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INTOODULT ION 

A. A. N. Patrinus 

This report is the sixth and final one in the f?rien of annual re-
ports documenting the progress of the METER (Meteor*logical Effects of 
Thermal Energy Release) program and describes the major activities during 
FY 1981 and FY 1982. The METER program was initioed during FY 1976 with 
the goal of examining the inadvertent weather effects of evaporative cool-
ing towers and cooling ponds of large power generating fucilities. The 
initial investigative scope of METER was rather broad ami addressed a va-
riety of possible effects with a wide spectrum of analytical tools such as 
mathematical modeling, physical modeling, field studies, etc. The focus 
of the program was eventually narrowed concentrating primarily on field 
studies and particularly on a precipitation modification study around a 
largo coal-fired powsr jlant in northwestern Georgin, the Bowen Electric 
Generating Plant (Plant Bowen). In FY 1979 and in response to the growing 
national and iaternationp1 concern regarding "acid rain," the focus of the 
program was expanded to include wetfall cV-istry vtudies around Plant 
Bowen. 

Field data acquis-t.-jn terminated during FY 1981 with the METER-
ORNL Precipitation Net*? :k shot o'. -»n It- - a r ' y Mai ch 1981 on completion of 
a three-year storm data 'tast. TV- '»: '.'.ic*! to conclude the data gather-
ing at the end of three y e a . v wa* s»sed on preliminary indications of the 
absence of substantial pi ant-induce-A effects on rainfall volume. March 
1981 also marked the end of WISPE-?.. a concei (rated and intensive wetfall 
chemistry field study around Plant Bnwen, whic> was initiated in early 
January 1981, and culminated extensive preparation* and in-depth planning 
during FY 1980 and early FY 1981. The WISPE-2 experiment was a remark-
able success and was particularly gratifying since it compensated, in 
some sense, for the rather frustrating earlier wetfall chemistry field 
endeavors. The second half of FY 1981 and the entire FY 1982 have been 
devoted almost entirely to the laboratory analyses of the WISPE-2 sam-
ples, the reduction and processing jf the METER-ORNL and WISPE-2 meteoro-
logical data, and the critical evaluation of the results. This report 
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contains the conclusions of the precipitation modification study and the 
detailed results of the WISPE-2 field investigation. Publications in the 
open liteiature on both topics will be forthcoming. 

Judging from the content of current scientific journals, concern 
about the meteorological effects of thermal energy releases appears to 
have dimmed. This may be attributed to the immediacy of other environ-
mental problems Buch as acid deposition. Moreover, the majority of re-
search endeavors on weather modification have r.jt demonstrated any sub~ 
stantial anthropogenic interference in meteorological processes. It is 
reassuring that, at least for the present, nature still controls most met-
eorological functions. Climate modification appears to have replaced 
weather modification on the priority list. Clinate, the average course of 
weather, is recognized as a serious parameter in human health, agricul-
ture, and ecology; and there is considerable concern regarding its anthro-
pogenic long-term modification. An example of climate modification is 
that related to the increase of carbon dioxide in the atmosphere. 

Insofar as power plant thermal releases are concerned, it should be 
mentioned that due to the worldwide recession the anticipated growth has 
not materialized. Moreover, the concept of power parks although still 
under consideration has not been implemented and consequently we have not 
had the circumstances considered most likely to manifest substantial mete-
orological effects. In terms of local effects such as fog, drift, etc., 
the METER program has contributed both in the advancement of the related 
sciences and in the qualitative and quantitative assessment of these ef-
fects. The conclusions of the precipitation modification study around 
Plant Bowen show the absence of any substantial effects on rainfall volume 
at least within the study area. 

The VISPE field studies have successfully addressed the problem of 
acidic depositon in the near field of a large pollution source. Insight 
has also been gained on the subject of general precipitation chemistry in 
northern Georgia which is part of an area perhaps experiencing a trend 
towards more acidic precipitation. 

During its six-year lifetime the METER program served as the struc-
ture bringing together diverse capabilities. This has been particularly 
the case during the WISPE field studies whica have involved Battelle 
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Pacific Northwest Laboratories (PNL), Brookhaven National Laboratory 
<BNL), Oak Ridge National Laboratory (ORNL), and Pennsylvania State Uni-
versity (PSU). Other participants in the METER program include Argonne 
National Laboratory (ANL), Atmospheric Turbulence and Diffusion Laboratory 
(ATDL/NOAA), and the Rand Corporation. Although the program has never 
been considered in the mainstream of most atmospheric science research ef-
forts, it has fulfilled the mandate specified by the Department of Energy 
(DOE) and advanced the state of knowledge on the meteorological effects of 
thermal energy releases and on plume washout. 

The following sections describing the final results have been pro-
vided without substantive editing. 
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ABSTRACT 

This is the final progress report on the METER (Meteorological Ef-
fects of Thermal Energy Releases) program describing the activities dar-
ing FY 1981 and FY 1982. This program was initiated daring FY 1976 with 
the goal of examining the inadvertent weather modification effects of 
large cooling towers and cooling ponds. Emphasis was placed on fi .J 
studies, and in the later years the focus of the program was on a pre-
cipitation modification study around the Bowen Electric Generating Plant 
in northwestern Georgia. Thu field effort was expanded during FY 1979 to 
include the study of wetfall chemistry in the plant's vicinity. 

The analysis of the three years of precipitation data have failed to 
show a significant effect of the plant on rainfall volume; the investiga-
tion of rainfall pattern variability has been inconclusive. The studies 
of wetfall chemistry have provided valuable information on the mechanisms 
of plume washout from large point sources and on the general characteris-
tics of precipitation chemistry in the southeastern U.S. 



1. PRECIPITATION MODIFICATION STUDIES 

A. A. N. Patrinos* R. E. Saylor 

1.1 Introduction 

This chapter presents a summary of the research on the precipitation 
modification study conducted on behalf of the Meteorological Effects of 
Thermal Energy Releases (METER) Program. This study centered on a field 
investigation of rainfall patterns in the vicinity of the Bowen Electric 
Generating Plant (Plant Bowen) in northwestern Georgia and employed a 
dense network of recording raingages and windsets called the METER-ORNL 
Network. Data were collected in a continuous fashion over a three-year 
period (March 1978—March 1981) and a total of 466 storms formed the sta-
tistical data base used to explore the potential precipitation modifica-
tion caused by the plumes of this power plant. Details on the installa-
tion and operation of the network may be found in the report by Miller et 
al.1 (1978), while the METER Program annual technical progress reports 
(.'atrinos and Hoffman, 1981;4 1980;1 1979*) trace che historical evolu-
tion of this study and present the significant results in a timely fash-
ion. Publications in the open literature have, primarily, presented the 
statistical investigations of the data. Patrinos et al.s (1979) pre-
sented preliminary results based on National Weather Service (NWS) data 
and indicated the presence of au effect. It was admitted, however, that 
the quality of the NWS data was inadequate for conclusive assessments. 
Patrinos and Bowman* (1980) developed a crossover statistical design tai-
lored for the data from the METER-ORNL Network. This design employed a 
parametric test using the distributional properties of the sample skewness 
and kurtosis. Application of this test to the data from the first six-
months operation of the network demonstrated a possible plant induced 
anomaly. Finally, research based on the first 18 months' data (Patrinos 
et al.,7 1982) contradicted some of the preliminary results. It was rec-
ognized that a nonparametric approach to the statistical analysis of the 
data was more viable. This was confirmed by qualitative evaluations of 
the expanding data base. Application of the nonparametric statistical 

*Brookhaven National Laboratory, Upton, NY. 
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methodology to the 283 storms of tho first 18-month period revealed thu 
absence of any substantial effect on rainfall volumes in the target areas 
for most storm types with a comfortable statistical significance, Results 
on the testing of rainfall pattern variability were somewhat inconclusive. 
It has been suspected that the spatial variability of rainfall patterns is 
e reasonable candidate for modification by the power plant plumes. How-
ever, it wis ascertained that the nonparametric tests on dispersion were 
severel" limited in their application and that a number of rather unrea-
sonable assumptions were necessary in order to implement these tests. The 
tests failed, in general, to demonstrate any significant effect on disper-
sion but the question of their relevance remains. The development of a 
suitable test for exploring impacts on spatial dispersion remains the main 
topic of current research. 

1.2 General Results 

Table 1 presents the breakdown of the 466 storms according to the 
contributing large scale system (storm type) as well as some relevant sta-
tistics. It would be useful to repeat the definition of an individual 
storm event as follows: precipitation events are considered distinct if 
they are separated by at least two hours of no precipitation over the en-
tire network. As expected, the majority of the storms (27%) is of the 
warm air mass type. This is representative of the general climatology of 
the study area. Moreover, since storms of this type are usually local in 
nature and of short duration they are quite numerous. In fact, if one 
considers the storms of the warm air mass family, they number 157 which 
represents ~34% of all storms. Table 2 presents the characteristics of 
the four storm families. Storms of the front family are almost as numer-
ous (155) with the cold front and stationary front representing the larg-
est share. This is, understandably, related to the predominant track of 
the anticyclonic (low-pressure) storm systems which develop over the 
northeastern Gulf of Mexico and translate to the northeast producing the 
most significant (in rainfall volume) precipitation events. These systems 
often stall between slow-moving cyclonic systems and produce the station-
ary front situations. Storms of the front family, representing 34% of all 



Table 1. Storms over the METER-ORNL Network (2/22/7f.~3/12/81) 

Average rainfall Average no. 
Storm type No. of storms inches ot stations 

(ma) with rainfall 

Warm air mass f tfflily Vara air mass 127 0.06 (1.45) 15 
Prefrontal cold 17 0.43 (10.96) 40 
Prefrontal occluded 1 0.14 (3.50) 49 
Prefrontal stationary 12 0.13 (3.29) 16 

Subtotal 157 
Front family Stationary front 56 0.26 (6.70) 27 

Occlnded front 5 0.38 (9.66) 35 
Cold front 64 0.35 (8.97) 36 
Vara front 7 0.81 (23.68) 45 
Low-pressure center 23 0.51 (13.05) 43 

Subtotal 155 
Squall family Squall line 50 0.64 (15.18) 37 

Squall zone 38 0.96 (24.41) 40 
Subtotal 88 

Cold air mass family Cold air mass 28 0.22 (5.57) 24 
Prefrontal wara 5 0.66 (16.74) 43 
Postfrontal cold 7 0.06 (1.45) 24 
Postfrontal stationary 26 0.35 (8.97) 36 

Subtotal 66 
Total 446 
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Table 2. Characteristics of the four storm families 

Family Characteristics 

Front (stationary, cold, occluded, warm, low- Cyclonic,0 continuous^ 
pressure center) 

Cold Air Mass (cold air mass, prefrontal warm. Cyclonic,a noncontinuous° 
postfrontal cold, postfrontal occluded, post 
frontal stationary) 

d e 
Warm Air Mass (warm air mass, prefrontal cold, Convective, simple 

prefrontal occluded, prefrontal stationary, 
postfrontal warm) 

Squall (squall line, squall zone) Convective,"" compl a 

Precipitation which is caused by the large-scale vertical motion 
associated with synoptic features such as low-pressure systems and 
fronts. The vertical motion is closely related to the horizontal con-
vergence of velocity near the surface. 

The precipitation is spatially uniform. 
Q 
The precipitation is spatially nonuniform due to the large distance 

from the synoptic feature. 
Precipitation which is caused by the vertical motion of an ascend-

ing mass of air which is warmer than its environment. In the fundamental 
unit (the storm cell), the horizontal dimension of this mass of air is 
generally about 15 km or less and forms a typical cumulonimbus cloud. 

A single cell of convective precipitation. 
f 
Cases in which the convective precipitation covers an area larger 

than about 250 km2 at a given time during the storm, due to a group of 
storm cells. Complex convective precipitation is usually of greater 
intensity than cyclonic precipitation and is sometimes accompanied by 
thunder. 

storms, account ior ~37% of the total rainfall while the warm air mass 
family accounts for only 10% of the total rainfall volume. Convective 
situations of a larger spatial scale, the squall storms, are responsible 
for almost 41% of the total rainfall volume but only 19% of the total num-
ber of storms (88 to 466). The storms of the cold air uass family repre-
sent 14% of the data base and account for approximately the same percent-
age of total rainfall volume. 
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The cumulative rainfall over all stations of the network during the 
entire test period is shown in Fig. 1. There is a distinct spatial gra-
dient along the SE-NW direction with the greatest rainfall volumes occurs 
ing at the northwestern corner of the network. This has confirmed the 
trend observed in some of the earlier work, and appears to be related to 
topography. The coefficient of spatial variation is 5%. The mean annual 
rainfall over the network during the three years was 53.43 in. (135.7 cm) 
which is close to the long-term annual mean. A series of quality assur-
ance tests has revealed that site 6, at the northeastern sector of the 
network, represents an anomaly in the observed rainfall patterns. It has 

UHNL OWliHJ 6003 1 1 0 

Fig. 1. Amounts (in inches) and contours of total rainfall for the 
466 storms over the METER-ORNI Network. 
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been determined that the raingage had an exposure problem as it was de-
ployed on a bluff. 

As expected, the operation of the raingage network experienced a cer-
tain amount of instrument malfunctions. The majority of malfunctions was 
attributed to the raingage clocks. The number of external tamperings 
(severe weather consequences, vandalism, etc.) was suprisingly low. Fig-
ure 2 presents the number of missing storm data for each station of the 
METER-ORNL Network. The range is considerable, from as low as 10 in the 
plant's immediate southward vicinity to a high of 93 at site 13. It 
should be mentioned that raingages 1 to 4 were deployed in April 1978 and 
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Fig. 2. Performance evaluation of the 49 sites of the METER-OKNL 
Network. Each number represents the number of times each site war. in-
operative during the 466 storms. 
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therefore missed the initial set of storms. For each storm, an interpo-
lating scheme was utilized to estimate the storm amount value at each 
missing data station. This was deemed necessai*y for the determination 
of the overall rainfall patterns and the application of the statistical 
software package. On the average, the number of malfunctioning gages per 
storm was 3.5 (71>) . 

Figure 3 presents the total amounts for the warm air mass family 
storms. Heaviest amounts are evident at the western edge of the network 
while the northwestern sector also displays considerable spatial vari-
ability. The spatial coefficient of variation over the entire network is 
9%. The front family totals are shown on Fig. 4. A high is present at 

OHNL DWG 82 bl>U!ilTl> 

Fig. 3. Amounts (in inches) and contours of total rainfall fox the 
157 storms of the Warm Air Mass Family. 
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Fig. 4. Amounts (in inches) and contours of total rainfall for the 
155 storms of the Front Family. 

the northwestern edge of the network while the overall pattern resembles 
the pattern for the entire storm set. Figure 5 presents the amounts for 
the squall family storms. Heavy amounts are evident in the plant's north-
ward vicinity while the overall pattern departs somewhat from the pattern 
of Fig. 1. The spatial coefficient of variation is ~6%. Figure 6 pre-
sents the total amounts for the cold air mass family storms. Heavier 
amounts appear at the northwestern and southwestern parts of the network. 
The spatial coefficient of variation is ~9%. 

Table 3 presents the wind direction frequencies for the 466 storms. 
The development of the statistical design necessitated the determination 
of three r ind directions for each storm: the surface wind direction prior 
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OHNL IJWf, H? WJ/ I 10 

Fig. 5. Amounts (in inches) and contours of total rainfall for the 
88 storms of the Squall Family. 

to each storm, the surface wind direction during each storm weighted ap-
propriately for the periods of heaviest rainfall, and the upper air wind 
direction. These wind directions are used to determine the target area, 
or area of maximum impact as the cooling tower plumes would be expected to 
be over them. The choice of the appropriate wind direction or combination 
of wind directions remains a subject of continuing research (Patrinos et 
al.,' 1982). It appears that for the majority of storms, the surface wind 
direction better represents the behavior of the plumes; the "prior" wind 
direction for storms of short duration (±2 h); and the "during" wind di-
rection for the longer storms (>2 h). It ia apparent from Table 3 that • 
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Fig. 6. Amounts (in inches) and contours of total rainfall for the 
66 storms of the Cold Air Mass Family. 

easterly-southeasterly winds dominate the storms over the METER-ORNL Net-
work, and consequently, the plant's western and northwestern vicinity is 
the most likely target area. As expected from the regional location of 
the METER-ORNL Network, the prevailing npper^air winds are southwesterly 
to westerly. Table 4 presents the wind direction frequencies for the 
various storm families. 

One of the unanticipated shortcomings of this project was the power 
plant's electrical output (the thermal output is proportional to that). 
During the planning stages it was expected that the power plant would 
operate at or near the full capacity of 3160 MW(e), and therefore the 
conclusions of the study would cover all cases up to that threshold. The 
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Table 3. Wind direction frequencies 
for the 466 storms 

"Prior" surface 
Direction winds 

N 2 
N N E 1 
N E 1 
Clin, 7 
E 18 
E S E 16 
S E 5 
SSE 6 
S 5 
ssw 6 
sw 4 
w s w 6 
w 8 
VNW 5 
NW 6 
N N W 4 

Total 100 

"During" surface Upper air 
winds winds 
(%) <%) 
4 1 
2 1 
6 1 
S 2 
19 1 
10 1 
6 1 
5 1 
2 4 
6 10 
4 21 
5 22 
4 18 
9 8 
6 4 
4 4 

100 100 

actual performance of the power plant fell short of that expectation as 
shown in Table 5. For most of tie stjxm families as well as for the ear 
t'rt data set there were almost a^ miny storms during which the electri-
cal output was less than 1800 Hff(e) as there were storms during which the 
electrical output was greater than 1800 MW(e). It should be emphasized, 
therefore, that whatever conclusions are drawn from this study, are quali-
fied with the appropriate power plant output range. 



Table 4. Hind direction frequencies for the four storm families 

Direction 

Warm air mass _ . r _ ,, . Cold air mass 
family F r° n t { a m l l j S , m 1 1 f M , i l y family 

PSWa DSW^ UAW° PSWfl DSW^ UAW° PSWfl DSWfc UAWC PS*a DS9b UAW° 
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

N 3 1 1 1 4 1 3 7 0 3 5 2 
NNE 3 3 0 0 1 0 1 1 0 0 4 5 
NE 7 10 1 9 3 2 3 4 1 3 4 0 
ENE 7 7 4 13 8 0 10 11 0 6 11 2 
E 20 19 2 15 18 0 12 15 0 23 23 0 
ESE 17 11 1 12 7 0 16 10 1 15 9 0 
SE 2 9 3 6 5 1 7 4 0 3 2 0 
SSE 6 4 1 5 5 2 10 9 1 0 0 2 
S 5 3 6 3 3 5 7 2 2 2 0 3 
ssv 6 8 12 6 4 6 7 9 12 2 2 9 
sw 3 4 15 3 4 25 7 7 26 5 2 14 
wsw 3 6 20 6 6 25 8 2 25 5 7 24 
w 6 2 18 8 9 21 6 4 12 5 0 18 
VNW 5 5 8 4 11 7 2 9 7 6 12 10 
NW 3 5 4 6 8 3 0 4 7 16 8 3 
NNW 4 3 4 3 4 2 1 2 6 6 1 8 

Total 100 100 100 100 100 100 100 100 100 100 100 100 
a"Prior" surface winds. 
^"During" surface winds. 
c Upper air winds. 



Table 5. Power plant electrical output during the 466 storms 

Number of occurrences 
range 
HV(e) Warm air mass 

family Front family Squall family Cold air mass 
family All cases 

0-200 3 1 1 3 8 
201-400 0 0 0 0 0 
401-600 3 0 0 0 3 
601-800 4 0 0 0 4 
801-1000 6 3 2 0 31 

1001-1200 9 6 7 3 25 
1200-1400 17 19 5 10 51 
1401-1600 11 12 9 6 38 
1601-1800 19 24 9 8 60 
1801-2000 26 22 15 14 77 
2001-2200 32 33 16 14 95 
2201-2400 8 11 8 4 31 
2401-2600 8 11 9 4 32 

>2600 11 13 7 0 31 
Total 157 155 88 66 466 
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1.3 Renults of Statistical Investlkations 

Sample rjsults from the application of the statistical software pack-
age on the 466 storms are presented in this section. It should be empha-
sized that only the tests on the sample locations are entirely valid. As 
mentioned in the Introduction, there is some question 'Yhether the assump-
tions necessary to implement the dispersion tests hold for the formulation 
of the data sets. These results are included here in the absence of a 
better alternative and also to emphasize that testing for effects on spa-
tial dispersion should be one of the fundamental goals of every weather 
modification experiment. 

The two-way layout method is used for the testing of the locations 
of the sample distributions. This test is associated with the Friedman 
rank sums (Hollander and Wolfe,* 1973) and utilizes data from the target 
and the three control areas. Details of the application of this test are 
presented in Patrinos et al.7 (1982). The computed statistic S is com-
pared against the xa distribution values for the corresponding a (signifi-
cance) level. For a 5% level (o = 0.05), x2 = 7.81467 with three degrees 
of freedom. Results are presented in Table 6. For the majority of cases 
the null hypothesis, which assumes no effect, is not rejected. The only 
rejection, for the stationary front storms, can be explained in terms of 
regional characteristics of stationary front storms (Patrinos et al.,7 

1982). The use of square-root or logarithmically transformed data was 
motivated by requirements of the two-way layout test. 

Table 6 also presents the results of the Ansari-Bradley and Miller 
Jacknife tests for dispersion (scale parameter). These tests involve the 
computation of rank test statistics w* and Q which are compared against 
the asymptotic normal [N (0,1)] distribution, specifically against Z(a) 
which is 1.645 for a 5% significance level (a » 0.05). With the excep-
tion of the stationary front and front family storms Hq is not rejected at 
a = 0.05. Again, the rejection of Hq for the stationary front storms (and 
as a consequence for the front family storms) can be attributed to re-
gional characteristics of these storms. Moreover, the validity of the 
dispersion tests, as mentioned earlier, is questionable and the numerical 
results will not be discussed further. 



Table 6. Results of the statistical tests applied to the METER-ORNL storms 

. . ^, Warn air mass _ . - _ Cold air nass Air Bass Stationary „ .. Front family Squall family family family 

No. of storms 127 56 

The two-way 
layout test 
(S-statictic) 
B® = 90° 

The dispersion 
tests 

P* = 120* 

Original data 
x 

Square-root 
transformed 

data 
VT 

Logarithmic 
transformed 

data 
In z 

No. of 
control data 

No. of 
target data 

The Ansari-
Bradley test 
(w* statistic) 
The Niller-
lacknife test 
(Q statistic) 

0.694 

0.796 

0.999 

2109 

2082 

-0.145 

0.38 

14.077 

14.101 

14.278 

954 

889 

1.170 

1 . 8 1 

157 

2.574 

1.74 9 

2.795 

2462 

2594 

0.328 

0 . 2 0 

155 

4.448 

3.085 

4.105 

2465 

2535 

0.492 

2 . 2 

88 

0.843 

0.781 

0.615 

1462 

1425 

0.33^ 

-0.85 

66 

0.893 

1.196 

1.156 

1079 

1072 

0.365 

0.06 
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1.4 Conclusions 

The statistical analysis of the 466 storms from the METER-ORNL Net-
work oannot be considered final. There exists a plethora of analytical 
paths that may be pursued and a multitude of statistical designs which may 
be applied to the data. It is recommended that the data base be preserved 
so that future attempts at analysis be undertaken as advanced statistical 
methodologies are established. The statistical approach within the METER 
Program has evolved from a parametric framework to & nonparametric one. 
This was motivated by the realization that rainfall volumes rarely conform 
to convenient parametric distributions (normal, lognormal, etc.) and con-
sequently, it is desirable to pursue a statistical methodology which is 
free of assumed parent distributions. It should be emphasized, however, 
that further research m«y shed new light on the parent distribution issue 
and pave the way for a suitable parametric analysis of the data. 

On the basis of the analyses performed on the data at this time the 
following conclusions may be stated: 

1. The sampled test period (February 1978-March 1981) displayed general 
climatological agreement with long-term patterns and trends. 

2. The recorded surface winds during each storm are the most appropriate 
determinants of plume positions and therefore of the target areas. 

3. The prevailing surface winds prior to and during storms are from a 
general easterly to southeasterly direction. This would imply that 
the plant's general westerly to northwesterly vicinity would be the 
most likely target area. 

4. The apparent higher rainfall volumes in the plant's westerly to north-
westerly vicinity for most storm families and for the entire data set, 
are felt to be characteristics of the regional rainfall pattern due to 
topography and are not plant related. 

5. The conclusion reported in No. 4 has been confirmed with the applica-
tion of the two-way layout test based on the Friedman rank sums. The 
probability of concluding the existence of an effect when in fact 
there is none, was 5%. The rejection result for the stationary front 
storms is felt to be due to regional patterns rather than Co a plant-
induced effect. 
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6. The validity of the reported statistical tests on rainfall pattern 
variability (spatial dispersion) is questionable. Results are incon-
cluniv with a possible plant-induced effect on dispersion for sta-
tionary front storms although, as with No. 5, this result appears to 
be related to regional spatial patterns. 

7. The development of an appropriate procedure for the testing of spatial 
pattern variability changes is the subject of current research. 
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2. WETFALL CHEMISTRY STUDIES 

A. A. N. Patrinos* M. T. Danat 
R. E. Saylor 

2.1 Introduot ion 

In recent years we 1>> < u 
tial rise in the acidity of preci 

n increased awareaess of a poten-
on. This phenomenon, usually re-

ferred to as "acid rain," has prompted considerable concern regarding the 
balance of delicate ecosystems in regions of suspected maximum impact such 
as the northeastern United States, southeastern Canada, and Scandinavia. 
It is generally recognized that "acid rain" is primarily the result of 
long-range transport and transformation of combustion products from indus-
trial and transportation sources. The current belief is that acidic depo-
sition is deleterious to aquatic systems, crop yields, sensitive mate-
rial surfaces, and others, although the extent and severity of the problem 
is uncertain at this time. The "acid rain" controversy has potentially 
serious political and economic implications such as arising from interna-
tional disputes on pollution export, e.g., between Canada and the United 
States, as well as disputes between different states. The problem is suf-
ficiently serious that legislation is presently considered in Congress to 
drastically reduce the sulfur emissions of major power plants in the mid-
western United States (Moynihan,1 1981). 

Over the last decade several research efforts have been launched to 
address the various aspects of acidic deposition from the governing atmo-
spheric processes to assessments of impacts on aquatic and plant life. We 
report here the results of a field study around the Bowen Electric Gene-
rating Plant (Plant Bowen). Although it is generally accepted that "acid 
rain" is in reality a regional problem, there is considerable interest in 
determining the acidic deposition within the near field of a large pollu-
tion source. Apart from the obvious concern regarding the local environ-
mental impact, the study of deposition close to a large source presents 
a convenient experimental framework. Recognizing that the heart of the 

*Brookhaven National Laboratory, Upton, NY. 
TBattelle Pacific Northwest Laboratories. Richland, WA. 
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"aoid rain" question is the determination of the source-receptor relation-
ship, one is presented with an easily identifiable source when studying 
the nearTield and therefore has a potentially better opportunity to com-
prehend SOILV of the lundamental atmospheric processes involved in ncidic 
deposJ tion. 

The work reported here developed as an extension of the precipitation 
modification study prompted by the realization that Plant Bowen repre-
sented a formidable source of pollution emissions and stimulated by the 
national concern regarding "acid rain." The METER Program was thus ex-
panded to address acidic deposition in the near field of large pollution 
sources (Patrinos and Hoffman,1979, 1980). This expanded activity of 
the METER Program focussed primarily on a series of field experiments 
called WISPE (Winter Study of Power Plant Effects) around the Bowen Elec-
tric Generating Plant (Plant Bowen) located approximately 64 km northwest 
of Atlanta, Georgia. The WISPE experiments included a three-week field 
study in December 1979, and a two-month field experiment in early 1981. 
This paper presents results from the 1981 field experiment. 

The objectives of the WISPE activities may be summarized as follows: 

1. Determination of the extent of acidic deposition within the power 
plant's near field (within a 15-20 km radius). 

2. Improved understanding of the plume washout mechanism. 
3. Qualitative and quantitative assessment of precipitation chemistry in 

areas not directly impacted by the presence of the power plant. 

The last of the above objectives is aimed at providing general back-
ground precipitation chemistry data in an area of the United States which 
is, perhaps, experiencing a trend toward more acidic precipitation. Work 
on the third objective is the subject of a separate paper (Dana et al.,4 

1982). 

2.2 Field Studies in the Near Field 

We begin by reviewing a series of field stBdiea of the near field. 
Five projects involving field measurements around power plants are identi-
fied and highlighted in Table 1. These projects include WISPE and are 



Table 1. Field studies in the near field 

C h a r a c t e r i s t i c s 

Key stone 

Generating capacity, MWe 
S0} emission rate, Mg day-1 

Smoke-stack height, m 
Network radial distance range, km 
Number of sites 
Leading investigating agency and year 

Range of measured [S0a], pinoles It-1 

Range of measured H+, fimoles It-1 

a. 

1800 
260 
240 

2-6.4 
194 

BNWQ 

1969-1970 

0.1-29.1 
2.5-315 

Pollution source 

Chalk point Sudbury Centralis Bowe 

710 
240 
133 

0.5-5 
13 

I'M* 
1973 
NAC 

2 - 1 0 0 0 

Battelle Pacific Northwest Laboratories. 
j University of Maryland. 
* 

'Not available. 
^Atmospheric Environment Service, Downsview, Canada, 
'information in this column refers to the 1981 study, r Oak Ridge National Laboratory. 

4C00 
381 

20-7C 
56 

AESC 

1973-1974 
NAC 

15-300 

700 
140 
143 

0.4-11 
90 

BNV* 
1974 

3.3-33 
8-70 

3160 
500 
305 

2 - 1 5 

31 

O R N L 7 

1978-1981 
0.7-12 
1 0 - 1 1 0 
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compared by source characteristics, sampling network size, number of sam-
pling sites, and the range of measured hydrogen ion and sulfur dioxido in 
the collected rainwater underneath the plume. Jn general, S02 und II4 con-
centrations exhibited a variability of more than two orders of magnitude. 

One of the earlier sulfur washout experiments was conducted by 
Battelle Pacific Northwest Laboratories (BNW) at the Keystone power plant 
in western Pennsylvania (Hales et al.,5 1971). The primary objective was 
to assess the effectiveness of precipitation washout as a mechanism for 
removing sulfur compounds from the power plant plume; the secondary objec-
tive was to evaluate the relative importance of various interaction param-
eters and atmospheric variables. The field investigation extended over 
three one-month periods. During a total of 22 experimental runs precipi-
tation samplers were placed at intervals of 4° to 12° at radial distances 
of 2, 4, and 6.4 km. Chemical analyses were performed in a mobile field 
1aboratory. 

The study around the Centialia power plant was also conducted by BNW 
(Dana et al.,* 1976). This power plant, located in western Washington 
State, has less than half the generating capacity of Keystone (700 MWe to 
1800 MWe) and burns coal with low sulfur content (0.55% by weight). It 
was reported that excess sulfate concentrations (above background) in rain-
water underneath the plumes appeared insignificant at downwind distances 
less than about 10 km while ammonium, nitrate, and soluble phosphate ion 
concentrations were at or near normal background levels. The only species 
measured that showed plume-related deposition patterns at distances be-
tween 0.4 and 11 km were SO, and H+. 

The metal smelters in Sudbury, Ontario were the largest single source 
of sulfur in the world. Approximately one million metric tons of sulfur 
were emitted each year from a 381-m stack representing 1% of the total 
annual anthropogenic global emissions of sulfur. Studies by the Atmo-
spheric Environment Service (Downsview, Canada) involved the sampling of 
precipitation on an event basis to detect sulfur and trace metal deposi-
tion within an area having a radius of ~50 km from the source (Wiebe 
and Whelpdale,7 1977). It is indicated that less than 1% of the sulfur 
emitted during a precipitation event is deposited in this area, whereas 
the fraction for trace metals is at least an order of magnitude higher 
than for sulfur. 
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At Chalk Point a smaller-scale study was conducted by the University 
of Maryland (Li and Landsberg,* 1975). The study was conducted around the 
Chalk Point power plant with a sampling network encircling the power plant 
(0.5 to 5 km) and with rainwater pH found to vary between 3.0 and 5.7. A 
dependence of acidic washout from the plume on wind direction was noted 
but the degree of correlation was unclear. 

Of importance are two additional studies conducted in Sweden. Oranat 
and Rhode' (1973) investigated the wet deposition around an 860 MWe (with 
four 85-m stacks) oil-fired power plant on the west coast of Sweden. On 
the basis of analyses for sulfur, pll, alkaline species, and sodium, they 
concluded that the additional (above background) wet deposition of acid 
due to the power plant would be no greater than 10 to 15% within 15 km of 
the plant and involve 1 to 6% of the emitted sulfur. The second study was 
conducted by Enger and HHgstrHm10 (1979) around another oil-fired power 
plant on the Baltic shore; this plant is rated at 1,000 MWe and employs 
three 140-m stacks. They concluded that 2/3 of the emitted material is 
deposited within 100 to 200 km from the source. They also reported that 
for one case with high relative humidity, 70% of the sulfur from the plant 
occurs as sulfate within the first 30 km. This appears to contradict the 
results from most other studies. Enger and HtigstrUm attributed the im-
plied rapid SO, to S04 conversion to ammonia catalysis. 

2.3 Field Studies at Plant Bowen 

Plant Bowen was chosen as a test site because it was the largest U.S. 
power plant among those using cooling towers as the sole cooling method. 
The precipitation modification studies started with examination of Na-
tional Weather Service data (Patrinos et al.,11 1979) and led to the in-
stallation of the METER-ORNL Network (Miller et al.," 1978). Figure 1 
displays the Network superimposed over the topography of the area. The 
comprehensive field study was pursued for three years (March 1978 to March 
1981) and involved detailed statistical investigations on a control-target 
framework (Patrinos and Bowman,11 1980; Patrinos et al.,14 1982). 

As mentioned earlier the expansion of the METER Program to encompass 
acidic deposition led to the new dimension of the field investigations. 
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Table 2 presents some general information on Plont Bowen. The average 
sulfur content of the coal burned at the plant was 2%. Another motivation 
for the initiation of the field studies was the be1ief that past studies 
on plume washout neglected or at least failed to seriously address the in-
depth meteorological conditions during tbe sampling period. The routine 
operation of the raingage and windset network provided an excellent op-
portunity to place the wetfall chemistry study on the proper meteorologi-
cal footing. 

Table 2. The Bowen Electric Generating Plant 
Location: Latitude 34°07'32"N 

Longtitude 84°55'16"W 
213 m MSL 

Unit 

1 

2 

3 
4 

Nameplatc rating 
(MWe) 

700 
700 

880 

880 

Commerci al 
operation date 

10-21-71 
9-26-72 

12-11-74 
11-14-75 

Cooling tower 
b e i gh t 
(m) 

119 
119 

119 
119 

Smoke stack 
height 
(m) 

305 
shared with 
uni t 1 

305 
shared with 
unit 3 

Initial wetfall chemistry activities at Plant Bowen were primarily 
scoping in nature. Four automatic wetfall collectors were installed 
around the power plant for the collection of weekly samples (Patrinos 
and Hoffman,1 1980) starting in November 1978. The collection of weekly 
samples was undertaken primarily for equipment design improvement as well 
as for a general familiarization on the precipitation chemistry of the 
area. Several field trips fo»- the collection of precipitation chemistry 
samples on an event basis were organized and undertaken during 1979 and a 
feasibility study on wetfall chemistry investigations around Plant Bowen 
was completed (Chen and Patrinos,11 1979). Results from the event-type 
field trips indicated tbe presence of plume washout in the vicinity of the 
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plant. For a storm on April 25, 1979, samples collected in the immediate 
downwind area registered a 60-fold increase in II+ over background values 
although the samples were collected prior to the end of the storm (Patrinos 
and Hoffman,1 1980). Jonic analyses revealed increased levels of sulfate 
over the background values. These preliminary activities culminated in 
the first WISPE comprehensive field study during December 1979, and in-
volved PNL, ORNL, and Pennsylvania State University (PSU). The primary 
goal of this study was the investigation of plume washout with a dense 
network of automatic wetfall collectors and manually deployed collectors 
as well as the detailed study of the relevant meteorology (Patrinos,14 

1980). The deployment of the PSU experimental airplane provided inplume 
chemistry data. Results of this first WISPE effort were inconclusive as 
o.ily one major precipitation event occurred during the three-week experi-
mental period. 

2.4 The Winter^l981 Field Study 

The field studies of the winter of 1981 were undertaken between Janu-
ary 12, 1981 and March 12, 1981 and are referred to as the WISPE-2 experi-
ment. The participants included PNL, Brookhaven National Laboratory 
(BNL), and ORNL. The emphasis of this study was entirely cn plume washout 
and the accompanying meteorology. The operation of the METER-ORNL Pre-
cipitation Network continued uninterruptedly during WISPE-2 and provided 
the detailed precipitation patterns of the sampled storms. 

Fifteen automatic wetfall collectors (wet only) of the Health and 
Safety Laboratory (HASL) type formed the framework of the wetfall chemis-
try sampling network. These collectors operated off AC-pcwer and were 
subjected to extensive quality assurance tests during 1980. Eleven of 
these collectors were installed at sites of the METER-ORNL Network (12-19, 
23-26, 30, 32, 33) which were equipped with a weekly recording weighing 
bucket raingage. Collectors 51 and 52 were installed to fill apparent 
gaps in the northwestern and north- sectors. Collectors 53 and 54 were 
installed at the power plant's meteorological station and substation, re-
spectively, which were also sites of other measurements to be discussed 
shortly. For the automatic (A) network collection was performed with two 
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lOOO-ml polyothylene bottles (of rectangular cross-section) fitted with 
10.3 cm-diameter funnels welded to the caps. This arrangement minimized 
evaporation and contamination and as two bottle-funnel combinations fit in 
the standard 13 It bucket a measure of quality control was achieved. The 
funnels were rinsed with distilled water after cach collection and reused 
unless tbey were badly contaminated in which case they were replaced. The 
bottles were sealed, upon collection, with new caps and returned to the 
field laboratory for rudimentary analyses. 

Sixteen additional sites were prepared for the collectors of the bulk 
i3) network intertwined with the A network. The B collector was a simple 
2-m pole with a collar at the top accommodating a 1000-ml polyethylene bot-
tle (with circular cross-section) with an 11.0-cm diameter funnel welded 
to the cap as with the A collectors. Similar procedures were followed 
with the B samplers as with the A samplers. Since the B samplers were 
deployed when rain was forecast and were potentially exposed to a period 
of dryfall, several of the e samplers were deployed at some of the A sites 
for intercomparison purposes. A photograph of the A and B bottles is 
shown in Fig 2. 

The main purpose of the B network was to increase the sampling den-
sity. In recognition of different sampling procedures the presentation of 
the results from the two networks is often segmented. 

Figure 3 depicts the combined wetfall chemistry networks superimposed 
over the METER-ORNL Network. All B stations have numbers greater than 70. 

For the purpose of examining the temporal rainfall variation with 
finer resolution, four daily recording raingages were installed at sites 
17, 26, 53, and 54. The meteorological station (53) was the most instru-
mented site. This station is located on top of a 120-m hill approximately 
5 km northeast of the plant and is equipped with a 35-m meteorological 
tower. Wind speed and direction were monitored at the 18-m level and at 
tower height. Other monitored meteorological variables included tempera-
ture and temperature difference (between tower top and base) and dew point 
temperature. Sites 53 and 54 employed two high-volume filter samplers for 
particulate chemistry, and bubblers/impingers for S02. The high-volume 
pumps drew a maximum 0.85 m'/min (30 efm) through 10 cm-diameter filters 
of either Whatman 41 or Teflon-coated glass fiber. One of the filters at 
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Fig. 2. The two types of sampling bottles used during WISPE-2. 

each site was operated untreated, while the other was sprayed just prior 
to sampling with a 3% solution of oxalic acid. The treatment causes ammo-
nia gas to be converted to ammonium ion on the filter, thus allowing a 
measure of total ammonium (Shendrikar and Lodge,17 1975). Subtraction of 
the ammonium—only result (from the untreated filter) from the total ammo-
nium result gives an indication of the gaseous ammonia content of the 
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Fig. 3. The wetfall chemistry network shown against the background 
of the METER-ORNL Network. The collection sites are depicted by crosses, 
the B sites are identified with numbers greater than 70. 
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atmosphere. The filter and bubbler samples were collected regularly dur-
ing the study period with increased frequency, however, around and during 
precipitation events. The sampling time for avoiding overloading of the 
filters (at the lowest practical flow rate) varied throughout the period. 
In general, 10 h, or 350 m' of air sampled was the maximum. A real-time 
chemiluminescent atmospheric ozone monitor was located at site 53 and 
operated from January 20 to March 5, 1981. 

Finally, a bistatic Doppler acoustic sounder (Radian's Model 800 
Doppler Echosonde) was installed 0.8 km northeast of the plant and was 
operated intermittently during the study period (January 12 to February 
11, 1981 and from February 24 to March 7, 1981; thunderstorm activity 
during the storm of February 10 and 11, 1981 damaged one of the transmit-
ters which was repaired on February 24, 1981). This instrument provided 
data on mixing heights and wind speed and direction at various heights 
during the nonrain periods and was thus used to check the wind inform itio/i 
supplied by the windsets at 53. Since this information was used to deter-
mine the position of the smokestack plumes during the precipitation events 
and consequently the "target" area, such quality control was deemed neces-
sary. It should also be mentioned that the field study participants were 
frequently present in the study area during the precipitation events. 
Apart from attending to minor maintenance problems of the sampling instru-
ments, they often visually confirmed the behavior of the plumes as re-
corded by the windsets. 

2.5 Sampling Procedures 

Since the WISPE experiments depended on the incidence of rain, sam-
pling procedures were developed to smooth the process operations and opti-
mize the services of available staff. After the deployment of the sam-
pling instruments in mid-January 1981, weather conditions and NWS fore-
casts were routinely monitored by frequent contacts with the NWS forecast 
office at the Atlanta airport and the forecast office at the Dobbins Air 
Force base in Marietta, situated approximately halfway between the Atlanta 
airport and Plant Bowen. Approximately two day s before a storm Appeared 
likely, the A network was activated and the A bottles deployed. Since the 
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lids of the A collectors sealed the buckets tightly during nonrain condi-
tions, contamination was essentially negligible. Between the activation 
of the A network and the start of the precipitation event, contact with 
the A sites was limited to routine instrument checks. Attention during 
this time was devoted primarily to the timing of activation of the B net-
work since it was desirable to deploy the B collectors just prior to the 
start of the precipitation event. As the storm approached, the frequency 
of contact with the NWS was increased and eventually a decision was made 
to activate the B network. Whenever the storm was delayed and the period 
of dryfall exposure was deemed unacceptable, the bottles were replaced and 
the funnel-cap combinations were rinsed with distilled water. 

Most meteorological instruments operated uninterruptedly during the 
entire test period and consequently they required no special attention 
during the critical prestorm period. The only exceptions were the four 
daily recording raingages which were activated along with the B network. 
Servicing of the METER-ORNL Network was also unaffected, with minor ad-
justments, for example, raingage charts were not changed during a pre-
cipitation event. 

The frequency of air chemistry sampling was increased with the ap-
proach of th<* storm. For some of the storms an experimental sequential 
(ampler was deployed at 53 or 54 when the B network was activated. This 
sampler was a prototype of a collector used extensively during the MAP3S/ 
RAINE OSCAR experiment (Easter,1* 1982); data from this sampler are pre-
sented in the paper by Dana et al.4 (1982). With the start of the precipi-
tation event, activities of the staff were limited to periodic instrument 
checking and troubleshooting as well as monitoring of plume position and 
behavior. In most cases, three individuals in separate vehicles were pres-
ent in the field. 

With the rain event approaching completion the crucial question was 
to indeed determine the actual end. This question was particularly criti-
cal for those cases when another precipitation event followed the first 
and a decision had to be aiade whether to replace the sampling bottles or 
to consider the combined set cf storms. For auac this decision was 
imposed by logistical considerations when the interval was too short and 
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when there was considerable uncertainty about the actual terminati' 
the first event. Continued contact with the NWS office facility tec* this 
decision making. After the event was considered terminated the B bottles 
were collected as rapidly as possible to ovoid dryfall contamination; al-
though it was generally folt that dryfall was minimal during the poriod 
following the precipitation event; the A collectors were, presumably, 
sealed during this time and therefore required no rush action. All sam-
pling bottles were gathered at a field laboratory where the samples were 
logged and weighed. Detailed log sheets were maintained with details on 
deployment and collection times, and notes on important circumstances dur-
ing deployment, routine check, and collection (instrument malfunction, 
presence of smoke from local sources, possible tampering, etc.). Depend-
ing on the volumes of the collected samples, the priorities on the ana-
lytical procedures were as follows: first a minimum of 50 ml was required 
for shipment to the Battelle Laboratories in Richland, Washington for 
analysis of major ions (S04=, NO,-, NO,", Cl~, P04

E, NH4 + , Wa+, K+, Ca++, 
and Mg++) and possibly for free H+ (from pH) and conductivity. If each 
collected sample exceeded this minimum volume, aliquots were taken and 
treated with tetrachloroaercurate (TCM) to prevent oxidation of dissolved 
SO, to sulfate (Dana,1* 1980). The aliquots with the samples from the SO, 
bubblers, which used TCM as the bubbler solution, were analyzed for dis-
solved SO, concentration in the field laboratory following the precipita-
tion event. The Technicon Autoanalyzer was used to determine the SO, con-
centrations according to the modified Vest and Gaeke method (Scaringelli 
et al.,20 1967). The next procedure, if sufficient sample volume re-
mained, was to test for pH and conductivity. Occasionally priorities on 
SO, and pH testing were switched. The travel time to Richland for tbe 
samples ranged from two to five days. The chemical analyses were con-
ducted immediately for the early storms' samples; later storm samples were 
fully analyzed within 90 days of arrival at the laboratory. The analyti-
cal procedures employed were identical to those performed on samples from 
the MAP3S/RAINE precipitation chemistry network, for which Battelle is the 
central laboratory (MAP3S,41 1980). Air filter samples were shipped with 
the precipitation ssmples and were analyzed selectively since no great 
urgency for rapid analysis existed. 
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2.6 The WISPB-2 Storms 

A total of 11 precipitation events were sampled during the experi-
mental period January 12—March 12, 1981. Table 3 presents some general 
information on these storms. According to the stricter criteria of the 
precipjtation modification study (Miller et al.,12 1978), two precipita-
tion events are considered distinct if they are separated by at least two 
hours with no rainfall over the entire network. Accordingly, the 11 sam-
pled precipitation events would translate into 17 precipitation events of 
the precipitation modification study. In this paper we will concentrate 
on the detailed description of the results of four of the sampled storms 
(1, 4, 5, and 11). The choice of these four storms was made, primarily, 
on the basis of sufficient and spatially uniform rainfall volumes. Some 
results from storm 2 will also be presented. 

2.6.1 Storm 1 

This storm was associated with a low-pressure system which originated 
over the Gulf of Mexico, off the coast of Louisiana and moved to the 
northeast, in fact tracking over the test area at 0400 GST of January 21, 
1981. Rainfall started over the network at 0730 EST of January 20, 1981 
according to the four daily recording raingages and terminated at approxi-
mately 0430 EST of January 21, 1981, shortly after the passage of the low 
pressure center. 

According to the NWS surface weather maps the low-pressure center was 
just off the coast of Louisiana at 0400 EST of January 20, 1981. A weak 
high-pressure ridge preceded the low between northeastern Mississippi and 
eastern Kentucky. From the center the warm front extended along the Gulf 
coast to western Florida while the cold front was shown in a general north-
south direction across the Gulf. The low-pressure center tracked across 
south-eastern Louisiana, south-central Mississippi, and by 1900 EST was 
shown over central Alabama. By that time the preceding high-pressure 
ridge had dissipated and the warm front extended through central Georgia, 
central South Carolina, and out off the South Carolina coast while the 
cold front curved off the western Florida panhandle coast. The fronts 



Tabic 3. Sampled storms of WISPE-2 

Storm Starting 
date 

Duration 
(h) 

Contributing large 
scale system 

Predominant wind 
direction at 
plume level 

Power plant 
electrical 
output MW(e) 

1 1/20/81 36.0 Low-pressure center SE 1237 
2 1/27/81 13.0 Cold front W 2124 
3 1/30/81 4.0 Low-pressure center WSW 2164 
4 2/1/81 24.0 Low-pressure center NW 1669 
5 2/10/81 30.0 Squall zone SE 1854 
6 2/16/81 6.0 Warm air mass SE 1861 
7 2/17/81 33.0 Warm air mass SE 1599 
8 2/18/81 1 1 . 0 Low-pressure center SE 1240 
9 2/22/81 17.0 Prefrontal (cold) SE 1409 

10 3/1/81 13.0 Cold front WNW 1259 
11 3/4/81 32.0 Warm front NE-SE 2375 
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started to occlude while the low-pressure center slowed down and was posi-
tioned over Atlanta by 0400 EST of January 21, 1981. At that time a new 
low was developing at the South Caro.1 ina coast with the occluded front 
connecting the two luws. From the second low the warm front continued to 
the northeast while the cold front was shown through central Florida in a 
southwesterly direction. The original low filled quickly and dissipated 
along with the occluded front while the new low-pressure center intensi-
fied and moved up the Atlantic coast. Rain over the study area had ceased 
by that time. Figure 4a displays the main features of the surface weather 
map for 0000Z of January 21, 1981 (1900 EST of January 20, 1981). 

Inspection of the upper air maps for 1900 EST of January 20, 1981 re-
vealed that the low-pressure system was indeed quite deep. At the 850-mb 
level the winds were southerly at 20 knots, at the 700-mb level they were 
southerly to southwesterly at 25 knots, and at the 500-mb level they were 
southerly to southwesterly at 40 knots. 

The 24 h raingage charts indicated the following starting and ending 
times of this storm: 

Station 54: Storm started at 0730 EST of January 20, 1981, ended at 
0430 EST of January 21, 3981. 

Station 17: Storm started at 0730 EST of January 20, 1981, ended at 
0430 EST of January 21, 1981. 

Station 26: Storm started at 0730 EST of January 20, 1981, ended at 
0000 EST of January 21, 1981. 

Station 53: Storm started at 0730 EST of January 20, 1981, ended at 
0430 EST of January 21, 1981. 

Figure 4b displays the rainfall amount contours for this storm. The 
spatial pattern of the rainfall is uniform with a weak low in the north-
east quadrant. However, it has been determined that raingage 6, due to an 
exposure problem, was unreliable and therefore this weak low should be 
viewed with skepticism. The average rainfall over the METER-ORNL Network 
was 0.44 in. and the standard 1eviation was 0.052 in. 

The average power plant output during this storm was 1237 MWe; units 
2 and 3 were not operating. 



Fig. 4. Storm 1. (a) The main features of the surface weather map 
for 00Z of 1/21/81; tbe arrows indicate the track of the low pressure 
center. (b) The ra infa l l volume contours for the storm. 
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The pll anr' conductivity values from the A network samples are shown 
in Figs. 5b and 5c. The sample from site 33 was discarded because of low 
collection efficiency. Figure 5a also displays the predominant target 
areas as follows: The percentage shown in each segment represents the 
percentage of time during the storm (precipitation was occurring) during 
which the smokestack plumes were determined to be over this segment. This 
determination was made on the basis of the windset recordings and was of-
ten confirmed visually. Clearly, the target area of this storm is in the 
northwestern quadrant, with station 51 being the primary target station at 
a distance of ~7 km from the power plant. Table 4 presents the statistics 
of the ionic analyses separated between the target station 16, 17, and 51, 
and the remaining control stations. The value given for each A site re-
presents the average from the two bottles. Differences between the two 
values were uniformly small. The target stations' samples had signifi-
cantly greater concentrations of S04 , CI , and NH4

 + , with potentially 
— *f ++ 

significantly greater concentrations of NO, , Na and Ca . The amounts 
shown in the sulfur (S) category denote all dissolved SO,, sulfur IV va-
lence state [including dissolved undissociated SO,, bisulfite ion, sulfite 
(SO, ) ion] and sulfate (SC4 " ) ion. It should be mentioned that for 
this storm no analysis of dissolved S0Z was performed along with the ionic 
analyses (at Battelle) and therefore it is uncertain how much of the dis-
solved SO, had oxidized to S04 by that time (the ionic analyses were 
performed during the week of February 2, 1981). Assuming that all the 
SO,, measured upon collection, had oxidized to S04 the statistics for 
the net S (with the SO, subtracted) are as follows: Target area, mean 
x = 20.17 and standard deviation s = 11.13, and Control area x - 10.79 and 
s = 1.77. The high value at site 51 may indicate the scavenging of pri-
mary sulfate from the smokestack plume or the result of a rapid SO, to 
sulfate conversion, possibly in the liquid phase. The measured amounts of 
dissolved SO, displayed no discernible pattern with the possible exception 
of station 51 which registered the lowest amount (2.5 |imol/lt). The ab-
sorption of SO, was, evidently, inhibited by the increased acidity of 
rainfall at that site (Hales and Sutter,*» 1973). The values of pH and 
conductivity for the samples of the B network are shown in Fig. 6, and the 
statistics from the ionic analyses in Table 5. For the B samples, the SO, 
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Fig. 5. Storm 1. (a) Precipitation rose. (b) pH values at the 
stations of the A Network. (c) Field conductivity values at the stations 
of the A Network. 



Table 4. Ionic analyses from the A Network for storm 1 (in pinol/lt) 

Station Target stations Control stations 
Species 

16 17 51 Number X s Num'jer x s 

S 22.0 18.0 35.5 3 25.2 9.2 11 16.6 1.2 
N0,- 35.0 32.0 36.5 3 34.5 2.3 11 26.8 2.2 
Cl~ 25.5 18.5 34.0 3 2 6.0 7.8 11 10.6 3.7 
nh 4

+ 13.0 7.3 12.5 3 10.9 3.2 11 5.1 2.7 
Na+ 2.2 3.2 3.1 3 2.8 0.6 11 1.8 0.9 
K+ 1.3 0.4* 1.5 3 1.1 0.6 11 0.8C 0.3 
CA++ 2.9 2.1 3.9 3 3.0 0.9 11 2.3 0.6 
Mg++ 0.6 0.6 1.1 3 0.7 0.3 11 0.5d 0.1 
SO, (dissolved) 7.6 4.9 2.5 3 5.0 2.6 11 5.8 1.3 
Conductivity (|imho/cm) 38.0 32.5 48.5 3 39.7 8.1 11 26.4 2.2 
Sample volume (ml) 101 106 94 3 100 6 11 93 12 

a — Results on N0a species not included, P04 results below detection limit (0.2). 
^Below detection limit (0.4). 
Q Two of the control stations had one sample below the detection limit (0.4). 
d 
Two of the control stations had both samples below the detection limit (0.4), while 

two stations had one sample below the detection limit. 
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Table 5. Ionic analyses from the B network for storm 1 (in |imol/lt) 

o Species 
Station Targe t a stations Control stations* o Species 

72 77 Number z s Number z s 

s 34.0 25.0 2 29.5 12 24.3 2.1 
NO," 56.0 49.0 2 52.5 12 47.7 7.0 
CI" 30.0 19.0 2 24.5 12 13.9 2.4 
n h 4

+ 20.0 12.0 2 16.0 12 14.2 3.8 
Na+ 4.5 3.0 2 3.8 12 4.3 1.4 
K+ 0.4 1.0 2 0.7 12 1.2 0.7 
CA++ 8.1 4.6 2 6.4 12 4.4 2.2 
u ++ Mg 1.4 0.9 2 1.1 12 1.0 0.7 
s o , (dissolved) 2.3 3.2 2 2.8 12 3.8 0.9 
Conductivity (^imho/cm) 49.0 42.0 2 45.5 12 38.3 3.0 
Sample volume (ml) 102 84 2 102 12 91 6 

aThe sample at station 85 was contaminated; no samplers were deployed at sites 
97, 98, and 99. 

The sample at station 78 was contaminated; B samples were collected at sites 
24, 53, and 54. 

Q Results on NO, species not included; P04 results below detection limit 
(0.2). 
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values are generally lower reflecting the escape of some of the S0a fol-
lowing the cessation of rainfall. As with tho A samples the S values 
may include some of the oxidized S03. Subtracting the S0a amounts, the 
following values for the net S are obtained: Target area, site 72:31.7 
(unol/lt and site 77:21.8 |imol/lt. Control area, mean x = 20.45 and stand-
ard deviation s = 2.40. As with site 51 of the A network, site 72 may be 
showing the scavenging of primary sulfate from the smokestack plume or 
rapid S02 to S04 oxidation. Substantial differences between the A and 
B sample ionic concentrations are also evident. For the purpose of com-
parison the analytical results from three sites with both A and B samplers 
are presented in Table 6. The B samplers were deployed as much as 20 h 
prior to the onset of rainfall and were, therefore, subjected to a certain 

Table 6. Comparison of ionic analyses at sites with A and B 
samplers for storm 1 (in |imol/lt) 

Stations 

Species 24 53 54 

Aa B Aa B Aa B 

S 19.0 25.0 16.0 20.0 16.0 23 .0 
NO,- 29.0 54.0 26.0 36.0 26.5 48.0 
CI" 19.5 19.0 9.4 9.1 9.3 13.0 
NH 4

+ 6.9 16.0 3.1 10.0 2.4 16.0 
Na+ 3.2 4.4 3.0 3.4 1.1 3.8 
K + 1.0 1.6 1.0 1.3 0.6 1.8 
CA++ 2.0 4.8 2.1 3.3 2.4 3.1 
MG + + 0.6 1.0 0.6 0.7 0.4 0.6 
S0a (dissolved) 4.8 2.7 5.3 3.7 7.4 4.1 
PH 4.14 4.02 4.21 4.11 4.21 4.02 
Conductivity (|imho/cm) 31.0 43.0 26.0 36.0 25.5 40.0 
Sample volume (ml) 86 94 84 94 108 95 

d 
Results of the A samples represent 

from the two A bottles. 
the mean of the measurements 
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amount of dry deposition. In fact, this storm was proceded by a rather 
long dry period (the previous storm which occurred on January 6, 1981, 
with a spatial mean of 0.25 in., was associated with a cold front passage) 
which might have contributed to a greater amount of dry deposition. Dry 
deposition appears to have contributed, mostly, to increased concentra-
tions of NH4

+, NO,", and S04~~. 

2.6.2 Storm 4 

As with storm 1, this storm was associated with a low-pressure center 
which advanced from the west and tracked over the network at ~1900 EST of 
February 1, 1981. This system developed as a secondary low-pressure sys-
tem which formed at an occlusion to the south of another low-pressure sys-
tem which moved through the upper Midwest. Over the study area the storm 
had two distinct parts: the early part, prior to the passage of the cold 
front, characterized by southeasterly winds and ~10% of the total rainfall 
volume, and the evening part which accounted for the bulk of the total 
rainfall and was dominated by northwesterly winds. 

Strong baroclinicity was associated with the original system posi-
tioned over central Iowa at 0100 EST of February 1, 1981. It subsequently 
tracked across eastern Iowa and northern Wisconsin by 1000 EST. The sec-
ondary low-pressure center started forming around 0400 EST at the occlusion 
in southern Arkansas. The system deepened and moved across the Arkansas-
Mississippi border, eastern Mississippi, and stalled over western Tennes-
see around 1600 EST. It then moved quickly and was located over the net-
work at around 1900 EST (Fig. 7). At that time the attached warm front 
extended through northern Georgia curling up through central North Caro-
lina. The cold front extended through eastern Alabama and into the Gulf. 
Post-cold front rain was present over the general network area. Inspec-
tion of the windset chart from station 53 confirmed the passage of the low-
pressure center over the network: At 1830 EST the wind shifted from south-
easterly to northwesterly and speed dropped from 40 mph to 10 mph. At 
1850 EST the wind shifted to southerly at 12 mph and at 1910 EST shifted 
again to northwesterly with a speed of 30 mph. The wind remained north-
westerly but the speed dropped to 10 mph by 1930 EST. 
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Fig. 7. Storm 4. The main features of the surface weather map for 
the 00Z of 2/2/81; the arrows indicate the track of the low pressure 
center. 

The low-pressure center proceeded to the Georgia-South Carolina bor-
der and started weakening; it was located over western North Carolina 
around 0400 EST of February 2, 1981 with the cold front shown diagonally 
across Georgia (northeast to southwest). 

Inspection of the upper-air weather maps revealed the following in-
formation: 

At 0700 EST of February 1, 1981 the winds were southwesterly over the 
network at the 850-mb level with a speed of 25 knots, west-southwesterly 
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at the 700-mb level with a speed of 40 knots, and westerly at the 500-mb 
level at 50 knots, 

At 1900 EST of Fobruary 1, 1981 the winds were southwesterly (45 
knots) at the 850-mb level, southwesterly (60 knots) at the 700-mb level, 
and southwesterly (80 knots) at the 500-mb level. 

The 24-h raingage ohart* indicated the following starting and ending 
times of this storm: 

Station 54: Storm started at 0600 EST 2/1/81, ended at 0500 EST 
2/2/81. 

Station 17: Storm started at 0600 EST 2/1/81, ended at 0500 EST 
2/2/81. 

Station 26: Storm started at 0845 EST 2/1/81, ended at 0500 EST 
2/2/81. 

Station 53: Storm started at 0600 EST 2/1/81, ended at 0500 EST 
2 / 2 / 8 1 . 

Figure 8a displays the rainfall amount contours of this storm. The 
rainfall amounts generally decrease monotonically from west to east (from 
~1.60 in. to ~1.25 in.). An isolated low appears juat wist of the power 
plant. The mean rainfall amount over the network is 1.42 in. and the 
standard deviation is 0.046 in. As mentioned, this storm was composed of 
essentially two jarts: the early part of the storm during which the winds 
were southeasterly (0600-1200 EST of February 1, 1981) and the later part 
(1800-0200 EST of February 1-2, 1981) during which the winds were north-
westerly. The early part of the storm was responsible for only a small 
amount of the total rainfall (less than 10%). The amount contours of 
rainfall for the two parts are shown in Figs. 8b and 8c. The early part 
(b) displays a trough along the southwest to northeast diagonal of the 
network. 

The mean electrical output of the plant during the storm was 1663 MW 
(electric). Unit 1 was inoperative and unit 2 was started up during the 
storm: briefly around 0900 EST of February 1, 1981, again briefly around 
2000 EST, and finally continons operation commenced around 2300 EST of 
February 1, 1981. 
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Fig. 8. Storm 4. (a) Rainfall volume contours for the entire storm, 
(b) Rainfall volume contours for the early part of the storm when the 
winds were southeasterly. (c) Rainfall volume contours for the later part 
of the storm when the winds were northwesterly. 
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Figure 9a displays the precipitation rose with the southeastern quad-
rant being the main target area. Figure 9b shows the pH values for the 
stations of the A network; the lowest values are indeed in the target 
quadrant. Table 7 displays the results of the ionic analyses from the A 
network. Differences between the target and control values are not as 
prominent as with Storm 1. The influence of the plume is evident in the 
concentrations of Cl~, S, Na+, and perhaps NH4 + . As with Storm 1, how-
ever, no analysis of dissolved S0a was performed with the ionic analyses 
(these analyses were undertaken around February 18, 1981 and during the 
middle of Hay, 1981). Consequently, it is uncertain how much of the mea-
sured S04 had in fact oxidized from S0a. Nevertheless, since there is 
no significant difference between target and control dissolved S02 it is 
again possible that the target area may have experienced the scavenging 
of primary sulfate from the smokestack plume or the product of rapid S0a 
to S04 oxidation. The statistics of S if all S0a is subtracted are as 
follows: Target area mean x " 15.83 and standard deviation s • 1.93. 
Control area x = 11.67 and s = 1.45. Differences were somewhat sharper 
for the stations of the B network, particularly for Cl~ and S0a (Table 8). 
If the S0a is subtracted from the S data we have for site 87, 18.2 pmol/lt 
and for site 91, 18.7 |imol/lt. For the control area the mean was x = 13.75 
and the standard deviation s • 1.64. Again, the results indicate the po-
tential scavenging of primary sulfate or rapid S0a to sulfate conversion, 
possibly in the liquid phase. Comparisons between A and B samples at 
three control stations (Table 9) showed practically no differences. It 
may be concluded that dry deposition was rather negligible for this storm, 
primarily because the B collectors were deployed only about 8 h on the 
average prior to the start of rainfall. It also appears that very little 
SOa has escaped from the samples of the B network. 

2.6.3 Storm 5 

This was the most significant storm of the winter season with sub-
stantial amounts of precipitation over most of the United States. Over 
the study area the bulk of the rain occurred during the morning and early 
afternoon of February 10, 1981 and was associated with a powerful squall 
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Table 7. Ionic analyses from the A network for storm 4 (in pmol/lt) 

Stations Target stations Control stations^ 
species 

25 26 32 33 Number z s Number z s 

S 19.0 21.0 16.0 19.0 4 18.8 2.1 10 13.9 0.8 
NO," 9.6 12.0 9.2 9.2 4 10.0 1.4 10 9.3 1.0 
Cl~ 18.0 18.0 13.0 16.0 4 16.3 2.4 10 11.2 1.8 
NH4

+ 8.3 10.0 9.2 13.0 4 10.1 2.0 10 7.8 1.0 
Na+ 9.1 14.0 16.0 9.4 4 12.1 3.4 10 8.3 0.9 
K + 0.8 0.8 0.7 0.7 4 0.8 0.1 10 0.6* 0.2 
CA++ 1.1 1.1 1.0 0.8 4 1.0 0.1 10 1.0 0.2 
M ++ Mg 1.4 1.5 1.3 1.3 4 1.4 0.1 10 1.0 0.3 
SO, (dissolved) 3.3 2.4 1.0 4.6 4 2.8 1.5 10 2.4 1.2 
Conductivity (imho/cm) 18.5 20.5 15.5 18.5 4 18.3 2.1 13.3 0.9 
Sample volume (ml) 297 266 318 288 4 292 22 10 298 32 

aResults on N0a species not included (very low), P04 results below detection limit (0.2). 
^Station 18 was dropped because of low collection efficiency. 
Two of the control stations had samples below detection limit (0.4). 
ÎVro of the control samples were damaged prior to this measurement. 



Table 8. Ionic analyses from the B network for storm 4 (in (imol/lt) 

c Species 
Stations Target stations Control stations^ 

c Species 
86 87 91 Number X s Number x s 

S 1 8 . 0 2 2 . 0 2 3 . 0 3 2 1 . 0 2 . 7 12 1 5 . 6 1 . 9 
NO," 1 2 . 0 7 . 2 1 2 . 0 3 10 .4 2 . 8 12 1 0 . 3 1 .5 
Cl" 1 6 . 0 2 5 . 0 3 2 . 0 3 24 .3 8 . 0 12 1 3 . 8 2 . 7 
NH4

+ 1 0 . 0 9 .4 1 0 . 0 3 9 .8 0 . 4 12 8 . 0 1 . 3 

NA+ 1 2 . 0 1 2 . 0 1 2 . 0 3 1 2 . 0 0 . 0 12 9 . 8 2 . 5 
K+ 0 . 4 ° 0 . 4 C 1 . 3 3 0 . 7 0 . 5 12C 0 . 8 0 . 3 
CA++ 1 . 4 1 . 2 1 . 1 3 1 . 2 0 . 2 12 1 . 2 0 . 5 

Mg++ 1 .4 1 . 4 1 . 6 3 1 . 5 0 . 1 12 1 . 2 0 . 2 

SO, (dissolved) d 3 . 8 4 . 3 2 4 . 1 lld 2 . 0 1 . 0 

Conductivity (fimho/cm) 1 6 . 0 2 3 . 0 2 7 . 0 3 2 2 . 0 5 . 6 lle 1 4 . 6 1 . 9 

Sample volume (ml) 286 292 306 3 2 9 5 . 0 1 0 . 3 12 292 1 4 . 2 

°Resuits on NO, species not included (low), P04~ results below detection limit (0.2). 
^The sample at station 85 was contaminated. B samples were not collected at 97, 98, and 

99. B samples were collected at sites 17, 53, and 54. 
Q Measurements were below detection limit (0.4) for samples 72, 73, 86, 87, and 90. 
^No SO, analysis was performed for samples 72 and 86. £ 
One of the samples was damaged prior to this measurement. 
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Table V. Comparison of ionic analyses at sites witb A and B 
samplers for storm 4 

Stations 

Species 17 33 54 

Aa B A a B A° B 

S 13.0 16.0 15.0 15.0 14.0 12.0 
NO,- 10.0 11.0 10.0 10.0 9.0 7.4 
Cl~ 9.9 10.0 13.0 13.0 14.0 11.0 
NH4

 + 7.7 7.6 8.5 8.9 5.6 5.3 
Na+ 7.4 8.8 8.8 8.9 8.9 6.9 
K+ 0.9 0.7 0.6 0.8 0.8 0.9 
CA++ 1.2 1.1 1.0 1.2 1.1 0.9 
Mg++ 1.0 1.2 1.1 1.2 1.1 0.9 
SO, (dissolved) 3.6 3.1 2.5 2.4 1.8 0.8 
pH 4.53 4.49 4.51 4.50 4.53 4.78 
Conductivity (|imho/cm) b b 14.5 15.0 13.5 11.0 
Sample volume (ml) ) 286 282 292 245 296 

aResuits of the A 
the two A bottles. 

sample s represent the mean of the measurements from 

Samples were damaged prior to the conduct iv ity measurement. 

zone which developed ahead of a low-pressure system. Considerable thun-
derstorm activity accompanied the precipitation over the network and over 
the southern states, in general. 

The low-pressure center, situated at the Texas-Oklahoma border at 
0100 EST of February 10, 1981 tracked across southeastern Oklahoma, north 
central Arkansas, and into southeastern Missouri by 1300 EST (Fig. 10). 
At that time the warm front extended from the low through southern Illi-
nois, southern Indiana, and southern Ohio. A second warm front had formed 
over the Gulf and was now over central Alabama, central Georgia, and cen-
tral South Carolina. A squall line was shown along the Alabama-Georgia 
border. This was the second of two squall lines which developed parallel 
to the warm front at 0400 EST of February 10, 1981 over northwestern 
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Fig. 10. Storm 5. The main features of the surface weather map for 
18Z of 2/10/81; the arrows indicate the track of the low pressure center. 

Louisiana and southeastern Arkansas; the first squall line originated over 
southeastern Louisiana. 

The low-pressure center subsequently travelled through southern Illi-
nois and northern Indiana and was shown over Michigan by 2200 EST with the 
warm front through Michigan to central and southeastern New York. At that 
time the second warm front was dissipating and the cold front crossed cen-
tral Indiana, western Kentucky, western Tennessee, northwestern Alabama, 
and central Mississippi. The cold front passed over the network after 
0400 EST of February 11, 1981 and by 0700 EST extended through eastern 
Ohio, along the Kentucky-Virginia border, eastern Tennessee, and central 
Georgia. In the meantime only one squall line was evident after 1300 EST 
of February 10, 1981. By 1900 EST it extended through southern Alabama 
into the western panhandle of Florida and at 0700 EST of February 11, 1981 
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it paralleled the Atlantic coast through central Virginia and central North 
Carolina. 

Inspection of the upper-air weather maps of 1900 EST (February 10, 
1981) revealed that the winds were southwesterly with speeds of 50 knots 
at the 850-mb level, 60 knots at the 700-mb level, and 80 knots at the 500-
mb level. 

Inspection of the 24-h raingage charts indicated the following start-
ing and ending times of this storm: 

Station 54: Storm started at 0640 EST (2/10), ended at 0630 EST 
(2/11). 

Station 17: Storm started at 0640 EST (2/10), ended at 0630 EST 
(2/11). 

Station 26: Storm started at 0720 EST (2/10), ended at 0700 EST 
(2/11). 

Station 53: Storm started at 0720 EST (2/10), ended at 0700 EST 
(2/11). 

The rainfall pattern of this storm over the METER-ORNL Network was 
generally uniform with a high in the southwest corner of the network and a 
relative low at the north central part of the network. The mean rainfall 
over the network was 2.95 in. with a standard deviation of 0.178 in. Fig-
ure 11 displays the contours of rainfall for this storm. Figure 12a dis-
plays the precipitation rose for this storm. It is apparent that the bulk 
of precipitation occurred in advance of the cold front when the flow was 
southeasterly. Following the passage of the cold front (temperatures 
dropped ~25 °F), while the winds were gradually shifting to northwesterly 
a small amount of rain (<5% of the total) was experienced. 

The mean power plant electrical output during the storm was 1864 MWe 
(electric) with unit 1 not in operation and the operating units at 75% of 
their rated capacity. 

The ionic analyses of the samples from this storm revealed small dif-
ferences between the A and B networks. This can be explained by the short 
time of dry exposure of the B samplers (5-7 h) and the heavy rainfall vol-
umes. Figure 12b displays the pH values from the combined A and B net-
works. The pH values are generally high compared with previous storms and 
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Fig. 11. Storm 5. Rainfall volume contours. 

the northwestern quadrant is clearly the target area with significantly 
lower pH values. Figure 13 measured the dissolved SO, values; the pres-
ence of the plume is evident in the northwestern quadrant with the highest 
value, 7.5 |imol/lt at station 16 suggesting possible higher values to the 
northwest. The nonzero values in the northeastern quadrant could be due 
to a local Cartersville source or to the power plant plume swinging in 
that direction during the latter part of the storm. The low nonzero val-
ues in the southwest are unexplained; however, they are at the margins of 
analytical precision. 

The results of the ionic analyses from the A network are shown in 
Table 10. It should be mentioned that because of the general uniformity 
in intrasampler results, only one of the samples from each A site was 
analyzed. The influence of the plume on the A samples is evident in the 
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Fig. 12. Storm 5. (a) Precipitation rose. (b) Field pH values at 
the combined stations of the A and B Networks. At sites with both A and B 
samplers the B values are shown in parentheses. 



Table 10. Ionic analyses from the B network for storm 5 (in (imol/lt) 

Stations Target stations Control stations 
Species ~ ~ 

16 51 Number x s Number X s 

S 12.0 16.0 2 14.0 9 7.0 0.6 
NO," 8.0 6.8 2 7.4 9 6.0 0.5 
Cl" 5.5 4.7 2 5.1 9 3.6 0.5 
NH4

+ 1.9 1.0 2 1.4 9 1.5 0.3 
Na+ 1.9 1.5 2 1.7 9 2.1 0.2 
K+ 0.4° 0.4° 2 0.4° 9 0.5d 0.1 
CA++ 1.0 1.2 2 1.1 9 1.2 0.4 
Mg++ 0.4e 0.4* 2 0.4* 9 0.4* 
SO, (dissolved) 7.5 6.4 2 6.9 9 0.2 0.4 
Conductivity (|imho/cm) 13.2 15.9 2 14.6 9 8.9 0.8 
Sample volume (ml) 523 642 2 583 9 616 49 

aResults on NO, species not included (very low), P04 results below detection 
limit (0.2). 

^Samples 17 were lost because of gauge malfunction. Samples 52. 33, and 23 were 
dropped due to low collection efficiency. 

Q 
Below detection limit. 

^Only 19, 30, 54 were above the detection limit (0.4). g 
All values were below detection limit (0.4). 
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Fig. 13. Storm 5. Dissolved SO, values from both the A and B Net-
works; zero values imply values below the detection limit. 

concentrations of SO, (dissolved), S, and possibly Cl~. The respective 
results from the B network are shown in Table 11. The target-control dif-
ferences are only significant for SO, and S. The differences between the 
two A and B sites are shown in Table 12; differences are small. For the 
samples of this storm an analysis of dissolved SO, was performed along 
with the ionic analyses (on February 20, 1981) and consequently the per-
cent of S04 which may be attributed to SO, oxidation was determined. 
Compensating for the oxidized SO, the following values of S were computed, 
site 16: 6.5, site 51: 9.9: control stations, mean x - 6.87, standard 
deviation s = 0.37. For the B network, site 72: 8.8, site 77: 7.9, site 
98: 7.9, site 99: 8.9 (target mean x = 8.38 and standard deviation s = 
0.55), and for the control area x = 7.04, s - 0.47. It appears likely 
that only site 51 may have experienced the scavenging of either primary 
sulfate or sulfate which resulted from rapid oxidation of SO,, possibly 
in the liquid phase. 



1 Table 11. Ionic analyses from the B network for storm 5 (in |imol/lt) 

a Species 
Stations Target stations* Control c stations a Species 

72 77 98 99 Numbe r z s Number z s 

S 15.0 7.9 8.8 13.0 4 11.2 3.4 11 7.3 0. 
NO,- 7.3 6.3 7.8 7.7 4 7.3 0.7 11 6.6 0. 
Cl" 4.9 3.7 4.0 3.9 4 4.1 0.5 11 3.6 0. 
nh 4

+ 1.4 0.7 1.6 1.4 4 1.3 0.4 l / l.ld 0. 
Na+ 1.6 2.4 1.6 2.0 4 1.9 0.4 ioT 1.8 0. 
K+ 0.4e 0.4e 0.4 0.9 4 0.5 0.3 1 of 0.5e 0. 
CA++ 1.4 1.1* 1.2 1.2 4 1.2 0.1 11 1.2 0. 
Mg++ 0.4 0.4 0.4 0.4 4 0.4^ 11 0.4^ 
SO, (dissolved) 6.2 1.4 4.1 4 2.9 2.8 11 0.2 0. 
Conductivity (iimho/cm) 15.2 9.5 10.6 13.7 4 12.2 2.7 11 9.3 c. 
Sample volume (ml) 514 561 593 493 4 540 45 11 579 52 

°Resuits on N02 species not included (low), P04 results below detection limit (0.2). 
^Sample 85 was contaminated and sample 97 was not deployed. 
Sample 79 was not deployed; B samples were also collected at 24, 53, and 54. The B sample at 24 

was contaminated. 
One of the control stations (87) showed results below detection limit (0.5). 

^Stations 72, 77, 73, 78, 87, 91, 84, 90, and 54 showed results below detection limit. f 
These analyses were not performed for site 81. 

^All Mg++ results were below detection limit (0.4). 
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Table 12. Comparison of Ionic analyses at silos with 
A and B samplers for storm 5 (pmol/lt) 

Station 

Species 53 54 

A B A B 

S 6.6 7.5 7.0 7.4 
NO," 5.6 7.3 5.5 6.0 
CI" 4.5 4.0 3.0 1.9 
NH4 + 1.7 0.7 1.7 1.7 
Na+ 2.0 1.9 2.0 1.8 
K+ 0.4° 0.5 0.5 0.4° 
CA++ 1.6 1.5 0.9 1.1 
M g + + 0.4° 0.4a 0.4° 1.4a 

s o 2 (dissolved) 0.0a o.oa 0.12* 0.21 
PH 4.71 4.69 4.71 4.69 
Conductivity (nmho/cm) 8.60 9.30 8.52 9.09 
Sample volume (ml) 565 523 646 580 

a Below detection 1imit. 
The two sample s regi stered 0.24 and 0.0 (below de tec-

tion 1imit), respectively. 

2.6.4 Storm 11 

This storm was associated with a classical warm frontal situation. 
The warm front was oriented east-west and advanced in a northerly direc-
tion crossing over the network at ~1600 EST of March 4, 1981. Over 50% of 
the rainfall occurred prior to the passage of the warm front. The orien-
tation of the warm front and the particular partition of the rainfall 
prior to and after the passage of the front contributed to a considerable 
veering of the plumes over approximately the entire western sector of the 
network. Perhaps because of this veoring the plume effect was consider-
ably diluted and was not evident in the precipitation chemistry results. 
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The storm originated with a low-pressure center situated over western 
Kansas at 1000 GST of March 4, 1981. This center eventually moved to west-
ern Oklahoma, started to fill up, and ultimately dissipated by 1900 EST. 
To the southeast of this center an occluded front extended originally into 
western Arkansas and from the occlusion a warm front extended to south-
western Alabama. At 1300 EST a new low-pressure center in North Carolina 
spawned a warm front (frontogenesis) through South Carolina, northern 
Georgia connecting witli the original warm front over north-control Ala-
bama. Figure 14 displays the surface weather map for 1600 EST of March 4, 
1981. A squall line was evident over western Alabama. A previous squall 

O H N L D A G 8? 6 4 5 / E m 

Fig. 14. Storm 11. The main features of the surface weather nap for 
21Z of 3/4/81. 
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line shown over western Mississippi at 1300 EST had dissipated. The warm 
sector rain was over Alabama and Mississippi. Close inspection of the 
available weather maps, windset and raingage charts indicated that the 
rain started at ~1400 EST of March 4, 1981 at site 53 after the warm front 
moved southward (the network was in the cold air sector). The warm front 
moved northward and crossed the network again at ~1600 EST. By that time 
a significant amount of the total rainfall (about 60%) had already fallen. 
Eyewitness accounts of the smokestack and cooling tower plume behavior 
around 1500 EST confirmed the presence of the front in the plant's vi-
cini ty. 

The warm front moved southward again (acting as a cold front) while 
the occlusion developed into a low-pressure center over eastern Arkansas 
and was dissipating by 2200 EST. By 0100 EST of March 5, 1981 a new low 
vat forming at the Georgia-South Carolina border and the warm front was 
advancing to the north again, connected to the new low across northern 
Alabama and northern Georgia through the central Carolinas. Rain was end-
ing over the network while rain persisted around the squall line in south-
ern Georgia. The new low subsequently moved across the Carolinas' border 
to the Virginia-North Carolina border at the Atlantic coast. By 0700 EST 
some showers were shown to the north of the network associated with a 
trough which extended from Kentucky to eastern Texas. 

Examination of the upper air maps for 1900 EST of March 4, 1981 re-
vealed southwesterly winds over the network at the 850-mb level with a 
speed of 30 knots, west-southwesterly winds at the 700-mb level with a 
speed of 50 knots, and west-southwesterly winds at the 500-mb level with 
a speed of 80 knots. 

The total rainfall volume contours ft this storm are shown on Fig. 
15. The distribution is fairly uniform wii a weak gradient in the west-
east direction. The mean rainfall was 0.87 in. with a standard deviation 
of 0.057 in. 

The mean electric output of the jjwer plant during this storm was 
2375 MWe with unit 1 not in oi ration 
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Fig. 15. Storm 11. Rainfall volume contours. 
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Inspection of the 24-h raingage charts indicated the following start-
ing and ending times of this storm: 

Station 54: Storm started at 1355 EST of 3/4/81, ended at 2220 EST 
of 3/4/81. 

Station 17: Storm started at 1335 EST of 3/4/81, ended at 0600 EST 
of 3/5/81. 

Station 26: Storm started at 1335 EST of 3/4/81, ended at 0600 EST 
of 3/5/81. 

Station 53: Storm started at 1400 EST of 3/4/81, ended at 2200 EST 
of 3/4/81. 
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Figure 16a displays the precipitation rose for this storm. As men-
tioned earlier, the veering of the plumes rendered the entire western sec-
tor of the network the target area thus diluting the possible effect of 
the plume. Figure 16b shows the pH values from the samples of both the A 
and B networks. The small differences between the A and B results (Table 
15) justified the consideration of the networks combined. It is felt that 
no outstanding pattern is discernible in the pH distribution. The lack of 
any significant pattern is also obvious in Fig. 16c which shows the values 
of dissolved S0a. Most values were below the detection limit and most of 
the few nontrivial values do not appear plume-related. The absence of any 
plume-related effect is demonstrated in Tables 13 and 14 which give the 
results of the ionic analyses of the samples from the A and B networks, 
respectively, with the entire western sector defining the target area. It 
should be mentioned that due to satisfactory intragage quality assurance 
during this storm only for sites 30 and 54 were both samples from each site 
analyzed. Furthermore, the B samples 85, 97, 16B, 17B, 19B, 51B, and one 
of the two samples at 98 were deployed during the late morning of March 4, 
1981, ~12 h after the other B samples were installed.. There were very 
small differences between the two batches of B samples. No analysis of 
dissolved S0a was performed with the ionic analyses but it is clear from 
the low values of dissolved SOa measured upon collection that the poten-
tial contribution from S0a oxidation to sulfate would be minimal. 

2.6.5 Storm 2 

Storm 2 occurred on January 27, 1981 and was associated with a cold 
front which crossed over the network around 1300 EST. The cold front was 
attached to a deep low-pressure center over eastern Canada and extended 
along the Atlantic coast to North Carolina, then along an east-northeast 
to west-southwest direction to eastern Texas. The front advanced slowly 
in a southeasterly direction and two weak lows developed along the front, 
one off the Louisiana coast and the other over South Carolina. Some thun-
derstorm activity was reported to the east of the network. 

Rainfall volumes for this storm were rather low. The average rain-
fall over the entire precipitation network was 0.08 in. with a standard 
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Fig. 16. Storm 11. (a) Precipitation rose. (b) Field pH values at 
the combined stations of the A and B Networks. At sites with both A and B 
samplers the B values are shown in parentheses. (c) Dissolved SOa values 
(in |imol/£) at the combined stations of the A and B Networks. 
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Table 13, Ionic analysea from the A network 
for storm 11 (In |imule/lt) 

Target statinna^ (we»t) Control atationa" (east) 
Species 

Numbe r j a Numbe r I s 

s 3 23.8 0.4 6 23. ,2 1.9 
NO,' 3 0.18c/ 0.07 6 0, .24 0.06 
NO 3 11.3 1 .0 6 12. .3 1.4 
c r J 6.1 0.5 6 8. 0 1.5 
Nil/ 3 8.9 0.8 6 9. 9 1.4 
Na + 3 3.5 0.7 6 4, ,0 1.1 

3 1.1 0.36 6 0, .9 0.31 
Ca + + 3 2.3 0.4 6 3 0.6 

3 0.64 0.08 6 0 .79 0.11 
Conduct iv ily (Mmho/cm) 3 21.4 0.5 6 22 .8 2.3 
Sample volume (ml) 3 191 19 6 179 11 

aVO t~ ~ results were below detection limit (0.2). 
^The samples from station 17 tnd 23 were dropped became of low collec-

tion efficiency. 
Q 
The samples from stations 23 and 32 were dropped became of low col-

lection efficiency. 
The value for itation SI was below the detection limit. 

Table 14. Ionic analyses from the B network 
for storm 11 (in iimole / l t ) 

~ ~ " a 
a Target stations (west) Control stations (east) 

Spe c i e > ~ _ Numbe r X a Numbe r I s 

S 12 26, .7 3, .6 8 26.1 2.5 
NO." 12 0. ,22d 0. ,1 8 0.11d 0.09 
NO," 12 13 .3 1. .6 8 14.0 1.1 
Cl" 12 6. .8 1 . ,9 8 7.4 0.8 
NH4

 + 12 9, .2 1, .4 8 9.8 2.8 
Na + 12 3 .6 0, .4 8 3.8 1.1 

12 0, .89 0. .20 8 0.96 0.25 
Ca+ + 12 3 .2 0, .5 8 3.6 0.8 

12 0 .83 0. .12 8 0.94 0.26 
Conduct iv ity (|imho/cm) 12 24 .7 2 .8 8 25.8 4.3 
Sample volume (ml) 12 178 11 8 160 4.0 

aP0 J ~ results were below detection limit (0.2). 
collectors were deployed at the following A stations: 16. 17. 24. 

23, and 34. The samples from sites 16 and 81 were contaminated. IWo B col-
lectors were deployed at site 98; values were averaged. 

CB collectors were deployed at the following A stations: 19 and 33. 
No collector waa deployed at site 79. 



Table 15. Comparison of ionic analyses at sites with A and B samplers 
for storm 11 (pmol/lt) 

Stations 

Species 19 24 51 53 54 Species 

A B A B A B A B A B 

S 23.0 25.0 24.0 21.0 24.0 24.0 24.0 24.0 23.0 25.0 
N0,- 0.21 0.28 0.15 0.28 0.08° 0.29 0.21 0.21 0.21 0.29 
N0," 12.0 14.0 11.0 10.0 12.0 13.0 12.0 13.0 11.0 12.0 
Cl~ 8.0 7.2 6.6 5.4 6.5 6.1 7.6 9.0 5.7 5.5 
N H / 10.0 15.0 9.3 11.0 9.2 8.4 8.2 9.5 7.9 9.6 
Na+ 4.3 5.3 3.2 3.2 3.9 3.7 3.7 4.2 2.5 2.9 

1.2 1.4 0.98 0.93 1.00 0.8 6 0.71 0.94 0.52 0.80 
Ca++ 2.8 3.6 2.3 2.8 2.5 3.2 2.9 3.5 1.8 2.6 
u ++ "I 0.62 0.74 0.53 0.74 0.74 0.70 0.91 0.99 0.66 0.78 
PH 4.29 4.29 4.27 4.30 4.27 4.31 4.29 4.27 4.28 4.27 
Conductivity (|iaho/ca) 20.0 21.0 21.0 22.0 22.0 21.0 22.0 22.0 21.0 23.0 
Staple volume (ml) 189 152 220 172 179 188 185 160 186 163 

^elow detection limit (0.08). 
Bulk samples were tlto colloctod A t 16 szid 17* Hi© staple fron 16 W A S c o n t A n i n s t c d while the A suiples 

froi 17 were dropped becsuse of low collection efficiency. 
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deviation of 0.05. Maximum values were registered at stations 21 (0.21 
in.), 29 (0.18 in.), and 20 (0.16 in.). Most of the rainfall (~65<fe) was 
recorded prior to the passage of the front while the winds were from a 
west to west-southwest direction. The remaining 35% occurred after the 
passage of the front with the winds from a west to west-northwest direc-
tion. Stations 19, 25, 26, and 33 were, thus, considered target stations 
while the remaining A stations, with the exception of site 32 which exper-
ienced instrument malfunction, formed the control set. Due to conflicting 
forecasts for this storm, only the A network was activated for collection. 

Table 16 presents the results of the ionic analyses from this storm. 
Due to insufficient sample volumes no analysis of dissolved S02 was per-
formed and consequently it is uncertain whether the excess S of the target 
stations may be attributed to S02 oxidation. Results indicate excess Cl~ 
for the target stations, particularly for site 25, and excess N0,~ par-
ticularly for site 26. 

2.7 Discussion and Conclusions 

The results presented in this paper are based on 5 of the 11 storms 
sampled during the WISPE-2 study. They represent the "best" data from 
this study in terms of the following criteria: sufficient and uniform 
rainfall volumes, well—defined storm beginning and end, satisfactory in-
strument performance, and completeness of sampl e analyses. It should be 
mentioned that the data from the other storms, generally, support the 
conclusions reached in this paper but are not presented because of their 
overall poor quality. 

It is felt that the results of this study are fairly representative 
of the influence of a large coal-fired power plant on wintertime precipi-
tation chemistry in the near field. Washout, rather than rainout, is con-
sidered the dominant mechanism for potential plume related deposition. 
The results are, probably, more representative for the southeastern United 
States (snowfall a rarity) but it may be argued that differences with the 
midwestern and northeastern United States would be minimal. The most im-
portant conclusion drawn from this study is that the plant's influence is 
marginal, i.e., for the considered species the excess (above background 



Table 16. Ionic analyses from the A network for storm 2 (in pmol/lt) 

Stations Target stations Control stations 
species 

19 25 26 Numbe r x s Number X s 

S 53.0 59.0 59.5 48.0 4 54.9 5.5 10 45.9 9.1 
N0," 68.0 70.0 81.0 55.5 4 68.6 10.5 10 59.9 13.5 
C L " 26.0 39.0 29.5 18.0 4 28.1 8.7 10 21.6 5.8 
N H 4

+ 49.0 21.0 29.5 33.0 4 33.1 11.7 10 33.4 9.2 
Na+ 23.0 13.0 15.0 13.5 4 16.1 4.7 10 17.7 7.8 
K+ 1.9 2.4 2.9 1.2 4 2.1 0.7 10 1.0 0.5 
C A " ^ 8.0 9.2 11.0 5.4 4 8.4 2.3 10 5.0 1.1 
u ++ 2.7 2.8 2.6 1.7 4 2.0 1.0 10 2.1 0.7 
Sample volume (ml) 22.0 17.0 22.0 33.0 4 24.0 7.0 10 27.0 9.0 

aResults on NO, species not included (very low), P04 results below detection limit 
(0.2). 
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values) amount which may be attributed to the power plant plumes is small. 
The conclusion supports the results of the earlier studies described in 
the Introduction. 

For the purpose of providing suitable statistical support to the con-
clusions of this paper a distribution-free rank sum test was applied to 
the data. The Wilcoxon test for the two-sample location problem was 
chosen for this application (Hollander and Wolfe,11 1973). All compari-
sons were between the values of the control and target stations; the null 
hypothesis was that there was no difference between the locations (medi-
ans) of the two samples versus the alternative that there was a positive 
shift in the location of the target sample. The postulated risks of con-
cluding an effect (claiming a positive shift) when in fact there was none 
were chosen at 5% and 1%. Table 17 presents the results of this test for 
the five storms. For most species the null hypothesis is generally not re-
jected. 

With regard to 1I+ and dissolved S0Z> results agree with previous 
studies that H+ and dissolved SO, (under certain conditions) are excellent 
plume tracers. For dissolved SO,, this was particularly the case for 
storm 5 which was characterized by heavy rainfall volumes and consequently 
low ionic concentrations. Furthermore, due to the rapid and significant 
drop in temperature following the cessation of rainfall, very little SO, 
escaped from the samples. Plume related SO, was also evident in the sam-
ples of storm 4 but was absent in storm 11. Storm 1 was a rather special 
case with generally high background SO, (dissolved) values and the charac-
teristic dip in the target values. The high acidity of the target sam-
ples apparently inhibited the SO, absorption (Hales and Sutter,22 1973). 
Dissolved SO, was generally lower for the B samples reflecting SO, desorp-
tion for the exposed samplers. Tho funnel—cap arrangement, however, mini-
mized this desorption. 

For storms 4 and 5 an attempt was made to infer the scavenging rates 
for SO, and to compare the predicted with the measured concentrations of 
SO, in the rainwater. Table 18 presents the general source, background 
and target area characteristics which were used for the estimates and com-
parisons. The model SMICK (Drewes and Hales,14 1982) was used to estimate 



Table 17. Results of the Wilcoxon test. R = Null hypothesis rejected, NR = Null 
hypothesis not rejected. Risks of concluding on effect when in fact there 

is none; case I: 5%. case II: 1% (I/II) 

Storm 1 2 4 5 11 

Network type A B A A B A tt A+B A B A+B 

Species 
S0 4~ R/R NR/NR NR/N,t R/R R/R R/Vb R/R R/R NR/NR V/V NR/NR 
N O " R/NR NR/NR NR/NR NR/NR NR/NR NR/V NR/NR R/R NR/NR V/V NR/NR 
Cl~ R/R R/NR NR/NR R/R R/R R/V NR/NR R/NR NR/NR V/V R/R 
NH4+ R/NR NR/NR NR/NR R/R R/R NR/V NR/NR NR/NR NR/NR V/V NR/NR 
Na+ R/NR NR/NR NR/NR R/R R/NR NR/V NR/NR NR/NR NR/NR V/V NR/NR 
K+ NR/NR NR/NR R/R R/NR NR/NR NR/V NR/NR NR/NR NR/NR V/V NR/NR 
Ca++ NR/NR NR/NR R/NR NR/NR NR/NR NR/V NR/NR NR/NR NR/NR V/V R/NR 
«g++ NR/NR NR/NR NR/NR NR/NR R/NR NR/V NR/NR NR/NR NR/NR V/Y NR/NR 
H+ R/R NR/NR NR/NR R/R R/R R/V NR/NR R/NR NR/NR V/V NR/NR 
Conductivity R/R NR/NR Va R/R R/NR R/V R/NR NR/NR NR/NR V/V NR/NR 
S02 (dissolved) NR/NR NR/NR B NR/NR NR/NR R/V R/NR R/R NR/NR V/V NR/NR 
Sample volume NR/NR NR/NR NR/NR NR/NR NR/NR NR/V NR/NR NR/NR NR/NR V/V R/R 

a 
Data not available. 
^Ineffective testing. 



Table 18. Data used in the estimation of S02 scavenging 

Storm 4 Storm 5 

Temperature T (°K) 283.0 283.C 
Pressure p (mb) 1,008.0 l,0c4.0 
Wind speed u (m/sec) 7.2 22, 
Wind direction (degrees from north) 315° 13C 
Rainfall rate J (cm/sec) 1.25 x 10~4 1.8a x 10—1 
Background H+ (pmol/H) 50.0 35.0 
Source height h (m) 305.0 305.0 
Buoyancy flux (cm«/sec») 1.95 x 1011 2.35 x 1011 

Source strength Q (moles/sec) 97.8 87.7 

Raindrop size frequency distribution used in SMICK 
Diameter (cm) 0.025 0.04 0.055 0.07 0.09 0.11 0.15 0.20 0.30 0.40 
Frequency 0.02 0.07 0.10 0.11 0.14 0.10 0.18 0.12 0.06 0.10 

a 
The tabulated values of frequency represent the interval between the corre-

sponding diameter and the one preceding it. 
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the scavenging rates which were also compared with the equilibrium scav-
enging rates (Appendix A). The scavenging portion of SMICK is presented 
in detail in the report by Dana et al.24 (1975). As in that paper the dis-
persion parameters of Smith and Singer3' (1966): 

oy = 0.36 x°.»s (1) 

az - 0.33 x°.»4 (2) 

(a, az and x in m) were used. They represent reasonable estimates for 
neutral conditions which are believed to prevail during frontal rain situ-
ations. 

Table 19 presents the estimated normalized scavenging rates for equi-
librium conditions and the values derived with the SMICK model. The two 
sets of values diverge significantly close to the source since the scav-
enging process is not in equilibrium and consequently the SMICK results 
are more reliable. At greater distances scavenging is more in equili-
brium, with the exception of the large raindrop sizes, and as expected the 
two sets of values converge. The scavening rate in SMICK is computed on 
the basis of the cross plume integrated flux W (in moles/cm/s), which is 
defined as 

N N 
W = C i J ^ i = JAyN ^ Ci ' (3> 

i=l i=l 

Table 19. Results of SMICK runs and comparisons 
with equilibrium conditions 

Storm Station Dowirw ind 
distance 

az 
(x 10-* cm) 

Equilibrium 
keq/J 
(cm"1) 

SMICK 
k/J 
(cm"1) 

Fractional , a removal 

4 25 3.7 3.8 0.38 0.12 0.01 
91 5.5 5.3 0.31 0.12 0.01 
87 8.2 7.7 0.24 0.12 0.02 
33 11.1 9.9 0.19 0.15 0.03 

5 51 5.6 5.5 0.44 0.17 0.01 
72 8.9 8.2 0.32 0.19 0.01 
16 11.7 10.4 0.26 0.21 0.02 

aThe value of k is assumed constant with distance. 
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assuming constant rainfall rate J. The site of calculation along an arc 
is identified as i; N is the total number of positions (or spaces between 
them); Ay is the spacing, assumed constant. The scavenging rate is, 

Wu 
k = ~ . (4) 

and the fractional depletion, 

WAx df = — . (5) 

Assuming that k is fairly constant Ax is approximated by x, the distance 
from the source. Table 19 presents the fractional depletion values which 
show that depletion is rather low out to ~12 km. It should be emphasized 
that no attempt was made to measure the raindrop size spectrum; the choice 
of a sizable percentage of large drops 'Table 18) was motivated by the 
high rainfall rates. 

The predicted SO, rainwater concentrations, according to SMICK, for 
storms 4 and 5 are shown in Figs. 17 and 18. The observed values are 
superimposed along with an '.zimuthal error band of +5® . In general the 
predicted values are higher than the observed. It is believed that the 
meandering of the plume along with the rather long time periods of the 
rainfall events might be responsible for the discrepancies. Some oxida-
tions of SO, to sulfate may have occurred in the sampling bottles; it is 
unlikely, however, that this was considerable. 

As mentioned earlier, analysis of dissolved SO, was not always per-
formed with the other ionic analyses and consequently it is uncertain how 
much of the measured sulfate was in fact oxidized from SO, in the rain-
water samples. Nevertheless, particularly for storms 1, 2, and 4, there 
is strong evidence of excess sulfate in some of the downwind samples: the 
effect appears quite localized. It is conceivable that this may be re-
lated to the emission of primary sulfate although the current belief is 
that this is qaite low (Dietz and Wiessor,*7 1980); more likely is the 
possibility of rapid SO, to sulfate in-cloud conversion close to the power 
plant . 
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Fig. 17. Predicted rainwater concentrations of SO, 
according to SMICK. The measured field values are shown 

for storm 4 
in circles. 
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Fig. 18. Predicted rainwater concentrations of S0a for storm 5 
according to SMICK. The measured field values are shown in circles. 
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Of spocial interest is the plume related excess of chloride ion in 
most of the target samples. Previous studies of the near field have not 
indicated such a result, although a trend towards increased Cl~ in the 
MAP3S regional precipitation chemistry network has been observed. Unfor-
tunately, the daily monitoring of the coal chemistry (by power plant per-
sonnel) during the WISPE-2 period was confined to the routine moisture, 
ash, and sulfur content as well as the BTU thermal content. Consequently, 
the precise CI, content of the coal burned during the WISPE-2 events was 
unknown. A single sample collected from the Plant Bowen coal-pile in the 
beginning of March 1981 was analyzed for CI at the Analytical Chemistry 
Laboratory of BNL and yielded a CI content of less than 0.02% by weight. 
It is unknown whether this result is a representative estimate. A further 
complication to the chloride result is the fact that the cooling tower 
water is treated with liquid chlorine for the control of algae; a total 
of 2700 lbs of CI, are added each day to the cooling tower water between 
8:00 a.m. and 11:00 a.m. to maintain a Cla content of no more than 0.2 
ppm maximum residual. It has been hypothesized that the chlorine may be 
transported by the cooling tower plumes and scavenged by rainfall although 
no reasonable mechanism for the transformation to chloride ion has been 
determined and consequently the authors, tentatively, reject this hypothe-
sis. Appendix B presents estimates of the chlorine source strength based 
on the measured rainwater concentrations of chloride ion and the theory of 
gas scavenging by rain (Hales,21 1981). Results are in general agreement 
with published data. 

The authors have no reasonable interpretation for the apparent scav-
enging of N0,~ (storm 1 and 2) and NH4

 + (storms 1 and 4). The plume 
travel time over the network is rather short to support the hypothesis of 
oxidation of N0a to N0,~ according to the currently accepted models of 
either the gas phase (Chang et al.,1* 1979) or the liquid phase (Lee and 
Schwartz,10 1981), and there is little justification for claiming possible 
increased catalytic activity. The NH4 + results are viewed with consider-
able skepticism since ammonium is highly dependent on local sources and 
its measurement is associated with considerable uncertainty. 
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The differences between the A and B samples were generally small. 
This was attributed to successful timing of the rain events and swift re-
covery of the B samples. The exceptions were storm 1 and the measurement 
of dissolved SO,. As mentioned earlier the B samples of storm 1 were ap-
parently exposed to considerable dry deposition prior to the event; con-
trary to general belief, this deposition proved to be acidic rather than 
basic. 

The presentation of some of the air chemistry rnsults and discussions 
of their relationship to the precipitation chemis may be found in the 
papers by Dana et al.4 (1982) and Patrinos et al.*1 
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APPENDIX A 

The scavenging rate k (sec-1) is defined as: 

o 

Flux of pollutant to ground, F = k / x dz = kx^ , (1) 

where x is the pollutant air concentration (in moles/cm'), and x^ is total 
mass of pollutant in a vertical column in moles/cm2. The pollutant flux F 
is also defined in terms of the rainfall rate J (in cm/s) and the pollu-
tant concentration at ground level c (in moles/cm') as follows, 

F = cJ . (2) 

It follows from (1) and (2) that, 

cJ 
k = — . (3) 

v 

At equilibrium conditions the concentration c may be expressed in terms of 
the pollutant air concentratic 
scavenging ratio r as follows, 
the pollutant air concentration at ground level x . (in moles/cm') and the 

if 

c - V r • (4) 

Therefore, for equilibrium conditions we have (Eqs. 3 and 4), 

keq = 1 J — • (5> v 

We assume a gaussian plume for the plant emissions. 

Q / i \ / 1 y a \ 
1 = i^iriEXP

 R 2 ^ 7 / E X P \ ^ V J ' ( 6 ) 

on the basis of which we derive the following expression for k , eq 
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rJ [2 / 1 h* \ keq " V ̂  "9 r 2 
z \ * / 

IT"- scavenging mt-i for SO, is given by Ilarrie" (1981), 

4755.5X 
I- ( 8 ) 

[H' ' ' ' 

who re is the final observed hydrogen ion concentration. 
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APPENDIX B 

Estimated CI Source Strength Assuming Scavenging of HC1 Gas 

The basic equation for calculating scavenging of ^ases is given by 
Hales11 (1972): 

, 3K dc y 
(y - H'c) (1) dz v a ' z 

where c is the rainwater concentration of the gas at height z (moles/cm1), 
Ky is an overall mass transfer coefficient (moles/cm1/s) 
v is terminal velocity of a raindrop radius a (cm/s) (positive up-z 

ward) 
y is the air concentration of the gas (mole fraction), and 

H' is a solubility parameter (cm'/mole). 

Because of the high solubility of HC1, it may be assumed to be scavenged 
irreversibly (Pellet,1' 1977), e.g., H' = 0. Integration of (1) (with y 
converted to air concentration z in moles/cm*). 

3 Ky RT f 
c(a,z) = v~l p~ J 1 dz (2) 

where R is the gas constant, T is absolute temperature, and p is pressure. 
At ground level, and calling the vertical integral of air concentra-

tion z , 
v 

3K RT 
y c(a, o) z . (3) v ap v x ' z 

The fluz of the gas to the ground is 

c(a,o) J = kx y , (4) 

where J is the rainfall rate (cm/s) and k is a scavenging coefficient 
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(s_1), so 

3K RT 
k J . (5) v ap z 

K is evaluated by assuming gas-phase limiting mass transfer and use of 
the Froessling equation (Bird et al..'4 1960). 

2 ak 
Sh = V = 2 + 0 . 6 R e 1 S e 1 / 1 , (6) 

y y 

where Sh is the Sherwood number, 
Re is the Reynolds number, 
Sc is the Schmitt number, 
Dy is the diffusivity of the gas in air, and 
C = P/RT is the total gas concentration. 

y 
K = k and, substituting into (5) y y 

3 /Sh \ 
k = - ~ J D - • (7) 2 y \vza*) 

Using D^ = 0.2 cma/s, and an empirical terminal velocity relationship 
v = -8000a (Dana and Hales,31 1976), z 

k Sh 
- = 3.75 * 10"* — (cm"1) . (8) J a' 

For a natural spectrum of raindrop sizes, some mean value of Sh/a1 can be 
produced: 

Sh 
= 3.75 x 10-' — a* mean Imean 

(9) 

Pellet31 (1977) arrived at an empirical expression for HC1 scavenging co-
efficient 

k = 0.0782 J5/» , (10) 
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using published raindrop spectra. This expression predicts k values about 
one half the estimated with Eq. (9) under the rain conditions of the pre-
sent study. 

For purposes of estimating CI source terms from observed concentra-
tions, we have evaluated the term Sh/a' for a log normal rain spectrum with 
geometric standard deviation 2 and number median radius 0.05 cm. This 
spectrum is deemed typical of frontal rainfall of moderate intensity (Dana 
und Hales,*' 1976). The result is 

= 6 . 8 ( c m - 1 ) 
mean 

r e k/J can be interpreted as the fraction of the source pollutant removed 
u<-r cm of rainfall. 

R c t i-ning to estimates of source strength, if we assume a gaussian 
plume, then 

Q (i) l 'y(x) " % 

" V 2 ? <t (x)u e3tp 2 o (x) 
y . y 

(11) 

where x is downwind distance, y is crosswind distance, a is the standard 
y 

deviation of plume spread in the y direction, u is wind speed, and Q is 
the source term (moles/s). For each case treated here, (11) was evaluated 
using observed data and the Smith and Singer1* (1966) standard deviations 
for neutral conditions. Then (4) was used to determine the Q required to 
produce the observed concentration. Of course, the plume is depleted by 
scavenging during downwind travel, so 

Q(x) = Q(o) exp (12) 

Values of predicted Q(o) for sites near the estimated plume centerlines 
are listed in Table B.l along with input data. 

These source terms are compatible with an estimation of CI content of 
coal: If the Bowen source term for 2% S coal it 50 mol/s (3200 g/s) (this 
paper), and the CI content is, as for typical coal (Smith, 1980) 0.1%, the 
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Table B.l. Estimated source term for HC1 

Storm Site X 

km 2 
y 
km 

u c 
(unol/^ v moles/sec 

4 91 5.5 0.60 0.96 20 2.19 
33 11 .1 1.09 1.36 4 0.93 
87 8.2 0.84 1.86 13 8.84 

5 51 5.8 0.62 1.52 1.1 1.54 
72 8.9 0.90 0 1.3 0.16 
16 1.7 1.14 2.65 1.9 5.04 

aExcess above background. 

Bowen source term for CI is 160 g/s = 4.5 mol/s CI. Of course, not all 
the CI is expected to be released effectively as HC1. but a substantial 
fraction (Iapalucci et al.,37 1969 quoted by Cocks and Fernando,'1 1981), 
so this is an upper limit for HC1 source. This number is in order of mag-
nitude agreement with our admittedly crude estimates from scavenging ob-
servations, which are sensitive to choice of plume parameters and the col-
lection sites' locations relative to plume centerline. 

The observed decrease in CI concentration with distance downwind is 
indicative, moreover, of depletion by scavenging of source material being 
emitted in the general location of the Bowen plant. 
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53. Ron Hadlock, Battelle Pacific Northwest Laboratories, Battelle 
Boulevard. Richland, WA 99352 

54. C. Hakkarinen, Electric Power Research Insti tute, P.O. Box 10412, 
Palo Alto, CA 94303 

55. S. R. Hanna, Environmental Research and Technology, 696 Virginia 
Road, Concord, MA 01742 

56. P. Harrison, Engineering-Science, 125 West Huntington Drive, 
Arcadia, CA 91006 

57. D. M. Hershfield, Hydrology Lab, USDA-SEA-AR, BARC-W, Bldg. 007, 
Bettsvil le, MD 20705 

58. G. Howroyd, Dames & Moore, Inc. , Suite 200, 455 East Paces Ferry 
Road, Atlanta, GA 30305 

59. J. Jansen, Southern Company Services, Inc., P.O. Box 2625, 
Birmingham, AL 35202 

60. Kenneth Juris, New York State Power Pool, 3890 Carmen Road, 
Schenectady, NY 12303 

61. W. Keith, OEPER RD-682, Environmental Protection Agency, 401 h. 
Street, SW, Washington, D.C. 20460 

62. A. L. Kistler, Department of Mechanical Engineering and Astro-
nautical Sciences, Northwestern University, Evanston, IL 60201 

63. L. R. Koenig, National Science Foundation. 1800 G. Street. NW, 
Washington, D.C. 20550 

64. R. Kornasiewicz, Office of Standards Development, U.S. Nuclear 
Regulatory Commission, Washington, D.C. 20555 

65. M. L. Kramer, Smith-Singer Meteorologists, Inc. , 134 Broadway, 
Amityville, NY 11701 

66. N. Laulainen, Battelle Pacific Northwest Laboratories, Battelle 
Boulevard, Richland, WA 99352 

67. M. Maulbetsch, Electric Power Research Inst i tute, P.O. Box 10412, 
Palo Alto, CA 94303 

68. B. Maulsby, Engineering Department, Georgia Power Company, P.O. 
Box 454S, Atlanta, GA 30302 

(9 . P. Michael, Atmospheric Sciences Division, Building 51, Brook-
haven National Laboratory, Upton, NY 11973 

70. R. Mi l ler , NOAA/NWS Systems Development Office, Silver Spring, MD 
20910 

71. F. J. Mogolesko, Boston Edison Company, NED/2(, 800 Boyl'ton 
Street, Boston, MA 02199 

72. H. Moses, Office of Health and Environmental Research, Department 
of Energy, Washington, D.C. 20S45 
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73. F. W. Murray, Rand Corporation, 1700 Main Street, Santa Monica, 
CA 90406 

74. L. Neuman, Environmental Science* Division, Brookhaven National 
Laboratory, Upton, NY 11973 

75. H. D. Orvi l le , Institute of Atmospheric Sciences, South Dakota 
School of Mines and Technology, Rapid City, SD 57701 

76. T. J. Overcamp, Environmental Systems Engineering, Clemson Uni-
versity, CI emson, SC 29631 

77-81. A. A. N. Patrinos, Atmospheric Sciences Division, Building 51, 
Brookhaven National Laboratory, Upton, NY 11973 

82. J. Pena, Department of Meteorology, The Pennsylvania State 
University, University Park, TA 16802 

83. R. Pena, Department of Meteorology, The Pennsylvania State 
University, University Park, PA 16802 

84. V. Pennell, OEPER RD-682, Environmental Protection Agency, 401 
M. Street, SW, Washington, D.C. 20460 

85. R. Perhac, Electric Power Research Inst i tute, P.O. Box 10412, 
Palo Alto, CA 94303 

86. A. J. Policastro, Argonne National Laboratory, 9700 South Cass 
Avenue, Argonne, IL 60439 

87. C. A. Rhodes, College of Engineering, University of South 
Carolina, Columbia, SC 29208 

88. Alan Rubin, Advanced Nuclear Systems and Projects Division, 
Department of Energy, Washington, D.C. 20545 

89. F. Ryzner, Department of Atmospheric and Oceanic Science, 
University of Michigan, Ann Arbor, MI 48109 

90-109. W. F. Savage, Advanced Nuclear Systems and Projects Division, 
Department of Energy, Washington, D.C. 20545 

110. H. W. Schmitt, Environmental Systems Corporation, P.O. Box 2523, 
Knoxville. IN 37901 

111. J. Shannon, Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, IL 60439 

112. D. H. Slade, Office of Health and Environmental Research, 
Department of Energy, Washington, D.C. 20545 

113. P. Slawson, Department of Mechanical Engineering, University of 
Waterloo, Waterloo, Ontario, Canada 

114. W. G. N. SI inn. Atmospheric Sciences Department, Oregon State 
University, Corvallis, OR 97331 

115. C. R. Stearns, Department of Meteorology, University of Wis-
consin, 1225 West Dayton Street, Madison, WI 35706 

116. D. W. Thomson, Department of Meteorology, The Pennsylvania State 
University, University Park, PA 16802 

117. J. M. Thorp, Battelle Pacific Northwest Laboratories, Battelle 
Boulevard, Richland, WA 99352 

118. J. L. Vogel, I l l i no is State Water Survey, P.O. Box 232, Urgana, 
IL 61801 

119. L. Winiarski, Environmental Protection Agency, 200 South 34th 
Street. Corvallis. OR 97330 

120. Office of Assistant Manager for Energy Research and Development, 
Department of Energy, ORO. P.O. Box E, Oak Ridge, IN 37830 

121-314. Given distribution as shown in DOE/TIC-4SOO under category UC-12 
(Heat Rejection and Ut i l izat ion) 
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