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INTRODUCTION

Chemical constituents of surface water

are derived from atmospheric fallout,
both dry and that contained in precipita
tion, and from soil and rock weathering.
The importance of the contribution of
chemical fallout to the quality of water
has been recognized by Gorham (3).
There are several processes by which
natural and anthropogenic substances are
removed from the atmosphere. For
aerosols and certain gaseous components,
the most important mechanisms, as
reported by Junge (4), are wet removal
by precipitation and dry removal by
sedimentation or impaction on the earth's
surface and vegetation.

The measured composition of chemi
cal fallout from the atmosphere is
influenced by the methods used for the
collection of samples for chemical anal
yses. Samples from collectors that are
equipped with continuously open funnels
represent bulk fallout. Bulk fallout, as
defined here, is a solution that includes
wet fallout plus any dry fallout that
occurred during non-storm intervals in
the periods between retrieval of samples
for analyses. Wet fallout, as defined by
Whitehead and Feth (6), is measured by
the use of collectors that are open only
during intervals of rain or snow. By
comparison, bulk fallout generally con
tains higher concentrations of dissolved
minerals than wet fallout. The former
tends to reflect local sources to a greater
degree, anthropogenic as well as soil and
vegetation. This paper describes the
differences between ionic concentrations

in bulk and wet fallout measured at a
specific test site in Vancouver, British
Columbia. Samples of precipitation were
collected by a specially designed auto
matic collector.

The study objectives were: (i) to
develop a sampling instrument of bulk
fallout and wet fallout; (ii) to measure
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the concentrations of major ions in these
two forms of chemical fallout from the

atmosphere; and (Hi) to examine the
temporal distribution of wet fallout on
samples of precipitation incrementally
collected during individual storms.

CLIMATIC ENVIRONMENTS OF THE

STUDY AREA

From December 1971 to April 1972,
samples of bulk fallout and wet fallout
were collected at Point Grey on the
University of British Columbia campus.
The site is fortuitously situated in close
proximity to the ocean. The greatest
seaward exposure of the site is between
the west and southwest, whereas the city
and industrial areas lie to the east and

northeast.

For most of the winter, the coastal
area is under the influence of Pacific

storms. Frontal disturbances associated

with these storms are accompanied by
westerly winds often reaching a speed of
30 mph (48.3 km/h) (1). The winds
sweep in from the ocean and rise upward

over the urban area towards the north

shore mountains. Under these circum

stances, the sampling site is less subjected
to smoke, fumes and noxious gases
from the city. During the mid-winter
period, southwestern British Columbia is
occasionally subjected to strong flows of
air from arctic high pressure cells (2).
The winds spread towards the coast from
the interior, and thus chemical consti
tuents originating from industrial activity
and other anthropogenic sources may
affect the composition of precipitation
measured on Point Grey.

EXPERIMENTAL METHODS

Samples of both types of atmospheric
fallout were analyzed for sodium, potas
sium, calcium, magnesium, bicarbonate,
sulfate, chloride, nitrate, silica, ammo
nium and phosphate with a Technicon
Analyser, type All.

A special collector that allows com
parison of ionic concentrations measured
in wet and bulk fallout was designed and
fabricated. This collector also auto-
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Figure1. Electroniccircuitryfor automatic collector of wet fallout.
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matically samples rainfall within indivi
dual rain storms. The electronic circuitry,
associated with the liquid water sensor of
the automatic collector, is shown in
Figure 1. The sensor, which is placed in
one arm of a Wheatstone bridge, was
fabricated by imbedding silver-plated,
copper pins in a plexiglass casting. The
presence of water (one drop of rain) on
the sensor surface results in a change in
bridge resistance, causing an input
voltage to be fed to an operational
amplifier. After the cessation of rain, the
sloping shape and highly polished surface
of the sensor permits the sensor to dry
quickly (within a minute) and result in no
input voltage. The output of the opera
tional amplifier is fed to a relay which
controls a servo-motor switching circuit.
This motor, in turn, closes (Figure 2) or
opens (Figure 3) the wet fallout collec
tion funnel.

A bulk fallout collector (Figures 2 and
3) is located adjacent to the wet fallout
collector. The former is always open,
whereas the latter opens only during rain.
Precipitation water caught in the bulk
fallout collector is fed through an
OTA-KEIKI tipping-bucket rain gauge,
while that caught in the wet fallout
collector is fed to a collector-bottle

turntable (Figure 4). The signals from the
rain gauge are fed to an OTA-KEIKI
tipping-bucket recorder. The pen mech
anism on the recorder was modified by
installation of a four-lobed cam and
microswitch that closed at the position of
the chart-scale corresponding to 12.5, 25,
37.5 and 50 mm of rain. This micro-
switch, which is in series with a control
solenoid on the collector turntable,
causes the turntable to advance and move

a new collection bottle into position to
receive discharge from the wet fallout
collector. This results in collecting a
continuous series of discrete 300-ml

samples of wet fallout throughout a
storm. Each sample was large enough for
the required chemical analyses. All
materials used in collector fabrication

were either stainless steel or plastic.

RESULTS AND DISCUSSION

The analytical data on bulk and wet
fallout were compared statistically and
the differences between these two types
of fallout were calculated as a percentage
of bulk fallout.

To test the hypothesis that there was
no difference between the mean ionic

concentrations in bulk and wet fallout,
the paired values of individual ions
measured in these two fallout forms were

compared by the f-test. Inspection of raw
data, in the form of scatter diagrams,

Figure 2. Sensor dry: wet fallout collector
closed.

indicated that ionic concentrations did
not follow the normal distribution.
Because the f-test assumes that the
population of the observations follow the
normal distribution, the raw data were
transformed logarithmically. The proce
dure of data transformation was similar
to that carried by Gorham (3) who
reported that logarithmical transforma
tion was most likely to be appropriate for
data on precipitation chemistry. The
result of the f-test showed no significant
differences (P>0.05) for the mean
concentrations of the 11 constituents.

However, when expressed in percent
age of bulk fallout, the mean con
centrations of silica and sulfate were

higher in bulk fallout than in wet fallout
by 13.78 and 10.76%, respectively. The
higher ionic concentrations in bulk
fallout are ascribed to the influence of
local sources such as soil and anthro

pogenic sources on the chemical content
of bulk fallout. Soil dust is very likely the
main cause of higher content of silica,
calcium, potassium, magnesium, bicar
bonate and, to a certain extent, the
nitrogen species. On the other hand,
higher concentration of sulfate in the
bulk fallout on Point Grey indicated that
anthropogenic sources, known commonly
to contribute sulfur to the atmosphere,
are also influential in this area. It could

be also expected that the influence of
terrestrial sources on the higher ionic
composition of bulk fallout varies to
some extent with the climate and the

season. Gorham (3) postulated that the
addition of soil materials to the atmos

phere is more influential in arid regions
than in humid regions. On Point Grey,
there were 92 d characterized by high
precipitation within the 140-d sampling
period. It is believed that the small
differences observed between ionic con

centrations in bulk and wet fallout can be

also attributed to the frequent occurrence
of large rainstorms carried in by winds
from the ocean.

The mean ionic concentrations and

their loads measured in bulk fallout
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Figure 3. Sensor wet: wet fallout collector
open.

Figure 4. Opened collection turntable.

during the 140-d sampling period are
shown in Table I. Sulfate shows the

highest mean concentration (3.25 mg/
liter) followed by chloride (2.99 mg/liter)
and by the lower concentrations of the
other ions. There are no comparative data
available on the daily mean ionic
concentrations in atmospheric fallout on
the West Coast. However, an approximate
comparison is made with the annual
average ionic concentrations on U.S.
precipitation maps published by Junge
(4) and his co-workers. Interpolated from
these maps, the ionic concentrations of
sodium, potassium, calcium and sulfate
compare closely with mean concentra
tions of similar ions measured at Point

Grey. The mean concentration of 2.99
mg/liter of chloride was slightly higher in
fallout on Point Grey.

The ionic loads in bulk fallout on

Point Grey are also shown in Table I. The
total input of 16.10, 12, 31 and 11.58
kg/ha of sulfate, chloride and bicarbon
ate, respectively, are outstanding in
magnitude, and the loads of the other
ions are also appreciable. Although the
ionic constituents exhibited low average
concentrations, their loads, deposited in
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the season characterized by heavy precipi
tation, are considerable. Thus it can be
seen that the chemical fallout from the

atmosphere is an important factor in
determining the contribution of the
atmospheric precipitation to nutrient
status of soil and water quality.

Junge (4), in his study of precipitation
chemistry, observed that during rainy
periods in wet climates ionic concentra
tions in rain were low because of the
continual operation of rainout processes
and the dilution effect of the rainwater.

It could, therefore, be expected that the

chemical concentrations will decrease

over time within the period of an
individual storm; however, little relevant
information is available and deviation
from this trend is probable.

The temporal distribution of chemical
fallout during individual rainstorms was
examined in samples of wet fallout taken
by the automatic collector during indivi
dual rainstorms. Ionic concentrations in
three storms, characterized by wind
directions from the southeast, north and
southwest were measured. As shown in

Table II, most of the chemical consti-

TABLE I IONIC CONCENTRATIONS AND LOADS IN BULK FALLOUT WINTER
1971-1972

Concentration Load

(mg/liter) (kg/ha)

Ion Max Min Mean SD Mean Total

Na 10.07 0.04 1.91 2.13 0.09 7.84

K 3.18 0.01 0.44 0.47 0.02 2.27

Ca 2.90 0.03 0.62 0.63 0.03 2.91

Mg 1.11 0.01 0.21 0.23 0.01 0.88

HC03 24.08 0.00 1.91 4.01 0.13 11.59

S04 13.05 0.48 3.25 2.73 0.17 16.04

a 15.75 0.06 2.99 3.32 0.13 12.36

N03 1.75 0.03 0.32 0.25 0.02 1.69

SI02 0.54 0.01 0.09 0.09 0.005 0.44

NH4 0.36 0.01 0.07 0.08 0.004 0.38

P04 0.16 0.00 0.02 0.02 0.001 0.09

Days of sampling period: 140.
Days of precipitation occurrence: 92.
Total precipitation (mm): 694.

tuents exhibited decreasing concentra
tions as the total amount of rain
increased during the course of the storms.
The decreasing trend in concentrations
was not consistent. Whereas chloride,
sodium, magnesium and sulfate showed a
marked response to the changes in total
rainfall, the concentrations of calcium,
potassium and nitrate did not decrease
consistently during the storms. For
bicarbonate, silica, ammonium and phos
phate, total rainfall did not seem to be
the controlling factor, since their con
centrations did not drop markedly in
proportion to the increasing amount of
rainfall as the storms progressed.

To compare the ionic concentrations
for the three individual storms, weighted
mean concentrations were computed, be
cause each storm was characterized by
different total amounts of precipitation.
Ionic concentrations in rainstorms associ

ated with winds from the southwest and

northwest do not appear to be appreci
ably different. However, the wet fallout
associated with a northerly wind is
characterized by higher ionic concentra
tions for the majority of ions than in the
other storms. The highest weighted mean
concentrations were observed for

chloride, sulfate, sodium and calcium.
This probably arises because Point Grey
lies in the southwestern part of Van
couver and essentially on the downwind
site of the influence of anthropogenic
sources when the wind is coming from
the north. The combustion of various

types of fuels is the major cause of high

TABLE II IONIC CONCENTRATIONS IN WET FALLOUT DURING INDIVIDUAL RAINSTORMS, APRIL 1972

Sampling Cumulative Constituents

time precipitation Na K Ca Mg HCO3 S04 a N03 SIO3 NH4 P04
(h:min) (mm) (mg/liter)

Rainstorm 1
(southeast wind)

16:20 2.50 1.85 0.51 0.30 0.06 0.41 2.40 2.55 0.25 0.10 0.16 0.04

20:21 5.05 1.72 0.30 0.26 0.06 0.41 2.32 2.42 0.20 0.10 0.02 0.01

21:06 7.70 1.14 0.23 0.30 0.05 0.41 2.32 2.30 0.20 0.09 0.01 0.01

06:09 9.35 1.28 0.25 0.11 0.05 0.00 2.29 2.00 0.25 0.11 0.02 0.12

09:10 10.90 0.94 0.25 0.12 0.04 0.00 2.30 1.73 0.25 0.11 0.03 0.10

10:11 12.40 0.74 0.30 0.11 0.03 0.00 2.29 1.45 0.25 0.11 0.02 0.10

Weighted mean 1.35 0.31 0.22 0.05 0.25 2.33

Rainstorm 2

2.16 0.23 0.10 0.03 0.05

(north wind)

04:08 0.60 4.60 0.75 1.20 0.52 0.10 6.50 7.05 0.41 0.12 0.01 0.01

08:10 1.18 4.38 0.65 1.18 0.48 0.00 6.18 6.87 0.39 0.12 0.01 0.01

10:12 1.70 4.26 0.70 1.15 0.46 0.00 6.10 6.82 0.40 0.12 0.01 0.01

Weighted mean 4.42 0.70 1.18 0.49 0.04 6.27

Rainstorm 3

6.92 0.40 0.12 0.01 0.01

(southwest wind)

21:22 2.14 1.75 0.55 1.05 0.22 0.10 3.16 2.85 0.42 0.13 0.01 0.01

22:23 4.21 1.69 0.51 0.99 0.20 0.00 3.12 2.70 0.40 0.13 0.01 0.01

23:05 6.21 1.65 0.50 0.95 0.20 0.00 3.10 2.65 0.41 0.13 0.01 0.01

23:45 8.21 1.65 0.50 0.99 0.16 0.00 3.09 2.55 0.39 0.13 0.01 0.01

Weighted mean 1.69 0.52 1.00 0.20 0.03 3.10 2.69 0.41 0.13 0.01 0.01
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sulfate concentrations. Although the
predominant source of chloride in the
fallout is sea spray, a small part comes
from anthropogenic emission, i.e., as
hydrochloric acid. Sodium in the fallout
has sea water as its very important source
but the mineral soil dust is another

significant contributor of this consti
tuent. Compounds containing calcium are
added to the atmosphere by mineral dust
from the soil. In the Vancouver area, the
bulk transhipment of chemicals is con
sidered a potential source of various
mineral constituents to the local atmos

phere (5).

SUMMARY

Sampling of daily chemical fallout
associated with atmospheric precipitation
was conducted on Point Grey, Van
couver, from December 1971 to April
1972. The bulk fallout was collected by a
continuously open collector whereas the
wet fallout was sampled by a sensor-
controlled funnel. Samples of both forms
of chemical fallout were analyzed for the
concentration of sodium, potassium,
calcium, magnesium, bicarbonate, sulfate,
chloride, nitrate, silica, ammonium and
phosphate.

Local sources of mineral soil dust were
most likely a source of a higher content
of silica, calcium, potassium, magnesium
and bicarbonate in bulk fallout on Point
Grey. Anthropogenic sources were in
fluential in the higher concentration of
sulfate and presumably of nitrate in bulk

fallout.

It is believed that the climatic

conditions and the season exhibited great
influence on the small differences be

tween ionic concentrations observed in

the bulk and the wet fallout. The site,
which is situated in close proximity to
the ocean and principally westward from
any industrial area, was less subjected to
anthropogenic contaminants during the
winter sampling period when the large
and frequent Pacific rainstorms moved
in from the ocean. On the other hand, the
influence of urban area was reflected in

the analyses of the individual rainstorms
associated with different wind directions.
The wet fallout collected during the
rainstorm associated with a northerly
wind blowing from the industrial center
was characterized by higher concentra
tions for the majority of ions and
particularly for chloride, sulfate, sodium
and calcium.

Estimates have been made of the

relative deposition of the ionic input
loads measured in bulk fallout on the
sampling site. Expressed in kilograms per
hectare for the sampling period, the loads
of sulfate, chloride and bicarbonate were
16, 12 and 11 kilograms per hectare,
respectively. The loads of other ions were
also appreciable.

This study shows that loads of
chemical fallout from the atmosphere are
important and must, therefore, be con
sidered in calculating both pollution
budgets and chemical budgets of soil and
surface water.
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