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ABSTRACT

Below-cloud scavenging of tropospheric ammonia gas by raindrops was investigated by
observing the change in the NH;(g) concentration measured before and during long
precipitation events. The removal was parameterized as a first-order process; the scavenging
coefficient, defined here as the first-order rate coefficient, was computed by two different
methods:

(1) the average “measured” scavenging coefficient was calculated by taking into account
the average “pre-event” and ‘“‘event” concentrations and the duration of the event,

(2) the average *‘theoretical” scavenging coefficient was calculated by considering the
diffusion of the gas to the raindrop, the intensity of precipitation during each hour of the
event, and the raindrop size distribution.

The scavenging coefficient was computed for fourteen precipitation events. The median
“measured” scavenging coefficient was 1.3 x 10~ s~!, which is equivalent to an e-folding time
of 2.1 hours. Note, however, that these values spanned two orders of magnitude. A
comparison of the “‘measured” to “‘theoretical” scavenging coefficients showed that these two
quantities were within an order of magnitude of each other for most cases. The precipitation-
scavenged ammonia was calculated as the difference between the gas concentrations at the
beginning and end of the event. For a majority of the events, the scavenged ammonia

contributed less than 109/ of the total ammonium found in precipitation.

1. Introduction

One of the atmosphere’s cleansing processes is
the scavenging of trace gases and aerosols by
precipitation. The removal of gases and aerosols
determines the chemical composition of precipi-
tation. Although many studies have described the
relationship between (1) the gas and/or particle
concentrations in the atmosphere measured at the
surface or at cloud base and (2) the corresponding
ion concentrations in the collected precipitation
(reported as a scavenging or washout ratio; see
Scott, 1981; Misra et al., 1985; Barrie, 1985;
Harrison and Pio, 1983; Pratt and Krupa, 1985;
Uematsu et al., 1985; Davidson et al.,, 1985;
Hicks and Shannon, 1979), few studies have
examined the changes in gas and particle concen-
trations during individual precipitation events.
De Pena et al. (1985) reported on the relationship
between the concentrations of tropospheric
ammonia gas, the most abundant alkaline gas

present in the atmosphere, and ammonium ion
concentrations in precipitation collected on an
event basis. In that paper, the equilibrium NH}
concentration, which is dependent on the partial
pressure of NH;(g), the pH of the precipitation,
and the temperature, i.e.,

o KoKu oo

[NH4]eq= K [H,O ]PNHJ (1)

where

K, = dissociation constant of aqueous
ammonia,

Ky = Henry constant for NH;(g),

K, = solubility product of water,

[H;0*] = hydronium ion concentration in
precipitation,

Py, =average NH;(g) concentration

measured at the surface during
the precipitation event,
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was compared to the observed NHI concen-
tration. The observed ammonium ion concen-
trations were between 0.03% and 3% of the
calculated equilibrium values (see Table 1). This
apparent discrepancy can be explained by realiz-
ing that for a highly soluble gas the time required
to reach equilibrium is much longer than the time
needed for a typical raindrop to fall from cloud
base to the ground (Shimshock and de Pena,
1986). So, for the case of NH;(g) the solubility is
sufficiently high enough to ensure that equilib-
rium will not be attained. However, more infor-
mation regarding the scavenging of ammonia is
desired in order to fully understand this
phenomenon.

Thus, the purpose of this paper is to report
below-cloud scavenging coefficients for tropo-
spheric ammonia; only removal by raindrops will
be considered. The theory of gas scavenging by
falling raindrops is reviewed in the next section;
the measurement techniques and outline of the
project are given in the third section. The results

Table 1. Precipitation data: Comparison of the
observed vs. equilibrium NHY concentration

T ambient [H,0*)¥ {NHZ]® [NHI] o

Date Q) (ueq/) (ueq/l) [NHileq
26 Aug 85 18.2 479 187 2.4
30 Sept 85 14.0 8.1 5.4 0.3
02 Oct 85 12.4 759 201 1.5
13 Nov 85 7.3 562 116 >05
15 Nov 8515.7 575 80  >12
17 Nov 85 2.0 275 21 >04
23 Nov 85 0.0 33.9 24 0.03
05 Feb 86 1.0 41.7 88 >1.0
02 July 86 16.5 363 120 0.07
270ct 86 8.3 468 150 0.1
06 Nov 86 1.2 537 28 0.03
23 Nov 86 0.0 19.5 1.8 >0.1
11 Dec 86 3.7 427 160 >27
19 Dec 86 2.0 912 380 >1.2

@ Data supplied by Multi-State Atmospheric Power
Production Pollution Study (MAP3S); units are
microequivalents per liter.

® Pyn, values found in Table 3 under “‘event” col-
umn; for Py, values below the detection limit of the
denuder, a minimum [NHZ])/[NHZ]eq
computed.

ratio was
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section describes the distribution of the scaveng-
ing coefficients; estimates of the amount of NH}
in the collected precipitation due to below-cloud
scavenging of NH;(g) (percentage basis) are also
reported in the results section.

2. Gas scavenging theory

Slinn (1984) has shown that the flux of a gas
toward a falling raindrop of diameter D can
be described mathematically by the following
equation:

d T [C as]

—{=DC,); = DZK{R——‘, 2

TR SIS R S )

where

P, = partial pressure of the gas,

[C,.] = concentration of gas dissolved in the
drop,

K, = overall transfer velocity of the gas in
both the liquid and gas phase,

a* = gverall solubility parameter,

[C...J/a* = equilibrium partial pressure of the gas.
ga:

The K, term incorporates the overall transfer
resistance to gas absorption by the raindrop, and
is equal to the sum of the resistances in the air-
phase, liquid-phase, and to the surface resistance.
As outlined by Peters (1983), a surface resistance
can be due to the existence of a surface film and
to the “‘non-sticking” of gas molecules which
impinge the drop (i.e., accommodation coef-
ficients, the probability of impinging gas mole-
cules sticking to the drop, less than one). Internal
circulations which develop in falling raindrops
tend to disrupt the surface film, thus minimizing
this effect. The contact time for gas molecules
which impinge the drop is expected to be
“relatively long™ so this factor should not intro-
duce a significant surface resistance as well. In
the absence of better information, we will assume
the accommodation coefficient has a value of
one, and assume the surface resistance is
negligible.

The internal circulations also accelerates the
transfer of the dissolved gas in the liquid phase.
For highly soluble, low molecular weight gases
like ammonia, we will neglect the liquid phase
transfer in comparison to the gas phase transfer.
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Hence K, can be approximated by the following
expression:

2D,(Sh)
K="

0 D 3)

where

D, = diffusion coefficient,

Sh = Sherwood number = 1 + 0.4 (Re)"*(Sc)'?,
Re = Reynolds number,

Sc = Schmidt number (Slinn, 1984).

We used equation (2) to calculate [Cy, ] as a
function of time for a falling raindrop. The
results, expressed as a percentage of the equilib-
rium NH] concentration, are shown in Fig. 1.
Note that for a raindrop, characterized by an
initial pH of 4.0 and initially containing no
dissolved NH;(g) or NHZ, falling through air
containing ! ppbv each of NH;(g) and SO,(g) at
0°C, the time needed to reach just 19, of
its equilibrium value is at least ten minutes.
This time is comparable to the time it takes a
drop to fall from cloud base to ground. Varying
any of the parameters, ie., the ambient
NH;(g) or SO,(g) partial pressure, initial pH
of the drop, initial quantity of NH (NH, =
NH;-H,0 + NH}) in the drop (provided [NH],
< 50 umol/1), or the temperature will not change
this result (Shimshock and de Pena, 1986). There-
fore, we submit that it is reasonable to say that
chemical equilibrium between the NH} concen-

T=273K

NHy(g) = 1.Oppbv

% EQUILIBRIUM

1

S0,(g) = 1.0ppbv
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tration in the drop and Py, will not be estab-
lished, i.e., Pyy, > [Cap,J/o*.

Assuming that the total amount of gas in the
air and gas dissolved in the drop remains con-
stant (i.e., no advection of gas into the column of
air being scavenged), equation (2) can be reduced
to a simple first-order expression:

Pyy, = [PNH,]. exp[—A1] 4)
where

[PNH,]a = initial ammonia gas concentration,

A = scavenging coefficient
= J 27D [Sh]DN(D)d D, &)

N(D) = raindrop number distribution,

t = time.

Lambda, A, defined as the scavenging coef-
ficient, can be computed provided N(D) is
known. The Marshall-Palmer raindrop distri-
bution, i.e.,

N(D)=0.08 exp(—41DI™ "),

where

N(D) = no. drops/volume air/length (cm™+),

D = diameter of drop (cm),

1 = rain intensity (mm h='),

was used to compute the quantity we call the
“theoretical” A. As suggested by Levine and

[NHx1;{zO (pH);=4.00

NOTE: The time required for
the IOum drop to reach
1% equilibrium < 5s

2

TIME (HOURS)

Fig. 1. Plot of the percentage of equilibrium reached versus time for drops of radius R (range is 0-17; of the

equilibrium value).
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Schwartz (1982), we reduced the number of drops
in the size range 0.02 cm € D <0.12 cm by 509,
since this distribution tends to overestimate the
number of small drops. (We assumed that there
is no height dependence of the precipitation
intensity.)

The scavenging coefficient can also be deter-
mined from measurements of ammonia; this is
outlined in the next section.

3. Experimental methods

Ammonia gas was collected with an oxalic
acid-coated denuder at a rural central Penn-
sylvania (USA) site from 1985-1987. The site
(latitude 40°43'N, longitude 77°56’W, elevation
~400 m above MSL) was located in an agri-
cultural field used for growing corn, soybean and
grain crops, and was operated by The Penn-
sylvania State University. Information regarding
the climatology, particulate and pollutant levels
of this area are given in Table 2. Detailed
descriptions of the denuder and analytical
methods have been reported elsewhere (Lewin et
al., 1986; Shimshock and de Pena, 1986). A few
salient features of the denuder system, however,
are worth repeating:

Table 2. Climatology, particulate and pollutant
levels at the sampling site

Variable Range (average)

temperature'? —3°C Jan to 22°C July
precipitation® 62 mm Feb to 100 mm May
NH}® 1 ug m~3 Aprto 4 ug m~3 June
so;® 3 ug m=3 Aprto 15 ug m~3 June
condensation nuclei 30,000 cm~3%

sulfur dioxide 10 ppbv*®

ozone 30 ppbv@

@ Data is for University Park, PA, which is located
11 km northeast of the site; data obtained from
Department of Meteorology, The Pennsylvania State
University.

® Data obtained from weekly filter pack data collect-
ed at our site from 21 January 86 to 03 June 86 for the
National Oceanic and Atmospheric Administration/Air
Resources Laboratory/Atmospheric Turbulence and
Diffusion Division (NOAA/ARL/ATDD).

© Typical background value.
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1. We estimate the accuracy of the denuder
measurements to be +10% (combination of both
sampling and analytical errors).

2. The collection efficiency was determined to
be greater than 90%.

3. The major drawback of the system was that
long sampling times were needed (hours) in order
to measure concentrations sufficiently larger than
the blank value.

In addition, the precipitation was collected on
an event basis for the Multi-State Atmospheric
Power Production Pollution Study (MAP3S) at a
nearby site (Penn State site). The site description
and protocol for precipitation sample collection
and analysis are well documented (Bowersox,
1980, MAP3IS/RAINE Research Community,
1982).

The denuder system was employed in the fol-
lowing manner: when rain was forecasted to fall
fairly steadily for a period of several hours
(usually the storm was a weli developed cyclone,
not individual localized showers), sampling was
started approximately 12-24 h before the onset of
the precipitation. When the precipitation began
to fall, the denuder was collected, and a new
denuder was set-up and run. This second denuder
collected ammonia from the air during the time
precipitation was falling; the sampling ended as
soon as the rain stopped. Thus, the average “pre-
event” and average ‘“‘event” ammonia concen-
tration were measured. We hypothesized that if
the air was being cleansed by the hydrometeors,
then the event concentration should be less than
the pre-event ammonia concentration. Any de-
crease in the ammonia concentration was then
assumed to be due to the scavenging by the
raindrops. Essentially we thought of the removal
of the gas in terms of a simple “box model” in
which drops falling at a constant velocity through
a well-mixed (i.e., no gradients of NH;(g))
column of air scavenge the gas.

This is not to say that changes in the NH;(g)
concentration during the event were due solely to
below-cloud scavenging by the raindrops. Trans-
port of NH;(g)-laden or NH;(g)-deficient air into
the sampling area would obviously alter the quan-
tity of gas removed. In support of this hypothesis,
ancillary measurements of sulfur dioxide, ozone,
condensation nuclei and winds (~6 m height)
were made; this data was recorded as one-half
hour averages (background values of sulfur
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dioxide, ozone, and condensation nuclei are listed
in Table 2). We examined the behavior of these
variables as a function of time and noted the time
periods during the event when ‘“‘unusual” be-
havior occurred. We defined ‘‘unusual” behavior
in the following manner:

@ sulfur dioxide concentration increases greater
than 5 ppbv
® ozone concentration increases greater than

S ppbv
@ condensation nuclei concentration

greater than 5000 cm—3
@ wind direction shifts greater than 90° occurring

over a maximum three hour period with sus-

tained wind speeds greater than 1 m s™!.
If at least three of the four conditions were met
during the event, then we assumed that an air
mass change occurred. Subsequently we submit
that for those cases there is evidence that below-
cloud scavenging may not be the dominant
process responsible for the changes in the NH;(g)
partial pressure.

Only one rain storm met the criteria outlined
above; this case was not considered further. Yet
it was obvious that for other storm cases the
transport effects (horizontal and/or vertical)
dominated the scavenging effects despite the fact
these cases did not meet the rejection criteria (see
below). A possible explanation why these cases
were not rejected may be found by examining a
typical pre-event NH;(g) partial pressure. For the
storm cases in which the pre-event partial press-
ure was greater than that of the event, the
average pre-event partial pressure was 0.71 ppbv;
for the storms in which the reverse case was true,
the average pre-event partial pressure was 0.22
ppbv. For these later cases, perhaps the transport
effects became dominant only because the initial
quantity of gas present was low. In the absence of
better information, we assumed the scavenged
effects dominated the transport effects unless the
cases were eliminated by the criteria already
described.

Changes in ambient temperature and humidity
could alter the distribution of ammonia in both
the gas and condensed phases (Martin Ferm,
personal communication, 1987). In particular,
the equilibrium between ammonium nitrate,
ammonia gas, and nitric acid gas

NH,NO;(s) = NH;(g) + HNO;(g)

increases
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is both temperature and humidity dependent.
Earlier simultaneous measurements of NH;(g)
and HNO;(g) at our site were used to show that
this equilibrium can exist (Lewin et al., 1986).
However, evidence that the NH,(g) concen-
tration changes were due in part to alterations in
the equilibrium of ammonia in the gas and
condensed phases was not acquired. Despite the
fact that we could not isolate the scavenging
effects from these other effects, we submit that
when the gas concentration decreased during the
event, scavenging by the raindrops was the domi-
nant process.

We unfortunately encountered two major prob-
lems when we conducted this experiment. The
first problem was that the precipitation did not
fall steadily throughout the lifetime of every
storm. Some of the storms had quite complicated
storm-tracks and precipitation patterns (areal
and temporal), and so some of the sampling
periods did not coincide exactly with the hours of
rain. The second problem, in violation of our
basic assumption, occurred when the event
concentration was larger than the pre-event
ammonia concentration. Obviously, for these
cases the transport effects dominated the scav-
enging effects. (This phenomenon could not be
due to alteration of the NH,NO;/NH; HNO,
equilibrium since the ambient conditions during
the event sample were cooler and more humid
compared to the pre-event sample. The equilib-
rium product of Pyy - Pyno, decreases with de-
creasing temperature and increasing humidity;
see Stelson and Seinfeld (1982a, b).) This situ-
ation occurred for about one third of the events
sampled, and has been noted by other researchers
(Sperber and Hameed, 1986).

Nevertheless, we were able to compile data for
14 storm cases. Note that in half of these cases,
the event ammonia concentration was below the
limit of detection of the denuder, so for these
cases we assumed that the event concentrations
were equal to this value (about 0.02 ppbv). The
average scavenging coefficient was calculated
from the NH;(g) measurements as shown below:

P = average event concentration,
NH;

(Pyy,); = average pre-event concentration,
= [Py dt _j[PNH‘], exp[—At]ldt
N [dr fdr ’
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[Py J.{1 — exp[— A[measured] ]}

Almeasured] ¢

’

P, =
t = duration of the “‘event” sample (hours).

We define A(measured) as the average scaveng-
ing coefficient computed from the measurements
of NH;(g).

4. Results

A listing of the average measured scavenging
coefficient, A(measured), is given in Table 3. The
median value is 1.3 x 10~* s~! which is equival-
ent to an e-folding time of about 2.1 h. Sperber
(1985) has also calculated scavenging coefficients
for ammonium from the measurements of the
NHI concentration in sequential precipitation
samples. For samples which met his criteria of
storm homogeneity (criteria discussed in Sperber
and Hameed, 1986), the mean and standard
deviation of the scavenging coefficient computed
from 292 sample pairs in which the precipitation
intensity for the sequential samples was within
+509% of each other were 1.2 x 10~ s~! and
0.2 x107* s=! respectively (these numbers
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include 43 snow samples, but the mean and
standard deviation for the snow samples were not
significantly different from the overall numbers).
Note, however, that Sperber’s values represent
the total removal, both in-cloud and below-cloud,
of NH,(g) and ammonium-containing particles.

Both groups observed wide variations in the
scavenging coefficients, although the range
observed by Sperber (<1.0x10-% s-! to
~4.0x10~* s~') was less than the range of
values seen here (6.6 x 107 s~! to 8.5 x 10~%
s7!). Neither group found any correlation
between scavenging coefficients and average
precipitation rate (Sperber: 0.1 mm h~! to ~5
mm h™').

A comparison of the average measured to
theoretical scavenging coefficients, A(measured)
versus A(theory) (the theoretical value was
calculated by knowing the intensity of rain for
each hour of every storm), is shown in Table 3.
For most cases the two values are within an order
of magnitude of each other. This agreement,
while remarkable in light of the simplifications
made in the scavenging model, is evidence that
the scavenging coefficient can indeed be esti-
mated by eq. (5).

Table 3. Ammonia gas data: measured concentrations, scavenging coefficients, contributions to NHY in

precipitation
Duration Amount of Cloud

Pre-event Event of event Precip | _ rain during  base

conc. conc. sample intensity [ A(meas) i\(meas) event sample height NH;(g) scavenged ©0
Date (ppbv)  (ppbv) (h) (mm/h) [(s~')  Altheory) (mm) (m) [NH] precip °
26 Aug 85 1.01 0.08 23 1.2 1.5-04* 1.5 272 335 28
30 Sept 85 1.20 0.71 13 2.4 2505 0.1 311 365 7.6
02 Oct 85 0.56 0.04 8 1.7 5.0-04 3.0 13.2 1005 9.2
13 Nov 85 0.55 <005 7 1.2 4404 38 8.6 305 74
15 Nov 85 1.09 <0.04 9 1.0 8.5-04 8.4 9.1 460 29.1
17 Nov 85 0.51 <0.01 22 2.1 6.604 3.5 46.0 365 8.6
23 Nov 85 0.49 0.10 14 0.6 9905 1.3 8.1 460 52.5
05 Feb 86 0.02 <0.01 28 0.7 1.6-05 0.2 19.8 335 02
02 July 86 2.76 1.85 12 1.8 2.0-05 0.1 21.6 700 18.1
27 Oct 86 0.47 0.40 14 0.5 6.6-06 0.09 7.4 365 1.9
06 Nov 86 0.98 0.08 19 0.6 1.8-04 2.7 10.7 305 44.6
23 Nov 86 0.19 <003 8 1.4 2304 18 10.9 400 17.8
11 Dec 86 0.05 <0.01 29 0.4 4805 09 11.9 400 04
19 Dec 86 0.08 <0.02 15 0.5 73-05 1.0 79 400 0.5

* The notation 1.5-04 represents 1.5 x 10-4,
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With the values of A(measured), the amount of
gas removed by the precipitation was computed
(derived from the usage of eq. (4) and knowledge
of the amount of rain that fell during each storm
case and the average cloud base height). In all but
three cases (30 September 85, 02 July 86, 27
October 86) the concentration of NH,(g) at the
end of the event was less than 0.01 ppbv, so for
these cases we assumed all the gas initially
present was removed. This number, which is the
quantity of NH} found in the precipitation due to
below-cloud scavenging of NHs(g), was com-
pared to the total NH} concentration in the
collected rainwater. The results are given in
Table 3. For the majority of the cases, the
removal of tropospheric NH;(g) by the hydro-
meteors contributed 109 or less of the total NH}.
This is in good agreement with the results of
Lazrus et al. (1983), who reported that below-
cloud scavenging of NH;(g) or NH}-containing
particles did not make an important contribution
to the composition of the surface rain. Note,
however, that their result was based on obser-
vations from one storm case only.

In contrast to our and Lazrus’ results, Mészaros
and Szentimrei (1985) concluded that below-
cloud scavenging of NH,(g) at a site in Hungary
was responsible on average for 469 of the NH}
content in the precipitation. Mészaros and
Szentimrei derived this number from a regression
equation which related the measured deposition
of NH} in precipitation to the daily precipitation
amounts and to the measured concentrations of
ammonia gas and ammonium ion in particles.
This equation is listed below:

Dy = 0.38P,[NH;-N]
+0.21 P,[NH;-N]+0.77,

where

Dy = total deposition of NHY in
precipitation (mg m~2 day~');

P, = daily precipitation amount
(mm day~!);

[NH;-N] = ammonia gas concentration
(ug-N m~3);

[NH:-N] = ammonium ion concentration
(ug-N m™).

Mészaros and Szentimrei stated that the three
terms on the right-hand side of the equation

J. P. SHIMSHOCK AND R. G. DE PENA

represent the contributions to the total deposition
from below-cloud scavenging of NH;(g), below-
cloud scavenging of NH{ in particles, and the
total in-cloud removal of both gas and particles,
respectively. While a total of 89 cases were used
to derive this equation, the authors only listed the
average values of P, [NH;-N], and [NH}-N] in
their paper. These values were used to calculate
the average NHZ deposited due to below-cloud
scavenging of NH;(g). A measure of the varia-
bility of this number can be deduced by looking
at the 90% confidence intervals for the regression
coefficients. As noted by Mészaros and
Szentimrei, the intercept term was not signifi-
cantly different from zero at a significance level
of 0.1, so for the computations here we assumed
that the minimum value of the intercept term was
zero. By using the appropriate combinations of
the minima and maxima of the confidence inter-
vals of the regression coefficients, we estimated
that the percent contribution to the total NHJ
deposited by precipitation from below-cloud

scavenging of NH;(g) ranged from 269 to 74%.

Obviously, our result and that of Mészaros and

Szentimrei differs substantially.

In order to understand this apparent dis-
crepancy, we examined the factors which deter-
mine the contribution of below-cloud scavenging
of NH,(g) to the NH} concentration in precipi-
tation. These factors are listed below:

@ average pre-storm NH;(g) concentration;

@ average NH} concentration in precipitation;

@ the average rainfall intensity;

@ the raindrop distribution (smaller drops scav-
enge the gas faster than the larger ones—see
Fig. 1);

@® the average cloud base height.

Mészaros and Szentimrei reported a daily
average ammonia concentration (determined
from daily measurements over a two year period)
of 1.0 ug NH; (as N)/m3, and a mean monthly
volume-weighted NHZ concentration in precipi-
tation of 0.86 mg NHZ (as N)/l (measured over
roughly the same time period). Although
ammonia gas measurements have not been made
continuously throughout an entire year at our site,
we estimate that the daily average NH,(g) con-
centration is approximately one half the concen-
tration measured in Hungary. The mean monthly
volume-weighted NH} concentration is, for our
site, about one third as large as the average NHY

Tellus 41B (1989), 3



BELOW-CLOUD SCAVENGING OF TROPOSPHERIC AMMONIA 303

concentration in Hungary. Thus, both ammonia
gas and ammonium ion concentrations are larger
at the Hungarian site, and so the larger gas
concentrations can explain at least part of the
larger amount of ammonium in Hungary’s
precipitation.

Although Mészaros and Szentimrei listed
a daily average precipitation rate of about
6 mm/day, the average storm duration was not
listed, so a storm precipitation intensity cannot
be determined (larger precipitation rates could
imply that more drops were available to scavenge
the gas, and thus faster scavenging rates). Infor-
mation regarding the raindrop distribution and
the average cloud base height is also not avail-
able. Perhaps the difference between our result
and Mészaros and Szentimrei’s result could be
due to the variations of these factors.

We should point out that there were some cases
in our data set in which the scavenged gas
contributed more than 109 of the total NH}. For
these cases, either the pre-event NH;(g) concen-
tration was large (> 1.0 ppbv), or the NH} con-
centration in the rainwater was low (<3.0 ueq/l).
Note, however, that the converse of this state-
ment is not true: the existence of high pre-storm
gas amounts or low ion concentrations did not
imply that the contribution of the scavenged gas
was greater than 10%,. In addition, we cannot
attribute any of these particular cases to unusual
values of precipitation intensity, difficulty in
deciding when to measure the gas concentrations,
or to the season of measurement. There is no
correlation between the quantity of gas scav-
enged and the NH} content in precipitation. The
paucity of data, however, limits the amount of
statistical analyses that can be performed.

Obviously, the remaining NHI not due to
below-cloud removal of NH;(g) has to be ex-

plained by the scavenging of NHJ-containing
particles and by in-cloud scavenging of both
particles and gas. While acknowledging that the
separation between in-cloud and below-cloud
processes is artificial since there are updrafts and
downdrafts associated with each storm (Slinn,
1982), the establishment of liquid-gas phase equi-
librium and the dominant particle capture
mechanisms are quite different for cloud droplets
and raindrops. The study of the scavenging of
NHj-containing particles by raindrops will be
reported at a later date.

5. Conclusions

Measurements of tropospheric ammonia were
made immediately prior to and during long
precipitation events. Gas scavenging coefficients
were computed by assuming the gas concen-
tration decreased exponentially during the event.
The median value of A(measured)is 1.3-10~*s~';
there is good agreement between A(measured)
and Altheory). For most cases, the quantity of
NH;(g) removed by the raindrops contributed
less than 109, of the total NH? found in the
collected precipitation.
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