10 reliably mcasure the adiabatic values of LWC from about 0.5 lo 2 km above
cloud base in undiluted updrafi regions in small. warmm (T > 0°C) Florida cumuli. The
FSS$P-100 also agreed well with the adiabatic values, showing 4 wend o averestimate
LWC at the lower (< 1 ¢ m™>) values and to slightly underestimate LWC at the higher
(3—4 g m"*) valuws, However, FSSP coincidence and dead-time errors are kmowa 10
broaden the drop size distribution and underestimate the comcentration (Cooper, 1988;
Brenguier, 1989), sa (he relatively pood agreement in adiabatic and FSSP LWC may be
due to a forwitous cancellation of errors. The PYM-100A was in good agreement with
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adiabatic LWC 05 km above cloud base {up 1o sbout 1 g m™'), bul generally
underestimated {by aboul 20-40%} the predicted adiabatic LWC at 1 and 2 km above
cloud base. W want o point oul thal the measurement trends seen here are based on
limited data and are not statistically significant The King hot-wire device, which is
commonly used to measure LWC from research aircraft, did not function properly and
was pot used in this analysis. Clearly, more rezearch supporting the evaluation of LWC
measurements from the various instruments is needed.

The CDS drop size distribution in adiabatic regions at 0.5 km above clowd base was
aboul 3 am parrower than the FSSP. The validity of the CDS drop size measurements
are strengthened by: (1) condemsational drop growth theory predicts very narrow drop
size spectra near cloud base (Fitzgerald, 1972) and (2) the FSSP is known to antificially
broaden the drop size distribution {Cerni, 1983; Cooper, 1988; Brenguier, 1989). On the
other hand, the drop size distribution in one of the high LWC regions on 22 July (Fig.
10e) had a ‘tail’ which was larger than seen by the FSSP. The concentration of 40 pm
diameter drops was aboul twice as great as that measured by the FSSP during this
penetration 2 km above cloud base. While no explananion is offered for the exissence of
the large 1ail, the combination of very high (up 1o 4 gm ’) LWC in this region and the
broadened drop size distribution provide a strong catalyst for (the very carly development
of coalescence and the rapid deveiopmeni of warm main. A futwre invesligabion is
anticipated (o compars CDS measurements ad predictions ol condensauon-coalescence
using numerical models (e.g., Cooper ct ul., 1996).
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