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ABSTRACT

Further exploratory analysis of the Bridger Range Experiment was carried out with 6 h data blocks partitioned
from the original 24 h experimental units. The analysis was limited to 6 h periods having a rawinsonde observation,
Main Ridge temperature < —~9°C and westerly flow. The results suggest that silver iodide seeding was particularly
effective in increasing precipitation in a small fraction of the cases, but had little or no effect most of the time.
Seeding appeared to be especially effective when cloud top temperatures were warmer than about ~25°C and
the wind had a strong cross-barrier component. Marked decreases in precipitation were not apparent during

seeded periods.

1. Introduction

The analysis by Super and Heimbach (1983), here-
after referred to as SH, provided strong statistical in-
dications that ground-released silver iodide (Agl)
sometimes increased the snowfall on the Bridger
Mountain Range of southwestern Montana. The in-
creases were associated with the population of exper-
imental days with Main Ridge top temperatures colder
than about —9°C. Airborne plume tracing indicated
that Agl was usually within 450 m of the Main Ridge
crest (Super, 1974). Therefore, this temperature mea-
surement was within approximately 2°C of the plume
top passing over the Ridge. As discussed by SH, the
concentration of active artificial ice nuclei above the
ridge should have been quite limited when the seeding
plume was warmer than —9°C. This provides a plau-
sible physical explanation for the statistical suggestions.
The statistical evidence was also supported by other
physical evidence discussed by SH, including airflow
studies, transport and dispersion investigations of the
Agl and silver-in-snow analysis.

This analysis attempts to further refine the analysis
of SH by partitioning 6 h data blocks from the original
24 experimental units. The purpose was to examine
periods well delineated by rawinsonde observations and
other data in order to determine more specifically the
conditions associated with marked changes in target
precipitation during seeding.

2. Experimental design and dataset

The Bridger Range Experiment (BRE) was a ran-
domized exploratory single-area cloud seeding exper-
iment. Seeding was accomplished with two ground-
based Agl generators located more than midway up
the west (windward) slope of the north-south oriented

Main Ridge. A broad secondary ridge from 5 to 20 km
east of the Main Ridge was the expected target (see
Fig. 1). Winds were predominately westerly, providing
strong uplift of moist air above the Main Ridge and
transport of the seeded cloud toward the target. Further
details of the experimental design are given by SH.

Super and Heimbach (1983) analyzed data from the
basic 24 h experimental unit of the BRE. Daily pre-
cipitation amounts were from a dense recording gage
network in the expected target area and downwind,
and from control gages at the two seeding sites and in
the next mountain range south (crosswind). The pre-
cipitation data were partitioned by the daily mean val-
ues of temperature measured atop the Main Ridge
(ridge temperature), and by the daily means of several
other parameters derived from rawinsonde observa-
tions. The rawinsondes were launched about 10 km
west of the Main Ridge at 6 h intervals when potential
storm conditions (PSC) existed. Potential storm con-
ditions were considered to exist if cloud cover over the
Bridger Main Ridge was broken to overcast (=6/10),
and cloud base was lower than 3000 m msl (elevation
of the highest peak). )

During the 1970/71 and 1971/72 winter field sea-
sons, 364 usable rawinsonde observations were ob-
tained. Launches were scheduled at 1500, 2100, 0300
and 0900 (all times LST) whenever PSC existed ap-
proximately 1 h prior to launch times. While the basic
24 h experimental unit started at 1200, coinciding with
a natural diurnal precipitation minimum, precipitation
data were also reduced for 6 h intervals; i.e., from 1200-
1800, 1800-2400, etc. Thus, the rawinsonde data were
centered within each 6 h period of precipitation data.
The 6 h rawinsonde and precipitation observations
were previously reported by Super, et al. (1974). This
large dataset, obtained over a relatively simple moun-
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FIG. 1. Bridger Range experimental area.

tain barrier, offers the opportunity for further explor-
atory analysis.

3. General analysis approach

It is emphasized that the BRE experimental unit was
the 24 h day, and randomized seeding decisions were
for daily periods. Therefore, it would be invalid to treat
the pooled 6 h observations as totally independent ex-
perimental units for further statistical testing. For ex-
ample, it would not be proper to calculate probabilities
for the seeded and nonseeded 6 h units and claim they
were equivalent to probabilities for units randomly se-
lected from the same general population. However,
further analysis is appropriate to search for more spe-
cific conditions under which seeding might be partic-
ularly effective. Individual rawinsonde measurements
might be expected to be more representative of their 6
h block than the mean of all launches were for the day,
especially for variables known to change markedly with
time (e.g., cloud top temperature). Therefore, the use
of 6 h data might sharpen the search for conditions
related to seeding effectiveness.

This analysis is exploratory in nature in the spirit of
the recent AMS policy statement recommendation to
conduct reanalysis of past weather modifications ex-
periments “to provide realistic assessments of the state
of technology development” (American Meteorological
Society, 1984). Any statistical suggestions that might
result would require further verification, preferably by
physical observations. However, such suggestions could
help guide the design of future experimentation.
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Because the analysis of SH strongly suggested that
seeding with Agl-NH,I-acetone-water was ineffective
when Ridge temperatures were warmer than about
—9°C, only 6 h periods with mean Ridge temperatures
of —9°C and colder were considered in this analysis.
Further, 6 h periods were excluded if a rawinsonde
observation did not exist for that particular period. This
usually meant that PSC did not exist, but equipment
failures or occasional unavailability of personnel could
also result in a “missed” rawinsonde. One additional
criterion was required for a 6 h period to be considered
for this analysis: the 700 mb wind had to have some
westerly component. The 700 mb level is approxi-
mately 300 m above the Main Ridge over which the
Agl and/or artifically created ice particles had to pass
to affect the target area. Therefore, with calm conditions
or easterly flow at 700 mb, there is no known physical
mechanism for the seeding to affect the target.

Some 175 six hour periods met the above criteria
during the 1970/71 and 1971/72 winters. These periods
formed the database for further consideration. In an
attempt to refine this exploratory analysis further, pre-
cipitation observations were limited to a subset of 2 of
the 3 control gages and 3 of the 12 Zone 1 (target) gages
used in SH. Only three of the target gages were chosen
because they had the following characteristics:

1) they were at higher elevations where snowfall fre-
quency, both natural and seeded, should be highest;

2) they had a reasonably high association with the
control gages as evidenced by their individually cal-
culated correlation coefficients;

3) they appeared to be significantly affected by
seeding as suggested by individual Wilcoxon proba-
bilities for Ridge temperatures of —9°C and colder (see
Fig. 3 of SH);

4) they were approximately equidistant from the
seeding generators which should aid in detecting any
variation in seeding effectiveness related to wind speed.

These three gages were nearest the 10 km arc downwind
of the Agl generators shown in Fig. 1.

Only two of the three available control gages were
used in this analysis, these being near the seeding sites.
They were chosen because their mean 6 h precipitation
totals yielded a higher correlation coefficient with the
means of the three target gages than any other com-
bination of the three possible control gages, including
use of single control gages. The following analysis is
limited to the mean of the two control gages on the
windward slope of the Main Ridge, and the mean of
the three target gages noted.

4. Predictor variable search

An attempt was made to strengthen the target—con-
trol relationship by combining upper air (rawinsonde)
parameters with the 6 h control gage precipitation
amounts. If the predictability of the control method
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could be enhanced, the ability to detect significant dif-
ferences in target precipitation between seeded and
nonseeded subpopulations should also be increased.

Table 1 is a matrix of linear correlation coefficients
(R-values) calculated for the 96 nonseeded 6 h periods
with rawinsonde observations, ridge temperatures of
—9°C or colder, and a westerly wind component at
700 mb. The left column lists, in decreasing order, the
R-values between the target precipitation and all vari-
ables yielding an R-value greater than 0.10 (for 96 ob-
servations, an R-value of about 0.20 is required for
significance at the 5% level). All variables were derived
from the rawinsonde observations except target and
control precipitation, the ridge temperature, and the
precipitation probability forecast for the Bozeman Air-
port issued by the National Weather Service office in
Helena, MT. The remainder of the matrix lists R-values
between all other combinations of variables.

It is seen that the control gage precipitation is by far
the best single predictor of target precipitation with an
R-value of 0.73, suggesting it explains about 53% of
the variance (R?). The next highest association is with
cloud thickness, even though the method of cloud top
and base estimation had the hygristor limitations dis-
cussed by SH. The height of the 700 mb level follows
in importance (note that minus signs denote inverse
relationships). Cloud top temperature, highly associated
with cloud thickness, is the fourth best predictor of
target precipitation. The variance explained by the re-
maining variables decreases rapidly.

Besides the variables of Table 1 three others were
considered, but R-values of 0.07 or less resulted. These
were the gradient of equivalent potential temperature
from 750 to 700 mb, the lapse rate of temperature for
the same layer, and the 700 mb wind direction in true
degrees.
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The data in Table 1 suggest that natural target pre-
cipitation tended to be greatest when control precipi-
tation was greatest, clouds were thickest, the 700 mb
height was lowest, cloud top temperature was coldest,
ridge and 700 mb temperatures were the warmest,
forecast probability was highest, the wind speed com-
ponent normal to the barrier was greatest, flow was
westerly, and cloud base was warmest. None of these
indications are particularly surprising; thick clouds with
cold tops associated with low pressure and warm, moist
air flowing across the barrier are generally expected to
produce heavy snowfall.

The next step in this analysis was to determine
whether some combination of variables could predict
target precipitation better than control precipitation
alone. The method used was to calculate, for each of
the variables of Table 1, the multiple correlation coef-
ficient, Rm, associated with the equation

Y=a+bX+cZ* )

where Y is the target precipitation; X the control pre-
cipitation; Z each of the other variables; a, b and ¢
coeflicients; and p is alternatively set to 1 and 2.

It was found that little improvement resulted in in-
cluding variables in addition to control gage precipi-
tation. For the 96 nonseeded periods, Table 1 shows
an R-value of 0.73 between the target and control gage
6 h precipitation amounts. The use of (1) yielded R-
values greater than 0.75 in only two cases. Both wind
speed normal to the barrier and wind direction depar-
ture from 270° yielded R-values of 0.77 for P = 1.
Slightly lesser values resulted with P = 2.

These small increases in explained variance did not
appear to warrant use of variables in addition to control
gage precipitation to predict target precipitation. It
might be noted that R-values were calculated for several

TABLE 1. Correlation coefficient matrix for 96 nonseeded 6-h periods.

1 2 3 4 5 6 7 8 9 10 11 12
1. Target precipitation 1.00
2. Control precipitation 0.73 1.00
3. Cloud thickness 0.43 0.43 1.00
4, 700-mb height -041 -0.27 -=0.27 1.00
5. Cloud top
temperature -0.38 -0.34 -0.76 0.40 1.00
6. Ridge temperature 0.23 0.16 0.20 0.06 -0.13 1.00
7. 700-mb temperature 0.22 0.16 029 -0.07 -0.09 0.85 1.00
8. Forecast probability 0.21 0.27 025 =035 -0.28 -0.08 -0.02 1.00
9. Dewpoint—
depression : :
(750-700 mb) ~-0.21 -0.29 —-045 -0.25 0.13 -0.06 -—0.08 0.06 1.00
10. 700-mb wind speed
normal to barrier 0.17 -0.11 004 ~035 —0.06 0.07 0.23 0.06 0.25 1.00
11. 700-mb wind
direction
departure from
270° -0.13 0.13 * -0.01 0.34 0.06 0.02 -0.10 —-0.12 -020 -0.59 1.00
12. Cloud base :
temperature 0.12 0.15 0.15 0.18 0.43 0.15 0.17 005 -0.38 -0.03 001 1.00




DECEMBER 1986

values of P for Y = a + bX?, and no significant im-
provement resuited over P = 1.

It appears that, at least for the Bridger Range, upwind
control gages provide far more predictive capability
than any parameters derived from nearby rawinsonde
observations. Furthermore, the rawinsondes contain
very little additional predictive information not already
provided by the control gages.

5. Departures from target—control relationship
a. General procedures

The target~control precipitation relationship of the
form Y = a + bX (linear regression equation) was cal-
culated for the nonseeded population which consisted
of the 96 6 h periods meeting the criteria previously
noted. The equation, with precipitation in millimeters,
was

target = 0.565 + (0.684 control). )

This relationship was assumed to be a good approxi-
mation of all 6 h periods meeting the criteria. Depar-
tures of individual 6 h target precipitation amounts
from that predicted by (2) were then calculated for both
seeded and nonseeded cases. These departures were
plotted vs each upper air parameter listed in Table 1,
and also for the gradients of equivalent potential tem-
perature and air temperature from 750 to 700 mb, the
700 mb wind direction, the NWS precipitation prob-
ability forecast, and the flux of water vapor normal to
the Main Ridge at 700 mb.

Each of the resulting plots was examined for evidence
of any tendency for large departures, whether seeded
or nonseeded or both, to be associated with a limited
range of the particular variable. It might be anticipated,
for example, that large positive departures of some
seeded cases would be related to limited temperature—
dewpoint differences indicative of moist air ascending
the Main Ridge. Another example of an anticipated
result might be for seeding to cause marked snowfall
increases when 700 mb temperatures (which approx-
imate the temperature of the Agl plume passing over
the Main Ridge) are in the range —13° to 16°C. It is
known that the mass growth rate of ice particles by
diffusion is particularly rapid at these temperatures
(Miller and Young, 1979). As will be discussed, neither
of these anticipated results came about.

The range of departures of individual 6 h periods
from the predicted target precipitation was —2.44 to
6.48 mm (gage charts were read to the nearest 0.25
mm). Only 12 seeded departures of the 175 6-h periods
(15% of seeded cases) and 11 nonseeded departures
(11% of nonseeded cases) exceeded 1.5 mm. Only five
cases, all nonseeded, were less than —1.5 mm. Thus,
147 cases (84%) from the entire population were be-
tween 1.5 mm of the target-control regression line
for all nonseeded periods.
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The summation of all 79 seeded departures from the
regression line was 29.2 mm precipitation (49.3 mm
for positive departures only); for the 12 seeded periods
greater than 1.5 mm it was 38.2 mm. This indicates
that a relatively small part of the seeded population
was largely responsible for the net increase in precip-
itation presumably due to seeding.

Seeding may have caused increases during some of
the other periods, but the overall impact on snowpack
accumulation was minor. Therefore, the 6 h periods
with positive departures greater than 1.5 mm were
given particular attention. They are summarized in
Table 2 where the period referred to is the quarter of
the experimental day: 1 = 1200-1800 LST, 2 = 1800-
2400 LST, etc. It is seen that all quarters of the days
yielded large departures and all months as well, except
for March. Five of the 12 largest seeded departures
were during December, and 8 were in the latter half of
the experimental day, i.e., from midnight to noon. A
larger sample would be required to determine whether
this distribution represents anything but random
chance.

Plots of all departures vs individual meteorological
parameters were prepared and examined. For the most
part, these indicated no noticeable difference in the
range of the variable associated with large positive or
negative departures, and the variable range for the en-
tire population. However, there were two noteworthy
exceptions.

b. Cloud top temperature

One exception was cloud top temperature. Super et
al. (1974) discussed in detail the method used during
the BRE to estimate cloud top and base temperatures
from radiosonde observations, and reported available
observations at 6 h intervals. Basically, the difference
between air temperature, 7, and dewpoint temperature,
T,, (both degrees centigrade) was related to pressure,
p, (millibars) by

P
T .Td 10 100" 3)

Due to known hygristor problems and the somewhat
arbitrary (but objective) criteria used, the cloud top
and base temperatures reported should be regarded
only as estimates. Further, a single observation in the
middle of a 6 h period may sometimes poorly represent
the entire period if conditions are rapidly changing (e.g.,
trough or frontal passage). In spite of these limitations,
Super et al. showed that 6 h nonseeded precipitation
was more strongly related to cloud thickness and cloud
top temperature than any of the 30 other upper air
parameters tested. The cloud top temperature estimates
should differentiate between shallow cloud systems with
warm tops and deep systems with cold tops.

It should be further noted that the method used
sometimes did not detect cloud, and cloud tops are
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TABLE 2. Summary of periods with departures greater than 1.5 mm.
Precipitation (mm)
Ridge Dewpoint 700-mb 700 mb** Cloud
Experiment temperature depression* direction speed topT Target
starting day Period (&) O (deg) (ms™) °C) Control Target departure
Seeded
16 Dec 70 2 -9.1 35 280 5.1 —46 8.3 12.7 6.5
1 Nov 71 3 —-11.1 1.2 296 14.0 —46 1.1 6.2 4.8
29 Dec 71 3 -14.9 0.3 279 17.3 -40 1.7 5.6 39
18 Nov 70 3 -10.0 4.1 280 18.0 0 4.2 7.1 3.7
4 Dec 71 4 -94 1.7 . 267 18.5 -20 2.2 5.2 3.1
13 Feb 72 1 -9.8 8.8 299 15.0 -39 0.5 3.7 2.8
1Jan 72 1 -10.6 1.9 265 14.6 -17 0.1 33 2.6
9 Jan /2 4 -14.8 1.2 271 18.9 -51 2.2 4.6 2.6
18 Nov 70 4 -9.6 29 290 109 -22 0.1 3.1 2.5
13 Feb 72 4 -12.3 0.5 272 7.5 =27 1.3 34 2.0
21 Dec 70 3 -19.2 24 271 7.2 —48 6.4 6.8 1.9
29 Dec 71 1 -13.8 14 265 10.6 -21 0.3 2.5 1.8
Nonseeded
4 Feb 71 1 -11.4 1.7 278 149 -39 1.5 7.7 6.1
23 Jan 72 1 -10.2 2.6 287 10.8 - —43 10.8 10.7 2.8
8 Dec 71 4 -10.8 1.2 267 24.3 -28 0.4 3.6 2.7
31 Dec 71 2 —10.1 1.9 295 22.5 =29 0.4 3.6 2.7
24 Feb 71 2 -11.0 6.5 286 10.5 —48 0.4 34 2.6
20 Nov 70 3 -9.6 7.3 241 15.0 =35 2.3 4.5 24
22 Feb 72 4 -10.0 0.1 276 8.4 —46 3.0 4.5 1.8
4 Jan 72 2 -14.6 0.7 277 19.7 —43 3.0 4.5 1.8
26 Feb 71 2 -16.9 3.0 285 8.5 —43 0.4 2.5 1.6
20 Nov 70 4 © —14.3 12.9 1282 21.5 —-34 0.5 2.5 1.6
11 Dec 71 1 —15.8 4.8 280 149 -30 0.6 2.5 1.5
* Mean for 750-700 mb layer
** Eastward component
[feannsnnansnaans sanas nanns T T then noted as 0°C. As discussed earlier, rawinsondes
s S=79 would not have been launched unless clouds were
6 " N=96 7. present on the mountain barrier. In some of these cases
the rawinsonde is believed to have made its vertical
51 s 71 accent upwind of shallow orographic cloud that ex-
tended only a few kilometers upwind of the barrier.
ar s . 1 Perhaps the criteria used were inadequate in other
E . cases.
E 3 NS " . B With the above limitations in mind, reference to
w o " s Fig. 2 shows a very marked difference in departures
22r e . s | os 7 from the target-control relationship for seeded and
€ ps— o st p nonseeded 6 h periods. For cloud top temperatures
IR S n" y: s 1 warmer than about —25°C (implying shallow clouds),
a "t N W™ 5l ; s " the nine greatest positive departures are all seeded cases.
Ot v ? "L'“s ﬁ s o i These nine cases had 700 mb winds from 265° t0 290°.
Ve s M SN %Y Sofs 1 a Reference to Fig. 1 shows that the target gages were
-1t o £, 7 directly downwind of the seeding generators for this
N " : sector. Further, the 700 mb wind speed component
-2f e 7 normal to the Main Ridge exceeded 10 m s™! in these
h -28 cases; therefore, strong uplift and liquid water produc-
-3 } 4 } 4 ! } 4 Il } } . . . ) "
S™T50 -40 =30 20 0 tion were likely. The physical conditions present

CLOUD TOP TEMPERATURE [°C}

FIG. 2. Six hour departures from nonseeded regression equation
vs cloud top temperature. Seeded and nonseeded periods are desig-
nated by S and N, respectively.

strengthens the hypothesis that seeding markedly in-

creased the snowfall from these shallow clouds.
Further evidence that cloud seeding was particularly

effective with warm cloud tops is given in Table 2. It






