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The research of below-cloud scavenging
of rainwater in Guilin City
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Abstract— Sequential samples of single precipitation event were collected by the use of specially de-
signed semi-automatic sequential precipitation collector in the spring of 19388 in Guilin City. The
pH value and soluble chemical species such as SO}, NO;, NH;, Ca**, Mg®*, Na*, K*, F~ and
CI” were analyzed. An apparent decrease in the concentration of all jons except H' and NO; was
observed at the initial portion of the events. The relative acidity increased as the event progress.
The concentration of H* was the result of comprehensive actions aof all ions. The average scavenging
ratio of events was calculated and it is found that S0} was the major contributor for acid rain in
Guilin and Ca'* was the impartant neutralizer.
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1 Introduction

Since the late 1970s, acid precipitation monitoring studies have been carried out
in many provinces and cities of China. However, only a few reports related to the re-
search of sequential sampling. A single sample collected for the duration of the
raining event could only indicate the average results. The measurements for sequential
rainwater sample can give the information about the change of pH value and chemi-
cal components which occurred during the event (Michael, 1983; Ames, 1987; Barrie,
1985; Jaffrezo, 1987).

Guilin is located in northeast Guangxi Province about 65 km south to Maoershan
Mountain. The measurement results of rainwater for years have shown that the acid
rain pollution around this district was rather serious. This paper presents the results
of pH value and chemical components of sequential samples during rainwater events
at the Environmental Monitoring Station of Guilin in the spring of 1988 (from
March 15 to March 27), mainly discusses below-cloud scavenging procedure of
precipitation events.
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2 Sampling techniques

The rainwater was collected by semi-automatically sequential samplers designed by
ourself. This device consisted of a collection funnel with diameter of 27 ¢cm and eight
polyethylene bottles. Each bottle had a cap of manifold and a hollow glass ball. As
shown in Fig.l, the bottles entrance was stepped vertically on a frame so that the se-
cond bottle was a little lower than first, and so on. All bottles were set inside of a

plastic box to keep them from being
contamination. The funnel was about 1 m
above the box, a teflon tube connected the
funnel to the entrance of first bottle. The
rainwater collected by the funnel passed
through the tube and entered first borttle
directly, when first one was full, the hollow
glass ball as a check valve floated to the
top within the bottle to prevent additional
flow into this stage, so that the rainwater
could advance to flow second bottle automa-
tically, and so on.

All bottles, funnel and tube were
made of polyethylene and were cleaned be-
fore use with dilute nitric acid and tho-
roughly rinsed with distilled deionized wa-
ter. The funnel was covered between
events to eliminate dryfall and the funnel
and tubing were cleaned with deionized
water  shortly before sampling. The
armalyzing methods of the chemical
components and the characterization of
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Fig.1 Apparatus of semiautomatic sequential

rainwater collector
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polyethylene bottle

B: hollow glass ball

Maoershan cloudwater have aiready been described

3 Results and discussion
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elsewhere (Yao, 1993).

3.1 The variation process of major ions within a single rainfall

Table 1 and Fig.2 show some typical results of rainwaler components obtained at

Guilin City. In all these cases, sulphate is the domirant anion, Ca'”, NH* and H,

are the main cations. An apparent decrease in the concentration of SO!-, Ca’~, NH;
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Table 1 The chemical compositions of sequential samples of Guilin rainwater

Unit: peq/L

Date pH  F- ¢ NO;  s0]° Na® NH/ K~ et Mgt H

March 23 3.83 3598 2991 9498 2920 43.06 237.80 46.81 1941 3225 1479
2 3.82 2476 3547 6790 2473 2653 169.60 3351 1228 1909 1514

3 387 1584 3795 6418 1838 1566 17850 29.16 83.8 13.17 134.9

4 394 3092 5016 59.84 137.8 1479 16580 26.34 788 1284 1148

5 400 1144 1512 41.86 99.2 0.43 83.15 9.72 47.9 363 1000

6 393 1331 1382 4289 1229 3.04 102.00 1202 529 1LIL 1175

7 394 814 1442 4806 1158 043 10810 1483 504 1012 1148

8 393 1826 31.70 6315 1574 5.52 15240 23.53 78.8 1473 117.5

I 398 2531 1611 41.86 237.0 1566 15130 1074 117.8 2090 104.7

March 2 396 2366 2667 4124 2080 13.48 I55.60 175.50 883 1662 109.6
3003985 1617 2425 2677 1840 2088 7595 2097  60.9 1374 112.2

4 406 1201 1889 4827  R%.4 261 11810 174 444 864 871

5 406 1771 2485 4930 965 261 9757 921 544 (201 871

24-25 6 419 1617 1790 3669 6.6 304 8935 1381 374 943 646
7 399 1826 1819 4207 1007 —1.00 82,04 1074 5.4 1004 128.8

1 324 2707 2137 (0040 S$95.0 40.98 220,60 14,56 2350 39.58 5754

March 2327 3543 2147 9725 4362 2218 20730 1330 1477 2798 5370
3 3.42 2817 4778 9188 2456 2262 171.30 4706 1088 2246 380.2

4 3.54 1452 3300 6914 1459 1087 20730 2941 574 1242 2884

5 3.63 2586 3964 5661 946 2175 138.00 27.88 549 1242 2344

26— 127 6 3.74 935 1889 5261 811 2,61 11920 2839  47.9 979 1820
7372 1815 3160 6108 1082 -—1.00 12080 3069  5:4  10.§2  190.5

8 363 5734 2157 5075 1711 1696 96,46 1509 1452 2008 2344

and Mg~ at the first three stages of events can be found except for H" and NO;.
For the behavior of Ca'", which may be subjectively related to the presence of dust
and the non-reactive aerosol in the large size, is immediately removed by the
droplets when the rainfall starts. The relationship between SO;” and other cation
have been examined and the results have been listed in Table 2. An obvious
plus correlation between SO and all other cation especially with Na', Ca”’
and Mg'* was obtained. This implied that the SO, may be absorbed onto the parti-
cles and reacted with soil derived alkaline matter to form the respective sulfate salts.
Since large soil derived particles are more rapidly removed by precipitation, the
observed rapid decrease of SO, Na', K, Ca’" and Mg!+ due to washout would
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Fig.2 Variation of ion concentration with stages ir Guilin rainfall (March, 1988)

be expected (Michael, 1983). The diurnal average concentration of 80O, over Guilin City
is about 0.09 mg/m’, which also provided a possibility for belowcloud scavenging of
SO,. Moreover, the variation of NH; also indicated that a significant present of
the deposition of NH3 (including gas NH,) especially NH; of sulfate occurred
in the initial portion of a rainfall event. As shown in Fig.2, the variation in NO;
concentration was not as obvious as SO} and other cations, which indicated that the
below-cloud scavenging of NQ, was not very important.
3.2 The variation of rainwater acidity within rainwater event
3.2.1 The regression result between rainwater acidity and chemical components

It could be seen from Fig. 2, H? concentration typically had a slight increase ear-
ly for two events, then with a slight decrease in the middle and increase again at
later events. To investigate the source of acidity and the possible contribution of each
chemical components to the acidity, a statistical analysis for Guilin rainwater was

by

carried out. Table 3 shows the results of multiple regression. It indicated that the acidi-
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Table 2 The correlation of SO}~ with other cation in event

Relation Sampling Regression
date ratio a b 5
SO} -Na* 3/23 0. 9622 4.40 108.80 0.51
3/24—25 0. 8554 7.00 82.20 1.90
3/26—27 0. 8203 11.52 17.40 3.30
SO -NH, 3/23 0.8914 1.21 —11.10 0.25
3/24-25 0.6338 1.30 -4.20 0.71
3/26—27 0.733¢ 2.80 —222.10 1.08
S0;"-K* 3/23 0. 9487 5.21 41.80 0.71
3/24-25 0. 4462 0.50 121.20 0.45
3/26—27 0. 4946 -8.12 444,10 5.82
SO -Cca** 3/23 0.9621 1.30 51.40 0.15
3/24—25 0. 9205 2.20 -4.61 0.42
3/26—27 0.9174 2.5 —36.60 0.45
SO -Mg®* 3/23 0.9268 8.47 39.30 1.38
3/24-25 0.941% 14.43 —48.14 2.30
3/26—27 0.9725 17.26 —99.50 1.69
SO -H* 3/23 0. 8247 3.56 - 275.30 0.52
3/24-25 0.5192 1.68 -27.34 1.24
3/26—27 0. 967 1.16 — 146,70 0.13

Notes; a is slope; b is intercept; s is Std. Err. of X coefficients

ty of Guilin rainwater were major controlled by mainly the ions such as SO; and
Ca®', secondly by NO, and NH,. SO; and NO, made plus contribution to H*,
Ca’* and NH; made negative contribution.

To examine the reliability of regression results, a cluster analysis of Guilin
sequential rainwater (n=43) were made (Fig. 3). It could be found clearly that the
good correlation occurred between H' and all major ions rather than H™ and any
single ion. This result pointed out that the H* concentration was the result of
comprehensive actions of all ions in rainwater,

3.2.2 The relative acidity of rainwater increased as an rainfall event progressed

The relative precipitation acidity can be examined by the ratio H*/Sum(—) and
Ca’* +H"/Sum(-). Fig. 4 shows that this ratio increases with stages for three events.
Such behavior suggested that neutralized compounds or neutralizing agents (such
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Table 3 Equations obtained in muitiple regression analysis relating H* concentration to
dissolved ionic concentration in rainwater

[H*]=118.7+ 0.722[NO;] + 0.778[SO."] - 0.410[NH, ] — 1.018[Ca®"]
R=0.5913

F: (NO;l 421

[SOI) 19.32
[NH] 223
[Ca®’] 11.35

F value: Denotes significant level of 0.05

as Ca®' and ammonia) were scavenged ear-
ly in an event, and acidic SO:"and NO;
sgavenging was more important as the 1.of
event progress (Chapman, 1986).

3.2.3. The estimation of below-cloud aver- 0.57_"::—1—,——]:_ ———J—I
age scavenging efficiency of precipita- oL

E- CI- K' SO Ca’*Mg?*Na* NO; NH} H'

tion

We have obtained the below=cloud
scavenging efficiency of species calculated
by the following equation using the results

Fig.3 The cluster analysis of the Guilin rainwater

of sequential samples of rainwater:

Sum (1 to 7 stages) (j)— Min {j)

Sum (1 to 7 stages ) {j) X100,

Scavenging ratio (j)=

where Sum (1 to 7) {j) represents the total concentration of species j in all stages dur-
ing an event, the Min (j) is the most low concentration of species j in platform,
which approximately represents the concentration of species j within the cloud layer
near ground, corresponding to the concentration at flat area of curve in Fig. 3. It
can be found from above formula that the lesser concentration of Min(j), the higher
value of scavenging ratio and the larger contribution of below-cloud scavenging of
rainwater.

We caleulated the below-cloud average scavenging efficiency and the contribution
ratio for 1 to 3 stages of three typical precipitation in Guilin City using above
equation and listed the results in Table 4.
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Fig.4 The variation of relative acidity with stages

scavenging ratio of washout of rainwater events in Guilin City (1988.3)

Unit: peq/L

Date F- a- NO; SO Na*  NH, K’ Ca®*  Mg'" H’

March 23 59.41 48.98 30.19 42.08 97.10 44.30 60.53 46.34 37.70 20.57
March 24-25 3510 16.53 9.83 57.85 73.13 22,48 77.66 44.35 36.03 31.43
March 26—27  58.72 3B.16 30.38 66.73 B4.78 29.56 - 52.38 49.15 46.65
March 23* 62.53 61.19 80.10 g4.36 83.19 72.68 76.97 §7.00 87.30 74.02
March 24-25* 74,70 62.67 35.40 §7.62 98.9% 76.06 93.48 86.58 86.78 74.68
March 26—27* 67.26 41.60 £1.95 90.75 76.62 69.01 - 94 .31 91.56 84.98
*The washout for 1 to 3 stages of rainwater events accounted for percentage of total washout amounts.

Although there were different scavenging ratio for different event, which is depen-

dent on many factors such as the time interval beiween Lwo events act, rain strength

and precipitation amount. However the similar role could be found that

S0;" and

Ca*" had the largest scavenging efficiencies, NH, and Mg’ had secondary. The
scavenging ratios of NO; and H® were much smaller than others. Approximately
70% ~90% of the total SO, Ca'” and NH, deposition occurred during the first
three stages of the rainwater. This conclusion agrees with the analyzing from

Fig.2.

4 Summary

This paper mainly research the chemical characteristic of sequential samples of -
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rainwater events. Several important conclusions were shown as follows: (1) single ion
concentrations in the rainwater obviously decrease during the early of the events and
keep at a low level later, which represents the ionic concentration in cloud layer near
ground; (2) it can be found from the data and figures that there was obvious
scavenging action for SO;°, Ca’*, Na', NH; and Mg'" in air, with the exception of
NO;. This fact was associated with the washout of precipitation;(3) the average
scavenging ratio of the rain water (i.e. washout contribute to concentration of |
species in rain) in Guilin was to be calculated that SO;” and Ca'" were about 50%,
NH; and H* about 30%, NO; only 23%; (4) acidic sulfate was the major acidic
source, Ca  and other cations were the neutralizing material of acid in the
rainwater, the scavenging action of NO,; was not very obvious; (5) the result of
multiple regression shows that the concentration of H* is the result of comprehensive
action of total ions and relative acidity increasing as the rainfall progresses, namely
cloudwater of Guilin district are acidic by rainout, but rainwater of Guilin district are
more acidic by washout of rain.
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