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FOREWORD

Eighth Congress ottached particular importance to the research aspects
of the motion and deposition of atmospheric pollutants, with highest priority
being given to research into long-range transport.

The Commission for

Atmospheric Sciences (CAS), being charged with the responsibility of considering
questions reloting to the long-range transport of atmospheric pollutants and
scientific problems relating to the measurement and assessment of the dispersal

of pollutants, has over a period of years responded to requests by Members and
initiated numerous activities in this field. This Technical Note represents the
outcome of some of these activities, and reflects most of the important developments in the field of recent years including brief descriptions of current
research on the occurrence, transformation and transport of chemical compounds in

and their removal from the troposphere.

It is hoped that the present publication

will provide a valuable contribution to the literature on this subject.

The Technical Note was originally proposed by CAS at its sixth session
(1973) in order to fulfil its mandate of keeping abreast of the various
techniques being developed for dispersion models and their application to airpollution forecasting and to give advice on the research aspects of the BAPMeN
Programme/ as well as emphasizing the need for basic research in atmospheric

chemistry and the life-cycle of air pollutants. The seventh session of CAS
(1978) emphasized that the early completion of such a Note was desirable. In
1979, the CAS Working Group on Air Pollution and Tropospheric Chemistry updated
the proposed contents to meet present-day requirements and with the assistance
of the Secretariat arranged fer its preparationG

Dr. H. Rodhe (Sweden) agreed to serve as the chief scientific editor
and prepared the present Note in collaboration with A. Eliassen (Norway),
Dr. 1. Isaksen (Norway), Dr. F. B. Smith (U.K.) and Dr. D. M. Whelpdale (Canada),
leading scientists in this field.
It gives me great pleasure to express my appreciation on behalf of the
World Meteorological Organization to the above-mentioned scientists for their
collaboration and! in particular! to Dr .. Rodhe for his substantial contribution
and scientific editing of the manuscript.

A.C. Wiin-Nielsen
Secretary-General

SUMMARY

This Note on tropospheric chemistry ond air pollution is intended for
those who already have a basic knowledge of meteorology and chemistr~ but are not
specialists in these fields.
Chapters 2-4 deal spearately with transport, transformation and removal
processes.

In the subsequent chapters this information is presented in the form

of mathematical models, and budgets showing the levels of concentrations and
fluxes and the duration of cycles.
All of the chapters have been written by scientists working in this field.
It is, however, not claimed that this Technical Note is an in-depth study of
tropospheric chemistry and air pollution! but it is hoped that it will serve to
stimulate readers to learn more about the subject.

References are thus provided

for this purpose at the end of each chapter.

RESUME

Cette Note technique sur la chimie de la troposphere et la pollution atmo-

spherique est destinee a des personnes qui possedent deja des connaissances de base
en meteorologie ou en chimie mais qui ne sont pas des specialistes de ces domaines.
Les chapitres 2 a 4 traitent separement des processus de transfert, de
transformation et d'elimination. Dans les chapitres suivants, ces renseignements
sont repris SOU$ forme de modeles mathematiques et de bilans montrant les degres
de concentration, les flux et 10 duree des cycles.
Taus les chapitres ant ete rediges par des specialistesD

Les auteurs ne

pretendent toutefois pas etudier 10 chimie de 10 troposphere et la pollution de
l'air d'une maniere appro fan die dans cette publication t en revanche ils esperent

que cette Note incitera les lecteurs a elargir Ie champ de leurs connaissances dans
ces domaines. Des references sont done fournies a cet effet a 10 fin de chaque

chapitre.

PE3IDME
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B rn8B8X 2-4 paccM8TpHB8IDTCH OT~ellbHO npoQeccil rrepeHOC8, rrpeBpa~e
B nOClle~YIDmHX rn8B8X T8 ~e HH~opMaQHH rrpe~CTaBlleHa B Wop-

ERR H y~alleHHH.
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HCClle~OBaHHH
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Horo Bonpoea.

rrOK8sNB8romux ypOBHH KOHQeH-
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CCH~KH.

RESUMEN
La presente Nota Tecnica sobre qulmica trop~sferica y contaminaci6n atmosferica esta destinada 0 los que, sin ser especialistas en esos moteries, yo poseen
conocimientos basicos en meteorologia y quimica.
Los capItulos 2 a 4 se ocupan, por separado, de los procesos de transferencia, transformacion y eliminacion. En los capitulos siguientes esia informaci6n

se presenta en forma de model os matematicos y balances en los que se muestran los
niveles de concentraci6n y los flujos Y 10 duraci6n de los ciclos.

La redacci6n de los capitulos de la Nota ha corrido a cargo de cientIficos que trabajan en esta esfera. No obstante, no se pretende que 10 presente Nota
Tecnico sea un estudio completo de 10 quimico troposferica y de la contaminaci6n
atmosferico, aunque se espera sirva para estimular 0 los lee tares 0 ampliar sus conocimientos en 10 materio
Con este fin, 01 final de cada capItulo figura una lista de referencias.
q

CHAPTER 1

INTRODUCTION

H. Rodhe

1.1

Intent and format of this publication

This Technical Note is intended to give a short overview of present
knowledge about occurrence, transformations, transport and removal of chemical
compounds in the troposphere. A certain emphasis has been placed on such
compounds that are emitted in significant quantities by anthropogenic
processes (i .e. through activities of human beings). H.owever, 1ittle
consideration is given to urban air pollution problems and dispersion in the
intermediate surroundings of individual stacks or other sources. Gases that
are more or less inert in the troposphere - such as CO 2 , chlorofluorocarbons
and N20 - are also not considered in any detail despite the fact that they
may be very significant air pollutants as far as the cl imate and the ozone
layer are concerned. What remains is the important class of reactive
gases - e.g. S02 and NO x - and aerosol particles with atmospheric residence
times of days to weeks. Such compounds are transported over considerable
distances - hundreds to th.ousands of ki.lometres - before they are deposited
by precipitation or by direct uptake at the surface.
This note is meant for persons with a certain basic knowledge
in meteorology and/or chemistry but not for th.ose who are already specialists
in air chemistry or chemical meteorology. The ambition has not been to
include many details pertaining to the latest research results but rather
to provide an overview with references that might be useful for those who want
to penetrate more deeply into the subject.
The first chapters of the Note deal sepaJ'ately with transport,
transformation and removal processes. They are followed by two chapters where
attempts are made to integrate the information already given, the first one
in terms of mathematical modeling of the transport, transformation and removal
and the second in terms of budgets showing the magnitudes of the concentrations,
fluxes and the turn-over times.
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The various chapters have been written by scientists who work
actively in the field. It is natural that the choice of the content of each
chapter reflects the personal interest and competence of the particular
author. No claim is thus made that this is the only, or best, way to write
about Tropospheric Chemistry and Air Pollution, but it is hoped that the
Technical Note serves the purpose of stimulating readers to learn more
about this important subject area.
1.2

Terminology and units

As far as possible we have tried to follow standard meteorological
and chemical notation and the 51 unit system. If necessary, reference Could
be made to basic text.books on meteorology and chemistry for explanation of
most of the terminology used. Some less common concepts related to the
circulation of compounds through the atmosphere, e.g. "cycle", "budget",
"residence time" and "turn-over time", are used at various places in the text.
These concepts are defined and discussed in the introductory part of chapter 6.
It is very important to be clear about different ways of
expressing concentration and the units whi.ch. are used. It may therefore be
appropriate to summarize some basic definitions and their interrelations
and to discuss briefly those units which are most common i.n appl ications to
the atmosphere. The following l1st includes the most commonly used expressions
of concentrations.
1.
2.
3.
4.

Molar ratio (or volume ratioL: the number of moles
of the compound per mole of air.
Mass ratio: the mass of the compound per unit mass of ai.r.
t'lass concentration: the mass of the compound per uni.t volume.
Concentration (or molar concentration}: the number of
moles of the compound per unit volume.

One advantage with expressions and 2 is that they are independent
of the tlermodynamic state of the air. This implies that they do not change
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if the air parcel is displaced to another level in the atmosphere. Expressions
3 and 4 can be made similarly independent if they are referred to a certain
temperature and pressure, e.g. T = l5 0 C and P = 1013 mbar (corresponding to
a density of 1.225 kg/m 3). It is a straightforward matter to convert any of
these expressions to another. This is done according to the relations
(2) = (1)

Mj
M

(3) = (2)

p

(4) = (3) / Mj

where p is the air density, Mthe average relative molecular mass of air
(029) and Mj the relative molecular mass of the compound considered.
Naturally, the choice of a suitable unit should be made with due
regard to the magnitude of the actual numbers involved. For ratios of the
major constituents (N Z' O2 , Ar) "percent" is a suitable unit. For more rare
components it is common to use ppm (parts per million, 10- 6 ), ppb (parts per
billion, 10- 9 ) or even ppt (parts per trillion, 10- 12 ). It is very important
to specify clearly whether one is referring to mass ratio or molar ratio
(volume ratio). This can be done by adding (m) for mass or (v) for volume.
For example, given that the molar ratio of oxygen in dry air is
20.95%(v) we get the mass ratio 20.95 x"* = 23.l2%(m). Similarly, if the
mass ratio of S02 is estimated to 1.0 ppb(m] then the volume ratio is
29 = 0.45 ppb(v).
1.0 1i4
Mass concentrations and molar concentrations of minor constituents
are often given in units of ~g m- 3 or ~mole m- 3 . Sometimes, as in chapter 3,
the non-standard unit "molecules cm- 3 " is used to specify molar concentrations.
Considering the fact that one mole contains N = 6.02 . 10 23 molecules it is
X
easy to convert such a unit to "~mole m-3 ": X molecules cm -3 = N
mole cm -3
x·16 6
-3
X'10 12
-3
= -N-·-·- mole m
=. N
= ~mole m .

- 4 -

As a further example, let us express 100 ppb(v) of CO as mass
concentration and molar concentration. We have for CO 100 ppb(v) =
100 . ~.~ ppb(m) = 97 ppb(m) = 97 . 10- 9 . 1.225 k9 m- 3 (at T = 15 0 C and P = 1013 mbar)
3
3
3
= 119 ~g m= 119/28 ~mole m- = 4.25 ~mole m- = 4.25 . N/10 12 molecules cm- 3 =
12 molecules cm- 3.
= 2.5 . 10
1.3

Effects of ait·pollutants

This Technical Note is not intended to deal with prolllems associated
with the effects of anthropogenic emissions i.nto the atmosphere.. The interested
reader is referred to other publications (see e.g. WNO, 1979; Glass, 1979;
WHO, 1977; VlHO, 1978). Nevertheless, it may be appropriate to mention brief1y
the kind of effects that may arise. After all, a very important reason why
so much effort is pl aced on th.e study of tropospheric ch.emistry is tha.t
significant effects on the environment are Known to occur or suspected to become
evident in the future.
A summary of the types of effects commonly associated with a few.
important air pollutants is given in Table 1:1.
It must immediately be said that this table is very approximate and that
several of the effects could have been indicated differently. A separation
has been made between direct effects, i.e. effects caused by the compound
itself, and indirect effects caused by secondary reaction products or by the
primary effects themselves. No attempt has been made to qualify the degree
of seriousness of the various effects (other than eliminating some minor
effects altogether).
Nost of the compounds mentioned in the table are emitted directly
into the atmosphere by different industrial activities. Some emissions, such
as those of N20 and CO 2 , are also affected by agriculture and forestry
practices. A significant fraction of the tropospheric 03 and of the particulate
matter, not the least sulfate particles, are formed secondarily by transformation of primary species, mainly 502' NO x and gaseous hydrocarbons. All of
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Table 1.1
Types of effects of some important air pollutants.
D indicates direct effects and I indirect effects"
Hea 1th
Damage to
effects materials

Damage to Aci difi ca- Effects on
Effects
ecosystems tion of
stratospheric on
precipita- ozone layer
climate
tion

Q~~~Q~~-~Q~~Q~~Q~

S02
NOx(NO, N0 2 )
N20
CO
CO 2
Chlorofluorocarbons (CFC's)
03
Hyd roca rbo ns
Krypton-8S

D, I
D, I

D, I
D,I

D
D, I

D, I
D, I

D
I

D
I
I
D
D

D
I

D
I

I

I
I
D
I
D
D
D
I
I

Particulate matter
-----------------Aerosol particles
in general
Sulfate and nitrate
containing particle
Soot
Hea vy meta 1s
Radionuclides

D
D
D
D

D
D

D
I
I

D

D~

the compounds, except the chlorofluorocarbons (CFC) and some radionuclides,
are also natural constituents of the atmosphere. They should therefore only be
considered as pollutants insofar as their anthropogenic emissions significantly
affect their concentration in the air.
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The health effects of pollutants in urban air traditionally have been
associated mainly with S02 and aerosols (Shy, 1978). A generally accepted
quantitative assessment of their effects is still not available but air quality
standards have been issued by WHO and adopted in several countries (WHO, 1979).
Ozone, N0 2 and CO are also considered to have significant health effects when
they occur in high concentrations; air quality standards have also been
formulated for them (WHO, 1977; WHO, 1978). Ozone is of particular interest
in view of the fact that adverse effects - such as eye irritation etc. - may
show up at concentrations which are only slightly higher than those occurring in
unpolluted air.
Damage to ecosystems may be the result of direct contact with leaves
and needles by S02' NO x or 03 (Sweden's Case study, 1971; DECO, 1975) or through
indirect effects on soils and waters of, for example, some heavy metals (Tyler,
1972). Effects on ecosystems caused by the deposition of acid substances are
listed in a separate column in the table.
S02' NO x and acid aerosol particles may cause considerable damage
through the corrosion of materials such as metals and sandstone and also of
surface coatings applied to material (Sweden's Case Study,1971). Such damage
is most pronounced in urban areas with their high concentrations of
pollutants. Damage to rubber and various synthetic material may occur due to
03 and other oxidants in photochemical smogs (DECO, 1975). Hydrocarbons and
NO x are considered as indirect sources of damage to materials because of their
importance in the formation of 03 (c.f. chapter 3).
The most important sources of the acidity found in precipitation in
industrialized parts of the world are S02 and NO x emitted by the combustion of
fossil fuels and by some industrial processes (Rodhe, 19811. Some of the S02
is oxidized to sulfuric acid in the cloud- and raindrops themselves. A very
significant part of the acid is also formed in the air by photochemical and
other processes and later incorporated into the cloud- and raindrops. For
this reason sulfate and nitrate particles are also listed as direct agents for
acidityin precipitation. Based on the amounts of sulfate and nitrate in
precipitation it may be estimated that at present sulfuric acid accounts for
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about 2/3 and nitric acid for about 1/3 of the acid in precipitation in
northern Europe (Soderlund, 1977). For a discussion about the effects of acid
precipitation the reader is referred to Likens et al. (1979) and Drab1¢s and
Tollan (1980).
Two types of pollutants, NO x and CFC's, have recently been discussed
as potential agents for a depletion of the stratospheric 03 layer (NAS, 1979).
Since NO x is scavenging fairly rapidly in the troposphere, NO x emitted at the
surface cannot reach the stratosphere in significant quantities. On the other
hand, emissions from aircraft flying in the lower stratosphere may perturb its
chemica1 compos i ti on even if th.e perturbation is now bel i eved to be re1ati vely
minor. NO x may also be formed in the stratosphere by the photochemical oxidation
of N20. Because of its inertness in the troposphere, N20 can penetrate up
through the tropopause. CFC's are believed to constitute the most serious
threat to the ozone layer. The effect is listed as indirect because it is not
the CFC' s themselves but Ulei r decompos it i on product Cl that causes the 03
depletion. The cooling of the stratosphere estimated to be caused by an increase
in the concentration of CO 2 is likely to h.ave a certain compensating effect on
the 03 depletion caused by the CFC's (Isaksen et al, 1980).
Possible effects of air pollution on climate ca be brought about
by the trapping of outgoing long wave radiation (the "green
house effect", mainly CO 2 but also 03' N20, CFC's and some
other minor gases)
by interaction with solar radiation (mainly by aerosol
particles containing soot)
by affecting the size distribution of cloud droplets and thereby e.g. their optical characteristics (aerosol particles).
by changing the electrical properties of the air and thereby
possibly the dynamics of thunder clouds (krypton-85).
These possibilities are discussed in more detail by, for example, Munn and
Machta (1979). NO ' CO and gaseous hydrocarbons are included in Table 1.1
x
because they may influence the tropospheric concentration of 03 and thereby
also the climate (Fishman et al, 1979).
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2: TRANSPORT PROCESSES AND METEOROLOGICAL FACTORS
F B Smith

C~APTER

2.1 Dispersion by the atmosphere
In any consideration of atmospheric pollutants, those that are
of greatest concern are in general potentially damaging either to humans
or to the environment. Usually the degree of damage depends quite strongly
on the concentration of the pollutant in the air, or how much is deposited
on the ground by precipitation or by "dry" deposition. These concentrations
are determined by the amount of pollutant put into the air, the extent to
which the complex motions of the air can carry the pollution away and dilute
it and the rate of removal of the pollutant from the atmosphere. Inherent in
this is the concept that atmospheric motions exist on a very wide range of
scales from large weather systems thousands of kilometres across down to
veY'y small motions a millimetre or less across (Pasquill, 1974). Because the
atmosphere is relatively very shallow (compared to its horizontal extent) the
larger motions tend to be quasi two-dimensional and do not depend in any
critical sense on scales defined by the vertical structure of the air. The
smallest eddies on the other hand are much more three-dimensional and depend
very much on the vertical structure. They occur commonly in the lowest part
of the atmosphere, the atmospheric boundary layer, which is under the direct
influence of the interactions between atmosphere and underlying surface (land
or sea). Indeed it is these interactions - the surface drag trying to slow
the atmospheric motions down, and the radiational warming or cooling of the
surface and the subsequential flow of heat into or out of the air immediately
above - which drive these smaller scale atmospheric motions which we call
"tuY'bulence". The turbulence (or the ensemble of turbulent eddies) carries the
heat, momentum, moisture, and also the pollution, away from or towards the
underlying surface. The atmospheric boundary layer, where this kind of turbulence
exists, is usually less than 2 kilometres deep. More typically it is about one
kilometre deep during the day and a few hundred metres deep at night although
day-to-day variations can be quite large. At night over land the boundary layer
is usually statically stable (i.e. the potential temperature increases with
height) which tends to suppress turbulent vertical motions. However such a state
tends to tighten the wind speed gradient near the ground and dynamic instability

- 12 -

may result glvlng rise to intermittent bursts of turbulence, vertical mlxlng
and a weakening of the wind speed gradient until quiescence is restored, and
the whole process can start over again.
The boundary layer therefore responds to diurnal changes and spatial
changes in surface conditions. Pollution which is emitted into the layer and
soon well-mixed through it, may be diluted further as the boundary layer deepens
in response to changes in surface conditions. Alternatively if the boundary layer
shrinks some part of the pollution may be left above the new boundary layer top
and will be temporarily insulated from dry deposition processes to the ground.
Pollution caught in stable air, either above a shrinking mixing layer
or in a stable boundary layer, tends to spread vertically only very slowly indeed
(unless subject to the sudden bursts of turbulence we have discussed above).
Instead it tends to spread out horizontally into rather shallow sheets. An
example of this at high levels can be observed when aircraft contrails persist
and spread out to produce thin sheets of cirrus cloud. Another example recently
observed was one branch of the dust plume from the Mount St Helens volcanic
eruption which crossed eastern England, some 9000 km downwind, and was very
clearly seen by an aircraft pilot who estimated it to be only 30 metres thick!
Radiational cooling from the particulate plume and the effects of vertical
stability may be important factors in producing such very thin sheets. Dilution
rates must be very small indeed under these conditions becuase such turbulence
as exists is mainly two-dimensional and tends to distort the cloud horizontally
on a scale too large to allow molecular diffusion to operate and cause real
mixing with unpolluted air. In contrast, pollution emitted within a turbulent
boundary layer mixes rather quickly to produce an almost uniform concentration
throughout the layer in a matter of one to two hours. Warm summer days produce
active thermally-driven turbulence generating deep boundary layers. Th2 time
to approach uniform concentration (which is related to the layer depth divided:
by the average vertical turbulent velocity) is then not grossly different from
that for a weakly turbulent shallow boundary layer at night.
Wind direction shear within a turbulent boundary layer is often rather
small (less than 30 0 ) and only has a rather limited effect on the lateral spread
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through the layer, sampling each wind direction in turn, so that over many hours
travel its mean motion corresponds approximately to that of the mean wind direction of the whole boundary layer.
If however any of the pollution escapes out of the boundary layer,
either because of temporary disturbances affecting the top of the layer (e.g.
convective cloud penetration, orographic effects etc) or because of boundary
layer shrinking, or because the plume was initially buoyant, as from a power
station chimney, and partially penetrated the air above the boundary layer,
then the effect of wind shear can be very important. The lack of vertical mixing
allows significant directional shear which can result in different parts of the
plume travelling in quite different directions.
Occasionally the response to pollution in the air can be surprisingly
rapid, as for example in the case of a bronchitic patient subjected to highly
polluted urban air. In more general and less dramatic situations the effects
of a pollutant depend on a timeintegrated dosage rather than on an instantaneous
concentration. Since emissions, even from an accidental release of radionuclides
at a nuclear installation, persist for at least many hours, changes in wind
direction are very important. The wide spectrum of atmospheric motions do not
all effect the plume in the same way. Essentially those motions which are smaller
than the width of the plume contribute to the further spreading or broadening
of the plume, whilst those motions which are large tend to shift the plume bodily
from side to side and contribute little to this broadening process. When the
plume is sampled (or persists) for several hours the swinging effects of the
larger eddies become all important to the horizontal area affected and the
time integrated dosage at anyone point. Small-scale turbulence then is only
important in determining the vertical dimension of the plume, and even then only
out to such distances whereafter the boundary layer is virtually uniformly filled.
2.2 Transport processes
The first and most important question to be answered when a potentially
. harmful pollutant has been released is "what area has been affected by the plume?"
Since ultimately the plume will disperse throughout the whole of the Earth's
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of that area is in significant danger?" The answer to the first depends almost
entirely on meteorological considerations whereas the second involves other
issues, for example the source strength and the particular way in which the
danger is made manifest, whether the danger depends on airborne concentrations
or on depositions, and whether or not time-decay processes are involved.
This leads us to consider the properties of dispersion on various
spatial scales:
(i) local scale: a region extending from the source out to several kilometres.
In this region we may assume air parcels travel in straight lines and use the
horizontal wind-direction fluctuations at source to deduce the area likely to
be affected. For low-level releases, and for pollutants subject to significant
dry deposition, the rate of loss to the ground is likely to be at its maximum.
Normally however the amount still remaining in the air can be assumed to be
effectively unchanged. The p'lume is developing rapidly both horizontally and
vertically by turbulent dispersion. Any single element-of the plume advects
across this region in a time sufficiently short to assume the "dispersive
meteorology" affecting it is essentially unchanging. For prolonged releases,
changes in meteorology will be important of course in that different elements
of the plume will be subject to different dispersive conditions ..
Whereas in a real release situation a suitably situated wind vane can be used to deduce the area under threat, a different approach is required if it is
necessary to assess in advance the likely consequences of a potential release.
It is often convenient to subdivide the changes in wind direction at the
source into two parts; small-scale turbulent fluctuations and more gradual
systematic changes in wind direction resulting from changes in the synopticscale pressure field.and other meso-scale developments. The small-scale fluctuations can be estimated by one of several simple schemes (e.g. Pasquill, .
1974, p. 368). As for the systematic changes, since they are more gradual,
they are usually relatively small for release durations less than one hour.
For really long durations they become dominant however and the small-scale
fluctuations can be neglected by comparison. Both have to be considered for
release durations of several hours.

- 15 In a statistical sense this so-called synoptic swinging of the wind
direction increases with sampling or release duration and decreases with
increasing wind speed; the stronger th'e wind, the steadier it tends to be.
Figure 2.1 shows this in records collected from the top of a tall television
mast in the U.K. at a height of 389 m above sea level. Hourly mean directions
and speeds have been used. The data strongly supports an average inverse
relationship with mean wind speed u of the form:
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Figure 2.1 Variation with sampling time of
the inverse relationship between angular turning
e and wind speed u as implied by data obtained
on the Belmont Tower, England.
The figure shows how the coefficient A varies almost linearly with sampling
time out to 10 hours. Consequently in a wind of 5ms- l , saY,a release extending

- 16 over 8 h will on average experience a change in wind direction of
= 160 = 32 degrees (since A(8h) u 160) and this is comparable with the
sm;fl-scale angular spread (20 0 ) predicted by Pasquill for overcast cloudy
conditions. In any realisation the actual wind turning will differ from
average and Figure 2.2, which is discussed later, gives some idea of the
variations that can be expected.

(ii) regional-scale: distances extending from a few tens of kilometres to
a few hundred kilometres from the source. The fewest simplifications are
possible over this range. The plume is still developing vertically and is
approaching an almost uniform concentration profile only towards the end of
the range. With pollutants, like sulphur dioxide, that dry deposit on the
underlying surface rather effectively the decrease in the amount remaining
in the atmosphere cannot be ignored. The mixing-layer depth and the rate
of small-scale dispersive spreading will amost inevitably change and
evolve during the passage of any part of the plume across this range.
For continuous sources, as for example at an electrical power station,
long-term depositions by dry and by wet deposition are often comparable in
magnitude.
One of the problems associated with regional-scale dispersion is to
determine an appropriate advecting wind. Since a plume released at lowlevel is still growing vertically neither the wind at source nor a mean
boundary-layer wind is really suitable, and ideally a wind appropriate
to some height within the cloud and increasing as the cloud deepens is
required. Such a wind must reflect any systematic turning of mean direction with height as well as the local response to hills and valleys along
the way. Although cle~rly not ideal, a study of the Lagrangian behaviour
of 'balloons floating' at near constant' elevation in the lower boundary
layer might be useful in simulating the dispersion on this scale. Pack et
al. (1978) has summarized many experiments in the USA using balloons pressuri sed to float about 100 m above ground, a level which is clearly very
low compared to the typical day-time mixing depth. The best agreement
between predicted and observed trajectories was obtained by using twice
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the 10 m wind veered by 100 (i.e. the advecting wind is assumed to deviate
100 towards the high pressure side as compared to the direction of the 10 m
wind) although the standard errors were quite significant. Pack et al. also
refers to trials carried out in mountainous terrain. Using rather sparse
wind data to predict the trajectories, it was found the mountains had a very
marked effect: the predicted trajectories were on average to the left of the
real flight paths by roughly 20% of the distance of travel. (The standard
deviation was however as large as 60%).
(iii) continental-scale: distances extending from a few hundred to a few
thousand kilometres from the source. Dispersion on this scale is characterised by the following:
1. Trajectories are often significantly curved.
2. Elements of the plume have experienced several diurnal cycles of the
boundary layer.
3. The concentration profile is rather uniform throughout the depth of
the boundary layer. Some appropriate mean advecting wind can therefore
be defined for the material within the boundary layer.
4. The average loss of the pollutant fy'om the boundary layer into the
atmosphere above by various processes (e.g. penetrating convective cloud)
is becoming significant.
5. Wet deposition rates often exceed dry deposition rates in a statistical sense.
6. And when significant wet deposition occurs, normally the affected
pollution has not experienced precipitation at any earlier time.
We have several choices for a suitable advecting wind for pollution within
the boundary layer:
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(a) Use a wind, interpolated from observed winds obtained from tall
towers or radiosondes, averaged across the boundary layer.
(b) Use the surface pressure field to obtain surface geostrophic
winds.
(c) Use the height field at some standard pressure level where radiosonde observations are reported (e.g. at 850 mbar) and deduce an
appropriate boundary layer wind.
The first choice (a) is attractive but often insufficient data is available
especially over sea areas. It may be the only rational choice however in
equatorial regions where geostrophic control of the airflow is too weak to
make the other choices meaningful. In other areas the "geostrophic" methods
are often the easiest. Where necessary (b) and (c) can be reinterpreted
.~take into account strong isobaric curvature or significant air accelerations. In maritime areas, such as western Europe, the differences between
trajectories worked out using (b) and (c) are believed to be normally
reasonably small out to 1000 km, although thi s premi se is based on a 1imited
subjective and unpublished comparison of back trajectories obtained during
the OECD experiment on long-range transport of air pollution. Differences
were notably smaller in westerly flows when the variation of geostrophic
wind direction with height would be normally small.
Over continental regions in winter, however, it is very apparent that the
strong stabil ity of the lower 1ayers of the atmosphere renders the use of
the surface geostrophic wind inappropriate and an 850 mbar-wind approach
is much better. (850 mbar corresponds roughly to a height of 1500 m).
The great advantage,of the surface geostrophic wind is that surface pressure
measurements are available at hourly intervals (compared with 6-hourly
intervals for 850 mbar data).
Comparison of surface geostrophic winds with actual mean boundary layer
winds as observed by an aircraft in fairly simple flows over the sea suggest
that in neutral or slightly unstable conditions the wind speed is well given

- 19 but the direction should be backed by about 10 0 (e.g. a surface geostrophic
wind-direction of 270 0 should yield a mean boundary layer wind-direction
of 260 0 in the northern hemisphere and 280 0 in the southern hemisphere).
In slightly stable conditions the geostrophic wind speed should be reduced
by 10% and the direction backed by 20 0 (Smith and Jeffrey, 1975).
This is generally confirmed by the experience of the western Meteorological
Synthesising Centre in the "Cooperative Programme for monitoring and
evaluation of the long-range transmission of air pollutants in Europe
(EMEP)" in that the best correlations between trajectory-model predicted
and observed concentrations of airborne sulphate arise when seasonal modifications are applied. In February the best results are obtained when
the 850 mbar wind is reduced by 10% and backed by 15 0 -20 0 . In June on the
other hand when conditions are more unstable and the boundary layer is deeper
the unmodified 850 mbar wind seems quite satisfactory.
The area affected by the plume is perhaps best estimated by determining
a series of trajectories originating from the source at regular intervals
during the period of release. Again these show the effects of synopticswinging discussed earlier, sometimes the trajectories systematically swing
from one to the next although on some occasions the swing is first one
way and then the other. On average the magnitude of the swinging varies
with the duration of time over which the plume is sampled.
For some purposes it is important to be able to estimate the likelihood of
different degrees of swinging in order to predict possible areas under
risk and possible concentrations should an accidental release of pollution
occur at an installation. Smith (1980) has analysed over 2000 sequential
back-trajectories arriving at a point in southern Norway, calculated using
surface geostrophic winds, and evaluated every 12 hours. The bearings where
the trajectories crossed arcs of radii 250 km, 500, 750, 1000, 1250 and
1500 km were extracted. Probability distributions were constructed of swing
for given sampling times and ranges, and from which it was possible to
construct the almost straight lines shown in Figure 2:2. For a sampling
time of 30 hours and at a range of 500 km, we can deduce that the mean swing
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- 21 will be less than 12 0 on 10% of occasions, less than 40 0 on 50% of occasions
and will only exceed 1100 one time in ten. These sort of statistics are potentially vpluable in assessing the possible magnitude of the problem that might
have to be faced if an accident were to occur and point to what emergency
services would be required to safeguard the surrounding population.
(iv) global-scale: distances from a few thousand kilometres to distances encompassing the whole atmosphere. Trajectory tracking is subject to increasing
uncertainty due to the accumulation and magnification of errors; a small directional error at one time often leads to large and accelerating differences
later on. Moreover the plume will be so broad and deep that the concept of a
single advecting wind has long since ceased to have any real meaning or validity.
In consequence of all these difficulties the loss of material by wet deposition
can only be done by statistical means yielding probabilities of deposition as a
function of time and position. Although such an exercise is feasible, it has not
been attempted yet.
The usual question asked on this scale concerns the average time taken for material released in one hemisphere to penetrate into the other, or from one level
of the atmosphere to another level. These times are known in general magnitude
as follows: (Newell, 1971)
Exchange between hemispheres - 6 to 12 months
from surface to tropopause - about 1 month
from surface to 20 km - about 1 year
2.3.Rainfall
Whilst Chapter 4 will deal with the details of precipitation scavenging, it
is appropriate here to discuss briefly the broader issues: the meteorological and
geographical aspects of rainfall, and the significance of measurements of wet
deposition to modelling.
Pollution released into the atmospheric boundary layer, as we have
seen, will be subject to mixing processes which tend to lead to a uniform distribution of concentration throughout the layer. Most pollutants are subject to loss
to the ground by dry deposition, and although this varies to some degree according
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to the nature of the surface it is a fairly continuous process. Generally the
plume would have to travel several thousands of kilometres before dry deposition would reduce the air concentrations by an order of magnitude. In temperate latitudes there is probably at least a 50% probability that in this time
the plume would encounter an area of rain, for example be drawn into a warm
front region (ApSimon (see Smith 1980b)). Since most of the pollutants, which
are considered in this Note, are effectively removed from the atmosphere in
precipitation it follows that on average wet and dry deposition rates must
be comparable in importance. The probability of rain is not geographically
uniform however and Figure 2.3 shows variations in the average annual values
of rain for Europe. It is immediately obvious that there is a good correlation
between rainfall amounts and altitude above sea level: the mountainous areas
receive more rain than the surrounding plains.
In the drier lowland parts of Europe dry and wet deposition of
sulphur pollution were shown in the DECO Study (DECO, 1977) to be about equal
in importance. In mountainous areas (for example in Norway and the Alps) wet
deposition was often several fold more important. The fact that most sources
of industrial pollution are situated in the lower-lying areas of Europe enhances this effect. This comes about as a result of oxidation and vertical
dispersion away from the ground making the dry deposition rate fall significantly at longer range. Sulphate for example (produced by the oxidation of
sulphur dioxide) is dry deposited only slowly compared with sulphur dioxide.
Wet deposition processes on the other hand are either not affected or are
actually enhanced by these developments. Granitic or siliceous mountains
are often very sensitive to rainfall acidified by industrial pollutants
since the thin soils are themselves often acidic and cannot buffer the anions
in the rainwater (although ionic exchange does take place rapidly as the
water seeps through the soil). Over the period of a year examination shows
that a relatively small fraction of wet deposition events contributes a
large part of the annual total wet deposition of sulphate (and the same
is probably true of other pollutants). These occasions are referred to as
episodes. The exact definition of an episode is to some extent arbitrary but
we may define "episode - days" at a particular place as those days with the
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Figure 2.3 A simplified form of the average annual rainfall map for Europe
based on a more detailed rainfall map published by WMO (1970).

highest wet depositions which, when summed, make up 30% of the annual wet
deposition total. Over western Europe the number of episode days according
to this definition varies from as few as 2 days to about 13 days. Figure 2.4
shows a map of western Europe showing the distribution of episodicity for
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Figure 2.4 Map of western Europe showing the distribution
of episodicity for. 1974 (Smith, 1978).
for 1974. Areas with fewer than 5 episode days per year are classified as
"highly episodic".
It would seem that the main unepisodic areas in Europe are close
to major emission regions but situated to the west of them. Here, most of the
heavier rainfall will fall with westerly winds when the air will be relatively
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most part lighter rainfalls, will be associated with air having high sulphur
concentrations. Depositions, being a product of rainfall amount and concentration, will therefore be quite uniform in magnitude, and episodicity will
be low. Highly episodic areas on the other hand would seem to be mainly
remote from the chief industrial areas. As it passes over these parts, air
will be usually relatively unpolluted, but occasionally it will have crossed
a high emission area some time before. If, in this latter case, it becomes
introudced into frontal rain or thunderstorms very high depositions can occur.
Thunderstorms are often rather slow-moving and can draw into themselves
vast quantities of boundary layer air (and pollution), and so even if the
air concentrations are not particularly high, large episodic depositions can
occur. Boucher (1975) has shown areas particularly subject to thunderstorms.
Of these, those that lie within range of the main industrial areas of the
world are the southern Alps, Japan, much of mid and eastern USA and the
Transvaal. These areas are subject to at least 20 thunderstorm days per year.
As already considered there are circumstances where statistical
information is required, for example in making a case to gain planning permission for a proposed industrial installation. What is the expectation of
the deposition rate at point X arising from this proposed source? What
are the average and peak air-concentrations expected to be at point Y?
In considering the statistical average distribution of deposition around a source current evidence suggests it is desirable, as noted
by Rodhe and Grandell (1972), to recognize in the modelling that sometimes
the plume will be in a dry region where no rain is falling, and at other times
the plume will be in a wet region where sporadic rain ~ occurring and
the probability of rain is relatively high (and may depend on surface altitude, wind speed and other factors). A part of the plume, then, as 'it travels
over thousands of kilometres is likely to pass through several such wet and
dry regions or periods, associated with synoptic systems (like depressions
and anticyclones) which are themselves moving but at different speeds to
the plume.
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Following Rodhe and Grandell's ~pproach, Fi~her (1928), "
Smith (1981) and Venkatram (1980) have shown that the ensemble effect for
a continuous release can be simulated by equations representing the statistical
amount of each pollutant species of the plume contained within wet and within
dry regions as a function of time of travel from the source.
The resulting surface deposition patterns, although quite different
from those obtained assuming a constant uniform probability of rain, are
fortunately insensitive to the values of the various parameters which characterise the process but which are not very well known at present (like the average
time spent by plume elements in wet regions).
One of the most marked differences is that higher wet deposition
rates are experienced at long range (and correspondingly smaller rates at short
range) than is implied by the simple model. This comes about because in reality
pollution has a finite probability of travelling very long distances in dry
regions before being affected by precipitation in a wet region. The simple model
would not permit this.
2.4 Stagnation conditions"and episodeS of pollution
High pollution concentrations are usually encountered only in or
near highly industrialised areas or in cities and conurbations. Such episodes
are usually local in character and scale although the meteorological situations
creating them may be on a much larger scale. Because of their importance to
human health we must end this chapter with a brief look at this problem.
Elsewhere in Chapter 5.5 a simple model has been examined which is
capable of predicting the pollution levels in such an area provided the emission
and sink terms are known reasonably well. From this model it is clear that two
factors are particularly important in leading to high pollution episodes:
highly restricted vertical dispersion and very slow horizontal advection; in
other words low strong inversions and light winds.
In tropical regions until a few decades ago pollution episodes were
comparatively rare, largely because of the relatively low levels of emission.
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As industrialisation started, economic pressures tended to over-ride considerations of the environment and some local episodes occurred, and still occur.
However there has been an increasing awareness of the dangers and more research
is being conducted into the causes and their prevention. One well known example
is that of the Taj Mahal in India where local pollution threatens the structure
of its stonework (Prakash, 1979). Other studies, having an indirect relevance
to episodes, have been concerned with climatological statistics of dispersion
and have examined mixing heights, ventilation coefficients and stability categoreis in tropical regions (see for example Vittal Murty et al. (1980),
Shirvaikar et al. (1980) and Ng'anga (1980)).
Photochemical smogs generated by the oxidation of motor vehicle
exhaust fumes may also be particularly troublesome in some large cities in
the tropics due to the high level of incident solar radiation and the increasing
volume of traffic.
In temperate latitudes, low strong inversions and light winds,
conducive to the build-up of high concentrations of pollution, often come about
when slack pressure gradients in winter persist and inversions created by
normal night-time surface cooling are intensified either by warm air advection
at some height above the surface or cold air advection near the surface.
Topographical features can also cause an intense inversion when
winds are light, though over relatively small areas. Such cases tend to occur
in places like Los Angeles and Tokyo and given the right atmospheric conditions,
the inversion can develop quite quickly.
In areas where topography is not a dominant factor, such as London,
stagnation conditions (as distinct from the more usual fog conditions) take
time to develop and would need to be associated with a slow moving or blocking
high. All three major smog episodes (1952, 1962 and 1975) affecting London
in the past 30 years show a marked similarity in meteorological development.
The sequence of events is:
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a. Moist, cold surface air advected into the area behind a cold
front crossing the North Sea.
b. Slack wind conditions developing with fog forming at night.
c. Advection of warm air associated with a weak warm front but
with cold air and light winds maintained at the surface.
d. The low level inversion may be intensified still further by
advection of cold air from the continent (1952 and 1962).
e. At this time of the year, dense fogs may well not clear at all
during the day, particularly if containing a high level of pollutants, and this causes further localised intensification of the
inversion.
An example of this is given in Figure 2.5 which refers to the famous
London smog of December 4-8th 1952.
There is also a similarity in the times of occurrence which is
significant. During the "pre-winter" period (November/December), the majority
of blocks in the E. Atlantic occur near to the west of the British Isles. In
winter (January/February), the area of greatest frequency has moved NE to
Scandinavia.
During the pre-winter period, blocking also occurs over Europe, the
Soviet Union and Canada, but each occasion rarely lasts more than 10 days. The
really persistent blocks occur over the E. Atlantic and, to a lesser extent,
the E. Pacific. The USA is too far south to be directly influenced by blocking
highs but is affected by comparatively short-lived anticyclones, often mobile
in character. Blocking is also rare over Japan.
Winter sees a greater concentration of persistant blocks over
Scandinavia, E. Europe (including Russia) and N. Siberia, again over the E.
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Figure 2.5 The large-scale meteorological development which led to a severe pollution episode in
London. Stippled areas denote cold air at low level, shaded areas denote warmer air aloft.
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Pacific, though further north in the Gulf of Alaska and less persistent
blocks in the Bering Sea. Blocking is rare over N. America, W. Europe and
Japan and those over the E. Atlantic rarely last more than 10 days.
Although stagnation conditions are more likely in blocking
situations, there seems no reason why they cannot occur at other times or
in places where blocking is rare. Two of the three major British episodes
were associated with the decay of a blocking high. This is not surprising
since it appears that one of the requirements for the maintenance of a
block is cold air advection down its eastern and southern flanks. The
flow associated with the warm front passing around the block cuts off the
supply of cold air. In 1975, the block over the E. Atlantic remained west
of the British Isles and further cold air was advected south soon after the warm
air had passed around it.
Heavy washout of pollution in these atmospheric conditions over
the area where the smog has built up is very un'Iike1y since a considerable
fall of pressure is necessary before an active front reaches the area. This
involves an increase in pressure gradient with the resultant wind causing
advection of the pollutants.
Such heavily polluted air having been set in motion by an approaching
active depression is likely to encounter rain probably within 24 hours and
give episodic wet depositions. Scandinavia and the Alps are clearly within
range in these situations for smogs generated within the industrial band of
central Europe.
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CHAPTER 3: CHEMICAL TRANSFORMATION IN THE ATMOSPHERE
I Isaksen
3.1 Introduction
Chemical transformation from primary species (e.g. sulphur, nitrogen,
carbon species) to secondary compounds (e.g. sulphates, nitrates, organic particulates and oxidants) proceeds either through gas phase reactions or through
oxidation in the liquid phase. In the latter case oxidation involves the absorption of gaseous species on aerosol particles or in droplets, and may therefore
be considered as a heterogenous process. It depends not only on the atmospheric
concentrations of gaseous species, but also on the amount of aerosols or droplets
present, and in most cases on the acidity of the liquid since it determines the
uptake of gases in the liquid. For instance, sulphur oxidation in the liquid
phase is strongly pH dependent. At low pH values (high H+ concentrations) less
bisulphite (HS0 and sulfite (S0;) ions are dissolved in the liquid, and
therefore less sulphur is oxidized to sulphate. The presence of ammonia (NH 3 ) will
have a pronounced effect on sulphur oxidation in droplets, since it acts to raise
the pH value of the liquid. Aerosol particles formed in polluted air masses are
often found to be very acid making them highly inefficient with regard to sulphur
oxidation.

3)

It is well established that gas phase chemical processes in the
atmosphere playa major role in converting primary gaseous species to secondary
compounds. This has been documented for main species like sulphur, nitrogen,
and hydrocarbons. Furthermore, photochemical oxidants (notably ozone) which
are secondary gaseous products, playa key role in tropospheric chemistry,
and are thus strongly linked to the formation of other secondary species.
Through a large number of chemical reactions, ozone interacts directly with
chemical species like nitrogen oxides (NO, N0 2 ), free hydrogen radicals
(OH, H0 , CH 0 ), peroxides (H 202 , CH 302H), hydrocarbons (HC) and with carbon
2
3 2
monoxide (CO). Through its effect on free radicals like OH, ozone controls
the generation of compounds formed through these reactions.

From the fore-

going discussion it is clear that chemical transformation in the atmosphere
depends critically on the distribution of a few key species, which are
determined by the chemical activity in the area considered.

In the following

I shall give a brief discussion of the main chemical reactions responsible
for the formation of secondary compounds in the troposphere.
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3.2 Gas phase transformation
Gas phase chemical production of secondary species in the atmosphere
is usually given by reactions of the type
kl
A+S""""C+D

where A and B are the primary species reacting with each other to form the
secondary species C and D. kl is the reaction rate coefficient, which depends
on the collision frequency of the two primary molecules, and on the probability
of a reaction to take place upon collision. For an o~9inary two-body reaction
given above, kl is usually given in molecules- l cm 3 s when the concentrations
are given in molecules cm- 3 . The reaction above may also be a photochemical
reaction whereby a molecule is photodissociated by solar radiation. In this case
kl is the photodissociation rate (often denoted by J), and it is given in s-l.
In some cases formation of secondary species involves the addition of two species,
which necessitate collision with a third body to absorb excess energy. The
chemical transformation may be described as a threebody reaction of the type
k

2

A + B + M ~ AS + M

where Mis the third body. k2 is here given in molecules- 2 cm 6 s-l.
Tropospheric gaseous chemistry is driven by solar ultraviolet (UV)
and visible radiation which dissociate molecules:
AS + h\l ? A + S

where hv denotes the energy of a solar photon. The energy threshold for photodissociation varies strongly for the different molecules. In Table 3.1 we give
examples of dissociation products and energy threshold for some of the most
important species for tropospheric ozone chemistry. Of particular importance is
the dissociation of ozone in the spectral region 300 nm <'A< 330 nm where ozone
absorption of solar radiation is very efficient especially towards shorter wave-
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Table 3.1 Threshold energies for photo dissociation
of tropospheric molecules of importance for the ozone
budget in the troposphere (Isaksen et al., 1978).
03+hv
O)+hv

---Jo
---Jo

Oz+OeD)
Oz+O(tD}

;'<300 nm
300nm>A>330nm

Ci

-+ Oz+Oep) I-a
03+hll-+02+0ep)
A>330nm
N0 2 +hv -+ NO+O
).<415 nm

2<320 nrn
A<395 nrn

NzO+hv -- N 2 +0
HN0 2 +hv -+ OH+NO
HN0 3 +hv -+ OH+N0 2
N0 3 +hv ---Jo NOz+O
N 2 0S+hv -+ NO z +N0 3
H 2 0 2 +hv -+ OH+OH
CHzO+hv ---Jo CHO+H

- H 2 +CO

.1.<360 nm
),<580 nrn
-1.<380 nrn

1<380 nrn
4<360 nm
..l.<360 nm

lengths. This special region is the main source region for excited state atomic
oxygen, 0('0), in the troposphere. Model estimate has shown that in the unpolluted background troposphere where the concentration of primary pollution species
like nitrogen oxides and hydrocarbons are extremely low « 1 ppbv), the gas
chemistry is initiated by reactions with 0(1 0), which is sufficiently energetic
to dissociate water vapour molecules:
Rl
Since ozone is always present in the troposphere, the 1imiting factor for
the above reaction to proceed is that sufficient solar UV radiation to
dissociate 03 reaches the troposphere. The atmospheric distribution of hydroxyl radicals (OH) is of particular importance as OH plays a key role in gas
phase transformation from primary to secondary species in the atmosphere.
Several of the primary compounds are i nitia11y attacl<ed by OH
radicals:
HC + OH ~ products
N0 2 + OH( +M) ~ HN0 3 (+M)
S02 + OH (+M) ~ HS0 3 (+M)

3 s-1 ) RZ
l
(k .... lO- 10 _lO- 14 molecules cm
(kNIO- ll
) R3
"
"
) R4
"
"
(kNIO- 12

Here HC denotes a primary hydrocarbon. N0 2 appearing in reaction R3 may first
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be generated from NO through
R5
which is a very fast conversion mechanism of NO to N0 2 (ha1flife of NO of
ca. 100 s if the ozone mixing ratio is about 40 ppbv). Reactions R2-R4 are
rate-determining for the gas phase chemical loss of HC, N0 2 and 5° 2 ,
The reactivity of hydrocarbon species cover several orders of
magnitude, with heavy olefins being the most reactive ones, and light paraffins
(methane) with very low reactivity. To determine the chemical lifetime of a
primary pollutant, 'it is necessary to knol'l the distribution of the hydroxyl radical. This species is extremely difficult to measure because the concentration level is very low due to its high reactivity. An assessment of its
distribution must rely on a combination of model calculations and measurements.
When OH concentrations are known, the chemical lifetime of any primary compound,
Aj • removed through the reaction with OH:
k.

Aj

+

OH

J
-7

secondary product

is given by the following expression:

Brackets,l l,denote concentration (e.g, molecules cm- 3). Chemical lifetimes
of such species are therefore inversely proportional to the concentration of OH.
The main source of OH in the free troposphere is reaction Rl. As
pointed out above, this source may vary strongly in the atmosphere, for
instance with latitude and season due to variations in solar UV fluxes reaching
the troposphere. At high latitudes during winter, OH production and thereby
its concentrations are strongly reduced. From this discussion it follows that
the lifetimes of atmosperic gases vary strongly with latitude and season.
If we adopt a typical global average OH concentration of 10 6 molecules cm- 3
the average chemical lifetimes of NO, and 502 will be of the order of 1 and
10 days respectively, while the HC 1ifetime covers the range from a few
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hours to several years.
The gas phase chemical production rates of secondary species
are, as a result of reaction with OH, given by:

Similar production terms are obtained for other species where gases other
than OH are involved in the formation of secondary products. One example
is the formation of ozone, which I will discuss below.
From reactions rates given for reactions R2 and R3 it is seen that
gas phase production of secondary species may be very rapid. The formation
of HN0 3 is particularly efficient in the atmosphere. Reaction 3 is therefore
believed to be the dominant source of nitric acid (HN0 3 ) in the atmosphere.
Observations have shown that HN0 3 is present in the atmosphere as a gaseous
compound, as well as in the liquid phase (NO;). When droplets are present and
the pH value is sUfficiently high for HN0 3 to be effectively absorbed in the
liquid, it is removed by precipitation processes (c.f. Chapter 4). Its vapour
pressure is, however, too high for particle formation to occur via coagulation,
or to be absorbed on the highly acid particles often observed.
HS0 3 is believed to be oxidized further to suHuric acid (H 2S0 ) by
4
gas phase processes. The exact reaction path is not known. However, once H2S0 4
is formed it is instantaneously converted to, or absorbed on, particles, due to
its extremely low vapour pressure.
3.2. 1

.!iy~r~xll_cl1.e!!1.i ~t.!:.y_

Tropospheric gas chemistry is initiated by photodissociation of ozone
(see Table 3.1) followed by OH formation (R1). Further chemical activity depends
strongly on the efficiency of free radicals (OH, H0 2 , CH 302 ) formation in the
atmosphere. OH plays a key role in this chemical process. It is, therefore,
important for the understanding of tropospheric gas chemistry that lye know
the chemical reactions involved in the OH turnover in the atmosphere.
In the presence of hydrocarbons (HC) further radical production takes
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place through the reaction with OH (R2).The following type of reaction illustrates peroxy radical production:

as usually is produced in the reaction. pis the yield of peroxy radicals in the
subsequent reactions when one HC molecule is oxidized in the initial step. ~
varies, depending on the particular HC molecule. Each hydrocarbon usually gives
several radicals. The reaction sequence involves intermediate steps where rather
stable species are formed. Important examples of intermediate species are formaldehyde (CH 20), acetaldehyde (CH 3CHO) and peroxides (H 202 , CH 302H).
The main abundant hydrocarbon in the atmosphere is methane (CH 4 ).
Due to its extremely slow reaction rate with OH (chemical lifetime 5-10 years)
it is nearly uniformly distributed throughout the troposphere with a mixing ratio
of about 1.4 ppmv. CH 4 provides an important source for the free radicals in
unpolluted areas where often more short lived hydrocarbons are present in negligible amounts. Since it is also the simplest hydrocarbon, I have chosen
to illustrate hydrocarbon degradation by its reaction pathway (Figure 3.1). The
corresponding radical formation is also shown in the figure.
Once hydrogen radicals are formed, several reactions take place in a
rapid interchange between the species. In the presence of NO, H0 2 is efficiently
converted to OH through the reaction:
NO

+

H0 2 ~ N0 2

+

OH (k'" 8

10·-12 molecules -1 cm 3 $ -1 )

In polluted areas (with NO ~l ppbv) vonversion takes place within a few seconds.
In clean air regions where the concentration of NO is extremely low (mixing
ratios less than 0.1 ppbv; McFarland et al., 1979) the conversion preferentially
goes through the reaction with ozone:

As can be seen from Figure 3.1, the reaction of peroxy radicals will through
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CH302H

hv

OH 02
washout

H2O
H02

CH 20
OH
hv
CHO

H2

°2
CO
OH 2 H02
CO 2

Figure 3.1 The methane oxidation scheme.
From Hov et al., 1978

further oxidation lead to OH radical formation as well as to the formation
of HO Z'
An important recycling of HO Z from OH occurs via the reaction with
carbon monoxide:
R7
In most of the troposphere this is the main loss reaction for OH leading
to chemical lifetimes of one second or less. At the same time OH controls
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the CO distribution through this reaction. This strongly underlines the complexity of tropospheric gas chemistry.
Removal of hydrogen containg free radicals occurs through several
reactions. In polluted areas, HN0 3 formation via the reaction
R8

is a main loss path. In the free troposphere the reaction forming water vapour:
R9

is important. Furthermore, the formation of highly water soluble species like
H202 and CH 302H are believed to be important sinks. The formation goes through
the reactions
R10

Rll
Their importance as sinks for radicals depends critically on the efficiency of
the removal in droplets compared to photochemical reactions which reforms
radicals:
R12
R13

At the present, the importance of the different loss processes for fr.ee radi ca1s
is difficult to assess. It is, however, likely that during cloudy weather
situations, liquid phase removal is an efficient sink for hydrogen containing
free radicals.
From the foregoing discussion it should be clear tnat an assessment
of the global d·istribution of the hydroxy radical is difficult to obtain, since
it is influenced by such a large number of factors. Diurnally averaged values
of the global OH distribution estimated with the aid of a two-dimensional model,

- 41 is shown in Figure 3.2. The calculations are based on a large number of
chemical reactions believed to be of importance for the tropospheric ozone
chemistry, and on climatological averages for solar radiation etc. for the
different seasons. As I have already indicated in high latitudes OH varies

Hei!llt (km)

Height (km)

15

15

NP

5

5

Figure 3.2 a) Calculated daily
averaged concentratio§s of OH
rad~cals for July (10 molecules
cm- ). From Rodhe and Isaksen,
1980.

NP

sooN

Figure 3.2 b) Same for January

strongly between summer and winter season. Average global values are of the order
of 10 6 molecules/cm 3 . The estimated distribution of OH enables us to calculate
conversion rates of primary species which are lost predominantly through reactions
with OH. For the conversion of S02 to sulphate average conversion rates of
the order of 0.5% per hour is obtained (Rodhe and Isaksen, 1980). Estimates of
the relative importance of the different conversion and deposition processes
are shown in Table 3.2.
Table 3.2. Relative importance on a global scale of transformation and
removal processes for 502 (Rodhe and Isaksen, 1980). jalues refer to July
(January) and the unit is percentage of the seasonal total.
Transformation to sulfate
thereof reaction with OH
reaction with CH 302
liquid phase transformation
Dry deposition
Wet deposition
Total

46.2 (40.2)
21.0 (11.5)
7.7 (5.3)
1 7.5 (23.4)
47.0 (51.6)
6.8 (8.2)
100.0 (1 00 .0)
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OH converts NOx (NO + NO Z) to HN0 3 within l-Z days as a global
average (3-5% per hour). The OH concentrations vary strongly over the day
due to its short chemical lifetime. At night, in the absence of sunlight,
it is estimated to drop by as much as two orders of magnitude, making gaseous
loss of other species very inefficient. It is gradually built up toward
noon and reaches maximum values around noon close to 10 7 molecules/cm 3 . This
means that conversion of 50 Z to sulphate and NO Z to HN0 3 , are expected to
show similar diurnal variations. Maximum gas phase conversion rates of 50 Z
to sulphate have been estimated to approximately 5% per hour (Isaksen et al.,
1978) which compare well with observations in photochemical active plumes
(White et al., 1976). Figure 3.3 describes the diurnal behaviour of the rate
of conversion of 50 Z to sulphate in a photochemical active plume (Isaksen
and Hov, 1978).
All hydrocarbons, except the lighter paraffins (methane, ethane,
propane) normally react sufficiently rapid with OH in days or less) to be
oxidized before they are transported over very large distances.
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3.2.2

Qz~n~ i!e~e.!:.a!i~n_

Observations show that ozone (03) and other photochemical oxidants
(aldehydes, organic nitrates, peroxides) are present in strongly enhanced levels
in most industrialized areas. These species are secondary products, formed
when primary compounds, like nitrogen oxides and hydrocarbons, are oxidized in
the atmosphere through the action of visible and short wave solar radiation.
The chemical species and number of reactions involved in the formation are
largely the same as discussed above, and involve the generation of shortlived
free radicals like OH, H0 2 , NO, N0 2 , and several others. I will first of all
discuss the formation and loss of ozone which is the dominant photochemical
oxidant observed in polluted and unpolluted areas. Its mixing ratio is often
in the range 60-100 ppbv.
Ozone is formed in the atmosphere when shortwave UV radiation
dissociates nitrogen dioxide (c.f. Table 3.1):

°
followed by a recombination of °and 02:
J

N0 2

+

h v l!.Q2-t NO

+

R14

R15

This is the only known process which effectively produces ozone in
the troposphere. It requires, as is seen, that nitrogen dioxide is present in
the air. N0 2 is usually present in much smaller concentrations than 03' and
in order to be an efficient source for the above reaction sequence, other chemical reactions, which convert NO back to N0 2 without absorption of ozone, have
to take place. In this way a catalytic cycle driven by solar radiation generates
ozone without any net consumption of nitrogen oxides. Experiments and model estimates have shown that the necessary compounds for such catalytical cycles to
proceed efficiently, are hydrogen peroxy radicals (HO Z) and organic peroxy
radicals (R0 2). They react with NO to regenerate NO Z'
R16
R17

- 44 Model estimates, which simulate the tropospheric chemistry, have
shown that the above catalytical cycle can generate the observed ozone distribution in polluted air (mixing ratios >100 ppbv), provided that peroxy radicals
are produced efficiently. In the unpolluted background atmosphere, this
condition is satisfied through the dissociation of water vapour. In polluted
areas the situation is more complicated. The efficiency depends primarily on
the ratio of HC/NO x releases. This ratio has to exceed a certain threshold
value (Nl) before radical formation is efficient (Oemerjian et al., 1974).
This is for instance of importance in power plant plumes where the HC/NO x ratio
initially is less than 1, and in urban areas where it frequently exceeds 1.
In pOvler plant plumes photochemical act"ivity is usually very slow. The main
explanation for the importance of the HC/NO x is that high NO x concentrations
(N0 2) make the loss of hydrogen radicals through HN0 3 formation (R8) too
efficient for OH and H0 2 to be generated in large enough concentrations. The
opposite situation is illustrated in Figure 3.3 where we have included an
estimated diurnal variation of the ozone production through the above reaction
in active urban plume. Production rates exceeding 20 ppbv per hour are obtained during the most efficient period in the plume. This means that it takes
only a few hours to build up ozone from typical background values of 30 ppbv
to unacceptable values of 100 ppbv. Under such conditions ozone may be transported out of the polluted area and affect locations several hundred kilometres
away from the source region. This is possible since ozone is broken down rather
slowly outside polluted areas, where the main loss reaction is

The above reaction gives a chemical lifetime of 03 varying from a few weeks to
months in the free troposphere. The reaction is comparable to surface absorption of 03 as an average tropospheric sink (c.f. Chapter 6).
Ozone generation may also take place over large regional areas in
fair weather situations. Production rates are much slower (~l ppbv per hour),
but it proceeds for several days (weeks), thus generating similar ozone
levels as in urban plumes.
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Observations have shown that photochemical oxidants other than
ozone (H 202 , CH 302H, PAN (peroxyacetylnitrate)) and other intermediate oxidation products like aldehydes (CH 20, CH 3CHO) are less abundant in the atmosphere
than ozone. They are, however, of importance as they may add to the adverse
effects experienced by ozone. Their formation is strongly linked to the ozone
generation chemistry, and is most pronounced in strongly polluted areas
where free radical formation is efficient, and where ozone concentration is
raised to high levels.
Peroxides are of particular interest as they are extremely efficient
oxidation agents in the liquid phase. The most abundant peroxide is hydrogen
peroxide (H 202 ). We have already shown that it is formed in the gas phase from
H0 2 (R10). It is measured in concentrations close to 100 ppbv in heavily polluted
areas (Riverside, California). In the free troposphere its concentration is
probably of the order of a few ppbv or less.
PAN is a main organic nitrate in polluted air. Its formation requires
a rather complex sequence of chemical reactions to take place. It is primarily
produced through acetaldehyde (CH 3CHO) oxidation via reactions

PAN is mainly lost through thermal decomposition

It is also lost through absorption on different surfaces. Thermal decomposition is extremely temperature dependent, and proceeds very slowly at low
temperatures. It is therefore a possibility that PAN, produced in polluted
areas during wintertime when temperatures are low, could be a main NO x compound,
which is transported over large distances. However, the complexity of its for-
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mation scheme, make quantitative estimates difficult to obtain.
In polluted areas during summertime, the concentration of PAN is
observed to vary markedly over the day in accordance with the efficient
thermal decomposition. Concentrations in the ppbv range are often observed
in polluted areas. In the free troposphere its concentrations are probably
less than 0.1 ppbv.
Formaldehyde (CH 2Q) is measured to reach 50 ppbv in the most
polluted areas (Los Angeles), while values I ppbv have been observed in the
unpolluted background lower troposphere. It is a common secondary product
when hydrocarbons are oxidized (see Figure 1). Acetaldehyde (CH 3CHO) is
less abundant than formaldehyde, and it is formed only when some of the hydrocarbons are oxidized. This is, as we have seen, of significance for PAN formation. It is important to notice that the oxidation of the most abundant HC species,
methane, does not lead to CH3CHO formation.
3.3 Liquid phase transformation
3.3.1 Nitrate
formation
-------The oxidation processes which convert primary nitrogen species to
nitrate in the 1iquid phase are not well known. Chemical reactions oxidizing
absorbed NO or NO z in droplets are probably less significant than gas phase conversion to HN0 3 . This is partly due to inefficient absorption of gaseous NO and
N0 2 in'droplets, and partly due to the high efficiency of reaction R8 producing
gas phase HN0 3 (the process is approximately 10 times faster than gas phase
sulphur oxidation). It should, however, be stressed that no estimates of the
efficiency of liquid phase oxidation of NO x to nitrate as compared to the
efficiency of gas phase oxidation has so far been performed to verify such an
assumption. The importance of liquid pahse chemistry is connected to the uptake
of gaseous HN0 3 in droplets, and the dissociation into H+ and NO; ions. The
equilibrium distribution in the droplets is given by ,the reactions:
K

HN0 3 (9)

4

K

HN0 3(1)

HN0 3(l) ~ H++'NO;
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KH is Henry's constant for HN0 3 which determines the uptake of gaseous HN0 3 (HN0 3(g))
while Kl is the equilibrium constant between undissociated HN0 3 in the liquid
(HN0 3(l)) and the dissociated ions. As pointed out previously, at typical pH
values (4-5) nitric acid is almost completely dissociated. The presence of
HN0 3 is therefore of importance for the pH value, and could thereby affect
the oxidation of 502'
3.3.2

~ulp.b.a!eJQ.r!l!a!iQ.n_

The oxidation of sulphur dioxide (502) to sulphate in the liquid
phase is found to proceed via reactions with several compounds dissolved in the
liquid. Catalytic reactions with metallic ions (iron, manganese) are thought
to be efficient in polluted regions up to a few kilometres from the source where
metallic ion concentrations are high. On larger scales, however, this process
is believed to be insignificant. On this scale the two oxidants 03 and H202 are
found to be of importance. In particular H202 is extremely efficient and reacts
rapidly with 502 to furm H250 4 (Penkett et al., 1979). Other peroxides (e.g.
CH 302H) are probably also efficient oxidizing agents, since these gaseous
compounds are completetly absorbed in the liquid when droplets are present.
The limit for their efficiency is therefore their formation rates in the gas
phase.
502 oxidation by 03 is highly dependent on the pH in the droplets.
In the following I will give a brief outline of the liquid phase sulphur chemistry.
Uptake of gaseous sulphur in droplets is followed by a rapid adjustment to
equilibrium between species in the same oxidation state, 5(IV): undissociated
sulphur dioxide (502 . H20) and the two ionic species bisulfite (H50;) and
sulfite (50~) through the equilibrium reactions:

K

l HSO; + H+
502 . H20 ~
K

H50- ~ 50= + H+
3

3

where K and K2 are the first and second equilibrium constants. From the above e
I
reactions liquid phase concentration of H50; and SO~ are expressed by the
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equations:

[HSO;]
[50;]

=

In atmospheric situations with cloud or raindroplets, 502 . H20 adjusts
rapidly to equilibrium with gaseous 502 through the equilibrium equation
K

50 2(g) ~ 502 . H20
where KH is Henry's constant for 502' The equilibrium constants are independent
of gaseous concentrations (but usually somewhat temperature dependent). From the
above reactions, it is seen that the concentrations of the different sulphur
species in the droplet is determined by 502 concentration in the air, and by
the pH value in the liquid (i.e. concentration of H+ ions). The lower the pH
value (i.e. the higher the concentration of H+) the lower are the concentrations
of H50; and 50~ . For thDse pH values normally occurring in the atmosphere
(3-6) and for typical contents of liquid water (0.1-1 g/m 3 ) the total amount of
5(IV) dissolved in the liquid phase is much less than the amount of 502 in the
gas phase (Taylor et al., 1982). The partitioning between the three dissolved
sulphur species as a function of pH is illustrated in Figure 3.4. It is seen
that for normal va'lues of pH H50; is the dominating form of 5(IV).

Figure 3.4 Relative distribution of sulphur compounds in the
liquid phase as a function of pH.
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The efficiency of the oxidation of sulphur (IV) to sulphate will
therefore depend critically on whether it proceeds via reactions involving S02'
H20, HSO; or so;. Experiments have shown that ozone oxidation proceeds either
via HSO; or via SO; (Scott and Hobbs, 1967; Penkett et al., 1979). The result
of this oxidation process is that as more sulphate is formed and thereby
more hydronium ions, the oxidation process slows down markedly and becomes
inefficient. This seems to be the case when pH drops below 4.2-4.5. For pH
values above 5 it is estimated that ozone oxidation may add an important contribution to the sUlphate formation.
Because of the strong dependence on pH it is important if there are
species like ammonium present which act to increase the pH value, Ammonia
is efficiently absorbed in the liquid where it establishes equilibrium with
ammonium:

The equilibrium of the reaction is shifted strongly towards the right, leading
to an efficient production of NH 4+ and OH - ions. In the droplets this reaction
is followed by the reaction:

Consequently, if ammonia is present in sufficient quantities in the air, its
uptake in droplets leads to the formation of OH ions which act to rise pH
values by neutralizing H+ ions. This will in turn raise the concentration
of S(IV) in the liquid phase and speed up oxidation processes. This is clearly
illustrated in Figure 3.5, which shows estimated rates of sulphate formation
in cloud droplets for different release rates of S02 and different concentrations
of ammonia in the air. A NH 3 concentration of 10 ppbv is sUfficiently high to
overcome the inhibit-ing effect of increased sUlphate production. In the other
two cases, NH 3 concentrations are too low to neutralize the H+ ions formed.
Conversion rates are therefore nearly independent of the rates of emission of
S02 into the airmass.
At the present it is difficult to quantify the relative importance
of liquid phase oxidation and gas phase oxidation of S02~ Observations seem,
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however, to indicate that both processes are important, dependent on latitude,
season and degree of pollution. More work is needed before a definite answer
on this question can be given.

1..5
1..0

J

15
.-.

IDE
......
c

E
0
M

-@
-3

3.0

2.5
2.0
1.S

1.0

.5
0

5

1.0

1.5

2.0

2.5

3.0

Q502 (kg/km2/min)
Figure 3.5 §mount of sulphate produced in 30 minutes in mod~l .fog
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CHAPTER 4: REMOVAL PROCESSES
D Whelpdale
4.1

Introduction
The final portion of the atmospheric cycle of a substance consists

of severol removal processes.

These various processes serve to cleanse the

atmosphere of accumulated material and deliver it to. the surface of the earth.
Their role and importance can be demonstrated by contrasting the atmospheric
behaviour of two pollutant substances: the chlorofluorocarbon CFC13 and sulphur
dioxide.

The only known tropospheric removal process for CFC1 3 is slow upward
diffusive tronsport to the strotosphere, where it is subseguently decomposed
by ultraviolet radiation.

Its residence time in the atmosphere is measured

in terms of years.

Pack et al. (1977) have recently shown that CFC1 3 is
accumulating in the troposphere and that its growth in concentration closely
parallels its total emission to the atmosphere.

In contrast, sulphur dioxide,
-1

whose man-made emissions are opproximotely 200 Tg Y ,more than 500 times
those of CFC1 3 , and which is readily removed from the troposphere by several
processes, shows no increase in atmospheric concentration on a global basis.

The residence time of 502 in the atmosphere is only a few days.

Removal processes may be classified into three types: wet removal
processes, dry removal processes, and chemical transformations. Wet removal
processes are associated with precipitation,whereas, dry removal processes
are not and they may go on all the time. Chemical transformations can
be thought of as removal processes (as well as source mechanisms), in that
many species can be transformed into others in the atmosphere (e.g., 50 to
2
sulphate), effectively removing the first (50 ), even though the element
2
itself (5) is not removed.
The effectiveness of a process or combination of processes may
depend upon several factors:
i)

meteorological conditions --e.g., turbulence intensity,
precipitation rate and duration, a~ount of sunlight
(c.f. chapter 2);
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ii)

properties of the substance undergoing removal -e.g., physical state, solubility, chemical reactivity;
iii) characteristics of the earth's surface -- e.g., wet
or dry, nature of vegetative cover, soil pH.
In general, the routine measurement of the amount of material
that is brought to the surface, i.e., deposition, is easier and more advanced in the case of wet removal than in the case of dry removal.
4.2
4.2.1

Wet Removal
Precipitation scavenging processes

The term precipitation scavenging is commonly used to mean the
removal of any material from the atmosphere to the earth's surface by various
forms of precipitation. Thus, the several precipitation scavenging processes
described below are the wet removal processes. Slinn (1977) has developed a
consistent terminology for this field which takes into account the dependence
of precipitation scavenging on altitude (i.e., below-cloud or in-cloud), on
precipitation type (i.e., rain or snow), on the nature of the pollutant material (i.e., particle or gas) and on the actual physical mechanism of uptake.
The term wet deposition is also used synonymously with wet removal and precipitation scavenging to describe the processes; however, it
is more commonly used as a physical quantity, the flux (dimension: ML- 2T- l )
of material reaching the surface by the precipitation scavenging processes.
Both natural and pollutant trace constituents in the atmosphere
are scavenged by a variety of hydrometeors: cloud droplets, raindrops, snowflakes, fog droplets, etc. The process by which incorporation of
material into precipitation occurs and the effectiveness of the processes
depend upon the types of hydrometeors present, their physical and chemical
characteristics, and the physical and chemical properties of the scavenged
material.
The scavenging of gases by cloud droplets and raindrops is similar
in many respects. Gas molecules are transported to the drop surface from the
surrounding air by convection and diffusion, across the air-water interface,
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and then into the interior of the drop by turbulent mixing and molecular
diffusion. Inside the drop they may exist in a dissolved state and they may
undergo chemical reactions. In contrast to particle scavenging, gas scavenging
may be a reversible process if chemical transformation does not occur in the
hydrometeor (e.g., Hales, 1972), so that molecules may migrate into or out
of the drop. The direction and magnitude of the gas flux between air and drop
depend on the relative concentrations of gas in the surrounding air and
dissolved in the drop, and on the mass transfer coefficient between the two
phases. Precipitation scavenging is relatively unimportant for gases of low
solubility, although certain hydrocarbons may form surface films on the
drops and interfere with the transfer processes thus enhancing scavenging
(Garrett, 1978).
Under equilibrium conditions, the concentration of dissolved
(i.e., unreacted, or physically dissolved) gas is related to the gas phase
concentration by a solubility relationship known as Henry's Law:
(4.1 )
where c is the gas-phase concentration (mol 1-1 of air), Co is the liquidg
-1
..
N
.
phase concentration (moll
of liquid), and H is the Henry's Law constant.
51inn et al. (1978) have compiled values of this constant for atmospheric
trace gases of interest (Table 4.1) The behaviour of gases that dissociate
or react in water may deviate considerably from that predicted by the above
solubility relationship.
Common gaseous species which undergo complex physical and chemical
transformations in the 1iquid phase include CO 2 , 502 and NH 3 . Carbon dioxide,
for example, dissolves in water to form carbonic acid H2C0 3 , which in turn
dissociates in stages to bicarbonate HCO;, and carbonate CO~-. In pure rainwater in equilibrium with an ambient CO 2 concentration of 335 ppm(v) these
species would be present in the following concentrations(fo11owing Junge 1963):
H2C0 3
HCO-3
C023

=
=
=

16 ]J. mol 1-1
2.5 )J. mol 1- 1
3.7 . 10- 11 mol 1- 1

- 56 Table 4.1: Values of Henry's Law Constant H. Adapted from Slinn et al. (1978)

Compound

I.

H

CO
H,S
CH,

10 1

X

101

251 )( 10 1
1.84

X

10 1

C1H/j

1.72

X

10 1

C2 H4

6.82 x 10°
2.19 x toO
1.26 x 10°
9.30 X 10- 1
8.23 X 10- 1
7.85 X 10- 3
4.71 X 10- 4

N,O
CO,

C2 H2

so,
NH
co

J

5.0
4.2

CH,
CCI,F

X
X

5 x
1.6 x
1.1 x

N,O
CCI.&
(Me),S
Mel

3.0 x

101
10 1
10°
10°
10°
10- 1
to-I

2.4 x
3.8 x 10- 2

SO,
!!!.

X

NO
0,

II.

3.73
3.22

Henry's Law constants typically
increase with increasing temperature and with the presence of other
constituents. Data in Group I are
.
0
for freshwater at 15 C (Heines and
Peters, 1974); data in Group II are
for seawater at an unspecified temperature (Liss and Slater, 1974);
and Group III are estimates for
pure water (Junge, 1977).

4.8

Hg

X to-I

Polychlorinated biphenyls:
Aroclar 1260

ArocIar 1248
Aroclar 1254

Aroclar 1242

Pesticides

2.9 x 10- 1
1.5 x 10- 1
1.1
2.4

Aldrin

1.6
5.3

Lindane
Dieldrin

7.7

DDT

X

X

X
X

10- 1
10- 2

10-]
10- 4

2.0 x 10-'
X

10- 6

The pH of such a solution would be about 5.6, and the wet removal of C02
-2 -1
-1
would be 0.8 P mg m d I where P is the precipitation rate in mm d •

.

In the presence of other impurities in the water, the partitioning among species is strongly dependent on the pH of the solution.
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The case of S02 is more complex. S02 dissolves in water to
form physically dissolved sulphur dioxide, S02' H 0. Reversible dissociation
2
then occurs to the forms bisulphite HSOj, and sulphite SO~~ If other reactants or catalysts are present the SO~-may undergo irreversible oxidation
to sulphate (cf. chapter 3).
Most in-cloud scavenging occurs under conditions that Hales
(1978) refers to as "equilibrium scavenging" conditions. In such situations
the gas-phase concentrations vary slowly in comparison to the time scale
of the scavenging processes, and the droplets sizes are small. Liquidphase concentrations may then be assumed to be given by the solubility
relationship above.
Below clouds, however, the reversible nature of gas scavenging
means that the vertical distribution of the trace constituent is important.
Rain may scavenge material form an atmospheric layer with high gas-phase
concentrations (e.g., a plume) and subsequently release the material in
the cleaner air below. In this way, below-cloud scavenging may serve to
redistribute trace constituents in the vertical.
Several mechanisms contribute to the scavenging of particles
by precipitation. As noted earlier, the importance of a given mechanism
depends on the characteristics of the aerosol particles. In the atmosphere
particles exist in a very broad range of sizes -- from less than 0.01 ~m
radius. Elemental composition, soluble fraction, and hygroscopicity* also
show large variations. For example, particle composition may vary from a
completely insoluble piece of crustal material to a liquid droplet of
dissolved sea-salt particle. In general, the continental aerosol is a mixture of soluble and insoluble fractions, whereas the marine aerosol has
a domanant sea-salt (soluble) component. Particle size and hygroscopicity
are important properties in determining the effectiveness of the various
particle scavenging mechanisms.

• Hygroscopicity is a meas~re of the tendency of a substance to absorb
moisture by acceleration of the condensation of water vapour.
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During the formation and growth stages of clouds the larger
aerosol particles (radius larger than a few tenths jlm) serve as cloud condensation nuclei. This is the most efficient in-cloud particle scavenging
process, and For particles of radius greater than a few tenths jlm, the
eFFiciency is probably close to one hundred per cent. The smaller aerosol
particles, those in the Aitken nuclei range below approximately 0.1 jlm radius,
may also be incorporated into cloud droplets by Brownian motion, by electrical interactions, and by phoretic effects during evaporation and condensation
(Hidy, 1973). The importance of these latter processes has not been well
established quantitatively. Capture may also occur within clouds by larger
cloud droplets falling through smaller particles in the surrounding air,
although as indicated below, this may not be a very efficient process.

Below clouds the predominant scavenging mechanism is gravitational collision. Falling drops sweep through a volume of air and may collide
with and collect any particles in their path. In fact, however, for raindrops of radius between approxi~ately 50 and 2000 jlm, only particles of
radius greater than about 1 jlm are effectively captured (Junge, 1963). The
smaller particles tend to follow the Flow of air around the falling drop.
In addition to particle and drop size, the rainfall and rainfall duration
are. important to the overall effectiveness of this scavenging mechanism.

An important aspect of particle scavenging is the variation
of aerosol particle size with relative humidity. This depends on the
relative amounts of soluble and insoluble material in the particles,
on their hygroscopicity and on the relative humidity of the air itself. A
shift to larger sizes in the particle-size spectrum below cloud as a
result of increasing relative humidity will result in an increased probability of scavenging. On the other hand the evaporation of Falling hydrometeors in the relatively drier air below cloud base may actually prevent
the scavenged material from reaching the surface, and result instead in
a redistribution of the material in the vertical.
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In many parts of the world a significant fraction of the total
precipitation is in the form of snow. Unfortunately, relatively little is
known quantitatively of snow scavenging processes (Slinn, 1977). Snow
crystals, with their large surface area to mass ratio, may scavenge
particles efficiently by interception, but the role of diffusion, phoretic
and electrostatic effects is virtually unknown. Gas scavenging by snow is
relatively unimportant because of the limited possibility for gas adsorption on the crystal surfaces. An exception may be the scavenging of soluble
gases (e.g. 502) by wet snow, where the gas may dissolve in the liquid
fraction of the hydrometeor.

For a given atmospheric trace constituent, one or more of the
scavenging mechanisms described above may constitute the atmospheric pathway to the surface. Several factors determine which pathways are most
effective: scavenging mechanisms themselves, characteristic of the precipitation, state of the ambient .atmosphere, properties of the substances
being scavenged, and concentrations and distributions of those substances
in the atmosphere. Calcium, for example, which is primarily of soil origin,
exists predominantly in the larger particle sizes and is found in higher
concentrations below cloud base. As a result below-cloud scavenging is the
main wet removal mechanism. In contrast, sulphur exists in several forms
in the atmosphere and has several pathways to the surface.
Figure 4.1 shows the various wet removal processes schematically.

4.2.2 Scaven.ginq by fog and dew
Forms of precipitation other than rain snow are able to scavenge
material from the atmosphere and contribute to deposition. A limited amount
is known of pollutant interactions with dew and fog, but knowledge of
scavenging by hoar frost, ice accretion and other less common phenomena
is very sparse.
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Dew and other surface "wetness" (such as intercepted rain),
that may be broadly termed precipitation, can alter surface characteristics
and enhance the uptake of atmospheric constitutents. However, this mechanism
is relatively unimportant in comparison with other scavenging processes.
Contaminants are incorporated into fog droplets by the same
processes which occur in clouds (section 4.2.1). Deposition then occurs
by the impaction of the fog droplets on obstacles at the surface. This
mechanism can result in a significant deposition rate in polluted atmospheres
where liquid-phase concentrations are high, and it can be very important in
high-elevation ecosystems which experience persistent cloud and high winds
(Reiners et al., 1977; Falconer and Falconer, 1980). In this latter situation,
the continual interception of cloud elements by vegetation may result in
deposition rates of both water and dissolved substances which are considerably above the usual wet deposition inputs.
GASES

PARTICLES
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4.2.3 Quantitative descriptton of scavenging
Precipitation scavenging processes and pathways are described quantitati ve ly in terms of precipitati on:scavengi ng( or washout) rate coeffi cients
and washout ratios.
In the case of the wet removal of particles, the rate of loss L
of particle moss from a unit volume of air, irreversibly token up by
precipitation, is proportional to their moss concentration.

L = A cg

(4.2)

where A is the scavenging coefficient(dimension: T-l~ This parameter can be
derived from the analysis of particle-hydrometeor collisions, and it may be
formulated in a differential form for monodisperse aerosols, in an integral
form for polydisperse aerosols, and in a space-averaged form, as commonly
determined from experimental work. For example, the mass-average scavenging rate
A integrated over the raindrop and aerosol size distributions is given by:
00.- 00

A = IT fo J0 vt(r) r 2 E(a,r) N(r) f(a) dr da

(4.3)

where r, vt(r) and N(r) are the radius, terminal velocity and number-density
functions respectively for the raindrops, f(a) is the probability-density
functions for the mass distribution of aerosol particles, and E(a,r) is the
capture efficiency for drop-aerosol collisions. In modelling applications
difficulty arises from the time-dependence of f(a) and other factors in the
equation. Several authors, e.g., Slinn et al. (1978), have made simplifying
assumptions for scavenging rate formulations in order to provide semi- empirical
expressions for hydrometeor-particle capture efficiencies to facilitate wet
removal computations. Although such formulations are valid for both in- and
below-cloud scavenging, they do not always take explicit account of the account
of the nucleation process, which may be the most effective scavenging process
for a number of particle species (e.g., sulphate). Inclusion of the nucleation
step adds furt~rsevere complexities (Hales, 1978).
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The wet flux of aerosol particles to the surface Dw can be calculated by integrating over the hydrometeor's path:

w f0 II cg dz.

D =

(4.4)

Slinn (1977) has compared available scavenging rate measurements with predictions, and McMahon and Denison (1979) compiled listings of scavenging rate
coefficients (as well as many other parameters) from the literature. Values are
typically in the range 10~4 _10- 6 s-l
The washout ratio Wis defined as the ratio of a species' concentration in surface-level precipitation cl mol ~-l of liquid to its concentration
in surface-level air cg mol ~-l of air
c
W=-l
cg

(4.5)

Washout ratios provide a means of estimating long-term, large-scale wet deposition values where direct measurements are not available. Some measured values
of Ware presented in Table 4.2 (Slinn et al., 1978): for aerosol particles
they typically are in the range 10 5-10 6 . (W values near 10 3 are often found in
th~ literature as a result of concentrations bein~ expressed as mass ratios
(e.g., McMahon and Denison, 1979).) With the use of measured washout ratios
wet fluxes of aerosol particles can be estimated:

(4.6)
Washout ratios may be expected to show significant geographical and temporal
variability and must be used with caution. They are usually derived from near~
surface measurements of two quantities, one of which, c~, is effectively an
integrated measure of cloud-to-surface scavenging, and the other of which, cg '
is a point measurement, not necessarily representative of in-cloud conditions.
In addition, the efficiency of the scavenging processes depends strongly on the
mechani sms of preci pitati on formati on and on the preci pitati on rate. Aerosol
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Table 4.2: Some measured washout ratios, W. (Adapted from Slinn et al. (1978).

I

Scavenged material
Fallout radionuclides
Mass of inorganic dust
Total pollen (~15-50 urn dia.)
Aerosol oarticles:
El ement
mmd(um)
Pb
~0.5
Zn
~ 1.0
Fe
~3. 0
Ca
t4n
~2.0
Mg
5.7

Wx 10- 6
1.0 ±0.3
3.2
0.65-3.8
0.063
0.15
0.21
0.29
0.31
0.38
0.46

K

Element
Cl
Zn
Br
Na
Se
Sb
V

Pb
Cs
Mn
Cr
As
Co
Fe
Al
Sc

Avg. Vd (cm s- 1 )
0.06
0.07
0.08
0.1
0.15
0.15
0.23
0.25
0.31
0.33
0.36
0.37
0.50
0.94
1.1
1.3

1.08
0.40
0.17
0.98
0.25
0.16
0.16
0.24
0.24
0.24
0.36
0.22
0.85
0.23
0.26
0.17

Reactive gases and products:

NH~I NH3

NO;I

N0 2

S041

S02

0.12-0.22
0.18-0.40
0.01-0.30
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particles which have gaseous precursors may have enhanced washout ratios compared with inert species of similar size distribution (see final entries in
Table 4.2).
The quantitative description of precipitation scavenging of gases
must take account of the reversible nature of the processes - that is, the possibility of desorption. In most situations, except near sources where large gasphase concentration gradients may occur, the surface-level concentration of an
unreactive gas in raindrops can be assuemd equal to the equilibrium value given
by Henry's law. In this case the washout ratio becomes the reciprocal of the
Henry's law constant:
c~

1

W= -- = - ,
~
H

(4.7)

and the wet flux is
(4.8)
Thus the reciprocal of the values of H given in Table 4.1 are the washout
ratios for several gases. Washout ratios for low molecular weight gases are
SUbstantially smaller than those for particles (TablE 4.2).
In the case of reactive gases it is necessary to account for possible
chemical reactions in the hydrometeors in the presence of other constituents.
This effectively lowers aqueous phase concentrations of the dissolving species
and results in the possibility of enhanced scavenging rates and washout ratios.
Thus, as noted above, values of Wfor 5° =/5° , for example, in Table 4.2 are
4
2
much larger than those of H- l for S02 in Table 4.1. Scavenging of reactive gases
may be treated in a fashion similar to equations (4.7) and (4.8) above by defining
an enhanced solubility coefficient (e.g., Hales, 1972) which takes account of the
increased uptake of the gas as a result of liquid-phase reactions.
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4.2.4 Time scales for removal
Measurements of scavenging rate coefficients and other removal parameters provide imformation on the time scales which characterise the effectiveness of these removal processes. Under assumptions of steady state conditions
and first-order removal processes, the average residence time of a species in
the atmosphere with respect to a process is equal to the inverse of its average
rate coefficient (Rodhe, 1978). Thus, the residence time for wet removal during
precipitation is

(4.9)
where A is the scavenging coefficient averaged over all precipitation periods.
Because periods of precipitation are separated by dry periods, the average
residence time for wet removal, TW' depends on both the average length of the
dry periods Td and the frequency of prec"ipitation events f (Rodhe and Grandell, 1972):
(4.10)

The average residence time for dry removal is
(4.11)

where h represents the long-term average of the pollutant's vertical distribution,

J"" cg dz.

(4.12)

o

The overall time scale for removal is given by
T

-1

= T

-1

W

-1

t Td

(4.13)
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These parameters are widely used in dispersion models (see section 5.7) and
in assessing man's impact on global budgets and biogeochemical cycles of various
compounds (see chapter 6).
4.2.5 The composition of precipitation
Examples of precipitation composition typical of two areas of the
world, Scandinavia and northeastern USA are shown in Table 4.3. Both locations
are heavily influenced by man-made emissions. On a chemical equivalence basis
so~- and NO; are the dominant anions, and H+ and NH 4+ are the dominant cations.
In large portions of the more industrialized northern hemisphere, SO~- and N0 3are primarily from man-made emissions, following oxidation from their gaseous
precursors S02 and NO x ' respectively.
Hydrogen ions are primarely associated with SO~- and N0 3-, and NH 4+
sources are mainly biogenic. Chloride and the metal ions, Na+, K+, Mg 2+ and
Ca 2+ are not usually considered pollutants. Sodium and chloride are largely derived from the oceans; whereas, calcium and potassium originate from dust from
deserts and semi-arid regions and from intensely cultivated agricultural areas.
Precipitaion also contains trace amounts of many
Several common trace metals are usually present in the part
(e.g., Al, Fe, Zn, Cu, Pb, Ni, V) and many others at lesser
a number of natural and man-made organic compounds may also
pitat10n at very small concentrations.

other substances.
per billion range
concentrations;
be present in preci-

As might be expected, the composition of pretipitation in a given
region does reflect the presence of sources of individual constituents. For
example, precipitation in the marine environment has enhanced concentrations of
such sea-spray components as Na and Cl. The influence of the marine input can be
removed from measured concentrations by using the known ratios of the ions (e.g.,
S04 / Na+) in sea water; however, such a procedure is not straight forward in
the case of constituents from other major sources (e.g., crustal components).
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Table 4.3: Measured concentrations of major ions in precipitation.
Constituent

Concentration (microequiva1ents
per litre)
(1)

{21

SO,

69

60

N0 3

31

23

C1

18

14

118

97

H+

52

NH,+

31

74
12

Na+
K+

15

5

2-

TOTAL ANIONS

3

2

2+

7

4

Ca 2 +

13

9

121

106

Mg

TOTAL CATIONS

ll)Granat (1978): Example of precipitation composition from Swedish station
Sjoangen during 1973-1975. Typical of non-coastal areas in central and
southern Sweden.
(2)Likens (1976): Arithmetic means of annual, volume-weighted concentrations
of ions in bulk precipitation samples at Hubbard Brook Experimental
Forest, N.H. during 1963-1974.

Man's activities have altered the composition of precipitation increasingly since industrialization, but particularly in the past few decades.
Granat et al. (1976) have examined historical reco,'ds and concluded that preindustrial levels of sulphur in precipitation were much lower than presentday values. In fact, one of the major environmental problems in industrialized
areas of the world today involves the chemical composition of precipitation,
viz. acidic precipitaion. Large areas of weatern Europe (OECD, 1977) and eastern
North America (Likens, 1976) regularly experience precipitaion with pH less than
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4.5 and on occasion, with pH less than 4.0 (pH 4.5 and 4.0 correspond to hydrogen ion concentrations which are larger by factors of 13 and 40, respectively,
than that of pH 5.6 precipitation).
Acidic deposition is known to cause acidification and other chemical
changes in poorly buffered freshwater lakes and soils, and to cause reductions
in fish populations and species diversity (cf section 1.3).
4.3 Dry remova 1
4.3.1 Mechanisms
Dry removal of atmospheric gases and particles occurs by direct
transfer to and retention by various surfaces of the earth - water, soil, vegetation, snow, buildings, etc. In contrast to wet removal, which occurs only in
assoclation with precipitation, dry removal goes on all the time. Most-trace atmospheric constituents produced by man rpmain in the lowest thousand or so
mpters above the surfacp and dry removal requires their continuous transport
down to the surface.
For gases and small particles of diameter less than about 10 pm this
transfer to the near-surface region is accomplished by turbulent diffusion. For
larger particles the influence of gravity is significant and sedimentation becomes a progressively more important process with particle size. Very close to
the surface (i.e. within less than ca 1 mm) viscous forces become important and
transfer through the resultant laminar flow 'layer is governed by molecular instead of turbulent processes. Transfer of gas molecules occurs by molecular
diffusion and that of small oarticles « ca 0.1 pm) primarily by Brownian
diffusion. For particles larger than ca 1 pm inertial impaction on surface
elements becomes important. The transfer of particles of diameter between ca
0.1 and 1 pm is rather inefficient (Figure 4.3).
Actual capture at the surface is accomplished by a variety of
processes. Gases may dissolve in the water of oceans, lakes, other wet surfaces and vegetation; they may be physically adsorbed, for example, into soil
particles or snow crystals; they may undergo direct chemical reaction with
surface material; and they may enter plants through stomata. The primary
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Figure 4,2: SCHEMATIC DIAGRAM OF DRV DEPOSiTION MECHANISMS

mechanism for particle capture is impact with the surface and retention there,
although uptake through stomata has been suggested as a possibility. Subsequent
escape from surfaces, particularly for larger particles by bounce-off or
resuspension, frequently occurs.
Figure 4.2 shows schematically the various parts of the dry removal pathway for gases and particles.
Three sets of factors influence the mechanisms identified above,
and thus the efficiency of the dry removal pathway for particular species
and surfaces. Meteorological variables control atmospheric transfer down to
the near-surface region. Effective transport occurs with vigorous turbu'lent
mixing (unstable conditions) which results from higher wind speeds and radiation
inputs. In general, in northern temperate latitudes, atmospheric stability is
greater during night and during winter, so that turbulent transfer to the
surface is correspondingly decreased. It has been suggested that high relative
humidity may contribute to increased fall velocities of particles by increasing
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their mass and density. In addition, the occurrence of precipitation temporarily
decreases dramatically the relative importance of dry deposition, but at
the same time wets all surfaces to make subsequent dry uptake more efficient
(see below).
Properties of the depositing pollutant itself affect both atmospheric transfer and surface uptake. The effectiveness with which gases cross
the laminar flow layer is thought to depend upon their molecular diffusivity,
and the effectiveness with which they are taken up by the surface is dependent upon their solubility and chemical reacitivity. In the case of
particles, their atmospheric behaviour depends upon aerodynamic size, shape,
and hygroscopi ci ty; thei r 'j nteract i on with a surface depends upon thei r
solubility, chemical properties, and charge.
The nature of the surface also has an important influence on
dry deposition. The greater the surface roughness, the more effective is
the turbulent exchange above the surface. Gaseous uptake at a surface
depends upon such factors as chemical composition and properties (e.g., pH),
physiological state (e.g., actively growing, senescent), wetness and
perhaps prior loading. In the case of particles the nature of the surface for example, wet, sticky, hairy, charged - controls the degree of retention
of impacted particles.
The diversity of deposition processes and the multitude of
factDrs which influence them make difficult both the reliable measurement
of dry removal and attempts to create a comprehensive mathematical description of them. In the following section the formalism used to describe gaseous deposition is presented.
4.3.2

A theoretical treatment of dry deposition of gases
Micrometeorological studies of the exchanges of heat, water
vapor and momentum between the lowest several metres of the atmosphere
and the surface have provided a theoretical framework for the description
of dry deposition of gases. Garland (1978, 1979) has described this
approach in detail, and the description below follows his treatment.
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Assuming that pollutant gases are transferred 'in a similar fashion to
these quantities, the downward flux F of a gas can be related to the
gradient of its concentration c with height z:
F

=

K(z) ~

(4.14)

where K(z) is the diffusion coefficient represe~ting turbulent and
molecular diffusion. Integrating from the surface to height z yields
c(z) - c(o)
F = z dz'
f K[z')
o

(4.15)

where the denominator may be looked upon as a resistance to transfer in
the gas phase:

z

=

dz'

bK[z')

(4.16)

A surface resistance r s may also be defined, under assumptions
that uptake at the surface is irreversible and that it is proportional
to the gas concentration there:
(4.17)
The flux to the surface can then be expressed in terms of a gas-phase
resistance and a surface resistance. From equations (4.16) and (4.17)
(4.18)

Rates of deposition are usually discllssed in terms of these resistances
and the deposition velocity vd(z):
=

1

----C_

r(z)

(4.19)
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vd is usually determined from measurements made at a height of approximately 1 m above the surface.
The resistance to uptake at the surface r s ' cannot easily be
predicted because of its dependence, as discussed above, on so many factors.
Values of r s are obtained by experiments and by difference between r(z),
which is determined from the rate of deposition, and rg(z).
Because the resistance to transfer is made up of an atmospheric
and a surface part, even when surface uptake is very efficient (i.e., rs=O),
the remaining atmospheric resistance will impose an ·upper limit on the
deposition velocity, rg(z)-l.

4.3.3

Deposition velocities
The effectiveness of dry deposition of gases and particles
is usually measured in terms of their deposition velocity. Values of
this parameter are derived either from direct measurements of pollutant
concentration and flux, or from wind, temperature and humidity measurements.
Measurement approaches commonly employed include: (i) the direct measurement
of deposition to a surface (e.g., Dovland and Eliassen, 1976; Garland, 1977);
(ii) the flux-gradient method as discussed in § 4.3.2 (Garland, 1977);
(iii) the eddy-correlation method (e.g., Wesely et al., 1978; Hicks, 1970);
and (iv) the mass balance approach (e.g., Payrissat and Beilke, 1975).
The quantities being measured (i.e., concentration, flux, deposited mass) are in many cases near the limit of their detection and thus
high accuracy and precision are required. For the eddy-correlation method
sensors with a fast time response « ca 1 s) are essential. Because of
the complex nature of dry deposition mechanisms (i.e., numerous, strongly
dependent on constituent, surface and atmospheric characteristics) and
because such stringent requirements exist for sampling and analysis methods
and instrumentation, most dry deposition measurements to date have been
done on a research basis, and not as a routine part of monitoring network
operation.
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Dry deposition measurements have been made for several gases
and many kinds of particulate material; Sehmel (1980) and McMahon and
Denison (1979) have recently reviewed available deposition velocity values.
Among the common pollutant gases sulphur dioxide has been studied most
extensively, ozone somewhat less so, and the oxides of nitrogen relatively
little. Table 4.4 lists typical, reported deposition velocity values for
sulphur dioxide, nitrogen dioxide, ozone and for small particles in the
size range in which most of the particulate-sulphate mass is found. As
Sehmel (1980) describes, experimental conditions for the many different
investigations have varied widely, and the values of vd for a particular
species may range over two or three orders of magnitude. Nevertheless,
work of Garland (1978, 1979) and Fowler (1980a,b) lend support to the
"typical" "representative" values in Table 4.4. Because of the wide
range of atmospheric and surface conditions which a depositing substance

Table 4.4: Typical, reported values of deposition velocity (mm s-l).

~

Vegetation

Soil

Water

Snow

Species

Gases

S02

8

8

8

I

N02

5

-

-

-

0;

8

8

I

-

Small Particles
(O.l<d<l jJm)

~

I

1t

I

I

"*

I

"<-

Values are derived from the survey papers of Fowler (1980a,b), Garland (1977),
Garland (1978) and Sehmel (1980).
;( Uncertain val ues.
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may encounter over the surface of the earth and during the course of a year,
considerable variation in deposition ve']ocity values is to be expected.
Mean deposition velocity values for sulphur dioxide over
vegetation-covered, soil, and water surfaces are quite similar. Uptake
by vegetation is primarily through stomata, although other plant surfaces
may be receptors also (Fowler, 1978). Deposition to vegetation appears to
vary considerably between day and night, and summer and winter. Gas-phase
resistence to transfer decreases over the rougher surface of'tall vegetation like trees, but surface resistance appears to increase in order to
reduce water loss, with the result that total resistance and deposition
velocity do not change a great deal with vegetation height. Wetted surfaces
of vegetation, forests in particular, might be expected to enhance uptake
considerably. Surface resistance to uptake by soils decreases as soil pH and
moisture content increase. Thus, for example, S02 deposition to wet, calcareous
soils is quite efficient. Bacause S02 is highly soluble in water surface resistance is negligible and uptake over lakes and oceans is controlled by gasphase resistance. Over snow surfaces stable atmospheric conditions make gasphase transfer inefficient with a resulting lower deposition velocity. Uptake
of S02 by surfaces of buildings and statuary appears' to be similar to that
of vegetation, soils, and water surfaces.
Few measurements of the deposition of nitrogen oxides (NO, N0 2 , HN0 3 )
have been made; however, on the basis of their known chemical properties some
predictions about their behaviour can be made. HN0 3 , the most soluble (greater
than for S02)' could be expected to behave much like S02' perhaps with a smaller
surface resistance and slightly larger deposition velocity. N0 2 is highly reactive, but is apparently less readily taken up by water. Limited measurements
(Bengtson et al., 1980) suggest a deposition velocity to vegetation of approximately 5 mm s-l with strong stomatal control, while deposition velocities to
other surfaces are thought to be slightly less than those for S02 (Fowler,
1980b). NO has a considerably lower solubility and is expected to have a significantly lower deposition velocity.
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Ozone, a highly reactive gas, has a low solubility in water and thus
while its deposition velocity for vegetation-covered and soil surfaces is similar to that for 50 2 , it is removed ineffectively by lake and water surfaces.
Limited measurements of other reactive gases (e.g., hydrogen fluoride, iodine,
chlorine, peroxyacetyl nitrate) suggest that their deposition velocity values
are cOlnparable to those for sulphur dioxide, with differences being attributable
to differences in solubility and molecular diffusivity (Garland, 1979). Carbon
dioxide is an example of a gas that is involved in metabolic processes
in vegetation. Its exchange is controlled by biochemical processes inside photochemi ca lly act i ve 1ea f cell s. CO 2 exchange with the oceans is 1imited by mi xing
in the deep ocean rather than by surface exchange processes.
Extensive wind tunnel measurements and a few field measurements confirm the strong particle-size dependence of deposition velocity (Figure 4. 3).
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Figure 4.3: Deposition of particles to short grass in wind tunnel for
three different values of the fr-"iction velocity
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The form of this curve reflects the importance of different processes for dHferent particle sizes (c.f. section 4.3.1). Below ca O.l]Jm Brownian diffusion
through the near surface laminar boundary layer controls transfer; whereas,
above ca 1 ]Jm sedimentation contributes increasingly to the deposition. The
minimum in the curves in Figure 4.3 correspond to the size range between 0.1
and 1 ]Jm where both processes are inefficient.
Particle- size measurements show that the atmospheric particulatesulphate mass lies primarily in this size range (Whitby, 1978), and a significant fraction· of the particulate-nitrate mass is expected to lie in this
range also (Spicer, 1977).
Measurements for sulphate and for other substances in this size
range (e.g., Pb, Sb, V, Cs) generally confirm the small deposition velocities,
although much scatter in the values exists (Sehmel, 1980).
In summary, the relatively large number of measurements for S02'
03 and small particles do demonstrate some consistency for deposition velocities of these substances, despite wide ranges of values. For many other species,
in particular the oxides of nitrogen, much further work is required. One of the
important challenges in this field is to build up a more complete understanding
of the spatial and temporal variations of deposition velocities and fluxes of
species of interest (i.e., their dependence on atmopsheric and surface characteristics) so that dry removal may be incorpotared into models in a more satisfactory fashion.
4.4 Concluding remarks
Both wet and dry removal processes effectively cleanse the atmosphere
of trace constituents. In an absolute sense, the importance of the two mechanisms
depends upon the amouht of a particular substance present in the atmosphere,
the characteristics of the substance, ambient meteorological conditions, and
the climate and surface characteristics of a particular region.

- 77 The relative importance of wet and dry removal of e.g. sulfur
and nitrogen compounds depends on many of the same factors. In particular, the
frequency, duration and, to a lesser extent, intensity of precipitation, are
of utmost importance. For example, in wet tropical areas where intense rainfall
is a daily occurrence, wet deposition is rapid and relatively much more important than dry. On the other hand, in desert areas infrequent rainfall makes wet
deposition insignificant.
In those mid-latitude regions of the northern hemisphere where manmade emissions dominate cycles of substances such as sulphur and nitrogen, wet
and dry deposition are of comparable importance. Near ·source regions, where
atmospheric concentrations of rollutants are higher, dry deposition is relatively more important; but wet deoosition becomes progressively more important away
from sources.
In the Arctic where precipitationis infrequent and mainly in the
form of snow, and where stable atmospheric conditions prevail, both wet and dry
removal processes are very inefficient. Trace constituents which eventually
find their way into the Arctic atmosphere remain there for long periods of

Deposition measurements have so far been restricted primarily to the
northern mid-latitudes. Further investigation is required in most other parts
of the world in order that removal processes and deposition rates may be characterised is a more comprehensive way globally.
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CHAPTER 5: APPLICATIONS OF METEOROLOGICAL DISPERSION MODELS
A. Eliassen
Introduction
This chapter deals with how various physical processes such as transport, chemical transformation and deposition are taken into account in meteorological dispersion models. It is difficult to discuss this in a meaningful way
without also discussing the basic properties of the models themselves. The
chapter attempts to do this starting with models applicable to the local
(~ 10 km) scale, and ending with global models. The discussion does not
penetrate to any great depth, but "instead tries to give a consistent overview
of the situation for the different model types. The last section provides a
"link to other chapters where the physical processes are discussed in more
deta i 1•
5.1

5.2

Gaussian plume models
By far the most commonly applied dispersion model on the local
(~ 10 km) scale is the Gaussian plume model. The theoretical basis of this
model is the assumption that the form of a diffusing cloud of inert material
released from an instantaneous point source is "normal", or Gaussian. In the
case of homogeneous turbulence, there is strong theoretical and empirical
evidence in favour of this assumption.
According to this assumption, and in the case of homogeneous isotropic
turbulence, the form of the above-mentioned diffusing cloud is

2

exp( - -;-)

(5.1)

2a

where c(r,t) is the mass concentration of the diffusing material, r is the
distance from the centre of the cloud, a (t) "is the standard deviation of the
Gaussian distribution, which increases with time, and Q is the mass of the
released cloud.
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Eq. (5.1) can easily be extended to the anisotropic case, with
different standard deviations in the x, y and z direction, In principle, the
diffusion of any initial concentration field can be treated by the superposition
of many Gaussian "puffs" released at different points in space, Moreover, the
case of a constant wind u, blowing along the x-axis, for example, can be treated
by a Galilean transformation x' = x - u t, so that the diffusion is described
in a coordinate system following the air. The mean concentration c from a
continuous point source can be obtained in this way by integrating over Gaussian
puffs released from the source at different times:
2

c(x,y,z)

=

Q
2rruo

•

Y°z

[exp(- ~)] • [exp(20 y

2
+ exp(- (z+H) )]
2

°z

2

(5.2)

Here Q is the emission rate (mass per unit time), H is effective
stack height, and the crosswind and vertical standard deviations 0y and 0z
increase with x, Such a standard Gaussian plume is shown schematically in
Figure 5.1.
To obtain the standard Gaussian plume formula (5.2), we must restrict
ourselves to a region not too far from the plume axis where r ~ x. It can be
shown (Csanady, 1973) that this is equivalent to assuming that diffusion in
the x-direction is unimportant compared to advection by the mean wind. Moreover,
(5.2) is in fact a superposition of two Gaussian plumes, one plume emitte9 at
z = H and another virtual plume emitted at z = -H. For symmetry reasons, ~~
must then vanish at ground level (z = 0). Therefore (5.2) represents a solution
for a pollutant which is not deposited at the ground. The superposition
technique can also be used to obtain solutions for diffusion under trapping
inversions, for l.ine so.uY'ees.., an(Larea_~ources,
The growth of 0y and 0z with x for different turbulence classes
are estimated from empirical data, thus incorporating our direct observational
knowledge of atmospheric diffusion. The most commonly used scheme was proposed
by Pasquill (1961). The various available schemes have been reviewed by Gifford
(1976). For quick estimates, the material provided by Turner (1970) is suitable.
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z

x

y

Figure ·5.1: Schematic illustration of a standard Gaussian plume.

Basically, Gaussian plume models are designed to describe the
diffusion of chemically inert material which is not deposited at the ground.
Dry deposition is sometimes accounted for by the so-called source depletion·
technique, (Van der Hoven (1968) ) in which it is assumed that the dry
deposition decreases the plume concentrations in the same proportions for all
values of z. The plume shape thus stays Gaussian. In reality, however, the
deposition occurs at the ground, and the vertical turbulence gradually brings
down new material from higher levels of the plume. This causes the plume to
depart from its Gaussian shape. The surface depletion technique (Horst, 1977)
on the other hand, uses superposition of Gaussian puffs to construct a
physically more acceptable solution, where the vertica·] concentration profile
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is determined as a result of deposition at the ground. The use of the conventional
source depletion technique introduces significant errors when the characteristic
time for mixing through the depth of the plume is less or comparable to the
characteristic time for depletion by deposition.
In general, chemical reactions will also destroy the Gaussian shape
of a plume. It is therefore difficult to incorporate even very simple air
chemistry into a Gaussian plume model. An exception is a first order chemical
removal with the rate constant k, which can be taken into account by multiplying (5.2) with the factor exp (-k
This is also how one can correct for
en route radioactive decay, k then denotes the decay constant for a particular
radioactive species.

f).

5.3 Urban and mesoscale models
Urban areas influence the air flowing over them in several ways.
The urban surface is usually very rough compared to the surrounding rural areas,
and the surface temperature is usually higher. This leads to the development
of an internal urban boundary layer, with different turbulence characteristics
than the boundary layer in the surrounding rural areas.
The Gaussian approach has been used in a large number of urban
air pollution modelling studies. Gaussian urban models consist of many
Gaussian plumes from different sources which are added to produce a total
concentration pattern. A difficulty with this approach is the specification
of [J -values suitable for the rough urban area. Smith (1973) has proposed a
modification of the Pasquill stabil ity classes to include the effect of
variable surface roughness. However, there is still a lack of relevant
empirical data for such situations. A good example of a Gaussian urban model
is for example that of Bringfeldt et al. (1974).
As already mentioned, chemical reactions between pollutants will in
general destroy the Gaussian shape of a plume. Furthermore, such reactions
make a straightforward superposition of plumes impossible. Therefore, if it is
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necessary to include air chemistry in an urban air pollution model, a Gaussian
model formulation should be avoided. Instead, one may choose between a number
of box or grid models.
The basic rquation for all box or grid models is the mass
conservation eauation

(5.3)

where c i is the mass concentration of the i - th species, V is the three...
dimensional velocity, Fi is the turbulent flux vector, Ri is the net
source term, or sources minus sinks, from chemical reactions or photodissociation, hv represents the light intensities in the appropriate wavelength regions, T is temperature, and Qi is a net source term for sources and
sinks other than chemical reactions, such as emission, wet or dry depositions
etc. The dependent variables in (5.3) represent averaged values free from
quick and chaotic turbulent fluctuations.

....

If eddy-diffusion coefficients are used to express Fi , we obtain

(5.4)

where x and yare horizontal and z vertical coordinates, and Kx ' Ky ' and
Kz are the corresponding eddy diffusivities. If the K's are assumed to be
constant, we have the case of Fickian diffusion. If in addition the wind is
constant in space and time, the basic solution of (5.4) is a diffusing
Gaussian puff advected with the wind and with its standard deviations given
by

12K"t
z

(5.5)
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This fact provides a link between the diffusion equation (5.4) and
Gaussian models.
However, in practice neither the wi nd nor the eddy-diffus i viti es
are constant. From the well-verified theory of the constant flux-layer, which
extends up to a height approaching 100 m, we know that here Kz increases with
height, (see for example Monin and Yaglom, 1971, ch.4). If we assume, as is
usual, that the eddy-diffusivities of heat and of passive material are equal,
we have:

(5.6)

where u* is the friction velocity and L is the Monin-Obukhov length
3 -

L =

u* T
-~-...---H
0.35 g (_0)

(5.7)

cpf

Here T is a mean temperature for the layer, g is the acceleration of gravity,
cp the specific heat capacity of air at constant pressure, i' the air density,
and Ho the turbulent upward heat flux. Returning again to (5.6), <l> is a universal
function for transfer of heat or passive material, determined from empirical
data by for example Businger et al. (1971) as

0.74 + 4.7 Iz
) ={

for

L;.. 0

(stable)
(5.8)

0.74 (1- 9[f l /2 for

L < 0 (unstable)
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There are several difficulties in using eq. (5.6) to (5.8) to
estimate Kz . First, one has to know u~
and H0 . In principle these can
be
A
.
estimated from vertical profiles of wind and temperature, but in practice
the necessary information is rarely available. It should be mentione~ however,
that the formula
(5.9)

due to Smith (1979) roughly estimates Ho as a function of the net incoming
solar radiation flux R. Secondly, eq. (5.6) to (5.8) are valid for horizontally
homogeneous conditions over flat terrain, while urban areas have a rough and
complicated surface structure.
Another possibility is to estimate Kz by
(5.10)

This relationship has been postulated by Hanna (1968). Its use requires
knowledge of the vertical velocity spectrum, i.e. the standard deviation 0 w
of the vertical velocity, and the wavelength A where the peak turbulent energy
m
occurs,
In the simplest applications of (5.4), the equation is integrated
over a large air volume, containing the atmospheric boundary layer above a
city. Such a model is called a box model. Assuming steady-state conditions, and
that turbulent diffusion can be ignored compared to advection when calculating
the pollutant flux out of the box, the concentration of an inert pollutant is
predicted to be
c ~

x;;.-'-:;.0
Z •u

:=;./1,

(5.11)
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where t. xis the average wi dth of the urban area, Z is the average depth over
which the smoke plumes released within the urban area are mixed, Q is the
source strength per unit area, and u is the average wind speed. The box model
is illustrated in figure 5.2. Gifford and Hanna (1973) show that eq. (5.11)
serves as a reasonable, general urban areasource concentration formula for
inert pollutants. From integration of a Gaussian plume model, they show
that the quantity t.x/Z depends on the stability, but is relatively independent
on city size. From emission and concentration data of atmospheric particulate
matter they estimate an average value of t.x/Z of about 225 for cities in the
U.S.A.

C~O

u

Figure 5.2:

J

[

I'"

c

z

Illustration of the box model.

If the deposition or chemical reactions terms "in eq. (5.4) are
comparable to the transport term in importance, then the simple eq. (5.11)
does not apply. Hanna (1973) has extended the method to include reactive
pollutants. In this extended form, the method gives time-dependent equations
for the rate of change of mean pollutant concentrations within the box. This
approach is particularly useful since it is fairly simple to estimate the
relative importance of advection and chemical reactions for the determination
of pollutant concentrations.
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If spatial resolution is desired in the concentration field,
TIowever, eq. (5.4) must be used as it is, without integrating it over a large
volume of air. Some analytical solutions of simplified forms of eq. (5.4)
can be found for example in Moninand Yaglom (1971). However, for modelling
on the large urban scale and mesoscale (10 - 250 km), the various terms in
eq. (5.4) tend to be comparable in importance, so that no real simplifications
of the problem is possible. An exception is that turbulent diffusion in the
direction ot the mean wind often can be ignored compared to the advection.
This is obviously not the case in stagnant conditions with low windspeeds,
however.
The prediction of the three-dimensional cencentration field
c( x, y, z, t) on the large urban and mesoscale therefore requires a solution
of eq. (5.4), together with appropriate initial and boundary conditions, by
numerical techniques. In this connection it should be emphasized that any
such solution is no better than what follows from the quality of the input
data. For example, the three-dimensional wind field v and the values of the
eddy-diffusvivities Kx ' Ky and Kz must be known to determine c. The necessary
data can be obtained either from extensive meteorological measurement
programmes, or by considering the equations of motion, mass continuity
and the first law of thermodynamics in addition to eq. (5.4) and solving the
->
complete system of equations. By far the most common choice is to obtain v
and the K's in some way from measurements. If this approach is chosen, one
must ensure that the estimated Vsatisfies the mass continuity equation, i.e.
it must be mass consistent. A good example of such a study is the one by Shir
and Shieh (1974). The second possibility is rarely used on the urban scale.
Apart from the formidable calculations that are necessary in this case, one
reason might be that the motion of the air will depend much on the conditions
at the inflow boundary. The problem is thus partly transferred to specifying
correct boundary conditions.
In some special cases, however, the airflow on the mesoscale is
deteY'mined more by internal forcing within the region considered than by
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the external boundary conditions. This is the case, for examp·le, in sea breeze
situations, which can be described fairly well by mesoscale dynamic models
(for example Pielke (1974), Carpenter (1979) ). A scheme for calculating the
concentration of one dynamically passive pollutant represents a fairly
small addition to such dynamic models. However, these models in themselves
already have extensive computer requirements. If atmospheric chemistry is to
be included in any detail, computer requirements quickly become prohibitive
at present.
The mesoscale represents a difficult intermediate scale for air
pollution modelling. Gaussian plume models are unsuitable not only because
of the difficulty in adapting them to the occurrence of deposition and chemical
transformation, but because the assumption of straight plume trajectories
may introduce considerable errors in the concentration estimates. The motion
of air on the mesoscale is truly three-dimensional, and influenced by factors
such as orography and interaction with synoptic scale motion. These factors
are difficult to handle in models. Furthermore, a sufficiently dense network
of meteorological observations is often lacking, since the WMO network is
designed primarily to give information on the airflow on the larger synoptic
scale.
5.4 Long range transport models
When modelling long range transport of pollutants, or transport
on the scale from a few hundred up to about one thousand kilometers, one can
usually draw advantage of the fact that the pollutants have had time to mix
throughout the atmospheric boundary layer. This boundary layer varies in
th·ickness, over continental Europe typically from several hundred meters
(winter) up to perhaps two kilometers (summer). It is not always well-defined.
Up to now, much of the work on long range transport has been
based on one-layer dispersion models, where it is assumed that the pollutant
is completely vertically mixed up to a so-called mixing height. The pollutant
concentration is therefore independent of the vertical co-ordinate. The same
assumption is usually made for the horizontal wind. In many cases the model is
further simplified by assuming.that the mixing height is constant, and by
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ignoring any mass:transport up to the free troposphere compared to pollutant
deposition at the surface.
The mass-balance equation for a pollutant within such a boundary
layer can be obtained from eq. (5.4) by integrating it vertically from the
surface to the mixing height. The term -c i II· in (5.4) represents the
change in c i due to convergence or divergence of the three-dimensional
velocity field. Within the boundary layer this effect is small and can be
ignored. Furthermore, horizontal diffusion is often ignored in long range
transport problems. Such diffusion is important if the objective is to predict
instantaneous concentrations. If predicted average concentrations over a day
or more are needed, however, horizontal diffusion becomes unimportant
compared to the effect of changes in the synoptic wind pattern, or the
"synoptic SWinging" of air trajectories (Smith, 1979 b).

v

When these simplifications are introduced, the massbalance equation
becomes

(5.12)

where the concentration c, horizontal wind Vh ' the net source term R from
chemical reactions, and the net source term Q from sources and sinks other
than chemical reactions are functions of the horizontal co-ordinates and
time. It is convenient to introduce the LagY·angian derivative dDt in (5.12),
and write

(5.13)

Two different approaches are no\'! possible. Eqs. (5.12) or (5.13)
may either be integrated in an Eulerian grid, or, as suggested by the s·imple
form of (5.13), ·integrated along trajectories "in a Lagrangian framework.
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If the Eulerian approach is taken, it is simple, at least in
principle, to extend the model to three dimensions with several levels in the
vertical. Horizontal and vertical diffusion, and a"lso non-linear chemistry
can be included as well. The difficulty with such an approach is that the
input data (i.e. em"issions, winds, precipitation, cloudiness, reaction rates)
should cover the model domain sufficiently well and be accurate enough to
justify the use of such a complex model. At present, one may seriously
question if the available input data are adequate for this purpose even in
regions such as Europe and North America. On the other hand, a three-dimensional
Eulerian model can take into account effects such as vertical diffusion and
wind shear, which cannot really be described in a two-dimensional model.
If the Lagrangian approach is taken, the model can be either
source-oriented (the emitted material from each source is tracked using
trajectories released from the source at regular intervals) or receptororiented (the trajectories accumulate pollution as they pass over the
emissions, to arrive at specified receptor points). In a source-oriented
model it is difficult to introduce non-linear air chemistry, since the
poll ution contributions really present in the same air "parcel", but
originating from different sources, are allocated to different trajectories
and subsequently added. In a receptor-oriented Lagrangian model, there is
no such limitation on the air chemistry, as long as the model just traces
well-mixed parcels of air, ignoring vertical or lateral diffusion. The
combination of turbulent diffusion and non-linear chemistry is extremely
difficult to formulate in any Lagrangian model. It is also difficult to
include the effect of wind shear.
Eulerian models have been used for case studies of long range transport of sulphur (Prahm and Christensen, 1977).Lagrangian models have been used
not only for case studies, but for the evaluation of ~ong range transport over
months and years (Eliassen, 1978; Johnson et al., 1978; OECD, 1977). A model
run covering three consecutive years, simulating sulphur transport over Europe
has been reported by DECO (1979). The Figures 5.3 and 5.4, taken from DECO
(1977), show the calculated annual sulphur deposition over Europe in 1974.
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Figure 5.3 shows the sulphur deposition due to sulphur emissions in all European
countries, whereas Figure 5.4 shows the depositio~due to emissions in the
United Kingdom only.
The Eulerian and Lagrangian models discussed above are based on an
hour-to-hour integration of an advection~diffusion equation, and are in prlnciple
capable of describing events on time scale of days. Alternative statistical models
have been developed (Rodhe, 1972; Bolin and Persson, 1975; Fisher, 1975) from
which ·Iong term (annual) average concentration fields are obtained, without
having to integrate an advection-diffusion equation over a long time period.
Such models are based on statistical data on wind speed and direction, or on
the horizontal displacement of a large number of trajectories. In the case of
simulating the sulphur transport over Europe, the estimates of annual deposition
and concentration distributions obtained from these statistical models resemble
those obtained from models with finer time resolution. In certain regions of
Europe, however, it has been shown that the annual deposition of sulphur is
episodic (cf. chapter 2), i.e., that a significant part of the annual deposition
occurs on a few occasions (Smith and Hunt, 1978). In such places the annual deposition will vary significantly from one year to the next year. An average annual
deposition will then be both difficult to estimate correctly, and of limited value.
A more detailed review of various types of models for long range transport can be found in Eliassen (1980).
5.5 Global models
The various types of models dealing with the global distribution of
pollutants are all based on the mass conservation equation (5.3). A large number
of different models exist with varying degrees of sophistication in the description of pollutant transport and air chemistry.
The most simple description of transport is found in the so-called
one-dimensional models, which attempt to describe the globally averaged vertical
distribution of pollutants. The basic equation for these models is
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Figure 5.3: Estimated total sulphur
deposition pattern for 1974. Unit: g5/m2

Figure 5.4: As figure 5.3 but with
sources in United Kingdom only.

(5.14)

where S is the air density, q is the pollutant volume mixing ratio, Kz is an
eddy-diffusivity, R is a net source term from chemical reactions andQ'a net source
term from other sources and sinks. This simple one-dimensional model formulation
permits the inclusion of very sophisticated chemical reaction schemes. Studies
with such models usually concentrate on stratospheric air chemistry, but the
troposphere is usually included in the model domain.
Next in meteorologica"j sophistication come the two-dimensional models.
These models normally describe the zonally averaged pollutant concentration in a
height:latitude_plane. They may be designed to incorporate botrl the tr()pospherE;
and the stratosphere, or concentrate on tropospheric conditions ( Hyson et al.,
1980) .
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The pollutant transport in this type of model occurs by advection
with a zonally averaged wind, and by eddy flux divergence terms resulting from
the averaging procedure. In the absence of any better alternative, these latter
terms are usually parameterized using eddy-diffusion coefficients. It is difficult to justify fully the use of a diffusive parametrization on this scale. For
example it has been shown by Lorenz (1979), that in the case of sensible heat
transport such an approach is in many ways unsatisfactory.
Finally, work is going to utilize the information provided by threedimensional general circulation models to study the global distrubution of trace
gases. For example, the global distribution of N20 has been simulated with a
three-dimensional tracer model which receives its basic input from a general
circulation model (Levy et al. 1979). Only relatively simple chemical source
and sink terms were used in this study. A similar calculation but with a comprehensive chemical reaction scheme would require a vast computer capacity and is
not possible at present.
5.6 Chemistry and deposition in models
After the outline of different model types and uses given above, it
is natural to conclude with a summary of how the effects of chemical reactions,
dry and wet deposition can be included in the different model types. Detailed
discussions of these processes can be found in other chapters in this technical
note. As mentioned in section 5.2, Gaussian plume models are designed basically
to describe the diffusion of chemically inert material which is not deposited
at the ground. In general, deposition and chemical reactions will destroy the
Gaussian shape of the plume. An exception is a firstorder chemical removal or
a radioactive decay. In general, however, if chemical reactions or deposition
are important factors, a Gaussian model formulation should be avoided.
5.6.1

Q§!§r~iQi~!i~_~Q9§l~

Deterministic models are used to predict the actual development of
concentrations or related quantities during a selected time period. These models
are based on numerical or analytical solutions of equations derived from eq.
(5.3). They are used on a wide range of transport scales, from urban to global,
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but in principle the parametrization of the physical processes remain the same.
The dry deposition of a pollutant is a process which occurs at the
surface. If eddy-diffusion coefficients are Llsed to express the turbulent fluxes,
the appropriate boundary condition at the surface is

=

K ~
z 3z

at

(5.15)

where vdis a so-called depos iti on vel acity (cf. chapter 4). We note here that
in the shallow constant flux layer, up to say 50 - 100 m above ground, c will
generally increase with height due to dry deposition, whereas the vertical flux
vdc will remain approximately constant. The deposition velocity will therefore
decrease with height. Experimental data on vd usually refer to a height between
0,5 and 2 m above the ground. Such data on vd cannot be applied directly in
(5.15), but must be adjusted to correspond to the height z, where (5.15) is
applied.
In one-layer models for long-range transport it is assumed that the
pollutants are completely vertically mixed up to a mixing height h. The dry
deposition is then taken into account by introducing -vdc/h as a removal term
in eq. (5.12) or (5.13). In this case the value used for vd should correspond
to a height above the layer where c varies significantly with height.
Wet deposition is often taken into account by introducing a removal
term - Ac as a part of Q in eq. (5.4) or (5.12), or by multiplying the right
hand side of (5.2) byexp (- At). The quantity A is called the washout
coefficient (c f. chapter 4). It defines a characteristic time scale for removal
of the pollutant by precipitation. In one-layer models for long range transport,
it is useful to introduce the washout ratio w. This dimensionless quantity can
be defined as

(5.16)

- 99 -

where c l is the mass concentration of the pollutant in precipitation. The removal
term due to wet deposition appropriate for (5.12) may now be expressed as
(5.17)

P is the precipitation rate. If w is assumed to be constant, then according
to (5.17) the removal rate of the pollutant by precipitation is propol'tional to
the precipitation rate. In reality, however, w may depend on the precipitation
rate, and the relationship between the pollutant removal rate and the precipitation rate may therefore be nonlinear.

\~here

The composite process leading to wet deposition is incompletely understood at present. A considerable uncertainty therefore exists in the appropriate
value for A for different pollutant species. The modelling of wet deposition is
further complicated by the nature of the precipitation process. Precipitation
amounts can vary considerably over distances which are short compared to the
typical distance between meteorological observing stations. The precipitation rate
will often vary enormously over the 6 or 12 hours which is the time resolution for
observations of precipitation amounts at stations that are not specially equipped.
The instantaneous precipitation rate P, needed as input in (5.17) is therefore usually not available. Instead, the available values of P are smoothed out in space
and time. In such smoothed data, precipitation occurs too often and the precipitation
rate is underestimated. The total precipitation amount is better estimated, however.
Chemical reactions between pollutant species give rise to source and
sink terms of the form
N

R

=k n

(5.18)

i =1

where k is the reaction-rate constant, and mi is the order of the reaction with
respect to pollutant no. i. Such terms can be inserted directly inte eq. (5.3) or
(5.4). In many cases such terms will give rise to a strong nonlinearity in the
resulting system of equations for ci . Since the reaction rate is determined by the
number of collisions per unit time and volume, the c i in (5.18) should be expressed
as molar concentrations (cf. section 1.2). A tradition has developed to use cm and
s as basic units of length and time in this connection, and the reaction rates k in
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the literature are nearly always given in this system of units.
Radioactive decay is taken into account simply by introducing a
removal term
kc

R= -

(5.19)

where k is the decay constant for a particular radioactive species.
Statistical
models
-----------------For transport on the regional scale, several statistical models have
been developed. These mode-Is produce long-term average distributions of concentration and deposition, and avoid a time-consuming long-term integration of the
mass-balance equation (see section 5.4). Naturally, the various physical -processes
must be taken into account in these models also. This can be done by means of the
concept of turn-over time T, which is defined as the total mass of a certain species
within a defined reservoir, divided by the total flux through the resevoir. It can
be shown (Bolin and Rodhe, 1973) that under steady-state conditions, T is identical
to the average residence time of a molecule within the reservoir. The residence time
is the expected lifetime for a molecule when it enters the reservoir.
5.6.2

In cases where there are two or more competing sink mechanisms one may
apply the turn-over time concept to an individual sink mechanism. Following Rodhe
(1978) we can think ofa pollutant that is removed by both dry and wet deposition, with
fluxes D and W, respectively. If Mis the .steadystate mass of the pollutant within a
reservoir defined for example as a certain part of the atmosphere, we have
T

=

M

(5.20 )

~:-TT

D+ W

The turn-over time with respect to dry and wet deposition may be defined
as
M

TD =

It fa 11 ows that

0 '

TW=

M
W

(5. 21 )
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T

-1

= TO

-1

-1

+ TW

(5.22)

The turn-over times may be related to physical parameters which define
the efficiency of the removal processes. In the case of first-order chemical reactions, for example, it is easy to show that the inverse of the turn-over time
with respect to the reaction is equal to the reaction rate coefficient. For dry
deposition, we have a simple relationship if we return for a moment to the onelayer model described in section 5.4. Assuming a constant deposition velocity vd '
we have
-1
TO

o

= )if =

(5.23)

where the surface integration is taken over the model domain. Thus, in this case
the assumed constant mixingheight and deposition velocity define TO'
For T W' the situation is not quite as simple. Unlike the dry deposition,
the wet deposition is a "patchy" process. i.e. most of the time it does not occur,
but when it occurs it is very efficient. TW is therefore not only a function of n,
which defines the efficiency of wet-dePosition when it actually occurs, but also
of how often it occurs. Under certain simplifying assumptions TWmay be written
as in eq. (4.10). It follows that even for an infinitely effective wet deposition
process (n ~ 00), TWhas a finite value (Rodhe and Grandell, 1972).
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CHAPTER 6: REGIONAL AND GLOBAL BUDGETS OF ATMOSPHERIC TRACE CONSTITUENTS
H Rodhe
6.1 Introduction
In this chapter an attempt is made to summarize data on emissions
into the atmosphere, concentrations in air and in precipitation and removal
rates for a few important trace constituents of the atmosphere. As an
introduction I shall introduce some concepts which will be useful in the
subsequent duscussion; these concepts are "cycle", "reservoir", "budget",
"residence time" and "turn-over time".
Most - if not all - elements or compounds in terrestrial
environments are transferred by physical transport processes or by chemical
transformation processes between different reservoirs. The reservoirs are most
often defined by their physical characteristics (the atmosphere, the oceans,
the biosphere etc.), but may also refer to for example the chemical form in
which the element occurs (e.g. sulfur in the atmosphere in the form of S02)'
For many elements the transfer between the reservoirs forms a more or less
closed system so that individual atoms after some time j'eturn to the same
reservoir again. In such cases it 'is common to use the word cycle to denote
the circulation of the element between thE reservoirs. A characterization of
a cycle will include the content of the element in the various Y'eservoirs, the
rates of transfer between them and the time scales associated v!ith the
transfers.
As an example of a cycle I show
in figure 6.1 the global sulfur
cycle as estimated by Hallberg 1n Granat et a1. (1976). All fluxes are given in
units of T9 (1012g) sulfur per year. No attempt was made in this case to
estimate the content of sulfur in the various reservoirs.
Rather than dealing with complete cycles, in this report we
concentrate on the atmospheric part of the cycles. An appropriate way to examine
such a sub-part of a cycle is by means of a budget. We sh.all consider an
atmospheric budget as a systematic comparison of sources, sinks and atmospheric
concentrations over time scales equal to or longer than a season or a year
and over space scales of a few thousand km up to the whole global atmosphere.
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Figure 6.1 The global sulfur cycle; thE transfers shown are
in Tg S yr- l . Small type denotes the transfers as estimated
to have prevailed before man had a significant influence on
the sulfur cycle. The bold figures give estimates of what man
ha~ added by various activities.
Such a comparison offers an opportunity to combine different pieces of
information in a systematic fashion, to study the relative importance of different
processes (for example natural and anthropogenic emissions into the atmosphere)_
and to identify significant gaps in knowledge.
A very important characteristic of a cycle or of a budget is the
length of time that an atom or molecule spends in each reservoir, i.e. the
residence time. The residence time may be very different for di.fferent atoms
but its average value can often be estimated from measurements of fluxes and
concentrations. It may be shown that for a reservoir in steady state the average
residence time is equal to the ratio of thE content of the compound in the

- 107 reservoir and the flux of the compound through the reservoir' (Bolin and
Rodhe, 1973). The l~er quantity, often referred to as the turn-over time,
may be thought of as the time it would taKe to empty the reservoir if the
rate of removal remained constant,
Estimates of turn-over
spllere are shown in table 6.1. It
range: from mill'ions of years for

times for some constituents of the atmois seen that they vary over a very wide
N2 to about one day for the most reactive species.

Table 6:1 Esti.mates of turn-over times in the atmosphere of
some gaseous compounds and of aerosol particles.

Compound

Part .of.atmosphere ..

Turn~oijertime·

N2

whole

'\, 2·10 yr

°2N 0
2

CFC1 3 (F-lll
CF 2 C1 2(F-12)
CO 2
CO
CH 4
OCS
CS 2
H2S
S02
NO x
NH

3
H0
2

Accumulation
mode (0.1-1 jJIll)
aerosol
Ipartic1es

.

]

'\, 4.10 3 yr
whole
'\, 100 yr
whole
whole
]>lOyr
whole
'\, 5 yr
whole
whole
1-2 months
'\, 5 yr
whole
whole
a few years
whole
a few weeks
non-polar boundary layer'\, 1 day
"
"
" '\, 1 day
"
a few days
"
"

.. Reference.
Soderlund and
Svensson, 1976
"

NAS 1979

"
Boli.n et a1., 1979
Freyer, 1979

"
Rodhe ,and Isaksen, 1980

"

"
"
Soderlund and
Svensson, 1976

lower troposphere

a few days
about 10 days

Junge, 1963

Boundary layer

a few days

Junge, 1963

Upper troposphere

a fel'! weeks

"

"

"

"
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The magnitude of the turn-over time is related to the variability in space and
in time of the concentration in the atmosphere (Junge, 1974}. The longer the
turn-over time the more uniform is the concentration of the particular compound
in the atmosphere. In fact, for such compounds as 02 and N2 , which have turnover times longer than a few thousand years, no variability in space or with
time has been detected. On the other hand, the concentration of HZO, aerosol
particles, 502 and other shortlived compounds exhibit very large variations
depending on the locations and strenghts of sources and sinks, on meteorological
transport processes etc. The approximate relation derived by Junge (1974}
between turn-over time and concentration variabil ity is sometimes used to make
a rough estimate of the turn-over time for compounds with a "known" variabil tty
but with uncertain removal processes.
The knowledge of the turn-over time (i.e. the average residence
time in the atmosphere) is also important for estimates of tile distance over
which the compound is transported before it is removed from tile atmosphere.
A compound with a turn-over time of several years or more will have time to
mix throughout the whole troposphere and become globally distributed. The
increase in COz,that is to a large degree due to industrial emissions located
in the midlatitudes of the northern hemisphere, is clearly observed not only
at those latitudes but also in the Antarctic region (Bolin et al., 1977). For
such long-lived compounds global atmospheric budgets are obViously relevant,
for example, for assessing the relative importance of natural and anthropogenic
fluxes.
For compounds with a turn-over time shorter than the characteristic
time for mixing over the global troposphere global budgets are less useful.
For example, the anthropogenic emissions of 502' which take place mainly in
some industrial regions in the northern Hemisphere and which have a very
significant environmental impact within those regions, can hardly be expected
to be noticeable in the southern Hemisphere. The time scale characterizing
the exchange of air between the hemispheres (of the order of a year, cf
Czeplak and Junge, 1974) is so long compared to the turn-over time of 502 that
all 502 would have been removed before the polluted air entered the southern
Hemisphere. For such short-lived compounds it is obviously of more relevance
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to study budgets of more limited regions of the atmosphere separately; e.g.
heavily polluted regions as well as remote regions without significant
anthropogenic emissions (Rodhe, 1978). Global budgets, in this case will entail
averages which are representative neither for the polluted regions nor the
relatively clean regions. The relative importance of natural and anthropogenic
emissions in such global budgets will not give a fair estimate of the importance
of the local environmental impact caused by the anthropogenic emissions.
6.2 Sulfur compounds
Although sulfur is one of the trace elements of the atmosphere
which has been studied in most detail our knowledge about its atmospheric
budget is still limited. The major uncertainties are associated with the
magnitude of emissions due to natural processes and with concentrations of
sulfur compounds in remote parts of the atmosphere.
6.2, 1 ~2fl1I22~D~~_~DSL£2!2£~t:!!re.!lQD§
The concentrati"ons of the most important atmospheric sulfur compounds
are shown in table 6:2. The unit pptv ("part per trillion, by volume") denotes
number of molecules of the compound per 10 12 molecules of air. This applies
to the gaseous compounds (OeS, es 2 , eH 3seH 3, H2S and S02) as well as to soiwhich occurs on aerosol particle~.
Whereas the concentration of oes and also to some degree of eS 2 is
fairly uniform throughout the troposphere (cf. discussi.on about residence times
in previous section), the concentrations of the remaining sulfur compounds are
highly variable at least as far as the boundar'y layer is concerned. oes seems to
be the most abundant sulfur compound in the atmosphere. However, its
contribution to the flux of sulfur' through the atmosphere i.s reJaqvely
much less (see belowL
In rainwater most of the water soluble sulfur occurs in oxidation
state VI (sulfate) and only a smallel' fraction in state IV (sulfite)
(Gravenhorst et al., 1980; Dana, 1980).
If the amount of sodium is measured simultaneously as the sulfate
it is possible to determine the fraction of the sulfate that originates from
sea spray and that which must have other sources (the llexcess slJlfate ll ).
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Tab1e 6: 2 Typi ca1 concentra ti ons of atmospheri c sulfur compounds

Compound

Part of the atmosphere

Concentration
(pptv)

Reference

DCS
CS 2

tropospll.ere

'" 500
:t 100

HS
2

marine boundary layer

Maroulis et a1., 1977
Sanda 11 s and Penkett,
1977 .
Slatt et a1, 1978

"

DMS (dimetllyl sulfide)

tota 1 S042excess S024

,;:, 100

"

~ 10.0

"

'"

middle and upper
tropospllere
regionally polluted
boundary layer
marine boundary layer

50

'" 100

free troposphere

"

1000-10,000
'" 500*

DECO, 1977
Nguyen et al., 1974
Gravenhorst, 1978
Gravenhorst, 1978

100-10,000

Huebert and Lazrus,
1980

"
continental boundary
layer

Maroulis and Bandy,
19.71
Maroulis et a1., 1980

'" 100*

Huebert and Lazrus,
1980

1fmolecules of SO~- per 10 12 molecules of air.

In such calculations it is assumed that the sea spray aerosol particles
contain sodium and sulfate in the same ratio as the ocean and that atmospheric
sodium has no other sources than the sea spray. Typical concentrations of
SO~- in precipitation are shown in table 6.3. The oceanic values are
particularly uncertain.
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Table 6:3 Typical concentrations of 50~- in precipitation and
in polar ice.
2
1
Unit: ~ mole 1-1. In 02der to get mg 50 4- 1- multiply by
0.096 and to get mg 50 - -sulfur multiply by 0.032.
4

--- ----1
Location
Oceanic

Concentra tion

'" 20
"'3

Remote continental
Regionally polluted
Greenland ice
Antarctic ice

4-30
20-50
1-2
'" 1

Comment

Reference

tota 1 50 24Nyberg, 19]8
excess SO~"
mainly excess Grana t et a1. , 19]6
OECO, 1977
"
Boutron and
"
Delmas, 1980

"

"

6.2.2 ~!l1i~§.iQ!!?

Natural sources of atmospheric sulfur include emissions of 50 2 by
volcanoes and fumaroles, release of volatile reduced sulfur compounds (H 2S,
CH 3SCH 3 etc) from the ground or from the ocean, where it has been formed by
bacterial reduction of 50~- and formation of sulfate containing sea spray
particles at the ocean surface.
The numbers given in figure 6:1 represent one attempt to estimate
the most important emissions into the atmosphere. Other similar attempts have
often yielded significantly different values. During recent years many emission
estimates have been based more di~ectly on measurements in the atmospheric
bounda ry 1ayer or in the sea. Although such measurements ha ve provi ded much
valuable 'information about the chemical forms and about concentrations of
compounds in the atmosphere the extrapolation of such data to large areas
remain uncertain. There are indications, though, that volcanic emissions of
50 2 and the formation of sea spray sulfate should be somewhat larger than
indiCated in figure 6:1.
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Little is known about the processes and magnitudes of the emissions
-1
of OCS and CS ' Most likely they are less than 10 Tg S yr . AlthDUgh these
2
sulfur compounds may be of importance as sources of S02 in the upper parts of
the troposphere (Logan et al., 1979, Rodhe and Isaksen, 1980) and in the
stratosphere (Crutzen, 1976), their contribution to the sulfur concentration
in the boundary layer, where other sources act, is probably of less si9nificance ..
Global anthropogenic emissions of S02 have. i.ncreased very
significantly during the last century and the latest estimate places it at
around 100 Tg S yr- l (cf. figlJre 6:2).. It is possillle that the production of
volatile reduced sulfur compounds by biological processes and emission of
soil dust

SO~- have al so to some degree been affected by human activiti.es. The

anthropogenic emission of S02 is due to combustion

of sulfur containing fossil

fuels (mainly coal and oil) and to a lesser degree to some industrial processes
such as processing of sulfur containing ores. It should be emphasized that the
emissions (the anthropogenic ones in particular). are far from uniformly
distributed over the globe. Consequently the relative importance of the various
sources for the concentration at a particular place and at a particular time
may be very different from what i.s i.ndicated by the numbers in figure 6:1.
6.2.3 Ir~Q~fQr~~!iQQ~
Several of the chemical transformation mechanisms affecting sulfur
compounds have been discussed in chapter 3. The oxidizing conditions prevailing
in the atmosphere tend to transform the reduced sulfur compounds (H S,
2
CH SCH , OCS and CS ) into more oxidized forms; first to 50 and later to
2
2
3
3
sulfate. A very important oxidizing agent seems to be the OH radical. liquid
phase processes are also important for th.e transformation of S02 to sulfate
(Penkett et al., 1979)..
Estimates of the time scales characterizing the removal of the various
compounds by transformation processes vary from 1 day or less for DnS and H2S
and a few days for S02 to months or more for CS and OCS.
2

- 113 -

Tg S/yeor

100
90

<X>

Cullis and Hirschler (1980)
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Figure 6:2 Estimates of g"obal anthropogenic emissions
of sulfur into the atmosphere.
6.2.4 --------,..
Removal rates
...... -Rates of removal by precipitation (wet removal, cf chapter 4L can be
estimated from data on the concentration of sulfate in precipitation, cf Table
6:3, provided that the precipitation amounts are known. The rates of dry
deposition are more difficult to -estimate. The common method so far has been
to multiply measured - or estimated - surface air concentration values (cf Table
6:2) with deposition velocities; for S02 normally taken to be 0.5 - 1 cm s-l
and for S042- aerosol particles a • 0.5 cm s -1 (Garland, 1979).

Several attempts have been made to estimate atmosph.er·ic sulfur
budgets on a global scale (Eriksson, 1960; Junge, 1960~ Robinson and Robbins,
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1970; Kellogg et a 1., 1972; Friend, 1973; Granat et al., 1976; Ivanov, 1981) and
for heavily industrialized regions (Rodhe in Granat et al., 1976; Galloway
and Whelpdale, 1980). In several of these budgets at least one of the fluxes
has been estimated as a residual in order to make up for the balance. In
particular the emission by natural processes is normally estimated in this indirect way. As a consequence, the uncertainties inevitably associated with
the more directly estimated quantities - dry and wet deposition, anthropogenic
emissions - contribute to make the estimate of the natural emission highly
uncertain. No attempt is made here to quantify these uncertainties.
As an example of a global sulfur budget we have chosen thE one by
Hallberg (in Granat et a1., 19761 which was sh.own in figure 6:1. It is seen
that the global emission of gaseous sulfur (H 2S, DMS, S021 by natural processes
is estimated by him to be 40 Tg year- l compared with 65 Tg year- l for
anthropogenic emissions. Thus man's contribution, on a global scale, to the
content of non sea-salt sulfur in the atmosphere would be comparable - 'if not
greater - than nature's own.
An even more dramati.c anthropogenic impact on the atmospheric part of
the sulfur cycle becomes evident if we look at budgets for heavi.ly industriali:zed
regions such as Europe and eastern parts of North America. Figure 6:3, taken
from Ga noway and Hhe1pda 1e( 1980), shows that for the eastern parts of the
U.S.A. and Canada the anthropogenic emissions of sulfur by far outweights th.e
natura 1 contribut ions. These anthropogenic emi ss ions of sul fur as well as
similar emissions of NO x have a profound effect on the chemical climate of these
regions; not only on the concentraUon of sulfur and nitrogen themselves but
also on the hydrogen ion concentration in cloud and rainwater. This is because
of the tendency for S02 and NO x to be transformed in the atmosphere to the aci ds
H2S0 4 and HN0 3 (cf chapter 3). The region with a high acidity of precipitation i.e. low pH - shown in figure 6:4 is clearly associated with the large
industrial emissions of S02 and NO x in the same region. Similar acid regions
exist in Europe (OECD, 1977), in Japan (Bottger, 1978) and, most li:kely, also
in China.
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ATMOSPHERIC SULFUR BUDGET FOR EASTERN NORTH AMERICA (10"05"'1
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Figure 6:3 Schematic representation of the atmos~heric
sulfur budget for eastern Nortn America (Tg S y- ).
From Galloway and Whelpdale (1980).
By comparing the average amounts of sulfur compounds in the
a tmosphere with the rates of removal it is poss i b1e to get rough est ima tes
of the turn-over times

T

in the atmosphere of sulfur and of its different

compounds. For industrially emitted S02 in midlatitude climates the following
values have been estimated (Rodhe, 1978):

2-

'" 1 d , TSOIj.~ 3-5 d and T SN 2-4 d
denotes the turn-over time in the atmosphere of the sulfur atoms
T S02

Here

TS

emitted as S02 and deposited either as S02 or as

SO~-. The resi.dence time of

the fractions formed in, or transported into, the upper parts of the troposphere is significantly longer (Rodhe and Isaksen, 1980).
Turn-over times of reduced volatile sulfur compounds vary from
the order of one day for Df1S and H2S to at least several mOflths for DeS (cf
Tab 1e 6: 1) .
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Figure 6:4 Average pH of precipitation in eastern parts
of North America during the period 1972 to 1975 (SNSF,
1977) .
Nitrogen compounds
Nitrogen occurs in several chemical forms in the atmosphere .. Since
the rates of transformation between these compounds i.n the atmosphere in many
cases are small and since the concentrations of the various compounds vary
over a wide range it is reasonable to study the atmospheric budgets of a few
groups of nitrogen compounds separately rather than trying to formulate~
atmospheric nitrogen budget, If the terrestrial and aquatic systems had been
included into our considerations, the transformations between these groups
of compounds would be relatively more important.
6.3
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6.3.1

~Q~~Q~~9~_~~9_~QQ~g~!~~!iQ~~

In table 6:4 I give typical concentrations of some of the most
important atmospheric nitrogen compounds. Among those compounds not included
in the table one may mention nitrogen in organic form.
Table 6:4 Typical concentrations of atmospheric nitrogen
compounds
Compound

Phase

Part of the atmosphere.

Concentration

gas
gas
gas

troposphere
"clean" boundary layer

78.1 %(v)
0.3 ppmv
,fl ppbv

gas

"clean" troposphere

-t.l ppbv

part.

"clean" boundary layer
regionally polluted
boundary 1ayer
precipitation in
remote areas

"
liquid

"
gas
part.
1 i qu i d

"

precipitation in
polluted regions
boundary layer

"
in precipitation

Reference

Soderlund and
Svensson. 1976
Huebert and
Lazrus, 1978

"
"
'V'5 )lmo 1 ell

10-100 )lmole/l
~10 ppbv
.

3

-t.3 )lg!m
~10 )lffiole/l

Bottger et al.,
1978

"
Soderlund and
Svensson, 1976

"
Bottger et a1. ,
1978

Gaseous nitrogen (N Z) is the mostabundantmolecule in the atmosphere.
It has a very long turn-over time in the atmosphere (cf Table 6:1) and no
detectable variation in its concentration can be expected. Nitrous oxide (NZO)
also has a fairly long turn-over time and a uniform distribution throughout the
troposphere. The concentration of the other nitrogen compounds are very variabl e.
The concentration of NO~ in precipitatio~ within the industrialized
reg·ions of Europe and North America" has increased 1/,21".'1 sigwificantly over the
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last decades. For example, at stations in southern Sweden the concentration has
increased by over 100% between the mid fifties and the late seventies
(Cowling and Dochinger, 1978; Rodhe et al., 1981).
6.3.2 ~~i~~iQI]~

N20 is formed in terrestrial and aquatic systems by denitrification
and nitrification processes i.e. transformations of both NO; and NH~ to N2 and
N20 by bacteria (S~derlund and Svensson, 1976). Annual emissions of nitrogen
in the form of N20 into the atmosphere have been estimated to be a few tens
of Tg. The magnitude of poss i b1e anthropogen ic emi ss ions of NZO is not well
established.
Emission of NO x includes natural processes - decomposition of
nitrite in soils, fixation by lightning and conversion from NH 3 - as well as
anthropogenic high temperature combusti·onprocesses associated with transportation
and energy production. In particular, the magnitudes of the fluxes from
natural emissions are not well known. A large part of the emission of NH 3 into
the atmosphere is probably due to urea from domestic animals. It is possible
that coal combustion also may give rise to a significant emission.
6.3. 3 Ir~l]~fQr'!!~!iQI]_~I].cU::~'!!QY~L~rQ5:~~~~~

Removal of NH 3 and NO x compounds from the atmosphere takes place by
direct uptake at the surface of the gaseous forms (NH 3, NO x and HN0 ) and of
3
the particulate forms (mainly NH~ and NO;) as well as by removal by
precipitation (mainly NH~ and NO;). The rates of direct uptake - dry deposition are normally estimated from surface air concentration values by applying
appropriate deposition velocities (cf chapter 4). Deposition velocities for the
water soluble nitrogen compounds such as NH 3, NO Z and HN0 3 are bel ieved to be
roughly comparable to that for S02' but uncertainties are appreciable.
An estimate of the northern hemisphere distribution of the
concentration of NO; in precipitation is shown in Figure 6:5. The impact of the
industrialized areas on NO; concentration is clearly noticeable. Figure 6:6
shows the deposition by precipitation of NH; in northern Europe.
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A certain amount of NH

NO

x

is believed to be transformed into
3
in the atmosphere by reactions initiated by the OH radical (McConnel, 19731·

NCh-N
3

)19 N I ml

.

",

Figure 6:5 Esti.mated annual average concentration of
N0 -N in precipitation in the northern Hemisphere.
3
Data from the period 1950 to 1977 (Bottger et al.,
19781-

- 120 -

10"W

SO"N

r--r:----+~

SOON
0.3

Figure 6:6. ~Iean annual deposition of ammonium with
precipitation in northern Europe during 1968-1972.
Units: g NH -N m- 2 yr- l . From Soderlund, 1977.

4

6.3.4 ~~29~!~_~~2_1~r~:2~~r_l1m~~
Previous estimates of global budgets of nitrogen compounds incl ude
those of Hutch i nson (1954), Eri ksson (1959 L Del wi che (19701 and Burns and
Hardy (19751. The diagrams below are taken from the comprehensive compilation
by Soderlund and Svensson (19761.
The atmospheric budget of NZO is uncertai.n and not bala,nced.
The only well established sink of NZO is a flux of about 10 Tg N 0 (as nitrogen).
2
per year into the stratosphere where it is decomposed by photochemical
processes. Several estimates of the sources of N 0 have given signHicantly
2
higher values (cf above).
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Estimates of global fluxes of NO x compounds (including NO;) and
of NH 3 compounds (including NH;) are shown in Figures 6:7 and 6:8. Global
atmospheric inventories of nitrogen were estimated as 0.9 Tg in the form of NH 3,
- .
1.8 Tg as NH +
4 , 1-4 Tg as gaseous NO x and 0.5 Tg as N0 3. The resultlng turn-over
times are a few days for NH 3 and gaseous NO x and of the order of 10 days for
NH; and NO;.

Tropopause
0,3

~

)

dry d@p.

dry

d~p.

Figure 6:7 Simplified flow diagram for NO compounds in Tg N yr- l
The possible input due to lightning is indicated with a flash.
The output range from the terrestrial part was obtained as a
residual source for the flows through the atmosphere and the direct
anthropogenic contribution added is indicated (+1.
From Soderlund and Svensson, 19]6.
It should be reemphasized that global budgets of shortlived compounds

can be very mis'leading. For example, the relative importance of anthropogenic
emissions of NO x is much higher if one considers the heavily industrial ized
regions of the world - and much lO.ler for remote regions. Regional budgets such
as the one by Soderl und (1977) are much more relevant when it comes to
describing the atmospheric nitrogen balance of specific regions.
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Figure 6:8. Ammonia/ammonium fluxes in Tg N yr- l . The range
for the flow from the terrestrial systems was obtained by
balancing the other flows through the atmosphere.
From Soderlund and Svensson, 1976.
6.4 Carbon monoxide
After carbon dioxide, carbon monoxide is the pollutant which is
emitted into the atmosphere in largest quantities. It is thus a potential
vehicle for an anthropogenic impact upon the chemistry of the troposphere.
The concentrat-jon of CO in the troposphere, outside urban and
industrial areas, varies from about 50 ppbv or less in the southern Hemisphere
to around 200 ppbv in mid latitudes of the northern Hemisphere (Figure 6:9).
In the northern Hemisphere the concentration decreases with height reaching
values of about 100 ppbv at the tropopause. The average tropospheric
concentration has been estimated to 60 ppbv in the southern Hemisphere and
150 in the northern Hemisphere (Seiler, 1974).
Sources and sinks of CO are summarized in Table 6:5. A large part
of the uncertainty associated with the formation of CO by oxidation of methane
in the atmosphere is due to uncertainties in the estimated concentrations of
OH radical, which is believed to initiate this oxidation. The oxidation of CO by
the OH radical leads to the formation of CO 2 , Compared to the other natural
fluxes this is only a minor source for CO 2"
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Figure 6:9. CO mixing ratios in marine air masses over the
Atlantic and Pacific oceans. For explanation of symbols see
original paper. From Seiler, 1974.
Table 6:5 Summary of estimated annual global production and
removal of CO (based on Freyer, 1979).
Unit: Tg of CO per year
Sources
Anthropogenic
Oxidation of methane
Oceans
Forest fires and agricultural
fires
Degradation of chlorophyll
Oxidation of non-methane
hydro-carbons
Total
Sinks
Oxidation by OH
Stratospheric sink
Uptake by soi 1
Uptake by plants
Total

450-640
1500-5000
20-220
60
100-500
60
2200-6500
2700-5000
110

500
uncerta i n
3300-5600

60
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The relatively large difference in the concentration of CO between
the hemispheres, as revealed in figure 6:9, is probably to a certain degree
due to a difference in the magnitudes of anthropogenic emissions. However,
the relative smallness of the anthropogenic source as compared to the natural
sources, makes it difficult to believe that this factor alone could explain
the large difference in concentration between the hemispheres.
Historical data on the concentration of CO are not good enough to
determine possible long-term trends.
The first step in the oxidation of CO is believed to be the reaction
with OH radical (cf chapter 3). The concentration of CO in the troposphere
therefore has an important influence on the concentration of OH and thereby
also on the rate of transformation on several other species. It has been
suggested that, in the presence of NOx ' the oxidation of CO may lead to a
production of 03 which could be of significance for the tropospheric 03 budget
(Fishman and Crutzen, 1978).
6.5 Gaseous hydrocarbons
Methane (CH 4 ) is the most abundant and by far the most well
documented organic gas in the atmosphere. Its concentration is close to 1.4 ppbv
in the northern Hemisphere and 1.3 ppbv in the southern Hemisphere with little
variation up through the troposphere (Freyer, 1979). The vertical profile of
CH 4 in the stratosphere is characterized by a rapid decrease with height which
indicates that the stratosphere acts as a sink for CH4 . The origin of the atmospheric CH 4 is bacterial decomposition of organic matter in anaerobic
envi ronments such as paddy fi e1ds, swamps and animal i ntesti nes. By comparison,
industrial sources are of minor importance. The major removal process seems to
be oxidation by the OH radical which eventually leads to a production of CO.
The balance sheet for atmospheric CH 4 is given in Table 6:6. It is likely that
the estimate of removal by OH reaction is an overestoimate.
It is well known that several more reactive hydrocarbons are emitted
in significant quantities in vehicle exhaust (Altshuller et al., 19731-, during
handling of solvent and from petrochemical industry in general.
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Table 6:6 Estimates of annual global production and removal
of CH 4 (based on Freyer, 1979).
Unit: Tg of CH 4 per year.
Sources
Enteric fermentation
Paddy fields
Swamps and marshes
Forests etc.
Lakes and oceans
Industrial
Total
Sinks
Oxidation by OH
Stratospheric sink
Total

100-200
280
190-300
11-13
<40

16-210
600-1060
860-2860
100-210
960-3070

These hydrocarbons contribute in important ways to the formation of ozone and other
oxidants by photochemical processes (cf chapter 3). Noh-methane hydrocarbons
are also emitted by natural processes in the vegetation but the source strengths
are very uncertain. One recent estimate of the global emission of non-methane
hydrocarbon is 65 Tg per year (as carbon) from anthropogenic processes and 10 to
350 Tg per year by vegetation (Duce, 1978). The turn-over time of the gaseous
hydrocarbons should vary according to their reactivity (from hours or days for
ethylene -C 2H4-and propylene-C 3H6- to months or years for methane -CH - and
4
ethene -C 2H6-).
6.6 Ozone

Ozone has a special role in determining the reactivity of the common
trace gases in the troposphere. It is through the photochemical decomposition of
ozone that hydroxyl radical, OH, are formed. This OH radica"1 predominantly control
the oxidation of all trace gases in the lower atmosphere (cf chapter 3).
Ozone is present in relatively high concentrations in the stratosphere, where it is produced by short wave ultraviolet radiation from the sun.
It also occurs in elevated concentrations in polluted urban atmospheres where
it is formed via the interaction of sunlight, hydrocarbons and nitrogen oxides
in urban photochemi ca 1 smog. In the bac kground troposphere the poss i bi e sources
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of ozone are transport from the stratosphere and in-situ photochemical
production by reactions involving trace quantities of nitrogen oXides, hydrocarbons and carbon monoxide in the clean air similar to those reactions in
urban photochemical smog. The sinks include destruction at the earths surface
and destruction by gas phase chemical reactions. Ozone has a lifetime of
several weeks in the troposphere.
Ozone exhibits a distinct diurnal cycle in unpolluted surface air
over land with maxima in the daytime and minima at night. The causes of th.is
variation have been explained by Galbally (1968). In the unpolluted atmosphere
there is a relatively constant ozone concentration in the free atmosphere
above the boundary layer. When there is strong turbulence (usually during the
daytime), ozone is continually carried down to the surface and the concentration
in the near surface air approach.es that in the free atmosphere. When the
turbulence in the boundary layer diminishes in intensity (usually at night) then
the destruction of ozone at the surface exceeds the transport downwards to
the near-surface air and the ozone concentration at this level gradually
dim·inishes. Thus, the diurnal variation of ozone in the unpolluted atmosphere
is caused by the diurnal variation in miXing in the planetary boundary layer
and the continuing destruction of ozone at the earth's surface.
In the free troposph.ere the ozone mlxlng ratio normally has a
minimum in winter and a maximum in spring and summer (Pittock, 1978}, Measurements
in both hemispheres, from the Tropospheric Ozone Project, (Fabian and
Pruchniewicz, 19771-, show that the injection of stratospheric ozone dch a.ir
into the troposphere occurs predominantly at middle and high latitudes and
that the ozone concentration in near surface air is somewhat depleted i.n the
equatorial latitudes of both hemispheres compared with the mid and high latitudes.
The available evidence suggests that ozone production and destruction
within the air in the troposphere dominate the tropospheric ozone balance. Data
from recent studies (Danielsen and Mohnen, 1977; Fishman, Solomon and Crutzen 1
1979; Galbally and Roy, 1980) is combined in Table 6;7 to obtain a tentative
ozone balance in the troposphere. In the southern hemisphere, the gas phase
processes are comparable with the stratospheric injection and surface removal
while in the northern hemisphere gas phase processes dominate the balance.

- 127 There has been some suggestion recently that the tropospheric
ozone concentration in the northern hemisphere is rising due to the effects
of man-made emissions of nitrogen oxides and hydrocarbons.
Table 6:7 Ozone balance in the troposphere
Units: Tg of 03 per year
Southern
Hemisphere

Northern
Hemisphere

Injection from stratosphere
Destruction at surface
Gas phase destruction

500
430
670

480
620
1200

Gas phase production in the
troposphere (estimated by
balance)

1600

2300

6.7. Particulate matter
Atmospheric aerosols are complex mixtures of solid and/or liquid
particles suspended in the air. (Normally, aerosols in which the particles
consist mainly of water e.g. clouds and fog, are not included in the term
"atmospheric aerosols"). The aerosol particles may have very different
physical (size, shape, density) and chemical characteristics. Consequently,
transformation and removal processes, and thereby atmospheric residence times,
may vary greatly.
Sources of aerosol particles include gas-to-particle conversion,
formation of salt particles at the ocean surface and mineral dust raised by the
wind from dry surfaces. The gas-to-particle conversion, as for example
formation of H2S0 4 particles after oxidation of S02' gives rise to particles
with diameters mainly in the range 0.01 to 0.1 ~m (nucleation mode) (Whitby,
1978). Particles in this size range grow rapidly by coagulation processes to
the range 0.1 to 2 ~m (accumulation mode). Aerosol particles with diameters
below about 2 ~m are often referred to as fine particles. Particles from sea
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spray and wind-blown dust are normally found in the range 2 to 2D vm
(coarse particle mode). Even larger particles may be raised by the winds but
due to rapid sedimentation their residence time in the atmosphere is limited
to minutes or hours and they Itlill not be included in the following
considerations.
Particles in the coarse mode are removed from the atmosphere by
sedimentation, by precipitation scavenging and by dry deposition at the surface
(cf chapter 4). On the other hand, the accumulation mode particles have a
negligible sedimentation rate and a rather low rate of dry deposition. Their
residence time in the atmosphere is limited mainly by precipitation scavenging.
Figure 6:10 summarizes the above described features of atmospheric
aerosols. The curve in this figure is a measure of the particle mass (or volume)
per logarithmic size interval. It should be noted that other ways of representing
the size distribution result in curves of different shapes. For example, the
number of particles per unit volume of air eXh.ibits a pronounced maximum in the
nucleation mode (around 0.01 vm diameter).
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Figure 6:10. Conceptual representation of mass (or volume) distributions
as re1 ated to source, transformation and sink processes. Ordinate is
particle mass per logarithmic interval (Shaw and Stevens, 1980).
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The chemical composition of aerosol particles depends on the nature
of the sources (Junge, 1963b). The composition of particles in the accumulation
mode, formed mainly by gas-to-particle conversion, is determined by the
composition of the gaseous precursors. In most situations, Soi-, and NH; and,
to a lesser degree, NO; and organic carbon compounds make up a dominant portion
of these particles. Sea spray particles contain sea salts, but fractionation
processes at their formation and subsequent chemical reactions - e.g.
volatilization of chlorine - may alter the relative abundance of the components
relative to sea water (Junge, 1963 ). For a compound like Soi- in an aerosol
or in rainwater it is probably still reasonable to estimate th.e sea spray
fraction by comparing with the simultaneous concentration of Na+. A basic
assumption is then made that Na+ has no other sources than sea spray. It is
common to talk about the non sea-spray fraction of the SOi- as "excess SOi-"
Thus we may write

(50 2-)

=

4 excess

(50 2-) _ (Na+).
4 iTIeas.
.

iTIeos.

2-)

504
-Na.
sea

G

where the mass ratio (S02-/ Na +)
4
sea water

/

water

is about 0.25.

Soil dust particles contain mainly minerals such as Si, Fe, AI,
and Ca. Since these elements have few other sources their concentration in an
aerosol sample will provide information of the contribution from soil dust.
A quantitative estimate of the soil dust contribution - similar to that
discussed for sea spray above - is made difficult by the variability of the
relative abundance of the various elements from one area to another.
Atmospheric concentrations of aerosol particles vary over a wide
range, from less than 0.1 ~g/kg in polar regions to 100 ~g/kg or more in
dusty continental air. Values around 1 ~g/kg have been reported for the middle
and upper troposphere. Because of large natural variabilities in the
concentration as well as of differences in measurement techniques representative
background values are still uncertain. It is even not clear whether a well
defined background level actually exists.
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Estimates of the global rates of production of particulate matter
have been attempted but are very uncertain and will not be shown here. Due to
the different sources and different chemical and physical characteristics in
this connection it is appropriate to distinguish between aerosols consisting
of particles with a diameter less than 2 ~m - fine particles - and those with
particles in the 2-l0~m diameter range - coarse particles -. Since a large
fraction of the fine particles consist of SO~- and since man-made sources of
SO~- are comparable in magnitude to - if not greater than - the natural sources
it is probable that the atmospheric burden of fine particles is very
significantly affected by man-made emissions. In the most heavily industrialized
regions of the world, i.e. Europe, eastern North America and Japan, the
concentration of fine particles is clealoly augmented by the anthropogenic
emissions resulting in large scale impairment of visibility (Bolin and
Charlson, 1976).
Emissions into the atmosphere of coarse particles are most likely
dominated by natural processes.
The input of different metal compounds into the atmosphere has
been estimated by NAS (1978) (Table 6:8). It is seen that man's contribution
varies from a dominating part for lead to only a small fraction for
manganese.

Residence times of aerosol particles depend on the size of the
particles as well as on meteorological factors (frequency of occurrence of
precipitation etc.). For particles in the accumulation mode emitted into, or
formed in the boundary layer estimates of the average residence time range from
a few days to a few weeks (Junge, 1963). In the polar atmosphere with its very
low rate of precipitation and its stable stratification the residence time
may even be several weeks (Rahn and McCaffrey, 1979). For particles in the
upper troposphere the residence time may be similarly long (Martell and Moore,
1974).
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Table 6:8 Global flux of metals to the atmosphere.
Unit: 10 9 g/yr. For bases of estimates see NAS (1978),
page 136.
Element
Al
Fe
Na
Mn
Sc
Cu

~
5e
Pb
Cd
As
Zn
5b
Hg

Crustal material
20,000
14,000
6,000
200
6
14
30
0.013
3
0.05
0.5
18
0.05
0.02

Bulk sea salt
0.15
0.5
3 x 105
0.005
0.000015
0.04
0.05
0.003
0.0008
0.0008
0.05
0.08
0.007
0.0005

Fossil fuel combustion
products
1400
1400
300
7
0.7
2
12
0.5
150
-

0.7
0.5

1.6

6.8 Radionuclides
Radionuclides occur in the atmosphere in gaseous form as well
as on aerosol particles. On a mass basis their concentration is very low.
However, the radiation which they emit may be harmful to biological life and
may also have an effect on the physical state of the atmosphere, e.g. the
electrical conductivity (Boeck, 1976). Radionuclides are also of considerable
interest as tracers for atmospheric motion and for precipitation removal
processes.
The principal anthropogenic sources of radionuclides present in
the atmosphere are nuclear weapons testing and releases from nuclear
reactors and other steps in
the nuclear power fuel cycle. These emissions
'specles
.
.lnc 1ude 90Sr, 137 Cs, 14 C, 31 1, 3~1 (T) an d 85 K
,r as we 11 as transuranlC

- 132 such as plutonium, americium and curium. The two most significant nuclides
in terms of current contribution to radiation doses to the body organs of the
world population are 137 Cs and 90 Sr . The principal sources of these two
nuclides are the nuclear weapon tests carried out in the 50'ies and 60'ies.
The annual deposition and cumulative deposit of 90Sr is shown in Table 6:9.
The estimated deposits take into account the radioactive decay; the half
life of 90Sr is 28 years. It is seen that the cumulative deposit is much higher
in the northern hemisphere where most of the tests were carried out. Within
0
the northern hemisphere the largest deposition density occurred between 40 N
and GOoN. This is a reflexion of the fact that much of the 90Sr was originally
Table 6:9. Annual deposition and cumulative deposit
of 90S r . Unit: 10 6 Ci. From UN (1977).
Cumulative deposit

Deposition
Year

Northern
hemisphere

Southern
hemisphere

Global

Northern
hemisphere
1. 70
2.28
3.26
3.44
3.70
5.04
7.51
8.96
9.50
9.59
9.52
9.48
9.40
9.37
9.33
9.18
8.98
8.89
8.73

1.30
0.63
1. 05
0.26
0.35
1.44
2.62
1. 66
0.77
0.33
0.17
0.20
0.15
0.21
0.19
0.09
0.03
0.12
0.06

0.65
0.25
0.18
0.17
0.17
0.26
0.31
0.42
0.36
0.21
0.11
eLl 0
0.14
0.13
0.15
0.10
0.03
0.04
0.03

2.45
0.88
1.23
0.43
0,,52
1. 70
2.93
2.08
1.13
0.54
0.28
0.30
0:29
0.34
0.34
0.19
0.06
0.16
0.09

Integrated
deposition 12.13

3.81

15.94

Total injection
to January
12.16
1976

3.84

16.00

Pre 1958
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

.

Southern
hemisphere Global
0.60
0.84
1.00
1. 14
1.29
1. 51
1. 78
2.16
2.46
2.60
2.65
2.68
2.76
2.82
2.90
2.92
2.88
2.85
2.81

2.30
3.12
4.26
4.58
4.99
6.55
9.29
11 .12
11 .96
12.19
12.17
12.16
12.16
12.19
12.23
12.10
11.86
11.74
11 .54

- 133 located in the stratosphere and that the exchange of air between the stratosphere and troposphere is most effective at those latitudes. The table also shows
that the deposits reached its largest values in the late 60' ies in the N.H.
and in the early 70'ies in the S.H.
The most important natural sources of radionuclides in the
atmosphere are exhalation of radon (Rn) from the ground, where it is produced
by the radioactive decay of uranium (238 U) and thorium (232 Th ),and in situ
production of various nuclides by cosmis rays in the upper troposphere and the
lower stratosphere (Junge, 1963). 222 Rn , which originates from 238 U, has a
halflife of 3.83 days and 220Rn , which originates from 232 Th , 54.5 seconds.
Their decay products are heavy metals which become attached to aerosol particles
and reach the ground with them. Radon has been widely used as a tracer for
continental air masses - the sea surface emits very little radon - and to
study vertical mixing processes in atmospheric boundary layer. The
. of 22?R'
. vanes
. f rom 1ess th an 10- 18 C'1 cm -3.1n
'concentrat10n
- n 1n sur f ace a1r
oceanic areas to 10- 16 Ci cm- 3 or more over continents.
A summary of the most important radionuclides produced by cosmic
rays are shown in table 6.10. These nuclides are formed mainly in interactions
with atmospheric N2 , 02 and Ar. 3H (tritium) and 14C occur as water vapor and
carbon dioxide and are important tracers for the circulation of these compounds
in nature. In recent decades arti.ficially produced 3H and 14 C have had
a very significant impact on their concentrations. The other cosmic ray
produced nucl ides and their daughter products will eventually be carried
to the ground as aerosol particles scavenged by precipitation. The study of
such compounds has given us very useful information about the residence time
of aerosol particles in the troposphere (Junge, 1963; Martell and Moore, 1974).
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Table 6:10 Cosmic-ray produced radionuclides
(from Junge, 1963 ).
Average production
rate (atoms/cm 3 Iyr)

Nuclide

Halflife

lOBe
14 c

2.7 x 10 6 yrs
5.7 x 10 3 "

32 Si
3H(T)
22 Na

710

"

12.5 "
2.6

"

35 S

87 days

7Be
33 p

53

32 p

14.3

"

25 "

"

2.6 v 10 6
6.3 x 10 7
6.3 x 10 3

Estimated steady state
activity in the troposphere
(disintegrations /cm 3Is)
1.1 x 10- 9

A

8 x 10- 9

7.9 x 10 6
2
'V 5 x 10

1.7 x 10- 7
1.6 x 10- 4

4.2 x 10 4
2.4 x 10 6

1. 5 x 10- 2
2.6 x 10- 5

2.0 x 10 4
2.4 x 10 4

5.6 x 10- 5
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