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Abstract 

Hourly- precipitation samples were collected for chemical 

analysis with an automatic, sequential sampler. Samples were 

analyzed.for pH, conductivity, sulfate and other constituents. 

pH is related to sulfate concentration and atmospheric'concentra- 

tion of small particles. Chemical constituents vary seasonally 

and with precipitation type. Data permit inferences on the 

relative importance of rainout and washout. 



Int roduct ion 

Since June, 1976, hourly p r e c i p i t a t i o n  samples have been c o l l e c t e d ,  

a t  brook have^ ~ a t i o n a i  Laboratory f o r  chemical analyses  of t h e i r  c o n s t i t -  

uents.  This p ro j ec t  i s  pa r t  of a l a r g e r  program i n  which t he  e f f e c t s  of 

Acid p r e c i p i t a t i o n  on  vege t a t i ona re  being s tudied and which was i n i t i a t e d  

by concern w e t  t h e  increas ing a c i d i t y  of p r e c i p i t a t i o n  i n  t h e  nor theas te rn  

United S t a t e s  (1).  The purpose of t h i s  paper i s  t o  descr ibe  r e l a t i onsh ip s  

found t o  da t e  among c e r t a i n  chemical parameters of p r e c i p i t a t i o n  and t h e i r  

r e l a t i onsh ip s  t o  another measure of a i r  po l l u t i on  and t o  meteorological  
. . 

va r i ab l e s  assoc ia ted  with t h e  p r e c i p i t a t i o n  events.  

Sampler 

The automatic, sequent ia l  p r e c i p i t a t i o n  sampler used i n  t h i s  study 

was designed and b u i l t  a t  Brookhaven National  Laboratory and i s  described 

i n  d e t a i l  elsewhere ( 2 ) .  The sampler body contains a t u rn t ab l e  which holds 
. . 

t h i r t y .  1 . 9 - l t  polyethylene sampling b o t t l e s .  A 40.6 cm diameter funnel i s  

mounted on top of t he  body and protected from dry f a l l o u t  by a movable 

cover between p r e c i p i t a t i o n  periods. The cover and two p rec ip i t a t i on  

sensors mounted on it a r e  s imi l a r  i n  design t o  those  of t h e  HASL Wet/Dry 

Fa l lou t  Col lector  ( 3 ) .  I n  n o h a 1  opera.tion, t he  f i r s t  sampling b o t t l e  

remains under t h e  funnel f o r  one hour from t h e  time p r e c i p i t a t i o n  s t a r t s  

and t he  cover opens. The t u rn t ab l e  then s t eps  t o  t h e  next pos i t ion  each 

hour u n t i l  p r e c i p i t a t i o n  s tops  and t h e  cover c loses .  The funnel is heated 

during cold weather t o  melt  frozen p rec ip i t a t i on .  The r a i n  sensors a r e  

heated f o r  t he  same purpose and t o  evaporate remaining drops a , f t e r  p rec ip i -  

t a t i o n  ceases. Each opening and c los ing  of t h e  cover and each s t e p  of t h e  

t u rn t ab l e  a r e  recorded t o  t h e  neares t  minute. 



Samples a r e  removed from t h e  sampler a s  soon a s  poss ib le  a f t e r  

p r e c i p i t a t i o n  ends o r  once each day i f  p r e c i p i t a t i o n  is  prolonged. The 

funnel and sample b o t t l e s  a r e  cleaned with d i s t i l l e d  water a f t e r  each 

use. 

Most previous p r e c i p i t a t i o n  sampling has been conducted on a  weekly 

o r  monthly b a s i s  and many e a r l i e r  samplers .d id  n o t  exclude dry f a l l o u t .  

Some sampling i n  recent  years has  been- conducted on an event ba s i s  and 

sho r t e r  period samples have been taken in  a  few research programs of 

l imi ted durat ion.  However, no previous program i s  known i n  which sho r t  . 

period samples excluding dry f a l l o u t  have been co l lec ted  i n  a l l  p r ec ip i t a -  

t i o n  events over' an extended period of time. 

Analyses 

The pH of t he  samples i s  measured as soon a s  poss ib le  a f t e r  co l l ec t i on .  

I f  o ther  analyses  cannot be performed immediately, the  samples a r e  t r ans -  

f e r r ed  t o  500 m l  covered polyethylene b o t t l e s  and s to red  a t  4 ' ~  u n t i l  

analyzed. I n  add i t ion  t o  pH, t h e  samples a r e  measured ' for  s p e c i f i c  cond- 

u c t i v i t y  (pho/cm) and for .concen t ra t ion  (ppm) of n i t r a t e ,  s u l f a t e ,  ammonia, 

sodium and chlor ide .  

Data 

From June, 1976 t o  e a r l y  February, 1977, 366 hourly samples were 

taken during 64 p rec ip i t a t i on  events ranging from b r i e f  showers t o  extended 

'pe r iods  of r a i n f a l l .  I n  add i t ion  t o  t he  chemical measurements, d a t e ,  time 

and' durat ion of each sample were recorded plus  t h e  f  o l l m i n g  meteorological  

parameters : amount of precip ' i ta t ion,  type of p r e c i p i t a t i o n ,  type of cloud, 

synoptic s i t u a t i o n  causing t h e  p r e c i p i t a t i o n ,  wind d i r e c t i o n ,  wind speed . 

and temperature. 



Since t he  number of va r i ab l e s  inf luencing the  r e s u l t s  is  l a rge  and 

only e igh t  months of da t a  have been co l l ec t ed ,  t h e  f indings  presented 

here  a r e  preliminary and conclusions t e n t a t i v e .  However, they a r e  pre- 

sented.  t o  show some of t he  ways in  wbich da ta  wi th  t h i s  d e t a i l  can be 

analyzed and t o  demonstrate t h e  range of r e l a t i onsh ip s  which must be 

inves t iga ted  t o  properly i n t e r p r e t  p r e c i p i t a t i o n  chemistry data .  

Resul ts  

pH is lowest i n  t h e  summer season (Table 1) when a i r  mass movement 

is  t y p i c a l l y  slow and a i r  po l l u t i on  l eve l s  i n  t he  nor theastern  United 

S t a t e s  a r e  o f ten  high. Most swmer p r e c i p i t a t i o n  i s  shower type so  t h a t  

c leansing of l a rge  masses of a i r  by extended periods of p r e c i p i t a t i o n  

r a r e l y  occurs, 

However, c leansing of t h e  a i r  during longer periods of p r e c i p i t a t i o n  

has been documented during o ther  times of year. During a r a i n  on December 7 ,  

1976, pH rose  f a i r l y  s t e a d i l y  from the  f i r s t  hour while conduct ivi ty  and 

concentrat ionsof ni t rogen,  ch lor ine ,  sodium and s u l f a t e  a l l  decl ined,  

mostly t o  minimum measureable l eve l s  (Figure 1). Ammonia showed an 

i r r e g u l a r  pa t te rn .  . 

During a snow on December 26, 1976, s im i l a r  e f f e c t s  were 'seen (Figure 2) 

a l thob& most contaminants were a t  o r  soon reached t h e i r  lower limits of 

d e t e c t a b i l i t y .  In  s eve ra l  o the r  lengthy periods of p r e c i p i t a t i o n ,  t h i s  

c leans ing  e f f e c t  d id  not  occur s ince  r a i n f a l l  r a t e s  were too low t o  e f f e c t  

c leansing o r  t h e  a i r  was too c lean  a t  t he  beginning of p r e c i p i t a t i o n  t o  show 

any appreciable  change. 

P rec ip i t a t i on  removes gaseous and p a r t i c u l a t e  contaminants from t h e  

atmosphere by severa l  mechanisms. Those occurring during t he  cloud formation 



stage or. within the cloud are collectively called rainout and those 

occurring below cloud base are termed washout. Washout takes place 

largely in the early stages .of a precipitation event during which time 

materials removed by both processes. are present in the precipitation. 

1f precipitation continues long enough at a heavy enough rate, contam- 

inants will be largely removed from the below cloud layer and materials 

still present in the sample can be attributed to rainout. In the two 

cases presented (Figures 1 and 2) the higher concentrations in the early 

hours are believed due to both rainout and washout while the nearly 

steady concentrations in the later hours are of rainout materials only. 

pH during thundershowers hasaveraged much lower than during other 

types of precipitation (Table 2). This may be partially a seasonal . . 

.effect since most thundershowers occur in the summer. However, the 

cumulonimbus clouds which produce thundershowers extend to much higher 

altitudes in the atmosphere than other rain-producing c.louds and hive 

vigorous circulations which pull into their bases large volumes of air 

from low elevations. They also entrain additional air at higher elevations 

by turbulent mixing with surrounding air. Thus, large quantities of pollu- 

tants may enter a cumulonimbus cloud and subsequently be washed out. 

An extended rainfall preceding Hurricane Belle in August, 1976 

illustrates both the cleansing with time and the thundershower effects 

(Figure 3). pH rose rather uniformily with time from the beginning of the 

rainfall but several thundershowers were embedded in the general rain 

clouds and each was reflected by a sharp decline in pH except during the 

early hours before the air was cleansed. This suggests that the thunder- 

showers entrained pollutants from above the alt-itude washed out by the 



continuous ra in .  Thus, the , lower  pH of thunderstorm r a i n f a l l  i n  general  

may be due t o  both more po l lu ted  a i r  during t he  summer and t o  t h e  cloud 

dynamics which e n t r a i n  a i r '  over a g r e a t e r  range of a l t i t u d e s .  , 

.Previous t h e o r e t i c a l  and experimental s t u d i e s  have shown t h a t  l i gh tn ing  

discharges i n  thunderstorms can form n i t r a t e s .  from atmospheric n i t rogen  (4). 

Thus, t h e  n i t r a t e  da ta  from June through,September, 1976 were examined 

by p r e c i p i t a t i o n  type (Table 3).  The higher  mean and minimum n i t r a t e  

concentra t ion in thundershowers could be p a r t i a l l y  due t o  t h i s  process 

but may merely r e f l e c t  h igher  po l l u t i on  l e v e l s  p r i o r  t o  summer thunder- 

showers. Many more cases a r e  needed t o  reso lve  t h i s  uncer ta inty .  

During t h e  n igh t  of August 9-10, 1976, t h e  small hurricane Be l le  

crossed Long Island.  Although extensive  p r e c i p i t a t i o n  preceded t he  storm, 

r a i n f a l l  during t h e  period of peak winds was l i g h t  and contained a high 

percehtage of wind-driven s a l t  spray from the  ocean. .Concentrat ions of 

sodium and.chlor ide  increased s t e a d i l y  a s  t h e  wind increased (Figure 4) 

and reached l eve l s  about one thousand times normal. ~ n f o r t u n a t e l ~ ,  t he  

record was terminated by a power f a i l u r e  a f t e r  0200 on August 10. 

Rela t ionships  among contaminants i n  the  samples have been examined 

i n  p a r t .  Spec i f i c  conduct ivi ty  and pH (Figure 5) show the  expected in -  

v e r s e ' r e l a t i o n s h i p .  A s l i g h t l y  b e t t e r  c o r r e l a t i o n  was found between pH 

and I n  - conduct ivi ty  ( r= -0.67) than between pH and conduct ivi ty  ( r = -0.62) . 
Su l f a t e  concentrat ions were a l s o  r e l a t e d  t o  pH (Figure 6).  Consider- 

ab le  s c a t t e r  i s  evident and t h e  be s t  l e a s t  squares f i t  of pH with In S 

gives r= -0.39 while t he  bes t  . f i t  r S  gives r= -0.30. These low 

co r r e l a t i ons  suggest t h a t  o ther  mate r ia l s  a l s o  con t r ibu te  t o  a c i d i t y  i n  

p r ec ip i t a t i on .  



. . 

' Concentrations of small pa r t i c l e s  i n  the l i g h t  s ca t t e r ing  region 

(radius = 0.1-10 pm) a r e  measured continuously by an in tegra t ing  

nephelorneter (5).mounted a t  128 m above the ground on a  meteorology 

tower about 220 m from the prec ip i ta t ion  col lector .  Pa r t i c l e  concentra- 

t ions  i n  the l a s t  hour before prec ip i ta t ion  s t a r t ed  were related t o  pH 

i n  the .sample col lected during the f i r s t  hqur of p r e c i p i t a t i o n  (Figure 7) .  

Much s c a t t e r  is evident because the pa r t i c l e s  measured by the nephelometer 

a r e  not necessar i ly  those contributing t o  the a c i d i t y  i n  the prec ip i ta t ion  

and measurements a t  one height a r e  not necessar i ly  representat ive of 

concentrations from the surface t o  cloud level.  However, the trend f o r  

lower pH with higher p a r t i c l e  concentration is evident and not unexpected 

since both are  indicatdrs  of the leve l  of a i r  pollution. 

Short period prec ip i ta t ion  samples provide information not obtainable 

from event samples, from samples taken over longer periods or from samples 

including dry f a l lou t .  Concurrent recording of meteorological var iables  

makes it possible  t o  r e l a t e  p rec ip i t a t ion  chemistry t o  causative atmospheric 

processes. Estimates can be obtained of the  r e l a t ive  amounts of material  

removed fromthe atmosphereby rainout and washout. The relat ionships 

found.so f a r  among r a i n f a l l  const i tuents  and between them and meteorological 

parameters a r e  consis tent  with knuwn atmospheric and chemical processes. 
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Table 1 

Season 

Summer . 

Fall  

Winter 

. . 

NO. Hours Mean - .  Standard Deviatfon 

53 4.26 0.82 

156 5.26 0.83 , 

107 4 .78  0 .58  



Table 2 

pH by 'precipitation Type 

Precipitation Type 

Thundershmer 

Thundershower and Rainshower 

Rainshower 

, Rain 

Snow 

No. Hours Mean Standard Deviation 



Table 3 

Nitrate Concentration by Precipitation Type 

Nitrate Concentration (ppm) 
Precipitation . . Type No. Hours Minimum Maximum . Mean 

Thundershower 

Thundershower and Ra inshower 9 0.02 2.27 0.37 

Rain Shower 23 0.10 2.40 0.81 

Rain 46 '0.02 4.10 0.60 



List Figures 

Figure 1. Change with time in the chemical characteristics of the 

rain of December 7, 1976. The gqps in the curves occur 
. . 

during hours when samples were too small . for measurements. 
. 

~igure 2. Change with time in the chemical characteristics of the 

snow of December 26, 1976. The straight line curves repre- 

sent minimum measurable concentrations. 

Figure 3. Change of pH with time during the rain with embedded thunder- 

shuwers preceding Hurricane Belle. 

+ 
Figure 4. Change in wind speed and concentrations of sodium (Na ) 

and chloride (cl-) with time during Hurricane Belle. 

Figure 5 .  pH as a function of specific conductivity in precipitation' 

samples with the least squares line of best fit and the 

correlation coefficient (r). 

Figure 6. pH as a function of sulfate.concentration in precipitation 

samples with the least squares line of best fit and the 

correlation coefficient (r). 
. . 

Figure 7. pH in precipitation samples as a function of atmospheric 
. . 

small particle concentration with the least squares line 

of best fit and the correlation coefficient (r) .  
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