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ABSTRACT

The objective of this study was to gain better understanding of
the effects of pollutants on the thermal structure and pollutant
dispersal in the planetary boundary layer. To this end numerical
models of the boundary layer were constructed. Gaseous pollutants
in the boundary layer were considered to absorb and emit thermal
radiation, while aerosols were allowed to absorb and scatter solar
energy. A series of numerical experiments were conducted for a
variety of summer atmospheric conditions, and the modification of
the temperature and concentration distributions by the radiatively
participating pollutants was investigated.

The first part of the investigation consisted of the construction
of a one-dimensional numerical model of the boundary layer. The model
incorporated the two-stream method for the computation of radiative
fluxes in the solar spectrum, and the turbulent kinetic energy model
to account for turbulence. A series of numerical experiments were
performed to determine the role of pollutants in modifying thermal
structure and poliutant dispersal in the boundary layer. The results
of the experiments showed that the predominant influence of gaseous
and particulate pollutants on the surface temperature was one of
warming. Under the conditions investigated the reduction of solar
flux at the surface was not accompanied by a decrease in the surface
temperature. The maximum predicted temperature rise was 2.8 C over a
45 hour period. Radiative participation by pollutants increased the
stability of the surface layer during the day. This led to a decrease
in the surface pollutant concentrations. During the night, the warmer
surface temperatures caused the surface layer to become less stable
which in turn increased surface pollutant concentrations. Elevated
layers of pollutants were found to play an important role in modifying
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mixed layer growtﬁ. Solar participation generally hindered mixed
layer growth while thermal participation helped the vertical expansion
‘of the mixed layer.

The second phase of the sthdy involved the construction of a two-
dimensional numerical model to study the effects of pollutants on
urban-rural differences in thermal structure and pollutant dispersal.
Results of numerical experiments showed that radiative participation
by pollutants increased the maximum urban heat island intensity by as

much as 50%. ‘P6?7EE§H£§“EWEBW?HHUEEHMEéhpéréfoé"“EfoSédVér;" the™~
maximum of which was 0.3 C. The effects of pollutants on pollutant

dispersal were found to be significant. At the source height (100 m)
in the urban area, the pollutant concentration was reduced by as much

as 13.5% huring the night.
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I. CONCLUSIONS

1.1 Conclusions of One-Dimensional Simulations

On the basis of the numerical simulations performed and the results
obtained using the one-dimensional transport model it is concluded that:

1.

The turbulence model was capable of reproducing important
features of mixed layer formation. The counter-gradient heat
flux parameter was necessary to model the collapse of turbu-
lence during the night. The results of a test simulation
using the turbulence model compared favorably with the 0'Neill
observations.

Pollutant aerosols reduced the solar flux at the surface by
15% on an average. Thermal participation by gaseous pollutants
lead to an increase of the downward thermal radiation at the
surface by about 10% at night. The magnitudes of the poliutant
caused changes in solar and thermal fluxes at the surface were
in good agreement with observations (Rouse, et al., 1973; Oke
and Fuggle, 1972).

Absorption of solar radiation by aerosols increased the tem-
perature of the boundary layer by as much as 0.5 C during

a day. The absorption and emission of thermal radiation by
gaseous pollutants lead to warming of the surface layer of

the boundary layer, and cooling at higher Tevels.

Radiative participation by aerosols and gaseous pollutants
lead to an increase in the surface temperature. The maximum
temperature increase was 0.35 C during the day and 2.8 C
during the night. The reduction of solar flux at the

surface decreased the surface temperature by a maximum of
0.31 C during the first 8 hours of simulation. However, no
temperature decrease was observed on the second day of
simulation.



Solar energy absorption by aerosols increased the stability
of the surface layer. This led to a decrease of surface
poliutant concentrations during the day by a maximum of 7%.
The significantly warmer surface temperatures during the
night decreased the stability of the surface layer causing
higher surface pollutant concentrations. The maximum increase
was 18%. In presenting these conclusions it is important to
reiterate that the pollutant source was elevated at 100 m.
Elevated layers of pollutants played a significant role in
modifying mixed layer growth. Solar heating led to the
formation of sharp inversions which hindered the vertical
expansion of the mixed layer. Cooling induced by gaseous
po]]utanfs helped the growth of the mixed layer.

The height of the elevated pollutant layer was an important
factor in determining the final height of the mixed layer.
When the pollutant layer was placed at 300 m the mixed layer
was able to penetrate the stable layer created by solar
heating. However, when the pollutant layer was located at
600 m the inversion strength became large enough to prevent
the mixed layer from penetrating the inversion.

In the process of creating a sharp inversion solar heating
also led to the formation of an unstable layer above the
inversion. Thus, when the mixed layer penetrated the
inversion its growth thereafter was relatively rapid in

the unstable layer above the inversion.

Elevated pollutant layers had a significant effect on
pollutant dispersal as they affected the growth of the mixed
Tayer, Dispersion was enhanced when the mixed layer height
was large. On the other hand, a small mixed layer thickness
was conducive to the buildup of pollutants near the surface.
Aerosol parameters were important in determining the effective
albedo of the earth-boundary layer system. In general, an
increase in single scattering albedo and backscattering
factor led to an increase of the effective reflectance. The



effective albedo was most sensitive to the aerosol back-
scattering factor.

11. In most of the simulations, aerosols decreased the effective
reflectance of the earth-boundary layer system at small
zenith angles, and increased it at large zenith angles.
Thus, aerosols had a warming influence in the hours around
noon, and a net cooling effect around sunset and sunrise.

1.2 Conclusions of Two-Dimensional Simulations

On the basis of the preliminary results of the two-dimensional

simulations it is concluded that:

1. The predominant effect of radiative participation by
pollutants on the surface temperature is one of warming
both in the rural as well as in the urban areas. The
maximum pollutant induced temperature increase in the
urban center was 1.86 C. When only aerosols were allowed
to participate radiatively the reduction of solar flux at
the surface caused a maximum temperature decrease of 0.3 C.

2. Radiative participation increased the nighttime urban heat
island by a maximum of 50% in the early morning hours.
Solar participation decreased the urban temperature excess
during the day. while thermal participation increased the
heat island intensity throughout the day.

3. Radiative participation by pollutants was an important
contributing factor to the “crossover" effect. During the
night, when no temperature crossover occurred in the simula-
tion with non-participating pollutants, radiative cooling
in the simulation with participating pollutants induced a
temperature crossover of 0.3 C.

4. The predominant effect of radiative participation by
pollutants on pollutant dispersal was that of decreasing
pollutant concentrations in the boundary layer. In the
urban area (x = 16 km) the maximum pollutant induced
reduction occurred during the night and was 13.5% at the



source height and 8.2% at the surface. The rural decrease
(x = 24 km) was 5.5% at 100 m and 7.5% at the surface.

It is necessary to emphasize that the magnitudes of the
pollutant induced concentration changes are largely
dependent on the particular turbulence model used in the
study. Definitive conclusions on the effects of pollutants
on poliutant dispersal cannot be drawn without examining

various turbulence modeis.



II. RECOMMENDATIONS

2.1 Suggested Improvements in Modeling

This investigation involved the modeling of a large number of
physical processes. Although every attempt was made to model the
physical processes as realistically as possible, the wide scope
of this study gave rise to a number of suggestions for future
research. Some of the problem areas which should receive attention
are:

1. An improved mixing length model is needed. The self-similar
profile used in this study does not account for the effect
of local stability on the scale of turbulent eddies. This is
unrealistic, and an improved procedure to calculate the
mixing length is needed.

2. The solar radiation transfer model should be improved to
account for the selective absorption by gases and aerosols.
As a starting point the solar spectrum can be divided into
two regions taking advantage of the fact that water vapor
absorbs mainly in the region, 1-4 um. This division of
the solar spectrum should be kept to the minimum to prevent
computational requirements from becoming excessive.

3. A procedure should be incorporated into the thermal radiation
model to account for the absorption and emission of a com-
bination of pollutant gases. A realistic pollutant model
should include the most important pollutants found in the
atmosphere. The incorporation of such a model necessarily
involves a procedure to account for the overlap between the
pollutant gas bands. As narrow band models are time
consuming, it is necessary to modify wide band models to
account for overlap.



4. Radiative transfer in the polluted urban atmosphere is at
least two-dimensional and very complicated. Some simple
approximate yet mathematically and numerically tractable
analysis must be developed to account for two-dimensional
effects.

5. A simple model must be developed to handle the transport
of water in the soil layer. The currently available
(Eagleson, 1970) soil transport models involve considerable
data handling and cannot be readily incorporated into a
numerical model. A soil transport model in combination with
a physically realistic procedure to account for evapotrans-
piration at the air-soil interface is needed because latent
transport may be a significant fraction of the net energy
transfer at the earth's surface.

6. An improved procedure to solve the two-dimensional conserva-
tion equations must be developed. Possible improvements
are the use of a staggered grid system and the incorporation
of a conservative Arakawa scheme. This might solve the
problems encountered in the attempt to incorporate the
turbulent kinetic energy model into the two-dimensional
numerical model.

7. As the location of pollutant sources determines whether
radiative participation by pollutants increases or decreases
surface pollutant concentrations it is necessary to develop
a realistic pollutant emission model. The model should
account for the space (elevated or surface based) as well
as time (source strengths and time variation) distributions
of pollutant sources.

2.2 Suggested Additional Simulations

An analysis of the results of the numerical simulations showed
that a greater understanding of the problem could be obtained by
performing a number of additional simulations. Specifically. the
following numerical studies should be conducted:



Sensitivity studies should focus attention on the role of
surface parameters in determining the effect of radiative
participation on the surface temperature. The results of
this study indicate that the effect of the reduction of

solar flux at the surface on the surface temperature is
dependent on the surface evaporation rate. Other studies
(Mitchell, 1971; Wang and Domoto, 1974) also show that
radiative effects are related to the surface albedo and

the surface moisture. It is clear that additional simula-
tions would provide valuable insight into these effects.
Numerical experiments must be conducted to investigate the
effect of various outflow boundary conditions (downstream)

on the temperature, velocity and species distributions.
Simulations must be performed to determine the relative
importance of urban-rural surface parameters in producing

the heat island and the crossover effect.

Simulations must be performed to examine the role of the
turbulence model in determining pollutant induced changes

of pollutant dispersal. This can be accomplished by per-
forming a series of simulations with identical initial
conditions but with different turbulence models. Some of

the suggested turbulence models are surface layer similarity
formulations (Businger, 1973), Richardson number correlations
(Pandolfo, et al., 1971), turbulent kinetic energy models
(Launder and Spalding, 1974), second-order models (Donaldson,
1973), and simplified sub-grid scale model (Orlanski, et al.,
1974). As atmospheric turbulence is still incompletely
understood, only conclusions based on results of simulations
which examine the effect of the choice of the turbuience
model will find acceptance.



ITI. DISCUSSION OF PROBLEM

3.1 Problem Area

The rapid increase in industrialization and urbanization over
the past few decades has been accompanied by relatively significant
changes in the climate in and around urban locales. This inadvertent
climate modification has been evidenced by observations (Chandler,
1965; Summers, 1966; Oke and East, 1971; Oke, 1972) of urban-rural
differences of various aspects of climate such as temperature, humidity,
visiblity, radiation, wind and precipitation. One of the better known
features of the urban environment is the so-called heat island effect
which is associated with the existence of warmer surface temperatures
in the urban regions than in the surrounding rural environs. The
heat island effect is also related to the differences in the thermai
structures between urban and rural areas. Recent observations
(Bornstein, 1968; Clarke, 1969) show that while fewer surface inver-
sions occur over cities than over rural areas, weak elevated inver-
sions occur at a greater frequency over urban areas. It is generally
accepted that the heat island is primarily caused by the differences
in the urban-rural surface characteristics such as thermal properties,
surface moisture, surface albedo, roughness, and heat sources. llhile
these differences can be used to explain thermal effects at the surface,
they cannot be directly related to the formation of elevated inversions.
It has been suggested (Bornstein, 1968) that these inversions could be
caused by the radiative effects of pollutant layers. Recent theoreti-
cal studies by Atwater (1970) and Bergstrom (1972) in addition to
lending some credence to the theory show that pollutants can contribute
significantly to the heat island effect.

A qualitative explanation of the process of weather modification
by air pollutants is fairly simple. Particulates in the atmosphere
absorb and scatter the incoming solar radiation leading to a reduction



in the solar energy reaching the earth and thus a cooling. However,
Mitchell (1971) has recently shown that while stratospheric aerosols
do lead to a cooling, slightly-absorbing aerosols in the troposphere
may serve to increase surface temperatures. Other pollutants, such as
CO,, which are relatively opaque to long-wave thermal radiation, can
produce a "greenhouse" effect leading to an increase in surface
temperatures. This simple explanation of the effect of anthropogenic
pollutants on the climate is clearly more relevant to the global scale
than to the small scales of an urban area. The microclimate of an
urban area is determined by the energetics and the dynamics of the
planetary boundary layer, the evolution of which is largely con-
trolled by turbulence. Thus, estimates of the effects of the
pollutants on the climate have to be based on studies which account
for the interaction of turbulence and radiation, both of which are
extremely complex phenomena. There have been relatively few studies
on the radiative effect of pollutants on a local scale (Atwater, 1970,
1972, 1974; Pandolfo et al., 1971; Zdunkowski and Mcquage, 1972;
Bergstrom and Viskanta, 1973), but the resuits indicate that the
effects can be substantial within a period of a few days. However,
the models used in these studies were relatively crude, and the
results obtained can at best be considered tentative. Considerably
more research effort is needed before short and long-term effects

of pollutants can be estimated.

Thermal modification by pollutants is just one of the many
effects of urbanization on the atmospheric structure of the city and
the rural surroundings. Although observational data can provide
information on the urban microclimate, it cannot be utilized in deter-
mining the causative factors of the atmospheric structure of the urban
area. An understanding of the various effects of urbanization can be
obtained only by isolating possible causative factors, and studying
their effects by varying them one at a time. Such a procedure is not
practical from the point of view of an observational program as it is
not possible to manipulate the urban environment. One technique
which can be employed to help fill this observational gap is numerical
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simulation. A numerical model describes the dynamics and thermo-
dynamics of a city in terms of differential equations (conservation
laws) and boundary conditions. It is through these boundary condi-
tions that city parameters such as tall buildings, heat production

by the city and pollutant emission are described. The main advantage
of numerical simulation lies in its ability to predict the effect of
changes of initial and boundary conditions on the planetary boundary
layer variables. Thus, a numerical model can serve as an invaluable
tool in determining the effects of urban changes such as urban renewal,
park development, industrial siting and freeway location. Numerical
simulation can also provide guidance for observational programs by
determining the relative importance of atmospheric variables. This
information can help to minimize redundancy in the field program.
Observational programs, in turn, can provide invaluable feedback for
improvement of the numerical model.

3.2 Background

3.2.1 The Atmospheric Boundary Layer

As the winds created by the rotation of the earth blow over the
surface of the globe, they maintain a layer of “frictional influence,"
or atmospheric boundary layer. The boundary layer is turbulent, and
extends to heights of the order of one kilometer. The large scale
flow or the free atmosphere receives much of its heat and virtually
all of its water vapor through the turbulent transfer processes in
the boundary layer. The turbulent activity in the boundary layer is
also responsible for the transfer of kinetic energy from the atmos-
phere to the boundary layer. Since, as much as one-half of the
atmosphere's loss of kinetic energy occurs in the boundary layer,
the turbulent motion in the boundary layer has an appreciable influ-
ence on the evolution of weather systems (Tennekes, 1974).

As man lives inside the boundary layer, his interaction with
the transport processes of the boundary layer determines the quality
of his daily environment. Pollutant and heat wastes injected into
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the boundary layer are dispersed vertically by turbulent mixing and
horizontally by the wind. Thus, the primary variables of micro-
meteorology are the wind velocity vector and the boundary layer height
which essentially determines the extent of vertical mixing.

The boundary-layer thickness varies from about a few tens of
meters on calm nights to about two thousands meters on sunny summer
afternoons (Tennekes, 1974). This variation in the boundary layer
thickness is caused primarily by the effects of vertical heat transfer
on turbulent motion. During the day, upward heat transfer enhances
turbulent activity which is responsible for the entrainment of the
stable nonturbulent layer which caps the boundary layer. During the
night, the downward heat transfer caused by the cooling of the earth's
surface, suppresses turbulence and the boundary layer rapidly
decreases in height. In relatively rare situations with negligible
heat transfer the boundary layer thickness is determined by the shear
stress at the surface and the local rate of the earth's rotation.

During the day, the thermally enhanced turbulent mixing of the
boundary layer is so effective that the vertical distribution of
boundary layer variables such as potential temperature, moisture,
pollutants and wind is more or less uniform through most of the
boundary layer. For this reason, meteorologists refer to the boundary
Tayer as the "mixed" layer. The distinctive structure of the mixed
Tayer has allowed the construction of simple models (Leahey and
Friend, 1971; Tennekes, 1973; Carson, 1973) to predict the variation
of the mixed layer height during the day. Considering their simplicity,
these models have had remarkable success (Tennekes and Ulden, 1974;
Leahey and Friend, 1971) in forecasting mixed layer heights. However,
these forecasts are necessarily short-term (12 hours), and consider-
ably more sophisticated models are required to predict the diurnal
variation of the boundary layer.
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3.2.2 Urban Heat Island Phenomenon

One of the better known features of urban climatology is the
existence of higher temperatures in the urban area than in the rural
surroundings. This phenomenon, known as the urban heat island effect,
has been documented for over a century (Howard, 1833). Howard's
measurements showed that the urban temperature excess was greatest
at night, when it amounted to 2.0 C. During the day. the heat island
effect was found to be negative with the city being 0.15 C cooler
than the surrounding countryside. But on the average, the city was
found to be warmer than the countryside by about 1 C. These results
are similar to those of more modern investigations (Chandler, 1962).

Several mechanisms have been suggested to explain the formation
of the heat island. Howard (1833) attributed the urban temperature
excess to anthropogenic heat production. Recent observations (SMIC,
1971; Bornstein, 1968) show that the anthropogenic heat production
term may dominate the other energy sources during the winter months,
and may be as large as 2% times the solar input. Bornstein (1968)
and Chandler (1961) have also emphasized the importance of reduced
evaporation rates in urban areas. They argue that as less energy is
required for evaporation, there is excess solar energy to heat up
the urban surface. It is also believed (Mitchell, 1961) that the
higher thermal conductivities and heat capacities of paving materials
and buildings of the city, allow more energy to be stored in the
"surface" layer of the city than in that of the countryside during
the day. This additional stored energy which is released during the
night creates the excess in the urban temperature. The smaller urban
albedos (Craig and Lowry, 1972) can contribute to the daytime heat
island effect. During the day, the higher eddy diffusivities (Bowne
and Ball, 1970) associated with the rough surface (tall buildings) of
the city tend to counteract heat island causative factors. However,
the higher Tevels of turbulence can lead to a reduction of the city's
ventilation by "breaking" the wind. Kratzer (1956) and more recently
Fuggle and Oke (1968) have attributed the heat island to the blanket-
ing effect of atmospheric pollutants. It is argued that layers of
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pollutants absorb radiation during the day, and re-emit thermal
radiation during the night. This increased downward thermal radia-
tion results in the observed nocturnal temperature excess.

From the preceding discussion, it is clear that the urban heat
island is the result of a complex set of interacting physical
processes. Over recent years, a better understanding of the heat
island phenomena has been obtained by supporting observations with
numerical modeling studies such as those of Myrup (1969), Tag (1969),
McETroy (1971), Pandolfo (1971), and Nappo (1972). As the physical
processes involved in the formation of the heat island are exceedingly
complex and incompletely understood, these models are necessarily
simple. However, they have provided valuable insight into the
relative significance of the factors responsible for the urban
temperature excess.

The magnitude of the heat island effect is important from the
point of view of practical applications such as the design of human
comfort systems and urban planning. Thus, the need for "quick"
estimates of the urban-rural temperature difference has given rise
to a number of empirical studies which attempt to correlate the
urban temperature excess with urban parameters such as population,
wind speed, cloud cover, etc. Some of the more successful correla-
tions are due to Ludwig (1970). and Oke (1972, 1973).

3.2.3 Effect of Pollutants on Thermal Structure

Observations show that there are distinct differences between the
vertical temperature profile of the city and that of the surrounding
rural area. The tower measurements of Munn and Stewart (1965) made
over southern Ontario indicated higher percentages of inversion-free
nights at the urban sites. Bornstein (1968) studying New York's
thermal structure, found that while the rural sites exhibited a
greater frequency of surface inversions, a greater number of elevated
inversions occurred over the city. He also observed that while city
temperatures were generally higher than those over the countryside
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up to heights around 300 meters, a temperature crossover effect
occurred around 400 meters where temperatures were generally Tower
than those of the surrounding area. This finding is similar to those
of Duckworth and Sandberg (1954). More recently, Rouse, et al.
(1973) observed sharp elevated inversions over a polluted industrial
area in Hamilton, Ontario. These inversions were strongly developed
in the morning, weakened in the hours around noon, and strengthened
towards the evening.

The described features of the urban thermal structure are
believed to be caused by the radiative participation of pollutants
(Sheppard, 1958; Atwater, 1970; Bergstrom and Viskanta, 1972). It
is argued that the increased nocturnal thermal radiation associated
with the cooling of pollutant layers, heats up the earth's surface
thus preventing the formation of a surface radiation inversion. On
the other hand, the cooling of elevated pollutant layers may be
responsible for the temperature "crossover" effect and the formation
of elevated inversions.

There have been relatively few theoretical investigations on the
effect of pollutants on the thermal structure. Using a one-dimensional
radiative-conductive model Atwater (1970) showed that the cooling due
to layers of pollutants could cause elevated inversions. Bergstrom
and Viskanta (1972) studied the effect of pollutants using a one-
dimensional model which accounted for turbulence effects through semi-
empirical eddy diffusivity correlations. Their results indicated that
pollutants could be responsible for the destruction of the nocturnal
surface inversion. They also showed the formation of elevated
inversions due to pollutant induced cooling. Utilizing a boundary
layer mode] developed by Pandolfo (1971), Atwater has investigated
the thermal changes induced by pollutants. He concluded from his
results that the major effect of pollutants was to cause the delay of
the onset of unstable conditions after sunrise.

Most one-dimensional simulation (Atwater, 1970; Bergstrom and
Viskanta, 1972; Zdunkowski and McQuage, 1972) studies show that
pollutants may contribute significantly to the heat island effect.
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However, more realistic investigations based on two-dimensional

models seem to downplay the importance of pollutants as a causatory
factor of the urban temperature excess. Atwater's (1974) results
show that pollutants are only a minor factor in the formation of the
urban heat island. The more recent two-dimensional study of Viskanta,
et al. (1975) shows that under certain conditions radiative participa-
tion can in fact reduce the urban-rural temperature difference. This
result is significant in that it contradicts other studies. From the
preceding discussion it is evident that considerably more research is
required before a satisfactory understanding of the effects of
pollutants on the thermal structure is obtained.

3.3 Objectives of this Study

The primary objective of the study is to enhance understanding of
the effects of pollutants on the urban environment. Specifically, the
research program proposed to determine the role of pollutants in modify-
ing the thermal structure which, in turn, affects pollutant dispersal.
Particular attention will be paid to the interaction of pollutants with
the stable layer. To this end, the net effect of the most important
pollutants on radiative flux and its divergence, temperature, concen-
trations, and flow fields will be predicted.

The specific aims of this study are:

1) Construction of a physically realistic radiative transfer model
in the urban boundary layer in which gaseous and particulate
pollutants are present.

2) Construction of a turbulence model capable of representing
turbulent transport effects over a wide range of atmospheric
conditions.

3) Development of a one-dimensional transport model for simulating
the thermal structure and dispersion in an urban atmosphere.

4) Simulation of a variety of atmospheric situations using the one-
dimensional transport model to study the effect of pollutants on
the urban climate.
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5) Development of an unsteady two-dimensional transport model to
study the effect of pollutants on urban-rural climatic differences.

Some of the questions this study will address itself to are:

1) Under what meteorological conditions is radiative transfer
important enough to compete with turbulent transport?

2) What should the pollutant concentration be in order to affect the
thermal structure and pollutant dispersion?

3) How do the radiatively participating pollutants affect the height
of the mixed layer during the day?

4) Does the variation of the pollutant concentration with height
(i.e., sharp concentration gradients) contribute to the formation
of an elevated stable layer?

5) How do pollutants affect the stability of the inversion? Do they
stabilize the inversion or do they accelerate the breakup of the
inversion?

6) What role do pollutants play during the formation of surface
inversions at night?

These questions relate to the effect of pollutants on the thermal
structure and pollutant dispersal. In addition to these questions, the
research program hopes to shed some understanding about the structure
of the mixed layer and its interaction with the inversion.

3.4 Rationale

After presenting the objectives of this study it is necessary
to answer the following question to justify the research effort:
Apart from the academic interest in the effects of pollutants, what is
the practical importance of the slight modification of thermal structure
the radiative participation of pollutants may be able to cause? The
key to answering this question can be found in the nature of atmospheric
turbulence. The planetary boundary layer is turbulent, and except for
a shallow layer next to the earth's surface, the turbulence in the
boundary layer is thermally controlled. During the day. the negative
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potential temperature gradients in the atmosphere are responsible for
the production of turbulent kinetic energy, and during the night the
slight positive potential temperature gradients inhibit turbulence.
These potential temperature gradients which are so effective in
promoting or suppressing turbulent activity are typically of the
order of a few degrees per kilometer. In view of this, it is easy

to see the significance of the small changes in temperature pollutants
can produce. These temperature changes become all the more important
when pollutant effects are localized, i.e. temperature changes over
small vertical distances producing large potential temperature
gradients.

With the background provided by the discussion of the preceding
paragraph it is easy to see the importance of the possible thermal
effects of pollutants in the practical tasks of (1) forecasting of
pollution episodes, (2) calculation of pollutant dispersion, (3)
prediction of thermal structure of a city. The turbulent planetary
boundary layer serves as a conduit through which the city flushes out
its pollutant and heat wastes. Since the atmospheric variables such
as temperature, wind speed and pollutant distribution are nearly
uniform (mixed) inside the boundary layer, fairly accurate estimates
of the pollutant concentration and the temperature can be obtained
from a knowledge of the wind velocity. boundary layer height, and the
sources of heat and pollutant emissions (Tennekes, 1974). The variables
which can be possibly affected by poliutants are the wind and the
boundary layer height. Pollutants may modify the wind by altering
the turbulent intensity. Clearly this effect will be important during
the night when turbulent transport does not overwhelmingly dominate
radiative transfer. Pollutant induced changes of a few degrees at the
earth's surface could also change the stability of the surface layer
quite drastically. As turbulent activity during the night is confined
to the surface layer, this alteration of stability could affect the
intensity of vertical mixing and thus pollutant dispersal. During
daytime, the vertical expansion of the boundary layer is limited by
a capping inversion. Clearly, the rate of growth of the boundary
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layer is dependent on the stability of the inversion. As there is no
turbulent activity inside the inversion, pollutant induced heating or
cooling can cause dramatic changes in the stability of the inversion.
Thus, elevated layers of pollutants inside the inversion can play a
significant role in controlling boundary layer height, one of the most
important variables of micrometeorology (Tennekes, 1974).

It is clear that the radiative participation of pollutants can
affect thermal structure and pollutant dispersal through the feedback
mechanisms described in the preceding paragraph. It is desirable
therefore to understand these feedback mechanisms and obtain estimates
of pollutant caused thermal changes. If numerical simulations show
that the radiative interaction of gaseous and particulate pollutants
with solar and atmospheric radiation is important, the inclusion of
radiative transfer in air quality simulation models (AWSM) may become
mandatory.

3.5 Scope of this Study

This section discusses the improvements made by this study over
previous investigations of the effect of radiative participation by
pollutants on local climate. The specific contributions of this
study are listed below:

1) A relatively sophisticated turbulence model was developed and
incorporated into the dynamic numerical model. A1l previous
studies (Atwater, 1970, 1972, 1975; Pandolfo et al., 1971;
Zdunkowski and McQuage, 1972; Bergstrom and Viskanta, 1973;
Viskanta, Bergstrom and Johnson, 1975) of the radiative effects
of pollutants have utilized relatively crude turbulence models.
As the thermal structure of the boundary layer is determined by
the interaction between radiation and turbulence, it is unrealistic
to emphasize the role of radiation at the cost of that of turbu-
Tence. Bergstrom and Viskanta (1972) and Viskanta, Bergstrom
and Johnson (1975) have used sophisticated radiation models in
combination with relatively simple turbulence models to study
changes induced by pollutants. In view of the importance of



2)

3)

4)
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turbulence, it is clear that the results of such studies have to

be viewed with a degree of skepticism. Even partial understanding
of the effects of pollutants can only be obtained by using radia-
tion and turbulence models which are representative of the relative
importance of the two physical processes.

A simple solar radiation model based on the two-flux method was
developed and incorporated into the numerical model. The radiation
model although relatively crude compared to that of Bergstrom and
Viskanta (1972) affords substantial savings in computer time
without introducing unacceptable idealizations. The model accounts
for absorption and scattering of solar radiation in a consistent
manner, and it represents an impnovement over the radiation model
developed by Atwater (1971). Atwater's treatment of scattering

can at best be considered "fairly approximate." Furthermore, his
assumption of extinction coefficients being independent of
pollutant concentrations ignores the importance of the distribu-
tion of pollutants in determining the heating rates. The model
used in this study trades a degree of sophistication for con-
siderable flexibility in the variation of aerosol parameters

such as forward scattering factor and single scattering albedo.

As the turbulence model was able to reproduce important features
of mixed layer formation, it was possible to study the radiative
effects of pollutants on the growth of the mixed layer. A number
of simulations were performed to determine the role of elevated
layers of pollutants in modifying mixed layer growth. No such
studies appear to have been conducted to date.

The simulations have investigated the effects of radiative
participation by pollutants on the effective albedo of the earth-
boundary layer system. The effective albedo is an important param-
eter which determines the total energy absorbed in the system.
Workers (Atwater, 1970, 1972, 1974; Bergstrom and Viskanta, 1973;
Pandolfo, et al., 1971) who have coupled the dynamics of the
boundary layer with the influences of air pollutants have not
studied this important effect.
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IV. FORMULATION OF PROBLEM

4.1 Physical Model

A schematic diagram of the earth-atmosphere system being considered
in this study is shown in Figure 4.1. The physical model consists of
four layers: (1) the free atmosphere where the atmospheric variables
are determined by the large scale flow [as the simulation time scale
of the model is relatively small (48 hours), the free atmospheric
variables can be assumed to be unaffected by the flow in the boundary
layer]; (2) the "polluted" atmosphere in which the atmospheric variables
such as velocities, temperature and pollutant concentrations are
functions of space and time, and change in response to varying boundary
conditions primarily at the Tower boundary (earth-air interface) and at
the upper boundary (free atmosphere); (3) the soil layer in which the
temperature is a function of depth and time only; and (4) the litho-
sphere in which the temperature is constant over the time scale of
simulation.

The urban parameters such as anthropogenic heat sources, surface
albedo and emittance, thermal diffusivity and conductivity of the soil,
roughness height, and surface and/or elevated pollutant sources are
prescribed functions of the horizontal distance along the urban-rural
complex. The variation in topography is not accounted for, i.e.,
except for the roughness variation the terrain is assumed to be uniform.

The forcing function of the model is the time dependent solar
irradiation. Incoming short-wave solar radiation heats up the earth's
surface during the daytime; a part of this radiation is absorbed and
scattered in the polluted atmosphere. The solar energy absorbed at
the air-soil interface is partly transferred to the atmosphere and
the soil by conduction. Another part of the energy is used for
evaporating water, and the remaining energy is reradiated as longwave
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thermal radiation. The distribution of energy in the atmosphere is
accomplished through convection, radiation and turbulent diffusion.
The atmosphere also emits thermal radiation part of which is absorbed
at the air-soil interface. During the night, the earth’s surface
cools in the absence of solar irradiation. Thus, the soil-atmosphere
system goes through a diurnal cycle of heating during the day, and
cooling during the night. These variations in air temperature and
thermal stratification, in turn, affect the velocity, moisture and
pollutant concentration fields through changes in intensity of turbu-
lent mixing.

4.2 Formulation of Model Equations

In deriving the conservation equations the following assumptions
are made:

1) The transport processes are two-dimensional, i.e., all the
variables are functions only of the vertical co-ordinate z and one
horizontal co-ordinate x, and are independent of the co-ordinate y.
Clearly, the assumption of two-dimensionality is not very realistic
in view of the fact that turbulence is a three dimensional phenomenon.
However, this model does not attempt to resolve turbulent motion;
turbulence effects are parameterized with the turbulent diffusivity.
Thus, this assumption depends on whether the urban-rural system can
be considered to be one-dimensional, i.e., the urban-rural character-
istics vary only along the x-co-ordinate. It is clear that realistic
city parameters would vary in two dimensions giving rise to three-
dimensional flow effects. Although it is not clear how important
three-dimensional circulation patterns are, it is felt that the two-
dimensional model is capable of providing understanding of the most
important urban effects. The inclusion of the third dimension in
addition to increasing the complexity of the problem would have
increased the computer time as well as storage by a few orders of
magnitude.

2) Atmosphere is hydrostatic. This approximation has been used
in several heat island studies (Estoque, 1963; Estoque and Bhumralkar,
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1969) and is valid when the horizontal scales are much larger than
the vertical scales. It allows the calculation of the pressure
distribution from a knowledge of the temperature distribution.

3) The Boussinesq approximations are applicable to the boundary
layer. The approximations can be summarized by the statements:

1) Density fluctuations result principally from thermal effects
rather than pressure effects, and 2) density variations in the mass
and momentum conservation equations may be neglected except when they
are coupled to the gravitational acceleration in the buoyancy force.
Spiegel and Veronis (1960) have shown that the Boussinesq approxima-
tions are valid when the fluid Tayer under consideration is confined
to a thickness which is much smaller than the minimum of the scale
heights of the atmospheric variables. Furthermore, it is necessary
that the motion-induced fluctuations do not exceed, in order of
magnitude, the static variations of the variables. The conditions
mentioned are satisfied in the atmospheric boundary layer. An
important consequence of the approximations is that the continuity
equation reduces to the incompressible form. This together with the
hydrostatic assumption, allows the calculation of the vertical
velocity from the continuity equation.

4) The viscous dissipation term in the energy balance can be
neglected. It can be easily shown (Spiegel and Veronis, 1960) that
this assumption is valid at the relatively low velocities found in
the atmosphere.

5) In applying the equation of radiative transfer to the
planetary boundary layer, the atmosphere is considered to be
horizontally homogeneous--the radiation model is one-dimensional.

As an accurate solution of the one-dimensional transfer equation
requires substantial computer time, it would be impractical and
presently unwarranted in terms of computer time and storage to use
a two-dimensional radiation model.

6) Energy transfer in the soil layer is one-dimensional. As
the horizontal temperature gradients are much smaller than the
vertical temperature gradients, conduction in the horizontal direction
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can be neglected in comparison to that in the vertical direction; the
energy equation reduces to the one-dimensional diffusion equation.

With the preceding assumptions the governing equations can be
written as (Estoque, 1973)

X-momentum:

3u

-5-_E-+

y-momentum:

v
5 +

Continuity:

Energy:

Water Vapor:

aC
3t

Planetary Boundary Layer

Hydrostatic Equilibrium (z-momentum):
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Soil Layer

(4.2.1h)

(4.2.11)

In Eqs. (4.2.1a) and (4.2.1b) Ty and T, are the turbulent momentum

fluxes, Fg and F¢are the turbulent heat and pollutant fluxes,
respectively, Se and SCn are the internal sources of heat and

pollutants, and Cw is the volumetric rate of water vapor generation.

The turbulent fluxes and the source term in the energy equation are

given by,
T, = pKM ou/sz
ry = pKM ov/az
F =

o = K, (30/32 - )
Fe, = -K, 3C,/02

R
Sq = -(po/P) /e

3z T H

P

(4.2.2a)

(4.2.2b)

(4.2.2¢)

(4.2.2d)

(4.2.2e)

In Eq. (4.2.2c). Ye is a small positive quantity which accounts for

the countergradient heat flow often observed in the atmosphere.

On

the basis of Telford and Warner's observations (1966), Deardorff

recommends a value of 0.7 x 1072 K/m for Y-

4.3 Boundary Conditions

The boundary conditions are specified at the top and bottom of

the atmospheric layer under consideration.

At this point it is
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necessary to distinguish between the top of the atmospheric layer and
the top of the boundary layer. The top of the atmospheric layer is
the height of the last vertical grid point which is placed around 2 km.
The top of the planetary boundary layer, on the other hand, is a
function of space and time, and varies from a minimum of about 200
meters to a maximum of about 1500 meters. The definition of the
boundary layer height will be discussed in following sections. It
is appropriate to mention here that the top of the atmospheric layer
serves as a maximum bound on the height of the boundary layer.

At the earth's surface (z = zy) the boundary conditions are:

U=v=w=0 (4.3.1a)
T = To(x,t) (4.3.1b)
Cy = Cu (xt) (4.3.1c)
Cn = Cny(xst) (4.3.1d)

The ground temperature Ty(x,t) is calculated from an energy balance
at the earth's surface,

F, -F, +F3 -F, -Fs - Fg =0 (4.3.2)
where

F, - thermal (longwave) emission from the ground

F, - atmospheric eddy transfer of sensible and latent heat

Fi - soil heat flux

F, - atmospheric thermal radiation flux due to water vapor,
carbon dioxide, and pollutant gases and aerosols

Fs - incident solar radiation flux absorbed at the surface

F¢ - anthropogenic heat flux
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The expressions for the fluxes can be written as

F, = ethg S ’ (4.3.3a)
- p) _

Fo = 04C0aK [a :] LH e (4.3.3b)

BTS ‘
F3 = _ks —3—-—2——— ) - ' . (4.3-3(:)\
0 '
F, = gF (0) | | (4.3.3d)
Fg = (1 -rg) F;(O) ' © (4.3.3e)

The surface water vapor concentration is calculated by postulating
that the ratio of the actual evaporation rate to the potential evapora-
tion rate is a constant (Halstead, et al., 1957). Then, assuming that
the water vapor potential causing evaporation can be represented by
the difference in water vapor concentrations between the surface and
the first grid point one can write

H = [6y(21) = Cuol/[6,(21) = Cyeny] (3.3.5)

where Cw(zl) is the water vapor concentration at the first grid point,
and Cwsat _
conditions. The ratio of the actual evaporate rate to the potential
evaporation rate, H, is called the Halstead moisture parameter and
ranges from unity for evaporation over water to zero for dry soil.
It should be pointed out that the modeling of evaporation by way
of the Halstead moisture parameter is at best a very'rough approxima-
tion to the actual physical process of evapotranspiration. This
approach completely ignores the important role the soil plays in
controlling the rate of evaporation; it assumes that the soil offers
- no resistance to the water which is transported‘through it and which
eventually evaporates at the soil-air interface. Also, the Halstead
moisture parameter approximation does hot allow for the drying out

is the water vapok concentration at the surface for saturation
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of the soil. This model for evaporation was used only because other
simple models are not significantly better. Manabe's (1969) model
assumes that there is a finite amount of water in the soil. This
water is depleted as evaporation takes place at a rate proportional
to the amount of water left in the soil. Although this approach
allows for the drying out of the soil, it also ignores soil resistance.
Although more detailed models for predicting evaporation from the
earth's surface are available (Philips, 1957), their applicability to
the problem under consideration is limited because the heterogeneity
of the urban soil layer does not allow calculation of "average" soil
properties such as permeability, moisture potential, etc.

The surface pollutant concentration is given by specifying the
pollutant source Mc,, as follows

MCn = -K.8C /02 at z=0 . (4.3.6)

Elevated pollutant sources are modeled by source terms écn in
the pollutant species equations.
At the bottom of the soil Tayer the temperature is taken to be
a constant
Ts(x,z,t) = constant at z = -z, (4.3.7)
The boundary conditions at the top of the atmospheric layer (z = H)

are specified by requiring the values of the atmospheric variables to
remain constant, i.e.,

U= ug (4.3.8a)
V= Vg (4.3.8b)
e =

eg (4.3.8c)
Cu = Cug (4.3.84)
Cp=C (4.3.8¢)
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Boundary conditions (4.3.8) are consistent with the notion the
variables ug, vg, eg, ng and Cng associated with the large scale
weather system do not vary significantly over the time scale of

simulation.
In the free atmosphere the flow is assumed to be geostrophic
so that the pressure gradients at z = H can be replaced by

QR -

X y pfvg (4.3.9a)
§E = -

oyl pfug (4.3.9b)

As the boundary layer does not extend to heights greater than
2000 m, the geostrophic balance at z = H is not affected by boundary
layer turbulence.

Since [3p/3x]y is a constant, the pressure along x at z = H is
given by

p(x,H) = p(0,H) + B—E]H X (4.3.10)

where p(0,H) is specified.

The lateral boundary conditions were assumed to be periodic in
the x-direction, i.e., the atmospheric variables have the same values
at the beginning and the end of the urban-rural system. Physically,
the boundary condition means that at distances far enough from the
urban area the atmospheric variables attain values which are not
significantly different from those at large distances upwind of the
urban complex. Clearly. the formulation of the periodic boundary
condition assumes that there are sinks of energy and pollutants between
the end of the urban area and the end of the rural area.

The imposition of periodic boundary conditions forces pollutant
concentrations to build up over the urban rural system. Although
this situation might be unrealistic in general, it represents
stagnating conditions during which pollution episodes occur. As
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the earth-atmosphere interface can absorb momentum as well as
energy, the velocity and temperature yields are not expected to
be affected by the conservation effects periodic boundary condi-
tions tend to introduce. Thus, the numerical scheme accounts for
advection effects on the velocity and temperature fields and at the
same time avoids the difficulties associated with inflow and outflow
boundary conditions (Roache, 1972). It should be mentioned that
Orlanski. et al. (1974) have studied heat island formation using a
model with periodic boundary conditions.

The upstream variables are calculated from the one-dimensional
conservation equations. Then, the downstream variables are updated

by
py (Ls2z) = y,(0,2) (4.3.11)

where Vg and ¥, represent the downstream and upstream variables
respectively, and x = L denotes the end of the urban-rural system.

The specification of the initial conditions will be discussed
in a later section. With suitable initial conditions and the boundary
conditions described in the preceding paragraphs, the formulation of
the problem will be complete when the eddy diffusivities and the
divergence of the radiative flux are known. The computation of eddy
diffusivities and the radiative fluxes will be discussed in detail
in chapters describing the turbulence and the radiation models used
in this study.

4.4 Parameterization of Urban-Rural Differences

From the point of view of the numerical model it is necessary to
describe the difference between the urban and rural areas in terms
of parameters. The roughness height is used to parameterize the
variation of the height of structures in the urban-rural system. The
tall buildings in the urban area are associated with relatively large
values of roughness length. Since the roughness length serves as the
mixing Tength for the calculation of the turbulent kinetic energy at
the surface, a larger roughness length would predict a larger generation
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of turbuient kinetic energy. This increased turbulent kinetic energy
would be reflected as larger diffusivities which would be responsible
for the slowing of the wind velocities over the urban area.

The dryness of the urban area relative to that of the rural area
is modeled in terms of smaller values of the Halstead moisture param-
eter. As there were no studies to guide the selection of the moisture
parameters, values were fixed by numerical experimentation.

Although cities are constructed with materials which are Tighter
(Bray, et al., 1966) in the solar spectrum than the foliage and soil
of the surrounding countryside, the trapping effect of buildings can
lead to an overall lower solar albedo for the urban area (Craig and
Lowry, 1972). This study assumed that the albedo of the urban area
was Tower than that of the rural area.

As the urban area is the main source of pollutants and heat, it
was assumed that the heat and pollutant sources were distributed only
in the urban area. The pollutant sources were elevated and their
strength was allowed to vary sinusoidally, increasing during the day,
and decreasing after nightfall.

The values and the distribution of the urban-rural parameters
can be found in Chapter VIII.

4.5 One-Dimensional Model

An examination of the objectives of this investigation showed
that it was possible to achieve some of them with a one-dimensional
model. As the major emphasis of the one-dimensional simulations was
on the radiative effects of pollutants, there was some justification
in assuming that the atmosphere is horizontally homogeneous.
Pollutants are most likely to have the greatest effect on the thermal
structure through radiative participation when convective motions are
small--stagnating high pressure centers with 1ight winds. Thus, the
simulations performed with a horizontally homogeneous (1-D) model
would represent situations in which pollutants would play a significant
role in determining the thermal structure.
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The highly nonlinear nature of the governing differential equa-
tions raised the possibility of errors being introduced by the
numerical scheme used to solve them. It is well known (Roache, 1972)
that the presence of the nonlinear advective terms in the two-
dimensional equations can lead to serious difficulties in the con-
struction of a satisfactory numerical method. Even if the method is
stable, there is always the possibility of numerical errors becoming
as large as physical effects. On the other hand, one-dimensional
numerical schemes are relatively simple, and can be "checked out"
with no difficulty. Thus, it was felt that the relatively error-free
one-dimensional numerical method was better suited to investigate
radiative effects whose magnitudes are usually very small.

In this section, the one-dimensional model equations will be
presented, and the special numerical techniques used in their solution
will be described.

The one-dimensional model equations are:

X-momentum:

ou ) au
.3 (KM 57] +E(v - v) (4.5.1)

y-momentum:

Vv

= (KM —g-‘ziJ - f(u - u) (4.5.2)

g

Q
NIQ)

Energy:

36 _ 3 [, (38 _ 1 (Po)R/cp OF
ot 5z |'H 3z ~ Y¢J |~ BE; LB— 3z (4.5.3)

Species (Pollutants and Water vapor):

oC oC
EEY [

n_ 3 n :

= c 5;—} + SCn, n=1,2, ..., N (4.5.4)
The rest of the equations and the boundary conditions remain unchanged
from the two-dimensional model.
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Equations (4.2.1) and (4.2.2) can be combined into one equation
by defining a complex variable w*
w* = - 1 - 4.5.5
(u ug) + (v vg) ( )

Multiplying Eq. (3.5.2) by i, and adding Eq. (3.5.2) one obtains a
single equation for w*

WE L ks D [ aw¥
se t ifw* = 57 LKM 57 ] (4.5.6)

At first glance, it seems that the introduction of w* would
simplify the computational process considerably. However, it should
be noticed that the numerical solution of w* involves complex
arithmetic; the mathematical operations required are not much
different from that needed in the solution of the two Egs. (4.5.1)
and (4.5.2). The main advantage of defining w* is the programming
simplicity it affords. Furthermore, it will be shown later that the
implicit finite difference equation for the linearized form of Eq.
(4.5.6) is unconditionally stable.

Further, programming facility can be obtained by combining the
aerosol and gas concentrations into a single complex variable. The
special form of the boundary conditions for the potential temperature
and the water vapor concentration did not allow a similar conversion
into a complex variable.

The finite difference approximations employed in the numerical
solution of the one-dimensional model equations can be illustrated by
considering the following equation

%=%[K g_g] +s, (4.5.7)
where ¢ represents the variables of the model, and S¢ denotes terms
containing first order derivatives. Then, the finite difference
approximations for the terms in Eq. (3.5.7) can be written as
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%9‘2 [¢2+1 - ¢g]/ﬁt (4.5.8a)
I, [.n+l  n+l)

2 (x ze} ) (|5 - 93

3z " oz (Zj+1 - Zj-l) (ij+1 - Zj)

nt+l n+l
i K2{¢i _ ¢J"1} (4.5.8b)
(Zj = Zj-l)

In the above approximations j denotes the j-th grid point counted
vertically upwards, and n denotes n-th time step. Thus, ¢g represents
the value of the variable ¢ at the n-th time step and located at the
j-th vertical grid point. Further

Ki = (Kjpp * K;)/2 (4.5.9a)

and

~
1t

o = (Ky + Ks_q)/2 (4.5.9b)

The first derivative terms in ¢ are represented as

5
2t - 2y (0557 - 03) + a,(05 - 05 1) (4.5.10)
where
(z. -z, ,)
_ J Jj-1
a. = 4.5.113)
BRI UCTREIEY |
(z.,, - 2.)
- Jrl 7]
a = - (4.5.11b)
2 (25 - 250075 - 25)

It is noted that the finite difference scheme is first order
accurate in time, and second order in space. A second order accurate
scheme in time was initially used but abandoned when it was found
that the solution oscillated. It can be easily shown (Roache, 1972)
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that the finite difference method used in this study is uncondi-
tionally stable when the eddy diffusivity is a constant. However,
it should be stated that no definite conclusions about the stability
of the system can be drawn when the eddy diffusivity is an arbitrary
function of space and time. The presence of nonlinear source terms
in the diffusion equation can also complicate convergence and
stability studies.

The application of the finite difference approximations at the
grid points results in a tridiagonal matrix which can be very
efficiently solved using the Thomas algorithm (Rosenberg, 1969).

4.6 Stability and Numerical Accuracy of the 1-D

Momentum Equations

An examination of the momentum equations (4.5.1) and (4.5.2)
shows that a finite difference representation of the equations would
contain the source terms, f(v - vg) and -f(u - ug). As these source
terms have to be considered to remain constant over the time step of
integration, it is not possible to ensure stability for large time
steps. One solution to this problem of stability is to introduce
the complex variable w* as has been done in Eq. (4.5.6). It will be
theoretically shown in this section that the finite difference
representation of Eq. (4.5.6) is unconditionally stable. Also, as
a check on the stability and the convergence of the numerical scheme,
the classical Ekman layer solution will be compared against the
steady state numerical solution of the finite difference equation
for w*. This examination of the momentum equations will help to
validate the numerical schemes used in the solution of the other
model equations which are all similar in form to the momentum
equations.

The linearized form of Eq. (4.5.6) can be written as

Ehild (4.6.1)
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The insertion of the finite difference approkimations of Section 4.1
into Eq. (4.2.1) results in

n+l n o, o.entl, _ ntl  n+l
Wi Wy + 1fwj At aAt(wj+1 W )
n+l n+1

"bAt(Wj - wj-l) (4.6.2)

The stars (*) have been dropped for convenience, and a and b are

given by

[+
1

= ZK/[(zJ.+1 -z.)(z

31z - zj-l)] (4.6.3a)

b = 2K/[(zj - Zj-l)(z' -z: )] (4.6.3b)

j+1 Jj-1
Rearranging Eq. (3.2.2) one obtains

n+1

wj (1 + ifAat + aAt + bAt) - aAtw

g:i - bAtwgfi = wg (4.6.4)

For simplicity it is assumed that the distances between the grid
points are equal. The stability analysis for unequal grid spacing
invoives a great deal of algebra; but it can be proved that the system
is still unconditionally stable. The results of a numerical experi-
ment will lend additional justification to this statement.

Decomposing w into a Fourier series, one can write each mode of
the series as

w2+1 = gt eiijAz (4.6.5a)
Wity =W 2T (4.6.5b)
""?j SIS eikz(j-l)AZ (4.6.5c)

Wh o= W eikZAZ (4.6.5d)

J
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+l and w” are the complex

where Az is the vertical grid spacing, and wh
amplitudes corresponding to the wavenumber kZ at the (n+1)th and
nth time step respectively.

Substituting Eqs. (4.6.5) into Eq. (4.6.4) one obtains

WL+ ifat + 2a0t) - ant(el® + e718)] = WP (4.6.6)
where

0 = ik,0z (4.6.7)
Then,

WD < 1711+ ifAt + 2aat(1 - cos8)] (4.6.8)

The amplication factor G is given by
G=1/[1 + ifAt + 2aAt(1l - cos8)] (4.6.9)

Then, to prove that the system is unconditionally stable, it is
required to show that the amplitude of G is less than or equal to
unity for all values of 6. It is easily seen that this condition
is satisfied, as the minimum value (modulus) of the denominator of
the amplification factor is greater than unity.

As a final check on the stability of the system, a numerical
experiment was conducted. The analytical solution of the following
problem was used as a basis for comparison against the numerical
solution of Eq. (4.5.6).

The differential equation under consideration was

awx . _ ¢ ofw*r

§T+ ifw* = K 577 (4.6.6)
and the boundary conditions were chosen to be

w* = -(ug + ivg); z=0 (4.6.11a)

wr* =0 ; z=h (4.6.11b)
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It is easy to see that in terms of the u and v velocities, boundary
conditions (4.6.11a) and (4.6.11b) reduce to

u=v=0; z=0 (4.6.11c)

z=h (4.6.11d)

The solution of Eq. (4.5.6) with B.C's (4.6.11a) and (4.6.11b) is
straightforward and is given by

i -a(z+2h)
- = - + V
u Ug {( Ug cosaz g S1naZ)e

+ (ug cosa(2h - z) - vg sina(2h - Z))e-a(z+2h)

+ (ug cosa(z - 2h) - vy sina(z - 2h))ed(z-2h)
+ (ug cosaz - v sinaZ)e'az}/D (4.6.12a)
V=V, 7 {(-u sinaz - V cosaz)e'a(4h'z)
g g g
+ (Ug Sina(Zh—z) + Vg COSa(Zh-z))e-a(Z+2h)
+ (Ug Sina(z - 2h) + Vg COS&(Z - 2h))ea(2-2h)
+ (ug sinaz - v C°saz)e_az}/0 (4.6.12b)

where

D e-4ah _ _2e-2ah

11

cos2ah + 1 (4.6.13a)

a

1l

vVT/2K (4.6.13b)

The solution has been expressed in terms of u and v to facilitate
comparison with the numerical solution.
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Table 4.1 Comparison of Numerical Solutions of the Momentum Equations
with Exact Solution
Vertical Exact Solution Numerical Solution Numerical Solution
Height At = 150 s At = 300 s
z (m)
u v u v u v
0 0 0 0 0 0 0
1.0 .00349 .01903 .00346 .01905 .00346 .01905
5.0 .01762 .09493 .01744 .09500 01744 .09500
10.0 .03562 .18929 .03526 .18942 .03526 .18942
20.0 .07271 .37629 .07199 .37654 .07199 .37654
30.0 .11125 .56099 .11017 .56137 .11017 .56137
40.0 .15118 .74341 . 14975 .74391 . 14975 .74391
50.0 .19248 .92355 . 19069 .92418 . 19069 . 92418
100.0 .41822  1.79043 .41535  1.79150 .41535  1.79150
200.0 .95241  3.35880 .95135  3.35940 .95135  3.35940
300.0 1.57119  4.71573 1.57158 4.71572 1.57158 4.71572
400.0 2.24740 5.87357 2.24890 5.87294 2.24890 5.87284
500.0 2.95785 6.84579 2.96017 6.84432 2.96017 6.84432
600.0 3.68309 7.64657 3.68597 7.64438 3.68597 7.64438
700.0 4.40706 8.29039 4.41028 8.28755 4.41028 8.28755
800.0 5.11688 8.79171 5.12026  8.78829 5.12026 8.78829
900.0 5.80248 9.16470 5.80588 9.16083 5.80588 9.16083
1000.0 6.45640 9.42307 6.45970 9.41886 6.45970 9.41886
1100.0 7.07342 9.57989 7.07655 9.57546 7.07655 9.57546
1200.0 7.65041 9.64749 7.65330 9.64298 7.65330 9.64298
1300.0 8.18599 9.63741 8.18859 9.63294 8.18859 9.63294
1400.0 8.68035 9.56036 8.68264 9.55606 8.68264 9.55606
1500.0 9.13500 9.42623 9.13698 9.42221 9.13698 9.42221
1600.0 9.55261 9.244312 9.55429  9.24047 9.55429  9.24047
1700.0 9.93682 9.02238 9.93819 9.01921 9.93819 9.01921
1800.0 10.29205 8.76872 10.29313 8.76608 10.29313 8.76608
1900.0 10.62335 8.49023 10.62415 8.48820 10.62415 8.48820
2000.0 10.93629 8.19356 10.93681 8.19218 10.93681 8.19218
2100.0 11.23678 7.88498 11.23704 7.88428 11.23704 7.88428
2200.0 11.53100 7.57050 11.53100 7.57050 11.53100 7.57050
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The parameters chosen for the numerical experiment were,

f=10"" sec’’; K = 50 m?/sec; h = 2200 m;
= 11.531 m/sec; vg = 7.5705 m/sec (4.6.14)

The velocities were initialized with arbitrary logarithmic
profiles, and the transient numerical solution was allowed to approach
steady state. Three time steps were used: At =75 s, 150 s and
300 s. A1l the three solutions converged to the same steady state
solution (to the fifth decimal place) within fifty interations. The
results of the numerical experiments are presented in Table 4.1. In
addition to showing the stability of the system (nonlinear grid
spacing) the results also reveal the accuracy of the numerical scheme.
It is seen that the numerical scheme is accurate to within 1.1 percent
of the analytical solution. The maximum error occurs at the third
grid point (5 m) where the small velocities and the relatively large
gradients are most likely to give rise to errors. It is felt that
this error is well within the acceptable 1imits for this type of
study in which trends rather than numerically precise results are
more significant.

4.7 Numerical Scheme for Two-Dimensional Model

The two-dimensional model equations can be represented by the
following general form:

3
ﬁ%._ Ryl §§-= 52—[K2 S%ﬂ [KX 5%} +S(¢) (4.7.1)

where ¢ represents the model variables.

As the accuracy of the results of a numerical investigation are
determined by the numerical method used, the selection of a suitable
numerical technique is very important. A number of numerical methods
for solving equations of the type presented above are available in
the Titerature (Roache, 1972; Rosenberg, 1969). These methods can be
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classified into two broad categories, implicit and explicit. Explicit
methods are "one step" methods in which a variable is advanced to a
new time level using only information from the previous time step.
Thus, the updating of a variable involves the solution of a linear
algebraic equation with one unknown, and the computational requirement
is very small. Explicit methods can be made very accurate, and at the
same time they can be designed to obey important conservation laws
(Roache, 1972). It is clear that the utility of a numerical method

is limited if it does not conserve quantities 1ike kinetic energy

and momentum. From a numerical viewpoint, it is important to use a
conservative method to avoid nonlinear advective instability (Lilly,
1965). In order to take advantage of these desirable features of
explicit methods, certain stringent restrictions have to be placed

on the time steps and the grid spacing to keep the solution stable.
These restrictions are functions of the nonlinear coefficients in

the differential equations, and although in principal it is possible,
it is not always practical to use time steps and grid spacing deter-
mined by the stability condition of the particular explicit numerical
method. In addition to being variable (as they are dependent on the
time varying coefficients), time steps can become so small that the
total number of computational steps required to integrate a variable
over a time interval can become large enough to make computer time
requirements prohibitive.

Implicit schemes approximate the advective and the diffusion
terms in the conservation equations in terms of the variables at the
new step. Thus, it is necessary to solve a system of algebraic
equations to obtain the values of the variables at the new time step.
It is clear that implicit methods are computationally more complex
than explicit methods; however, most implicit schemes are uncondi-
tionally stable and thus for a given grid size it is possible to use
time steps which are large enough to make the total computer time
smaller than that required for an explicit scheme. It should be
mentioned that implicit schemes are not conservative, and considerably
more numerical complexity is required to obtain the degree of accuracy
of an explicit scheme.
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Experimentation with several explicit methods showed that it was
impractical from the point of view of computer time to use the time
steps required by the stability conditions. Thus, implicit techniques
were examined, and the method selected is based on the time-splitting
method due to Marchuk (1965). The familiar alternating direction
finite-difference method (Roache, 1972) was not used because the
explicit differencing of the terms during each half time step gave
rise to oscillations with large time steps. On the other hand, the
implicit differencing of the time-split equations kept the solution
stable for relatively large time intervals. Essentially, time-
splitting consists of "splitting" the integration of a two-dimensional
(or three-dimensional) differential equation into one-dimensional
steps. Then, the steps involved in the integration of Eq. (4.4.1)
are represented by

3 9 _ 9 3

'5% tu 5%'_ 52'[Kx 5%3 (4.7.2a)
3% 3¢ _ 3¢

5t " W5z 7 3z (Kz az] +5(9) (4.7.20)

Equation (4.7.2a) is solved first, and the solution obtained serves
as an input to Eq. (4.7.2b). The result of the integration of Egs.
(4.7.2a) and (4.7.2b) is the final solution; no meaning is attached
to the intermediate solution. The validity of these operations is
intuitively clear; theoretical justification can be found in the
paper by Marchuk (1965).

It is noticed that Eqs. (4.4.2a) and (4.4.2b) can be solved
using implicit finite-difference schemes. The finite-difference
representation of Eq. (4.4.2a) can be written as

nt+l n

e B e

i,j oX X 9X i,j
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where ¢? j represents the value of ¢ Tocated at (Xi’ Z., tn)’ and

j
n+l

) - n+l n+1

[u y y Us ¢1,j Us s ¢1_1’j}/Ax (4.7.4a)
— n n

up; = (u1+1,j s ui’jJ/Z (4.7.4b)
= o e 2 (4.7.4c)

Upi = \Yi1,5 * Y4,5)7 7.4

The finite-difference analog for the diffusion term, g%-[(KX %%9]’
9

can be written in the same manner as that for the term Y [(KZ %%J]
which has already been described before.

The method used to finite-difference the advective term u 3¢/3x
was motivated by a conservative explicit scheme for the advection
equation. It is noticed that the finite-difference method is second
order accurate in space, and first order in time.

With the exception of the term w 3¢/3z, the finite-difference
analogs of the terms of Eq. (4.7.2b) have already been discussed in

Section (4.5). The advective term w 3¢/3z can be written as

W 36/32 = W{%(¢?T§+1 - ¢?f}J + b[¢?t§ - ¢?t;_llJ (4.7.5)
where

W = (W?,j+1 + w? ; + w?,j_l}/3 (4.7.6a)
and

a = (Zj - Zj-l)/[(zj+1 - Zj-l)(zj+1 - zj)] (4.7.6b)

b = (Zj+1 - zj)/[(zj+1 - zj-l)(zj - Zj-l)] (4.7.6¢)

It should be noted that the scheme given by Eq. (4.7.5) is second
order accurate in space.
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The set of finite-difference equations for Egs. (4.7.2a) can
be represented by tridiagonal matrices which can very efficiently be
solved using the Thomas Algorithm (Rosenberg, 1969).

The finite-difference approximations used to calculate the
vertical velocity and the pressure are

i,J
where
au . _
&SJ = (ui,j ui-l,j)/AX (4.7.8a)
) 193
fau}
ou 2 (Us s.1 - Us 4 s.4)/0X (4.7.8b)
Lax i+l i,j+1 i-1,3+1
and

R/c R/c c /R
N p _ 17p
pi,j-l {pi,j + (gpo //Zc }[}/e .+ 1/6 ij- :][% z1 i}

(4.7.9)

It is noted from Eq. (4.7.7) that the vertical velocity is computed
by integrating the continuity equation in the direction of increasing z
(increasing j). The condition that the vertical velocity is zero at
the air-soil interface translates into

=0; i=1,2, ..., N (4.7.10)

where N is the number of grid points along the x-direction.

The pressure is computed by integrating the hydrostatic equation
in the direction of decreasing z. In Eq. (4.7.9) Po, i is the pressure
at the top of the atmospheric layer corresponding to the location X; -

Equidistant grid-spacing was used in the x-direction. As the
vertical gradients of the atmospheric variables are larger near the
air-soil interface than those at greater heights, it was necessary

!
;
|
|
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to use a non-linear grid-spacing in the vertical (z) direction to
provide good resolution; the grid-spacing was small near the inter-
face and became larger away from the ground. The details of the
grid system can be found in Chapter VII.
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V. TURBULENCE MODELING

5.1 Introduction

The most difficult problem associated with the numerical modeling
of the planetary boundary layer is finding a satisfactory method to
simulate the effects of turbulence. Over the past few years, there
has been considerable interest in atmospheric turbulence, and the
active research in the field has produced a multitude of turbulence
models. The state-of-the-art has been excellently surveyed in the
papers by Reynolds (1974a), Mellor and associates (1973), and Lumley
and Khajeh-Nouri (1974). The currently available turbulence models
are described in the following paragraphs.

Eddy-diffusivity or mixing length models express the trans-
port of a variable as the product of the gradient of the variable and
an eddy diffusivity. This model which was proposed independently by
G. I. Taylor and L. Prandtl is based upon kinetic theory concepts, and
draws an analogy between the irregular motion of molecules in a fluid
and the less uncorrelated motion of turbulent "eddies." Then, the
eddy diffusivity is expressed as the product of a velocity characteriz-
ing the turbulent motion and a mixing Tength which corresponds to the
mean free path in kinetic theory. Although the serious shortcomings
of the kinetic theory analogy have been recognized, mixing length
models have found widespread use mainly because of their simplicity
and their surprising success in treating a wide variety of turbulent
flows. It should be pointed out that in flows characterized by a single
length scale, the mathematical formulation (not the physical model) of
the mixing Tength model can even attain a certain degree of respect-
ability. This reinterpretation of the model under certain conditions
will be discussed in more detail in a later section.
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Higher order models bypass the concept of eddy diffusivity
and attempt to calculate the second moments of turbulent fluctuations
directly. Thus, there is no necessity to express the second moments
of fluctuating quantities (Reynolds stresses, etc.) in terms of the
mean field. Basically, the models attempt to formulate differential
equations for the moments. These differential equations, in addition
to containing the required moments contain moments of higher order.
It is possible to construct differential equations for each of the
higher order moments, but an attempt to continue this process of
formulating differential equations will result in an infinite set of
equations which cannot be solved. Thus, it is necessary to "truncate"
the differential equations at a certain stage and express the higher
order moments as functions of moments of lesser degree. For example,
the third order moments occurring in the equations for the Reynolds
stresses would be functions of second moments 1ike the Reynolds
stresses, heat flux, etc. Thus, the classical closure problem
consists of constructing "suitable" functions for the higher order
moments. These functions (functionals to be exact) have to obey
certain physical and mathematical constraints. In fact, most of the
present research on higher order models (Lumley and Khajeh-Nouri,
1974; Reynolds, 1974b) has concentrated on methods to systematically
construct these functionals.

Most of the working higher order models (Donaldson, 1973;
Wyngaard, et al., 1974) are second order, and their success in modeling
turbulent flows seems to lend credence to the basic philosophy of
higher order modeling which states that the less critical is the
closure approximation the higher the degree of the turbulent moment
it is applied to.

Direct numerical simulation of turbulence utilizes the fact that
the Navier-Stokes equations can be used to simulate turbulence if the
numerical technique can resolve scales comparable to those of the
dissipative eddies. Most of the direct simulation studies (Orszag
and Patterson, 1972; Fox and Lilly. 1972) have used Fourier decomposi-
tion techniques and attempt to have their small wavelengths of the
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order of the turbulence microscale of the flow. The range of wave
numbers necessary to simulate the flow becomes larger as the Reynolds
number increases; thus, such an approach becomes rapidly impractical
from the point of view of computer core requirements as well as cost

as the Reynolds number increages (Fox and Lilly, 1972). An alternative
approach to direct simulation of turbulent is the so-called sub-grid
scale modeling (Deardorff, 1974) which takes advantage of the existence
of a wide inertial subrange in high Reynolds number flows. Then, it

is possible to choose a "practical" grid size which lies within the
inertial subrange without putting too much strain on computer core
requirements. The motion below the grid scale is modeled making use

of the fact that in the inertial subrange the spectral energy flux is
equal to the dissipation, and the precise nature of the postulated
dissipative mechanism does not influence the large scales of the motion
(Tennekes and Lumley, 1972). Direct numerical simulation techniques
suffer from the disadvantage that one calculation is not sufficient;
each calculation is a realization in an ensemble and a sufficient
number of independent runs must be made to obtain stable statistics.
Thus, such simulations tend to use up a great deal of computer time,
and it is not practical to incorporate direct numerical simulation of
turbulence into numerical models of the planetary boundary layer.
However, it should be emphasized that direct numerical simulation of
turbulence has provided valuable insight into the nature of turbulence.

5.2 The Eddy-Diffusivity Model

Before describing the kinetic energy model for turbulence, the
concept of eddy diffusivity will be discussed in some detail to provide
justification for the utilization of a modified eddy diffusivity in
this study. The eddy diffusivity model can be best explained by con-

sidering the Reynolds stress tensor —uiuj. The model would give,

-utul o= K(uy o+ U ) (5.2.1)
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It is easy to see that the above equation is a direct counterpart
of the laminar Newtonian stress law with K the eddy diffusivity
replacing v the kinematic viscosity. The implications of the above
formulations are discussed in great detail in the book by Tennekes
and Lumley (1972) and in the review paper by Reynolds (1974a) and
need not be repeated here. It is sufficient to reiterate that the
physical basis for the eddy diffusivity concept is incorrect in most
of the details. In spite of its shortcomings, the model has been
widely used because of its simplicity and its surprising success in
treating a wide variety of turbulent flows.

From equation (5.2.1) it can be seen that K has to be of the
form,

K= cv (5.2.2)

where v is a velocity characterizing the turbulent motion, £ is the
so-called mixing length and ¢ is a constant. Substituting (5.2.2)
in (5.2.1) one obtains,

T YL
To be specific, consider the case, i = 1, j =2 and u = 0. Then,

2,1

(5.2.3) becomes

:UTG:'= cvi u (5.2.4)
By associating 2 with the size of the large turbulent eddies which
cause most of the transport, it is possible to justify Eq. (5.2.4)
without resorting to kinetic theory concepts. If it is accepted that
the larger turbulent eddies derive their energy directly by the
straining action of the mean flow, one would expect the time scale of
the mean flow to be of the same order as the time scale of the large
eddies. Then,
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v/% (5.2.5)

]
(¢}

or
v = clzlul,zl (5.2.6)

In most turbulent flows u} and u; are of the same order of magnitude:

u} and u) = 0(v). Then, one can write,

= ¢ . v? (5.2.7)

where c,, is an undetermined constant. Substituting (5.2.6) into
(5.2.7) one gets

-ulu; = cfclzsLlul,zlul’2 (5.2.8)
Equation (5.2.8) is the one originally proposed by Prandtl. If the
correlation between u; and u, is good, and the straining of the eddies
is an effective mechanism, the coefficients ¢, and c,, should be of
order 1. From (5.2.8) it is easy to see that the eddy diffusivity can
be expressed as

- 2
K=c |u1’2| (5.2.9)
and the fluctuating velocity v can be written as
v = 2|u1’2| (5.2.10)

The preceding arguments to derive (5.2.9) imply that the turbulence
is in equilibrium with the mean flow; the dynamics of larger eddies
are controlled by the mean flow. Thus, the model would predict smatll
eddy diffusivities in regions of small shear. However, there are
situations, especially in atmospheric flows, in which small velocity
gradients are associated with large momentum transport. Clearly, such
situations make the physical basis for the eddy diffusivity concept
even less firm. One partial solution to the problem is to use a

|

|
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turbulent velocity scale which is less sensitive to the mean gradients,
and the natural alternative velocity scale is the square root of the
turbulent kinetic energy k. Then, the eddy diffusivity becomes

K = ck* (5.2.11)

By allowing the kinetic energy to evoive it is possible to have large
turbulent kinetic energies in regions of small shear. Thus, the above
formuTation allows for large fluxes even when the mean gradients are
small.

The mixing length & is the most elusive variable in the eddy
diffusivity model. For turbulent flows bounded by solid surfaées, the
mixing length is taken to be

L = kz (5.2.12)

where ¢ is the von Karman constant and z is the distance from the
solid surface. Equation (5.2.12) was the form suggested by Prandtl
and was used in derivation of the "law of the wall" (Cebeci and Smith,
1974) which has been experimentally verified. The basic idea of using
the distance from the solid surface as the mixing length has remained
unchanged ever since Prandtl first put it forward in 1926. Various
investigators have suggested improvements to the model mainly to
increase the accuracy of their predictions. Details of ingenious
mixing length models for a wide variety of engineering flows can be
found in the book by Cebeci and Smith (1974). The mixing length model
which has found widespread use in atmospheric modeling is that due to
Blackadar (1962). The model assumes that the mixing length increases
Tinearly with height near the earth's surface and reaches an asymptotic
value at greater heights. The equation for the model is

2 = xz/(1 + xz/X) (5.2.13)

The asymptotic mixing length A is related to the height of the
planetary boundary layer. The formulation given by (5.2.13) is
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based on experimental findings (Rossby and Montgomery, 1935) which
indicates that % ceases to increase with height at upper levels.
Furthermore, it incorporates the physically realistic idea that 2
should not exceed a fixed fraction of the boundary layer height.
Other mixing length models which are similar to Blackadar's have been
suggested by Ohmstede and Appleby (1964) and Lettau (1962). The more
recent turbulence models (Launder and Spalding, 1972) do not specify
the mixing length but allow it to evolve with the mean field through
a differential equation. This approach which is more physically
acceptable than the arbitrary specification of the mixing length has
certain disadvantages which will be discussed in a later section.

5.3 Atmospheric Turbulence Modeling

The language of atmospheric turbulence differs in many details
from that of engineering turbulence because the effects of thermal
stratification are considerably more important in the planetary
boundary layer. In contrast to engineering turbulent flows in which
turbulence is maintained by velocity gradients (eddy diffusivity ideas
are more applicable), atmospheric turbulence is mainly produced by
buoyancy. The effects of wind shear are felt only in a shallow layer
next to the earth's surface.

The effect of stratification on the turbulence in the boundary
layer is traditionally described with the aid of the Richardson number
which is defined as

Ri = 339/{( } ¥ [g—‘z’}z} (5.3.1)

The definition of the Richardson number assumes that only the vertical
velocity and temperature gradients are significant in determining

the turbulence characteristics. This assumption is valid in the atmos-
pheric boundary layer in which horizontal gradients are usually very
small compared to vertical gradients. A positive Richardson number
implies stable conditions in which turbulence produced by shear is
being converted into potential energy by the positive potential



53

temperature gradient. A negative Richardson number, on the other hand,
would mean that buoyancy is aiding shear in producing turbu]en;e. The
significance of the preceding statements will become clear when the
turbulent kinetic energy equations are examined in a later section.

The eddy diffusivity used in atmospheric turbulence modeling is
expressed as follows (Estoque, 1963),

ou

= 2
K= 2 57

f(Ri) (5.3.2)

where f is a function of the Richardson number. The function f has
been derived using semi-empirical arguments, and investigators
(Estoque, 1963; Pandolfo, 1966) have had success in deriving velocity
and temperature profiles in the surface layer using these functions.
An alternative approach to surface layer modeling is that advanced

by the Soviet school (Moin and Yaglom, 1971). It postulates that

the wind and temperature profiles are universal when they are non-
dimensionalized using the proper scales. In the diabatic surface
layer, ux the friction velocity serves as the velocity scale, and

the temperature and the vertical distance are scaled by the parameters
defined below,

8o = -(0'W') /icu, (5.3.3)

0
and

—
1

= ULT/gk20,, (5.3.4)

where @'W'), is the surface heat flux, k is the von Karman constant,

T is the mean temperature of the surface layer and g is the accelera-

tion due to gravity. The temperature scale is 04,, and L,, which is

the Monin-Obukhov length, serves as the length scale. The physical

interpretation of the Monin-Obukhov Tength will be discussed later.
Then, it is postulated that the temperature and wind profiles

can be expressed as,
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kz du _, (2] 5.3.5
u, dz ¢m[LOJ ( )
z do _ |z 5.3.6
Bk, dZ cbh[LOJ ( )

Experimental observations (Businger, et al., 1971) show that the non-
dimensional velocity and temperature profiles can indeed be described
by universal functions which depend upon the stability (the direction
of the heat flux) of the surface layer. A discussion of the stability
functions can be found in the book by Monin and Yaglom (1971). The
turbulent layer above the surface layer is not as well understood,

and there is considerable controversy surrounding the selection of
scaling variables. However, a series of numerical experiments by
Deardorff (1972; 1974) indicate that it is possible to find velocity
and Tength scales in the well mixed boundary Tayer. It is not yet
clear whether it is possible to find scaling parameters for the stable
boundary layer.

Over the past few years, several models (Carson, 1973; Deardorff,
1972; Tennekes, 1973) have been proposed to predict the evolution of
the well-mixed boundary layer. These models parameterize the boundary
Tayer and do not attempt to predict the detailed turbulence structure.
Although this approach is the most natural one to predict the important
boundary layer variables, such as mixed layer height and boundary layer
potential temperature, it suffers from the disadvantage that it can
predict only the gross features and cannot treat local temperature
changes caused by heat sources or radiative heating or cooling. As the
object of this investigation is to study the effect of pollutants on
the thermal structure, it is necessary to use a turbulence model which
will enable one to resolve localized cooling or heating. The model
adopted in this study is described in the next section.

5.4 Kinetic Energy Turbulence Model

Most of the models which have attempted to treat the important
physical processes in the boundary layer have used semi-empirical
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Richardson number correlations to calculate eddy diffusivities. These
models have had a degree of success in treating shear dominated
turbulence but predict imprecise eddy diffusivities in regions with
small wind shears. These inaccurate predictions can give rise to
incorrect physical effects. The limitations of the semi-empirical
eddy diffusivity correlations have been clearly recognized, and
recent papers by Shir and Bornstein (1974) and P. A. Taylor (1974)
discuss the need for improved models for turbulence. Recently,
Wyngaard et al. (1974) have demonstrated that for some special cases
it is computationally feasible in terms of time and money to
incorporate "higher" order turbulence models in numerical models of
the planetary boundary layer. Their 1-D model requires 10 minutes

on the CDC-6600 for a twenty-four hour simulation. It is suspected
that inclusion of radiation, surface energy balances, horizontal
variation of surface parameters advection and other effects which
would be required for a realistic boundary layer model would require
considerably more than ten minutes computer time (CDC-6600) if turbu-
lence models like that of Wyngaard, et al. are utilized.

It is believed that the kinetic energy turbulence model represents
the best compromise between the simplistic semiempirical Richardson
number correlations and the computationally cumbersome "higher" order
models. The kinetic energy model has been developed and utilized by
Spalding and his co-workers (1969) to model a wide variety of engineer-
ing flows. Peterson (1969) has applied the model to the problem of the
modification of planetary boundary layer by roughness changes under
neutral conditions. Delage (1974) has applied the model to the
nocturnal atmospheric boundary layer, and Lykosov (1972) has studied
the diurnal variation of the boundary layer using a kinetic energy
turbulence model. These and other studies indicate that the kinetic
energy model is indeed an improvement over the Richardson number
correlation:approach. In view of this, it was decided to incorporate
the turbulent kinetic energy model in the present investigation.

The turbulent kinetic energy equation is presented below. The
details of the derivation can be found in books on turbulence (Monin
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and Yaglom, 1971; Cebeci and Smith, 1974). The equation after making

the usual closure assumptions is

Dk _ I Y e R v o VA Rw el .
Dt - 3% (k 2 az] u'w' = - VW + T W S] € (5.4.1)

where

K =%~u.u. (5.4.2)

2 is the mixing length, -u'w' is the shear stress in the x-direction,
-v'w' is the shear stress in the y-direction, and w'0' the upward heat
flux.

The term Dk/Dt represents the rate of change of kinetic energy
and in expanded form reads

= 9k 4 u, 9k
T + Y (5.4.3)

oo
=

The term a/az(kl/2 % k/3z) accounts for the diffusion of turbulent
kinetic energy. The terms -u'w' du/sz and :VTWT'Bv/az represent
production of turbulent energy by mean shear, and the term g w'e'/T
accounts for buoyancy production of turbulent kinetic energy. The
term £ is the viscous dissipation of turbulent energy. As all of the
available experimental evidence indicated that the dissipation of the
large scale eddies € can be written as

3
€ = CDkZ/Q (5.4.4)

where CD has to be determined experimentally CD = 0.09 is the commonly
accepted value (Launder and Spalding, 1972).

Invoking the eddy diffusivity concept one can express the second
moments in Eq. (5.4.1) as

Tyt — ou

-u'w' = KM = (5.4.5a)
Voot oV

VW = KM 37 (5.4.5b)

oy (28
w'e' = KH[BZ YC] (5.4.5¢)
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where KM is the eddy diffusivity for momentum and KH is the eddy
diffusivity for heat. This study assumes that Ky/Ky s 1.35 which is
the value observed under neutral conditions (Businger, 1972). Although
KH is observed to be greater than 1.35 KM under unstable conditions,
no attempt was made to model the variation of eddy diffusivity ratio
with stability. It should be mentioned that, as yet, there is no
satisfactory theory to predict the diffusivity ratio.

Then, one can write

1

Ky = kg (5.4.6)
and
K, = ok (5.4.7)

where a = 1.35 (a = KH/KM = 1.35). With Eqs. (5.4.4) through (5.4.7)
Eq. (5.4.1) can be rewritten as,

Dk _ 3 (s, oK) , %, [[au)? , {au)® . [av)?
t oz [k . az] tk R’[Iaz] ¥ [az] MR

(o Y ER
-4 gg - YCU - €y K8 (5.4.8)

In the surface layer, experimental observations indicate that the
production of turbulence is matched by dissipation. If this is taken
into consideration Eq. (5.4.8) would read,

L y 2 2 { 3
kzg[a—;‘} + (g_g} - 9%93—2 - YCM = Ck/ g (5.4.9)
or
2 2 2
C - g_[; (g_;} . [g_;]](l - oRi) (5.4.10)

where Ri, the Richardson number, is defined as

-9l [ ]
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This definition is a slightly modified form of that expressed by
(5.3.1).

From Eq. (5.4.10) it is easy to see that k becomes negative if
Ri > 1/a. A physical interpretation of the solution for k given by
Eq. (5.4.10) is that turbulence can exist only if the Richardson
number is less than a critical Richardson number given by

Ricr = 1/a (5.4.12)

There is still considerable controversy over the value of Ricr, and
it is not even entirely clear that a clearly defined critical
Richardson number even exists (Monin and Yaglom, 1971). However,
experimental evidence suggests that true turbulence cannot exist

in flows with Richardson number greater than 0.25 (Webb, 1970).

As the Monin-Obukhov length serves as a length scale under stable
conditions, it is useful to derive the important length from the turbu-
lent kinetic energy equation. Equating the shear production term to
the buoyancy production term, and using the experimentally verified
approximation of the constancy of fluxes in the surface layer, one
obtains from Eq. (5.4.1)

3
Uy

- - YT (5.4.13)

z, :
where z, is the height at which turbulence production is matched by
dissipation and where the x-axis is directed along the direction of
surface shear, and 3u/3z has been replaced by u*/th.

The surface friction velocity u, is defined by

Ug = -u'w' (5.4.14)

Then in terms of the definition given by (5.3.3) for 6,, one obtains
from (5.4.13)

2, = Ly/a (5.4.15)
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Thus, from Eq. (5.4.15) it is easy to see that L,» the Monin-Obukhov
length, represents the height below which one would expect turbulence
production to be dominated by shear effects. Above heights of the
order of L, buoyancy would play the major role in producing turbulence.
Under stable conditions L is a positive quantity and it can be shown
quite easily that the size of the dominant eddies scale with the
Monin-Obukhov length (Monin and Yaglom, 1971).

5.5 Mixing Length Model

Before Eq. (5.4.8) can be solved one has to have a formulation
for the mixing length 2. Near the surface (z = 0) 2 is known to
behave like 2 = C 3

D
the surface layer is a problem still under consideration. The mixing

kz. The calculation of the mixing lTength above

length can either be specified or calculated from a differential
equation for 2 or a related quantity such as the dissipation rate.

The Tatter procedure has been used with a great deal of success by
Spalding and his co-workers at Imperial College (1969). More recently,
Wyngaard, et al. (1974) have used a dissipation rate equation to
compute the time scale of their turbulence equations. Lykosov (1972)
used a modified from of von Karman formulation for the mixing length.
Delage (1974) has used a prescription which is similar to that proposed
by Deardorff (1972). Delage's formulation, which is applicable only
to the nocturnal boundary layer, makes use of the fact that above the
surface layer the dominant eddies scale with the Monin-Obukhov length
under stable conditions. The expressions due to Blackadar (1962),
Appleby (1964) and Lettau (1962) have already been discussed. The
unknown which appears in most of the mixing length formulations is

the asymptotic mixing length which is a fraction of the boundary layer
height. Traditionally, the boundary layer height was taken to be a
fraction of the length scale formed with the friction velocity u,, and
the Coriolis parameter f. The asymptotic mixing length A would be
written as

A= C u*/f (5.5.16)
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The effects of stratification on A are taken into account by

writing

A= Cluge/f) gu) (5.5.17)
where g is a function of the stratification parameter u given by

no= ku,/(fL)) (5.5.18)

Implicit in the formulation given by (5.5.17) is that surface fluxes
control the height of the boundary layer, and that the atmosphere is
neutrally stratified above the surface layer. Observations, however,
show the turbulent planetary boundary layer is capped by a stable layer.
Thus, the vertical expansion of the boundary layer is clearly con-
trolled by the stability of the air aloft. Then, the boundary layer
height can only be calculated from the internal structure of the
boundary layer. Numerical experiments by Deardorff (1974) show that
u,/f cannot be used as a scaling parameter under unstable conditions,
and the height of the mixed layer is the relevant scale. This cscems
to indicate that, at least, under unstable conditions the maximum
mixing length should be related to the mixed Tayer height. However,
under stable conditions, formulae like (5.5.17) might be applicable
(Businger and Arya, 1974) because the turbulent region is confined to
the layer next to the surface making it possible for the surface
fluxes to control the boundary layer height.

For the purposes of this investigation, it was decided to
prescribe the mixing length rather than use the dissipation rate
equation which is still in the process of development. Initially,
Blackadar's (1963) expression for the mixing length was utilized.

The asymptotic mixing length was related to the mixed Tayer height
through the equation

A=0.1H (5.5.19a)

where Hm is the mixed layer height. Hm was defined as the height
at which the turbulent kinetic energy reached an arbitrarily small
value (= 10”° m?/sec?). At the outset, it is clear that Blackadar's
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mixing length model has an undesirable feature in that the mixing
length increases monotonically throughout the boundary layer. Although
it allows for a gradual leveling off of the mixing length, the
relatively large mixing lengths tend to amplify small instabilities
in the capping inversion above the boundary layer. This can give rise
to two maxima in the eddy diffusivity profiles as illustrated in
Figure 5.1. As the mixing length is associated with the dominant
scale of turbulent motion, a model which predicts large mixing lengths
in regions in which there is 1ittle or no turbulent activity, is
physically unrealistic. Clearly, a mixing length formulation should
allow for a decrease of the mixing length in the upper part of the
boundary layer.

Recent experimental (Kalmykov, et al., 1975; Deardorff, 1974)
studies show that the mixing length does indeed decrease towards
the edge of the boundary layer. Kalmykov, et al. (1975) conducted
an extensive study of the behavior of the mixing length in a variety
of shear dominated flows. From their large volume of experimental
data, they concluded that the mixing length profiles are self-similar
and can be well represented by the following expression:

7= cl;%n (1 -n)/(1 +m) (5.5.19b)
where

T= /M (5.5.20a)

- (5.5.20b)

and CD is the dissipation constant, and « is the von Karman constant.
Equation (5.5.19b) predicts that % increases linearly near the surface,
reaches a maximum of about 0.04 at n = 0.5, and decreases to a value
of 0 at the edge of the boundary layer. This study does provide some
basis for the construction of the mixing length model. However, the
results cannot be directly applied to the study of this research
because of the significant differences between shear dominated flows
and those controlled by thermal stratification. Deardorff's numerical
modeling study of the convective boundary layer shows a mixing length
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Figure 5.1 Eddy Diffusivity Profiles with Blackadar's Formulation.
Simulation is for Time 19:00 to 22:00 Hours. A, B, C, D
Represent Profiles at 1 Hour Intervals.
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behavior similar to that of the investigation of Kalmykov, et al.
However, the mixing lengths are considerably larger as gravity
controlled convection tends to elongate turbulent eddies in the
vertical direction. The mixing length £ reaches a maximum of about
0.072 at n = 0.5 and decreases to a value of around 0.0405 at n = 1.0.
The rather large value of 2 at n = 1.0 is associated with gravity
waves rather than true turbulence. It is clear that Deardorff's
results have greater applicability to the study under consideration.

The mixing length model used in this investigation was constructed
to incorporate the most important features of the results described in
the preceding paragraph. To summarize, the mixing length model
possessed the following characteristics:

% = CSiKZ near z =0 (5.5.21a)
2= 0.8 CD Hm; z = Hm/2 (5.5.21b)
2 =0.1 CD Hm; z = Hm (5.5.21c)

The value of 0.8 CD Hm for 2 at Hm/2 was obtained from Deardorff's
study. Since Hm was taken as the height at which there was virtually
no turbulence, £ was assumed to have the small value of 0.1 CD Hm'

The larger value obtained by Deardorff was associated with gravity
waves rather than turbulence. The magnitude of 0.1 CD Hm used in

this study is based on the observation that the overshoot of con-
vective elements at the top of the boundary Tlayer is approximately

ten percent of the boundary layer height. The mixing length at the
edge of the boundary layer is not critical as it is associated with
small values of turbulent kinetic energy.

A fourth order polynomial was utilized in the formulation of the
mixing length distribution. In addition to being able to satisfy the
required boundary conditions, a fourth order polynomial permits
flexibility in the choice of the magnitudes of the mixing lengths
at the middle and at the top of the boundary layer. The dimensionless
mixing length % can be then written as
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T =an+ bn? + cn® + dn* (5.5.22)

It should be mentioned that polynomials have been used before
(Fedyayevsky, 1936; Sherstyuk, 1969) to describe mixing length
behavior. The coefficients a, b, c, and d are determined by apply-
ing the boundary conditions (5.5.21). Implicit in Eq. (5.5.22) is
the assumption that the mixing length profile is self-similar.
Justification for this assumption is provided by Kalmykov, et al.
(1975). Furthermore, Deardorff (1972, 1974) in his investigations
shows that the height of the boundary layer serves as a scaling
height for atmospheric variables during convective conditions. Above
Z= Hm the mixing length was assumed to decrease linearly to zero
at the maximum model height around 2000 meters.

5.6 The Equilibrium Layer

As the turbulent time scales are very small near the earth's
surface, very short time steps would have to be utilized in the
numerical solution of the turbulent kinetic energy equation. The
small length scales associated with the turbulent eddies give rise
to relatively large (compared to the other terms in the turbulent
kinetic energy equation) dissipation rates. Thus, the time step
used in the numerical solution of the kinetic energy equation had
to be made small enough to prevent the dissipation rate, which
remains constant over the time interval, from driving the turbulent
kinetic energy to a physically unrealistic negative value. However,
smail time steps made the computational costs excessive; the way
around this problem was to take advantage of the near equality of
the production and dissipation of turbulent kinetic energy in the
surface layer (Tennekes and Lumley, 1972). Also, the time rate of
change of kinetic energy is almost two orders of magnitude smaller
than the other terms (Lenschow, 1974). Using these observations
about the surface layer the turbulent kinetic equation can be written
as,
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1, [{au)2 , (3v)%  og(de Cpk™
kzﬂaz} * [az] - T(E' cU g0 (5.6.1)

Then, the surface layer in which Eq. (5.6.1) is valid is called

the equilibrium layer in this study--the production and dissipation
of turbulent kinetic energy are in equilibrium. The equilibrium layer
is similar to the constant flux layer used by boundary layer modelers
(Estoque, 1963; Sasamori, 1970; Bornstein, 1972). Both the constant
flux layer and the equilibrium layer are based on the principle of
quasi-stationarity--negligible time lag between a physical change and
the forcing causing the change. In fact, one would expect the thick-
ness of the equilibrium lTayer to be of the same order of magnitude as
that of the constant flux layer. Based on Estoque's (1963) value for
the constant flux layer, the thickness of the equilibrium layer was
chosen to be 50 meters.

Equation (5.6.1) can be solved for the turbulent kinetic energy k,

2 4% fau)® , [av)® _ agfae
k= Cp {82] ¥ {az] T [az ) Yc]] (5.6.2)

Once k is known from Eq. (5.6.2) KH and KM can be computed from Eqs.
(5.4.6) and (5.4.7).

5.7 Turbulent Diffusivity for

Two-Dimensional Model

Initially, the turbulence model described in the preceding sections
was incorporated into a one-dimensional transport model which was then
successfully utilized in simulating a variety of boundary layer evénts.
An attempt to incorporate the turbulence model based on the turbulent
kinetic energy equation into the two-dimensional urban transport model
gave rise to instability problems with the numerical scheme, and after
considerable experimentation it was decided to use a simpler scheme to
compute the turbulent diffusivities above the equilibrium layer.

The generally accepted behavior (Estoque, 1963; Deardorff, 1967;
Bornstein, 1972) of the eddy diffusivity can be summarized as follows.
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The eddy diffusivity increases near the ground reaching a maximum a
few hundred meters from the surface, and then decreases to a small
value at the top of the planetary boundary Tayer. Based on this
behavior numerical modelers (Estoque, 1963; Wu, 1965; Deardorff,
1967; 0'Brien, 1970) have suggested a variety of eddy diffusivity
models. Estoque (1963) assumed that the eddy diffusivity decreased
linearly from a maximum at the top of the surface layer to zero at
the top of the boundary layer; Deardorff (1967) used an empirical
formulation but accounted for the experimentally observed (Telford
and Warner, 1964) counter gradient flux. Wu (1965) used the formu-
lation given by Eq. (5.4.9) but modified the mixing Tength to account
for its gradual leveling off at great heights. 0'Brien (1970)
assumed that the eddy diffusivity profile could be fitted with a
cubic polynomial. Pandolfo, et al. (1963) extended surface layer
based Richardson number correlations for the eddy diffusivity to the
entire boundary layer. It should be pointed out that the described
methods to calculate the diffusivity profiles are semi-empirical in
nature, and are used only because better techniques such as higher-
order modeling (Donaldson, 1973) and subgrid scale modeling (Deardorff,
1974) are computationally cumbersome and at this stage cannot be
incorporated into practical boundary layer models.

Eddy diffusivities based on local Richardson numbers are accurate
only in regions of strong positive wind shear (Shir and Bornstein,
1974). Thus, in the region above the equilibrium layer, where the
velocity as well as the temperature gradients are small, it is neces-
sary to use a technique which is not dependent on the Richardson
number. The natural alternative is to specify the eddy diffusivity
profile as has been done by several investigators (Estoque, 1963;
0'Brien, 1970). It is not clear why an arbitrary specification of
the eddy diffusivity profile is preferable to imprecise eddy diffusivity
values obtained from Richardson number correlations until it is pointed
out that the numerical differentiation involved in the computation of
the Richardson number gives rise to large errors in regions in which
velocity and temperature gradients are small. These errors in turn
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lead to unrealistically jagged eddy diffusivity profiles as evidenced
by Pandolfo's (1971) results. Furthermore, Richardson number correla-
tions for the eddy diffusivity are based on the equilibrium assumption
(production equals dissipation of turbulence) which is clearly not
valid above the surface layer (Lenschow, 1973). From the preceding
discussion it should be clear that the specification of the eddy
diffusivity profile is not more empirical than the use of Richardson
number correlations; the main advantage of the specification of the
profile is the numerical facility it affords.

This study utilized the 0'Brien (1970) cubic polynomial to specify
the vertical eddy diffusivity profile. The 0'Brien model ensures the
continuity of the slope of the eddy diffusivity profile at the top
of the equilibrium layer, and it also allows the eddy diffusivity to
reach a maximum above the height of the equilibrium layer. These
physically realistic features of the 0'Brien model are not found in
the models due to Estoque (1963) and McPherson (1968). It should be
mentioned that Sasamori (1970) and Bornstein (1972) have incorporated
the 0'Brien diffusivity distribution into their "successful" boundary
layer models.

The 0'Brien formulation assumes that the following are known:

K(H*), (3K/3z) K(h), (3K/3z),

H*?

where H* is the height of the boundary layer, h is height of the
equilibrium layer, and K is the eddy diffusivity. If it is assumed
that the variation of K at H* is zero, then the eddy diffusivity
distribution can be written as,

z) = kw) + (= e - ko
B

Equation (5.7.1) yields parabolic curves, as predicted by Blackadar
(1962), Lettau (1962), and Lettau and Dabberdt (1970), and as observed
at night by E1liot (1964).
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Sasamori (1970) assumed that h was a function of the eddy
diffusivity near 'the ground, but used a fixed value for H*; Bornstein
(1972) fixed the values of both h and H*. In these above mentioned
studies h refers to the height of the layer near the surface in which
the fluxes (momentum, heat and mass) can be considered to be constant
with height. As has been discussed in the preceding section, this
investigation defines h as the thickness of the surface layer in which
it is assumed that the production and dissipation of turbulence are
in balance. It is clear from both definitions that h should be
a function of the turbulence characteristics of the surface, and a
realistic model should account for the variation of h with time.
Sasamori (1970) has suggested a method to compute h from the internal
characteristics of the surface layer; however, the method has not yet
been widely accepted, and most boundary layer modelers (Estoque,

1972; Wagner and Yu, 1972; Bornstein, 1972) have chosen to fix the
value of h. In view of these considerations it was decided to use
a constant value of 50 meters for h (Estoque, 1963).

The boundary layer thickness H* is a function of space and time
(Tennekes, 1974), and it can vary from a few tens of meters on clear
nights with light winds to about two thousand meters on sunny summer
afternoons. The boundary layer is identified with the turbulent region
next to the earth's surface, and the details of the formation of the
boundary Tayer or the mixed layer have already been discussed in a
preceding chapter. In the one-dimensional model, the turbulent kinetic
energy distribution was used to define the boundary layer thickness.
For the reasons given before the turbulent kinetic energy equation was
not solved in the two-dimensional model and it was necessary to use
an alternative definition for the boundary layer thickness. As the
mixed layer is usually capped by a stable layer in which there is
virtually no turbulence, the boundary layer thickness was defined as
the height at which the potential temperature gradient exceeded an
arbitrary positive value which was large enough to suppress turbulent
activity. Implicit in this definition of the boundary layer thickness
is the assumption that shear effects are of secondary importance
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compared to thermal effects and it is only necessary to have a large
enough potential temperature gradient to inhibit turbulent activity.
Clearly, this assumption cannot be justified when the boundary layer
is growing and is confined to the high shear region next to the
earth's surface, or when the upward heat flux is small (Monin-Obukov
Tength is large). Thus, it would seem that a better definition for
the boundary layer thickness would involve some sort of Richardson
number criterion. However, as has been discussed before, the numerical
computation of the Richardson number presents problems which have not
yet been resolved. Thus, for the purposes of this study it was
decided to use the simpler potential temperature gradient criterion
to define the boundary layer thickness. Then, the mixed layer height
was defined as the lowest level at which 36/3z exceeded 4 C Km'l, a
value suggested by Deardorff (1967).

As the region above the boundary layer is not turbulent, the
eddy diffusivity is assumed to be zero above z = H*. The error
introduced by neglecting the molecular diffusivity is negligible over
the time scale of simulation.

The eddy diffusivity below z = h is computed from turbulence
equilibrium considerations, and the term (5K/5z)h is calculated using
a first order finite difference scheme.
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VI. RADIATION MODEL

6.1 Introduction

The spectrum of atmospheric radiation can be divided into two
fairly distinct regions. Most of the radiation emitted by the sun and
reaching the earth is confined to the spectral region between 0.3 um
to 4 um, while the energy emitted by the earth atmosphere system lies
between 4 um to 100 pym. The spectrum of solar radiation is very close
to the spectral distribution of the energy emitted by a blackbody at
approximately 6000 K. Similarly, the earth atmosphere system can in
effect be replaced by a blackbody at 245 K.

The principal absorbers of solar radiation are water vapor in the
troposphere and ozone in the stratosphere. Water vapor absorbs pri-
marily in the near infrared region, 0.7 um < X < 4 um, while ozone is
effective in the ultraviolet (X < 0.35 pym) and in the visual range
(0.5 um < A < 0.7 um). In addition to being absorbed, solar radiation
is scattered by gas molecules (Rayleigh scattered) and aerosols (Mie
scattered).

In the thermal part of the spectrum, the principal absorbers are
water vapor and carbon dioxide. Water vapor has strong bands centered
at 2.7 um and 6.3 um, and a rotational band extending from 20 um to
100 um under standard atmospheric conditions. Carbon dioxide absorbs
strongly in bands centered at 2.7 um, 4.3 um and 14.8 um. O0Ozone has
a band centered at 9.6 ym. The 8 um to 12 um region, which is
referred to as the atmospheric window, is relatively transparent, and
it is in this region that the presence of pollutant absorption bands
is important.

Most of the ultraviolet region (A < 0.35 um) of the solar spectrum
is absorbed by stratospheric ozone when the solar energy reaches the
top of the atmospheric boundary layer which usually extends to heights
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around 2 kilometers. Inside the boundary layer, the short-wavelength
solar energy is scattered by gases and natural and man-made aerosols.
It is also absorbed by water vapor and pollutant gases such as NO,.
Solar energy is also absorbed to a smaller extent by aerosols. Thermal
radiation is absorbed and emitted by water vapor, carbon dioxide,

and pollutant gases such as carbon monoxide and ammonia. Aerosols in
addition to absorbing can also scatter thermal radiation. At the
surface of the earth, solar radiation is absorbed and reflected
diffusely while thermal radiation is reflected, emitted, and absorbed
diffusely. Figure 6.1 schematically illustrates the interaction of
atmospheric radiation with the planetary boundary layer.

6.2 The Radiative Transfer Equation

The equation of radiative transfer expresses the conservation of
radiant energy in terms of the change of intensity of a pencil of
radiation traversing an absorbing, emitting, and scattering medium.
The derivation of the equation of transfer can be found in standard
works on radiative transfer (Chandrasekhar, 1960, for example) and it
is sufficient to present the equation,

31 (z5u,9)
B = -B(2)I (z,u,0) + « (2)I (2)

o, (z) |
" T JU'J¢'pv(Z,u',¢' > W0) I (Z,0" ¢ ) du'dg!

(6.2.1)

where Iv(z,u,¢) is the intensity of the pencil of radiation at a point
defined by the spherical coordinates z,u,p. The equation then states
that the change of intensity (the term on the left) of the beam of
radiation is caused by the processes signified by the terms on the
right of the equation. The term -8,(z)I,(z,u,¢) accounts for the
extinction of radiation by scattering and absorption; Bv(z) is called
the extinction coefficient and is the sum of the absorption coefficient
Kv(Z) and the scattering coefficient ov(z). The term Kv(Z)Ibv(Z)
accounts for the increase of the intensity by the emission of the
medium and the term
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O\)(Z) ' 1
7 j J P(Zau' 50" > 1,0) 1 (z,u',0")du'do
pl ¢l

accounts for the contribution of radiant energy to the beam by scatter-
ing. The scattering phase function pv(z,p',¢' -+ u,0) represents the
fraction of energy scattered from a pencil of radiation propagating

in the direction u',¢' into the solid angle centered around the
direction u,¢. In writing Eq. (6.2.1) is it assumed that the radiative
transfer is quasisteady, the index of refraction of the medium is unity,
and the atmosphere is in local thermodynamic equilibrium. The coordi-
nate system used in formulating Eq. (6.2.1) is illustrated in Figure 6.2

Equation (6.2.1) is a nonhomogeneous integro-differential equation
and its solution presents formidable mathematical difficulties. Addi-
tional complexities arise in attempting to characterize a medium which
scatters and absorbs radiation. A number of techniques have been
utilized to solve the equation of transfer, and descriptions of these
models can be found in books by Goody (1964) and Kondratyev (1969).

An excellent summary of methods applicable to a scattering atmosphere
can be found in a report published by the Radiation Commission of the
I.A.M.A.P. (1974).

In applying the equation of transfer to the atmosphere, it is
assumed that the atmosphere is horizontally homogeneous. This assump-
tion is based on two considerations which are:

1. Computational simplicity: A 2-D or 3-D radiative transfer
model would require excessive computational effort. The
significance of this statement becomes clear when one notes
that an accurate solution of the 1-D radiative transfer
equation requires substantial computer time.

2. The approximate horizontal homogeneity of the boundary layer:
Over the horizontal scales (~20 km) of interest the gradients
of the atmospheric variables are small compared to the
vertical gradients. Therefore, there is some justification
in considering the atmosphere to be horizontally homogeneous.
An approximate method to handle horizontal inhomogeneity
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would be to compute the 1-D radiative fluxes along hori-
zontal locations and use interpolation to compute fluxes
at intermediate points.
Using the assumption of horizontal homogeneity Eq. (6.2.1) can
be written as

dI
11322-= -8,(2)1 (z,u) + Kv(Z)Ibv(z)

ov(z) 2!
t J_l p,(zsu" > I (z,u")dy’ (6.2.2)

In writing Eq. (6.2.2) it has been assumed that the phase function as
well as the intensity has been averaged over the azimuthal angle ¢.

This equation can be more conveniently expressed by defining the
following quantities. The optical thickness T, at the frequency v is
given by

z
Tv(Z) = J Bv(x)dx (6.2.3a)

0

and the single scattering albedo W, is defined by

w(z) = o

N L(2)/8 (2) = 0 (2)/[k (2) + o (2)] (6.2.3b)

Using the definitions given by Egs. (6.2.3a) and (6.2.3b). Eq. (6.2.2)
can be written as

V ~
u'——jya:‘“'- -Iv(Tv,u) + (1 - wV)IbV(TV)
w +1
* 3?‘[ p,(n" > I (r»u")du' (6.2.4)

The radiative energy flux Fv across a plane at height z is defined by

F =27 J Iv(u)pdp (6.2.5)
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The fact that the atmospheric radiation spectrum can be divided
into two distinct regions can be advantageously utilized in solving
Eq. (6.2.4). 1In the solar spectrum, extending from 0.3 um to 4.0 um,
emission can be safely neglected, and in the thermal spectrum (4.0 um
to 100 pum) scattering can be assumed to be negligible. The former
assumption is based on the fact that most of the emission occurs in
the thermal spectrum, and the latter on the fact that aerosols, which
cause most of the scattering, do not interact with long-wave
terrestrial radiation. Also, the effect of larger aerosol (~1 um),
which can interact with thermal radiation, is negligible because
larger aerosols are found in small numbers (Peterson, et al., 1969).

6.3 Radiative Transfer in the Solar Spectrum

In the solar spectrum, the emission term in the radiative transfer
equation can be neglected and Eq. (6.2.4) reduces to

w1
u a;\i= -1 7\)[ 1 Py > w)I (T su')du’ (6.3.1)
For convenience in writing the equation the dependence of Iv on p and
T, has been dropped. Even in its relatively simplified form, Eq.
(6.3.1) presents mathematical difficulties, and except for the simplest
scattering phase functions, it does not permit an analytic solution

and numerical methods have to be resorted to. Any satisfactory solu-
tion of the equation would entail computation of the radiative fluxes
over small wavelength intervals in order to account for the strong
absorption in certain narrow wavelength bands. This computational
process is costly and cumbersome, and several approximate methods have
been suggested to reduce the numerical effort. The methods usually
involve one of the two approximations: (1) discretization of the
angular distribution of the radiation intensity examples of which are
provided by the six-stream method of Chu and Churchill (1955), the
Eddington approximation used by Pitts (1954), the Chandrasekhar
approximation (1960), modified two-stream method by Sagan and Pollack
(1967), and the spherical harmonic approximation used by Canosa and
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Panafiel (1973); (2) approximating the scattering phase function by a
simpler mathematically tractable function examples of which are
provided by the small angle approximation due to Romanova (1962) and
the delta function approximation due to Potter (1970).

The scope of this study did not permit detailed calculation of
the radiative fluxes; considerations of computational efficiency
played the major role in the choice of the technique to calculate the
fluxes. The detailed radiation model due to Bergstrom (1972) which
was available for use in this research program was not selected
because it required computer time which was excessive from the point
of view of this study. An examination of other available methods
showed that the so-called two-stream method met the requirement of
computational convenience without introducing anacceptable idealiza-
tions. As the name implies, the method approximates the angular
distribution of intensity by two intensities, one of which character-
izes the radiation field in the forward direction and the other, the
backward direction. Also, the phase function is parameterized by
introducing the forward and the backward scattering factors which are
the fractions of the radiative flux scattered in the forward and
backward directions, respectively. These statements will become clear
when the two-stream equations are derived. The two-stream method has
been used by Sagan and Pollack (1967) to study scattering in Venusian
clouds, and by Rasool and Schneider (1971) to study the effect of
aerosols on global climate. More recently, Wang and Domoto (1974)
have adapted the method to treat nongray gaseous absorption with
multiple scattering in the planetary atmosphere.

6.4 Radiative Properties of Aerosols and Gaseous Absorbers

in the Solar Spectrum

As radiative transfer was just one of the several physical
processes modeled in this investigation, it was necessary to use a
radiation model which would be simple and at the same time yield
relatively accurate estimates of the radiative fluxes. The adoption
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of the two-stream approximation leads to a reduction of computational
effort only if the properties of the radiative participants are
parameterized. From the point of view of storage as well as computer
time, it is necessary to avoid detailed integrations over wavelength.
For reasons which will be discussed later, aerosols allow parameteriza-
tion of properties. Gaseous absorbers suchas N0, and SOz, on the
other hand, have to be accounted on a wavelength basis because their
strong absorption precludes mean property representations. Thus, it
was found convenient to assume that aerosols and water vapor were the
only participants in the solar spectrum. This emphasis on aerosols is
not unrealistic especially in view of recent studies (Rasool and
Schneider, 1971; Mitchell, 1971; McCormick and Ludwig, 1967; Braslau
and Dave, 1973; Landsberg, 1970; Wang and Domoto, 1974; Kondratyev,

et al., 1974) which indicate that aerosols can play a major role in
determining the radiation balance of the earth-atmosphere system.

It is assumed that radiative properties of aerosols can be
represented by spectrally averaged quantities. This assumption is
based on a recent study by Bergstrom (1971) which shows that the
absorption and scattering coefficients of slightly absorbing aerosols
(10% carbon content) vary very slightly in the wavelength interval,
0.3 ym < X < 1.0 ym, a region which contains 70% of the solar radiation
Furthermore, as aerosols are predominantly scatterers, the spectral
distribution of the solar radiation is not as drastically altered as
it would have been by strong absorption bands, and there is justifica-
tion in defining mean radiative properties weighted with respect to
the solar spectral distribution. A number of studies (Rasool and
Schneider, 1971; Atwater, 1970) have also used representative values
for the radiative properties of aerosols in calculating the solar
fluxes.

In estimating the optical path due to the water vapor, the non-
linearity of the absorption of the water vapor bands has to be taken
into account. Relatively large amounts of water vapor inside the
boundary layer do not cause significant heating because most of the
energy in the important water vapor bands iS5 absorbed in the region
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above the planetary boundary layer. Thus, a large increase in water
vapor path length is accompanied by a proportionately much smailer
increase in absorption.

In order to avoid lengthy computations involving wavelength
integration, a parameterized expression (Lacis and Hansen, 1974) for
water vapor absorption has been used to calculate the effective water
vapor optical thickness. For a cloud-free atmosphere, Lacis and
Hansen (1974) use the following expression to compute the absorption
by water vapor in the 2-th layer of the atmosphere:

AJL,wv - “o"Fo{va(yl +1) - va(yl) * Rg[va(y;)

- Ay 31} (6.4.1)

where ﬂFO is the solar constant, uy is the cosine of the solar zenith
angle, Rg is the ground albedo, Yy is the effective water vapor amount
traversed by the direct solar beam in reaching the 2-th layer, y; is
the effective water vapor path traversed by the reflected radiation in
reaching the 2-th layer from below, and va is an empirical function
of 2-th; A

(Y
effective water vapor thickness Yo This study utilizes the function

) gives the fraction of energy absorbed in a layer of

va(yz) suggested by Yamamoto (1962) which is given by

0,635

A (y) = 2.9y/[(1 + 141.5y)

w + 5.925y)] (6.4.2)

where y has the units of cm of precipitable water vapor.

In order to utilize Eq. (6.4.2) to calculate an effective thick-
ness required in the two flux formulation, consider a beam of solar
radiation traversing a layer 2. The energy absorbed in this layer AE’
is then given by,

Ae = mFoug[A, (¥g41/10) = AL (¥, /Ho)] (6.4.3)
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where Yy js the effective path length measured vertically downwards
from the top of the atmosphere. Assuming that the Tayer can be
represented by an incremental optical thickness At, one can write

[1 - A, (Yo/up) 111 - exp(-at/ugll = A, (¥g41/v0)

- A (Yg/h) (5.4.4)

Then,
At = “Ho ]n[l - (va(y2+1/110) - AWV(YQ/UO))/(I - va(yl/UQ)]
(6.4.5)

There is some ambiguity in the definition of the incremental optical
thickness given by (4.4.5). Optical thicknesses can be computed for
the radiation reaching the layer from below, and for the scattered
radiation. Thus, it is possible to associate several optical thick-
nesses with the same layer. This is inconvenient and it is necessary
to choose a "dominant" optical thickness. Assuming that most of the
solar energy is contained in the direct beam, the optical thickness
was defined by considering the absorption of the direct beam. Equa-
tion (6.4.5) defines the "direct beam" optical thikcness. Clearly,
it is desirable to have a definition based on scattered radiation to
handle cases when the zenith angle is large (early morning and evening)
and most of the solar radiation is diffuse. However, it is not
practical to use two different optical thicknesses. Also, as the
magnitude of the diffuse radiation is small, the computation of the
optical thickness at large zenith angles is not critical.

Empirical methods (Paily, et al., 1974) were used to compute the
direct and diffuse radiation at the top of the boundary layer. Though
empirical, these methods have been tested thoroughly and given
accurate estimates of the total fluxes. Thus, the basic method to
compute the radiative fluxes in the solar spectrum consisted of two
steps: (1) compute scattered (diffuse) and directly transmitted solar
fluxes at the top of the planetary boundary layer using empirical
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methods, and (2) compute radiative fluxes in the boundary layer using
the more accurate two-flux method. The fluxes computed in step 1 serve
as boundary conditions for the calculation in step 2.

6.5 Two-Stream Equations

The two-stream equations can be derived by considering the radia-
tive transfer equation in the form,

+1
WIS ] R > Wt (6.5.1)
-1

The dependence of the intensity on the frequency v has been dropped
on the basis of the mean property assumption discussed in the
preceding section.

The boundary conditions for Eq. (6.5.1) can be written as,

1
H0m) = 2 [ vyl > W0 uds 5 w>0  (6.5.2a)
0

and

I(tgsu) = S8[u - (-up)] + Iy s u>0 (6.5.2b)

where re is the mean bi-directional reflectance of the earth's surface,
Hy is the optical thickness of the boundary layer, S is the direct
beam component (at zenith angle cos'1 uo) of the solar radiation at
the top of the boundary layer and I4 is intensity of the diffuse
component. Then, Eq. (6.5.2a) states that the intensity of the radia-
tion traveling in +u direction is the sum of the contributions from
the beams of radiation reflected at the surface. Equation (6.5.2b)
states that the source of radiation at the top of the boundary layer
consists of the direct and the diffuse components of solar radiation.
To aid in the solution of Eq. (6.5.1) the scattering phase
function is expressed as a finite series of Legendre polynomials

N

p(t,u' »u) = EZO po(TIP, (W)P, (1") (6.5.3)
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where Pg(u) is a Legendre polynomial of order &. Details of the
derivation of Eq. (6.5.3) can be found in the book by Chandrasekhar
(1960).

Substitution of Eq. (6.5.3) into Eq. (6.5.1) yields

d1 N +1
T ARETPENC j_l P, (WP () I(T,u )’ (6.5.4)

To simplify the application of the boundary condition (6.5.2b)
the directly transmitted solar radiation is subtracted from the mean
intensity I which is then redefined by

-~ (To'T)/U
I(t,n) = I(t,u) - S8 - (-uy)le (6.5.5)

Substitution of (6.5.5) in (6.5.4) results in

~ N o
= -I(t,u) + %.220 PPy (u) J I(t,u" )P, (u)d'

-1

(1g-7)/u N
+ 7 Se QEO pzpz(”)Pz('“o) (6.5.6)

The two-stream approximation can be introduced by considering the
integral F given by

+1
F= J I(t,u)udy (6.5.7a)

-1
Using a two-point Gaussian quadrature formula, F can be expressed as
F=(1"- 173 (6.5.7b)

Thus, IF represents the intensity radiation traveling in +u (= 1//3)
direction, and 1™, that of the radiation traveling in the -u (= -1//3)
direction.

The two-stream equations are obtained by multiplying Eq. (6.5.6)
by du and udp, respectively, and integrating over u from +1 to -1,
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+ -(t,-T)/u
1 %%.: (fo - 1)I7 + bwl” + 7 S[1 - V3(1 - 2b)uy]e ° °
/3 (6.5.8a)
- -(ty-1) /0
_/Lg%%: (fw - 1)I7 + boI’ + % S[1 +/3(1 - 2b)uwJe ° °

(6.5.8b)

where 1" and I” have been defined by Eq. (6.5.7b). The backscattering
factor, b, and the forward scattering factor, f, are defined by the
equations

1
J P(u)udu (6.5.9a)

-1

2b =1 -

N

f=1-0b (6.5.9b)

Then, assuming that the earth's surface reflects diffusely, the
boundary conditions can be expressed in terms of 1 and 1”

-t /u
1t(0) = rs[l-(O) +/3 y Se 0 ‘] (6.5.10a)
and

I-(TO) = Iy (6.5.10b)

Even with the simplifications afforded by the two-flux approxima-
tion it is not possible to obtain analytic solutions for Eqs. (6.5.8)
because w, f, and b are functions of the optical depth. It should be
mentioned, however, that Wang and Domoto (1974) have obtained an
approximate solution to the two-flux equations using a perturbation
technique.

In order to facilitate an analytic solution of the two-stream
equations it is assumed that the radiative properties of the consti-
tuents of the planetary boundary layer can be represented by a mean
single scattering albedo, and a mean forward scattering factor which
are defined by the following equation
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w = (TR + wTA)/(TR toTyt TG) (6.5.11)

where w is the mean single scattering albedo, w is the aerosol single

scattering albedo, Ta is the aerosol optical thickness, TR is the
Rayleigh optical thickness, and 6 is the optical thickness of the
absorbing gas.

The mean forward scattering factor f is defined by

f = (fr, + fRTR)/(TA + TR) (6.5.12)

A

where f is aerosol forward scattering factor, and fR is the Rayleigh

forward scattering factor (fR = 0.5).

With the assumptions described in preceding paragraphs, Egs.
(6.5.8) reduce to a pair of coupled linear differential equations,
and the solution is straightforward

-(t ~1)/u
1'(1) = 0,8,e% + a,B,e %" + C.e ° 0 (6.5
-(t,-1)/u

I (%) = BleaT + Bze'mT + C,e ° 0 (6.5
where

a=/3[(1 - 3F)? - (¥ D)2]? (6.5

o, =vV/3wb/(V3(1-wTf)+a) (6.5

a, =vV3 wb/(V3(1 - wf) - a) (6.5
where

b=1-7% (6.5

Before defining 8,, 8,, C, and C, it is convenient to define the
intermediate quantities,

.13a)

.13b)

.14a)

.5.14b)

.5.14c¢)

.14d)
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Then, in

b,

t,

=/3uwb

=v/3(1 - /3(1 - ZB)uOY-

= /3(1 + /3(1 - 2E)po)
=vy3(1 -w T

=a- 1/u - b,

= (a, - r‘s)e_OLTo - (a, -

= (€, - C, + ry/T S

(a, - r (14 - C,) -

]

[s,(a - l/uo) +S,b,

[Sz(a + lluo) + Slb2

t,/d,

t, /d

2

2
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wS/2

wS/2

aT

rs)e

0

-(To/u0+a10)

)e - (Id - C,)(a

(6.5.15a)
(6.5.15b)
(6.5.15¢c)
(6.5.15d)
(6.5.15e)

(6.5.15f)

2 7 rs)

(6.5.15qg)

~(oty-14/1p)

(rC, - C; +r V3 yShe

1/d,

]/d1

terms of F* and F~, the radiative flux F is given by

F=2n J I(t,u)udpy = 2w J
-1

+1

+ -
= 8L - 17] - omySe

+1~
{I(T,u) + S8[u - (~uy)le

-1

-(ty-1)/u,

(6.5.15h)

(6.5.16a)
(6.5.16b)
(6.5.16¢)

(6.5.16d)
(TO'T)/U}

(6.5.17)

udu
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The divergence of the solar radiative flux can be written as

%% = 2ﬂ[a81eaT(a1 -1) + aBze—aT(l - az)

-(1,-1)/u -(1,-1)/u
so 0o (C, - C)/u I3 - 2my e ° O/“o

(6.5.18)

6.6 Band Models

Infrared absorption and emission of thermal radiation is a conse-
quence of coupled vibrational and rotational energy transitions. As
these transitions occur at discrete frequencies the absorption spectra
of polyatomic gases tend to be discontinuous. Figure 6.3 illustrates the
absorption spectrum of carbon dioxide, and it can be seen that absorp-
tion occurs in fairly distinct bands which are separated by regions in
which negligible absorption occurs. The location of a particular band
is determined by the associated vibrational transition, while the
"Tines" in the band are governed by rotational transitions which
accompany the vibrational transition. Thus, a typical infrared
spectrum would consist of a few bands each of which would consist
of hundreds of lines.

Although modern spectroscopy can resolve detailed Tine structure,
it is impractical to do Tine by line calculations to compute radiative
fluxes routinely. The alternative to this type of exact calculation
is to utilize band models. Before proceeding on the subject of band
models, it is convenient to define the band absorptance or the
effective bandwidth

A= [Av 1 - exp(-KvL)]d(v - vo) (6.6.1)

where A is the band absorptance of a homogeneous layer of gas of

thickness L, and v_ is the center of the interval of integration Av,

o



Figure 6.3
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and Ky, is the monochromatic absorption coefficient. Physically, A
represents the effective bandwidth over which the emitted radiation
can be considered to be black. The integrand [1 - exp(-KvL)], by
itself, is the fraction of energy absorbed at a frequency v from a
beam of radiation in traversing a distance L through a homogeneous
gas. These two different physically interpretations are a direct
result of Kirchoff's law, and suggest that A can be associated with
either the emission or the absorption of radiation: band absorptance
suggestive of absorption and effective bandwidth suggestive of
emission.

The construction of a band model involves postulating the struc-
ture of the lines in the bands in terms of line parameters. Based on
the line postulate an expression for the band absorptance is derived,
and the unknown line parameters are determined by correlating experi-
mental absorptance data with the theoretically obtained expression.

The line structure assumptions determine the particular band model.
Some of these band models are the Elsasser regular band model, the
statistical Mayer-Goody model, Random Elsasser band model, and the
Quasi-Random band model (Tiwari, 1975). The application of any model
to a particular case depends upon the nature of the absorbing-emitting
molecule. While a model may provide excellent correlation with experi-
mental data for linear molecules, it might fail to do so for asymmetric
and spherical top molecules.

Before describing the model used in this investigation, it is
necessary to discuss the difference between narrow and wide band models.
A narrow band model results when Av, the interval of integration, is
of the order of spacing of the lines. Then, the narrow band absorptance
can be expressed in terms of mean line parameters which are the mean
half-width, the mean line spacing, and the mean line intensity (the
integral of the absorption coefficient over the line width). The
transition from the narrow band model to the wide band model is made
by calculating the band absorptance over the entire band after making
plausible assumptions about the variation of the mean line parameters
over the band. The nature of the assumptions determines the particular
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wide band model. The models mentioned in the previous paragraphs are
narrow band models while some of the wide band models are the box
model due to Penner (1959) and the exponential wide band model due
to Edwards (1964, 1967).

The preceding paragraphs provide a very brief description of
band models. More details can be found in excellent summary papers
by Tien (1968), Cess and Tiwari (1972), and Tiwari (1975).

6.7 Infrared Radiation Properties of Gases

It should be clear from the previous section that the definition
of band absorptance is strictly applicable only to a homogeneous gas
layer. Thus, in order to utilize the concept of band absorptance in
the computation of radiative fluxes in an inhomogeneous atmosphere,
it is necessary to use a method which "corrects" for the inhomogeneity.
One such method is the Curtis-Godson approximation which essentially
replaces an inhomogeneous layer by a "radiatively" equivalent
homogeneous layer enabling the use of narrow band models. An
alternative to this technique is to use emissivities. The concept
of emissivity as it is used by meteorologists (Brooks, 1950; Sasamori,
1968; Eliott and Stevens, 1961; Atwater, 1970) is empirical in nature;
it associates an emissivity with a gas layer, and the effects of
inhomogeneity are taken into account by using empirically determined
pressure and temperature correction factors. Rodgers (1966) has shown
that the emissivity approximation is capable of the same order of
accuracy as the more exact methods (for example, the diffuse approxi-
mate due to Rodgers and Walshaw, 1966). but only if used in an
empirical rather than a theoretical manner. Emissivities must be
fitted to calculated or accurately measured atmospheric fluxes rather
than directly to spectral data obtained in the laboratory.

As the principle behind the emissivity approximation is now well
enough established for most meteorological purposes, this study
utilized empirical emissivities wherever possible. For water vapor,
the emissivity correlations derived by Atwater (1970) from Kuhn's
(1963) emission data were used. It should be mentioned that Kuhn's
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data are based on measured atmospheric fluxes. Also, as the effects
of carbon dioxide overlap with water vapor at 15 um have been sub-
tracted out, the use of Kuhn's data avoids the problem of overlap.
For carbon dioxide the emissivity correlation proposed by Shekter
(1950) and subsequently revised by Kondratyev (1969) was used. As
emissivity correlations are not available for common pollutant gases
such as ammonia, carbon monoxide and ethylene, it was necessary to
use wide band absorptances to define an effective emissivity given by

€ef(u) = ; Eo (Tef)Ai(ru, Tofo Pef)/Tef (6.7.1)

where i refers to a band, Ebv1 is the blackbody emitted flux at the
center of the band, u is the mass length, o is the Stefan-Boltzmann
constant, and r is the diffusivity factor, the meaning of which will
be explained later. The effective pressure Pef is defined by
1 (U

P = UL p(t)dt (6.7.2)
and Tef is the temperature corresponding to Pef' Equation (6.7.2)
has been used by Jurica (1970), and is based on the Curtis-Godson
approximation.

The technique implied by Eq. (6.7.2) to correct the temperature
and pressure variation is empirical, and has been used in this study
because it is simple compared to the more rigorous methods (Chan
and Tien, 1969; Edwards and Morizumi, 1970), and Jurica (1970) has
had some success in using the method. It should be pointed out that
the definition of emissivity given by Eq. (6.7.1) has meaning only
when applied to a homogeneous gas layer. Rodgers (1966) has shown
that it is not possible to define a unique emissivity when an
inhomogeneous gas is being considered--the upward and the downward
fluxes require different emissivities to make the definitions of the
emissivities compatible with the radiative transfer equation. It
should be reiterated that the concept of emissivity does not "fall
out" of the radiative transfer equations, but can be very useful when
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treated in an empirical manner. It is felt that in the absence of
empirically derived emissivities for the pollutant gases there is
Justification in using Eq. (6.7.1) to provide estimates for the
emissivities.

The Edwards exponential wide band model was used to calculate
the effective emissivities of the pollutant gases. This choice of
a wide band model was based on two considerations. Firstly, the
Edwards model has enjoyed considerable success in correlating band
absorptance data; secondly, its utilization allows the incorporation
of band absorptance correlations which can be expressed as single
explicit functions of the path length (Tien and Lowder, 1966; Goody
and Belton, 1967; Cess and Tiwari, 1972).

The exponential wide band model assumes that the mean line intensity
is an exponentially decaying function of the wave number. Then, utiliz-
ing the narrow statistical band model, the expression for the band
absorptance can be integrated over the bandwidth. The band absorptance
can be then written as

A= A(Cl, C,, C;5 B, X) (6.7.3a)
where
2
cCPp
__2¢e
B = 4C1C3 (6.7.3b)
X = pL (6.7.3c)

and L is the thickness of the homogeneous gas layer, p is the density
and Py is an effective pressure which takes pressure broadening by
other gases into account. C,, C,, and C, are functions of temperature
and characterize the structure of the band. A summary of the functions
C,> C,, and C, for a number of gases can be found in papers by Edwards
(1964a, 1964b) and in the review paper by Tien (1968). In the original
formulation due to Edwards, different pathlength ranges involved the
utilization of different functional forms of A. As it is desirable

to have a single explicit expression for the band absorptance for the
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whole path length range, researchers (Tien and Lowder, 1966; Cess and
Tiwari, 1972) have suggested single continuous correlations for the
band absorptance. One such formulation is that due to Tien and Lowder
(1966) and has been used in this study. The band absorptance is

given by

Alu,t) = Infuf,(t)[(u + 1)/(u + af,(t))] + 1} (6.7.4)
where
A= A/C,
u = (C,/C)X (6.7.5)
t = (C./4C,C,)p
and
f (t) = 2.94[1 - exp(-2.60t)] (6.7.6)

2

As has been mentioned before, gaseous pollutants are important
only when they absorb in the atmospheric window extending from 8 um
to 12 ym. Thus, a representative pollutant has to meet the requirement
of being a strong absorber in the atmospheric window region. An
examination of the absorption properties of a number of pollutant gases
showed that ammonia was the best candidate for a representative
pollutant. Ammonia has its strongest band (at 300 K) centered at
10.5 um, and it absorbs very strongly in the entire window region.
Also, ammonia seems to be becoming an increasingly important air
pollutant since it is associated with the presence of a large popula-
tion (Ludwig et al., 1969). The importance of ammonia as a pollutant
has motivated a number of studies on the infrared properties of the
gas (France and Williams, 1966; Walsh, 1969). Recently (1973) Tien
has correlated the France-Williams (1966) data to yield the wide-band
parameters which were used in this study. In addition to ammonia,
this investigation has also used sulphur dioxide, carbon monoxide, and
methane as possible pollutants. The wide band parameters for carbon
monoxide and methane were taken from the review paper by Tien (1968),
and those for sulphur dioxide from a more recent paper by Chan and
Tien (1971).
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An alternative to using a single gas as a representative
pollutant is to use a combination of gases which together cover the
entire window region. One such combination could consist of SO, and
C,H,. C,H, absorbs strongly in the 9 to 12 um region and SO, absorbs
in the range 7 to 9 um. The proportion of the gases in the mixture
can be adjusted to produce the desired absorption properties.

6.8 Radiative Fluxes in the Thermal Spectrum

In the thermal spectrum, scattering can be neglected and the
radiative transfer equation reduces to

dI (7, .u)
u ‘—a?\-)—— = -I\)(T\),u) + Ib\)(T\)) (6.8.1)

The boundary conditions are

It(O,u) = erv(O)-I-Z(l-E)J1 I;(O,u')u'du' (6.8.2a)

0

Iv(Tov’“) =0 (6.8.2b)
where it has been assumed that the earth's surface is a diffuse
emitter. In this equation Toy is the effective optical thickness

of the earth's atmosphere, and

I+(Tv,u) I(t,m); w>0 (6.8.3a)

I-(Tv,u) I(TV,U)§ u<o (6.8.3b)
Boundary condition (6.8.2a) states that at the earth's surface, the
source of radiation consists of the radiation emitted by the ground
and the reflected radiation. Boundary condition (6.8.2b) states that
there is no thermal source at the top of the atmosphere.

The solution to Eq. (6.8.1) with boundary conditions (6.8.2) can
be readily written as (Viskanta, 1966)
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T
+ + -T\)/Ll v '(T\)'t)/u
I,(t v,u) = Iv(O,u)e + Jo Ibv(t)e dt/u,
Y -(t-1,)/u
Iv(Tv’“) = JT Ibv(t)e dt/u s u<0

The radiative flux Fv(Tv) can be expressed as

f+1
= 2m I (T s1) udu

-1

1 0
2m J I (T, sH)udu + 2m J_l I,(T,sH)udu
= 2n j

0

where

|
]

1
+
2m L I, (T, »1)udu

-n
|

1
= 27 I Iv(rv,u)udu

0

Substituting Eqs. (6.8.4) into Eq. (6.8.6) yields

F:(Tv) = Ey(1 ) [2¢E, (0) + 2(1 - €)F (0)]
T
\Y)
e L Eb\)(t) d_‘i‘ ES [T\) - tjdt
- fov d
ACEES R NOF SN CEEN
T
v

where En(t) is the exponential integral function, and Ebv is th
blackbody emitted flux.

u>0

(6.8.4a)

(6.8.4b)

1
- _ et e
(¥ Judy + 27 J IV(Tv,u)udu-Fv --F,

(6.8.5)

(6.8.6a)

(6.8.6b)

(6.8.7a)

(6.8.7b)

e
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Then, the total (integrated over the spectrum) fluxes can be
written as

.0 [T+ _ ®
F*(a) = L Fi(r,)dv = 26 L £, (O)E, (x,)dv
+ J 2(1 - €)F (0)E3(Tv)dv
0
v 2 | 7 ey (8) G Elx, - tldtay (6.8.8a)
0 TV
and
) © Tov d
P2 = [ 2] g $ETe -ty (6.8.8b)
0 T
v
Recalling the definition of T,
z
Tv(z) = J Kv(Z)dZ (6.8.8¢c)

0

it is noticed that it is not possible to interchange the order of
integration in Eqs. (6.8.8a) and (6.8.8b) unless the gaseous layer
under consideration is homogeneous, i.e., Ky # KV(Z). Thus, a
precise computation of fluxes in an inhomogeneous layer would involve
line by line integrations along the path followed by integration over
the wave numbers. Clearly, such a method is impractical, and it is
necessary to use an alternative procedure such as the Curtis-Goodson
approximation described in the preceding section. Before considering
an inhomogeneous layer, it is convenient to examine the computation of
fluxes in a homogeneous gas layer. The application of Eqs. (6.8.8a)
and (6.8.8b) to a homogeneous layer yields

F'(z) = Jm [eE,(0) + (1 - €)F_(0)]2E,(x 2)dv

0

Z poo
+ j J E, (€) %€-2E3[Kv(z - £)]dvdt (6.8.9a)

0 ‘0
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and

J £ (E) 35-253[Kv(g - z)]dvde (6.8.9b)

where h is the effective thickness of the atmosphere. In meteorological
application (Goody, 1964) E,(t) is approximated by

E,(t) = %—exp(-rt) with r = 1.66 (6.8.10)
Using Eq. (4.8.10) with the assumption that the widths of absorption
bands are small compared to the entire thermal spectrum (so that Ebv

in a band can be replaced by the value at the center of the band) Egs.

(6.8.9) can be written as

Ff(z) = 2 [eEbvi + (1 - e)F(0)][av; - A;(rz)]

Y4
) eEijAvj + J ; Ebv_(g)A;[r(z - £)]dg (6.8.11a)

J 0 1
and
- h ]

F(z) = Jz ] By (0L - 21 (6.8.11b)
where

At) = J [1 - exp(-k t)]1dV (6.8.12a)

Av

and

A'(t) = 3A(t)/st (6.8.12b)

and i refers to the absorption bands of the gas, and j denotes the bands
in which no absorption occurs; Ebvi is the blackbody emitted flux at the
center of the i-th band.
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It is seen that the fluxes in a homogeneous layer can be expressed
in terms of band absorptances which have been experimentally correlated

For meteorological applications, the earth's surface is assumed to
be black (Goody. 1964), and Eqs. (6.8.11) reduce to

y Z
Ff(z) = oT, - ) Ep, Ay(rz) + j } Ep, (B Ir(z - £)]dE
1 1 1
1 ’ (6.8.13a)
and
F7(z) Jh Y E . (E)A.[r(E - 2)]dE (6.8.13b)
z) = [r(g - z .S
z i bvi T

The introduction of the emissivity given by Eq. (4.7.1) into
Egs. (4.8.13a) and (4.18.13b) yields

Z
F'(2) = oT![1 - e(2)] + [ or(e) 22228 4z (6.8.140)
and
-y = [ de(E - 2)
Fi(z) = | oT*(E) =g d¢ (6.8.14b)
Z

where TS is the temperature of the ground.

Equations (6.18.14a) and (6.8.14b) are the form of the radiative
transfer equations employed in meteorological investigations. It is
clear that this simple form results only when the gas layer under
consideration is homogeneous. However, the approach used by meteor-
ologists assumes that the same equations apply to an inhomogeneous
atmosphere if the emissivity is corrected for inhomogeneity. Although
this approach is empirical, its success in computing fluxes has proved
it to be a very useful alternative to laborious narrow band calcula-
tions (with the Curtis-Godson approximation).

This study used Eqs. (6.8.14a) and (6.8.14b) to compute the
infrared fluxes. The numerical scheme adopted was similar to the
ones used by Jurica (1970) and other meteorologists (e.g., Atwater,
1966). The thermal fluxes are evaluated by dividing the atmosphere
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into a number of homogeneous sublayers and the upward flux F+ and

the downward flux F~ are given by the equations

“(2.) ? \

F(z;) =  oT Ae

Vopsian MO

FH(z.) = ; Tihe + oT [1 - e(z.)]
z;) = nZZ oT he, + oT [1 - e(z,

(6.8.15a)

(6.8.15b)

where N is the number of layers the atmosphere has been divided into

and the incremental emissivity Ae is defined by

)

Ae, = e(]zn - Zil) - &:(lzn_1 - Zil

Then, the net thermal flux Ft is given by

Flz;) = Fi(z,) - F(z;)

(6.8.16)

(6.8.17)

The emissivity e is evaluated at an effective temperature and pressure

defined by Eq. (6.7.2).
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VII. RESULTS AND DISCUSSION: ONE-DIMENSIONAL MODEL

7.1 Introduction

This chapter will present and discuss the numerical simulations
performed with the unsteady one-dimensional models. To gain a degree
of confidence in the turbulence model, the results of a test simulation
were compared against typical observations of the 0'Neill Study
(Lettau and Davidson, 1957). The comparison emphasized the numerical
reproduction of important physical features rather than accurate
predictions. As the purpose of this study was to understand physical
trends, no attempt was made to "adjust" the parameters of the model to
actually reproduce observations. The relative success of a number of
simple boundary layer models (Estoque, 1963; Deardorff, 1967, Sasamori,
1970) in producing results which compare very well with observations
indicates that such an adjustment of parameters is possible.

The one-dimensional simulations emphasized the effects of pollutants
on thermal structure and pollutant dispersal. The role of elevated as
well as surface layers of aerosols and pollutants in modifying vertical
temperature and concentration profiles was investigated. The sensitivity
studies focused attention on the effect of varying aerosol parameters
and pollutant gases. A list of the one-dimensional simulations is
presented in Table 7.1.

7.2 Test Simulation

7.2.1 1Initial Conditions and Parameters Used
in Test Simulation

A non-uniform grid system was used in the one-dimensional simula-
tions. The reasons for the smaller grid spacing near the earth's
surface have already been discussed. Table 7.2 presents the vertical



Table 7.1

List of One-Dimensional Numerical Simulations

seston et GIENEL S R e

W f m2 /g Height
7.3 NP None - - - - -
7.3 P Thermal & Solar NH; 0.90 0.85 107° --
7.4 NP None -- -- -- -- 300
7.4 P Thermal & Solar NH3 0.90 0.85 10°¢ 300
7.4 SP Solar -- 0.90 0.85 1078 300
7.4 TP Thermal NH, ~-- -- -- 300
7.4 NP None -- -= -- -- 600
7.4 P Thermal & Solar NH, 0.90 0.85 107¢ 600
7.4 SP Solar -- 0.90 0.85 107¢ 600
7.4 TP Thermal NHs -- -- -- 600
7.4 SP Solar -- 0.90 0.85 107¢ 1200
7.5 1 None -- ~- -- -- --
7.5 2 Solar -- 0.80 0.85 5x10”7 --
7.5 3 Solar -- 0.99 0.85 5x10"7 --
7.5 4 Solar -- 0.90 0.85 5x1077 --
7.5 5 Solar -- 0.90 0.50 5x10°7 --

001



Table 7.2 Vertical Grid Coordinates and Physical Properties and Parameters Used in Test Simulation

a) Atmospheric Coordinates

J i 2 3 4 5 ) 7 8 9 10 11 12 13 14 15

z{m) O 1.0 5.0 10.0 20.0 30.0 40.0 50.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0

J 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

z(m) 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0 1600.0 1700.0 1800.0 1900.0 2000.0 2100.0 2200.0

b) Soil Coordinates

J 1 2 3 4 5 b
z(m) 0 0.01 0.05 0.1 0.3 0.5

c) Physical Properties and Parameters

kg = 2.0 W/m'C Coreolis Parameter f = 107* sec™!
Pg = 1.5 x 10% Kg/m? Latitude = 42.5 - N

Cos = 1.0 x 102 J/Kg C ug = 11.53 m/s

re = 0.16 Vg = 7.52 m/s

€y = 0.95 z, = 0.0l m

Solar Declination = 11° H = 0.01

Surface temperature = 300.5 K

101
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grid coordinates and the physical properties and parameters utilized
in the study.

The test simulation was started at 05:00, and the initial condi-
tions were representative of early morning atmospheric conditions
during the period August-September, 1953 over the flat prairies at
0'Neill, Nebraska. Specifically, the potential temperature profile
was based on Carson's (1973) comments. Carson has made a detailed
study of the 0'Neill profiles (Lettau and Davidson, 1957) and concludes
that the typical early morning profile is characterized by two gradients
The nocturnally established surface inversion is typically about 400 m
deep and has a gradient of about 18 x 107° K/m. The layer above it,
extending to about 2 Km, has a typical gradient of about 6x 10”% K/m.
Thus, using this information, an initial potential temperature profile
was constructed after assuming an appropriate surface temperature. The
initial surface temperature and velocity profile corresponded to
August 25th of the 0'Neill observations. The water vapor was assumed
to be uniformly distributed with a concentration of 1.5 gm/m®. The
soil temperature was taken to be uniform at the surface temperature
over the depth of the soil layer. The upper atmospheric data were
taken from McClatchey, et al. (1972). The time step used in the simu-
lation was 75 s.

7.2.2 Results of Test Simulations

In this section, the test simulation will be discussed in detail.
The results will be compared against observational data of the 0'Neill
Study (Lettau and Davidson, 1957). To ascertain the validity of the
turbulence model, the results will be discussed with reference to other
recent boundary layer studies such as those of Orlanski, et al. (1974)
and Lykosov (1972). As Lykosov (1972) also used a turbulent kinetic
energy model, special emphasis will be placed on his results.

Figures 7.1 to 7.3 illustrate the evolution of the potential
temperature and eddy diffusivity over a twenty-four hour period.
They show that the model can reproduce important features of mixed
layer formation. The nocturnal surface based inversion is rapidly
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eroded away as the sun heats up the earth's surface. It is noted that,
in agreement with Carson's observations (1973), the stronger surface
inversion which is about 400 m deep is eroded from below in about 4
hours. The mixed layer grows more rapidly against the smaller resist-
ance of the stable layer above the nocturnally established surface
inversion, and reaches a maximum height of around 1300 meters in ten
hours (15:00). This agrees fairly well with the 0'Neill observations
of August 25, 1953 as illustrated in Figure 7.4. The observed initial
inversion rise is more rapid than that predicted. This discrepancy
could be associated with the uncertainty in the initial conditions

and surface parameters.

The predicted temperature profiles are in qualitative agreement
with observations (Lettau and Davidson, 1957; Clarke, et al., 1971).
The daytime profile is characterized by a shallow superadiabatic layer
extending to less than 100 m, and the mixed layer above it has a slightly
stable gradient indicative of a countergradient heat flux. The turbu-
lent mixed layer is capped by a sharp inversion which has a typical
strength of 1.5 K.

The eddy diffusivity profiles show the increase in turbulent
activity as the mixed layer grows. The eddy diffusivity increases in
the lower portion of the mixed layer, reaches a maximum at heights
around half of the boundary layer thickness, and decreases to zero at
the edge of the boundary layer. The largest values of eddy diffusivity
occur during the day and are of the order of 100 m?/sec which is in
agreement with other investigations (Orlanski, et al., 1974; Deardorff,
1967).

The evening and nighttime potential temperature and eddy diffusivity
profiles exhibit some interesting features. In about two hours after
the surface starts cooling at around 14:00 hours, turbulence is virtually
extinguished in the bulk of the boundary layer. This is indicated by
the rapid decrease in the mixed layer height and the collapse of the
eddy diffusivity profiles. This unusual behavior of the nocturnal
boundary layer has been observed experimentally by Kaimal, et al.
(1975) in Minnesota, and has also been theoretically predicted by
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Orlanski, et al. (1975). The typical boundary layer variation of the
0'Neill Study is illustrated in Figure 7.5. The discontinuities in
the boundary layer depth near sunrise and sunset are indicative of
the sharp changes in turbulent activity associated with high surface
cooling rates. It is interesting to note that the model used in this
study predicted this physical phenomenon only when the counter-gradient
parameter was included in the energy equation. Otherwise, the mixed
layer continued to grow even after sunset. The importance of the
counter-gradient flux seems to indicate that the upward transport

of heat during the day is caused by surface generated buoyant plumes
penetrating the weakly stable mixed layer. The turbulence in the
mixed layer being associated with buoyant parcels is extinguished as
soon as the surface cools and stops prodicing buoyant plumes. The
numerical model of this study predicted negligibly small nocturnal
boundary layers. Although there is not enough observational data to
disprove the validity of this result, it was necessary to set a minimum
value of 200 meters for the nighttime boundary layer to prevent the
formation of unrealistically large surface inversions. The value of
200 meters was based on the Wangara data (Clarke, et al., 1971) which
indicated that the nocturnal boundary layer varied from around 150
meters to 250 meters (Melgarejo and Deardorff, 1974) in height.
Admittedly, this treatment of the boundary layer is empirical; how-
ever, there is no satisfactory theory for the stable boundary layer
and the scope of this study did not permit a further investigation

of the problem.

Figure 7.6 shows the potential temperature variation at 50 m
over a simulation period of 12 hrs. It is seen that the temperature
variation shows reasonably good agreement with the 0'Neill observations.

Figures 7.7 and 7.8 reproduce some results obtained by Lykosov
(1972). It is evident that the results show some noticeable differ-
ences from those of this study. According to Lykosov's model, the
mixed layer height varies by a factor of about two, from 600 meters
in the night to about 1200 meters in the day. This study shows the
boundary layer height varying by a factor of about six, from 200
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meters in the night to about 1300 meters in the afternoon. This wider
variation of the mixed layer height agrees more closely with observa-
tions (Clarke,et al., 1971). Although the observations indicate that
weak turbulence may extend to greater heights than the nocturnal
boundary layer, turbulent activity above the boundary layer cannot

be as large as that predicted by Lykosov. It is clear from Figure

7.7 that the surface inversions extend to heights of 600 meters
indicating that the turbulence does not decay as rapidly as it should
above the typical nocturnal boundary layer height of 200 meters.

There is a significant difference between the eddy diffusivity
profiles predicted by Lykosov and those obtained in this study.
Figure 7.8 shows that the heights at which the turbulent exchange
coefficient attains a maximum are around 100 meters during the course
of a diurnal cycle. On the other hand, this study predicts a very
wide variation of the height at which the eddy diffusivity becomes a
maximum, and as the height is approximately half the mixed layer
thickness it is dependent on the variation of the mixed layer thick-
ness.

The test simulation has shown that the model predictions are
reasonably consistent with observational as well as theoretical
studies. It is felt that a detailed investigation of the effect
of initial conditions as well as surface parameters will help to
improve the capabilities of the model.

As an additional test of the turbulence model, a numerical
experiment was conducted to study stress profiles in a neutral
boundary layer. The potential temperature was assumed to be uniform
in the boundary layer, and the velocity field was initialized with
an arbitrary logarithmic profile. The unsteady momentum equations
were used to obtain the steady state stress profiles by allowing
the time dependent solutions to approach steady state. The absence
of thermal stratification made it possible to use a simple mixing
length model which was similar to that suggested by Blackadar (1962).
As the boundary layer height scales with u,/f under neutral conditions,
2 was assumed to be given by
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B=CEklz 4 2)/(1 + CF k(z + 2,)/8,) (7.3.1)
where

By = 0.009 CF u,/f (7.3.2)

0

Figure 7.9 shows the stress profiles obtained. It is seen that they
compare remarkably well with the results from a considerably more
complicated turbulence model formulated by Wyngaard, et al. (1974).
However, the velocity defect profiles did not agree as well with
those of Wyngaard, et al. Further adjustment of the constant in the
formula for &, will be necessary for improved agreement.

7.3 Radiative Effects of Pollutants

7.3.1 Introduction

This section will describe the numerical simulations performed
to investigate the radiative effects of gaseous and particulate
pollutants on the thermal structure and pollutant dispersal in the
planetary boundary layer. As pollution episodes occur when the winds
are low, the initial velocities were taken to be one fourth of those
used in the test simulation. The initial temperature structure
(temperature gradients) was identical to that of the test simulation.
Since the purpose of the simulations was to study the effects of
pollutants on the planetary boundary layer as a whole, it was decided
to use surface parameters which were not exclusive to the urban area.
The surface parameters used are based on those suggested by Pandoifo,
et al. (1971) and are presented in Table 7.3

The aerosol parameters are based on the calculations of Hansen
and Pallack (1970). The aerosol extinction coefficient was chosen
so that with the average mass loadings obtained in the simulations
the optical thickness in the solar spectrum would be in the range 0.1
to 0.2. These values of optical thickness are based on the measure-
ments of Herman, Browning and Curran (1971) which place the mean
atmospheric optical thickness in the visible spectrum around 0.1.

The single scattering albedo of 0.90 corresponds to a slightly
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Table 7.3 Summary of Surface Parameters and Pollutant Properties
Used in Simulations of Section 7.3

a) Surface Parameters

kS = 2.0 W/m/c Latitude = 42.5°N
pg = 1.5 x 10° kg/m? Solar Declination = 11°N
= 3
cpS 1.0 x 10° Jd/kg/c
re = 0.2
€ = 1.0
H = 0.1
Z0 =0.0lm
ug = 2.8 m/s
vg = 1.88 m/s

Surface Temperature = 285 K
Height of Elevated Source = 100 m

S, = 0.05 }sin (wt/24)| ugm/m3/s (Aerosol and gas)

h

b) Aerosol Properties

107% m?/ugm

>w
n

ex
f = 0.85
w = 0.90
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absorbing aerosol--the amounts of backscatter and absorption are
equal in a layer of an optical thickness of 0.5. As ammonia absorbs
strongly in the 8-12 pm region, it was used as a representative
pollutant. Aerosol properties are also listed in Table 7.3.

The pollutant source was assumed to be elevated in order to
model industrial emissions which are the most important pollutant
sources. It is noted that the source is allowed to vary during the
course of the day. The source strength increases during the day,
reaches a peak 12 hours after sunrise and decreases during the night.
This variation of the pollutant source is a simple representation
of industrial emission during the course of tne day
(Roberts, et al., 1971). The lack of data and the objectives of
this study did not warrant a more detailed treatment of pollutant
emissions.

Two numerical simulations were conducted; in the first one the
poliutants were taken to be non-participating, and in the second one
the pollutants (aerosol and gas) were allowed to participate radia-
tively. As a large number of variables are involved in the simuiations,
it is impractical to present all the numerical results of the experi-
ments. Only some selected results which are relevant to the under-
standing of the radiative effects of pollutants are presented. It
is noted that most of the results are given in tabular form in order
to emphasize the very small differences between the variables of the
non-participating simulation and those of participating simulation.

7.3.2 Effect of Pollutants on Thermal Structure
of Boundary Layer

Table 7.4 illustrates the effect of radiative participation of
pollutants on the thermal and solar fluxes at the surface. It is
seen that aerosols decrease the solar flux at the surface by as much
as 25% at large zenith angles (17:00 of second day). At small zenith
angles the attenuation of solar flux is around 5% (11:00 of second
day). The average attenuation of about 15% agrees well with recent
observations by Rouse, et al. (1973) over Hamilton, Ontario. Thermal
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Table 7.4 Comparison of Thermal and Solar Fluxes at the Surface for
Simulations with Participating (P) and Non-Participating
(NP) Pollutants

Solar Flux (W/m?%)

Thermal Flux (W/m?)

Time NP NP-P NP NP-P
07:00 237.60 216.2 21.4 294.0 294.3 - 0.3
09:00 550.4 532.8 17.6 305.7 308.6 - 2.9
11:00 738.5 726.4 12.1 320.3 327.6 - 7.3
13:00 734.9 720.5 14.4 331.9 344.1 -12.2
15:00 543.0 516.6 26.4 337.2 353.8 -16.6
17:00 233.5 198.4 35.1 336.0 356.0 -20.0
19:00 0 0 0 328.0 351.3 -23.3
21:00 0 0 0 321.1 348.2 -27.1
23:00 0 0 0 316.5 346.7 -30.2
01:00 0 0 0 313.3 345.5 -32.2
03:00 0 0 0 310.6 344.3 -33.7
05:00 0 0 0 308.2 342.8 -34.6
07:00 233.5 184.9 48.6 311.6 345.2 -33.6
09:00 540.0 491.8 48.2 329.0 362.4 -33.4
11:00 725.2 687.9 37.3 344.3 379.7 -35.4
13:00 722.2 682.0 40.2 351.6 388.4 -36.8
15:00 534.1 477.2 56.9 354.7 393.7 -39.0
17:00 229.8 172.6 57.2 352.3 392.7 -40.4
19:00 0 0 0 343.3 386.6 -43.3
21:00 0 0 0 336.2 382.4 ~46.2
23:00 0 0 0 331.2 380.2 -49.0
01:00 0 0 0 327.7 378.6 -50.9
03:00 0 0 0 324.6 377.1 -52.5
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participation by ammonia increases the downward thermal flux by a
maximum of about 16% at 03:00 of the second day. The average
increase of about 10% is consistent with observations made by Oke
and Fuggle (1972) who measured an increase in the downward thermal
flux of approximately 10 percent in Montreal, Canada.

Table 7.5 Tists the potential temperatures for the simulations.
It is seen that during the first 4 hours (7:00 to 11:00) the poten-
tial temperature at 1 m is slightly lTower for the participating
simulation than for the non-participating simulation. An examination
of Table 7.6 shows that during the first day the surface temperature
for simulation P is cooler due to the decrease in solar flux. After
19:00 of the first day the surface temperature as well as the tempera-
ture at 1 m is warmer for the simulation with participating pollutants
for the remaining period of simulation. The temperature excess
reaches a maximum of 3.25 C at the surface at 03:00 of the second
day. During the night, the substantial increase of downward thermal
flux by the participating pollutants leads to an increase of the
surface temperature. However, during the day the increase in solar
attenuation is not accompanied by a decrease in surface temperature.
The surface temperature for the simulation with participating
pollutants is about 0.15 C on an average higher than that with non-
participating pollutants during the second day. An explanation for
this apparent anomaly will be provided in the next paragraph. It is
noted that while solar absorption causes a slight increase in poten-
tial temperature (~0.18 C) at 100 m, the large concentration of
pollutants at the source located at 100 m Teads to cooling at night.
The temperatures in the boundary layer are higher on the second day
than those of the first day because the thermal structure at the
beginning of the second day is considerably different from that
initially. It is clear that periodicity in the thermal structure
variation can be obtained by adjusting the initial conditions.
However, there is no necessity to force the temperature (or velocity)
field to repeat itself 24 hours later because experimental observa-
tions (Clarke, et al., 1971) do not exhibit "precise" cyclic behavior.
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Table 7.5 Comparison of Potential Temperatures (in K) at 1 m and 100 m

for Simulations with Participating (P) and Non-participating
(NP) Pollutants

z=1m z =100 m

Time NP P NP-P NP P NP-P

07:00 285.54 285.23 0.31 286.42 286.50 -0.08
09:00 290.62 290.37 0.25 288.63 288.48 0.15
11:00 294.66 294.59 0.07 291.86 291.83 0.03
13:00 296.63 296.69 -0.06 294.04 294.16 -0.12
15:00 296.48 296.54 -0.06 295.06 295.24 -0.18
17:00 294.36 294.31 0.05 295.00 295.13 -0.13
19:00 290.60 291.02 -0.42 294.71 294.76 -0.05
21:00 288.61 289.28 -0.67 294.71 294.76 -0.05
23:00 287.19 288.25 -1.06 294.50 294.41 0.09
01:00 286.14 287.46 -1.32 294.03 293.91 0.12
03:00 285.23 286.82 -1.59 293.57 293.38 0.19
05:00 284.41 286.27 -1.86 293.07 292.85 0.22
07:00 287.79 288.82 -1.03 292.09 291.70 0.39
09:00 294.40 294.88 -0.48 292.72 293.33 -0.61
11:00 298.04 298.30 -0.26 295.58 296.03 -0.45
13:00 299.05 299.39 -0.35 296.83 297.35 -0.52
15:00 298.60 298.88 -0.28 297.45 298.02 -0.57
17:00 296.46 296.66 -0.20 297.75 297,75 -0.03
19:00 292.72 293.72 -1.00 296.94 297.34 -0.40
21:00 290.73 292.14 -1.41 296.93 297.31 -0.38
23:00 289.27 291.19 -1.92 296.76 296.92 -0.16
01:00 288.17 290.46 -2.29 296.30 296.41 -0.11
03:00 287.16 289.87 -2.71 295.88 295.87 0.01
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Table 7.6 Comparison of Surface Temperatures (in K) and Diffusivities
(in m?/s) at 10 m for Simulations with Participating (P)
and Non-Participating (NP) Pollutants

Surface Temperature Diffusivity of Heat
Time NP p NP P
07:00 285.76 285.39 0.90 0.83
09:00 291.75 291.45 1.48 1.46
11:00 296.23 296.13 1.72 1.70
13:00 289.01 298.03 1.75 1.73
15:00 297.18 297.17 1.58 1.56
17:00 294.14 294.05 1.10 1.01
19:00 289.95 290.44 0.43 0.48
21:00 288.10 288.89 0.59 0.60
23:00 286.81 287.92 0.55 0.59
01:00 285.81 287.17 0.56 0.59
03:00 284.93 286.56 0.56 0.60
05:00 284.12 286.03 0.58 0.61
07:00 288.06 289.03 0.89 0.91
09:00 295.43 295.80 1.34 1.33
11:00 299.36 299.48 1.70 1.71
13:00 300.16 300.41 1.77 1.74
15:00 299.15 299.29 1.59 1.54
17:00 296.20 296.39 1.06 0.83
19:00 292.05 293.17 0.40 0.48
21:00 290.21 291.75 0.58 0.52
23:00 288.89 290. 87 0.55 0.60
01:00 287.82 290.19 0.55 0.60
03:00 286.84 290.19 0.56 0.60
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This study indicates that the predominant effect of aerosols
is that of warming of the earth-boundary layer system. Aerosols
decrease the solar flux reaching the earth's surface, an effect
which, at first glance, would tend to decrease the surface tempera-
ture. However, a more careful examination of the surface energy
balance shows that the reduction of solar flux need not be accom-
panied by a decrease in the surface temperature. It is seen from
Tables 7.4 and 7.8 that the evaporative flux is a large fraction of
the incoming solar plus thermal fluxes. As a relatively small
fraction of the solar radiation contributes to sensible heating,
the surface temperature is not very sensitive to changes in the
incident flux. Thus, if all other physical processes, such as
surface turbulence, were unaffected by aerosols, a decrease in the
solar flux would cause a relatively small decrease in the surface
temperature in order to bring the surface energy fluxes into balance.
However, the readjustment of the surface energy balance can be
accomplished by changes of the temperature of the surface air layer,
and these changes would be sufficient to offset the small decrease
in surface temperature which would be necessary otherwise. The
results of this study show that the aerosols by absorbing solar
radiation in the surface layer cause the necessary change in the
thermal structure of the layer next to the earth's surface to
prevent the decrease in the surface temperature. By direct absorp-
tion of solar radiation aerosols lead to an increase in the tempera-
ture of the surface air layer. This temperature increase causes two
effects which are equivalent to the reduction in surface temperature.
First, the higher temperature above the surface decreases the upward
turbulent heat flux by decreasing the temperature gradient causing
the heat flux. The reduction in the unstable temperature gradient
decreases the eddy diffusivity of heat of the surface layer which in
turn decreases the turbulent heat flux.

An examination of Table 7.8 shows that the total downward flux
(solar plus thermal) is altered very slightly by radiative participa-
tion of pollutants. The reduction in solar flux (see Table 7.4) is
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almost matched in magnitude by the increase in downward thermal flux.
This result is consistent with measurements by Rouse, et al. (1974)
over Hamilton, Ontario. Thus, the relative insensitivity of the
surface temperature to the reduction in the incident radiation
together with the small decrease in the total downward radiation
allows the surface temperature to be determined primarily by the
aerosol induced heating of the surface layer.

The effectiveness of the heating caused by absorption of solar
radiation by aerosols is evident from Table 7.7 which compares the
solar heating term against the turbulent heating term in the energy
equation. It is seen that radiative participation by aerosols
increases the solar heating term by a factor of three. Furthermore,
at some heights the magnitude of the solar heating term is almost
the same as that of the turbulent heating term.

The effect of radiative participation by aerosols on the stability
of the surface layer is evident from Table 7.6. During the day. the
diffusivity at 10 m is decreased by radiative participation. During
the night, the increase in the thermal radiation and the accompanying
increase in surface temperature causes the surface layer to be less
stable. This effect is reflected in the increase of turbulent
diffusivities during the night as shown in Table 7.6.

The modification of surface fluxes by radiative participation is
clearly indicated in Tables 7.8 and 7.9. It is seen that the daytime
turbulent fluxes are reduced due to radiative participation. The
reasons for this have already been considered. Although the stability
of the surface layer is decreased by radiative participation during
the night the substantially higher temperatures at the surface Jead

to a reduction of the downward turbulent fluxes. The soil fluxes are
smaller with radiative participation than without because the higher
soil temperatures allow less energy to flow into the soil layer during
the day, and the higher surface temperatures during the night reduce
the energy transported towards the surface. The evaporative fluxes
are higher for simulation P than for simulation NP because the higher
surface temperatures increase the saturation water vapor pressure at
the surface and thus the concentration.
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Table 7.7 Comparison of Terms in Energy Equation for Simulations

with Participating (P) and Non-Participating (NP)
Pollutants, Time 1s 12:00 hours of Second Day.

B aFS 1 5 ) 38 5

T ) Ik G- ] X 10°(s)

z(m) NP P NP P
] 5.0 12.0 68.0 62.0
5 4.0 12.0 11.0 10.0
10.0 4.0 12.0 18.0 15.0
20.0 4.0 12.0 25.0 22.0
30.0 4.0 12.0 29.0 27.0
50.0 4.0 12.0 35.0 32.0
100.0 4.0 12.0 38.0 35.0
200.0 4.0 11.0 38.0 35.0
300.0 4.0 11.0 35.0 33.0
400.0 4.0 11.0 29.0 27.0
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Table 7.8 Comparison of Energy Fluxes (in W/m?) at the Surface for
Simulations with Participating (P) and Non-participating
(NP) Pollutants

Solar Plus Thermal Latent

Time NP P NP P

07:00 531.6 510.5 74.9 70.9
09:00 856.1 841.4 176.2 171.1
11:00 1058.7 1054.0 274.4 269.4
13:00 1066.7 1064.6 322.0 320.9
15:00 880.2 870.4 284.5 282.0
17:00 569.5 554.5 168.2 156.8
19:00 327.7 361.3 35.3 39.0
21:00 321.1 348.2 19.3 20.3
23:00 316.5 346.7 6.9 12.3
01:00 313.3 345.5 1.1 6.7
03:00 310.6 344.3 0 3.7
05:00 308.2 342.8 0 1.8
07:00 545.1 530.1 28.2 14.0
09:00 869.0 854.2 137.3 140.2
11:00 1069.5 1067.6 288.7 309.5
13:00 1073.8 1070.4 345.1 353.6
15:00 888.8 870.9 295.9 297 .9
17:00 582.1 565.3 163.7 136.3
19:00 343.3 386.6 31.0 40.1
21:00 336.2 382.1 15.3 21.1
23:00 331.2 380.2 2.7 12.8
01:00 327.7 378.6 0 7.1
03:00 324.6 377.1 0 4.0
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Table 7.9 Comparison of Energy Fluxes (in W/m2?) at the Surface for

Simulations with Participating (P) and Non-participating
(NP) Pollutants

Soil Flux Turbulent Flux

Time NP P NP P

07:00 - 64.0 - 52.9 - 14.1 - 10.3
09:00 -164.2 -161.9 -104.0 - 98.3
11:00 -182.8 -187.7 -164.0 -159.7
13:00 -145.2 -148.8 -151.8 -147.0
15:00 - 78.0 - 78.3 - 75.7 - 68.1
17:00 - 2.6 - 3.0 20.0 22.8
19:00 74.0 60.2 33.0 30.5
21:00 58.2 44.4 30.4 22.4
23:00 50.1 34.4 23.8 20.6
01:00 45.5 29.1 20.5 17.5
03:00 44.0 25.7 18.9 15.8
05:00 43.0 23.6 18.1 14.8
07:00 -107.0 - 90.9 - 18.8 - 14.0
09:00 -214.4 -202.8 - 84.0 - 75.8
11:00 -185.4 -172.8 -139.4 -128.8
13:00 -138.2 -137.0 -130.0 -117.5
15:00 - 77.8 - 73.8 - 61,2 - 44.6
17:00 - 5.5 - 11.9 23.1 20.4
19:00 67.5 43.2 32.2 28.7
21:00 50.2 27.4 30.7 21.9
23:00 42.4 18.8 23.8 19.4
01:00 40.1 13.7 21.0 16.7
03:00 39.2 10.5 19.8 15,2
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The effect of pollutant participation on the thermal structure
is evident from Figures 7.10 and 7.11. Direct solar energy absorption
by aerosols increases the temperature of the boundary layer by about
0.1 C on the first day, and about 0.55 C on the second day of simula-
tion. These higher temperatures persist during the night as seen in
Figure 7.11. The nocturnal surface temperature is about 2 C higher
at 05:00 of the second day and about 2.8 C higher at 21:00 on the
same day. This excess temperature is caused by the increase in
downward thermal radiation due to gaseous pollutants. It is seen
that in the vicinity of the elevated source at 100 m, the high
pollutant concentrations cause a small degree of cooling.

7.3.3 Effect of Pollutants on the Earth-Boundary
Layer System

The effective solar reflectance or albedo of the earth-boundary
layer system can be used to determine the overall effects of pollutants
participating in the solar spectrum. If the addition of pollutants is
accompanied by a decrease in albedo the resultant effect is one of
warming, and an increase in albedo caused by pollutants would lead to
a relative cooling of the earth-boundary layer system. It is clear
that while aerosol and water vapor absorption tend to decrease the
albedo, aerosol and Rayleigh scattering tend to increase the albedo.
Figure 7.12 illustrates the effect of aerosol participation on the
effective albedo of the earth-boundary layer system. It is seen that
the albedo reaches a minimum at solar noon and increases with zenith
angle. This result is consistent with the findings of Bergstrom
and Viskanta (1973). The albedo with non-participating pollutants
is lower than the assumed surface albedo of 0.2 because water vapor
absorption in the boundary layer dominates Rayleigh scattering (Lacis
and Hansen, 1974) under clear skies. It is noted that aerosol
participation increases the effective albedo at large zenith angles.
This increase is caused by two factors. As the aerosols used in
this study scatter predominantly in the forward direction (f = 0.85)
backscattering becomes important only when the optical path length is
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large. Furthermore, as the increase in the zenith angle is accom-
panied by an increase in the water vapor path length above the
boundary layer, the incremental water vapor absorption in the boundary
layer is decreased. At low zenith angles around noon aerosol absorp-
tion of solar radiation leads to a decrease in the effective reflect-
ance as seen in Figure 7.12. An important consequence of this
decrease in albedo is the net heating of the earth-boundary layer
system during the hours around noon. As 60% of the total solar
energy available during a day is incident on the earth-atmosphere
system during the period denoted by AB in Figure 7.12, the warming
effect of aerosols can be significant. The effect of this warming

on the surface temperature is dependent on the proportions of latent
and sensible heating at the surface as well as amount of convective
contact between the aerosol layer and the surface.

It is interesting to compare the results of this study with
those of similar investigations (Bergstrom and Viskanta, 1973;
Atwater, 1975). Bergstrom and Viskanta (1973) as well as Atwater
(1975) while predicting warmer atmospheric temperatures find that
solar attenuation caused by aerosols leads to a decrease in the
surface temperature. Bergstrom and Viskanta (1973) show that the
aerosol cooling effect on the surface can be as large as 2 C over
a period of two days. It is evident from the discussion of the
preceding paragraphs that the effect of aerosol induced boundary
lTayer warming on the surface temperature is dependent on the degree
of solar attenuation as well as the surface parameters. Bergstrom
and Viskanta used relatively high poliutant mass loadings which lead
to a greater reduction of the solar fluxes (12% at solar noon). As
they neglected evaporation, the surface temperature was sensitive
to this reduction in solar fiux, and consequently their surface
temperature was decreased. Thus, it is clear that it is not possible
to draw any conclusions on the effect of aerosols on the surface
temperature without qualifying the conclusions with statements about
surface parameters, radiative properties of pollutants, concentra-
tion and distribution of pollutants, latitude and time of the season.
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7.3.4 Effect of Pollutants on Pollutant Dispersal

Figure 7.13 shows the evaluation of the aerosol concentration
profiles over a period of 16 hours. The figure has been presented
primarily to illustrate the effect of introducing pollutants into
the boundary layer from an elevated source. It can be seen that the
aerosol concentration reaches a maximum at the source and decreases
above and below the source height of 100 m. During the day the
aerosol concentration is almost uniform through the boundary layer.
The stability of the nocturnal boundary layer leads to large
(~700 nug/ m®) aerosol concentrations at the source. As turbulent
activity is confined to the lowest 200 m, pollutants injected from
the source accumulate in the surface layer. Increased vertical
mixing in the nocturnal boundary layer only serves to transfer
pollutants from the source to the ground. The relevance of this
statement will become clear when the effects of pollutants on
pollutant dispersal are discussed in the next paragraph.

Solar heating due to aerosols during the day decreases the
instability of the surface layer, and the increase in the thermal
radiation during the night tends to decrease the stability of the
surface layer. Thus, radiative participation by pollutants decreases
the amount of pollutants transported from the source to the surface
during the day, and increases the amount transported during the
night. These effects are evident from an examination of Table 7.10.
With pollutant participation the aerosol concentration is Tower by
a maximum of about 64 ug/m3 (7%) during the day. The effects of
pollutants on pollutant dispersal are more significant during the
nighttime. Radiative pollutant participation increases the aerosol
concentration at 1 m by as much as 90 ug/m? (18%). At 200 m the
aerosol concentration is lower with pollutant participation than
without. The higher surface temperatures caused by pollutants lead
to increased vertical mixing and lower pollutant concentrations at
200 m.

Radiative participation by pollutants did not affect the growth
of the mixed layer to an appreciable extent in the simulations
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Simulations with Participating (P) and Non-participating
(NP) Pollutants

=1m z=200m
Time NP P NP-P NP P NP-P
07:00 55.0 53.4 1.6 50.3 50.1 0.2
09:00 105.0 106.4 -1.4 95.0 94.5 0.5
11:00 122.0 124.6 - 2.6 115.0 117.3 2.3
13:00 130.0 131.4 -1.4 123.5 124.7 1.2
15:00 145.3 146.0 - 0.7 138.3 138.9 0.6
17:00 175.3 177.5 - 2.2 163.7 164.3 0.6
19:00 188.3 188.4 - 0.1 165.7 164.1 1.6
21:00 188.6 188.7 - 0.1 165.7 164.1 1.6
23:00 208.3 238.8 -30.5 165.7 164.1 1.6
01:00 275.8 322.4 -46.6 165.7 164.1 1.6
03:00 344.7 407.5 -62.8 165.7 164.1 1.6
05:00 407.3 487.3 -80.0 165.7 164.1 1.6
07:00 504.4 593.5 -89.1 167.5 165.4 1.1
09:00 805.1 780.6 24.5 487.0 437.5 49.5
11:00 414.5 350.1 64.4 377.0 321.5 55.5
13:00 298.6 280.5 18.1 289.4 272.0 17.4
15:00 292.8 277.6 15.2 284.5 268.9 15.6
17:00 315.3 302.5 12.8 301.2 281.3 19.9
19:00 330.9 322.5 8.4 300.5 282.0 18.5
21:00 331.8 323.7 8.1 300.5 282.0 18.5
23:00 347.9 385.9 -38.0 300.5 282.0 18.5
01:00 414.2 476.6 -62.4 300.5 282.0 18.5
03:00 477.5 568.8 -91.3 300.5 282.0 18.5
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described in this section. However, radiative participation was
found to be very important in determining the mixed layer height
when pollutant layers were situated at heights above the surface.
The simulations investigating these effects are described in the
next section.

7.4 Effect of Elevated Layers of Pollutants

Pollutants which are vertically dispersed when the mixed layer
grows during the day. can form elevated layers when the boundary layer
contracts around sunset. Elevated poliutant Tayers could also result
from the emission of pollutants from tall smokestacks which can be
as high as 320 m (Cole and Lyons, 1972). As these elevated Tayers
are associated with stable regions (above the mixed layer) where
turbulence is inhibited, their radiative participation can lead to
a significant modification of the thermal structure of the stable
Tayer. Since the stability of the inversion capping the mixed layer
controls the growth of the mixed layer, elevated pollutant layers
can affect pollutant dispersal and fumigation as well as the tempera-
ture of the mixed layer.

In this section, the simulations performed to investigate the
effect of elevated pollutant layers will be discussed. The pollutant
parameters are based on those calculated by Hansen and Pollack (1970)
for typical aerosols. Table 7.11 summarizes the particulars of the
simulations and the pollutant parameters used. The pollutant layers
were chosen to be 300 m thick and the maximum pollutant concentration
was taken to be 400 pg /m®. The relatively large value of 400 ug/m?
was used to highlight radiative effects. The vertical distribution
of pollutants within the elevated layer is shown in the initial
profiles for the pollutant concentrations.

The first set of simulations were performed with the lower edge
of the pollutant layer located at 300 m. The results of four differ-
ent simulations are shown in Figures 7.14 to 7.17. These figures
illustrate the evolution of the potential temperature profiles over
a 16 hour period. The temperature profiles of simulation NP
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Table 7.11 Summary of Simulations with Elevated Layers

a) Aerosol Parameters

= 107 M
Bex = 107° 75
f = 0.85
w = 0.90

b) Pollutant gas: NH; (Ammonia)

c) Simulations:

NP - No participation by gaseous pollutants (thermal)
and aerosols (solar)

P - Participation by gaseous pollutants and
aerosols

SP - Participation by aerosols only

TP - Participation by gaseous pollutants only
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TEMPERATURE
2300 T 1 T Y Y T
[
2000 L o
1500 p :
= 3 <
8 I ‘
¥
1000 I e
0 -
) 20 282 294 ?& 3; éc 0
TEMPERATURE K
TEMPERATURE
500 Y v v

2000

-

HEIGHT M

hmmzuaoal

TENPERATURE X

137

TEMPERATURE

—r T T
4

2000

3
1500

HEIGHT N

1900 -

T

T

T T

X

TEMPERATURE

2008

HEIGHT N _

L
1H0

L I A S ¥ v ¥

Figure 7.15 Potential Temperature Profiles for Time 09:00 to 12:00.

Elevated Pollutant Layer at 300 m

arrangement).

(See Figure 7.14 for



138

TEMPERATURE
200 e ——— 11— —
|
2000 E
100 b J
= 4
= P
8 ]
¥ 4
1000 -
500 |- -1
A A ' ' 'y .
& & 296 298 X0 32 3% 36
TEMPERATURE K
TEMPERATURE
2500 AT T T Y T YT T T YT PR YT T Y
L
2000 |- -

T

HEIGHT W

Ty

T

L.. 5.0 296.0

Figure 7.16

TEMPERATURE

B (YT T T TR Y Y T T Y T YT T YT I Y Y YT YT T YT YT

3 1

3 E

s 4

r 1

2000 |- 4
L

L 4

L E

1500 |- -

x L 4

E - 4

= 49

¥ ¢ J

"o | -

} 4

- E

3 4

s 4

" E

E

b iddadasssdaasadassabaaasdoaasdosas

Ad 'y
h.. 208,90 26,0

27.0 0.0 299.0 300.0 310 2.0 N3¢ 3048
TEMPERATURE X
TEMPERATURE
0 T T T T T T T T T T
2000 - :
1500 |-
= S
v |
"e -
-
L
h .

26 ] L 1] 4

TEMPERATURE K

Potential Temperature Profiles for Time 13:00 to 16:00.

Elevated Pollutant Layer at 300 m (See Figure 7.14 for
arrangement).



139

TEMPERATURE 200 p—————1—r TEM.PE?RT}RE v———T
230 AR SN A BRSR SENN S R SR ASEE St SN R SN BN B +
2000 J 2000 :
] 500 r-
:usoo ) =z }
£ ] & |
s I 1]t
1000 4 e
800 ] wr
W s -
TEMPERATURE TEMPERATURE
2500 \ZSE S S EUS S BN S SR RN M SN MRS R S 2500 LANN B B Seni i SERS SN BN St EE AN s ey Bum Aaan mans
. ]
2000 2000 ]
1500 [ 1500 i ]
xT t 4 3 p
& & '
¥ | ¥ 4
1000 1900 J
i [ ]
[ " -
1™ o a  m om o

Figure 7.17 Potential Temperature Profiles for Time 17:00 to 20:00.
Elevated Pollutant Layer at 300 m (See Figure 7.14 for
arrangement).



140

(non-participating pollutants) show the usual development with the
nocturnally established inversion being eroded away as the mixed layer
grows during the day. The surface starts cooling in about 10 hours
and a surface inversion is re-established. The results of simulation
TP show the cooling effect of pollutants which participate only in

the thermal spectrum. The cooling is quite pronounced within 4 hours,
and the mixed layer grows rapidly as the stable layer above it is
cooled. At the same time the thermal participation of the pollutants
creates a sharp inversion (~2 K) at the top of the mixed layer. This
strong inversion tends to slow down the growth of the mixed layer.

The formation of this inversion has been predicted in theoretical
studies by Atwater (1970) and Bergstrom and Viskanta (1972). Observa-
tions (Bornstein, 1968; Rouse, et al., 1974) of elevated inversions
over industrial areas lend some validity to this theoretical prediction.

Simulation SP (aerosol participation only) shows the effects of
aerosol heating. In about 8 hours the heating leads to the formation
of a highly stable layer at a height of around 400 meters. The layer
above the stable layer is marked by a negative potential temperature
gradient. It is evident from Figure 7.15 that the sharp temperature
gradient caused by aerosol heating effectively impedes the growth
of the mixed layer. It is only after 9 hours that the mixed layer
is able to penetrate the inversion, and the growth thereafter is
relatively rapid as the layer above is unstable.

The results of simulation P (participation by aerosols and gases)
show the opposing effects of gases and aerosols. The heating caused
by aerosols is counteracted to a certain extent by the cooling induced
by the gaseous pollutants. Figure 7.15 shows that the pollutant
layer heating up at the bottom and cooling at the top. The stabilizing
effect of heating prevents the mixed layer from growing as rapidly
as in the case when there is no pollutant participation. Once the
mixed layer penetrates the inversion it grows at a rate comparable
with that of simulation NP.

Tables 7.12 and 7.13 compare the thermal and solar fluxes at
the surface for simulations P, NP, SP and TP. As expected, solar
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Table 7.12 Comparison of Thermal Fluxes (in W/m?) at the Surface
(Elevated layer at 300 m)

Thermal Fluxes

Time NP P SP TP

06:00 292.8 314.3 292.8 314.4
07:00 293.9 315.1 293.3 315.8
08:00 299.1 319.8 297.9 320.9
09:00 305.7 326.3 304.2 327.6
10:00 312.9 333.6 311.4 334.8
11:00 320.2 341.3 319.0 342.3
12:00 326.8 349.0 326.5 348.8
13:00 331.8 355.2 332.7 353.9
14:00 335.4 358.9 337.0 357.5
15:00 337.2 360.7 338.5 359.5
16:00 337.4 360.8 338.4 359.7
17:00 336.0 359.1 336.7 358.2
18:00 332.7 355.7 333.2 355.0
19:00 327.7 351.1 328.3 350.1
20:00 324.0 347.7 324.5 347.0
21:00 321.1 345.1 321.5 344.4
22:00 318.5 342.9 318.9 342.3
23:00 316.5 341.2 316.8 340.6
00:00 314.8 339.7 315.1 339.0
01:00 313.3 338.3 313.6 337.7
02:00 311.9 337.1 312.2 336.5
03:00 310.6 336.0 310.9 335.4
04:00 309.4 335.0 309.6 334.4
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Table 7.13 Comparison of Solar Fluxes (in W/m?) at Surface (Elevated
Layer at 300 m)

Solar Fluxes

Time NP P SP TP

06:00 70.5 56.3 56.3 70.5
07:00 257.6 200.6 200.6 257.6
08:00 402.9 365.5 365.5 402.8
09:00 550.4 518.7 518.8 550.3
10:00 665.9 640.6 640.7 665.7
11:00 738.5 717.8 718.0 738.3
12:00 762.1 742.9 743.3 761.8
13:00 734.9 713.9 714.3 734.5
14:00 659.5 634.0 634.4 659.1
15:00 543.0 511.3 511.7 542.7
16:00 396.3 359.3 359.6 396.0
17:00 233.5 197.2 197.4 233.3
18:00 69.7 55.9 55.9 69.7
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participation by pollutants decreases the solar flux at the surface
by about 20% at large zenith angles (06:00) and by about 4% around
solar noon. The average solar attenuation of about 12% is consistent
with measurements made by Rouse, et al. (1973) in Hamilton, Ontario.
Thermal participation by pollutants increases the downward thermal
flux by about 10%. It is noticed that around noon the solar attenua-
tion is of the same magnitude as that of the decrease in the thermal
flux; this indicates that cooling caused by pollutants might be com-
pensated to a degree by pollutant induced heating. The thermal fluxes
of simulation P (solar and thermal participation) are slightly larger
than those of simulation TP (thermal participation only). This is
to be expected as the increase in the atmospheric temperature caused
by solar heating is accompanied by an increase in thermal fluxes.
Table 7.14 presents the potential temperatures at 1 m for the
simulations. During the first 6 hours after sunset, the effects of
the reduction in the surface solar flux dominate over those of
absorption of solar radiation in the surface layer thus reducing the
temperature at 1 m for the simulations with solar participation. At
13:00 hours the effects of solar heating become evident with the
temperature at 1 m becoming higher in the simulations with solar
participation (P, SP) than that in the simulation with non-
participating pollutants. This temperature excess is about 0.1 C
on an average over the period of simulation. It is interesting to
note that the beginning of the solar heating is accompanied by the
increase in the surface aerosol concentration from the background
value of 50 pg/m® to 130 ug/m®. It is seen from Table 7.15 that
absorption of solar radiation in the surface layer also affects the
surface temperature. Although the solar flux reaching the surface
is reduced by about 15% for simulation SP, the surface temperature
is 0.1 C higher during the major portion of the period of simulation.
The complex physical processes responsible for this seemingly
anomalous temperature excess have already been described in
Section 7.3.



Table 7.14 Comparison of Potential Temperatures (in K) at 1 m
(Elevated layer at 300 m)
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Potential Temperature

Time NP P SP TP

06:00 283.57 283.75 283.38 283.92
07:00 285.55 285.43 285.00 285,97
08:00 288.10 287.89 287.50 288.49
09:00 290.62 290.44 290.07 290.97
10:00 292.85 292.73 292.38 293.14
11:00 294.66 294.67 294.35 294.82
12:00 295.93 296.08 295.91 295.93
13:00 296.63 296.84 296.89 296.60
14:00 296.80 297.00 297.12 296.78
15:00 296.48 296.64 296.68 296.47
16:00 295.66 295.76 295.77 295.66
17:00 294.36 294.41 294 .37 294,40
18:00 292.47 292.69 292.56 292.62
19:00 290.60 291.08 290,70 290.95
20:00 289.50 290.10 289.60 289,99
21:00 288.61 289.28 288,71 289.11
22:00 287.80 288.68 287,88 288.55
23:00 287.19 288,16 287.28 288,03
00:00 286.64 287.69 286.73 287 .57
01:00 286.14 287.28 296.23 287.15
02:00 285.68 286.90 285.76 286.78
03:00 285.23 286.55 285.30 286.43
04:00 284.80 286.23 284.87 286.11
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Table 7.15 Comparison of Surface Temperatures (in K) of Simulation
with Non-participating (NP) Pollutants and Simulation
with Solar Participation (SP) only (Elevated Layer at

300 m)
Temperature

Time NP SP

07:00 285.76 285.12
09:00 291.75 291,09
11:00 296.23 295,88
15:00 297.18 297.17
17:00 294,14 294,10
19:00 289.95 290.02
21:00 288.10 288.19
23:00 286.81 286,90
01:00 285.81 285,89
03:00 284.93 284.99
05:00 284.12 284,17
07:00 288.06 287.44
09:00 295.43 294.93
11:00 299,36 299,53
13:00 300.16 300.39
15:00 299.15 299.24
17:00 296.20 296.40
19:00 292.05 292.22
21:00 290.21 290.38
23:00 288.89 289.05
01:00 287.82 287.96

03:00 286.84 286.95
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Figures 7.18 to 7.21 show the effect of radiative participation
of pollutants on pollutant dispersal. During the first four hours,
the pollutant layer is unaffected as the mixed layer has not yet
grown high enough to disperse the pollutants. During the following
4 hours, the effect of pollutants is evident from the different rates
of pollutant dispersal as shown in Figure 7.19. Thermal participation
by increasing the initial rate of mixed layer growth is conducive
to pollutant dispersal while solar participation decreases the rate
at which pollutants diffuse away from the pollutant layer. At the
end of 8 hours after the beginning of the simulation, the surface
poliutant concentration is 180 ug /m*® for no participation, 170
ugm/m?® for thermal and solar participation, 135 pg/m® for solar
participation only, and 200 ug /m® for thermal participation only.
From Figure 7.20, it can be seen that solar participation can slow
down pollutant dispersal even after 9 hours. Once the mixed layer
penetrates the inversion created by solar heating, pollutants are
mixed rapidly, and radiative participation becomes unimportant.

Figure 7.22 shows the effect of radiative participation on the
growth of the mixed layer. It is seen that the Targest mixed layer
heights (1300 m) occur for the simulations in which there is solar
participation. An explanation for this apparent anomaly is fairly
simple. Solar heating creates a sharp inversion at the height of
the aerosol layer; at the same time the layer above the inversion is
destabilized. Initially, the inversion created by solar heating
inhibits the growth of the mixed layer, but once the mixed layer
penetrates the inversion its growth is relatively more rapid than
for the other simulations as the layer above the inversion is unstable
The effects of the destabilizing influence of solar heating are
evident on the second day when the mixed layer growth is greatest
(1420 m) for the simulations with solar participation. Cooling
induced by gaseous pollutants helps the growth of the mixed layer
as evidenced by the Targer mixed layer heights for the simulations
with thermal participation.
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Figure 7.18 Aerosol Concentration Profiles for Time 05:00 to 08:00.
Top Left is Simulation NP, Top Right is Simulation P,
Bottom Left is Simulation SP, and Bottom Right is Simula-

tion TP.

Elevated Pollutant Layer at 300 m.
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7.5 Effect of Changing the Height of the

Elevated Pollutant Layer

A second set of simulations was performed to determine the
effect of the height of elevated pollutant Tayer on thermal structure
and pollutant dispersal. The lower edge of the pollutant layer was
located at 600 m. Figures 7.23 to 7.30 illustrate the variation of
the temperature and concentration profiles over a period of 16 hours.
The results indicate the same trends as those of the first set of
simulations. However, as the greater height of the pollutant layer
allowed the pollutant induced heating and cooling to proceed over a
Tonger period of time, the inversions formed were considerably sharper
as indicated in Figure 7.24. It is seen from Figure 7.25 that the
inversion created by .solar heating is large enough to prevent the
growth of the mixed layer beyond the height of the pollutant layer.
The effect of the creation of this "1id" on pollutant dispersal is
evident in Figures 7.29 and 7.30.

The simulations can be better understood by examining the
variables presented in Tables 7.16 to 7.19. Radiative participation
by aerosols and gases increases the temperature at 1 m. The tempera-
ture excess is about 0.2 C during the day and reaches a maximum of
1.5 C at 03:00 of the second day. It is noted that the temperature
excess produced by thermal participation alone is slightly higher
than that with thermal and solar participation during the first four
hours of simulation. This indicates that initially the effects of
the decrease in the solar flux at the surface offset those of solar
heating and the increase in downward thermal radiation. With solar
participation alone, the temperature at 1 m is slightly lower
(~0.6 C) than that with no participation during the first 16 hours
of simulation. An examination of Table 7.16 shows that the lower
surface concentrations (pollutant dispersal is impeded by solar
heating) allows the effects of surface solar flux reduction to
dominate over those of solar heating during the first 16 hours
leading to the decrease in the temperature at 1 m. However, as
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Table 7.16 Comparison of Temperatures (in K) at

1 m (Elevated Layer

at 600 m)
Temperature

Time NP P SP TP

07:00 285.55 285,65 285,00 285.95
09:00 290.62 290.69 290.07 290.97
11:00 294.66 294.78 294,23 294.99
13:00 296.63 296.80 296.36 296.78
15:00 296.48 296.68 296,37 296.52
17:00 294.36 294.50 294.18 294.43
19:00 290.60 291.09 290.60 290.97
21:00 288.61 289.25 288.53 289.19
23:00 287.19 288.16 287.28 288.03
01:00 286.14 287.27 286.23 287.15
03:00 285.24 286.55 285.27 286.42
05:00 284.41 285.93 284,43 285.81
07:00 287.79 288.91 287.25 289.10
09:00 294.40 295.00 293.92 295.06
11:00 298.04 298.33 298.04 298.05
13:00 299.04 299.29 299.49 299.00
15:00 298.60 298.82 299.29 298,52
17:00 296.46- 296.63 297.10 296.47
19:00 292.72 293.29 293.44 293.09
21:00 290.72 291.50 291.47 291.30
23:00 289.27 290.33 290.00 290.15
01:00 288.17 289.42 288.74 289.26
02:00 287.16 288.67 287.66 288.52
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soon as the surface concentration reaches 102.7 ug/ m® solar heating
becomes more significant and the temperature at 1 m is heated above
that of the simulation with no radiative participation. This tempera-
ture excess reaches a maximum of about 0.5 C at 03:00 of the second
day. The temperature increase is caused to a smaller extent by the
increased downward thermal radiation emitted by the atmosphere which
is warmer due to solar heating by aerosols.

Tables 7.17 and 7.18 1ist the thermal and solar fluxes absorbed
at the surface for the simulations. As expected, pollutant participa-
tion increases the downward thermal flux. Solar heating also
contributes to this increase by heating the atmosphere. The maximum
downward thermal radiation excess is around 25 W/m? (7%) and occurs
at 21:00 of the second day. Solar fluxes are reduced by aerosol
participation. The maximum reduction occurs at large zenith angles
(17:00) and is about 90 W/m? (30%). The small differences between
the solar fluxes of simulations P and SP are caused by variation of
the water vapor path length. It is noted that the reduction of
pollutant dispersal by solar participation alone leads to relatively
large local heating rates.

Table 7.19 shows the effect of radiative participation by
pollutants on pollutant dispersal. It is seen that initially solar
heating due to aerosols slows pollutant dispersal from the elevated
layer as indicated by the lower surface concentrations for the
simulations with solar participation. The concentrations of simula-
tion P show that cooling induced by the gaseous pollutant helps the
mixed layer penetrate the sharp inversion created by solar heating
due to aerosols. Once the mixed layer penetrates the inversion
its growth is more rapid than for the other simulations because the
region above the inversion is unstable. The more rapid growth and
consequently the higher final mixed layer thickness is indicated by
the lowest value (125.7 ug /m?®) of surface concentration at 03:00
of the second day. It is interesting to note that the greatest
surface (1 m) aerosol concentration occurs for the simulation in
which aerosols are the only participants. An explanation for this



163

Table 7.17 Comparison of Solar Fluxes (in W/m?) at Surface (Elevated
Layer at 600 m)

Solar Fluxes

Time NP P SP TP
07:00 237.6 200.6 200.6 237.6
09:00 550.4 518.7 518.8 550.3
11:00 738.5 717.9 718.0 738.3
13:00 734.9 714.2 714.3 734.5
15:00 543.0 511.5 511.7 542.7
17:00 233.5 197.3 197.3 233.3
19:00 0 0 0 0
21:00 0 0 0 0
23:00 0 0 0 0
01:00 0 0 0 0
03:00 0 0 0 0
05:00 0 0 0 0
07:00 233.5 197.6 197.6 233.3
09:00 540.0 509.0 509.2 539.3
11:00 725.2 704.8 704.9 724.0
13:00 722.2 701.6 701.8 721.,0
15:00 534.1 502.9 503.2 533.2
17:00 229.8 194.0 194.5 229.5
19:00 0 0 0 0
21:00 0 0 0 0
23:00 0 0 0 0
01:00 0 0 0] Q
03:00 0 0 0 0
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Table 7.18 Comparison of Thermal Fluxes (in W/m?) at Surface
(Elevated Layer at 600 m)

Thermal Fluxes

Time NP P ' SP TP

07:00 294.0 314.9 293.3 315.3
09:00 305.7 326.5 304.1 327.2
11:00 320.3 334.3 318.7 341.9
13:00 331.8 353.4 330.7 353.4
15:00 337.2 360.5 337.1 359.5
17:00 336.0 359.2 336.0 358.2
19:00 327.7 351.1 327.6 350.1
21:00 321.1 345.1 321.0 3444
23:00 316.5 341.2 316.5 340.5
01:00 313.3 338.3 313.4 337.7
03:00 310.6 336.0 310.5 335.4
05:00 308.2 333.0 308.0 333.4
07:00 311.6 337.0 310.6 336.8
09:00 329.0 353.3 327.4 353.3
11:00 344.3 368.5 343.8 367.2
13:00 351.6 375.6 353.3 374.1
15:00 354.7 378.8 358.1 377.4
17:00 352.3 376.2 355.8 375.0
19:00 343.3 367.6 346.3 366.4
21:00 336.2 361.2 338.9 360.3
23:00 331.2 357.0 334.0 356.1
01:00 327.7 353.9 330.0 353.1
03:00 324.6 351.4 326.6 350.6
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Table 7.19 Comparison of Aerosol Concentrations (in ug/m®) at 1 m
(Elevated Layer at 600 m)

Aerosol Concentrations

Time NP p sp TP
07:00 50.0 50.0 50.0 50.0
09:00 50.0 50.0 50.0 50.0
11:00 50.0 50.0 50.0 50.0
13:00 81.7 76.3 53.4 128.4
15:00 149.7 147.7 87.7 149.0
17:00 152.0 149.3 102.6 143.8
18:00 151.7 149.0 102.7 143.3
21:00 151.7 149.0 102.7 143.3
23:00 151.7 149.0 102.7 143.3
01:00 151.7 149.0 102.7 143.3
03:00 151.7 149.0 102.7 143.3
05:00 151.7 149.0 102.8 143.3
07:00 151.7 149.0 102.8 143.3
09:00 141.4 149.0 103.0 143.1
11:00 150.8 147.9 104.1 142.2
13:00 144.9 138.6 133.4 136.8
15:00 134.4 129.3 133.6 129.9
17:00 130.2 125.8 141.5 126.6
19:00 130.1 125.7 1415 136.4
21:00 130.1 125.7 141.5 136.4
23:00 130.1 125.7 141.5 136.4
01:00 130.1 125.7 141.5 136.4
03:00 130.1 125.7 141.6 136.4
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can be found by examining the effect of solar heating on the height
of the mixed layer. Solar heating does inhibit dispersal as indicated
by the lower surface pollutant concentrations till 11:00 of the

second day. At the same time the sharp inversion induced by solar
energy absorption prevents the vertical expansion of the mixed

layer. Thus, the pollutants which are allowed to disperse over a
smaller vertical extent reach higher concentrations at the surface.

Figure 7.31 illustrates the effect of radiative participation
on the growth of the mixed layer. It is evident that the height of
the elevated pollutant layer determines the effect of solar heating.
When the pollutant Tayer is at 600 m solar heating proceeds over a
longer period of time and the inversion formed is large enough to
Timit the growth of the mixed layer. The mixed layer is not able
to penetrate the inversion and does not grow beyond 820 m. It can
be seen that cooling induced by gaseous pollutants helps the mixed
layer to grow. This effect is evident in the simulation in which
there is thermal and solar participation. While the mixed layer is
not able to penetrate the solar heating induced inversion when
aerosols are the only radiative participants, it does so with the
assistance of gaseous cooling. As the layer above the inversion
is unstable the mixed layer grows to a height of 1420 m, the largest
value for the simulations.

It is clear from the simulations described that aerosols lead
to a surface layer temperature increase by absorbing solar radiation
in the surface layer of the boundary layer. Thus, this warming
effect is dependent on the presence of fairly large aerosol concen-
trations near the surface. This line of reasoning indicates that
aerosols would cause cooling if they are distributed well above the
surface layer. To test this hypothesis a simulation was performed
with the aerosol layer located at 1200 m. Only solar participation
was allowed to prevent the dispersal of pollutants from the layer.
Table 7.20 compares the solar fluxes and the temperature at 1 m
against those for the simulation with no radiative participation.
The small reduction in the solar radiation during the second day
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Table 7.20 Comparison of Solar Fluxes (in W/m?) and Temperature
(in K) at 1 m (Elevated Layer at 1200 m)

168

Solar Flux Temperature

Time NP P NP P

07:00 374.6 ’ 200.3 285.54 284,70
09:00 550.4 515.8 290.62 289.80
11:00 738.5 712.3 294,66 293.95
13:00 734.9 708.4 296.63 296.01
15:00 543.0 508.3 296.48 295.76
17:00 233.5 196.9 294.36 293.42
19:00 0 0 290,60 289.71
21:00 0 0 1288.61 287.68
23:00 0 0 287.19 286,21
01:00 0 0 286.14 285.10
03:00 0 0 285.23 284.08
05:00 0 0 284.41 283.18
07:00 233.5 197.6 287.79 285.98
09:00 540.0 505.6 294.40 292.79
11:00 725.2 698.7 298.04 296.97
13:00 722.2 695.5 299.04 298.09
15:00 534.1 499.6 298.60 297.63
17:00 229.8 193.9 296.46 295.32
19:00 0 0 292.72 291.64
21:00 0 0 290.73 289.64
23:00 0 0 289.27 288.15
01:00 0 0 288.17 286.93
03:00 0 0 287.16 285.84
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is caused by the increased amount of water vapor in the boundary
layer. It is interesting to note that solar attenuation leads to
a surface layer temperature decrease of about 1.2 C during the
second day.

7.6 Effect of Changing Aerosol Properties

Recent studies (Mitchefl, 1971; Russell and Grams, 1975) show
that tropospheric aerosols cause cooling or heating of the earth-
boundary layer system depending upon their properties. As the
properties of aerosols are not well known, it is not possible to
draw definite conclusions about their effects. In order to gain
some understanding of the importance of aerosol properties, aerosol
parameters such as single scattering albedo and forward scattering
factor were varied in a number of simulations. The aerosol extinction
coefficient was chosen so that the maximum aerosol optical thickness
of the boundary layer was around 0.14, a value which is consistent
with measurements made by Herman, et al. (1971). They placed the
mean aerosol optical thickness of the atmosphere around 0.1.

Some of the most important simulations are listed in Table 7.21
and some selected results are presented in Tables 7.22 and 7.23.
Aerosol participation decreases the temperature at 1 m in all the
simulations during the first 26 hours. This indicates that during
this period the absorption of solar radiation in the surface layer
is not significant enough to offset the effect of the reduction of
solar flux at the surface. Around 11:00 of the second day of simula-
tion the aerosol optical thickness is about 0.1 and the effects of
solar heating become evident. The results of simulations 2 and 4
show that the surface air layer is about 0.1 C warmer during the
remaining 20 hours. This result indicates that very slightly
absorbing aerosols (w = 0.9) can cause warming of the surface layer.
The predominantly scattering albedo of 0.99 of simulation 3 and the
small forward scattering factor of 0.5 (b = 0.5) of simulation 5
lead to a decrease in the temperature of the surface air layer. The
temperature deficit reaches a maximum of about 1.23 C at 07:00 of
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Table 7.21 Summary of Simulations Performed to Study the Effect of
Aerosol Property Variation; FS = 0.2, H=0.1

Simulation No. Parameters Characterizing Radiative Participation

1 No radiative participation
2 Aerosol participation; w = 0.8, f = 0.85
Bax = B % 1077 m2/ug

e

3 Aerosol participation; w = 0.99, f = 0.85,
Bex = 5x 1077 m*/ug

4 Aerosol participation; w = 0.90, f = 0.85,
Bay = 5 X 1077 m2/ug

5 Aerosol participation; w = 0.90, f = 0.5,

Bay = 5 X 1077 m?/ug




Table 7.22 Comparison of Temperatures at 1 m to Study the Effect
of Aerosol Parameter Variation

Temperature (K)

Time
1 2 3 4 5

07:00 285.54 285.33 285.12 285.37 285.29
09:00 290.62 290.46 290.30 290.50 290.30
11:00 294.66 294,59 294.44 294 .64 294.38
13:00 296.63 296.63 296.49 296.67 296.36
15:00 296.48 296,48 296.32 296.50 296.18
17:00 294.36 294.27 294.06 294,29 294.00
19:00 290.60 290.59 290.16 290.61 290.38
22:00 288.61 288.60 288.09 288.61 288.41
23:00 287.19 287.19 286.56 287.20 287.03
01:00 286.14 286.15 285.43 286.15 285.99
03:00 285.23 285.23 284.41 285.24 285,08
05:00 284.41 284.41 283.49 294 .41 284.26
07:00 287.79 287.27 286.53 287.34 287.01
09:00 294.40 294.29 293.79 294,34 293.67
11:00 298.04 298.23 298.87 298.22 298.60
13:00 299.04 299.28 298.90 299.25 298.57
15:00 298.60 298.82 298.39 298.76 298.08
17:00 296.46 296.65 296.05 296.50 295.95
19:00 292.72 .292.91 292.18 292.79 292.33
21:00 290.73 290.92 290.13 290.82 290.40
23:00 289.27 289.48 288.58 289.38 289.01
01:00 288.17 .288.33 287.36 288.25 287.82
03:00 287.16 287.29 286.25 287.22 286.88

PN
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Table 7.23 Comparison of Solar Fluxes at Surface to Study the Effect

of Aerosol Parameter Variation

Solar Flux (W/m?)

Time

1 2 3 4 5
07:00 237.6 223.8 228.4 226.2 220.7
09:00 550.4 537.5 542.6 541.7 527.7
11:00 738.5 727.5 732.7 733.0 712.2
13:00 734.9 722.0 728.5 728.3 704.8
15:00 543.0 523.7 532.1 529.8 510.1
17:00 233.5 209.5 217.5 214.0 214.6
19:00 0 0 0 0 0
21:00 0 0 0 0 0
23:00 0 0 0 0 0
01:00 0 0 0 0 0
03:00 0 0 0 0 0
05:00 0 0 0 0 0
07:00 233.5 198.6 210.9 205.3 191.8
09:00 540.0 504.9 522.9 516.1 482.5
11:00 725.2 695.0 715.4 708.9 661.6
13:00 722.2 690.0 711.7 704.6 655.3
15:00 534.1 492.7 514.0 505.7 467.7
17:00 229.8 187.2 202.4 195.4 179.2
19:00 0 0 0 0 0
21:00 0 0 0 0 0
23:00 0 0 0 0 0
01:00 0 0 0 0 0
03:00 0 0 0 0 0
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the second day for simulation 3. For simulation 5 the maximum
temperature decrease is about 0.8 C at 07:00 of the second day.
The Tower temperature deficit of simulation 5 is associated with
the Tower single scattering albedo of 0.9.

The effects of radiative participation of pollutant layers on
the total energy balance of the earth-boundary layer system is
reflected in the variation of the effective albedo of the system.
Figures 7.32 and 7.33 show the effect of aerosol property variation
on the system albedo. The effective albedo with no radiative
participation is lower than the surface albedo of 0.2 because of
the water vapor absorption of solar energy in the boundary layer.
Figure 7.32 illustrates the sensitivity of the earth-boundary layer
albedo to the forward scattering factor. Aerosols with forward
scattering factors of 0.5 and 0.7 lead to cooling of the earth
boundary layer system. Aerosols with a forward scattering factor
of 0.9 Tower the albedo below the albedo with no participation during
the major portion of the period of solar irradiation. Thus, the
thermal effect is clearly one of warming. At this point it is
appropriate to recall the physical meaning of the forward scattering
factor. The forward scattering factor represents the fraction of
the incident solar energy scattered in the forward direction. Thus,
a small forward scattering factor is associated with large back-
scattering. This explains the results presented in Figure 7.32.

Figure 7.33 illustrates the effects of aerosol single scattering
albedo on the effective system reflectance. It is seen that aerosols
with a single scattering albedo as high as 0.99 can cause warming of
the earth-boundary layer system during a short period around noon.
This heating effect is associated with the large forward scattering
factor of 0.85. The radiation scattered predominantly in the forward
direction is absorbed by water vapor and to a much smaller extent by
aerosols, thus causing the warming. It is noted that water vapor
absorption becomes important at small zenith angles around noon when
the smaller water vapor path length above the boundary layer allows
greater solar absorption in the boundary layer. As water vapor



174

0.3
8
3 r
>
é 0.2 =
; -
é SIMULATION NP
3 L
0.1 1 1 A 2 A —

06:00 08:00 10:00 12:00 14:00 16:00 18:00
LOCAL TIME (HR)

Figure 7.32 Effect of Forward Scattering Factor on Earth-Boundary
Layer Albedo of Second Day. Bay = 5x1077 m*/ug, w = 0.9
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absorbs proportionately larger amounts of solar energy above the
surface than near the earth's surface, the overall warming effect is
not evident at the surface. This explains the temperature deficit
of the surface layer for simulation 3.

7.7 Effect of Choice of Gaseous Pollutant

As the choice of ammonia as a representative pollutant may be
criticized as unduly restrictive, a simulation was performed using
methane. Methane is produced by bacterial action in swamps, marshes
and sewage. It abosrbs strongly in a band centered at 7.6 um, and
it is representative of a typical hydrocarbon pollutant. The
emissivity of methane was derived from the wide band correlations
presented by Tien (1968). The results of the simulation with methane
showed that the effects of radiative participation by methane were
extremely small at the concentrations (~200 ng/m?®) predicted by
the numerical model. The temperature at 1 m was increased by a
maximum of 0.1 C, and the effect on poliutant dispersal was negligible.
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VIIT. RESULTS AND DISCUSSION: TWO-DIMENSIONAL MODEL

8.1 Introduction

This chapter discusses the results of the simulations performed
with the two-dimensional model. At the outset it should be stated
that the model is in the process of development and as such the results
to be presented are to be considered preliminary. The construction
of the one-dimensional model and the simulations performed with it
represented the first stage of an ongoing research. The preliminary
one-dimensional simulations were conducted to test the radiation and
turbulence models developed in this study. and additional simulations
provided valuable understanding of the effects of radiative participa-
tion of pollutants on thermal structure and pollutant dispersal. The
second phase of the research study consisted of the incorporation of
the radiation and turbulence models into a two-dimensional transport
model. Several problems were encountered in the process and some of
them have not yet been resolved. An attempt to incorporate the
turbulent kinetic energy model into the transport model resulted in
the numerical scheme becoming unstable. Thus, it was necessary (for
the time being) to adopt a simpler model for turbulence. Specifically,
the 0'Brien cubic profile (0'Brien, 1970) for diffusivity was utilized.
Sasamori (1970) and Bornstein (1972) have developed relatively success-
ful P.B.L. models based on the 0'Brien profile. In using the 0'Brien
diffusivity model, the height of the planetary boundary layer was
allowed to vary with time. This modification represents an improvement
over the versions of the 0'Brien model used by Sasamori (1970) and
Bronstein (1972) both of whom fixed the height of the boundary layer.
As the mixed layer height varies considerably (by a factor of five)
over the course of a day, it is unrealistic to assume a constant
boundary layer height. It should be emphasized that the instability
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problem associated with the turbulent kinetic energy model is under
investigation. Possible solutions include an improved numerical
scheme and/or improved procedures to finite difference the non-linear
production and dissipation terms in the turbulent kinetic energy
equation.

The effects of radiative participation on vertical stability
have already been discussed in the preceding chapter. The complex
feedback mechanisms associated with the development of the thermal
structure in the boundary layer have been examined in some detail,
and will not be emphasized in the discussion of the results presented
in this chapter. As the two-dimensional model is still in the process
of development, the discussion of the results of the simulations will
be brief in comparison with that of the one-dimensional model. It is
felt that a more detailed examination is not warranted at this stage
of the research program.

The major emphasis of this chapter will be laid on the two
important effects of urbanization, the heat island effect and the
temperature "crossover" effect. These two effects associated with
the rural-urban system have been studied extensively (Bornstein, 1968,
1972; 01fe and Lee, 1971; Oke and East, 1971; Oke and Maxwell, 1975)
both theoretically and observationally. Although it has been sug-
gested (Bornstein, 1968; Rouse, et al., 1974) that radiative partici-
pation by pollutants could contribute to these effects, there have
been relatively few theoretical studies (Atwater, 1971, 1972, 1974,
1975; Bergstrom and Viskanta, 1973; Viskanta, Johnson and Bergstrom
1975) which have investigated this possible role of pollutants.
Atwater (1974, 1975) using a two-dimensional model concludes that
pollutants are only a minor factor in the formation of the urban heat
island. His results also indicate that pollutants have minimal
influences on the vertical thermal structure. However, the more
recent results of Viskanta, Bergstrom and Johnson (1975) which are
based on a more sophisticated radiation model indicate that pollutants
can have a significant effect on the urban heat island. As there is
a general lack of consensus on the radiative effects of pollutants on
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urban-rural temperature differences, it is hoped that the results of
the simulations presented in this chapter will throw some light on
the controversial topic.

The secondary objective of the simulations was to investigate
the relative importance of urban parameters in determining the heat
island. As pollutants are responsible for radiative effects, it was
interesting to study the changes induced by pollutant participation
on their own dispersal. A list of the simulations performed is given
in Table 8.1.

Table 8.1 List of Two-Dimensional Simulations (see Table 8.2 for
other Urban-Rural Parameters)

Change in
Rural
Parameter

Radiative Change in

Reference o rticipation Urban Parameter

No participation
Thermal & Solar
SP Solar only
TP Thermal Only
Thermal & Solar . H=0.05
Thermal & Solar z, = 2m, H=0.01
Thermal & Solar 0.01
Thermal & Solar 0.01, u, = 0.2 m/s

oW N e

8.2 1Initial Conditions and Surface Parameters

The urban-rural system was assumed to extend 30 km in the
horizontal direction and 2 km in the vertical direction. The city
itself was taken to be 15 km long and the adjoining rural areas on
each side of the city were assumed to be 7.5 km in horizontal extent
(Columbus, Ohio, is about 20 km square). As the planetary boundary
layer does not extend much beyond 1.5 km (Lettau and Davidson, 1957)
for the conditions chosen for the simulations, the value of 2 km for
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the vertical extent of the system serves as an upper limit for the
boundary layer height.

Sixteen uniformly spaced grid points were used in the horizontal
direction (x-axis). The first 5 grid points represented the rural
area, the next 6 represented the urban area, and the remaining 5 were
situated in the rural area. Variable grid spacing was used in the
vertical direction. 1In particular, the smallest spacing was used near
the surface to provide good resolution (see Table 8.2).

The surface parameters used in the simulations were based on
values suggested by Pandolfo, et al. (1971) and Oke (1975) and are
presented in Table 8.2. It was assumed that there was no variation
in soil properties but they were different in rural and urban areas.
Thus, heat island effects are produced primarily by the differences
in evaporation rates and heat production between the urban and rural
areas.

The temperature field was initialized with a profile typical of
early morning conditions in 0'Neill, Nebraska (Lettau and Davidson,
1957). The nocturnally established inversion extended to 300 m and
had a gradient of 18 x 107% c¢/km. The stable layer above the inversion
had a gradient of 8 x 1073 ¢/km. The initial velocity field was
assumed to be uniform in the horizontal direction, and the vertical
profile was given by,

u(x,z) = v(x,z) = u,In((z + Zi)/Zi)/K (8.2.1)
where

ue = 0.1 m/s, z; = 0.1m (8.2.2)

and k is the von Karman constant. The maximum velocity predicted by
Eq. (8.2.1) was 2.48 m/s at the top of the atmospheric layer. As this
study was intended to be comparative, it was felt that there was no
necessity to initialize the temperature and velocity fields with field
data.

As in the one-dimensional simulations, the pollutant sources were
assumed to be elevated. They were placed at a height of 100 m along
the urban area. It is noted that the source strength is taken to be
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Table 8.2 Grid Spacing, Surface Parameters and Pollutant Parameters

a) Grid System

Horizontal grid spacing Ax = 2000 m
Beginning of rural area: x =0

J 1 2 3 4 5 6 7 8 9 10

z(m) O 1.0 5.0 15.0 30.0 50.0 100.0 200.0 300.0 400.0

J 11 12 13 14 15 16 17 18 19 20

z(m) 500.0 600.0 700.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0 2000.0

b) Surface Parameters for Urban Rural System

Parameter Rural Urban

Surface Albedo, rs 0.25 0.15

Surface Emissivity, €t 1.00 1.00

Halstead Moisture Parameter, H 0.10 0.05

Soil Conductivity, ks’ W/m C 2.0 2.0
Soil Diffusivity. a, m2/s 1.28 x 10°°¢ 1.28 x 10°°®

Surface Roughness, Zo, m 0.1 1.0

Artificial Heat Production, Hp, W/m?s 0 40
Pollutant Source Strength, Scn, ug/ms 0 0.5

c¢) Pollutant Parameters

Gas: NH; (Ammonia)
Aerosol Properties:
w=0.9, f=0.8, B, =10"° m*/ug
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ten times that used in the one-dimensional simulations. This was
necessary because advection reduced the pollutant concentrations to
relatively small values (80 ug/m®). The source strength was increased
in order to generate pollutant path lengths large enough to produce
radiative effects.

The horizontal diffusivity K, was taken to be 100 m?/s. The
main influence of the introduction of horizontal diffusion was that
of increasing the stability of the numerical scheme. Increasing the
value of the horizontal diffusivity did not affect the velocity and
temperature fields to an appreciable extent. This is to be expected
as the horizontal gradients of the variables are relatively smail.
The pollutant concentration fields were affected to a greater extent
as the gradients near the boundaries of the urban-rural system were
quite large. It was felt that a detailed investigation of horizontal
diffusion effects was not warranted from the point of view of this
study. It should be mentioned that Lamb and Neiburger (1970) used hori-
zontal diffusivities as high as 800 m?/s without noticing significant
changes in their results. Lee and 01fe (1974) have investigated the
effects of very large horizontal diffusivities and conclude that the
results of calculations with diffusivities as large as 10" m?/s are
similar to those of zero prescribed horizontal diffusivities except
that vertical velocities and peak crossover temperatures are reduced
by about 40 percent.

The simulations were performed for summer conditions identical
to those of the one-dimensional simulations. The choice of summer
conditions was based on the observation that stagnating high pressure
centers which cause pollution episodes are associated more frequently
with summer.

8.3 Effect of Pollutants on Thermal and Solar Fluxes

As the solar and thermal fluxes incident on the air-soil interface
determine the surface tempeature, it is instructive to examine the
effects of radiative participation by pollutants on these fluxes.

Table 8.3 lists the solar and thermal fluxes at the surface in the
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Table 8.3a Comparison of Incident Thermal and Solar Fluxes at the
Surface (in W/m2) for Simulations P and NP at x = 16 km
(urban area)

Time Thermal Fluxes Solar Fluxes

NP P P-NP NP P P-NP
05:30 302.2 337.7 35.5 --
07:30 303.5 359.0 55.5 421.8 370.6 -51.2
09:30 315.2 375.8 60.6 784.8 742.4 -42.4
11:30 327.2 391.3 64.1 963.8 932.4 -31.4
13:30 336.1 400.7 64.6 899.0 863.6 -35.4
15:30 338.6 400.3 61.7 613.6 565.0 -48.6
17:30 334.9 394.9 60.0 207.9 165.2 -42.7
19:30 325.0 388.2 63.2
21:30 318.9 381.3 62.4
23:30 314.5 374.7 59.9
01:30 310.9 370.3 59.4
03:30 307.9 367.6 59.7
05:30 305.2 365.8 60.6

Table 8.3b Comparison of Total Radiation (Solar + Thermal) at x = 16 km
for Simulations P and NP Total Radiation in (W/m?)

Time NP P P-NP (%)
07:30 725.3 729.6 0.59
09:30 1064.0 1118.2 4.40
11:30 1291.0 1323.7 2.50
13:30 1235.1 1264.3 2.30
15:30 952.2 965.3 1.30

17:30 542.8 560.1 3.10
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urban area (x = 16 km) for simulations P and NP. It is seen that
radiative participation increases the downward thermal fluxes substan-
tially. The average increase is about 20%. Solar fluxes are reduced
by aerosols; the reduction is largest at large zenith angles in the
early morning and late evening. The maximum decrease is about 21%
at 17:30, and the reduction is only 3.2% at 11:30. It is interesting
to note that the increase in thermal fluxes is always greater than the
decrease in solar fluxes. This indicates that under the conditions
being investigated radiative participation increases the total radia-
tive energy incident on the surface. These results are consistent
with recent observations made by Rouse, et al. (1973). They made
simultaneous measurements of global solar and incoming thermal
(Tongwave) radiation at roof-top sites in a heavily polluted zone
and relatively clean control sites in and around Hamilton, Ontario.
Their measurements (27 March 1972) showed the solar flux at the
surface to be reduced by about 4% at noon and 21% in the early
morning (07:00) by pollutants. Thermal fluxes in the industrial
area were about 25% larger than those in the control sites. During
the day, the total radiation (solar plus thermal) received at the
surface was slightly larger for the industrial area. Specifically,
at noon the increase was about 2%, a value which agrees very well
with that predicted in this study. It is realized that a meaningful
comparison between the fluxes predicted in this study and those
observed cannot be made without a knowledge of the pollutant concen-
trations in the area in which the observations were made. Solar flux
measurements in combination with information about the aerosol con-
centration profiles (and aerosol properties) are not readily available.
Thus, it is not possible to test the validity of the radiation model
by comparing predictions with field data. However, the type of com-
parisons made in this section do show that the predicted trends are
consistent with observations.

Table 8.4 lists the solar and thermal fluxes in the rural area
(x = 0). It is seen that the background pollutant concentration
(50 ug/m*) leads to an increase in the downward thermal flux by as
much as 13% at 05:30 of the second day. The solar fluxes are affected



Table 8.4 Comparison of Incident Thermal and Solar Fluxes at the
Surface (in W/m?) for Simulations P and NP at x = 0 km
(Upwind Rural Area)
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Thermal Fluxes

Solar Fluxes

Time

NP P P-NP NP P P-NP
05:30 302.2 337.7 35.5
07:30 301.9 338.0 36.1 422.6 396.6 -26.0
09:30 313.3 349.4 36.1 786.2 770.0 -16.2
11:30 324.7 361.4 36.7 965.6 956.2 - 9.4
13:30 333.6 370.7 37.1 800.8 888.8 -12.0
15:30 336.6 373.7 37.1 614.8 593.1 -21.7
17:30 333.2 370.2 37.0 208.3 184.,5 -23.8
19:30 323.5 361.0 37.5
21:30 317.3 355.7 38.4
23:30 312.9 351.5 38.6
01:30 309.3 348.1 38.8
03:30 306.2 345.1 38.9
05:30 303.4 342.5 39.1
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Table 8.5 Comparison of Incident Thermal and Solar Fluxes at the
Surface (in W/m?) in Urban and Upwind Rural Areas for
Simulation P

Thermal Fluxes Solar Fluxes

Time

Xx=0kn x =16 km AF£ (0) x=0km x =16 km AF; (0)
05:30 337.7 337.7 0
07:30 338.0 359.0 21.0 396.6 370.6 -26.0
09:30 349.4 375.8 26.4 770.0 742.4 -27.6
11:30 361.4 391.3 29.9 956.2 932.4 -23.8
13:30 370.7 400.7 30.0 888.8 863.6 -25.2
15:30 373.7 400.3 26.6 593.1 565.0 -28.1
17:30 370.2 394.9 24.7 184.5 165.2 -19.3
19:30 361.0 388.2 27.2
21:30 355.7 381.3 25.6
23:30 351.5 374.7 23.2
01:30 348.1 370.3 22.2
03:30 345.1 367.6 22.5
05:30 342.5 365.8 23.3
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to a smaller extent. Aerosol participation leads to a reduction of
the surface solar flux by about 2% on an average. As in the urban
area, the increase in thermal flux more than compensates for the
reduction in solar flux at the surface.

Table 8.5 compares the solar and thermal fluxes at the surface
in the rural and urban areas for simulation P. It is seen that the
difference in the thermal fluxes between the rural and urban areas is
not as great as the increase in thermal radiation caused by the
background pollutant concentration of 50 pg/m®. This shows that a
large increase in pollutant concentration over the urban area is not
accompanied by a proportional increase in the downward thermal flux.
Thus, relatively small pollutant concentrations (50 pg/m®) can cause
thermal effects comparable in magnitude to those caused by much higher
pollutant concentrations (~300 ug/m® over a height of 800 m in the
urban area). The average thermal flux excess of the urban area is
about 7%. The solar fluxes show a greater difference between the
urban and rural area than the decrease associated with the background
aerosol concentration of 50 ug/m®. The average difference is less
than 10%.

An analysis of the surface solar and thermal fluxes predicted in
this study shows that pollutants generally increase (2%) the total
radiation reaching the surface during the day. Thus, one can expect
radiative participation by pollutants to increase the surface
temperature even during daytime. At night, the radiative effect is
unequivocally that of warming of the surface temperature, as the
downward thermal fluxes are increased by as much as 20% by pollutant
participation. A secondary conclusion of the analyses is that an
increase in aerosol concentration (for the conditions investigated)
has a greater effect on the solar flux than that produced by an equal
increase in gaseous pollutants (thermally participating) on the thermal
flux.
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8.4 Effect of Radiative Participation on the Surface

Temperatures of the Urban-Rural System

The major emphasis of this section will be on pollutant induced
changes of surface temperature variation both in the rural as well as
the urban areas. Effects related to the differences in the thermal
structures of the rural and urban areas such as the heat island effect
and the crossover effect will be treated in later sections.

Figures 8.1 to 8.4 illustrate the potential temperature isopleths
at four selected times for the simulation with non-participating
pollutants as well as the simulation with participating (solar and
thermal) poliutants. Figure 8.2 shows the development of the mixed
layer during the daytime. From about 400 m at 11:30, the mixed layer
grows to a height of about 1000 m at 15:30. The formation of the
nocturnal surface based inversion is clear in Figure 8.3 which illus-
trates the evolution of the temperature field during the evening
and early morning hours. Although details of the differences between
the participating and non-participating simulations cannot be seen
very easily, overall differences are clearly discernible. It is noted
that participation by pollutants increases the temperature of the
surface layer. This warming effect is quite small during the day
while during the nighttime hours the temperature excess near the
surface is about 1 C as can be seen in Figure 8.4. The explanation
for this warming influence of pollutants has already been given in
Chapter 7 and need not be repeated here.

Figure 8.5 illustrates the effect of radiative participation by
pollutants on the surface temperature variation at the center of the
city (x = 16 km). It is seen that the results show trends similar
to those of the one-dimensional simulations. However, there is one
major difference. With solar participation only the surface tempera-
ture is lower than that for the simulation with no participation.
This finding is not consistent with that of the one-dimensional
simulations, and it illustrates the importance of surface parameters
in determining the effect of pollutants on the surface temperature.
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As the urban moisture was relatively low (H = 0.05) the surface
temperature was sensitive to the reduction in solar flux at the
surface caused by aerosol participation. It is noted that the
temperature deficit is the greatest at large zenith angles and
reaches a minimum around noon. This is to be expected as the
largest solar attenuation occurs around sunrise and sunset. During
the daytime hours (05:00 to 17:00) the surface temperature for
simulation TP is higher than that of simulation P because the effect
of the increase in downward thermal radiation due to thermal partici-
pation by pollutants is reduced by the attenuation of solar flux at
the surface by aerosols in simulation P. The maximum daytime tempera-
ture increase caused by thermal participation is about 0.5 C at
07:30 while the maximum surface temperature difference between simu-
lations TP and P is about 0.3 C at 07:30. During the late evening
and early morning hours, the surface temperature of simulation P
becomes higher than that of simulation TP, and the temperature excess
reaches a value of about 0.1 C at 05:00 of the second day. It is
seen that radiative participation by pollutants causes a suirface
temperature increase of about 1.8 C at 05:00 of the second day.
Figure 8.6 illustrates the effect of radiative participation on
the surface temperature variation at the beginning of the rural area
(x = 0). It is seen that the relatively small pollutant concentrations
of the rural area (50 pg/m®) can cause surface temperature changes
which are comparable in magnitude to those caused by much higher
concentrations (400 nug/m*®) at the urban center. This underscores
the nature of radiative effects, in particular absorption which is
not proportional to the pollutant concentration (optical thickness)--
the incremental absorption of radiation becomes smaller as the optical
depth increases. It is noted from Figure 8.6 that the maximum
temperature excess caused by pollutants is about 1.0 C at 05:00 of
the second day.
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Figure 8.6 Surface Temperature Variation at x = 0 (Rural Beginning)
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8.5 Effect of Radiative Participation by Pollutants on

the Vertical Potential Temperature Profile

Figures 8.7 to 8.9 show the effect of radiative participation by
pollutants on the vertical potential temperature profiles at the urban
center. It is seen from Figure 8.7 that while the surface temperature
is reduced by solar participation, the temperature of the boundary
layer is increased by the heating associated with the absorption of
solar energy. Solar heating is also responsible for the higher
temperatures below 400 m for simulation P than for simulation TP.
Above 400 m, the effects of radiative cooling predominate as indicated
by the temperature deficits of the simulations with thermal participa-
tion.

The potential temperature difference profiles for 21:30 hours
and 03:30 hours (2nd day) show trends similar to those of 11:30 hours.
In the absence of solar irradiation, the effects of solar heating
of the daytime hours become very small as seen in Figures 8.8 and 8.9
(solar participation only). For simulation SP the temperatures are
smaller than those of simulation NP below 400 m and warmer above.

The effects of solar heating are confined to heights above 400 m
because at large zenith angles (around sunset) most of the solar
absorption occurs in the upper part of the boundary layer.

It is seen that thermal participation by pollutants causes
cooling of the boundary layer above 400 m, and the resultant tempera-
ture deficit increases during the night and early morning hours. At
the same time, the increase in downward thermal radiation caused by
radiative participation leads to warming at heights below 400 m.

This warming effect is greater for simulation P than for simulation TP
due to the higher temperatures caused by daytime solar heating.

The rural (x = 0) potential temperature difference profiles are
illustrated in Figures8.10 and 8.11. An examination of Figure 8.10
shows that at 11:30 the predominant effect of solar participation is
one of reducing the solar flux at the surface (see Table 8.5). Back-
ground aerosols (50 ug/m?®) do not cause sufficient solar heating to
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offset the effect of the reduction in solar flux at the surface.
This explains the cooler temperatures at heights below 400 m for
simulation SP. Solar heating in the upper part of the boundary layer
does lead to warming in simulation SP. The temperatures below 400 m
are higher for simulation TP than those of simulation P because of
the minor role played by solar heating. However, by 21:30 (see
Figure 8.9) the effects of solar heating become more significant as
indicated by the higher temperatures below 400 m for simulation P
than those of simulation TP. The higher temperatures are caused by
the increased downward thermal radiation from the atmosphere heated
by solar radiation during the day. The negative values of AQ,_,
above 400 m for simulations P and TP are associated with radiative
cooling due to gaseous pollutants.

8.6 Effect of Radiative Participation on the

"Crossover" Effect

It is recalled that the temperature crossover effect is associated
with the existence of lower temperatures around 400 m over the city
(Bornstein, 1968; Davidson, 1967). Below 400 m city temperatures are
generally higher than those over the countryside. Two physical
mechanisms have been suggested to explain the "crossover" effect.

Lee and 01fe (1974) believe that the effect is caused by the 1ifting
of stable air over the city. This suggested mechanism can be better
understood by considering the energy equation. Since the maximum
temperatures occur around the center of the city, horizontal advection
of energy is relatively small in the region. As the "crossover"
effect occurs in regions where turbulent diffusion is negligible,

the energy equation can be written as

96 00
3t 0 W3z (8.5.1)

It should be pointed out that the simplified form of the energy equa-
tion has been used only to emphasize the dominant energy transfer
processes in the region in which the "crossover" effect is expected
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to occur. It is seen from Eq. (8.5.1) that local cooling occurs
(36/3t < 0) when the vertical velocity w is directed upwards in a
stably stratified region (36/9z > 0). It is clear that these condi-
tions are satisfied over a city. As stably stratified air is advected
over a city the wind velocity is decreased by the rough city and the
resulting upward motion causes cooling ("crossover" effect) in the
elevated stable region which has not yet been affected by surface
generated turbulence. From the preceding argument it is clear that
the postulated mechanism for the crossover effect is dependent on
two-dimensional (or three-dimensional) effects.

Lee and O1fe (1974) have conducted numerical experiments to test
the hypothesis presented in the previous paragraph. Using a constant
eddy diffusivity model they obtained crossover temperatures as large
as 0.7 C. However, their calculations using a formula relating the
eddy diffusivity to the local shear and stability did not yield much
temperature crossover because the eddy diffusivity oscillated rapidily
with altitude. Bornstein's (1972) results based on a more sophisticated
numerical model do not show the crossover effect.

The second suggested mechanism for the crossover effect is radia-
tive cooling due to pollutants. Using one-dimensional models, Atwater
(1971) and Bergstrom and Viskanta (1973) have shown that radiative
cooling by pollutants can induce the temperature crossover. However,
by definition, the temperature cros§oyer is a two-dimensional effect
as it compares rural and urban temperature profiles. It is not
possible to explain the crossover effect in terms of the radiative
cooling in the urban area without considering the cooling induced by
the background pollutants in the rural area. In fact, recent two-
dimensional calculations by Atwater (1975) show that the crossover
effect cannot be explained in terms of_radiative cooling.

It should be pointed out that the prediction of the effect in a
numerical experiment is dependent on the particular turbulence model
used. It is probable that Bornstein (1972) did not obtain the
temperature crossover because he did not account for the variation
of the planetary boundary 1a§er height. His assumed constant mixed
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layer height of 1050 m gave rise to relatively large diffusivities in
the upper part of the boundary layer. The turbulent heating associ-
ated with these diffusivities offset the cooling induced by the
1ifting of stable air. It is also possible that Bornstein did not
predict the "crossover" effect because he did not account for radia-
tion transfer.

The urban temperature excess profiles obtained in this study are
shown in Figures 8.12 to 8.14. It is seen from Figure 8.12 that the
temperature crossover occurs even in the simulation with no radiative
participation. The maximum temperature deficit occurs at the top of
the mixed layer which is around 500 m thick at 11:30. The magnitude
of the temperature crossover is about 0.2 C which is smaller than that
predicted by Lee and 01fe (1974) but it agrees favorably with the
observations made by Bornstein (1968) over New York.

The effects of radiative participation on the daytime temperature
crossover are small. Thermal participation increases the crossover
effect while solar participation decreases it slightly. Radiative
participation has more noticeable effects during the late evening
and early morning hours. It is noted from Figure 8.11 that at 21:30
no temperature crossover occurs for the simulation with no radiative
participation. It is also interesting to notice that solar heating
during the day has a considerable influence on the magnitude of the
temperature crossover at night. The maximum crossover of 0.25 C
occurs for the simulation with solar as well as thermal participation.
This indicates that while solar participation (in combination with
thermal participation) heats up the urban and rural boundary layers
to the same extent (see Figure 8.11) during the day, the higher
pollutant concentrations over the urban area lead to greater cooling
over the urban area than over the rural area during the night. As
cooling is the only radiative effect in the simulation with thermal
participation only, the temperature crossover effect is smaller than
that of the simulation with solar and thermal participation. It is
seen that the maximum crossover occurs around 150 m.



1000 -

8m —
SIMULATION SP
Gm -
SIMULATION P
z(m)
SIMULATION TP
4o L SIMULATION NP
2[1) e
0 1
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

88, (©)

Figure 8.12 Difference Between Temperature Profiles of Urban Center and Rural Beginning for
Participating and Non-Participating Simulations (Time = 11:30, lst Day)

G502



1000

8(D =
a0 L |_—— SIMULATION P
z(M)
SIMULATION TP
LK'D -
SIMULATION NP
0 SIMULATION SP
0 — |
0.4 0 0.4 0.8 1.2

A0,_,(C)

Figure 8.13 Difference Between Temperature Profiles of Urban Center and Rural Beginning for
Participating and Non-Participating Simulations (Time = 21:30, 1st Day)

90¢



1000 ¢~

SIMULATIONS NP AND SP

400
| SIMULATION TP
200 SIMULATION P
J
0.2 0 0.4 0.8 1.2

A6, (C)

Figure 8.14 Difference Between Temperature Profiles of Urban Center and Rural Beginning for
Participating and Non-Participating Simulations (Time = 03:30, 2nd Day)

L02



208

The results presented in Figure 8.14 show trends similar to that
of Figure 8.13. At 03:30 (second day) the temperature excess profile
of simulation SP differs little from that of simulation NP. A very
small temperature crossover (~0.04 C) is noticed in the simulation
with no participation. The maximum temperature crossover occurs for
simulation P at a height of 300 m.

The temperature crossover of less than a degree predicted in
this study agrees fairly well with recent observations made by Clarke
and McETroy (1974) over Columbus, Ohio, and St. Louis, Missouri. The
measurements made over Columbus, Ohio, are of particular interest as
the city size assumed in this study is comparable to that of Columbus.
The evening temperature profiles (September 20, 1968; March 22, 1969)
show temperature crossovers of about 0.4 C which is consistent with
the predictions of this study.

8.7 The Urban Heat Island and the Effects

of Radiative Participation

It is recalled that theoretical studies (Myrup, 1969; McElroy,
1971; Atwater, 1972) show that the urban heat island is caused
primarily by the differences in the surface parameters between the
rural and urban areas. Also, it is possible to produce the heat
island in a numerical experiment by varying any one of the surface
parameters in isolation. In view of this it is necessary to discuss
the surface parameters used in this study in relation to their role
in creating the urban surface temperature excess. During the daytime
hours, the heat island is created primarily by the difference in
evaporation rates between the urban (H = 0.05) and rural (H = 0.1)
areas, while during the night the assumed anthropogenic heat pro-
duction (Hp = 40 W/m?) 1in the urban area is the major cause of the
urban temperature excess. The heat production term also contributes
to the daytime heat island. The higher roughness length (z;, = 1.0 m)
of the urban area tends to decrease the heat island effect during the
day by increasing the upward turbulent heat flux at the surface. At
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night, when the turbulent heat flux is directed downwards, the increased
urban roughness reenforces the heat island. The lower solar albedo

of the urban area (rg = 0.15) as compared to that of the rural area

(rs = 0.25) also contributes to the daytime heat island.

Figure 8.15 shows the variation of the urban surface temperature
excess as a function of time. It is seen that the temperature excess
is about 0.6 C during the day, and increases very sharply to about
1.1 C at 18:00. The heat island shows a small increase during the
night and reaches a maximum of 1.2 C at 06:00 of the second day (no
radiative participation). This variation of the heat island intensity
is consistent with experimental observations made by Oke and Maxwell
(1974) over Montreal and Vancouver, Canada. However, the nighttime
heat island intensity was considerably smaller than the values
observed typically. A possible explanation for this is the neglect
of soil property variation along the urban area in this study. The
difference in the soil heat capacities between the urban and rural
areas is believed to be the primary cause of the heat island during
the summer months (Peterson, 1969). Again, however, little observa-
tional evidence is available to substantiate or refute this proposition.

It is seen from Figure 8.15 that radiative participation by
pollutants affects the heat island intensity to an appreciable extent.
Thermal participation increases the daytime temperature excess by
about 0.1 C and the nighttime heat island intensity by as much as
0.3 C (25%). Solar participation decreases the urban temperature
excess by less than 0.1 C during the day. These trends can be
explained in terms of pollutant induced changes of the thermal and
solar fluxes at the surface. The higher pollutant concentrations
over the urban area lead to a greater increase of downward thermal
radiation (see Table 8.5) as compared to that over the rural area.
This explains the increase in the heat island intensity due to thermal
participation. Solar participation on the other hand decreases the
solar flux reaching the surface (see Tables 8.3 and 8.4). This
reduction is accompanied by a decrease in the surface temperature.

It is noted that the urban temperature excess is the largest for the
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simulation with both solar and thermal participation. This is to be
expected as the atmosphere is warmer in simulation P than in simula-
tion TP due to solar heating during the day.

Figures 8.16 and 8.17 show the results of a very limited number
of simulations performed to investigate the relative importance of
surface parameters in producing the heat island. It is evident from
Figure 8.14 that the daytime urban temperature excess is caused
primarily by the differences in the moisture parameters between the
rural and urban area. When the urban moisture parameter is increased
to that of the rural area, the daytime heat island intensity becomes
negative and reaches a minimum of -1.5 C at 12:30 (Figure 8.16). The
negative heat island is caused by the increased upward turbulent
fluxes in the city which leads to a cooling in the urban area relative
to the rural surroundings. This result has been observed experimentally
(Mitchell, 1961) and has also been predicted theoretically by Nappo
(1972). Nappo concludes from his study that negative heat islands
could occur when a city is surrounded by desert, or when a city with
much vegetation and water is surrounded by farmland. He offers
Albuquerque, New Mexico, and Minneapolis, Minnesota, as possible
examples of such situations.

Figure 8.17 shows the effect of decreasing the urban moisture
parameter. It is seen that the reduced evaporation in the urban area
leads to a heat island intensity of 4.5 C. It is also noted that the
maximum temperature excess occurs during the day instead of the night.
Although this situation has not been observed experimentally it has
been predicted in theoretical studies (Myrup, 1969; Tag, 1969).

Two numerical experiments were conducted to study the effect of
varying the urban roughness length and the initial velocity on the
heat island intensity. The results are presented in Figure 8.17. It
is seen that increasing the roughness to twice its previous value
decreases the maximum daytime heat island by about 1.5 C. This
reduction of heat island intensity is caused by the increase in the
upward turbulent flux at the surface. The second numerical experiment
was performed after increasing the initial velocity to twice its
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previous value (u, was increased from 0.1 to 0.2 m/s). The daytime
heat island is not reduced appreciably because the evaporation rates
in the rural and urban areas are increased to the same extent, and
their difference which determines the heat island intensity during
the day is not altered significantly. However, the nighttime heat
island is reduced by about 1.5 C at 06:00 of the second day. This
decrease in the urban temperature excess with the increase in the
wind velocity is consistent with trends of observations (Oke, 1973).

8.8 Pollutant Distributions in the Urban-Rural System

Before discussing the effects of pollutants on pollutant dis-
persal it is useful to examine the pollutant concentration profiles
in the urban and rural areas. Only aerosol concentrations are presented
as the concentrations of the gaseous pollutant were assumed to be
identical to those of aerosols. The lack of data on pollutant emission
did not warrant an accounting of the difference between the emission
rates of gases and aerosols. The assumption of equal aerosol and gas
concentrations allowed a reduction of the total numerical effort as it
was only necessary to calculate the aerosol concentrations. Figures
8.18 and 8.19 illustrate the development of vertical aerosol concen-
tration profiles in the urban region (x = 16 km) and in the downwind
rural area (x = 24 km). The effect of the strong elevated source at
100 m is evident in the urban concentration profiles. The concentration
reaches a maximum at the source height and decreases gradually to the
background value of 50 ug/m® at the top of the mixed layer. The shape
of the concentration profile around the source is roughly Gaussian
during the day as well as the night. The daytime concentrations in
the rural area are almost uniform through most of the mixed layer and
decrease quite sharply to the background value at the top of the mixed
layer. This predicted shape of the rural concentration profiles is
consistent with observations (Edinger, 1973). However, the urban
concentration profiles (especially at 15:30, 1st Day) are not well
mixed. This indicates that the effects of the assumed source are
larger than those observed. It should be recalled, however, that a
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relatively large source strength was used to highlight radiative
effects.

It is seen from Figures 8.18 and 8.19 that the maximum poliutant
concentrations occur during the late evening (see Table 8.3 also) and
early morning hours. The best time for pollutant dispersion is in
the afternoon (~15:30). It is clear from the concentration profiles
that ‘the mixed layer height is an important parameter in determining
the concentration levels. At 11:30 (1st Day) the mixed layer is
around 500 m and the average aerosol concentration in the rural
boundary layer (see Figure 8.17) is about 300 ug/m®. It is seen that
the subsequent expansion of the mixed layer is accompanied by a decrease
in the average aerosol concentration. At 16:00 (1st Day) the mixed
Tayer has grown to 800 m and the average aerosol concentration has
decreased to a value of around 200 ug/m®. During the night, the
mixed Tayer decreases in height, and pollutant concentrations increase
due to limited vertical mixing. The relatively large concentrations
at the source during the night are the result of pollutants being
injected into a stable atmosphere (see Tables 8.5 and 8.6).

The variation of aerosol concentrations at the surface and at
the source are illustrated in Figure 8.20. As the simulation is
started in the early morning (05:30) the pollutants build up rapidly
in the shallow boundary layer (400 m). By about 06:30 the concentra-
tion at the source has exceeded 700 ug/m® while the concentration at
the surface (1 m) has reached a value of about 420 ug/m®. Soon after
sunrise, the mixed layer starts growing, and the aerosol concentration
at the source starts decreasing. Till about 10:00 the surface con-
centration increases as pollutants from the source diffuse towards
the surface. The height, hc, at which the concentration reaches the
background value of 50 ug/m® (+ 2 ug/m3) 1is also shown in Figure 8.20
in order to explain the concentration variation. The mixed layer
height defined with respect to the potential temperature gradient is
about 100 m less than hC at any given time. It is seen from Figure
8.20 that the aerosol concentrations at the source as well as the
surface start decreasing at almost the same rate around 10:00. This
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indicates effective vertical mixing which accompanies the growth of
hc' At 16:00 hrs, he reaches a maximum height of about 800 m, and

the surface and source concentrations reach their minimum values of

340 ug/m*® and 385 ug/m®, respectively. At 17:00 hrs h. starts
decreasing quite rapidly as the boundary layer becomes stable.

It is seen that the pollutants l1eft in the atmosphere as the
mixed layer collapses are transported (diffused and advected) away
horizontally. This rapid dispersion of pollutants above the mixed
layer is caused by the imposition of periodic boundary conditions in
the horizontal direction. As there are no data on the residence
time of pollutants above the mixed layer, it is not possible to make
any statements about this seemingly unrealistic feature of the model.
However, a simple estimate based on the assumption that pollutants
above the mixed Tayer are removed only by horizontal advection indi-
cates that the residence time above the urban-rural system cannot
be much greater than 4 hours.

As expected, the collapse of hC around 17:00 hours is accompanied
by sharp increases in the aerosol concentrations at the source as
well as the surface. These increases are the result of pollutants
building up in the stable shallow evening boundary layer. It is
seen that the pollutant concentrations reach a maximum (local) around
19:00 hours, and then level off during the early morning hours. This
"overshooting" of the pollutant concentrations above the nocturnal
level is caused by the initial difference between the time scales of
pollutant buildup and pollutant dispersion by advection and diffusion.
The smallest difference between the source and surface concentrations
is about 45 pg/m® and occurs around 14:00 hours when vertical dis-
persion is most effective. The maximum difference of 300 ug/m?
occurs in the stable conditions of the nocturnal boundary layer.

It is interesting to note that the pollutant concentration variations
at the source and surface are similar except that there is a time lag
of about 1 hour between the changes at the source and those at the
surface. This time lag is to be expected as the distance between the
source and surface represents a capacitance for the flow of pollutants.
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The results of this section are in reasonable agreement with
observations (Edinger, 1973). However, they also illustrate the
Timitations of the model. It is seen that the elevated source over
the urban area has an unrealistically large effect on the shape of
the concentration profiles. This feature is attributed to one or
both of the following reasons. The assumed source strength may
have been too large. Secondly, the 0'Brien diffusivity model which
does not reflect local stability of the boundary layer cannot
represent the intense vertical mixing in the "mixed" layer. Conse-
quently, the daytime boundary layer is predicted to be less well
mixed than observations indicate it to be.

8.9 Effect of Radiative Participation by Pollutants

on Pollutant Dispersal

Before presenting the results of this section, it is instructive
to examine the physical processes through which radiative participa-
tion by pollutants affects pollutant dispersal. While radiative
participation by pollutants affects the potential temperature directly
through the radiative flux term in the energy equation, it modifieés
the pollutant concentration only indirectly through the turbulent eddy
diffusivity (diffusion term in the species equation). The eddy
diffusivity is a function of the potential temperature and velocity
gradients as well as the mixing length. By modifying the potential
temperature and velocity (through eddy diffusivity) gradients,
radiative participation alters the eddy diffusivity which in turn
affects the pollutant concentration. Thus, it is clear that an
understanding of the effect of radiative participation on pollutant
dispersal is dependent on the modeling of turbulence. The implication
of this will be discussed in detail in a later paragraph.

In the light of the preceding discussion it is appropriate to
examine the eddy diffusivity formulation of the two-dimensional model
in relation to radiative effects. 1In the equilibrijum layer, the eddy
diffusivity is a function of the local temperature and velocity
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gradients. Thus, it can be expected that pollutant induced changes

in these gradients will be accompanied by changes in pollutant concen-
trations in the equilibrium layer (50 m thick). In the transition
layer, eddy diffusivities are specified by the 0'Brien cubic profile
which does not allow local stability to affect the eddy diffusivity.
As the shape of the 0'Brien profile is determined by the turbulence
characteristics of the equilibrium layer, changes in the transition
layer eddy diffusivities only reflect changes in the eddy diffusivities
in the 50 m layer adjacent to the earth's surface. Thus, potential
temperature modification caused by pollutants does not affect the
pollutant concentration locally. This limitation of the model is
especially serious from the point of view of stability changes induced
by solar heating. As solar energy is absorbed mostly above the
equilibrium layer, this model cannot be expected to be sensitive to
the stabilizing action of solar heating. As the stability of the
equilibrium layer is controlled to a large extent by the surface
temperature, a high correlation between changes of surface tempera-
tures and changes of pollutant concentrations can be expected. A
higher surface temperature would imply a decrease in the stability of
the boundary layer. This would mean better vertical mixing which in
turn would lead to more effective horizontal advection. Thus, a
warming of the surface temperature can be expected to be accompanied
by a decrease in the vertical pollutant mass loading. It is felt

that this discussion will help to provide better understanding of the
results of this section.

This study assumed that the concentrations of aerosols were
jdentical to those of the gaseous pollutant (NH;). This allows the
combination of aerosol and gaseous pollutant to be treated as a
single pollutant which participates radiatively in the thermal as
well as the solar spectrum. It is recalled that aerosols participate
only in the solar spectrum, and the gaseous pollutant participates
only in the thermal spectrum.

Tables 8.6 and 8.7 show the effect of radiative participation
by pollutants on pollutant dispersal. As expected the warming effect
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Table 8.6 Comparison of Aerosol Concentrations (in pg/m®) at z = 1 m
and z = 100 m at x = 16 km for Simulations P and NP
=1m z =100 m
Time
NP P P-NP NP P P-NP
05:30 50.0 50.0 0 50.0 50.0 0
07:30 420.2 430.7 10.5 732.4 705.0 -27.4
09:30 455.3 450.1 - 5.2 518.6 513,3 - 5.3
11:30 446.1 446.7 - 0.6 503.6 503.5 - 0.1
13:30 392.7 375.5 -17.,2 433.3 414.8 -18.5
15:30 337.9 321.8 -16.1 384.3 366.0 -18.3
17:30 398.4 380.3 -18.1 537.9 511.3 -26.6
19:30 472.3 499.0 26.7 932.2 829.2 -103.0
21:30 524.6 523.0 - 1.6 839.5 744.6 -94.9
23:30 502.5 477.4 -25.1 793.9 686.0 -107.9
01:30 491.7 451.1 -40.6 780.6 723.3 -57.3
03:30 497.6 461.0 -36.6 785.6 726.7 -58.9
05:30 514.0 481.5 -32.5 793.6 737.2 -56.4
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Table 8.7 Comparison of Aerosol Concentrations (in ng/m®) at z = 1m
and z = 100 m at x = 24 km for Simulations P and NP
=1m z =100 m
Time NP p P-NP NP p P-NP
05:30 50.0 50.0 0 50.0 50.0 0
07:30 318.5 322.1 3.6 475.8 467.8 - 8.0
09:30 334.5 330.3 - 4.2 346.5 341.7 - 4.8
11:30 319.4 317.8 - 1.6 329.5 327.5 - 2.0
13:30 290.2 280.9 - 9.3 295.1 285.7 - 9.4
15:30 262.6 251.2 -11.4 269.0 259.1 - 9.9
17:30 300.4 291.5 - 8.9 363.3 343.0 -20.0
19:30 373.6 343.4 -30.2 609.0 602,1 - 6.9
21:30 427.5 404.1 -23.4 596.4 566.1 -30.3
23:30 417.0 389.0 -28.0 579.2 546.8 -32.4
01:30 407.2 376.6 -30.6 569.4 562.6 - 6.8
03:30 404.2 377.3 -26.9 563.4 558.2 - 5.2
05:30 406.5 382.6 -23.9 555.6 549.0 - 6.6
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of pollutants on the surface temperature leads to a reduction in the
pollutant concentrations in the boundary layer. As explained before,
this decrease of pollutant concentrations is the result of the
decrease in the surface layer stability (see Table 8.8) when pollutants
are radiatively participating. It is noted from Table 8.6 that the
reduction of pollutant concentrations is smaller during the day than
during the night. This is to be expected as pollutants cause a
greater surface temperature increase during the night than during

the day. At the surface, the daytime decrease of aerosol concentra-
tion is about 4.8% at 15:30, and the reduction during the night is as
large as 8.2% at 01:30. The effects of radiative participation on
concentrations in the vicinity of the source are almost of the same
magnitude (percentage) as those on surface concentrations. The
concentration reduction due to pollutants at 100 m is about 4.8%

at 15:30 and about 13.5% at 23:30. It is noted that pollutant
induced changes in the concentrations are smaller in the rural area
than in the urban area. The maximum reduction of surface concentra-
tion in the rural area is about 7.5% at 01:30 as compared to 8.2% in
the urban area. At the urban source height (no source in rural area)
of 100 m the reduction in pollutant concentration is only 5.5% at
23:30. Clearly the larger decrease of 13.5% (107.9 ug/m*®) in the
urban area is caused by the presence of the pollutant source.

As changes in pollutant concentrations are a direct result of
changes in eddy diffusivities it is necessary to examine the effect
of radiative participation by pollutants on eddy diffusivity profiles.
Table 8.8 compares eddy diffusivities at selected heights for simula-
tions P and JUP. It is seen that radiative participation has a
noticeable influence on the eddy diffusivities at 1 m. The maximum
poliutant caused increase is about 14.8% (0.04 m?/s) at 23:30. At
the source height of 100 m the increase is as large as 63% at 19:30.
It is not surprising to note that the period (19:30 to 05:30) of the
largest changes in diffusivities is also the time interval during
which the pollutant concentration are altered the greatest.
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Table 8.8 Comparison of Eddy Diffusivities (in m?/s) at z = 1 m

and z = 100 m for Simulations P and NP at x = 16 km

1 m z=100m

Time NP p P-NP NP P P-NP
05:30 0.61 0.61 0 1.12 1.12 0
07:30 0.26 0.27 0.01 3.35 3.91 0.56
09:30 0.39 0.39 0 19.38 20.05 0.67
11:30 0.42 0.42 0 24.47 25.04 0.57
13:30 0.45 0.45 0 26.46 27.32 0.86
15:30 0.43 0.43 0 22.59 23.35 0.76
17:30 0.38 0.34 -0.04 8.84 9.48 0.64
19:30 0.24 0.28 0.04 1.83 2.99 1.16
21:30 0.27 0.31 0.04 2.52 3.65 1.13
23:30 0.27 0.31 0.04 2.68 3.73 1,05
01:30 0.27 0.28 0.01 2.73 2.87 0.14
03:30 0.27 0.28 0.01 2.81 3.00 0.19
05:30 0.27 0.28 0.01 2.98 3.25 0.27
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As the shape of the 0'Brien diffusivity profile in the transition
layer is determined by turbulence characteristics of the equilibrium
layer, it is interesting to examine the effects of radiative partici-
pation by pollutants on the stability of the surface layer as reflected
in the eddy diffusivities of the transition layer. Table 8.9 compares
the eddy diffusivity profiles at two selected times for simulations P
and NP. It is seen that the pollutant induced increase in eddy
diffusivity of about 1.6% at 30 m (13:30) is magnified to 8.3% at
200 m in the transition layer. The increase becomes as large as
103% at 500 m during daytime (13:30). At 21:30, the change of 39.0%
caused by pollutants at 30 m in the equilibrium layer is reflected as
a 39% increase at 200 m in the transition layer. The analysis of
this paragraph indicates that the effect of radiative participation
by pollutants on pollutant dispersal should be viewed in the light
of the Timitations of the particular turbulence being used.

It is clear from the preceding discussion that in this study it
is not possible to draw any firm conclusions on the effects of
pollutants on pollutant dispersal in the transition layer. As the
stability of the surface layer is controlled to a large extent by
the surface temperature, the only important radiative effect of
poliutants from the point of view of pollutant dispersal is that of
warming or cooling of the surface temperature. It is obvious that
this statement has important implications. With a turbulence model
which does not predict the eddy diffusivities realistically in the
transition layer, it is not possible to make definitive recommendations
regarding the inclusion of radiation transfer in Air Quality Simulation
Models.

It is necessary to reemphasize the importance of the turbulence
model in determining the effects of radiative transfer on pollutant
dispersal. The effects of radiative participation are Targely dependent
on the sensitivity of the eddy diffusivity formulation to local stabil-
ity changes caused by radiative heating or cooling. Thus, surface
layer based eddy diffusivity formulations such as those used by
Bornstein (1972) and Estoque (1973) cannot be expected to react to
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Table 8.9 Comparison of Eddy Diffusivities (in m2/s) at x = 16 km
for Simulations NP and P
Height = 13:30 = 21:30

(m) NP P-NP NP P P-NP
1 0.45 0.45 0.00 0.27 0,32 0.05
5 1.17 1.19 0.02 0.63 0.74 0.11
15 3.45 3.50 0.05 1.21 1.69 0.48
30 7.32 7.44 0.12 1.91 2.67 0.76
50 13.67 13.93 0.26 2.23 3.10 0.87
100 26.46 27.32 0.86 2.68 3.73 1,05
200 36.34 39.37 3.03 2.12 2.95 0.83
300 31.36 36.79 5.43 0.76 1.06 0.30
400 18.79 25,66 6.87 0.00 0.00 0.00
500 5.91 12.00 6.09 0.00 0.00 0.00
600 0.00 1.87 1.87 0.00 0.00 0.00
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pollutant caused changes in the transition layer. On the other hand,
the model suggested by Pandolfo (1966) is extremely sensitive to local
stability. Bergstrom and Viskanta (1973) and Atwater (1974) using
Pandolfo's model conclude from their studies that radiative participa-
tion can change pollutant concentrations at the ground by as much as
20%. It is clear that this relatively large change is tied to the
turbulence model used. As atmospheric turbulence is still incom-
pletely understood, it is not always possible to examine critically
the validity of the assumptions on which a particular turbulence model
is based. Clearly., conclusions regarding the effects of pollutants

on poliutant dispersal have to be qualified with statements about the
turbulence model used.
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APPENDIX A

Calculation of Directly Transmitted and Diffuse Solar

Radiation at the Top of the Atmospheric Layer

This study utilized a combination of empirical procedures sum-
marized by Paily, et al. (1974) to calculate the direct and diffuse
solar fluxes at the top of the atmospheric layer being studied. The
method is given below for convenience.

The solar altitude a is the angle in the vertical plane between
the sun's rays and the horizontal. The zenith angle u is the comple-
ment of a. Using spherical trigonometry u can be written as

u = cos™' [sing sin§ + cos¢ coss cosh] (A.1)

where ¢ is geographic latitude in radians, § is declination of the
sun in radians, and h is local hour-angle of the sun in radians.
An approximate relation to obtain § is given by

-+ § = (23.45 w/180) cos[(2w/365)(172 - D)] (A.2)

where § is in radians and D is the number of the day in a year with
D =1 for January 1 and D = 365 for December 31.

The attenuation of solar radiation is represented by three
coefficients which are functions of the optical air mass, the moisture
content of the atmosphere and the dust content of the atmosphere.

The directly transmitted solar radiation S¢ at an arbitrary height
in the atmosphere is given by

S, = Sola" - d) (A.3)

where Sy, is the solar radiation at the top of atmosphere, a" is
the coefficient which accounts for attenuation for scattering and
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absorption by gases and d is the atmospheric dust depletion coeffici-
ent. These coefficients are expressed by the relations

a" = exp{m[-(0.465 + 0.130w)][0.179 + 0.421 exp(0.721 m)]}(A.4)
and

d=1-0.99" (A.5)

The optical air mass m is given by the following equations:

It

m = my(pa/Po) (A.6a)

[cosu + a(a + b)™¢]™* (A.6b)

Mo

where my is the optical air mass at sea level where the barometric
pressure 1is Po> K is the zenith angle, and p; is the barometric
pressure at the altitude at which the solar fluxes are being computed.
The constants a, b, and ¢ have the values:

a=20.15 (A.7a)
b= 3.885 (A.7b)
c =1.253 (A.7¢)

The term w in Eq. (A.4) is the precipitable water vapor content in cm
above the altitude at which solar fluxes are being computed.

Assuming that half of the scattered radiation reaches the
altitude being considered, the diffuse solar radiation Sy can be
written as

Sq = S,[0.5(1 - a') + 0.5d] (A.8)

where a' is a coefficient which accounts for attenuation by scattering
only and is given by

a' = exp{m{-(0.465 + 0.134w)][0.129 + 0.171 exp(0.880m)1} (A.9)
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