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ABSTRACT

The problem of reducing data from continuously recerding ice nucleus counters is addressed. These
instruments characteristically have large response times which make their data difficult to interpret. A
statistical theory of instrument response is developed which parameterizes the response of these instru-
ments and reconstructs an estimate of the true count-versus-time profiles. Data from two NCAR ice
nucleus counters used on separate field projects are summarized to provide example response character-
istics. Field calibration techniques for these NCAR counters are also described. Although intended for
use on ice nucleus counters, the interpretation techniques are applicable to other continuously recording

instruments having significant response times.

1. Introduction

With the increasing concern for the targeting ef-
fectiveness of both ground-based and aerial releases
of ice nucleating agents (see, e.g., Rottner et al., 1975),
the need for airborne tracing is being realized. There
are at least two devices which detect these submicro-
scopic particles on a continuous, near real-time basis.
These are the NCAR counter described by Langer
et al. (1967) and Langer (1973), which acoustically
detects ice crystals, and the commercially available
Mee unit, which uses an optical detection scheme
suggested by Fukuta and Kramer (1968) and Turner
and Radke (1973). Both of the above detect ice
crystals grown about ice nuclei in an artificial, super-
cooled cloud which induces considerable smoothing
and lag times. This is not critical for static sampling;
however, with airborne tracing the count data can be
easily misinterpreted as to both location and true
ambient count. The high speed of the sampling plat-
form and the large lag and smoothing times involved
combine to give counts lower than reality for thin
plumes and distance errors in the range of kilometers.

In the sections which follow, the theoretical and
practical techniques are outlined to interpret data
having a lag in response and a large degree of smooth-
ing. Section 2 describes two NCAR ice nucleus counters
which were used to obtain the example response
characteristics delineated in Section 4. In Section 3
the theory for parameterizing the response of an

instrument of this type is developed, and suggestions
for its operational applications are given in Section 5.

2. Instrumentation and data collection

The data which were used to provide example
response characteristics came from two NCAR ice
nucleus counters used on two separate projects. The
concepts, though not the parameters, can be applied
to other designs of counters. The intention of both
projects was to use silver iodide (AgI) in plume-
tracing experiments. One was a diffusion study con-
ducted at Colstrip, Mont., and the other was a test
of the effectiveness of hail storm treatment in Alberta,
Canada, using ground releases of Agl. The Montana
instrument (hereafter “Unit A”) was specifically built
for airborne use. It was more compact overall and
had a smaller cloud chamber than the more common
laboratory unit. Table 1 describes the specifics of this
unit. Its field application is described by Super (1974)
and Super et al. (1975). During the summer of 1975
there was an opportunity to examine the character-
istics of another NCAR counter (“Unit B”) which
belonged to the Alberta Research Council and which
was being used on a ground-based plume study con-
ducted in cooperation with the Alberta Hail Sup-
pression Project. This unit was bulkier and had a
larger cloud chamber than the former. Two vacuums
are listed in Table 1 for this unit because, during part
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TaBLE 1. Specifications of the two NCAR ice nucleus counters
applied. (Unit A is from BUREC and Unit B was loaned by
the Alberta Research Council.)

Unit A Unit. B

E. Bolay Assoc., modified E. Bolay Assoc., modified
at NCAR and MSU. in the field by Krick Assoc.

Construction

Cloud chamber 83 cm 118 cm
depth (cone
included)
Cloud chamber 18 cm 20 cm
width
Power 110 V ac 110 V ac
Refrigeration Freon/compressor Freon/compressor
Vacuum 120 mm Hg 105 and 120 mm Hg
Electronics Linear pulse averaging E. Bolay Assoc. Model
circuit with five scales A90000-2. Digital incremen-
X1 through X10,000. tation over time spans of
120, 12, 12 and 1.2 s cor-
responding to X 10 through
X 10,000 for four scales,
respectively.
Recording Single channel Rustrack. Rustrack with two channels.

Agl-NHgl-acetone.

2 X 1016 nuclei per gm
Agl (effective at
—20°C) 0.5 gm Agl
min~1.

Data digitizing 7.5 s
interval

Coke impregnated with Agl.

2 X104 to 1015 nuclei per gm
Agl (effective at —20°C)
0.47 gm Agl min—1,

Ice nucleus
source

12 s

of the study, there was insufficient vacuum supplied
by the aircraft to reach the optimal 120 mm Hg.

Ground testing of both units was done using a large
hypodermic needle containing samples of Agl smoke
taken from the same type of generator used in the
respective ongoing field work. Unit A used the Skyfire
type system burning an AgI-NH.I complex in acetone
(Super et al., 1972) and Unit B used the Krick Type 15
coke-fueled source. In both cases the generators were
far removed downwind of the counters to minimize
contamination. (However, this still occurred at times.)
A plastic jar was held above the flames to collect
samples. A diluted sample was drawn into a hypo-
dermic needle and each test consisted of a timed
input into the counter’s inlet. Unit A was bench-
tested, and Unit B had its calibration data taken
while on the ground in the aircraft.

There were three basic types of sample input: an
instantaneous “puff,” a constant input or ‘“box,” and
a series of box inputs which, if smoothed, would ap-
proximate the appearance of a normal distribution.
The reason for specifying the nature of the input was
to enable the variance of the input to be known,
a necessary parameter when stratifying the response
variance. Times of start and stop of input, times to
first perceptible rise above background count and
times to peak were noted. To insure later applicability
to data taken during the field projects, data were
digitized from the Rustrack recording over the same
interval, i.e., 7.5 and 12 s, respectively. There was no
attempt to integrate over the intervals; rather, in-
stantaneous values were extracted. In the case of
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Unit B the counts were already integrated and the
traces were a series of straight lines except for the
highest scale where the 1.2 s digitizing interval gave
the trace a continuous appearance.

3. Parameterizing response characteristics

There are two basic questions which are addressed:
what is the lag time of the counter to an input and
to what degree has the true plume profile been
smoothed by the electronics and sample processing
time. The former can be handled in a straightforward
fashion and is broken down into three subheadings:
time to register the mode count, time to register the
median count and time to first response to a count
above background. The latter reduces to defining the
variance which is induced by the counter and added
to the true time (distance)-count profile. Fig. 1 dia-
grams these parameters.

a. Machine-induced variance

The statistical model applied to the response of an
ice nucleus counter assumes that the instrument can
have the variance induced by its time averaging
effects accurately determined. This variance, which is
in units of time, can  then be subtracted from the
total variance indicated on the recording device to
give an estimate of the true plume spread. Conver-
sions to units of length can be done using the ground
speed of the aircraft.

For one pass through the plume, each ice nucleus
is assumed to be located along the cross-plume path y
as a function of three variables. These are the mean
position § of all nuclei, a true spread % along the
flight path about ¢, and a false spread e due to the
smoothing induced by the counter, i.e.,

y=§+k+e. (1)

Eq. (1) is the basic model of this analysis and does
not imply anything about the shapes of the £ and e
distributions.

If the coordinate system is displaced to have the
fiducial point at g, then §=0, simplifying the proce-
dures. Discrete notation will be used in the develop-

COUNT
DENSITY
— s TIME TO MEDIAN
je—————»— TIME TO MODE
TIME —f+—]
TO
EDGE
puFFr L%
TANDARD
'Nf’UT DEVIATION .
) | 2 3 4

TIME (MINUTES)

Fic. 1. Diagram of approximate response parameters.
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ment because individual ice nuclei are counted, not
a continuous sample as with gas sampling. Each indi-
cated count can be considered a non-normalized, dis-
crete density function for the point y; and the total
or indicated variance ¢ ? in units of length or time
squared is

I
or=2 Ciyd#/N, 2

i=1

where

N
1V=z C;

i=1

is the total number of counts. Substitution of the two
sources of variance for y necessitates the use of another
index to account for the spread of counts about y..
The size of this new index is a function of the posi-
tion index ¢ having the magnitude of the count at
that point:

I ¢;

ol=2. 2 (kite;)?/N. )
=1 j=1
Carrying out the squaring we have

I ¢; I C;
o= 3, (k2+2kieite)/N=3 3 k&/N

=l j=1 i=1 j=1

I C; I ¢;
+23 3 kieyi/N+22 3 /N
=1 j=1 =1 j=1

=g,2+2 covariance+o2.  (4)

The actual dimension of the plume transaction is
parameterized in ¢32. The false or instrument-induced
variance is ¢;%. The covariance term represents the
expected value of the lateral position of an ice nucleus
times the displacement cause by the counter (k; times
€;). One can assume that these quantities are inde-
pendent if the average cloud chamber residence time,
fallout rate and rate of ice crystal growth are not a
function of ice nucleus concentration (and therefore
lateral position y). Moreover, one must assume that
the counts reported by the electronics are the same
as those detected by the sensor. This last assumption
may not be entirely valid for very high counts (> 1000
min~) since there is a finite detection interval required
which could allow several nuclei to be reported as one.
Independence of the k; and e; terms allows the co-
variance term to be ignored (Sokal and Rohlf, 1969),
giving

ol =02—07. (5)
For the sake of convenience, the units of (5) will be
time squared.

b. Known input variances

The problem is now reduced to estimating the
machine-induced variance o2 For an instantaneous
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f
Y 2
2 _ at
% Tz
SQUARE
INPUT
At
TIME,t
A

F1c. 2. Diagrams of known variance input schemes to ice nucleus
counter. {Count densities=f.)

input or “puff”’ (actually, approximately % s), oy is zero
giving o/2=02 For the square input (see Fig. 2a),
the variance is equal to the square of the width
divided by 12. The ¢,? from a stepwise configuration
of I box inputs (see Fig. 2b) is somewhat more com-
plicated, and moment generating theory is used in
treating this type of input (Mood and Graybill, 1963)
to give

o 2=1/(31) é (t?—t?—ﬁ/Aii

=1

LY@ S E—fo)/ALT

=1

I I
=1 g (t?—t?~1)fi_[% z=:l (ﬁ“‘ﬁ——l)fi:lz. (6)

The density functions f; are defined as

fi=1/(1At), "

giving a value inversely proportional to the rate of
input from a syringe, assumed to have homogeneous
contents. This satisfies the requirement that

/ i f(0de=1. ()

Egs. (6) and (7) can be applied to the puff and box
input cases where /=1 and/or A/;=0 to obtain the
same oy’s as outlined previously.

4. Characteristics of response
a. Calibration of raw counts

The first stage in the analysis of ice nucleus data
is the conversion of recorded signals to counts per liter.
The methodology to do this consists of several steps
where the electronics, method of recording, ice crystal
settling, deposition on walls and flow rate provide
their respective contributions. Although each unit will
have its own calibration, Tables 2 and 3 are shown
as examples of the stages involved. In the case of
Unit B, a fair amount of compensation was involved
to account for the truncation imposed on the upper
two scales in the digitizing process. This resulted from
an additional 10:1 incrementing register placed before
the recording register which tallied up to 20 counts.
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TasLE 2. Stages in calibrating raw counts from unit A (x=raw
signal, y=processed count in liters™1).

Scale 1 10 100 1000 10,000

Analog A=0.1 A=0.01 A=0.001 A =0.0001
equivalent
one count
min~t (mA)

Flow 1/(8.3 — — — —
correction liters min™1)

Settling 10 — — — —
out
factor®

Final
calibration

equation

y=10x/8.34  — B — —

-* See Langer (1973).

Counts stored in the former register were ignored or
truncated during the recording process.

b. Scale shifts

For the two units tested, a shift in scale would
clear the integrating circuit or accumulators having
the effect of starting from zero for the new scale.
At such times it is appropriate to interpolate in order
to smooth in the missing data. For Unit B the inter-
polation is a simple process of using the adjoining
records; however, for Unit A, there is an interval of
time needed for the response of the electronics to
stabilize. This time is not necessarily longer than for
the digital electronics but must be determined ob-
jectively. Fig. 3 outlines a suggested interpolation
scheme for this type of electronics.

c. Parameterization of response

Fig. 4 shows examples of various input forms and the
resulting time vs calibrated counts. Prior to drawing
these, an estimate of background which equaled the
minimum running mean of three intervals was sub-

TaBLE 3. Stages in calibrating raw counts from Unit B
(x =raw signal, y=processed count in liters™).

Scale 10 100 1000 10 000

Registering interval At=2.0 At=02 A(=02 At =0.02
(min) :

Analog equivalent A =0.05 A=0.05 A=0.005*% A =0,005%
1 count min~!
(mA)

Detected counts to 1:1 1:1 >10:1 >10:1
registered counts

Maximum trunca- 0 0 45 450
tion error

Flow (liters min~1) =6.5240.0548
Xvacuum (mm Hg) ~8.63 X 1078 X vacuum?
Settling out factor 10 — —_ —_
Average truncation None None x=x-40.0225 x=x-40.0225
compensation
Final calibration
equation

Flow correction®*

y=10x/AAt (flow)

* Recorded as truncated to nearest 0.05 mA.
*¥ Each sensor will have its own calibration curve.
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{1 |LAST COUNT LINEAR INTERPOLATION
3| OF RIGHER FIRST VALID COUNT OF
3 LOWER SCALE

(NEGATIVE SLOPE
% | SCALE SHIFT — RESTORED)
o

TIME

F16. 3. Suggested interpolation scheme for estimating data lost
during scale shifts for integrating electronics.

tracted from all values. Since vacuums of 105 and 120
mm were used in the field for Unit B, examples of both
are shown. The response is long and variable due to the
time necessary to grow ice crystals sufficiently large
for detection (>20 pm) and the modes of recording.
In addition, turbulence, as evidenced by the swirling
segments of - the cloud within the chamber, yields
variable responses as packets containing differing
densities of nuclei are brought to the outlet in a random-
ized basis. This could be at least part of the reason for
the peculiar response shown in Fig. 4f.

The times to first significant rise above background
(“‘edge time”), mode and median are listed in Table 4.
Only instantaneous or “‘puff’”’ input schemes were used
in determining parameters other than the variances.
Because of the long time intervals of accumulation for
the digital electronics of Unit B, edge times were
sampled using a stop watch instead of reading intervals
off the strip chart. The electronics of Unit A provided
a recording which allowed a precise estimate of the
first rise above background. The lag of Unit A was
significantly shorter than Unit B because of Unit A’s
smaller cloud chamber.

d. Instrument-induced variance

The response to a brief input bears a resemblance
to a Poisson distribution which defines the expected
density of a number of “rare events.” For the counter

TaBLE 4. Lag times (s) of edges, modes and medians.
(Only “puff” type input considered,)

Unit B Unit B
(105 mm (120 mm

Unit A vacuum) vacuum)
Number of samples 16 14 24
Time to edge 25 38 35
Standard deviation 7 8 6
Time to mode 61 77 70
Standard deviation 17 10 12
Time to median 74 102 97
Standard deviation 13 8 15
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Fi16. 4. Responses of two NCAR ice nucleus counters to various input forms. (The arrows show
times of “puff’”’ inputs. The hatched areas represent input density functions of 1/7A#;.)

the rare event is an ice nucleus not being detected
until the 7th time increment. If these rare events are
randomly distributed, the variance is equal to the
mean number of increments (unitless). The coefficient
of dispersion is defined as the ratio of these two (Sokal
and Rohlf, 1969) and is unity if the distribution is
exactly Poisson. The counter data yielded ratios of
variance-to-mean on the order of 10, showing an in-
tense ‘“‘clumping” (ibid.), meaning that there is a
tendency for the recorded counts to be grouped over
a smaller time span than predicted by the Poisson
distribution. This precludes the use of the Poisson
assumption in analyses. In addition, the definition of
zero time casts uncertainty on such an application.

The instrument-induced standard deviations were
found according to (5) using the three types of input
outlined previously. Figs. 5 and 6 show that there is
less certainty as the peak count decreases. This is
expected because the turbulence within the chamber
would have its effect more noticeable with a smaller
density of ice nuclei. In addition, the turbulence could
have some dependence upon the latent heat liberated
during phase transition forcing a variability dependent
upon the ice nucleus concentration. There appears to
be a definitive lower and upper limit to the plots
with arithmetic averages showing the induced standard
deviation to be on the order of 30-40 s. Estimating
the true variance by applying an average to (5) could
conceivably give values less than zero; but applica-
tions so far have found this to be rare, occurring
only during encounters with presumably very thin
plumes near to their point source. There is more
induced variance for Unit A because the lower two
scales had a slow analog output decay rate.

5. Applications

The conversion of the raw data to counts per liter
is a straightforward process involving the procedures
exemplified in Tables 2 and 3. It is advantageous to
have the counts be a function of time rather than
distance because it is more convenient to estimate
variance contributions in this unit. From (5), the true
variance o,? is estimated and the next step is to re-
construct a distribution based on this parameter.

10,000 T T r . T .
~N -, -
O “ A A
\b’.i f' . A4 7
R * A e a
A -
Mo . A.
b.. P oo .
w
(U] s A ‘: 4
Z 1000F * PO S 7
= [* & ° J
g [ ,A ]
§ Y A" A .
a I il
v L4 .
2
a | -
z PUFF INPUT =
N BOX INPUT =
STEPWISE INPUT = &
AVERAGE VARIANCE =619
10062000 4000 6000 8000 10,000

MODE (LITER™)

Fic. 5. Instrument induced variance for Unit A.
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IOO 1 —l 1 1 1
0 2000 4000 6000 8000 10,000

MODE (LITER™)

Fi1c. 6. Instrument induced variance for Unit B.

If the continuous density function is f(¢), whose
spread is described by o, and the interval of data
retrieval is Af, then the true plume has a time-count

density of
Ci=Nay (1), ®

where NV is the total number of counts registered for
that pass minus background, or

I

=1

(10)

The question remains as to specifying f(f). For
long averaging times and, presumably, distances, it
has been shown theoretically and empirically that dif-
fusion tends to present a Gaussian profile (Sutton,
1953). For this assumption

fo= ( exp[ — (t—1)*/20,7]. (11)

1
2

)0y

The time where half the total number of counts is
encountered (median) rather than the time of mode
should be used for £.

For short downwind distances of 2 km or less from
an artificial source of ice nuclei, the plume cannot be
assumed to be spread to Gaussian proportions, and
a box distribution would seem more appropriate. In
this case, o, is assumed to be equal to width/(12)* and

1/0,(12),  [1—1t] <oy (12)¥/2

0, elsewhere.

o= (12)

If one is only interested in the peak count, the choice
between (11) or (12) is not overly critical because
the ratio of the peaks is 1.38 in favor of the Gaussian
assumption.
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From this point, it is a simple process to convert
time to distance and incorporate the proper lag time.
Once again the lag to median is recommended for
positioning the processed plume. If the plume is not
reconstructed from a treatment of the variance, the
lag to mode would be more appropriate, due to the
skewness of the raw response.

Fig. 7 is an example of the treatment of raw data
according to the above procedures. Although the
variance of the processed profile is smaller, there is
a smoothing effect to the raw counts, and it is not
uncommon to have the unadjusted peak count be
larger. The large fluctuations of the raw counts are

‘responsible for this.

6. Conclusions

The techniques outlined above provide a means to
remove some of the uncertainty in interpreting data
provided by aircraft-mounted ice nucleus counters.
In parameterizing the responses of two NCAR ice
nucleus counters it has been shown that there is a
great deal of scatter which is due, primarily, to the
large size of the cloud chambers of the units and the
lack of homogeneity within. There is less scatter
among the individual parameters as the peak values
increase, reinforcing this view. Another factor which
greatly influences the response characteristics is the
size of the inlet to the cloud chamber. On a third
unit there was a smaller orifice which directed the
sampled volume too quickly through the chamber

8 AUGUST 1975, 1748 MST
PASS 0I3, 2130M MSL

X : UNLAGGED COUNTS PROCESSED
AS SHOWN IN TABLE 3.

3001 CURVE : ESTIMATE OF TRUE PLUME.
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LITER™'

150+

NUCLEI

1004

504

10 15 20
DISTANCE (Km)

Frc. 7. Example of raw response and estimate of true response.
(Unit B with 120 mm Hg vacuum and downwind distance
of 5 km.)
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without sufficient mixing. This resulted in very short
lag times and counts which were an order of magnitude
too low in comparison tests with Unit B. A small
baffle at the inlet eliminated this problem. This orifice
size is critical to provide a turbulent inlet jet. The
minimal size of the opening should be § inch for the
NCAR counter,! whereas it was only % inch on this
counter.

The authors preferred the integrating analog elec-
tronics over the digital because of the smoothness of
response of the former. The first scale of the digital
(Unit B) had a sampling time of 120 s which was
entirely too long for anything other than background
sampling of natural ice nuclei. Normally, plume
tracing with Unit B was done on higher scales in-
volving sampling times < 12 s. There was also a feature
available on Unit B, which would automatically switch
scales while unattended. Although this would have
good applications in static sampling, it is not rec-
ommended for airborne use because of the lower
resolution.

The parameters listed should be used as a guide
only. Each counter will have its own response charac-
teristics and each must be carefully calibrated. The
techniques described above are not limited to the
NCAR counters. Acoustical detection requires a long
growth time and hence the lags and induced variances
can be expected to be large. On the other hand, the
Mee type counter should have smaller lags and vari-
ances, because smaller crystals can be detected opti-
cally, requiring a shorter growth period, and a smaller
cloud chamber is possible.
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APPENDIX
List of Symbols
C: recorded count at data interval ¢ (time™ or
liter™1)

! Personal communication with G. Langer.
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density function (time™!)
number of samples; also, number of box inputs
in an approximation of a normal distribution
k; true spread of particles about the mean (time
or distance)
N total count over one sample run (dimensionless)
¢t;  time of known sample input
mean position of plume in time or space for
sample run (time or distance)
time interval
e;; false or instrument-induced spread of jth particle
about (§+*k;) (time or distance)
o2 totdl or indicated variance (time? or distance?)

1@
I

o2 true variance of sampled plume (time? or
distance?)
o/2 variance induced by instrument (time? or
distance?)
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