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ABSTRACT

Cloud droplets were measured from an aircraft with an FSSP in summer cloud and in winter cloud. For 70
cloud penetrations, three cloud droplet volume spectra were derived using three different calibration schemes.
The spectra were parameterized by the mean volume diameter, the effective diameter, the effective dispersion,
the skewness and the kurtosis. These parameters were statistically intercompared using the Mann-Whitney test.
The results show that, for the clouds studied, the mean volume diameter and the effective diameter are not
significantly affected by the choice of the calibration scheme. However, the dispersion of the volume distribution, '
the skewness and the kurtosis are quite sensitive to the details of the calibration scheme and possibly to oscillations
in the intensity of the scattered light signal, as described by Mie theory.

1. Introduction

Considerable effort has been devoted to the calibra-
tion of Particle Measuring Systems’ forward-scattering
spectrometer probe (FSSP) for the accurate sizing of
cloud droplets. An excellent discussion of this topic is
given in Dye and Baumgardner (1984). In particular,
Dye and Baumgardner have illustrated some of the
consequences of Mie scattering on the sizing of water
droplets for a particular FSSP, as defined by the solid
scattering angle to the receiver. The Mie scattering in-
tensity response, as a function of droplet radius, has
been calculated for the solid scattering angle appro-
priate to the FSSP pertinent to subsequent discussion
(the particular probe used for the measurements to be
presented herein was also discussed in Dye and Baum-
gardner as probe 2) and is shown in Fig. 1. On the
average, an oscillation is present in the Mie response
function approximately every half-micron interval and
plateau regions are visible around 10 and 20 um. Be-
cause of these features, ambiguitities result in the def-
inition of the droplet size for almost any given intensity
and can extend over several micrometers. These are
especially pronounced in the 5-13 um interval. Al-
though Dye and Baumgardner reduce the effect of such
ambiguities through redefinition of the sizing intervals,
superposition of their limits on the response function
in Fig. 1 clearly indicates that uncertainties cannot be
eliminated. Even if limits could be defined to overcome
this problem, it is unlikely that the probe-optical and
electronic functions could be maintained such that it
was eliminated.
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It is important to understand what the consequences
of the sizing calibration on cloud droplet measurements
can be. Towards this end, measurements of cloud
droplets made with an FSSP are examined. Different
sizing calibrations are applied to the measurements and
the resulting cloud droplet volume distributions are
compared statistically.

2. Observations and approach

The cloud droplets were sampled in cumuliform and

- stratiform cloud during the summer of 1982 and the

winter of early 1984. The measurements were con-
ducted from a National Aeronautical Establishment

- Twin Otter aircraft over regions of central Ontario,

Canada. A total of 70 cloud penetrations have been
examined, 35 from each period. Cumulus cloud was
most frequently observed during the summer. Because
the depths and liquid water contents (LWC) of these
clouds were generally greater than those of the strati-
form cloud, which was more frequent during the win-
ter, the observed droplet diameters were, on average,
larger for the 1982 studies than for the 1984 studies.
Therefore, the data from the two periods have been
considered separately in order to elucidate some dif-
ferences between calibrations which may depend upon
the size of the droplets.

The FSSP was maintained on size range 3, which
determines the electronic gain applied to the scattered
signal and which is the size range discussed by Dye

“and Baumgardner.
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FSSP
SCATTERING ANGLE = 3.0 — 12.7
REFRACTIVE INDEX = 1.333
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FIG. 1. The scattering response function, according to Mie theor};,
for the FSSP used in this study. The curve is for an index of refraction

- of 1.33 and the ordinate units are same as to those of Dye and Baum-

gardner (1984). Their sizing intervals are also shown by the vertical
dashed lines.

Cloud droplet volume distributions for each pene-
tration have been assembled for three different cali-
bration schemes, described in Table 1. Scheme 1 is the
calibration suggested by the manufacturer, PMS.
Scheme 2 is the modified calibration suggested by Dye
and Baumgardner. Scheme 3 is a modification of
scheme 2 in which size bins have been combined, by
the authors, in order to further reduce ambiguities as-
sociated with the response function (Fig. 1).

Five parameters have been chosen to describe the
droplet distributions: the mean volume diameter
(MVD), the effective diameter (D,), the effective dis-
persion (V,), the skewness (S) and the kurtosis (K).
They are defined as follows:

([ o) [ )]
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TABLE 1. Bin size limits for caiibration schemes with FSSP
on range 3 (see text for scheme reference).

Scheme (um)
Bin 1 2 3
1 1-3 1-2.3 1-2.3
2 3-5 2.3-3.2 [2.3-
3 5-7 3.2-49 -4.9]
4 7-9 49-74 [4.9-
5 9-11 7.4-11,0 -
6 11-13 11.0-13.0 -13.0]
7 13-15 13.0-14.8 [13.0-
8 15-17 14.8-16.6 -
9 17-19 16.6-19.2 -19.2]
10 19-21 19.2-22.6 [19.2-
11 21-23 22.6-25.2 -25.2]
12 23-25 25.2-27.0 25.2-27.0
13 25-27 27.0-30.0 27.0-30.0
14 27-29 30.0-33.0 30.0-33.0
15 29-31 33.0-35.2 33.0-35.2

v 0-p5-7n-a0)
;(J-D3-n.dD)]l/2/De
S=(f(D—De>3-D3-n-dD)/(fD3-n-dD)
"k=(f(D—De)4-D3-n-dp)/(fm-n-dp)

where D is the diameter of the droplet and 7 - dD is the
number of droplets within the size interval dD. Ac-
cording to the above definitions, the mean volume di-
ameter is proportional to the liquid water content
(which is one of the most important measurements),

. the effective diameter corresponds to the mean diam-

eter of the volume distribution, and the effective dis-
persion is related to the dispersion of the volume dis-
tribution. The skewness and kurtosis are variables that
characterize the shape of a distribution. The skewness
is a measure of the departure from symmetry of a dis-
tribution. For a normal curve, the skewness is zero.

TABLE 2. Results of the Mann-Whitney test for the intercomparison
of the MVD samples. « is the significance level higher from which
the null hypothesis Hy: the two samples come from the same pop-
ulation, is rejected.

" Data

Scheme Summer Winter
a ba
2vs3 0.77 0.38
1vs2 ) 0.64 0.12
1vs3 0.77 i 0.34
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FIG. 2. Intercomparison between the MVD values calculated by the various schemes 1 vs 2, 1 vs 3 and 2 vs 3 for
1982 and 1984. If the two schemes resulted in identical MVD values, then the corresponding points will lie on the
1:1 line. - )



SEPTEMBER 1987

NOTES AND CORRESPONDENCE

a 1982 :EFFECTIVE DIAMETER o 1984 :EFFECTIVE DIAMETER
3 3
o o o
8 s 5 8
0 o
o . o
=3 ) ’gg
g g »
- g - ‘\o' 2
<2 o4 2
=" 2
7 a3
° o
- )
o o
o o
0.0 4.0 8.0 12.0 16.0 20.0 4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0
SCHEME 2 (um) SCHEME 2 (um)
o 1982 :EFFECTIVE DIAMETER , - 1984 :EFFECTIVE DIAMETER
3 3
o o o
g ~ s
G) o
Q o © o
e —~© o
4 7 : £
= ‘fg 3 o
-o -a o
B Y e o RS
= =
<2
= = °
@2 Rz 2
bt o
o o
- «
e o
o
0.0 4.0 8.0 12.0 16.0 20.0 4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0
SCHEME 3 (x«m) SCHEME 3 (um)
o 1982 :EFFECTIVE DIAMETER = 1984 :EFFECTIVE DIAMETER
3 3
o o
8 8
o o
/\2 ~© o
g g B* 7
3 7 3
os oa
- =
= ="
= =
O o Oo
N5 N g a
8
° o
- -
Q 2 .
=] ]
0.0 4.0 8.0 12.0 16.0 20.0 4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0
SCHEME 3 (um) SCHEME 3 (#m)

FIG. 3. As in Fig. 2 but for D,.
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FIG. 5. As in Fig. 2 but for skewness.
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FIG. 6. As in Fig. 2 but for kurtosis.
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TABLE 3. As in Table 2 but for the D, samples.
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TABLE 5. As in Table 2 but for the skewness samples.

Data Data
Schemﬁ_.e Summer Winter Scheme Summer Winter
a o o o (23
2vs3 0.53 0.82 2vs3 0.39 0.09
1vs2 0.67 0.67 1vs2 0.01 0.04
1vs3 0.36 0.45 1vs3 0.04 0.00

The kurtosis measures the extent to which a distribu-
tion is peaked (leptokurtic) or flat (platykurtic).

Each scheme will result in 35 values of each param-
eter for each season. Therefore, for a given period and
parameter we will have a group of five samples of size
35. These samples will have to be compared with each
other statistically in order to determine whether or not
they are significantly different.

For any two samples we are interested in testing the
null hypothesis Hy: the two samples come from iden-
tical populations (u; = u,, where y, and Ky TEpresent
the means of the two populations). The criteria for
evaluating this work is the Mann-Whitney test. This
test is a distribution-free test, which means that no as-
sumptions are made concerning the populations from
which we are sampling.

According to the Mann-Whitney test, the values in
the two samples are arranged jointly in an increasing
order of magnitude and are assigned in this order the
ranks 1, 2, 3,. . . | etc. If there is an appreciable dif-
ference between the means of the two populations,
most of the lower ranks are apt to be occupied by the
values of one sample while most of the higher ranks
are apt to be occupied by the values of the other sample.
Thus, in the Mann-Whitney test we base our decision
on the ranks occupied by the values of the two samples.

3. Results and discussion

Figure 2 shows the intercomparisons between the
values of MVD for summer and winter. Table 2 gives
the test results of intercomparing the MYVD values. The
first column indicates which schemes are compared.
The second and third columns give the level of signif-
icance, a, greater from which the null hypothesis, H,,
has to be rejected. If, for example, o = 0.08, H, would

TABLE 4. As in Table 2 but for the ¥, samples.

be rejected at the significance level o« = 0.1 and would
be accepted at the significance level o = 0.05. The value
of a is determined by the Mann-Whitney test. The
higher the value of « the less the probability is to reject
Hy. In other words, the higher the « the more similar
the two samples will be. Figures 3, 4, 5 and 6 are similar
to Fig. 2 but they show the intercomparison between
the values of D,, V,, skewness and kurtosis, respec-
tively. In turn, Tables 3, 4, 5 and 6 are similar to Table
2 but they give the test results for D,, Ve, skewness and
kurtosis, respectively.

From Table 2, it can be observed that very high val-
ues of « are reported for all summer data comparisons.
This means that there are no significant differences be-
tween the three MVD samples. For the winter data,
the values of « are still high (compared to typical values
of @ normally used in testing null hypotheses) but they
are noticeably lower than those for the summer data.
As can be seen in Fig. 2, scheme 2 estimates lower
values for the MVD for the smaller drops when it is
compared to schemes 1 and 3. These differences are
more pronounced between scheme 2 and scheme 1.
The corresponding « is the lowest observed and equal
to 0.12 (i.e., H is rejected at a significance level a
> 0.12). Because in summer the drops are usually
larger, these disagreements are not as pronounced, and
therefore the values of « are higher in the summer.

From Table 3 it can be observed that for both sum-
mer and winter the similarity between the D, samples
is, in general, quite strong. The degree of agreement
between the D, samples seems to be somewhat higher
in the winter data (see also Fig. 3). This may suggest
that the differences in D, values (which are introduced
by the different sizing schemes) are minimized when
more smaller drops are present. From Fig. 3 it may
also be observed that both schemes 2 and 3 estimate

TABLE 6. As in Table 2 but for the kurtosis samples.

Data Data
Scheme Summer Winter Scheme Summer ) Winter
o (23 (23 o
0.03 0.62 2vs3 0.42 0.19
0.00 0.02 1vs2 0.00 0.00
0.00 0.00 1vs3 0.00 v 0.00
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somewhat higher D, values for larger drops (summer
data) when they are compared to scheme 1. This may
be a direct result of the reduction of the ambiguities
considered in both schemes. In addition, it can be ob-
served that in the summer all schemes give almost
identical results when it comes to small drops (between
8 and 12 um). This is a reflection of the similarity of
the sizing calibration schemes in this range.

From Table 4 it can be observed that the similarity
between the schemes ends when it comes to V,samples
(see also Fig. 4). Except for the winter data comparison
between scheme 2 and scheme 3, H, is rejected at «
= 0.05 for any other comparison. The very low a values
suggest that the differences between the ¥, samples are
considerable. Similar comments can be made for the
intercomparison of the skewness and kurtosis samples.
As can be seen in Tables 5 and 6, except for the com-
parisons between scheme 2 and scheme 3, H, is rejected
at a = 0.05 for any other comparison (see also Figs. 5
and 6). These differences in the dispersion, the skewness
and the kurtosis of the volume distributions may reflect
(apart from the differences in convection between
summer and winter) on the consequences of the am-
biguities due to the oscillations in the scattering re-
sponse (Fig. 1), the effect of which was reduced in both
scheme 2 and scheme 3. This may explain the relatively
higher correlation between the samples resulted from
scheme 2 and scheme 3.

Some of the main conclusions of the above statistical

©
- T T T T T T T T T E
F ]
"o L _
I, HE 3
§ i
2 L 4
Eol |
3T E
g | i
= b L -
87t
S E 3
A r % ]
i % SCHEME 2 ]
oe L 4 SCHEME'S g
1 1 1 1 I N S | 1 1
10 10

DIAMETER (um)

FIG. 7. FSSP volume distributions as determined by the three cali-
bration schemes.
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procedure may be visualized in Fig. 7, which shows
FSSP volume distributions as determined by the three
different schemes. Figure 7 refers to measurements
conducted in a cloud penetration on 3 February 1984.
When consulting Fig. 7, the reader should note that -
both scales are logarithmic (which means that the dif-
ferences are larger than they appear). In addition, it
should be mentioned that Fig. 7 is just an individual
example and may not exactly reflect the results reported
in Tables 2-6, which were obtained from the consid-
ered assemblies. In Fig. 7 it is apparent that scheme 1
results in a distribution that is different in the tails than
the distributions resulting from schemes 2 and 3, which
appear quite similar. Scheme 1 seems to underestimate
the number of the very small and very large drops and
overestimate the number of the medium-size drops.
As a consequence, the distribution resulted from
scheme 1 appears more leptokurtic. In such a case it
is possible that the dispersion, the skewness and kurtosis
are affected while the mean volume diameter and ef-
fective diameter remain similar (consider, for example,
a normal distribution and “press” the tails “inward”
without displacement. The new distribution will have
the same mean and mode, but different shape param
eters).

4. Conclusions
The choice of the calibration scheme for the FSSP

. from those presented has in general a small effect on

the mean volume diameter (i.e., liquid water content)

-and effective diameter of the cloud droplet volume dis-

tribution, based upon the data from the clouds sampled
in this study. This assessment is made for climatological
ensembles and may not always hold for individual

' spectra.

The shape of the measured cloud droplet volume
distribution, however, is quite sensitive to changes in
the calibration. This may indicate that the oscillations
in the Mie scattering response affect the shape of the
droplets’ volume distribution. The stronger statistical
similarity, however, between the scheme 2 and scheme
3 samples may indicate that this is not the only reason.
However, we hope that the reported differences in the
dispersion, skewness and kurtosis results will warrant
further consideration of the sizing calibration of the
FSSP.
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