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ABSTRACT 

An atmospheric feedback process is tentatively presented as a possible explanation of 
the rapid increase of charge densities and field strengths in thunderstorms. This pro- 
cess requires fulfillment of two conditions, viz.: (a )  Appreciable amounts of nitrous gases 
are formed inside the cloud by electrical discharges (mainly by silent ones), thereby 
increasing the NOa’ ion concentration in precipitation particles; (b)  When ice crystals 
break up into pieces, electrical charge separation occurs to an extent depending on the 
abundance and the distribution of NO,’ ions inside the crystals. 

Field observations: Statistical analysis of NO,’ concentration data from precipitation 
sampling simultaneously conducted a t  700, 1 800 and 3 000 m a.s.1. throughout a five- 
year period established a definite increase of NO,’ abundance with increasing in-cloud 
turbulence and electrical activity. At 3 000 m, a direct correlation between NO.’ con- 
centration in precipitation and the time integral of electrical field strength at 3 000 m 
was found. The NO,‘ ion concentration in precipitation was not affected by the number 
of lightning discharges. Evidently, the combined effect of all corona discharges on or 
between precipitation particles or cloud droplets determines the increase of NOs’ ion 
concentration in precipitation. 

Laboratory measurements. The ion concentration gradient in ice particles prior to frag- 
mentation determines the amount of electrical charge carried by the individual frag- 
ments of such particles. The amount of negative charge in a fragment is the greater, 
the higher its NO,’ ion concentration is. Where the distribution of NOs’ ions throughout 
the crystals is homogeneous, no charge separation occurs. These results may explain 
both the rapid increase and the subsequent collapse of the electrical activity in individual 
thunderstorm cells, besides clarifying the processes involved in the formation of the 
principal space-charge zones of a typical thundercloud. Water drops were dropped onto 
a rapidly rotating ice sphere, and the droplets thrown off by centrifugal force collected 
on a surrounding electrode; the charge accumulated on the latter was measured. An in- 
vestigation of the effect of NOs’ in the water produced the following result: the charge 
increases up to a maximum as NOa’ concentration is increased from below 0.002 to  0.2 y 
NOs’ ions/cm3, but declines when the latter level is passed. The charge separation caused 
by collisions of ice particles with raindrops in the lower layers of a thunderstorm or 
shower cloud are thus seen to be affected by the NO,’ content of precipitation. 

1. Introduction 

The last 15 years have seen ever-increasing 
effort toward clarification of the physical pro- 
cesses involved i n  the electrification of thun- 
derstorm clouds, and repeated attempts have 
been made t o  determine the  electricity “budget” 
of a typical thunderstorm. On reviewing the 
reaults of this research as presented at the last 
three international symposia (Smith, 1959; 
Coroniti, 1965, 1969), we must  conclude that 
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we are, as of now, unable to budget for thunder- 
storm electricity; moreover, we  must  concede 
that we cannot identify the most effective 
mechanisms of thunderstorm electrification. 
There will always be several electrifying mech- 
anisms working simultaneously in  any given 
thundercloud, and some of these will play a 
major part in  starting, others in continuing and/ 
or maintaining the space-charge build-up. The 
processes involved in  a given storm, and their 
succession in  time and their relative importance 
will depend on weather and/or climatic factors. 

We still do not know mechanisms that could 
be invoked to explain the explosive growth of 
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cloud charge or the sudden cessation of electrical 
activity often associated with a thunderstorm 
cell. This explanation gap exists both for the 
qualitative and the quantitative aspect of the 
problem. This situation justifies us in pointing 
to a mechanism that has gone largely unre- 
garded up to now, although we have taken it 
into consideration for roughly the last ten 
years: the process in question does, in fact, ful- 
fill the requirements for a cloud electrification 
mechanism to a remarkable extent. 

2. A re-evaluation of the role of impuri- 
ties in ice and water with respect to 
generation of electrical charge 

The effect of traces of different inorganic 
compounds dissolved or enclosed in, or adsorbed 
on, precipitation particles impinging on one an- 
other in or below clouds has been regarded for 
some years as an important phenomenon in 
thundercloud electrification. The scope of this 
Report is too limited to permit discussion of the 
considerable volume of research done in this 
field; we may, therefore, restrict ourselves to 
selected references: (Workman & Reynolds, 
1950; Reynolds, 1955; Reynolds, Brook & 
Gourley, 1955; Workman, 1963, 1967, 1968a, 
b) .  The latest laboratory measurements reported 
by Workman indicate that ammonium com- 
pounds are especially active agents involved in 
charge separation on physical conta.ct of preci- 
pitation particles, especially in the case of super- 
cooled water drops impinging on “cold”, i.e. 
non-melting atmospheric ice. 

This thunderstorm electrification mechanism 
does, however, depend on the amount of 
inorganic-especially ammonium-compounds 
stored in the troposphere; the impurities may be 
present as gases or aa adsorbed or enclosed 
matter in or on particles. In  either case, their 
total amount is subject to appreciable washout 
(cf. Sect. 6a), which in turn is a complex func- 
tion of intensity, duration and other character- 
istics (e.g., type, particle-size distribution and 
time history) of the precipitation concerned (cf. 
Reiter & Carnuth, 1965; Georgii & Weber, 1964; 
Georgii & Beilke, 1966; Reiter & Carnuth, 1969). 
Hence, intense precipitation from thunder- 
clouds-especially of the tropical type with se- 
veral hours’ uninterrupted intense rainfall- 
must cause very considerable depletion of the 
stock of anorganic material needed for electrifi- 
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cation, and thus must lead to enforced cessation 
of the electrical activity initiated and main- 
tained by the substances in question. 

Early experience gathered at our Institute 
gave some indications as to the nature of the 
interrelation between NO; and NO: abundances 
in precipitation and atmospheric electricity 
(Reiter & Reiter 1958; Reiter, 1960): the data 
were consistent with the existence of some 
“feedback” mechanism that reproduces both 
N-0 compounds and electrical charge in a con- 
tinuous manner, and sometimes leads to an 
explosive multiplication of the latter. This hy- 
pothesis presupposes catalysis of charge sepa- 
ration by N-0 compounds; laboratory tests are 
necessary to prove that such catalysis exists 
before the proposed feedback mechanism may 
be considered as a real electrifica.tion factor. 

3. The atmospheric electrical 
feedback mechanism 

In  earlier investigations we have shown 
(Reiter, 1958, 1960, 1964, 1966, 1968a, b; 
Reiter & Carnuth, 1965; Reiter & Reiter, 1958) 
that the NO; ion content of precipitation at  al- 
titudes between 700 and 3000 m a.s.1. increases 
considerably as the meteorological turbulence, 
the vertical exchange coefficient and the electri- 
cal activity in the cloud space increase. From 
this and other experience we concluded that 
electric discharges occur on or between preci- 
pitation particles in turbulent cloud air (Malan, 
1963; Sartor, 1963, 1964, 1967a. b, 1968 and 
others) whereby traces of nitrous gases sub- 
sequently dissolved in cloud droplets and preci- 
pitation particles are produced. A majority of 
NO; ions (produced by quick oxidation of ini- 
tially formed NO;) may be finally found as a 
stable compound (for details see Reiter & 
Reiter, 1958; Reiter, 1964). Traces of NO; ions 
in precipitation may (in agreement with investi- 
gations of the Workmann-Reynolds-Brook team) 
increase the amounts of charge separated upon 
fragmentation of solid precipitation particles or 
upon contact of ice particles with droplets. 
This increase of separated charges will in turn 
increase field strength in the space through 
which the precipitation is falling. This will fur- 
ther increase the concentration of nitrous gases 
wherever silent or visible electrical discharges 
occur. The nitrous gases will be absorbed by or 
incorporated into the precipitation particles, 
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thus raising the NO; ion concentration. We are 
thus dealing with a cycle causing a continuous 
mutual enhancement of the electrical charges of 
both the cloud and the precipitation particles 
(Reiter & Reiter, 1958). This concept of a cyclic 
process seems especially promising as it in- 
cludes the continual regeneration of the “cata- 
lyst”, i.e. the nitrous gases and the NO; ions in 
the precipitation particles. 

4. Scope of this paper 

The object of this paper is to present a review 
of the experience gathered on the interrelations 
between NO; and NH; abundances in precipita- 
tion and meteorological conditions in the lower 
troposphere, including atmospheric-electrical 
activity; furthermore, to test the conclusiveness 
of any results by statistical analysis. 

In  addition, first results of direct measure- 
ments of nitrous trace gases in shower and 
thunderstorm clouds will be given, and per- 
tinent laboratory experience applied to the 
problem of recognizing effects (if any) of N-0 
compounds on charge separation in precipita- 
tion particles. 

The formulation of a theory of the processes 
affecting the precipitation particles as a result 
of N-0 incorporation is beyond the scope of 
this study; the same may be said of deriving an 
electrical thunderstorm budget and an appro- 
priate model of the feedback mechanism out- 
lined above from the data. 

We do intend to clarify beyond reasonable 
doubt whether the feedback mechanism de- 
scribed in Section 3 may be regarded as an im- 
portant factor in thunderstorm electrification. 

5. Field observations 

This Institute comprises three nearby moun- 
tain stations, at which simultaneous recordings 
of all important atmospheric-electrical and 
meteorological parameters have been made for 
a considerable number of years. The frequency 
of precipitation samplings was adjusted to the 
intensity, type and time history of the precipita- 
tion concerned. 

In  Table 1, name and altitude of each station 
is listed, and the distance of each site from neigh- 
boring stations is given in km. The concentra- 
tion of NH; and NO; in precipitation is measured 

Table 1. The stations 

NO3’ and NH4’ Alti- Horizontal 
measure- tude m. distance from 

Name ments since a.s.l. Station a, km 

Garmisch- 
Partenkirchen, C7 1956 740 0 
Wank, W 1958 1780 3.5 
Zugspitze, Z 1963 2964 12 

by means of a spectral photometer; Nessler’s 
reagent is used for the former and a process de- 
vised by Potzl & Reiter, 1960 employed for 
the latter. A superior degree of sensitivity and 
accuracy is thereby attained. 

6. Results of field studies 
( a )  Effect of rainfall quantity on NO;  and N H ;  
concentration in precipitation 

If an inorganic compound is to maintain the 
feedback mechanism, it may not be severely 
depleted by wash-out due to heavy rainfall from 
shower or thunderstorm clouds. Substances un- 
dergoing severe washout depletion and lacking 
sources in the free atmosphere must become less 
and less concentrated with increasing rainfall 
amount. This well-known relationship thus be- 
comes a criterion for the effectiveness of a com- 
pound as a catalyst for cloud electrification. We 
have therefore scrutinized the correlation ob- 
taining between the NH; or NO; concentration 
on the one hand and the amount of rainfall 
on the other. The results are summarized in 
Tables 2 to 3. 

It is readily seen from Table 2 that there is no 
significant correlation between rainfall amount 
and NO:: concentration as against altitude and 
type of precipitation. However, if all of the 
NO; data for each station are combined without 
differentiating types of rainfall, a surprisingly 
significant po8itive correlation is found at all 
levels (example: Station G, NO; see Fig. 6a).  
NH, ions are markedly different in this regard. 
Even when precipitation events are separated 
as to types, a negative correlation is invariably 
obtained (Table 3). If all types are combined, 
a significant negative correlation between con- 
centration and rainfall amount is found, holding 
good at all levels. The regression lines evidencing 
this are shown in Fig. 6a. 
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Table 2.  Correlation of NO;-content in 
precipitation with precipitation amount 

Explanation of symbols: a, W ,  Z =Name of stations 
(cf. Table 1); r =correlation coefficient, rz confidence 
limit of r (for 3 x a); N =number of cases 

Precipitation 
Station type r r.? N 

W 
a 
2 
W 
a 
2 
W 
a 
2 
W 
a 
z 
W 
Q! 

0 * * * 
h 

A 

* 
* 
t 

x x 
x 

.J 

- 0.09 
+0.12 
+ 0.06 
- 0.04 
+ 0.28 
- 0.18 
- 0.09 
+ 0.03 
- 0.04 
+ 1.10 
- 0.09 
+ 0.28 
- 0.02 
+ 0.09 

0.48 35 
0.35 71 
0.29 99 
0.35 71 
0.55 25 
0.61 20 
0.30 95 
0.24 150 
0.23 184 
0.29 109 
0.39 55 
0.30 95 
0.30 95 
0.30 96 

Obviously, there is a marked contrast be- 
tween NO; and NH& with regard to concentra- 
tion as affected by the amount of precipitation 
per given event. NH& concentration declines as 
rainfall increases: this must be attributed to 
marked washout in the absence of regeneration. 
Hence, no ammonium source of any conse- 
quence can exist in an unpolluted atmosphere. 
Therefore, ammonium compounds need hardly 
be considered as possible factors in cloud electri- 

Table 3. Correlation of NHi-content of preci- 
pitation with precipitation amount 

Explanation of symbols: cf. Table 2. Regression 
line, cf. Fig. 6a 

Station Precipitation r +Z N 

W 
a 
z 
W 
a 
z 
W 
a 
z 
W 
a 
z 
W 
0 

* * * 
V 

V 

* 
* 
* 
.t 

x x x 

- 0.17 
- 0.25 
- 0.29 
- 0.24 
- 0.40 
- 0.65 
- 0.33 
- 0.33 
-0.13 
-0.17 
- 0.21 
- 0.44 
- 0.33 
- 0.23 

0.56 24 
0.42 47 
0.38 61 
0.43 45 
0.61 20 
0.74 12 
0.36 65 
0.29 107 
0.24 140 
0.33 81 
0.43 40 
0.36 65 
0.37 62 
0.36 65 

fication. Most of the ammonium compounds in 
precipitation is formed at ground sources by 
compustion and decomposition. Some of the 
N-0 compounds must certainly be also washed 
out, but there must be an in-cloud source over- 
compensating such losses, as mean NO; con- 
centration is Been to increase significantly with 
the quantity of precipitation. It must be borne 
in mind that an increase in mean the rainfall 
amount is a reflection of transition from steady 
to shower to thunderstorm precipitation. As 
will be shown below, reproduction of NO; is 
primarily a function of atmospheric instability. 

(b) The correlation between NO: and N H &  content 
in precipitation collected simultaneously at differ- 
ent altitudes 

If an intracloud source of the N-0 compounds 
found in precipitation exists, there must be a 
strong intercorrelation of the amounts of such 
compounds found at different levels after ecah 
precipitation event. Fig. 6 b  proves that this 
proposition is well founded in fact: the said 
correlation is actually a strongly significant po- 
sitive one. A similar study of NH; content also 
furnishes a statistically significant positive cor- 
relation (Table 4), but this is less marked than 
the NO; correlation. It may be surprising that 
a significant positive correlation can be found 
a t  all for NH;, as washout studies indicate that 
no significant in-cloud ammonium sources 
exist; only the well-known ground sources of 
NH, can possibly be involved. The correlation 
as found must therefore be ascribed to vertical 
mixing; we will discuss this in Sect. Be. 

Table 4. Correlation coefficients for NHi-contents 
in precipitation collected simultaneously 

at 2 stations 
Explanation of symbols: cf. Table 2 

r N Stations r.? 

a/ w + 0.34 0.17 280 

alz + 0.29 0.17 279 

(c) Variation of NO: and N H &  concentration in 
precipitates with height, as influenced by the type 
of precipitation 

As the source of nitrous compounds found in 
precipitation is located inside clouds, there can 
be no marked variation of NO; in precipitation 
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type ofprecipitation 

50 100 % 150 

Fig. 1. Variation of NOa’ concentration in precipita- 
tion with height, as found from simultaneous meas- 
urements at three stations (Zugspitze 2, Wank W ,  
Garmisch Q), for different types of precipitation; sta- 
tistical scatter of the averaged percentages H; (NO; 
conc. at Q = 100 yo). 

with height, except for intracloud variations 
near active NO; source centers; such centers 
are probably very limited in extent, but may 
make themselves felt by producing exception- 
ally high NO; readings a t  mountain stations. 

In Fig. 1, the variation of NO; concentration 

J --- 
, I  

oliilude 
hm - 

Fig. 2. As in Fig. 1, with NH,’ substituted forNOs’. 

in precipitation is plotted in terms of valley 
station readings, the latter being equated to 
100%. The relative deviation of NO; concentra- 
tion versus height was determined for each in- 
dividual “event”. Precipitation of the same 
type (cf. top of Fig. 1) was averaged as to NO,’ 
to obtain reliable data on the extent of relative 
variation with height. The scatter of the aver- 
aged NO; percentages is shown by the hori- 
zontal bars in Figs. 1 and 2. We can draw the 
following conclusions from Fig. 1: in steady 
precipitation, NOS concentration increases down- 
ward, especially where snow is concerned. In 
rain, concentration increases the less, the thicker 
the layer of rain involved. No increase in con- 
centration shows up from a rain-layer thickness 
of 2 km on. This is readily understood, as the 
wash-out effect is greater in snow than in rain. 
However, there must be an increase of nitrous 
gas abundance downward, or an even distribu- 
tion of such gases with height, if the thickness 
effect is to exist as observed. This condition 
would be fulfilled if primary sources of NOS are 
located near the ground. 

Increases in NO; concentration downward 
are found in snow shower conditions. In  showers 
with increasingly thick rain layers, the NO: 
concentration increases steadily with altitude, 
and showers with rain at 3000 m a.s.1. are 
marked by a uniform increase of NO; from the 
lowest to the highest level. This phenomenon is 
strikingly enhanced in thunderstorms. We ex- 
plain these results by assuming that nitrous 
gases are generated in quantity by shower and 
thunderstorm processes in the immediate or 
more remote neighborhood of the mountain 
stations, and that less nitrous gas is formed 
above the valleys than near mountain peaks. 

We now may safely state that considerable 
amounts of nitrous gases are incorporated in 
shower and thunderstorm clouds, and that these 
gases are produced within the clouds by up- 
drafts and turbulent mixing associated with 
electrical processes, as will be shown later. 

Much may be learned by comparing the NH; 
and the NO; content of precipitation in their 
different variation with height. NH; con- 
centration always declines (Fig. 2) markedly 
with height between 1800 and 3000 m a d . ,  
without specific differences due to the type of 
precipitation. There is sometimes a slight up- 
ward increase in NH, between 700 and 1800 m. 
This is likely to be due to local mixing entailing 
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Table 5 .  Average NO;- and NH;-concentratiom in (y/cma) different types of precipitation at the 
stations Zugspitze ( Z ) ,  Wank ( W )  and GamGch (a) 

Type of precipitation 
* Chemical compound Station 0 * V x 

NO,’ 

NH; 

z 0 .4 l f0 .10  0.54f0.03 1.44k0.14 1.78k0.07 1.83k0.04 
W 0.72k0.08 0.79k0.10 1.28k0.07 1.91k0.09 l.68k0.07 
U 0.79k0.07 1.12 kO.18 1.29k0.07 1.67 kO.10 1.39t0.08 
z 0.54k0.20 0.30k0.05 0.47k0.14 0.57k0.05 0.62k0.08 
W 0.48k0.18 0.38k0.08 0.52f0.08 0.41f0.05 0.55+0.09 
a 0.43k0.12 0.24k0.09 0.68k0.06 0.62k0.12 0.51k0.08 

7 30 

Fig. 3. Frequency diBtribution of NO,’ ion concentra- 
tion values for different types of precipitation, based 
on 1089 samples collected between March 1964 and 
March 1967. 
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lifting of pollutants from the valley floor to the 
2 km level. As NH; concentration in precipitates 
diminishes upward above this level, we may con- 
clude that there are no ammonium sources of 
any consequence in the free atmosphere, as 
against the important sources of NO; existing 
at high levels. 

(d) Concentration of NO; and NH; in precipita- 
tion ae affected by the type of precipitation at each 
of the three station levels 

The results stated in Sect. 6 c  are proof of an 
effect of precipitation type on the concentration 
of NO;. This “type effect”, however, is not only 
observed at mountain locations, but also-cf. 
Table &at the valley station. Centers of gen- 
eration of nitrous gases cannot be exclusively 
confined to the neighborhood of mountain-tops, 
but must exist in any shower or thunderstorm 
cloud. As our averages do not furnish a suffi- 
cient degree of reliability, we have plotted a 
frequency graph for NO; concentration “classes” 
(each of which is defined by an upper and a 
lower limit) for each type and station level in- 
volved (Fig. 3). The shifts in the curves on 
transition between steady to shower and shower 
to thunderstorm rainfall are very marked in- 
deed, and can by no means be construed aa ef- 
fects of mere chance, as the shift is seen in each 
station diagram. On the other hand, no such 
effect waa seen to exist with respect to NH; 
concentration. 

( e )  Relationship between NO; concentration and 
vertieal mixing activity 

The findings described up to now indicate 
that production of nitrous gases in clouds is 
some function of turbulence or mixing activity 
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in and around formation centers. This proposi- 
tion may be checked by reference to vertical- 
mass-exchange coefficients computed from 
RaB data; the latter originate from simulta- 
neous measurements of RaB abundance in am- 
bient air (for details, cf Reiter, 1964, 19688, 
1967, 1969). We have two sets of mass-exchange 
data at our disposal: 
Mean vertical-mass-exchange coefficient A, for 
layer 700-1800 m. Mean vertical-mass-exchange 
coefficient A, for layer 1800-3000 m, the units 
of A being [ g  cm-' sec-l]. 

Fig. 6c shows the correlation of A, with NOS 
concentration in precipitates collected a t  the 
three sites. Correlation of A, with NOS con- 
centration in precipitate at W and C: 

W:r = +O.O5r, =0.17N =276 
G:r = +O.llrz =0.17N =278. 

Table 6 comprises similar data for NH;. 
We draw the following conclusions from the 

tables and the regression diagrams: 
A significant positive correlation exists be- 

tween the NO; concentrations observed a t  all 
three levels and the value of vertical mixing 
activity between 1800 and 3000 m. The strength 
of the correlation increases upward (Garmischd 
Wank+Zugspitze) and is quite impressive a t  
the Zugspitze Station (3000 m). There is, how- 
ever, no significant relationship between NO; 
abundance and vertical mixing between 700 and 
1800 m a.s.1. We conclude that turbulence in the 
''free'' upper layers only is a factor in NOS gen- 
eration. This is in agreement with our concep- 
tion of production centers existing inside clouds 
while precipitation is falling. Such centers would 
be expected to be located wherever there is a 
maximum of physical activity, i.e., a peak num- 
ber of particle collisions (iceice and ice-water), 
particle fragmentations and electrical discharges. 

If the sources of nitrous gases were located 
exclusively, or even predominantly, near the 
ground', the NOS concentration would cer- 
tainly be affected by variations of the mixing 

1 The total intracloud production of N-0 com- 
pounds (which takes place only during precipitation 
events and in active atmospheric turbulence) is, of 
course, negligible as compared with amounts of such 
components produced by combustion and industrial 
processes; this, however, is irrelevant for the feed- 
back process. Details on 0-N-compounds in the at- 
mosphere in general and their respective sources are 
given by D. R. Bstes and P. B. Hays (Planetary and 
Space Science, 25, 189 (1967)). 

Table 6. Correlation of A, ,  resp. A ,  with NH,- 
content in precipitation 

A,: Vertical mass-exchange coefficient for the layer 
between B and W (800-1800 m); A,: for the layer 
between W and 2 (1800-3000 m); for the other sym- 

bols, see Table 2. 1 Regression line cf. Fig. 6d  

Station r r z  N 

A2 ( W / Z )  z i O . 3 2  0.22 176 
w +0.18 0.22 175 
B +0.15 0.22 175 

B -0.03 0.21 200 
A1 (Q/W)  W +0.36 0.21 202 

activity near the ground; this is not borne out 
by our observat,ions, as these show no such rela- 
tionship to exist. There is, for instance, no in- 
crease in NO; a t  1800 m after the onset of 
active mixing between 700 and 1800 m. How- 
ever, just this is found for NH;, as can be 
gathered from Table 6: there is a statistically sig- 
nificant positive correlation between NH' con- 
centration at  W and the vertical-mass-exchange 
coefficient A,. All other correlations compiled 
in Table 6 are insignificant, with the possible 
exception of a marked effect of mixing activity 
between 1800 and 3000 m on NH; concentra- 
tion, which can be explained as outlined above. 
The crucial fact is that NH, concentration, in 
contradistinction to NO: concentration, is not 
affected by instability prevailing above the level 
at which the precipitate i s  collected. 

The contrasting findings for NO; and NH; 
lead us to the following conclusions: 

The NH; readings typify impurities in pre- 

r- 

Pig. 4.  Relationship between log A, and Sh; A, de- 
notes the vertical-mass-exchange coefficient averaged 
for the layer Wanl-Zugspitze (1800-3000 m), and 
Sh number of sign reversals per hour of the field 
strength during precipitations. 
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4 - 

I * *  

ii 45 15 5 

Fig. 5. Relation between the time-field strength ( t  x E) product area recorded at Zugspitze station (3000 m) 
during precipitation and the NO,‘ concentration in samples of same precipitation. 

Table 7. Correlation of NH;-content in precipi- 
tation with Sh 

Sh = frequency of sign reversal of field strength per 
hour; for other symbols see Tab. 2 

Station r 72 N 

z + 0.17 0.21 196 
W + 0.16 0.21 192 
B + 0.10 0.21 192 

cipitation originating from low-level sources and 
incorporated in precipitation by the washout 
process. Such impurities may well be man- 
made. Unlike such pollutants, nitrous gases 
originate at higher levels inside clouds, and 
their abundance a t  any observation site de- 
pends on the mixing activity a t  and around 
the centers of generation (i.e., the intracloud 
sources). 

( f )  The relationship between the concentration of 
NO; and N H ;  i n  precipitation and atmospheric 
electricity 

Some years ago, we were able to show that 
the hourly frequency of sign reversal of field 
strength during precipitation events depends 
on the degree of instability inside the clouds 
(Reiter, 1958, 1960, 1964). This relationship is 
presented in Fig. 4, using updated observational 
data; the logarithm of the mean vertical-mass- 
exchange coefficient 1800-3000 m (i.e., log A,) 
is plotted as a function of the number of sign 
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reversals of field strength per hour (Sh). The 
latter quantity, which may be interpreted as 
being indicative of “atmospheric-electrical tur- 
bulence”, is set in correlation to the NO; and 
NH; content of precipitation. The result is 
expressed in Fig. 6e and Table 7. The correla- 
tion between Sh and NO; concentration is 
strong and shows some improvement with al- 
titude. There is, however, no such relationship 
between Sh and NH&. This proves beyond rea- 
sonable doubt that variations of NO; concentra- 
tion in precipitation are determined by corre- 
sponding variations of atmospheric-electrical 
activity. This conclusion holds good for any 
non-polluted atmospheric environment. How- 
ever, we have succeeded in furnishing addi- 
tional, independent evidence: observations made 
at the Zugspitze station resulted in a very good 
positive correlation between NO; in precipitates 
and the product of electrical field strength1 (ir- 
respective of sign) and the duration of the pre- 
cipitation event in question. The results are 
given in Fig. 6 f. No significant relationship can 
be found for NH;. This result demonstrates 
clearly that the concentration of NO; in intra- 
cloud precipitation is directly controlled by 
atmospheric-electrical processes, as far as local 
air pollution is not involved. The interrelation- 
ship between NO; concentration in precipita- 
tion, and the product of electrical field strength 
(with sign disregarded) and duration of pre- 
cipitation, is represented as a point graph in 

Field strengths were measured with a fieId mill. 
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Fig. 5, with due reference to the effects of dif- 
ferent types of precipitation. It is readily seen 
from the graph that there is a good correlation 
for all types of precipitation, and that both the 
above-specified “product” and the NO; con- 
centration are affected by the type of precipita- 
tion involved. 

Occasionally the possibility of the NO; con- 
tent of precipitation being influenced by atmos- 
pheric electrical processes has been examined 
by checking concentration data merely against 
thunderstorm and lightning frequency (Vie- 
meister, 1960; Gambell & Fisher, 1964). Already 
on a previous occasion (Reiter & Reiter, 1958), 
we stated that lightning alone could hardly be 
considered as a sufficiently abundant source of 
nitrous gases. I n  order to examine this question 
once again, we used the field-mill curves re- 
corded during thunderstorms to count the num- 
ber of lightning flashes occurring within a maxi- 
mum distance of 0.5 km. 

We have studied the correlation between 
NO; in precipitates and the number of lightning 
flashes during the precipitation events in ques- 
tion. The result is: r = 0.02, i.e. the two quanti- 
ties are unrelated. We must therefore consider 
the silent electric discharges inside the cloud, 
especially a t  the surface of precipitation par- 
ticles and between such particles. 

Reference should be made to papers by Sartor 
who has shown that microdischarges of this type 
occur in convective clouds in very large num- 
bers per unit space. 

(g) Meaaurernents of nitrow trace gases in ambient 
air during showers and thunderstorma. 

Recordings of NO, gas traces were made by 
means of a special instrument developed by the 
German corporation Hartmann & Braun. This 
novel device works on the basis of a chemical 
reaction between NO, gas and a diluted KJ solu- 
tion. NO, oxidizes potassium iodide ions to 
iodine; subsequent adsorption of J on KJ creates 
J; ions, which enter the measuring cell by dif- 
fusion. The current thus generated is propor- 
tional to the concentration of NO,, and is auto- 
matically recorded. The lowest detectable con- 
centration is 0.002 mg NO,/m*. 

The results hitherto obtained by this method 
must be regarded as necessarily tentative. Some 
problems were encountered as the instrument 
was used at the Wank mountain site and not all 
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of these could be eliminated during the period 
covered by this study. 

The results hitherto obtained may be sum- 
marized as follows: The basic (“background”) 
level of NO, concentration is so extremely low 
in the clean air of a mountain site that it cannot 
be measured with the instrument referred to 
above. No detectable NO, occurred during 
showers in the absence of thunderstorm activity. 
However, measurable NO, traces were en- 
countered during 17 thunderstorms located at 
or very near the Wank station. Peak readings 
were mostly around 0.005 mg NOz/ma, i.e., 
slightly above the threshold of detectability. 
There were only four cases in which peak con- 
centrations ranging from 0.01 to 0.08 mg 
NO,/m* were attained. 

Although the above results must be regarded 
as tentative, they indicate that traces of nitrous 
gases exist in thunderclouds; these gases cannot 
originate from any other source than the elec- 
trical processes peculiar to thunderstorms. 

7. Results of laboratory measurement 
During a first period of our work, only the 

charge separation occuring upon fragmentation 
of needle-shaped ice crystals was taken into 
consideration (Reiter, 1963, 1966, 1968; Reiter 
& Carnuth, 1965). In  an atmospheric-electric 
cloud chamber needle-shaped ice crystals were 
formed under certain experimental conditions 
on a cap-shaped copper plate. This “breeder- 
plate” was grounded. We produced NO; ion 
concentration gradients along the growing ice 
needles by adding traces of nitrous gases to the 
air within the chamber. Another method we 
employed was the following: ice needles were 
grown in an electric field between the breeder- 
plate and a positively charged insulated water 
surface located below the horizontally mounted 
breederplate. Weak glow discharges a t  the grow- 
ing crystal-points formed traces of nitrous gases, 
and NO; ions were incorporated in the ice 
crystals during the growing phase. Thus, well- 
defined NO; concentrations were produced in 
the ice crystals. After the voltage applied be- 
tween the water surface and the breederplate 
was cut off, sufficient time was allowed to make 
s m  that the crystal charges induced by the 
electric field had been equalized before frag- 
mentation of the crystal points was effected by 
mechanical shock. The temperature gradient 
along the crystals was measured and kept as low 
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as possible. The crystal points broken off by the 
shocks were collected in a gold bowl connected 
with a vibrating-reed electrometer. The crystal 
fragments were weighed immediately after 
charge measurement and removed by rinsing 
with a few ml of extra pure distilled water. The 
NO; ion concentration was determined by a 
special micro-chemical method (Potzl BE Reiter, 
1960). All NO: ion data and all measured 
amounts of charge were related to 1 g of ice 
splinters. 

The results obtained by this method are re- 
presented in Fig. 7, where the amount of liberated 
specific charge (C/g, ordinates) has been plotted 
vs. the quotient QK (logarithmic scale): 

QK = 

NO: ion concentration in the crystal points 
NO; ion concentration in the truncated crystals. 

In this manner, an approximately linear relation 
of the two parameters was discovered. 

From the practically linear curve in Fig. 7, we 
may conclude: charge separation upon ice crys- 
tal fragmentation is hardly ever effected by the 
NO; ion concentration, but strongly dependent 
on the NO; ion concentration gradient inside 
the crystals. If the gradient is zero, the amount 
of liberated charge is likewise zero; if the gra- 
dient differs from zero, the crystal part having 
the higher NO: ion concentration will be found 
to be charged negatively with respect to the 
other, and vice versa. Moreover, we are very 
well justified in assuming that these effects oc- 
cur only if the absolute NO; ion concentration 
inside the crystals exceeds a certain threshold 
value (0.6 to 1.8 y NO’,/cm* approx). Otherwise, 
other impurities incorporated into the ice 
crystals during their growth in the free atmos- 
phere will give rise to similar effects. (Mention 
should be made of the results reported by the 
Workman-Reynolds-Brook team, New Mex- 
ico, which we ha,ve discussed in our previous 
work, and of the findings of Parreira & Eydt, 
1965). Thermal effects (Mason et al.) may ob- 
scure the phenomenon. 

In  view of the relation represented in Fig. 7, 
it may appear surprising that it was possible 
at all to find any relations between NO’, ion 
concentration and atmospheric electrical ac- 
tivity and/or atmospheric turbulence, as ex- 
plained in detail in the sections above. If  nitrous 
gases are formed in zones of turbulence and 

0 

O /  0 0  

Pig. 7. Relationship between the electrical charge 
created by fragmentation of ice crystals and the NO,’ 
ion concentration quotient QK. 

bring about an increased NO; ion concentration 
in precipitation particles, the NO; ions cannot 
be supplied to the ice crystals at a constant rate 
or be homogeneously distributed in them. It 
will be readily understood that the inhomo- 
geneity will tend to be the greater, the higher 
the total concentration becomes. For, if an ice 
particle with a low initial NO: ion concentra- 
tion falls through a cloud cell where a higher 
concentration of nitrous gases obtains, both its 
final NO; ion concentration and the inhomo- 
geneity will be enhanced accordingly. 

An attempt was made to explain the charge 
separation accompanying crystal fragmentation 
by a diffusion process. It can be assumed that 
NO; ions are non-incorporable extraneous mat- 
ter in the microstructure of ice crystals, and 
hence are immovably located at lattice faults, 
as against the free diffusion of hydrogen ions 
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Fig. 8. Charge separation efficacy factor as a func- 
tion of NO,' ion concentration of dilute nitrate solu- 
tions. Points represent averages of several measure- 
ments; lines connecting points represent sets of meas- 
urements. 

(i.e., protons). If a gradient of NO; exists under 
such circumstances, the protona will tend to move 
down any such gradient, thus creating space 
charges and a resultant electrical field. The 
latter, in turn, resist the diffusion process; the 
final outcome is a state of equilibrium. By intro- 
ducing some simplifications of this system, a 
theoretical estimate of the maximum diffusion- 
generated space-charge density for a given NO: 
concentration gradient may be made. These 
model estimates, however, furnish charges of 
only about 1 % of the experimentally observed 
amount. However, the calculated electrical po- 
larity of the charged ice crystal agrees with our 
experimental findings. (For details, see Reiter & 
Carnuth, 1965; Carnuth, 1968.) It is clear from 
the foregoing that a refinement of the theory is 
needed. 

Experiments of a different type have been 
carried out recently (Reiter, 1968). Water drops 
were dropped onto a rapidly rotating ice sphere, 
the droplets thrown off by centrifugal force col- 
lected on a surrounding electrode, and the elec- 
trical charge accumulated on the electrode was 
measured. An investigation as to whether the 
amount of charge was influenced by the NO; 
ion concentration in the water used led to the 
following result (Fig. 8): with NO: ion concen- 
tration increasing from less than 0.002 to 0.2 y 
NO: ions per cma, the charge increases to a 
maximum (amount of charge approx. 3.5 times 
as much as in pure water); a further increase in 
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concentration however, leads to a decrease in 
charge (Parreira & Eydt, 1965). The charge- 
separation processes occurring in the lower 
layers of a thunderstorm or shower cloud as ice 
particles collide with raindrops have thus been 
shown to be influenced by the NO; content of 
precipitation. 

8. Conclusions 
The field observations as described in Sect. 6 

prove that nitrous gases are produced by at- 
mospheric-electrical processes inside clouds: the 
gases are formed by electrical activity, as in- 
dicated by the data pertaining to space and time. 
The nitrous gases are incorporated in precipita- 
tion particles and dissolved in cloud droplets; 
the former process causes the increase observed 
in NO; concentration in precipitates.1 NO: con- 
centration depends both on atmospheric mixing 
and electrical activity; these two combine to 
ensure both the onset and the maintenance of 
the feedback mechanism described in Section 3. 
This conclusion is further corroborated by the 
results of our laboratory studies. 

However, it is as yet not feasible to draw far- 
reaching conclusions from the results so far 
obtained. Being well substantiated by experi- 
ments, the conception of the NO; ion concentra- 
tion gradient inside ice crystals is of consider- 
able importance for the atmospheric electrical 
feedback process. The assumption that such a 
mechanism does actually exist agrees well with 
the conception of the cellular structure of thun- 
derstorms. If the NO; gradient in a given cell 
increases and the conditions for break-up of ice 
crystal points and for transport of fragments of 
different sizes away from each other are fulfilled, 
the consequence may be either an avalanche- 
like increase of charge in the cloud cell due to 
the feedback process or neutralization of existing 
space charges and stoppage of the feedback 
process. The former will occur if the NO: ion 
concentration gradient causes the particles to 
carry charges of the same polarity as that of the 
space charge into which they are being trans- 
ported by wind or gravitational forces; the 
latter, if polarities are opposite, whereupon the 

As demonstrated in detail in Section 6, NH' ion 
content in precipitates differs greatly from NO,' con- 
tent. The washout depletion of NH,' is construed as 
evidence that it is not involved in an electrification 
process. 
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production of nitrous gases will cease and the 
atmospheric-electrical activity of the cell con- 
cerned will rapidly decline. Both cases, the 
avalanche-like increase as well as the collapse 
of the electrical activity in shower or thunder- 
storm clouds, have actually and regularly been 
observed. The fact that high space charge 
densities of either polarity originate in closely 
limited zones of thunderclouds agrees well with 
the conception outlined above concerning the 
importance of the amount and sign of the NO; 
ion concentration gradient inside ice crystals 
and of its changes with time and place. The 
predominantly positive charge found in the 
upper regions of thunderstorm clouds may be 
explained as follows: In the center or base of the 
cloud where isolated spaces with charges of 
opposite polarity exist, ice particles will first 
capture relatively large amounts of NO; ions. 
In  funnel-shaped up-draughts, ice particles with 
high NO; content will be carried upward into 
spaces where the electric field strength is lower. 
They will continue to grow there, but will in- 
corporate less or no nitrous gases. Due to the 
sign of the NO6 ion concentration gradient 
thereby determined, small ice splinters breaking 
away from the surface will now carry positive 
charges. Updrafts carry them to higher levels 
of the cloud. 

As our results indicate that the magnitude of 
the electrical charge created by collision and/or 
breakup of water drops and ice particles de- 
pends on the concentration of NO; in such drops, 
we conclude tha.t both the formation and the 
destruction of small-scale pockets of charge in 

the base layer of thunderstorms are controlled, 
or at least materially affected, by the feedback 
mechanism described above. It is, however, not 
yet possible to  set up a thunderstorm model 
based on this feedback process and the assump- 
tion of a balanced budget of electrical charge, 
as any such theory would necessarily have to 
include arbitrary hypotheses concerning the 
mechanical separation of ice fragments of vari- 
ous sizes by wind (turbulence), gravity and 
collision-related forces.1 The same reservations 
must be made for our laboratory studies on 
water-ice collisions at different NO; concentra- 
tion levels: further experience must be gained 
before the relevance of these laboratory results 
to thunderstorm conditions may be properly 
assessed. 

We definitely do not feel that the feedback 
mechanism is a full “explanation” of thunder- 
storm activity. This is readily seen from the fact 
that a different mechanism is needed to get the 
electification started in the first place. We ac- 
cept the proposition that several processes ope- 
rate in an average thundercloud and that the 
interconnection of these mechanisms has yet to 
be clarified; however, we do believe to have 
proved that the feedback mechanism described 
in this paper is a substantive factor in the elec- 
trical build-up and the general electrical economy 
of thunderstorms. 

1 Theoretical “thunderstorm electricity budgets” 
in the literature are, strictly speaking, based on more 
or less arbitrary assumptions and/or simplifications; 
these hypothetical elements have not, as yet, been 
verified satisfactorily with respect to the general na- 
ture and phenomenonology of thunderstorms. 
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0 CJIYvAmHOm CBRBB MEXAY A3OTHO-HMCJIOPOfiHbIMki 
HOMnOHEHTAMB B TPOIIOCQEPE M ATMOCQEPHMM 

3JIEKTPkiqECTBOM 

&IR n p e A B a p H T e J I b H O r 0  06’6HCHeHHR 6 n c ~ p o r o  

3J IeKTPH9eCKOrO nOJIR BO B p e M R  rp03 IlpeAJIO- 
W e H  MCXaHH3M 0 6 p a T H O f i  CBR3II B aTMOC@epe .  
3 T O T  I I p O q e C C  T p e 6 y e T  BMnOJIHeHHR ABYX YCJIO- 
BM#, HMeHHO: a) f#lOpMHpOBaHHe 3 a M e T H H X  KO- 
JIA4eCTB a 3 0 T H b I X  COeAHHeHHfi  BHYTPH o 6 n a ~ a  
n p H  3JIeKTPII9eCKAX p a 8 p R A a X  ( r J I aBHbIM o6pa- 
3 0 M ,  npH TIIXHX),  9 T O  y B e J I I I 9 H B a e T  K O H q e H T p a -  

y e e n a s e H m  n n o T H o c T M  a a p ~ ~ a  II H a n p R H t e H m  

q ~ m  IIOHOB NO; B s a c T E i q a x  o c a n K o B ;  B) K o r A a  

n e A R H b I e  K p u c T a n n H  p a c n a A a m c H  H a  q a c T H ,  TO 
p a 3 ~ e n e ~ a e  a n e ~ ~ p n q e c ~ o r o  s a p ~ ~ a  AOJIXHO 

A e p m a H m  B p a c n p e A e n e H m i  HOHOB NO: BHYTPH 
npOHCXOAIITb B OTHOlHeHHH, 3aBHCRtI(eM OT CO- 

OCHOAKOB. 
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@ e K T  BCeX KOpOHHblX p a 3 p H A O B  H a  MJIM M e X A y  
q a C T U U a M M  OCanKOB MJIM 0 6 n a s H b I M M  K a n -  
JIHMM o n p e A e n R e T  y s e n H s e H A e  K o H q e a T p a q m  
MOHOB NO; B o c a n t t a x .  

Ja6opamopnbke ua.wepenuR. r p a n M e H T  K o H q e H -  
T p a q m  UOHOB B sacmuax nbna no A X  pac- 
nana o n p e n e n H e T  B e n m u H y  a n e ~ ~ p ~ s e c ~ o r o  3a- 
pflna, yHOCHMOI'0 OTAeJIbHbIMB OCKOnKaMM BTUX 
saCTMiq.  Benasma O T p U q a T e J I b H O r O  3 a p H n a  B 
OCKOJIKe TeM 6 0 J I b U I e ,  9 e M  BbIIUe B H e M  C O n e p -  
m a m e  MOHOB NO:. T a M ,  rAe p a c n p e A e n e H H e  

~ T M X  MOHOB B K p M c T a n n e  O A H O ~ O A H O ,  p a a ~ e n e -  

M nocnenymqee n p e K p a q e a w e  a n e ~ ~ p a s e c ~ o f i  

HMe 3 a p H n a  H e  npOMCXOAMT. 3 T M  p e 3 y J I b T a T b I  
MOrYT 0 6 ' b R C H A T b  KBK 6b1c~poe YBeJIMqeHMe, T a K  

aKTMBHOCTM B HHnHBMAYaJIbHbIX r p 0 3 0 B b I X  H s e f i -  
KBX, I IPOHCHRR K p O M e  T O r O  I IpOqeCCbl ,  OTBeT- 
CTBeHHhIe  38 @ O p M M p O B a H H e  OCHOBHblX 3 0 H  np0- 
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