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showed & gre@f éériofy wiﬁh'rcapéet to altituda. climate and level of
industrial and anthropogenecus pollution.

Furthermore detailed anslyses and continuous records of the trace-
substance concentration during individual rainfalls are discussed. The
variations of the concentration during the course of the rain and

their relations to quantity, intensity and types of rain as well an to
meteorological parameters, are discussed.

Finally, preliminary studies on the incorporation of trace-substances
into cloud- and rain-drops are presented, indicating the relative im-

portance of rainout compared to washout.

Introduction

Cloud- and rain-elements are of great importance for the removal of
trace-substances-aeroeols and gas-traces - from the atmosphere. The
continuous increase of anthropogeneous and industrial emissions into
the atmosphere ir many parts of the world but also the presence of
radiocactive aerosols lead to the gquestion of the mechanism responsible
for the transport of these trace-substances from the atmosphere back
to the ground. This problem is also important for considerations on

the ludget of trace-substances in troposphere and stratosphere.

These questions lead to the problem of investigating rainout and wash-
out of trace-substances. Rainout is active within clouds dQuring cloud-
formation and oo 1lescence of drops while washout is active below the

cloud-base. Both processes influence considerably the tropospheric

residence-time of aeroscls and trace-gases.




As introduciion we want to present & schematic survey indicating'thc
major sources and sinks of atmospheric trave-substances and their

e QUB1188E1 Ve bud

et in the troposphere.

Trhe majority of trace-substances are formed at the earth- and the ocsan-
surface,

Fig. ! gives a survey showing the following processes responsible for
the formation of gases:

a) Pmissions from the interior of the earth, the esarth surface, the
ocean surface

b) Microbiological processes

¢) Wood-firaes

d¢) Vuleanic eruptions

e) Assimilation of plants

f) Reactions in the atmosphere

The following additional processes lead to the formation of aeroscl-

particles:

a) Formation at the earth- or oceanic surface
b) Combustion processes
¢) Exhalation of pine foreasts

d; Formation from the gas-phase.

Vertical wind~-distribution and convective preccesses in the boundary-
layer carry the trace-substances aloft into higher layers. This leads
to & more and more even distribution of the concentration with altitude.
The general circulation of the atmosphere favours the horizontal
transport. The main sinks are absorption at the earth surface, uptake
by vegetation and animals, sedimentation and coagulation of particles
and last but not least incorporation of trace-substances into cloud-

and rain droplets.




ARy

Regleoting horizontal transports we can write the budget-equation for
atmospheric trace-substances after Junge (1) in the following form:

withs X = turbulent Diffusionskcefficient (cm/sec)
particle-consentration (cm’3)

=
H

washout coefficient (eec'1)

coagulation constant (cmjfsac)

sedimentation velocity {em/sec)
altitude (cm)

N < o P
¥

The first term describes the distribution sf trace-substences by ‘ur-
bulent mixing, the second term the removal of trace-substances from the
atnosphere by rainout and washout, the third term coaguletion-process
and the last term the sedimentaticn in the gravity-field of the carih.
Lfter these introductory remarks we will now deal with rainout end

wacnout-

~he mechanism of rainout and washout

I7 we consider the effect of sedimentaticn and ccagulation as of se-
condary importance compared to washout, we can write the budget-eguaticn

in the following forms
o = r‘__'—'
vaﬁ< z

K§:-) =an =~} n=n,@

This is probably justified up to altitudes of 5§ kms., Measurements of the
trace-gas concentration which were recently carried cu% by Jost (2)
resulted in K-values of § x 104 to 1 x 105cm2/sec for aititudes up to

2 kms.

With these K-values, we can calculate a tropospheric resgidence-time of

about 10 days on the basgis of the tropospheric distribution of Aitken-

nuclei as measured by '‘eickmenn (3). For S0, the measurements by




Gea?gii'nnd'Jost resulted in a tfopoupherie'relidinOQ-tine_éf 4~6 daye.
This seems to bg the right order uf,mngnitude and shows that rainout
and washout are of gteat 1nportanoe for the removal of merosols and gases

““from the aimosphere.

In Fig., 2 we present a schematic :urvty'én the different processes leading
to the incorporation of trace-substances into ¢loud- and rain-elements.

We have to distinct between processes effective within the cloud, summa-
rized generally as raincut and those effective bglow the cloud base

during thbe fall of the rain-¢lements through the cloud free zone, referred
to as washout. Besides the incorporation of aerosols we have to consider
the absorption of gaseous traces, the concentration of which is often
about five to fifty times higher than that of the comparable componcntis

in aerosols.

L certain number of aerosol particles is consumed as condensation ruclei
during the firat stage of cloud-formation. Only particles of a certain
si2e-rande will mct ac condensaticn-nuclel. ifccording to the investi-
gaticons oy Yamamoto and Ohtake (4) and by Kuroiwa (5) the fractiorn cf
particles active as condensaticn nuclei becomes amaller with decreasing

si12e. The foliowing figures are given by the abeove-mentioned amuthors:

Radius in micron
001-002 0-2-0’-4 On4-006 0-6-1 1-2

Percentage of particles activated
Yararote & Ohtake 0.4 2 17 60

4

Kuroiwa 0.2 1.7 15 24 100

This table shows that only the giant particles are fully consumed as
c¢ondensation nuclei.

On the other hand particles larger than 10/u radius can be neglected for

the processes discussed here since they are removed from the atmosphere
by dry fallout.




It can be generally stated thet the mechanism of rainout end washout is L
. =xtremely complex. Ita rate of efficiency depends on the following

‘parameterst
a) Particle-aize and concentration of the aeroscls present in the
atmosphaere

b) Size and number of collecting droplets

c) Mass of soluble components in the aerosols and the chance of chemical
reaction in the droplets

d) Abeorption from the gas-phase and irreversible inéorporttion of the
gaseous components in the cloud- and raindrop

e} 3upply of liquid water by condensation during lifting of cloud-droplets

f) Increase of the concentration in the droplets caused by partial eva-
poration during the fall below the cloud-base.

The concentration of trace-substances in rain as measured st the ground
is in first approximation proportional to the total supply of trace-
substances into the clouds,

inversely profortional %o the liquid water content of the clouds and

proportional to the partial evaporation of droplets.
Following Junge (6) we can write

r = [ﬂ ¢ = concentration of trace-substances in
/ug/m

L = liquid water content in gr/m3

O<€<4 = rainout coefficient

&, = consumption of condensation nuclei
S +*- h

iio = attachment of particles by Brownian motion
5&, = attachment of particles by Facy effect

Exact values for £ as well as for E‘, ' EL and fr. are not known. The
following approximations are valid:

éf" « 0.01 - 0,9 according to particle-size and to composition of
particles.



| 66 e 0,01 - 1.0 soccordiag to p;cfrtrich'-ahe; The coefficient of
' - ~ drachment incremses with decreasing size of the

particles according to the theory by Smoluchowski,

o i JOT_pATticles below 01;%&“ nearly 1.0, . ...

f#.:s 0.01 1n this connection attention is directed to our
discussion in Annual Rep. No. 3, 1962, According to
Coldsmith, Delafield and Cox (7) the Facy-effect
is very ineffective,

According to these aasumptions the concentration of trace-sudbstances in
rainwater, jincorporated by the effect of rainout should be independant
of the quantity of rain. It will be shown in a later chaptexr of this
report that these assumptions are ccnfirmed by measurements. Before we
g0 into ietails with respect to rainout, our theoretical considerations
will be extended to the washout process.

The total concentration of trace-substances in rain incorporated by

rainout and wasi.out can be written as:

K = Kr + fK‘

The factor £ 2 1 indicates the increase of concentration dus to partial

evapcration.

The amovnt of traﬁf-substances removed from the atmosphere by washout
h

is equals Cw-ﬁchEc Jhd$

Ny = NFr
K' = number of raindrops
r = radius of raindrops
h = distance from the earth surface to the cloud base
'9 = time of fell
Ec » collection coefficient.

Substituting the concentration of trace-substances between ground and
cloud-base

C =|cdh

¢




and

Yo receive:r

for the total amount of trace-sudbstances which will be removed by washe
out. Consequently, we receive for the concentration K which will accu-
nulate in rainwater by wash out when the quantity R of rein falls:

=% -3
R"} kr NT = quantity of rain

= duration of rain

er

For large quantities of rain the exponential term becomes less important

T
3RE

and the concentration of trace-substances in rein becomes inversely pro-
portional to the amount of rainfall. This is also confirmed by measure-

ments.

Comparison with actual measurements is very difficult since Ec ard S
are not well known. Particularly a separation of the effect of rainout
and washout is difficult. In a later chapter some results regarding this

problen will be presented,

The coefficient of efficiency of washout depends also on the particle-
gize of the atmospheric aeroscls but as well on the ratio: droplet size
of reindrops to particle-size of aerosol-particles. The following

approximsate values can be assumed:

Ec = 1 for particles larger than 10/u
0.5 for particles larger than 5,

0.2 for particles larger than 2/u

Besides aerosols, trace gases are being incorporated inte cloud and
precipitation~-elements. It is evident, that only such gases are of
interest in this connection which react with other partners in cloud-
water. In this connection the reaction of KH3 and 802 in cloud-droplets

has to be mentioned which was recently investigated by Mason angd




Letimations on rainout

In order to calculate the concentration of atmospheric trace-substances
incorporated into cloud-elements we follow W. Jecobi (9) in his compu-
tations on the incorporation of redioactive aerosols into cloud-droplaets.
He based his computation on a droplet-size distribution for Stratus
according to Houghton (10) and for Cumulus-clouds according to aufm Kampe

(11). The droplet-size distribution is presented in Fig. 3.

If we assume the life-time of a Cumulus-clrud being 1 hour and if we
assume under the application of the Smoluchowski-theory, the absorption-

coefficient being 1.0 we find that within one hour

10-6cm

2

10" 7¢em

H

53 5L of the particles of the size: r

1 % of the particles of the size: r

are attached to the cloud elements. However we have to bear in mind that

5

only particles larger than 10 “cm radius increase the substance in the

droplet considerabdly.

In & Stratus-cloud the same percentage of attachment of particles of the

atmnespheric aerosols is reached only after 2 1/2 hours (Fig. 3).

The increase of aubstance in the droplets caused by the incorpecration

of condensation nuclei and the attachment of particles can be calculated
in the following way: The quantity of substance incorporated by a con-
densaticn nuclei of r = 10'4cm, which is completely soluble is about

-1 . -
3 tc 6 x 10 Egr according %to density. If the radius is only % x 10 5cm

13 12

twe quantity of substance incorporated amounts from 6x10° “gr to 1.2 x 10° “gr.

For the Cumulus-cloud the following parameters are valid:

Liquid water contents 4 gr/m3
Average droplet radius: T = 20 ,u

lumber of droplets: 120/cem




r « 10~5cms 3000/cem
T = 10'5cnt 1000/cem

Quantity of substances

(v = 10"6c-) K = 3000/cce 1.2 x 10'14@/‘:» to 2 x m‘”gz/cm
(r = 10'5cm) N = 1000/cem 4 x 10-123r/ccm to 8 x 10’12gr/ccm

Particles of 10'6cm are completely attached to the cloud droplets within
1 hour. The contribution of substance to each of the 120 droplets/ccm
is about 1.7 x 10-1?RT per droplet.

10 % of particles of 10'5cm radius are attached to cloud droplets within
1 hour, That means 100 particles are attached to 100 of the 120 droplets.
The contribution of substance is about 4 x 10.23 per droplet.

Ccmparing these figures with those of substance brought into the droplets

by condersation we see that the contribution of rainout is small.

We can furthermore assume that 10 % of the total substance of the aerosols
consists of sulfate. Then, rainout contributes 4 x 10'16gr 304" to each
drorplet.

With an average radius of 20/u, 1011 droplets form 1 1ltr of cloud water.

Qur estimates show that rainout contributes 0.3 mg substance or 0.03 mgSO4 -
to each litre of cloud water while during condensation 8 to 50 mg 304-‘/1tr
had been incorporated into the cloud water. These rough figures suggest

that tre condensation process is of greater importance for atmospheric
chemistry than rainout. Under optimum condition, in the presence of a

large number of large particles the amount of substance incorporated by

rainout may be equal to that incorporated by the condernsation nuclei.

We are now going to extend these considerations to the incorporation of
gaseous traces into cloud droplets. Measurements of the concentration of
gas traces by aircraft ascents were carried out recently for the first

time (Jost (2)). In the course of these investigations we found that the




-BYarage S0 .~concantration in 2000 Bixa gitituda 243 abous 39 MR ‘ 2
10‘113r/cn +» Ina cloﬁd with a'droplef concenfration of f?d/com'an '
amount of 8.4 x 10'14gr S0, could be inocorporated ir each droplet under
the assumption ¢f the incorporation efficiency being 1. This would mean

that in 1011 droplets = 1 1ltr, cloud water 8.4 x 10'33r 802 equal

1.3 x 10" %gr 80,~"

et o

4 would be incorporated.

We cannot expect that the absorption efficiency of gases into droplets
is 1.0 but also if we assume a collection efficiency of only 0.1 the

amount of SO, incorporzted will still be 8 x 1072
is therefore higher by a factor of 10 compared with the substance ine-

gr 502 per droplet and

corporated by aerosols.

Incorporation of trace-gases leads therefore to an increase of the 804-
concentration in cloud water by 1.3 mg/ltr. This seems quite plausibel.
Therefore the gas phase must not be disregarded concerning its importance
for the transfer of substance into cloud-elements by rainout. Quantita-
tive datz on the efficiency of incorporation of gas-traces into cloud-
and rain clements are completely missing. Laboratory experiments in thic

direction are carried out by the suthors of this report presently.

Wiih regard to the efficiency of washout below the cloud-base it must

be mentioned that its efficiency is influenced very much by the vertical
distribution of atmospheric trace-substances as well as by drop-size
distribution, particle size distribution of the aerosols and intensity
of rainfall, The importance of washout for the total concentration of
trace substance in rainwater will increase in areas with high pollution
leading to an accumuletion of trace-substances near the ground. Experi-
mental results on the order of magnitude of the washout coefficient for
trace-gases are not known. Measurements under atmospheric conditions are
very difficult to carry out owing to the heavy fluctuation of the
different parameters, We have therefore started laboratory experiments,
using the setup shown in Fig. 4. A& mixture of pure air and air con-
taining a constant and known concentration of a trace-gas (802, NB}’ N02

3

or others) will be drawn through & rainout-chamber holding 1,5 m” air.

The gas~-concentration will be checked before entering the chamber and
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after leaving the chamber. Inside the chamber , ,
droplets of known size will reduce the gas-concentration by washout.
Besidea checking the gas-concentration, the accumulatioen of sudbetance
in the water used for the "artificial rain" in the chamber will be
continuously measured. From the data received in this way, the absorption
coefficient for gases can be determined.

Objectives of the present investigation

The previous statements show clearly that the mechanism of rainout and
washout is very complex indeed and depends on & large number of different
physical and chemical parameters. The investigations described in this
report had the objective t¢ separate the different processes by experi-
mental methods. It therefore appeared sensible to deal with the

following questionss

1) What is the contribution of rainout i.e. of the processes taking
place within the cloud and of washout i.e. of the processes taking
place below the cloud base during the 1all of raindrops, to the total
concentration of trace-substancesa in precipitation?

2) What is the contribution of gaseous traces and of aerosols to the

total concentration of trace-substances in precipitation?

3) Does there exist a relation between quantity and/or intensity of

precipitation and the concentration of trace-substances in rainwater?

4) In what way does the concentration of trace-substances fluctuate

during the course of rain in individual rainfalls?

5) How important is partial evaporation of falling raindrops for the
concentration of trace-substances in rainwater measured at the
ground?
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The chemical co!gogiiiog of.individﬁélrrainfailér

Within the frame of the present investigation chemical analyses of
individual rainfalls were carried out at several locations in different
altitudes and in regions with a differcnt level of pollution. These
invegtigations were carried out at the following locations during the
periods of time stateds

Frankfurt/M - Department of Meteorology (1956-1957, 1960-1962)

Taunusobservatory on Mt. Kleiner Feldberg, 800 mtrs altitude (1950-1957,
1960-1961)

Zugspitz observetory, Bavarian Alps, 2966 mtrs. altitude (1957, 1958,
1961-1962)

St. Moritz, Switzerland, 1800 mtrs. altitude (1960, 1961)

Mt., Corviglia, near St. Moritz, 2500 mtrs. altitude (1961)

Island of Capreia in the Mediterreanean Sea (1962).

During summer 1963 and summer 1964 chemical analyses were carried at four
staticns in Austria in different altitude but at a very short horiczontal

distance, These four stations are locateds

Innsbruck - Department of Meteorology 530 mtrs. altitude

Hungerburg 830 mtrs. altitude
Seegrube 1800 mtrs. altitude
Hafelekar 2300 mtrs. altitude

The investigation at these stations are related to our rescarch on the

budget of trace-substances in rain.

Methods of Analysis

The precipitation was sampled in specially designed raingsuges made of
glass. The dimensions of these were in agrecment with the standard rain-
gauge of the German Weather Service. Funnels and sampling-glasses were
¢leaned daily with distilled water. After sampling, the rainwater was

filtered but not concentreted. The analysis of the different compounds
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was carried out according to the instructions descrided in our Annual
Report No 1, July 1960.

fgél The NH4~concentration was determined by adding 1 mlof Neegsler
reagent and I1ml of & solution of Seignette salt to 10 =2l rain-
water. The resulting color was compared in a Eppendorf photo-
meter with those of standard-sclutions.

N02. The Noz-concentration wap determined in a similar way by
adding 1 ml reagent GrieB-Ilosvay to 10 ml rainwater.

Egli For the determination of the nitrate component the rainwater
was treated with sulfuric acid and chloroform solution of
Brucin-alkaloid. The concentration was measured by comparing
with standards.

Egii For determination of the SO4-concentration the slightly
changed analysis-method by Keily end Rogers was applied. The tur-
bidity of the solution was measured in the Eppendorf-photo-

metsr after attaching a nephlometer.

Na,Ca,K were ietermined by flame-photometric analysis applying an
Eppendsrf-flame photometer.

Besides the determination of the above mentioned components it was of
importance to measure the acidity of rainwater, the pH-value and the
electrolytical conductivity. For discontinuous measurements of pH-value,
we used an pH-meter type WIW-39N and for discontinuous measurements of
electrolytical conductivity an instrument type WIW-LBR.

The electrolytical corductivity of rainwater is a good indicator for the
total concentration of ions and by this for the total concentration of

inorganic compounds dissolved in rainwater.

Parallel inveatigations of the electroliyticel conductivity and the sum
of cations (NB4 s * CI +

N03°') analyzed scparately show that there exists a strong correlation

* + Nat 4+ cett) resp. the sum of anions (SO

between analysis and measurement of the conductivity. This correlation
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holde for three looations where we collected individual rainwater samples
from April 1961 to March 196Z. Fig. 5 shows the correlation between
electrolytical conductivity and ions analyzed in rainwater. A certain
range of fluctuation must be expected since the ions analyzed are only

& limited selection of the total number of components dissolved in rain-
water. It must also be expected that the range of fluctuation increases

with increasing electrolytical conductivity.

Generally the electrolytical conductivity (@) is the inverse value of
the resistance

R -%— 9£ (z.’m /us/czn)

1l is the distarce of the electrodes, q the size of the electrodes. These
arc instrument-constantas, The electrolytical conductiviiy depends further-

more ofs

1) the concentration of ions in the solution
2) the mobility of ions
3) the electric charge which is carried by each ion

4) the tempcrature and the viscosity of the solution

The concentration of ions depends on the quantity of matter dissolved and

coefficient of dissociation a

nunber of ions
number of molccules dissolved

sl =

The so-called OUstwald-law determines the relation between quantity of
the dissolved matter and grade of dissociation with the understanding
that very dilute solutions have a high grade of dissociation. As an
example 0.001 molar solutions of HCI, 32304, HNOi, KCI, NaC1l, (NHQ)ZSO4
have a dissociation-cocefficient of 0.9 or above, For the ion-concen-
tration to be expected in reinwater the coefficient of dissociation is
close to 1.0.

The electrolytical conductivity can be written in the following ways:

- n = nunber of ions
ag =Snu +\nu
+ + - - PR .
u = mobility of ions




The following table shows tho concentrations of different ions in ag/l
equivalent of an electrolytical conductivity of 1/u8/cn.

- - 1 - 4 .- + 1o +4 + +
a (ms/l) NO3 Cl 3005 5504 Na §Ca NH4 K
1.0 0.%54 0.43 0.65 0.53 0.38 0,28 0.60

These values are taken from a paper by Siksna (12).0Owing to their high
mobility the concentration of Hydrogenions deserves special attention
since a concentration of only 0.0032 mg/l B' is equivalent 1/uS/cm. The
relation between pH-value and electrolytical conductivity is laid dowm
in Fig. 6. The values given therein are valid for a temperature of 18°¢,
Since the mobility of ions depends of the temperature, tempersature in-
fluences the electrolytical conductivity. The mobility is also inversely
proportiocnal to the radius of ions. This is the cause for the fact that
different ions furnish differing contributions to the total electroly-

tical conductivity of a solution,

Results of measurements

The chemical analysis of the concentration of trace-substances in pre-
cipitation during 1956 and 1957 in Frankfurt/i showed the following

resultss
We found as average of 89 individual rainfalls:

NH4 NO5 N02 804 CI

3.8 3.6 0.2 15.0 5.4 mg/1

Details were given in our Annual Report No 1, July 1960. As already
mentioned similar eanalyses were carried out in Frankfurt/Main during
1960 and 1961, As average of 138 individual analyses we received the
following data:

NE, WO, o1 Na Ca T

3.2 2.8 16.3 3.9 1.1 1.9 ng/l 53.4/us/cm
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During 1960 and 1961 the same type of investigation was carried out at
Langen, a small town about 20 kms from Frankfurt. The average values out
of 50 individusl casgses aret

¥, MO, so,  CT Na Ca ¢ /

3,9 2.6 15.3 6.7 1.1 1.4 me/l 45 nS/on

From March to December 1957 66 aneslyses of individual rainfalls were carried
out on Taunus observatory on, Mt. Kleiner Feldberg. The average values are
the following:

Average of quantity NB4 KO3 804 cI
of rein
9.8 mm 1.6 2.1 5.3 1.8 mg/l

Details were given in Annual Rep. No 1, July 1960. Thcse measurements
were repeated during 1960. The following average values were gained as the

result of the analysis of 91 cases:

2 S0 Na Ca ®
1.4 2.6 4.5 1.3 1.2 mg/1 }8.5/uS/cm

On the summit of the Zugspitze 13 analyses of precipitation were carried
out during summer 13%57. During 1960 to 1962 within the frame of a larger
research-program 156 sralyses of individual rainfalls were performed.
Details of this alpine program were published by Georgii & Weper (13) as
well as by Weber (14).

The average result of the 13 mca: . ements made during summer 1957 is:
Average of quantity NH4 NO5 SO4 CI

of rain

7.5 mm 1.0 0.8 2.7 1.6 mg/l

The average result of 156 measurements made during 1960 to 1962 is:

Na Ca Qﬁ
0.8 1.5 1.1 1.6 mg/l 44/u3/cm
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V¥hen we normalise the results gained at Frankfurt during 1957 and during
1960/61 in the following way that the Frankfurteresulis are equal 1.0
we receive the following relations:

KR 303 _SO 25 4 Na Ca 7 @ 7

4
Frankfurt/M
1957 resp. 1960 to 1961 1.0 1.0 1.0 1,0 1.0 1.0 1.0

Taunus observatory
1957 measurements 0.45 0.48 0,36 0.34 - - -

1960/61 measurements 0.34 0.93 0.27 - 1.2  0.63 0,60

Even under the consideration that the total amount of precipitation on
the Taunus ridge is nearly twice the amount measured in Frank furt, the
relative concentration of trece-substances in rainwater in FranRfurt is
elso considerably higher when calculated on the basis of assumed equal
amounts of rainwater at both stations. The NH4- and KO}-concentration

on the Teunus ridge is about 20 % lower than at Frankfurt, the S0,- and
CI-concentrations are 35 % to 40 % lower. From these results it can be
assumed that the additional portion of trace-substances measured at
Frankfurt/M must have been incorporated into the rain elemunts in the air

layer between 800 mtrs. altitude and the Main valley in 100 mtrs. altitude.

Relation Frankfurt - Taunus observatory - Zugspitze

During summer 1957 measurements of chemical constituents in rainwater were

carried out at the above-mentioned three stations simultaneously.

If we normalize the concentration of trace-substances found in precipi=-
tation in that way that the Frankfurt-concentration is equeal 1, the

following relations are found:

NHd NO3 SO4 1
Frankfurt/M 1.0 1.0 1.0 1.0
Taunus obscrvatory 0.57 oO. T 0.42 0.40

Zugspitze 0.37 0,20 0.26 0.29
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The figures show & further decrease in concentration {rom the Taunus
obgervatory to the Zugspitze. It can be assumed that the concentration
on the Zugspitze represents more or less that of larger cloud-elements
since the summit of Zugspitze is within clouds when it rains.

Relations between atmospheric trace-substances and the chemistry of
precipitation

In a recent paper (Georgii (15)) we have compared simultaneous measure-

ments of gaseous traces, aerosols and chemical constituents of rainwater.
This research was carried out at four locations in different altitudes
(Frankfurt/l, altitudes 100 mtrs., Taunus observatory, altitude: 800 mtrs.,
St. Mnritz/Switzerland: altitude 1800 mtrs. and Zugspitze, German Alps,
altitudet 2960 mtrs.). It must however be mentioned that the horizontal
distance from Frankfurt to the alpine stations is considerable. Therefore
an exact comparison of the results gained at these four stations is not
possible., The following summary of the results is only a more schematic
survey. We have plotted in Fig. 7a and 7b a vertical distribution of the
concentration of NH4- and NOB-components analyzed in rain, in aerosols and
as trace-gas. We have also entered the number of large nuclei (dashed line).
The concentration is entered in a logarithmic scale, the altitude in a
linear scale. Fig. 7a shows that the decrease of BH4 in aerosols follows an
exponential function and parallels the decrease of the number of particles.

This results permit the conclusion that the NE,-concentration is distri-

buted equally in the merosol-particles, indepeﬁdant of the altitude. This
is a further indication for the general presence of RBA in the continental
aerosols. S and W indicate the range of fluctuation between summer and
winter. The following fact is also of importance. The decrease of gaseous
HH3 and of the NB4-concentration in rain run almost parallel. With respect
t0 the No}-distribution Fig. 7b shows that between Frankfurt, Tsunus obser-
vatory and 3t. Moritz the decrease of the concentration in aerosols is
proportional to the decrease of numbers of particles., In contrast to that

on the Zugspitze a higher concentration was found. The concentration of
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gaseous 302 is also higher on ths Zugspitze than at St. Moritz.

This is in agreement with results gained by Weber {14) that the trace-

substance concentration is generally higher north of the main ridge of
the Alps than south of the alps. Intensive precipitation in the luv of

the alpa contribute to a decrease of concentration.

The relatively comtant vertical distribution of éas traces in higher layers
of the troposphere has important comseguences for precipitation-chemistry.
The significance lies in the fact, that the supply of gaseous traces is
greater than that of mseroscl-particles in layers where the formation of
precipitation takes place.

Aircraft ascents of the vertical distribution of SO2 and N02 up to 600C mtrs.
showed that in altitudes above 2000 mtrs. the concentration does not
decrease very much but remsins more or less constant (Jost (2)). Investi-
gations carried out by Junge in Hawaii (16) came to similar results, Also
Junge found a much stronger decrease of the aerosols compared with that

of the trace-gases. According to these findings the importance of trace-

gases increases with increasing altitude.

On the distribution of different components in rainwater
tio HH 0
Ratio 4/S 4

According to Junge (6) a considerabls portion of the continental aerosol-
particles consists of (NH4)2804. According to van den Heuvel and Mason (8)
aemmonium -sulfate particles can be formed when water dropleta evaporate
which had been exposed to air containing gaseous sulfur-dioxide and
ammonia, *“t is therefore suggested that the concentration of SO4 and HH4
in cloud- and raindrops is directly reclated to the capture of ammonium-
sulfate particles or to the gasphase-diffusion, followed by chemical
reaction at the surface of the droplet and diffusion in the 1jiquid phase.

As result of our measurements we found the following RH4/SO4 ratios in

rainwatert
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theoretical (NH
ratio to be expected in (384)2504. in polluted areas S0, is im surplus

concentration due to the sulfur production by humaa activity.

surplus found in precipitation in polluted arcas becomes also
+ We can presuppose that NO3

Ratio NO}/SO4
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evident when we consider the retio NO3/SO
is not a pollutant to the same extend as 504. Comparing the ratic

The S
e O4
N03/SO4 in precipitation and in aerosols we find that the fraction of

NO3 increases in rsin and in acrosols from polluted to unpolluted arecas
location N03/304 in aerosols
0.16 0.17
0.41 0.23
0.40 0.44
0.53 0.36
0.90 0.66

Noj/SO4 in precipita%ion

Frankfurt - winter

rrankfurt - summer
Taunus ¢bservatory

Zugspitze
St. Horitz
-content in precipitation in St. Moritz is remarkable.

The low SO4

Concentration of trace-substances in continuous rain and showers

A distinction of all cases of precipitation in showers and cases of
continuous rain {connected with slow up-slide motion in the atmosphere)
shows the following results: In this evaluation we have only conaidered

¢cagses with more than 2 mma. rain. Furthermoere we have normalized the




cases of the two categories to equal quantities of precipitation in order
to exclude differences of the trace~substance concentration dug to diffe-
rent quantities of rain. The average values for the period July 1956 to
December 1957 are given belows

Type of average Concentration in mg/ltr.
precipitation quantity 334 NO3 504 Ci Nos. of cascs
of rain
in mms
Shower 11.3 2.3 2.3 7.2 2.0 21
continuous rsain 11.3 2.2 2.1 13.4 1.7 44

Fig. 8 shows the results. In the case of NH4, NO5 and CI there exists
practically no difference betiween the two types of precipitation. In the
case of 504 the concentration in continuous rain is nearly twice the

concentration in showers,

Continuous rain has generally less intensity than showers. Investigations
of the droplet size of rain produced in layer-clcuds show a2 diameter in
the ringe 0.2 to 1.2 mms. The average drop-size in showers is however 2
to 3 mms. The high SO4-concentration can certainly be explained by the
slcw fall-velocity of small drops and their longer residence time in the
ground-layer of the atmosphere with its high level of sulfur pollution.
The other components analyzed are much more even distributed within the
atmosphere and not accumulated within the ground-leyer as the sulfur-
component is. Therefore a longer reasidence of the drops in the ground-
layer is not so effective with respect of increasing the concentration of

the other components in the drops.

The effect of dry periods on the concentration of trace-substances in rain

In order to evaluate the influence of the supply of trace-sudstances in
the atmosphere on the concentration of the same components in precipita-

tion we have distributed the cases of rainfall analyzed in Fran.furt and
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following view~point:

Group I s contains cases of rainfall after s veriod of at least 3 dry

days previous to the rainfall concerned

Group II & conteins cases of rainfall after a period of not more than 12
hours without rain previous to the rainfall concerned

Average values for Frankfurt

Category Average quantity Concentration in Nos. of
of rain mg/1 cases
Ni 0
NH4 03 S 4 CI
= 6,2 nn 4.5 4.9 23.0 5.6 18
II 5’5 mm 2'0 204 10.5 2.8 40

The scme eveluation was made for the Taunus observatory..>’n:n on that
staticn the average quantity of rain of the cases in group I and II shoved
great differences (6.8 mms. in group I and 12.1 mms. in group II) we have
rclated the values of concentration of trace-substances of both groups to
the average quantity of all cases which is 9.8 mm. With this transfor-

ration we receive

Average values for Taunus observatory

Category Average quantity Concentration in Nos. of
of rain ng/1 cases
VH | c
I 4 0} SO4 I
1 9,8 mnm 2.4 2.9 6.9 1.6 i1
11 9,8 an 1.3 1.8 4.7 1.0 27

We see that the concentration of trace-substences in rain is considerably

higher when the rainfall occured after a periocd of dry days and the rain-
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water is much more dilute when the dry spell between two cases of rain-
fell was 12 hours or lese. We aleo note that the differaence is greater
in Frankfurt than on the Taunus., The increased concentration after ex-
tended dry periods is caused by the following facts:

1) Accumulation of contamimanis in the ground layer of the atmosphere
during the dry period,

2) High number of condensation nuclei at the level of the cloud-base
leading t2 the formation of many small cloud elements,

3) Low relative humidity in the c¢loud-free zone below the cloud base
leading to partial evaporation of the drops during their fall through
the cloud-free zone and increasing the concentration of trace-substances
in the drops by this.

Compariscn of the concentration of trace-substances in rain and snow

In our Annual Report No 1, July 1960 we have compared the results of the
analysis of 11 cases of snowfall and 38 cases of precipitation from the
period Noverter 19956 to May 1957. A similar investigation was carried

out from November 1961 to February 1962. 11 cases of precipitation were
compared with 11 cases of snowfall. The results are shown in Fig. 9.
Column & represents the average concentration of trace-substances in
snow, column b the average concentration in rainwater. Since the quantity
of rainwater of the 11 snowfalls (average 2.8 mm) is lower than that of
the rainfalls (average 6.7 mm) the concentration of trace-substances in
rain was transformed to one belonging to a guantity of rain of 2.8 mms
(applying the relation:t concentration = ¢onst. x amount of precipitatioﬁo‘S;
see next chapter). With this transformation the concentration of trace-
substances in rain becomes somewhat higher as can be teken from column c.
It is clearly shown that the concentration of trace-substances in snow

is nearly twice the concentration of trace-substances in rain, in the
case of SO4 even three times higher then in rain. Only Ca does not show

a great difference.
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Judging the "surplus" of trace-substances in snow we have to consider
the following factss Within the clouds the incorporstion of trace-subatan-
cea into the cloud-elements will occur in the same way in all cases dis-
cussed here since during winter we have snowe[llskes within the cloud,
whether the precipitation reaches the ground in the form of snow or rain,
Freezing-level is low and often below the cloud base during winter-
montha. The higher concentration of trace-substances in snow flakes as
shown in Fig. 9 is therefore caused by pick-ur below the cloud base.

Snow flakes float through the air and have & longer residence time in the
ground layer of the atmosphere. Owing to their large surface they fall
very slowly and their fall-velocity does not increase with increasing
size. By floating through the air sncw flakes sweep & larger volume of
air than the straight falling raindrops. The great difference in 804-
cancentration is a further proof for the high collection-efficiency of
snow-flakes and is an indication of the accumulation of sulfate-compounds
in the polluted atmosphere near the ground. We believe that the high
Sol—concentratlon in snow is not only caused by pick up of particles but
also by adsorption of SO followed/catalytlc oxidation.

Relation between the quantity of reinfall and the concentration of

chemical c¢onstituents in precipitation

¥ is known from the research of different investigators that the con-
centration of trace-substances in rainwater is related to the amount of
rain. This relation was established by Angstrom & Hogberg (17) as early
as 1952, Cur own analyses of individual rainfalls showed that high con-
centrations of trace-substances are generally found in rainfalls amounting
to less than 2 mms.

There exist however few cases where low concentrations of trace-substances
are related to low amounts of rain. In no case high concentrations of

trace-substances were found when the amount of rain was high.

For celculating average values of the decrease of the concentration of

trace-substances in rain with increasing amount of rainfall we have classi-
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fied the quantitiea of rain into different categories and we have deter-
mined the average concentration for each of the groups:

1) Frankfurt/Main
guantity of raint below 0.3 0.,31-1.0 1.1=3,0 3,1=7 7.1=11.0 11.0
¥H, (mg/1) 13.1 5.0 2.6 1.9 1.6 1.9
NO, (mg/1) 9.3 5.8 2.6 2,0 1.7 1.2
50, (mng/1) 58.5 30.0 19.8 9.4 7.0 5.8
€1 (wmg/1) 17.5 7.1 3.4 1.7 1.4 1.3
Nos. of cases 8 22 42 49 20 15

2) Taunus_cbservatory

above
quwtity of rain: below 1.0 1-1"3‘0 5.1"700 7'1-1100 11.1-20 20

NH, (mg/1) 2.9 1.9 1.6 2.1 1.3 0.7
NO, (mg/1) 3.5 2.6 1.9 2.8 1.4 0.7
50, (mg/1) 9.9 7.4 4.0 5.4 4.4 2.8
C1 (mg/1) 2.5 2.1 1.4 2.0 1.6 1.1
Nos. of cases 4 12 17 13 8 B

We have entered these values in a double-logarithmic scale in Figs. 10 and
11. Fig. 10 shows that the values gained at Frankfurt do not obey a power-
law, At guantities below 2 mm rain the decrease of the concentration is
sharper than at higher quantities of rain. The trend of the curves for

the four components analyzed is very similar. All four curves show the
change in the slope. In Fig. 10 we have entered also the curves valid for
Taunus observatory as a dashed line. At quantities of rain above S mms.
the Frankfurt-curves converge towards the Teunus-curves, while at low
gquantities of rain both curves diverge. In Fig. 11 we have entered the
Taunue values. It can be seen that the functions describing the relation
between concentration of trace-substances in rain and amount of rainfall
on the Taunus ridge obey a power-law. This can be expressed in the follow-
ing form:

concentration = constant x amount of precipitation"o‘zs
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with the exponent having the value between =0.25 {in the case of chloride)
and -0.33 (in the case of nitrate),

The more rapid decrease of the cormcentration at low guartities of rain can
be explained in the following ways 1) The ground-layer of the atmoaphere
in the Main-valley is heavily polluted. The pollutants are washed out by
the rain falling through this layer of air below the Taunus ridge. The
supply of trace-substances originating from pollution-sources is limited,
heavy rainfalls are less contaminated by pollution than light rain.

2) Partiel evaporation below the cloud-base leads alsc to an increase of
the concentration of trace-substances in rain. Therefore the relative
humidity below the c¢loud-base influences alse the concentration of trace-
substances in the rain reaching the ground at Frankfurt. The influence

of partial evaporation is greater in light rain than in heavy rain.

Both effects lead to a substantial increase of the trace-substance con-
centration particularly in light rains. The concentration of rainwater

collected on the Taunus observatory is determined mainly by rainout in

clouds, When we consider only very heavy rain, yielding amounts around

<0 mms, we see that the concentration is more or less cqual on Taunus

and at Frankfurt.

In ¥Yig. 12 we have compared our own results with those gained by different
other investigators. The ordinate indicates the concentration of trace-
substances in rain in a logarithmic scale in relative units, the abscisesa
shows the amount of rain in a logarithmic scale. The first five curves

- Angstrom-Hégberg in North Sweden, Georgii-Weber in St. Moritz, Switzer-
land, Junge, theoretical curve, Podzimek in Czechoslovakia and Sugawara

in Japan - gshow the same features, namely increasing negative exponent
with increasing amount of rain. These relations were gained from rain-
falls in areas with a limited supply of trace-substances the changing slope
indicating that the rainwater becomes more and more dilute during heavy
rainfall. The same shape of curve applies to Junges theoretical relation
which considers only washout and neglects rainout. The next two curves

are those gained at Frankfurt and on Taunus observatory discussed above.
The curves gained by Hinzpeter, Becker and Reifferscheid (18) and by

Peirson, Crooks and Fisher {19) reopresent relations between the concen-
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tration of radicsotive particles attached to rain-droplets and the amount
of precipitation. The agreement with our results gained on Taunua obser-
vatory is remarkably good. The same applies to the relation gained by
Gorham ($) in North England. All these observations show a similar trend.
Following Junge we can state that this relation is consrolled by liguid
water content of clouds, supply of liquid water and amount of precipi-
tation with additional influence of evaporation. Dingle and Gaiz (20)

have recently investigated the scaverging of radioactive fission products
from the stmosphere by reir. In their paper they also discuss the relation
given above and suggest that this relationship - which they were not able to
substantiate - is only valid in a general way for s large number of obser-
vations. We fully agree with the statement by Dingie and Gatz that the
relation describdes only the long-term average but we must consider that

in unpnlluted areas the time fluctuations of the concentration of natural
atmostheric trace-substances are certainly smaller than the fluctuations
of the concentration of radiocactive fallout. This will explain that the
scatter of the individual measurements is not so wide in our case com-

pared with the scatter of the results gained by Dingle end Gatz.

In addition to the results entered in Fig. 12 we have rvanalyzed the
measurements of precipitation carried out in Hawaii while the investiga-
tions of project "shower" took place in 1955. Fiz. 13 shows a schematic
cross-section through the Mauna Loa-Maunas Kea saddle with the typical
position of the orographic cloud according to W.A. Hordy {(21). Along the
Saddle Road and the Kulani Road leading to the saddle between MHauna Toa
and Mauna Kea special rain-gauges were located. Daily samples of rainwater
were collected and analyzed along the following lines: 1) Eatimation of
total salt-contents in rain-water, 2) Determination of ammonia and nitrate
in reinwater. The data of individual analyses were published by E.
Eriksson (22). From the great number of rain-gauges located along the two
roads we have selected four for our analysis. As indicnted by downward
directed arrowas in Pig. 13 these rain-gauges were positioned in 300 mtrs.,
600 mtrs., 1000 mtrs., and 2000 mtrs. altitude. Two of these rain-gauges
are situated below the orographic cloud (at 300 mtrs. and 600 mtrs.),

the rain-gauge a2t 1000 mtrs. altitude is located at the cloud-bese while
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the location of the rainegauges at 2000 mtrs. altitude is during most

days within the cloud. Evaluation of the chemical data of daily rainwater
samples with respect to a presumed relation between concentration of
chemical components and rate of precipitation reveals the following
interesting features as shown in Fig. 14. In Fig. 14 we have entered the
salt content of rainwater (in mg/ltr) in dependance of the amount of pre-
cipitation (in mms), both in logarithmic scale. We find that at 300 mtrs
and 600 mtrs altitude there exists & relation between chemical components
and amount of precipitation. The curve valid for the station at 600 mtrs
shows some accordance with our St, Uloritz curve (Fig. 12) and Junges
theoretical curve. The other striking phenomen is the fact that there
exists no relation whatsoever between chemical concentration of rainwater
and rate of precipitation in 1000 and 2000 mtrs. altitude, that means at
those stations located within the orographic cloud resp. at cloud-base.

At these two stations the precipitation was collected within the cloud
where it was produced and obviously in such cases the salt-concentraticn
of the raindrops is independant of the rate of precipitation. The salt-
concentration of tue raindrops collected within the c¢loud is determined
enly by processes effective within the cloud and not by wash-out whach

is effective below the cloud-base. This result suggests that the procesases
effective bilow the cloud-base, namely 1) wash-out, 2) add:itional absorption
of trace~-gases by droplets and 3) partial evaporation of falling droplets
differentiate the salt-content of rain-drops with respect to the amount of

rain.

Measurements of the chemical composition of individual rainfalls on the
summit of Mt. Zugspitze at 3000 mtrs. altitude in the German Alps rev. "}
the same phenomena. These investigations were performed with the kind
essistance of the personnel of the German Weather Service located on the
summit which we acknowledge with thanks. From 1 April 1961 to 31 March
1962 156 samples of individual rainfells were collected on the Zugspitze
and analyzed in our laboratory. Some of the analyzed componcnts are
entered in Fig. 15. The HH4-concentration of Zugspitz-rain as well as the
electrolytical conductivity (expressed in microsiemens/cm) do not show

any relationship to the quantity of rainfall. Similar as is the case in

.
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cases within clouds when it rains. It may be mentioned that the electro-
lytical conduotivity of Zugspits-rain is sometises lower than that of
distilled water, Summarizing our results we can generally distinct four
types of relationships between the concentration of trace-substances in
rainwater and the amount of precipitation. We have compiled theee results
in Fig. 16.

Type I was found in Frankfurt/M. in the heavily polluted ground layer of
the atmosphere. We find a stronger decrease of the concentration
at a rate of precipitation delow 1 mm, QObviously this is due to
the wash~out of the trace-sudbstances accumulated in the polluted
ground-~layer.

Type II is valid for our measurements on the Taunus observatory, Mt.
Kleiner Feldberg at 800 mtrs. altitude and situated above the
polluted ground-layer of the atmosphere. In this case the trace-
substance concentration of the 700 mtrs. thick ground-layer of
the atmosphere between Frankfurt/M. and the Taunus ridge does not
influence the result. The same relationship was also found for the
concentration ¢f radicactive fission-products in rain averaged
from seven German stations,for the radioactivity of rain at
Yilford Baven and at Bedford/Mass. as well as for the concentratiom
of trace-substances in rain in Northern England.

Type III applies to leoccations with only little pollution and therefore
negligible supply of trace-substances from the ground. We found
this relationship to be valid for Ultuna/Sweden, St. Moritz/Switzer-
land, Hawaii (below the orographic cloud)(Czechoslovakia and Japan),
the same shape of curve results also from theoretical considera-
tions by C. Junge (23). In these cases the trace-substance content
of the atmosphere is rapidly reduced with increasing quantity
of reinfall and a quantity exceeding 5 tc 10 mms. leads only to
a further dilution of the rain which fell during the first phase.




any relationship between concentration 6f'traoe-eﬁbs;ancen'in'i
rain and rate of rainfall, This reeult wes gained on summit of
Mt. Zugspitze (3000 mtrs. altitude) and on the slope of Mauna Kea
on Hawaii {2000 mtrs. altitude) within the orographic oloud.
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"The investigation described in this chapter shows the influence of lqcaiion,,

altitude, supply of trace-substances and gquanti*y of precipitation for
the accumulation of trace-substances in rainwater. Type IV suggests that
within clouda the majority of drops has more or less the same trace-

substance concentration irrespective of the size of drops.

Detailed differential analysis of individual rainfalls

So far we have dealt with the chemical composition of individual rain-

falle considering the total amount of rainwater collected during each case

of rainfall. In the further course of our investigation we have studied
the behaviour of different chemical constituents in rainwater during the
course of individual rainfalls. Our previous study has revealed that the
mechanism leading to the removal of trace-substances from the atmosphere
and by this action to the accumulation of chemical traces in cloud- and
raindrops is very complex and that it is difficult to separate the
different processes interfering with each other. A more differential

analysis seems therefore desirable and valuable.

Measurements of different chemical components in rainwater were carried
out during individual cases of rainfall. Simultaneously the number of
large nuclei and Aitken-nuclei was continuously recorded applying an
avtomatic Verzar-counter for the Aitkenenuclei and an automatic impactor
for the large resp. the giant nuclei. Fig. 17 shows & typical example of
an up-slide rain taking place between 13 and 18 hrs. on 25 Feb. 1960,
Measurements of 504—concentration and KE4-concentration of rainwater
during the rain show a gharp decrease shortly after the onset of rain
reaching & minimum of the concentration at about 15 hrs. followed by an
increase of the concentration towards the end of rain. Comparing this

result with the intensity of rainfall it c=n be noticed that the 15 hrs.
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of concentration at the end of rain (after 17 hrs.) is related to a sharp
drop of rain intensity. The continuous production and supply of trace-
substances leads to an increaae of the concentration of chemical traces
in rain when the rate of rainfall is low. With regard to the number of
large and Altken-nuclei moasured near the ground during rain our results
show that their concentration is only influenced by heavy rainfsll., The
Aitken-nuclei number drops from about 80000 coca to 65000/cm at the time
of the peak rain~intensity. In a later chapter of this report more in-
formation on the relation botween concentration of trace-substances in
rain and rain-intensity will be presented.

In order to investigate the influence of rain-intensity on the concen-
tration of Aitken-nuclei in the atmosphere at Frankfurt/M&in more thorough-
ly we have evaluated the records of the automatic Aitken-nucleus counter,
Fig. 18 shows the relation between Aitken-nucleus concentration and rain-
intensity. The numbers in brackets indicate the number of cases. While

the average concentration of 996 cases without rain was 68000/ccm the
number of Aitken-nuclei in the atmosphere at Frankfurt/M drops constantly
with increasing rain-intensity, reaching a concentration of 57000/cm at

a rain-intensity of 2.5 mm/hr. This result: reduction of Aitken-nuclei
concentration with increasing rain-intensity does not seem to be contra-
dictionary to the above stated result: decrease of trace-substance cone-
centration in rain with increasing rain-intensity since the total mass

of Aitken-nuclei is toc small to account for a substantial increase of
trace substance and the effect of wash-out tco insignificant that attach-
ment of Aitken-nuclei to rain-drops can account for a detectable influence
on the accumulation of trace-substances in rain-water. A relation between
the Cl-concentration in rainwater and the intensity of rain (decreasing
Cl-concentration in rain with increasing rain-intensity) was alsoc found

by A.H, Woodcock and D.C. Blanchard for Hawaii-raina (24). Interesting
information on the fluctuation of trace-sudstance concentration in rain-
water during the courase of precipitation was also contributed by W. Jacobi
(25), Jacobi developed & continuous methed for direct measurements of
short-lived p-activity in rain, Simultaneous records ofﬁ - and J’-




radiation in air near ground-iéiel and ofrfa- and J’;activity in rain
indicate maximum values of activity at low precipitation ratee., With the

--SOgIDNIRE Q1 Lhe rainiall the 8¢ 0

activity in air shows a remarkable

decrease which is not cauaéd ﬂifdecreané f Rn-exhalation or sirmass
change. Acceraing to Jacobis agsumptionr he wagh-ocut at ground level
indicates the importance of diffusion of particles to rain-dropleta. He
assumes that the diffusion of Ral is responsible for this wash-out. From
his preliminary results a wash-out efficiency of Rah-icns of about 10 %
of their specifiec activity in eir per mm rainfall can be estimated.

Our own measurements of Aitken nuclei and large nuclei made during rain-
fall show however that obviously the rainfail and cconnected with this

the particle wash-out is only effective in heavy rain that means at rain-
intensities above 1 mm/hr. Only such intense rainfails may really reduce
the ground-level aerosol concentration. In all other ¢ases the quantity
of particles washed-out is ruplaced by the continuous supply of freshly

produced aerosols,

Continuous recoxrds of the elecctrolytical conductivity of rainwater

The differential analysis of chemical components in rainwater during rain-
fall is a very time-consuming and laborous task. On the other hand it is
not possible to record many different chemical components continuously

during the fall of rain,

As mentioned in an earlier chapter of this report, the electrolytical
conductivity of rainwater is an excellent indicator for the total con-
centration of inorganic ions in rainwater and by this f{or the total
trace~-substance concentration. The filuctuations and time-variations of
the trace-substance concentration during rainfall can casily be studied

by continuous records of the electrolytical conductivity.

The method applied was the followings A collecting funnel with 0.5 m2

surface was placed on the roof of the institute's building. The¢ rainwater

18 led through a polyethylene tube and passed through a cell taking 10 cem




B BEROM. 01 the instrupentation used which includes a contiruous recording

pH-néfer, cahfihhéﬁﬁ iéééi&iﬁg éonduétivityémetef ahd iﬁstruméﬁtation
for meaguring the total bets-activity of rainwater, In our Annual Report
No 2 (August 1961) and ir Annual Report HWo 3 (December 1962) we had
published a number of reccrds of the trace-substance concentration in
rainfalls.

In the meantime a great number of cases has been recorded showing some
characteristic features whiech we will discuss in the following typical

examples.

Fig. 20 shows an individual shower. The electrolytical conductivity,
indicating the concentration of trace-substances in rainwater, drops
sharply after the beginning of rain. At the same time the intensity of
rain inereases., On the other hand with the decrease of the rain-intensity
tevnrie th: end of the shower an increase of the trace-cubstance concen~
traticn in rainwater is connected. Fig. 20 shows a typical example of

the inverse relation between intensity of rain and trace-substence con-
centration which can be found in the majority of showerse. It is further-
nore of great interest to see that the level of the cloud-base lifts
towards the end of the shower. This causes an increase of the cloud-free
layer through which the raindrops fall before reaching the ground. When
the cloud-base raises the chance for droplet-evaporation increases.
Therefore the increase of the electrolytical conductivity towards the end
of the shower can very well be caused by the partial evaporation of
falling raindrops. This would be in agreement with assumptions by Hosler,
Salter and Kruger (26). In the upper part of Fig., 2C we have entered

the SOz-concentration in the atmosphere during the time of the shower
which shows a drop of the concentration while it is raining. Also the

wind-distribution has been entered.

Fig. 21 ghows the fluctuation of trace-substance concentration during a
series of chowers., Fach shower is connected with the next one by slight

rain and at the beginning of each of the showers the concentration shows




fed into the clouds is limited, We can deduce from the cbservations that
each shower is produced from its own shower-cell. The main part of
trace-subatances is incorporated into the cloud-droplets by reinout.
When the shower starts the accumulated amount of trece-substances ia
brought down to the ground by falling raindrops. Except for shower 6 a
downward trend of the record of electrolytical cormductivity exists. Be-
sides the intensity of rainfall we have also entered the atmospheric

SOz-ooncentration and the average wind-velocity.

Fig. 22 shows the electrolytical conductivity of a series of showers
measured between 11,00 hrs. and 16.00 hrs. on 13 July 1961, During each
one of the four showers the electrolyticel conductivity drops but it
is higher at the beginning of the next consecutive shower compared with

the end of the previous one.

This indicates a fresh supply of trace-substances into the clouds during
th: dry interval between two showers. Besides the measuremenis of the
electrolytical conductivity we have enterecd some results of analyses of
the NOB-concentration in rainwater., The general trend of the N03—variat-
ions agrees well with that of the electrolytical conductivity.

In the upper part of Fig. 22 we have plotted the SOz-concentration of
ground-level air during the showers. These recorde suggest a slight drop
of the Soz-concentration at the time of the maximum of shower-intensity.
It can generally be stated that the SOz-content of the air in the ground-

layer of the atmosphere is not much affected by rain,

In the lower part of Pig. 22 we have plotted the net total electrolyticel
conductivity (and NOS-concentration) of rainwater independance of the
total amount of rain fellen during the four showers. This diagram shows
the conductivity of the total sample (resp. the Noi-concentration of

the total eample)zxivi against the quantity of ralnzvi. It can be

seen the cumulative conductivity {(or NOB-concuntration) K (everaged from
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“the individual samples collected during the fiiﬁ)'ﬁfopi with increnasing
quanti@: ol rain. The laupleo oollented tovardl the end of the showers

consist of water having nearly the same purity as distilled water. Fig.22
suggests that towards the end of ecach shower a dilution process takes
place diluting the initially high salt content of rainwater fallen at

the beginning of the shower. In the time intervel between two showers

the trace-substance concentration ¢f the atmosphere is regenerated and

we can also assume that each showor is generated from individual cloude
cells which would explain the high conductivity at the beginning of cach
individual shower. Comparison of our date of electrolytical conductivity
with those gained by R. Siksna (12) in Sweden and A.K. Mukherjee (27) in
India reveals that the electrolytical conductivity of Frankfurt-rains

is about twice (compared with Siksna) to five times (compered with Mukher-
jee) higher being a result of the higher concentration of atmospheric

trace-substances in middle Europe.

Fig. 23 shows an example of continuocus rain. Again we have entered four
different components which were simultaneously recorded - wind-velocity
(m/sec), S0,-concentration (mg/mi), rain intensity (mm/hr) and the elec-
trolytical conductivity of rainwater ( ,udS/em). This rainfall was con-
nected with the passage of & warmfront. It can be seen that the electro-
lytical conductivity decreases sharply during the first two hours of
rainfall and remains more or leegs constant during the remaining part of
the rain. This is typical for rain connected with slow upslide motions

in the atmosphere in contrast tc showers in which case the electrolytical

conductivity shows much more intense fluctuations.

It is interesting to note that the SOa-concentration of the atmosphere
shows a similar trend ag the concentration of trace-substances in rain-
water. During the first two hours of rainfall the Soz-concentratxon drops
with heavy fluctuations from approximately 0.6 mg/m to 0.2 mg/m . After
15.00 hre. when the intensity of the rain becomes very low and particu-
larly during the dry spell between 16.00 hrs. and 17.00 hrs. the S0,-
concentration increases again. With the beginning of the rain after 17.00

hrs. another drop of the 802-concentration can be observed which continues
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to the end of the rain.
Fig. 24 shows a similar case. The rainfall was connected with the passage
of a warnfront. The trend of the electrolytical conductivity is very much

like that shown in Pig. 23. More dectails of these cases of continuous

rain connected with upslide motions have been given by Georgii (28) clse-
where.

Summarizing these results of the investigation of trend and fluctuation
of the trace-substance concentration in rainwater during the course of
individual rainfall we can standerdize all cases into three categories

1) showers, 2) series of showers, 3) continuous rain. The behaviour of
the clectrolytical conductivity of rainwater in relation to the intensity
of rainfall is schematically shown in Fig. 25 for these three categorics.
Irdividusl showers have an inverse relation between rain-intensity and
trace-gsubstance concentration in rainwater. During e series of showers

we find a general decrease of the trace-substance concentration during
the course of the different showers, there are however heavy fluctuaetions
to be observed during each shower and every time the intensity of the
shower increasses the trace-substance conccentration shows alsc g peak,

The fluctuations of the electrolytical ccnductivity are therefore very
intengive. Continuous rein shows a much smoother record. In most cases
the trace-substance concentration drops sharply at the beginning of the
rain and remains more or less constant during the further course of the

rain. Fluctuations of intensity and electrolytical conductivity are small,

Relation between the intensity of rainfall and the concentration of trace-

substances in showexs

The records of the trace-substance concentration in rainwater gained
during showers revealed that in most cases high concentrations arc cone
nected with low intensitiee of rainfall while low concentrations occur

during periods of high intensity of rainiall. We have investigeted these




rolations for a number of cases and entered the results iﬁ'?ig;réﬁ; The
sxazples entered in this disgram are arranged sccording to increasing
intensity of rain. It can casily be seen that inoreasing intensity is
conneoted with a decrease of the trace-substance concentration, On the
right side of PFig. 26 we have summariziod the ten cases and shown the
average trend betweoon concentration, plotied as electrolytical oconduoti-
vity and rain-intensity. This summarizing ocurve shows that the concen-
tration decreaseas with increasing intensity according to the following
equations K = conet. x I-O.}}

This relation is a first approximation for the relation between rain-
intcnsity in showers and trace-substance concentration. The power-law

is not exactly valid since the slope of the curve in the double-loga-
rithmic presentation has a downward trend when higher intensitiecs are
concerned. Thia indicates a deficiency in the supply of additional trace-
substances at high intcnsitics of rain. Below this summarizing curve we
have entered in Fig. 26 two additional curves compaering our own results
with theoretical calculations by Jacobi (29). In his computations Jacobi
considered only reinout and the collection of cloud-droplets by falling
raindrops. His curves indicate the relation between rain-intensity and
concentration of radicactive traces in rainwater, Hc assumes a constant
droplet-size distribution in Stratus respective Cumulus-clouds during
the rain and a given concentration of radioactive material in the cloud-
droplets. We see that his curve for Cumulus clouds shows quite good agree-

ment with our curve based on observations.

To explain the relation between intensity of rainfall and trace-substance
concentration in rainwater, we have to mention the following facts:

As a first approximation we can assume that the number of drops per unit
volume be constant and that a change of the intensity of rain is caused
by a change of drop size. This could be expressed in the following way:

K~y ~ 8 Kwr'b

The concentration would not only be inversely proportional to the in-
tensity but alsc to the aversge size of raindrop. According to our obser-
vations the relationship would be
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by Turner (30) who found that the salinity of small drops is higher than
that of large drops,.

Stierstadt and Kadereit (31) using a raindrop spectirometer of own design
investigated the specific activity of rain in depcndance of the drop
size, In egreement with Purncrs results they also found - in thelir case
for radioactivity - that thc specific activity of raindrops decreases
with increasing drop-size. They give the following valucst

average diameter of drops specific activity
0.5 mm 1.0
0.65 nm 0.74
0.9 mm 0.73
1.2 mn 0.61

W:th raspect to the essunmntions made. namely that a chargc of rain-inton-
ity is ccennecied with a change of drop-size, these are supporied by
investigaticns carried out by Best (32)., He found that the average drap-

size incrcases with increasing rain-‘ntensity according to the empirical

r {(az) = 0.53 x 1°*1??(an/hr)

sruncw {33 investigated fluctuations of the rain-intensity in rclation
to the change of the average drop-size and to the change of the drop-
mazber per unit velume., He found that in the case of continuous rain
connected with upslide-motions the variations of the intensity are pro-
portional to the drop-size while thc number of dreps changes only slight-
ly. In the case of showers variations of the rain-intensity are connected
with changes of the average drop~-size as well as with changes of the
rumber of drops. Finally, in the case of showecrs connected with the
passage of cold-fronts variations of the rain-intensity are meinly re-
iated to variations of the number of drops. The results of Grunows in-
vestigations prcsent a rather complex picture of these variations in the

structur: of precipitation which obviously require a more detailed study.




From 1960 to 1962 chemicsl analyses of cloud-water as well as rainnster

were carried out at three stations in different altitudes, nemely
Frankfurt/Main, Paunus observatory, Kleiner Feldberg (800 mtrs. altitude)
and Zugspitze (2960 mtrs. altitude). During the course of these investi-
gations the summit of the Zugspitze was frcquently within clouds, the
Taunus observatory, when in clouds, was mostly very near the cloud base

~while our gtation at Frankfurt was below the cloud-base in the majority.
of cases.

For the sampling of cloud-water a device as illustrated in Annual Rep.

No 3 was used. Under a cover to prevent intrueion of rain a cylindrical
plastic wire-mesh collects the cloud-drops from the air-volume passing

the mesh. The fog collector is mounted on a normal rain-gasuge. Instru-

ments of this type have been successfully used by Grunow (34).

A summary of the results of chemical analyses in non-precipitating and
in precipitating clouds shows Fig. 27. Here we have entered the average
values of the electrolytical conductivity of cloud- and rainwater
collected at the three different sampling-stations. The electrolytical
conductivity represents a true picture of the total concentration of

soluble inorganic components in the samples.

With regard to budget-considerations we will discuss non-precipitating
clouds at firat:t As can be seen in Fig. 27 the concentration of trace-
substances in cloud-water is very high ncar the cloud-base. The high
values of clectrolytical conductivity near the cloud-base can be ex-
plained by 1), the supply of trace-substances from the ground carried
upwards and collected bty the cloud-droplets near the condensation-level,
and 2) by the low liquid-water content of the cloud near the cloud-base.

Within the cloud we find with increasing altitude a decrease of the
elegtrolytical conductivity of cloud-water. In 3000 mtra. altitude the
concentration of the cloud-water amounts to only approximately 15 % of
the values found in 80C mtrs. altitude., Thie dilution can be explained
1) by the lack of additional supply of trace-substances with increasing




“altitude and 2} by the increasing liquid water content of the cloud set
free by condenmsation with incressing altitude.

With respect to precipitating clouds we receive the following picture:
The concentration of trace-substances in rainwater in 3000 mtrs. alti-
tude is of the same order of magnitude as in claud-tater. This ia to
be oxpected ‘ainee the formation of pracipitationaelements takes place
in higher levels of the cloud. During the fall of the precipitation. B}
elements through the cloud their concentration with respect to chenical
components does not increase furthermore. The electrolytical conductivity

of rain in 800 mtrs. altitude is not higher than in 3000 mtras. provided

that the lower sampling-station is within the precipitating-cloud.

Only during the fell of the precipitation-elements through the cloud-
free zone below the cloud-base we observe an increasc of the chemical
concentration of rain-water due to "wash-out" as well as by partial
evaporation of the rain-drops during their fall through the unsaturated
air. This increase of the concentration of trace-gsubstances which can
be attributed to wash-out as well as evaporation amounts from 20 % %o
40 % of the total corcentration of trace-substances in rain-water at
ground-level.

The survey given above and demonstrated in the schematic diagram of
Fig. 27 pcrmits the conclusion that on the average approximately 2/3 of
the trace-substance concentration found in rain-water at ground-level
has been incorporated within the clouds and 1/3 can be attributed to

processes taking place below the cloud-base.

This ratio fluctuatcs of course fromn case to case., The evaluation of

94 cases of precipitation on the Zugspitze resp. 70 on K1, Fcldberg/
Taunus during 1961/62 and of 27 analyses of cloud-water samples on
Zugspitze resp. 40 samples on Kl. Feldborg/Teunus during the same period
show that the ratio of "rain-out" (incorporation within clouds) to
"wagh-out" (impaction below the cloud-base) depends strongly on the
anmount of rainfall. When the amount of rainTell doee not excced 1 mm,

the contribution of “wash-out" and evaporation to the total concentration




of trace-substences may amount to 60 %, while it may drop below 20 %
. when the amount of rainfall exceeds 5 nmm:s.

The ratio of the concentration of trace~substances in precipitation to

the concentration in cloud-water varias also with respect to the differont
chemical components. The data presented in the survey in Fig. 27 lack
under the condition that the three sampling stations are separated by a
large horizontal distance, During summer 1963 wc were able to organise
four sampling stations for cloud- and rainwater near Innsbruck-Austria.

We arc grateful to Profesasor Hoinkes, depariment of Meteorology and
Geophysics, University of Innsbruck and his colleagues for the cooperate
ion extended to us.

Thesc sampling stations are separated by a verticel distance of 1800 ntrs.
and a horizontal distance of only 6.5 kms. Fig. 28 shows a vertical
profile of the four stations., Uiider these provisions we arc certain that
the rein falling at these four sampling stations originates from the

samc precipitation-process, that ncans from the seme clcud-system. Apart
from that, thc two stations in 1800 mirs. altitude and in 2300 mtrs.
altitude are inside the clouds, when it rains. We can taerefore digtin-
guish between the incorporation of trace-substances intos rain-elements

by rezinout and by washout,

During summer 1963 we have analyzed ten cases of rainfall which were
collected during simultaneous rainfalls at the four stations. In Fig. 29
we have plotted the results. It can be secn that the amount of rainfall
which was recorded at Innsbruck - basc-station was only about 70 % of
that recorded at the same time on Hafelekar. The amount of rain on
Hafelckar was normalized to 100 %. This incrcase of tho quantity of rain
with increasing altitude is a well-known fact to metcorslogists. The
electrolytical conductivity representing the total-tracc-substance con-
centration in rainwater on Hafelekar is 63 ,o when we ncrmalize the
Innsbruck-value to 100 %, This is in agreement wita thc data given in
the survey in Pig, 27 showing that about 2/3 of the totzl trace~substance

concentration measured at the ground had been incorporated inside the




clouds, mainly by rainout while about 1/3 of the total trace-subsiances
have been incorporated below the cloud-base and are & result of washout
and partial cvaporation.

With respect to the individual ions analyzed, Fig. 29 shows & considerabdle
diffcrence with respect to the decrease of concentration with altitude.
While the Na-concentration decresses quite strongly and was found to be
only 20 » on Helelekar ocompared with the Innsbruck-value the concentration
of Chloride in rainwater ies 80 % on Hafelekar compared with the Innsbruck-
value..

Conclusions

The chemical analysis of individual rainfalls reveals a decrease of the
concentration of trace-substances with increasing quantity of rainfall.
Four different types of the relationship can be establishcd. The validity
of each type depends on the location of the sampling station and the
surply of atmospheric trace-substances into the reining c¢louds. Investi-
gations on mcuntain tops inside clouds show that this type of relaticn
does not hold for rain collectcd within clouds, This stresses the im-
portance of the processes taking place below the cloud-base (washout

and evaporation) for establishing thc relation between concentration

of trace-subatances and quantity of rain.

Analysis of the tracec-substance concentration in rain and snow carried
out simultaneously during the winter-period emphasise the high collection

efficiency of snow-flakes below the cloud-base.

Detailed analysis of chemical components in rainwater during the course
of individual rainfalls and continuous records of the electrolytical
conductivity show that wvariations cf the trace-substance concentration
of rainwater are influenced by ¢hanges of raineintensity and by changes
of the altitude of the cloud-base.

¥




.Ix':v-es-tiga-tio'ne 3».;-:@1&& out af ;'féiioha in &iﬁ‘erent alﬁtaid&é present
information on the relative importance of rainout and washout. Approxi-
mately 50 % to 80 % of the total conccntration of trace-substances
measured at the ground are incorporated inside the c¢louds. The exact
ratio rainout/washout depends very much on the gquantity of rain fallen
during each individual cape of precipitation,

Besides acrosol-particles scluble gas-iremces are incorporated into

cloud- and raindrops. Estimations on the importance of gas absorption

for precipitation chemistry indicate that this procesas may contribute
considerably to the total trace-substance concentration in rainwater.

This has becen demonstrated by preliminary experiments. These investigations
aining to determine the collection efficiency of droplets for gas traces
will be continued with an instrumental setup representing morc closely
atnospheric conditions. It will also bec nccessary to conduct more

research on the partial cvaporation of drops during their fall through

the cloud~free layer below the cloud-base.

The authors gratefully acknowledge thc assistance givon by the personnel
cf the German weather service on Zugspitz-observatory, by Professor
Hoinkes and liss I. Lauffer of the Department of Meteorology and Geo-
physics, University of Innsbruck, by Dr. Stierstadt of the Depariment

of Physics, University of Munich and by the scicntific and technical
personnel of the Department of Mctecorology and Geophysics, University

of Frankfurt.




wns.mam foffverteilung in der Atrnosphare

Weltraum

Entweichen in den
i 2&.2.&?5

. | +=hbw2~=:h durch Vertikalverteilung Absorption in

[ o Wind durch Austausdh Wolkenelementen
M “ A Koagulation

Gasreaktionen

| e

hoﬂos@:o \
im B ersdhlag Aus on
im Niedersdhiag

Quellen Senken Fig.1




L

| hmaouosm

Kok

o

!

¥

ydensation

,_.:: ——
Anjagerung
M<Plp) =

A
) =

wasohen

.wnﬂ.a.c:? tion

20 ) ¢

Spurengase

Absorption
<

\ \\ 7/

7
Niedersadhiag Absorption

.=~ <

Erdoberfidiche

innerhalb
> der Wolke

W unterhald
der Wolke

Fig. 2




e

S0 p Tropfenradivs

umulus

" elemente in Stratus und C
nach Houghton
aufm Kampe - Weickmann

Stratus

40~
X304
- Cumulus
3 - ==
ém‘ L
o | 'L
£ - } ==
10 | Ly
> | .

- ’-—--‘ j L_-}
100 —_— ! re 10~%cm
r-mdcm

2 ~. . Rainout ” von Aerosolen
* 30- in Stratus und Cumulus
£ ™S
§201 N
5 ™~
" ™~
‘5 10- \ \r.w"cm
o ~o
+ G Cumulus
~ === Gtratus
S 3
X

2-

r-w"cm
Zeit

b

0 20 40 60 . 80 100 @ 120 . %0 Min.

o i aat



Gasuhr

0,

J
'

J
'

[
P

Misdhpumpe

&

S0, -Messung :.:\
" ;_ ‘ —w _Bulzhmmgﬁ

A W
| Fig. 4
CoME i .




Zusammenhang zwisadhen nar?o?ema
° Leitfdhigkeit und Kationen im
Regenwasser.

(Aprit 1961 - Mdrz 1962 )

® (US/em )

70 80 90 100 10 120

x Kl Feldberg /Taunus
x e Langen b. Frankfurt a M.
o Zugspitze

x

Zusammenhang zwisdhen elektrolytisd
Leitfahigkeit und Anionen im

Regenwasser.
(April 19671~-Mdrz 1962 )

60

Q&ﬂhh&.’s» m..a.b.m
0 8 9% 100 10 120



Agquivalentleitfahigkeit (t=18°C)

OH - ionen

10" 107 [H*] Mol /t
) ¥
75 8 85 9 pH-Wert




Verteilung von NH, in Gasphase, flissiger u. fester Phase
Kernzahi ﬂ.

Spurengas

Niedersdiag w—2ugspitze

~——Corviglia bei St. Moritz

- St Moritz

~——Kl.Feldberg/Ts,

, =——Franklurt a.M.
uHc ¢/m’®

[ an Py / | L0 Tou




Verteilung der NOs—Konzentration in Gasphase, fliissiger u. fester Phase

&
Kernzahi 10

Spurengas Niedersdhlag
e ZUGSPitZE

St . Morit2z

——K{.Feldberg/ Ts.

e Ak furt a.M,




+-000
oz
[~
Loso
000
00
ort
oy

}Y‘v v v‘v.v XY X ) o o
L 2
3 2
<
g
8y
o 2.30mg/ I >, 2 é: g..._:
7 77 2 Q e_ Q-
o 2bmay - —
b ]
~
5
3
S
2
.
N
N
o
3
3
’vv.v T v' v.v’v’v‘v‘
@ R Xmgll XXX @ &
5 Ao I N
- Y
]
=]
N
a 0omg &
v o S
n e//LMmz!&/.»{f‘ , ,




wrlifinis der dnurenstoikongentration in Schauern und Landregen in Frankfurta.M.
M.f Juli 1956 - Dez.1957

a = Schauer (21 Fdile)

Was. Regenfille >2,0mm
b = Landregen ( 4{ Falle)

"

o

N

0

o

%

2

N/
-

X -,
%
o

9/L%

A%
mg/

¢ N N N\

A

!

X 230m

“

ey

sy

YV
7

7

ak

Fig.8




20 Frankfurt o M. Juli 1956 — Dez. 1967

Y

Fig.10

-

0 20 30 50 100
mm Niedersdhlag

o
-~
<
LY
o
w
o
Oy
~—~
~ -
w-
(%, ]




Ni.Feiddergf Ts. Mérz — Dez. 1957

-

ar "2 07 05 1 2 3 § 1m0 20 30 S0 100
mm Niederschiag

Fig.




llll

1

{relative Einheiten)

1 1 11

L

Konzentration tog K

T |

yyyyyy

Sthweden

Georgi -~Weber (19560)
St Moritz
elektrolyt. Leitfohigke:t

Junge (1953)
theoretisch

Podzimek et al.(1958)
Tschechoslowake!

Sugowora et al (1948)

Georgui (1957)

Frankfurt/M

eorgii {(1957)
aunus -Observatorium

inzpeter {1959 )
Radiooktivitat im Regen

Hinzpeter (1859}
iooktivitat im Schnee

irson (1960} Miiford Haven
Cs 137 Regen/Luft

~ a0r oM (1958)

w England

o

. . Nuedersm‘logsmenge h (mm)
) 0 5 w0

Fig.12




N NTQQO wind Loa s

O ! -

....1,.33.». i — -~ Geographic situation
G, | ’ of Mauna Loa - Mauna Kea

)/ Saddle in Howaii
Ti -~ (after Mordy)

b e e @ @

Saddle profile

R = special raingages
used for evaluation

1 | | ] -

T ] J '
5 10 5 20 25 30 35 40 Miles Fig. 13
Miles from Hilo



L ¢ raniel » Howe: :

500m X00m

10 .oy e 10—

0! T ] Q.1 e 1

700—1 100

300 600m
Salt \ "

my/’ ‘\ mg/l ~__ :

: N AN - \ _y




Chemische Anciyn m Etmrelnmmiﬁm
Zugspatzo Amf 1981 -Aprii 1962  { Probe 1-156 )

'0"1 NH‘ .

J mg/f .
"- * e g0, o : 0‘.. ’ o4
; Joee et ’
0.1 ——— e e S
a7 ] oo 0 - . 100 mm
100 olektrolytishe . . = T,
7 Leit,ahigkeit . '. e ..° «3
J ﬂs/cm ¢ : ..'. . :. . o:O,:o . ** :.
. . : . * ....:;..': o, °® :::: \ oo
e . ) .o:"u‘: ¢ o *° . .
,0“" o: .. . 0'
T desi. .
4 Wasser .
Regenmenge
’ i | ¥ 1 g '  § ¥  § ‘TT ¥ LA hJ ¥




50; NH-.--.

™/

40 20+

30 154

20 104

i0 54

SR

Kerne (re! Einh )

N ZWJW
A-rfkmﬁwnzﬂf aoaoa
- 70 000
mm -~ 60 000
/h
- 2

_ Niedersdhiags -
intensitat

=== 50‘

r Konzentration von
: SO‘ und NH4

! im Regenwasser
!

{ ]

]

§

Warmfrontregen
25.2 1960

4.0 Fod P - ;



Abhdngigkeit der Aitkenkernkonzentration

70 ﬁ%\nsu von der Niederschlagsintensitdt
J1996) (Frankfurta.M. 1959/60)
~
654  ~,_(298)
| ~.(218)
=~ a8
60~ T~
T - .NN& 1)
55 e
mcld;\ ¥ T 7 T T
05 10 15 20 25 mm \
h

Fig.18




e

3“

Sammeltrichter

fvm

'

rlauf

1

Grofiflachen-

\ Zdhirohr

Jmpulsratemesser

/

/’

zur Leitfahigkeits -
mefizelle

AY

AW

\

Registriergerat

Fig. 19b




pH-~meter ﬁ

i

no:.m:n?.. )
meter measuring-
! T2 _ cell

M Sdhematic diagram
! | of continuous recording Fig. 19a
- conductivity - meter

and pH-meter




HS/km
60-

50+

40+

30+

20+

10+

SW—

012-
0.10-
008-
006+
0.047
0.02-

0.00-

mm/min

Windgesahwindighkeit

J

o1 mg/m*’ 502
~205

0
Niederscdhlagsintensitat

einzelner Schauer

r= 1311962
L _1000m

Wolkenbasishohe
< 500

-0

elektrolytische Leitfiihigheit

¥ i
19 20 Uhr




Ly
”Q.Al Q\su

03

S-w més

01

g

1 20-
2.4
| 18-
i 124
| 05+
0

#/orm

S0z - Konzentration

Ay

‘IJ.II. SE

| 26+ mmj,

o O,

Windgesahwindigheit [ O

Niedersahlagsintensitat
)

\\\

26.10. 1961

==
L
Q.Kl )

. |
ERurolytische Leitfchigheit
4

PRRRSUREN —
il SSW—=
3
4 Folge von Schauern
3
_2700.1961_
6
| == - -Wolkenbasis-
| hhe
)
J

-2000m

1500

mis

Wolkenbasis




§0-
504 ’ NO; 5mg)
| (Ridksaitenschauer)
04 : 1371961 ¢
|
304 : 1 -3
| !
§ : }
2 04 E : :' '.V 4
| D
{ |
104 P I % U
;oL _J %
Zy Lo

0- 12 y;.w 1200 300 {320 a“f K00 K0 Moo 1520 (S0 500 pg20

Uhrzeit
02 s 1 2 §
K- LK Vi 2 NOy
v “em ™9
100 10
-50 +5
- o p=
NO; 20 |2
Abnahme der Gesamtleitféhigkeit Lo L1

und NO; - Konzentration des
Modorsdblags vom 1371961 ( 11%° - 16%)

-5 105
K;= Konzentration der einzelnen
V; = Menge Modcrsdblagsprobe#_ 2 baz
Fig 22
T -+ y =1 W7

a2 as 1 2 5 10
mm Niederschlag




- A e s Al G W SIS . - -

\\\‘

\

intensity of rain

23 Oct. 19617
efectrolytical conductivily of rain

Fig 23

2 23 %




054 ’"glmi

Wind: SW 2-25 mk

04

0.3

cloud - ceding

electrolytical conductivi.
of rain

m 20 2 2 2 Xx 1 2 3

Fig.
2/8 1 1961




Schematische Darstellung des Zusammenhanges zwisdhen
Intensitdt und Spurenstoffkonzentration des Niederschlages

u Einzelschouer II Folge von Schauern Il Aufgleitregen

o7z 07722 7 77 ren

| T=—-
|= 1 Stunde wenige Stunden > 3 Stunden

Fig.25




7 .5 e/ Q002 05 1 5 10 mm/h

02 05 1 tm\n“‘* /

[ WS W

Skm 60

2563 0663

[
0.2 -15mm/n é
10l 100
* . 60
, . 26 L
0.3 -Smm/h

5663
12-00mm/h

5% O

[=]
~N

12761
, 16-12mmm

N28

Mittierer Veriou! ous
10 Spanmrn (Frankturt aM )

K 1.Ha--

S8 F s ¥F
Y
!
!
1
]

9 . /”.II
. ~T~
604 | ~ ..U./
IR 3 , ~ /h‘s-?:..\cc Mr Re D~ Re
s - ot Akthist N ./:ohxxs_
r Itwq/ - '(rel. Einheiten) // Strotus
201 =OmmA | N - Cumuius
@ @2 s 1 3 §F % o 2 & 1 3B mmih
mrn/h
Fig. 26




before after Budget of
theonset of rain trace-substances
in rain-water

dilution

coalescence

| condensation
land attachment
. of particles

‘.
- ‘b B o™ LA T 3% Y ’..---‘-'---"-~.-‘

-
L}
-
L ]
*
P -.-- afPhm oW
“'.."-.---*--’ - ebun

accumulation trvards s
the cloud- base ' ;-

?aambnl of

pa § evaporation
,_ race-substances

H=elec. ngqcn:sQ |
uS Jem

@\\\\ o

&=55

, 777777777777 7777777
" Earth -surface

Fig, 27




. 2250- | Vertilralprofil der Niedersthiag-u. Wolkenwasserstationen
bei_innsbrud
. 2000+ Wberhohung 4:1

- 1500-

1250+

il : ?-'—;:%'-i-;;-i\i':,:i,‘_',,,:_': et e £t i e PURIPURR L UCR LINY TP ) S SR T g p e ]
s A N S R O T e T oot K

(Met.inst.) (1)

b T T3 7T T & km
g Entfernung (Luftlinie)

Fig. 28




ch\n_:

NH,

.

AN

e emevm——

0 1mgA

2

1
Spurenstofflonzentration 5

r

3mgft 0 1 Y0 1
—




