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ABSTRACT

Title of Thesis: Analysis of the Relationship between
Meteorology and Air Pollution at
Deuselbach, West Germany

Stephen Robert Messina, Master of Science, 1985

Thesis directed by: Dr. Russell R. Dickerson
Assistant Professor
Department of Meteorology

During the period, January to August 1982, in coop-
eration with the German Environmental Bureau,'meteoro-
logical and air pollution data were gathered at a clean
air monitoring station near the West German village of
Deuselbach. The meteorological data consisted of mea-
surements in the following areas: temperature, relative
humidity, wind direction and speed, rainfall and UV
radiation. Air pollution measurements of nitric oxide,
nitrogen dioxide, total reactive nitrogen, sulfur
dioxide, carbon dioxide, ozone and total suspended
particles were recorded as well.,

It is the intention of this thesis to examine thor-
oughly how each of these meteorological parameters
either enhances or diminishes the levels of atmospheric
pollutants. Additionally, the relationships among the
pollutants will also be examined. This is a desired
aspect since correlation among pollutants could point

to a common source region.
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A comparison of two techniques (Chemiluminescent
and Saltzman) for the measurement of nitrogen dioxide
will also be considered. A discussion of nitrogen
dioxide is necessary in the air pollution problen,
since it is a primary pollutant, which can affect both
human and plant life as well as being one of the cata-
lysts in smog formation.

Finally, the theory of the photostationary state
will be studied. This theory addresses the relation-
ships among nitric oxide, nitrogen dioxide, ozone and
UV radiation, The interaction of these constituents
within the framework of the photostationary state is

responsible for photochemical smog.
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SECTION I

INTRODUCTION

The concept of air pollution is not new to any of
us, We are constantly reminded of its presence through
various forms of media and personal observations. The
roots of our current dilemma can be traced back to the
Industrial Revolution of the early 1800's and enhanced
by the ©proliferation of the internal combustion
engine, Therefore the rewards of a technologically
advancing community are tempered by the side effect of
polluting our environment (Wark and wWarner, 1981).

Attempts to control or eliminate pollutants are not
new. As far back as 1272, Xing Edward I of England
attempted to clear up the smokey skies of London by
banning the use of "sea coal". This effort was serious
enough to cause the British Parliament to order the
torture and hanging of a man who defied the King by
selling and burning this "sea coal" (Wark and Warner,
1981).

Since that time there have been numerous pollution
episodes in our history, but none more dramatic and
devastating than the December 5-8, 1952 episode in
London. The 500 foot deep blanket of smog that settled

over the city had the composition seen in Table 1.




TABLE 1l.~-Composition of a Typical Smog (Petterssen,

1969)
Components Weight

Tons/mi3 Tons/km3
Dry Air 2,000,000 500,000
Liquid Water 18,000 4,500
Water Vapor 68,000 17,000
Smoke Particles 40 10
Sulfur Dioxide 40 10




Despite the fact that the weight of the smoke and
sulfur dioxide amounted to only about 0.4 percent of
the weight of the 1liquid water, the effect was both
repulsive and deadly. The death toll rose to 4,000
with the majority of the victims having histories of
heart or respiratory trouble (Petterssen, 1969).
Atmospheric pollutants are harsh on vegetation as
well as on people., According to the National Crop Loss
Assessment Network, ozone, sulfur dioxide and nitrogen
dioxide cause about 90% of the crop damage induced by
gaseous air pollutants in the United States (Hileman,
1982). In order to compensate for their 1losses,
farmers charge a higher price for their goods and the
end result is increased consumer prices. Therefore,
pollutants can have a distinct economic impact as well,
There are many descriptions or definitions of the
term "air pollution." Wark and Warner, (198l) state

that,

Air pollution may be defined as the presence in the
outdoor atmosphere of one or more contaminants or
combinations thereof in such quantities and of such
duration as may be or may tend co be injurious to
human, plant or animal life, or property or which
unreasonably interferes with the comfortable enjoy-
ment of life or property or the conduct of business.




The inverse question now would be to define what is
meant by a clean atmosphere. It is defined by the
contents of Table 2, which shows the major and trace
constituents of clean dry air near sea level, Any
other substance or concentrations above the amounts
specified in Table 2 would be considered an air pollu-
tant.

Table 3 discusses the average lifetimes, major
sources and sinks of the pollutants discussed in this
thesis.

Table 4 lists the U.S. Federal Ambient Air Quality
Standards of most of the atmospheric constituents
discussed in this work.

Meteorological parameters do exert a strong influ-
ence on atmospheric chemistry. According to the World
Survey of Climatology (Volume 6, Climates of Central

and Southern Europe),

The upper Rhine Valley is prone to the formation
of temperature 1inversions and air stagnation
resulting in detrimental pollution effects due to
the trapping of noxious fumes, particularly in the
densely populated industrial centers of Mannheim
and Ludwigshafen as well as the Rhine-Main Basin.

However, atmospheric pollutants can also affect such

parameters as visibility and short wave radiation.




TABLE 2.-- Composition of

Clean, Dry,

Surface

(National Science Foundation, 1972)

Component Content

$ By Volume ppm
Nitrogen 78.09 780,900
Oxygen 20.94 209,400
Argon 0.93 9,300
Carbon Dioxide 0.0318 360
Neon 0.0018 18
Helium 0.00052 5.2
Krypton 0.0001 1.0
Xenon 0.000008 0.08
Nitrous Oxide 0.00003 0.3
Hydrogen 0.00005 0.5
Methane 0.00017 1.7
Mitrogen Dioxide 0.00000001 0.0001
Ozone 0.000002 0.02
Sulfur Dioxide 0.00000002 0.0002
Carbon Monoxide 0.00001 0.1
Ammonia 0.000001 0.0001




TABLE 3.-- Average Lifetimes,
sinks of Atmospheric Constituents
lifetimes vary depending on the

Major Sources and Major
(Average
rate con-

stant and concentration). The * represents

interconvergence

reactions which do not

affect NOyx concentrations.

Major Sources

Major Sinks

NOx Fossil fuel burning Dry Deposition
(temp > 1800K)
Ny + Op => 2NO NO; + OH + M ~> HNO3 + M
NO; + hv = NO + O *
NO + O3 —» NOp + Oy *
Soil Nitrification
Lightning
03 Tropospheric Photo- NO + O3 =» NO3 + O3
chemistry
NO2 + OH + M — HNO3 + M
Stratospheric Diffu- HO7 + 03 = OH + 203
sion
OH + O3 =—» HOj + Oj
Dry Deposition
S0jy Fossil fuel burning Dry deposition to vegeta-
tion and soil
Oxidation of Reduced Wet deposition
Sulfur Compounds
Emissions From Marine SOz + OH + 03 + H0
& Coastal Areas -=-~3 H2504 + HOj
Volcanoes
CO, Fossil fuel/wood Absorption by vegetation

burning

Release from vegeta-
tion

Decay

and oceans

e




TABLE 4.-- Federal Ambient Air Quality Standards
(Federal Register 36, No. 84, Part II, April
30, 1971, pp. 8186-8201 (11); 43, September,
1978, p. 46246)

Pollutant Averaging Primary Measurement
Time Standard Method
Nitrogen Annual 10 ug/m3 Colorimetric
Dioxide Average (50 ppb) Using NaOH
Sulfur Annual 80 ug/m3 Pararosaniline f
Dioxide Average (30 ppb) Method 1
24Hr
365 ug/m3 y
(140 ppb) !
[
Suspended Annual 75 ug/m3 High Volume 1
Particulate Geometric Sampling
Matter Mean
!
Ozone 1 Hr 240 ug/m3 Chemilumines-
(120 ppb) cent Method




For example, a polluted city may receive on the average
of 10 to 20 percent less solar radiation than the
surrounding rural areas (Bach, 1972). This is
illustrated in Figure 1.

This work will analyze the photostationary state and
the relationship between meteorology and selected
atmospheric constitutents which are a part of the air
pollution problem. A comparison of two techniques
(Chemiluminescence and Saltzman) used in the
measurement of nitrogen dioxide will also be
considered. A discussion of nitrogen dioxide is
necessary in the air pollution problem, since it is a
primary pollutant, which can affect both human and
plant life as well as being one of the catalysts 1in
smog formation. By analyzing the meteorology 1in
conjunction with the chemistry we will show that
meteorology <can have either positive or negative
effects on atmospheric chemistry. Examining the
photostationary state is necessary to further an
understanding of the mechanism which is responsible for
generating photochemical sSmog. A combination of
empirical and statistical methods will be employed in

this work.
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SECTION II

CHEMICAL AND METEOROLOGICAL FACTORS

A. Atmospheric Photochemistry

Photochemical processes, which begin with the photo-
dissociation of ozone through the absorption of UV
radiation, play a dominant role in governing the trans-
formation of tropospheric carbon, nitrogen and sulfur
compounds (Crutzen, 1983). Through a chain of succeed-
ing reactions other constituents are produced, which
then react with many tropospheric compounds which,
would otherwise be inert. Photochemical processes are
also vital in the tropospheric removal of many impor-
tant compounds (Leighton, 1961; Levy, 1971; Crutzen,
1983). Photochemistry involves the absorption and ex-
citation of a constituent by light or more specifically
solar radiation. Altering this light source will im-
pact on the photochemical process. For example, the
advent of sunset will halt photochemistry, while in-
creasing cloud cover will only retard it. Photochem-
istry is also important in causing the formation of
secondary pollutants (Finlayson and Pitts, 1976).

Some photochemical processes in an industrial air
mass involving one primary pollutant can indirectly
influence the oxidation cycle of another primary pol-

lutant. This point was put forward by Rodhe et al.

10
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(1981) for the case of NO2 and 302' Reaction Rl is
approximately ten times faster than Reaction R2. M is
any third body which serves to carry away energy but

does not take part in the reaction.

NO2 + OH + M —> HNO3 + M (R1)

SO2 + OH+ M —> HSO3 + M {R2)

In a situation where photochemistry plays a signif-
icant role, the oxidation of SO2 may be delayed.
Hahn and Crutzen (1982) suggest that since Rl is
significantly faster than R2, the formation of HNO3
(nitric acid), could function as a sink for OH, provid-
ing that the mixing ratio of NOx (discussed later) 1is
of the order of a few nanolitres per 1litre or more.
Therefore, the oxidation of SO2 may be delayed, until

NO, concentrations fall below 1 nl/l. In the final

2
analysis HNO3 will form significantly faster than
HZSO4 (sulfuric acid) (Rodhe et al., 1981). The

exact path taken by SO2 to form H,SO

250, will be

illustrated later in R14 - Rlé6.

Photochemical reactions are responsible for the
generation of the type of smog seen in cities such as
Los Angeles and in other cities or regions where no
large scale heavy industry occurs (Calvert, 1976 and

Schjoldager, 1978).
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The photoétationary state, which is «critical to
understanding this type of smog generation will be
dealt with later in this section,

Many of the photochemical reactions covered in this
work involve constituents which will either receive
only passing mention or be entirely ignored. This in
no way diminishes their importance or significance in
such reactions. They do not however, lie within the

scope of this effort.
NO

The symbol NOx is used to define the combination
of nitric oxide (NO) and nitrogen dioxide (Noz) such

that NOx = NO + NO Anthropogenic sources, such

2'
as fossil fuel combustion and biomass burning, dominate
the tropospheric input of NOx (Garnett, 1979;
Glasson, 198l; Crutzen, 1983; Fishman, 1983; Logan,

1983). NO and NO, are the most important N species

2
in atmospheric photochemistry., They serve as the
catalysts in many atmospheric reaction chains as well
as controlling the distribution of atmospheric ozone
(Chameides and Walker, 1973 and Crutzen, 1973).
Photochemistry of the polluted troposphere will develop

around the nitrogen oxides. The key reaction in this

photochemical process is the photodissociation of Noz.
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This reaction results in the production of NO and O
i.e., atomic oxygen (Hanst, 1978). Photochemistry also
affects the proportionality of NOx constituents,
since the 1levels of NO and NO2 are seen to shift
during the day. In the study of smog formation an
understanding of O3 (ozone) 1is wvital, but NOx still
remains the prime factor. Therefore the key to
understanding the importance of photochemical
production of tropospheric O3 is the attainment of
tropospheric NOx distribution (Kelly et al., 1980;

Crutzen and Gidel, 1983; Fishman, 1983; Logan, 1983).

Nitric Oxide

Nitric oxide (NO) is a colorless gas whose ambient
concentration is usually well below 0.5 ppm (parts per
million) which is the 1limit for health effects. NO
acts catalytically to produce ozone by a series of
reactions which will be discussed later. The end
result of these reactions (initiated by NO) 1is a
photochemical smog episode, which could occur in urban,
rural or remote locations.

NO will form, as a side effect of the burning of
fossil fuels, when the temperature is in excess of 1800
K. The primary reactions which describe this formation

are known as the Zeldovich Mechanism and are as follows:
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0 + N2 === NO + N (R3)
N + O2 g===== NO + 0 (R4)
N, + O === 2NO (RS)

This mechanism will continue as 1long as an elevated
temperature is accompanied by a source of nitrogen and
oxygen (Wark and Warner, 1981). The most significant
factor in the production of NO under normal combustion
conditions 1s temperature, At high temperatures both
kinetics and thermodynamics favor the formation of NO.
In short, the higher the temperature, the greater the
production of NO (Spedding, 1974).

It therefore seems to follow that fossil fueled
power plants and internal combustion engines, which all
operate at high temperatures, would be dominant sources

of atmospheric NO in industrial areas.

Nitrogen Dioxide

Nitrogen dioxide (NOZ) is a brownish gas and a
primary pollutant. NO2 is not very soluble and does
not react quickly with water (Lee and Schwartz, 1981).
Depending upon the concentration level and an individ-
ual's current pulmonary condition, it could induce

chemical pneumonia.
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The oxidation of NO to NO2 continues the smog
generating process. In the presence of appreciable

amounts of 03, the reaction is as follows:

NO + O3 ————eed NO2 + O2 (R6)

This is a primary mechanism for NO2 formation.

Although some N02 is initially produced by the same
combustion processes that generate NO, the amount of
NO2 produced is small compared with the amount of NO
formed (Yocum, 1982). This point is also illustrated
in Table 5.

Another possible photochemical reaction involving NO

which produces NO2 is:

2NO + 03 =———> 2NO, (R7)

The differential equations describing R6 and R7 are

respectively:

k[vo] [os] (1)
2k [n0]2{o0,] (2)

Equation (2) shows that (R7) is kinetically unfavor-

d[:Noz'] /dt
d [Noz] /dt

able, except in pure exhaust gases, since it is depen-

dent upon [NO]Z. However, equation (1) shows (R6) to
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be kinetically favorable. Therefore, (R7) is signifi-
cantly slower and of minor importance compared to (R6).
Additionally, other primary pollutants such as
hydrocarbons, carbon monox ide (Co) and organic
compounds can add to NO2 production, The R in (R1l1l)
represents any organic compound. These reactions are

as follows:

CO+ OH —> CO; + H (R8)
H+02+M — HOp +M (R9)
NO + HOp ———> NO> + OH (R10)
NO + RO ——>» NO3; + RO (R11)
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TABLE 5.-- Predicted Equilibrium Compositions of NO
and NO; at Various Temperatures for the
Simultaneous Reactions N + 03 == 2NO
and NO + 1/207 s==NO; for an initial
Composition of 3.3 percent 0O and 76
percent N2 (JANAF Thermochemical
Tables, Dow Chemical Company)

T NO NO,

(K) (F) (ppm) (ppm)

300 80 1.1 x 10-10 3.3 x 105

800 980 0.77 0.11

1400 2060 250 0.87

1873 2912 2000 1.8

Y DN
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ozone

Ozone (03) is a secondary, rather than a primary
pollutant. Simply stated, O3 is produced through the
photochemical reactions of many pollutants such as NO,

NO Nox’ HC and CO. In sufficient concentrations

2'

0, is irritating to the respiratory tract, can impair

3
lung functions, has the dubious distinction of being
able to dissociate rubber, 1is an extremely reactive
pollutant and is one of the most powerful oxidizers in
nature (Yocum, 1982).

Photochemical production of O3 begins with the
photodissociation of NOZ’ as 1illustrated in R1l2.
Ultraviolet radiation with wavelengths less than 420 nm

will accomplish this photodissociation (Dickerson et

al., 1982).

NO; + hv —=> NO + 0(3p) (R12)

The symbol hv represents the 1light energy and O(3P)
represents a ground state oxygen atom. This oxygen

atom will then react with the most common reactive

molecule it can £find in the atmosphere: oxygen
(02). This reaction will then produce ozone as
follows.

0(3P) + o2 + M ——> o3 + M (R13)
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Ozone values do not remain static. During the night
the values are low, with a sharp increase occurring in
the morning hours. The maximum levels are reached
during the afternoon and then decline throughout the
evening and early morning hours (Schjoldager, 1979 and
Evans, 1983). These diurnal variations can be strongly
linked to the diurnal stability variations that occur
within the planetary boundary layer.

The transfer of stratospheric O3 across the
tropopause into the troposphere 1is another source of
tropospheric 03. This transfer mechanism 1is most
probably a major global source but not a significant
source of elevated ozone 1level episodes. This does
not, however, preclude occasional specific episodes of
elevated O3 concentrations from being related to

intrusions of stratospheric O into the troposphere

3
(Shapiro, 1980). Derwent ({1978) cites two such
incidents in the United Kingdom. Under anticyclonic
conditions, which had accounted for all episodes of
elevated ozone levels reported in the United Kingdom as
of 1978, the maximum hourly ozone concentrations often
exceeded 100 ppb (parts per billion)., 1In both of the
above two incidents, Derwent observes that the anti-
cyclone was missing and in its place were cold fronts

with an upper level jet stream roughly parallel to the

fronts at a height of 9 to 10 km. The meteorological
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and chemical conditions were extremely unfavorable for
photochemical ozone production (little solar UV and
accumulation of photochemical precursors). However,
rural monitoring sites reported marked periods during
which 100 ppb was exceeded for several hours.

Junge (1963) states that there is a close associa-
tion between springtime maxima in lower tropospheric
ozone and stratospheric fallout. Stratospheric and
tropospheric air undergo continuous exchange, which is
significantly enhanced at the trailing edge of jet
streams associated with cold fronts in mid-latitudes.
It can be inferred that the two episodes cited by
Derwent were the result of an intrusion of strato-
spheric ozone.

The importance of local photochemical reactions to
the global ozone budget remains an area of 1intense

research {(Calvert, 1976).

Sulfur Dioxide

Sulfur dioxide (502) is a colorless gas, primary
pollutant and a major pollutant in London type smog.
It affects humans by acting as an eye and lung
irritant. However, 1in sufficient concentrations its
effects, previously described 1in Section I, can be

deadly.
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SO2 is emitted into the atmosphere in many indus-
trial and domestic processes, chiefly through the
burning of fossil fuels, both in and around cities
(Smith, 1974; Spedding, 1974; Chameides and Davis,
1982; Crutzen, 1983). Coal and petroleum are the chief
culprits accounting for 62% and 25% (based on 1976
figures) respectively (Cullis, 1980). Other signif-
icant sources of 50, could come from biomass burning
and volcanic eruptions (Crutzen, 1983).

Globally, anthropogenic sources account for approx-

imately 40% of SO but in urban areas this figure

2
could be in excess of 90%. Although with respect to
amount SO2 is a minor pollutant, 1its effects are
major, particularly after it 1is <c¢onverted to fine
sulfate particles (Junge, 1963).

A photochemically produced source of 502 comes
from the oxidation of hydrogen sulfide (HZS), which
is released to the atmosphere via the decomposition of
anthropogenic organic waste (Crutzen, 1974 and
Spedding, 1974).

Once 502 is in the atmosphere, it may be removed
by 3 major routes: chemical transformation, scavenging

by precipitation (wet deposition) and absorption at the

surface by soil and vegetation (dry deposition).
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The contribution of each route depends ¢n a region's
climate, geography and land use (Spedding, 1974; Pack,
1977; Milne, 1978). The chemical transformation route
is described in R14, R15, and Rlé6.

Here we see SO2 involved in the formation of

sulfuric acid (H2504). The following reactions

illustrate one possible path (Calvert and Stockwell,

1983).
SO2 +OH+ M —> HSO3 + M (R14)
HSO3+ 02 —— SO3 + H02 (R15)
SO3 + HZO + M > HZSO4 + M (R16)

Sulfuric acid is very soluble and one of the main con-
stituents in "acid rain". The other main constituent

is HNC, (nitric acid).

3

The effects of acid rain on materials, aquatic life,
and foresrs are quite pronounced. In acidified 1lakes,
elevated concentrations of aluminum have been found on
the gills of fish killed from acidification. The alu-
minum interferes with the normal gill functions and in
all probability is the cause of death. It has been

well established that acidity will cause elevated alu-~

minum levels in surface water (Hileman, 1982).
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Acid rain can also alter the chemical composition of
the soil, thereby having a direct effect on forests.
When soil is composed of non-calcerous acidic minerals,
the amounts of calcium, magnesium and potassium, all of
which are required for growth, are severely limited
(Hileman, 1982), Acid precipitation can also create
favorable conditions for the microorganisms responsible
for foliar or stem disease in trees (Smith, 1982).

SO, 1is quite soluble and therefore could be pre-

2
cipitated out (wet deposition), so sulfates serve as
condensation nuclei (Batten, 1966) . 502 is also
quite "sticky” and can therefore adhere easily to

surface structures and vegetation (dry deposition).

Carbon Dioxide

Carbon dioxide (COZ) is the fourth largest gas by
volume in the atmosphere and 1is the most abundant
carbon~containing gas in our atmosphere. Concentra-
tions have been measured which show a global increase
of approximately 1.6 ppm per year (Scope 16, 1981).
Rotty (1981) states that this increase is primarily the
result of fossil fuel burning, with additional contri-
butions from biomass burning (i.e., grassland and
forest fires). CO2 is also an indicator of combus-
tion since it contains approximately 80% of the carbon

lost from the biomass in a fire.




However, CO2 is not a photochemically active
atmospheric gas and therefore its role in atmospheric
photochemistry is not significant. The primary method
of CO2 removal from the atmosphere 1is accomplished
mainly through the photosynthesis of plants (Crutzen,

1983). CO, has become known as the "greenhouse gas"

2
since it is transparent in the UV and visible, but
absorbant in the IR, Therefore, the role of CO2 in
atmospheric chemistry is indirect, since it impacts on
the temperature and radiation structure of our atmos-
phere (Hansen et al., 198l; Crutzen, 1983).

In this study CO2 will be used as an indicator of

combustion.

B. Photostationary State

The first experiments carried out on this subject
were by Jackson (1975). However, Leighton (1961) in

Photochemistry of Air Pollution has made it clear that

an understanding of the photostationary state
(hereafter referenced as PSS) is central to an under-
standing of photochemical smog formation. It involves
the interaction of three of the previously discussed

and 0,.

compounds: NO, NO2 3




NO

2 will photodissociate after exposure to noon-
time sunlight in approximately 2 minutes. Since the
steady state concentration of No2 i not signif-
icantly changed, then there must be a dynamic system at
an approximate photostationary state (Jackson, 1975;
Ritter et al., 1979; Kelly et al., 1980; Shetter et
al., 1983). The reactions involved are generally fast
with respect to other reactions which involve oxides of
nitrogen and ozone. Collecting reactions R6, Rl2 and

R13 and applying the photostationary assumption to

these three reactions yields:

d[NOzl Jat = d NO]/dt=O=k3[O3][N ]-kl[N02] (3)

k and k are photolysis rates. The commonly used

1 3
term for kl is j(NOZ), so rewriting (3) yields:

P = j(NOz) [Noz]/k3[03][NO] (4)

where P represents the PSS value and has an anticipated
value of unity. Figure 2 shows the diurnal variation

in “"dirty air™ of NO, NO and O3 in July in Los

2'
Angeles with respect to the PSS reactions, R6, R12, and

R13.
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Figure 2.

Diurnal Vvariation of NO, NO; and O3
Concentrations in Los Angeles, July 19,
1965 (NACPA. Air Quality Criteria for
Photochemical Oxidants; AP~-63.
Washington, D.C.: HEW, 1970.)
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If the three reactions of the PSS did not interact
with other atmospheric constituents, then the value of
P would always be unity. However, this is not always
the case. Therefore, other species must be involved
which alter the concentrations of NO, NOZ' or 03
forcing P away from unity. Atmospheric measurements
indicate that the PSS reactions must be more complex
than they seem (Ritter et al., 1979; Kelly et al.,
1980). The discrepancy between the anticipated and
observed P values can be attributed to the presence of
peroxy radicals, which will invalidate the PSS equation
in clean air. However, a systematic diurnal variation
and departure from P = 1 is still observed (Bottenheim
et al., 1979; Kelly et al., 1980; Shetter et al.,
1983). Figure 3 illustrates this point.

The intensity of solar radiation plays a significant
part in the formation of photochemical air pollution
{Leighton, 1961). The interactions of solar radiation
and NO2 is closely related to the absolute rate of
photolysis. Dickerson et al., (1982) showed NO2
photolysis frequencies to be strongly dependent on
solar zenith angle, while exhibiting 1little depen-
dence on temperature, pressure or altitude. This
implies that the time of maximum photolysis is related
to the time of maximum solar radiation (Vukovich et

al., 1977). This point is illustrated in Figure 4.
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Figure 4.

The Photolysis of NO,, Jj(NO3) and
the Ambient Temperature at Niwot Ridge
on April 14, 1979 (Kelly et al., 1979).
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C. Meteorological Parameters

Temperature

The generation of photochemical pollutants is
strongly related to temperature, particularly with
respect to ozone. This 1is especially evident in the
PSS where the value of P is a maximum near mid-day.

Rate constants (ki)' which determine the speed of
a photochemical reaction, are a function of temperature

and are expressed by:
k = A exp (-Ea/RT) (5)

A is the Arrhenious Factor (rate of molecular
collisions), E, is the activation energy, R 1is the
solar constant and T is temperature.

Temperature dependence is a parameter of both Los
Angeles (high temperature) and London (low temperature)
smog. Temperature dependence was a fairly consistent

element throughout much of the literature.
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Insolation

All photochemical reactions are dependent upon the
solar influx of UV radiation intensity. The general
diurnal wvariation of 04 synthesis and wvertical
transportation in the boundary layer is strongly
related to the diurnal variation of solar intensity
(Vukovich et al., 1977). Both temperature and ozone
formation depend on solar radiation with a time lag of
a few hours (Schjoldager, 1979). The degree of cloud
cover will proportionally reduce the amount of incoming
UV radiation, thereby significantly impacting on photo-
chemical reactions. Variations in the photolysis rates
due to changes in aerosol loading and albedo, other
than snow, are minor when compared to changes resulting
from variations in cloud cover and solar zenith angles

(Dickerson et al., 1979).

Relative Humidity

Relative humidity is one way to express the moisture

content of the air. SO which 1is very soluable, is

27
converted to sulfates in typical industrially polluted
air at a rate which seems to hinge significantly on
relative humidity (Smith, 1974). NOZ’ which 1is not
very soluble, is still indirectly affected by relative

humidity.
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This indirect effect, which revolves around the

formation of hydroxyl (OH), also involves soz.

0, + hv (€318 nm) ——> O(ID) + o, (R17)

3

0

Y

olp) + =1 20H (R18)

2
O(lb) is the major source of tropospheric OH (Levy,
1971) . SO2 may then be transformed by OH into
H2504 via R14, R15 and R1l6, while NO2 is

transformed into HNO3 {nitric acid) via (Rl).

Precipitation

Precipitation serves as one atmospheric removal
mechanism of pollutants. It has been estimated that in
about an hour, even a light rain can wash out half the
particles 2 10 microns (Battan, 1966). Smaller parti-
cles may serve as nuclei. Then through a process of
collision and coalescence, the resulting droplets will
combine with raindrops and precipitate out. Precipi-
tation does have an indirect effect on photochemistry
since the evaporation process can alter both the

temperature and relative humidity structures.
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Wind Direction and Speed

Winds are instrumental in both transporting and
diffusing atmospheric pollutants. Air quality measure-
ments have indicated an increase in industrial efflu-
ents to the point where they affect not only the immed-
iate areas near the emissions but are also carried in
significant concentrations over vast regions and, for
some long-lived constituents throughout the global
atmosphere (Pack, 1977). In an analysis of selected
high ozone events, it was suggested that the long-range
transportation of air mass ozone from urban areas
contributed to the measured peak concentrations at
remote sites (Evans, 1983).

The transport of pollutants from a source to a clean
site is primarily a function of wind direction.
However, wind speed also plays an important role. Wind
speed was a significant meteorological .parameter
affecting pollution and exhibited an inverse relation-
ship to the levels of pollution (Garnett, 1979).

It was determined that 1light wind speeds usually
coincide with increased pollution and vice versa. Most
pollution episodes occurred when wind speeds were less
than 2.5m/sec or approximately 5 knots (Riehl, 1970 and

Schjoldager, 1979).
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Atmospheric Pressure

Synoptic scale pressure systems have a definite
relation to the concentrations of atmospheric pollu-
tants. Low pressure systems will reduce these concen-
trations, since 1lows are characterized by strong
convergence at the surface, good vertical mixing,
relatively high winds, extensive «c¢loud cover and
precipitation. Conversely, high pressure systems have
a positive effect on these concentrations. High
pressure 1is the ideal synoptic feature to promote
photochemical reactions (Vukovich et al., 1977; Evans,
1983; Fishman, 1983). Vukovich et al. (1977) gives a
clear description of the effects of a high pressure
system in the following:

when a synoptic high pressure system moved into the

eastern portions of the United States, high concen-

trations of ozone were reported at a number of rural
stations scattered throughout the region. This
condition persisted as 1long as the environmental
conditions (i.e., high solar radiation, 1low wind
speed) accompanying the high pressure system remain-
ed in the eastern portions of the United States.

The highest ozone concentrations were found at rural

stations 1located near the central regions of the

high pressure system. These regions were character-
ized by weak winds, disorganized flow, high tempera-
tures, and relatively clear skies.

In addition to the work of Vukovich et al., Garnett

(1979) comments on the effect of the stability and

inversions associated with high pressure systems.
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Stable conditions and long spells of hours of inver-
sion of temperature restricting free wvertical
ventilation gave rise time and again to coincident
peak pollution levels at all or most of the sites.
The subsiding air of a high pressure system also
results in the downward transportation of ozone of

stratospheric origin (Reiter, 1975; Schjoldager, 1981;

Crutzen, 1983).

Mixing Heights

It can be stated that the greater the mixing
heights, the more the effluents will be diluted.
Mixing height has become a fundamental concept of air
pollution forecasting (Aron, 1983). The vertical
extent to which this mixing takes place varies
diurnally, from season to season, as well as with
topography (Wark and Warner, 198l1). The depth of this
mixing height times the average wind speed within it
gives the rate of ventilation (Bach, 1972).

In a study conducted by Riehl (1970) it was deter-
mined that of three removal mechanisms of pollutants in
Denver, ventilation was the most important parameter.
Ventilation is a function of the horizontal wind speed
and was determined to be the main control for the onset

and termination of pollution episodes.
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Although the mixing height concept is a useful one,
the correlation between this concept and air pollution
is currently inconsistent.

Some of the factors which could negatively influence
height value, thereby degrading the correlation between
mixing height and pollution levels are:

a. method used to calculate mixing height may

not yield a consistently good estimate of

the actual mixing height.

b. the mixing height may serve as an imperfect
lid.
c. location of the pollution sample and if the

pollutants have had sufficient time to

disperse to the mixing height.
At present the incorporation of mixing height into
pollution model calculations seem to have little or no
impact on improving or degrading model quality (Olson,
1974 and Aron, 1983). The exact implication of incor-
porating ventilation into pollution models has yet to
be fully explored and documented. Continued research

in the use of this factor in pollution models is needed.




SECTION III
DATA

The data in this work represent a portion of the infor-
mation collected from January to August, 1982 (minus June
and July) in Deuselbach, West Germany (Figure 5). The
monitoring ("clean air") station, where these data were
taken, is operated by the Umweltbundesampt (German Envi-
ronmental Bureau). The station is located about 1 km west
of the wvillage, at approximately 500 meters above sea
level. The elevation had no significant effect on the
measurements. The site is about 100 km west of a string
of large industrialized cities (Frankfurt am Main at the
northern end to Lundwigshafen at the southern end) of the
upper Rhine Valley. A major industrial area (Ruhr River
valley) is about 100 km to the north. The areas to the
south and west of Deuselbach are predominantly rural.

In addition to collecting NOZ' SOZ’ 03, C02,
total suspended particles, and meteorological data, a
chemiluminescent NOx detector and an Eppley UV radio-
meter recorded data on oxides of nitrogen and solar
radiation, respectively. These last two items and their
role in the PSS were discussed in Section II.

Sulfates make up a large portion of the suspended
particulate matter in Deuselbach. The term particulate
matter describes dispersed airborne solid and liquid par-

ticles larger than single molecules (molecules are about

36
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0.0002 pm in diameter) but smaller than 500 pm (Wark and
Warner, 198l1). The filters used in Deuselbach collected
particles with a diameter 2> 0.1 pm.

At Deuselbach a molybdenum converter in conjunction
with a chemiluminescence instrument, converted NO2 to NO
with an efficiency of about 90%. This process allows the
detection of other nitrogen species provided they are con