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ABSTRACT

A dynamic-numerical model is utilized to study the impact of air pollution on the temperature and wind
distributions of the planetary boundary layer. The mathematical model uses a rather complete radiative
treatment which comprises the entire solar and infrared spectrum ranging from 0.29 to 100 um. In the solar
spectral range, the absorption by water vapor, nitrogen dioxide and industrial haze is fully accounted for in
addition to multiple scattering by air molecules and haze particles. In the spectral region of the strong ab-
sorption bands of the infrared emission spectrum, the effect of aerosol is very small and is disregarded. The
emissivity method is applied here, allowing full treatment of the overlapping effects of water vapor and car-
bon dioxide. In the window region, however, the effect of aerosol and water vapor absorption and emission
is taken into account in addition to multiple scattering by aerosol particles. The radiative treatment ac-
counts for the influence of relative humidity on the particle distribution function and on the complex index
of refraction of the aerosol. The spherical harmonic method is used to handle the scattering problem.

The dynamical part of the analysis consists of the numerical solution of a coupled system of partial differ-
ential equations comprising the equation of horizontal mean motion, the thermodynamic equations of the
air and the soil, and the transport equations of moisture and pollution. Various models of the exchange co-
efficient are used to study the impact of model assumptions on the computed distributions of temperature,
pollutant material and wind. It is found that the choice of the exchange model is not critical but has some
effect on the model computations. The present calculations show that the maximum impact of air pollution
on the evolution of temperature and wind profiles is highly significant, thus verifying the previous conclu-
sions of Zdunkowski and McQuage (1972).

1. Introduction Of the many papers which have appeared on this
subject, only those which have the most direct relation-
ship to the present work will be summarized here.
Atwater (1972) incorporates the sophisticated Pandolfo
boundary layer treatment to study in particular the
heat island effect using a one-dimensional model. He
concludes that radiative flux divergence is not of
primary importance in maintaining a heat island. This
conclusion does not necessarily extend to the present
study since even relatively small temperature changes
induced by radiative effects in extensive pollutant
layers have non-negligible cumulative effects. Myrup
(1969) has also investigated problems of this type with
a semi-empirical treatment of the radiative aspects. An
important, fairly complete study on the subject is due
to Bergstrom and Viskanta (1973). However, their
work still disregards the very important effect of
humidity upon the attention parameters. Moreover,
the effect of air pollution on the evolution of the wind
profiles is not shown. Presently, the latest paper on the
subject is due to Atwater (1975) who uses a sophisti-
cated three-dimensional model to simulate thermal

It is well known that during periods of strong ground
inversions, particulate matter and pollutant gases
accumulate in large quantities within the inversion
regions of the atmospheric boundary layer. Aerosols
and pollutant gases trapped by inversions directly
influence the infrared radiation field in two ways: 1)
they significantly increase the downward radiational
flux at the ground and thus tend to decrease the
nocturnal cooling rate of the earth’s surface; and 2)
they change the infrared radiative cooling rate of the
air. These two processes interact with the eddy ex-
change and the soil heat conduction mechanisms in a
very complex way to form the temperature and wind
profiles in calm nights. After sunrise, the aerosol
particles, together with the pollutant gases, reduce the
incident global radiation at the earth’s surface and
thus prevent a rapid destruction of existing inversions.
Absorption of solar radiation by the pollutant material
is an additional contributing factor affecting the tem-
perature and wind profiles. Details of the radiative
interaction with the dynamical processes of the bound-

ary layer are still not well understood and require a
careful theoretical analysis.

changes induced by urbanization and pollutants.
Possibly, Atwater’s work is the most complete study
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so far undertaken. His radiative treatment, however,
is not as complete as that of Bergstrom and Viskanta
(1973). Furthermore, no results are given on the
evolution of the wind profile.

Zdunkowski and McQuage (1972) have found that
the influence of air pollution on the formation of
temperature and wind profiles can be quite significant.
Their study is based upon a strongly parameterized
treatment of the solar radiation, assuming that the
pollution particles are represented by a non-absorbing
water haze. This type of shortcoming is remedied in
the present paper.

The purpose of this paper is to obtain estimates on
the maximum effects that air pollution can have on the
evolution of temperature and wind profiles. The
_strongest effects undoubtedly will occur in stagnant
air masses when advection is absent. The effect of
horizontal diffusion and advection will be treated in a
companion paper (in preparation for publication).

Since the interaction of air pollution with the thermo-
dynamic and dynamic properties of the planetary
boundary layer (PBL) occurs radiatively, an attempt
is made to give a fairly complete radiative treatment.
Multiple scattering by aerosol particles is fully ac-
counted for. Furthermore, as a novel feature for any
study of this type, the influence of humidity on the
complex index of refraction and the particle distribution
function is included.

Several exchange coefficient distributions have been
selected to determine the influence of mixing assump-
tions upon the predicted state of the PBL.

The major conclusions of this study concern the

. effect of air pollution on temperature inversions and
wind profiles. Additionally, the maximum effect of
radiative flux divergence is estimated.

2, Mathematical analysis
a. Symbols
It is useful to first define the following symbols:

31 height coordinate, time
" Ve=u,v horizontal wind
f Coriolis parameter
k vertical unit vector
V, geostrophic wind -
p, pAe air density, partial density (concen-

tration) of dry aerosol
micro-turbulent diffusion coefficients
for fluxes of heat, momentum, specific
humidity and aerosol
K exchange coefficient for the soil

Kh, Km; _Kq; KAer

8
0, T,T, potential temperature of the air, air
temperature and soil temperature
b, Po air pressure, standard air pressure
K Poisson’s constant
Fy net flux of short- and longwave

radiation

617; Cq

!
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heat capacity of the air for constant
pressure, soil heat capacity

latent heat

phase flux of water vapor

urban heat and pollution sources

attenuation coefficient (=1, 2, 3
refer to extinction, scattering,
absorption)

efficiency factor

aerosol particle size distribution
function, 7 =radius

Monin-Obukhov characteristic
length

Monin-Obukhov profile function

friction velocity, roughness height

von K4rméin’s constant

b. Prognostic model equations

Egs. (1)-(5) below govern the predicted variables.

The first equation is the horizontal equation of mean

‘motion where the micro-turbulent momentum flux

enters as a parameterized quantity. Molecular terms
are disregarded in this and all other equations. The
second equation is the heat equation using potential
temperature as the prognostic variable. The equations
that follow pertain to the specific humidity, the partial
density of aerosol and the soil temperature. No separate
equation is written down for NO; since it is of the same
form as that for pAer.

oVy d oVy
—+ kX Vu= kX Vq+—(K1n__)
ot 9z

a2
0
Vu= {
V, at

| (P(’)K
kLR p/ dFy 87 00
a¢ pcp 0z 0z 0z

at 2=2

1)

2=

—i@—")xuwﬁ @)

pCp\p

dg 9 ag\ I

——=—-(Kq—)+— @)
at 9z az/ p
apAer K] apAer

=—(KA3, e )
ot a2 . 02
aT, 0T,

=K—. &)
ot 022

The following boundary conditions at 4= are assumed
to be realized at a height of 3 km and at a depth of
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—1 m, respectively:
6=constant

at z=-+4 (6a)

a
__.(q’pAer’N‘Oz) =0
0z

T,=constant at z3=— o0

(6b)

The temperature equations for the air and the soil
must be coupled. This occurs with the aid of a diagnostic
equation, the so-called interface condition. This condi-
tion follows from the requirement that at z=0 the
sum of the heat fluxes must vanish, i.e.,

Fy—F4+F,—JJIE+y(LH)=0, @)
where:

Fy=—Fy (longwave radiation)

+Fy (shortwave radiation?)

a0
FA = —pCpK}.——'
9z

Parameterized micro-turbulent flux of sensible heat

aT,
F,= _PsCsKs'_—
9z

Heat flux in the soil

dq
J.= _qu_'
0z

Micro-turbulent flux of water vapor
Y(LH) latent heat flux adapted for the present prob-
lem (details are given later)

E efficiency factor for phase changes.

The system is closed with the additional assumption
that the air and soil temperature at =0 are identical.
The equations are solved numerically after proper
initial conditions are specified.

The quantity /7, is realized if all water vapor trans-
ported to the ground condenses there, or if the mass
flux of water vapor originates from a water reservoir
embedded in the soil. In very dry soil, complications
arise so that no appreciable flux of water vapor pene-
trates the surface, i.e., E=0. This situation is assumed
in the present calculations so that the term 1J, makes
no contribution in (7). Nevertheless, the term is
retained for generality and will be exploited in a com-
panion paper. Another special case occurs when the
soil is saturated with water so that E=1.

During the night in very close proximity to the
earth’s surface water vapor condenses. The liberated

1 Shortwave ground albedo is 209, implicit.

R. M. WELCH AND J.

PAEGLE 2401
latent heat of condensation results in a local tempera-
ture increase of the air. Since fog formation shall be
suppressed in this model, the condensed water vapor is
deposited at the ground. The next morning, phase
changes take place in the opposite sense. These pro-
cesses are modelled by means of the latent heat function
¥ (LH). The physical characteristic of ¢ (LH) is different
from the flux J, so that these quantities should not be
combined.

The partial density of dry aerosol in the prediction
equations is required since it is used to determine the
optical attenuation parameters needed for the radiative
transfer equations. Since the aerosol particles are
assumed to be effectively spherical of radius r and
having size distribution function #(r), the partial
density of the dry aerosol is

2
prer=4rp(Bulk, Aer) / *n(r)dr. (8)
3
The present paper uses a Junge type distribution, i.e.,

9

a
”(’) =
rlx
where « is fixed (=4 for relative humidities <95%)
but e is variable. The limiting radii correspond to
measured values for the industrial air of Mainz,
Germany (r1=0.04 um, 7,=20 um). Inserting (9) into
(8), the integration can be carried out to give

prr=ad, (10)
where A4 is a constant to be determined only once. The
monochromatic attenuation coefficients for the dry
aerosol are computed from

{J’im=1r/ r"n(r)Q.dr=aB,. (11)

T

With the aid of the variable a, the attenuation coeffi-
cient BA°" becomes proportional to pA® so that the
prognostic equation for the dry aerosol becomes also a
prognostic equation for the attenuation coefficients.
This approach assumes implicitly that the particle
size distribution function for dry aerosol does not
change during the prediction period. The assumption
is physically meaningful and results in great compu-
tational economy.

In reality, there is no dry aerosol in the lower section
of the atmosphere since the particles absorb water
vapor. However, the particle distribution of aerosol in
moist air is very difficult to predict so that use is made
of empirical relationships. The ratio of 8 (moist aerosol)/
B(dry aerosol) is obtained from a set of tables (Hinel,
1975) as a function of the relative humidity.
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¢. Exchange coefficient

The exchange coefficients that are used in the experi-

ments are of the form
. Kn

¢h,q,m,Aer (Z/L) ’

where K™ refers to neutral conditions and ¢ is the
Monin-Obukhov profile functlon In the present
investigation, several different functions are used for
K™ and ¢, as described below. All are consistent with
accepted surface layer theory and in reasonable agree-
ment with observations for low levels. In order to
estimate the effect of uncertainties of such formulas
at upper levels, several experiments are conducted
varying the functional form of K». -

(12)

Kh,q,m,Aer=

1) UNSTABLE REGIME

D)o ]

for —>—10.

(13a)

2z z\"?
¢h(—) = 0.76(1 - 16——)
L L

The functions are evaluated at z/L= —10 if z/L< —10.

(13b)

2) STABLE REGIME

4
¢,,,( ) 1+— <082 (14a)
L
A Z
¢m<_)= —>0.82  (14b)
L L
2 4 2\? 2
¢,,(—)=0.74+9.62—+29.6(——>, —<008  (15a)
L) L L)’ 1
4 b4 Z
¢h(_)—_-1,2—|-6.1——, —>008. (15b)
L L L

Egs. (132)-(15b) are consistent with observational
estimates of Carl ef al. (1973) and Webb (1970), and
(14b) is based on Webb (1970). The simplifying assump-
tion is made that ¢r=¢,=daer.

Three different forms of K» are used. The first is:

kz N\ /0u\? [Ov\’7

() GG ]
1-+kz/\ 9z 92/

(Blackadar, 1962). Here \ represents a constant mixing

length.
The second formula for K* is (Shir, 1973)

(16)

K:=%fezu*[exp(—4z/zG)+ )

1+16(z/L)_1-6]’
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where 2¢=0.455u, /f scales boundary layer height. Eq.
(17) together with Eq. (12) gives rather large exchange
for the unstable case. To reduce this somewhat, the
right-hand sides of (13a) and (13b) are multiplied by
1.35 when (17) is used. For stable conditions, z¢ is
parameterized by zg¢=zg(neutral)/(145z/L) [but re-
stricted so that 2¢2> 350 m] in order that the height of
maximum exchange is not unreasonably high.

The last formula used for the exchange is based upon
the KEYPS formula:

k= ¥ 2[(“0/@2244“ 18
~ﬁ{—T — (e 7}6—2(2))4-14*]]- (18)

(y=14)

All formulas have the correct limiting behavior (<« z)
in the limit z/L— 0. Since K is not known at the
interface, it is arbitrarily taken as 95%, of the roughness
height value. Experimentation suggests that this choice
gives reasonable nocturnal cooling rates for clear air.

d. Outline of the radiation model

The purpose of this section is to summarize the’
radiation model. The analytical treatment is given in a
companion paper (Welch and Zdunkowski, 1976). The
radiative treatment includes the entire solar and infrared
spectrum ranging from 0.29 to 100 um. The absorption
properties of the aerosol and the atmospheric gases
water vapor, carbon dioxide and nitrogen dioxide are
carefully accounted for, in addition to multiple scatter-
ing by air molecules and aerosol particles. The depend-
ency of the particle distribution function and of the
complex index of refraction upon the humidity distri-
bution of the atmosphere is taken into consideration
in all cases.

In order to make the radiation analysis tractable
and computationally feasible as part of a general
prediction model, it is necessary to schematize the
spectrum. The solar spectrum is simplified by sub-
dividing it into three regions as outlined next.

1) The water vapor region. This region is a com-
posite of intervals combining all the absorption bands
of water vapor. By assumption, only aerosol particles,
air molecules and water vapor interact with the sun’s
radiation. The validity of such procedure was previously
demonstrated by Welch et al. (1976).

2) The NOs; region. It is assumed that only NO; air
molecules and aerosol particles interact with the solar -
energy.

3) The remainder of the solar spectrum. Only aerosol
particles and air molecules interact with the solar
radiation.

In each of these intervals, multiple scattering and
absorption processes are treated using the spherical
harmonics method in the manner described by
Zdunkowski and Korb (1974).
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The infrared spectrum is divided into two sections
for the following reason. In the regions of the strong
water vapor and carbon dioxide absorption bands, the
effects of water vapor and carbon dioxide by far
outweigh the effects of aerosol. Therefore, in this
region, aerosol interaction with radiation is disregarded.
The water vapor and carbon dioxide radiation is
treated by the emissivity method of Rodgers (1967)
which accounts for the overlap effects. This procedure,
however, is modified to exclude the radiation in the
water vapor window which is treated separately.

In the window region the effects of aerosol absorption,
scattering and emission can be substantial. The radia-
tive treatment of aerosol and water vapor in this
spectral range follow the mathematical analysis of
Korb et al. (1975).

In each of the three solar spectral ranges, the bound-
ary layer is divided into nine sublayers, each of which
is characterized by uniform temperature, pressure,
moisture and haze concentration, spectrally averaged
attenuation properties and phase functions. In the
window region, however, the temperature is permitted
to vary linearly through each individual layer. Another
uniform layer, describing the major features of molecu-
lar scattering of the solar radiation, extends from the
top of the boundary layer to the 25 km level. Above
the boundary layer, it is assumed that the solar radia-
tion is attenuated only by molecular scattering and by
water vapor absorption.

3. Discussion of results
¢. General remarks

The complete set of the prediction equations is
applied up to a height of 3 km. This height, for con-
venience, is called the top of the PBL. The basic
model assumes an initial relative humidity (IRH) of
509, throughout the lower 3 km of the atmosphere.
Above this height, the average relative humidity distri-
bution of Valley (1965) is applied. Unless otherwise
stated, the temperature is fixed at the top of the PBL
as 256.5 K. The temperature at the lower boundary
is taken as 276 K at a depth of 1 m, which is well
below the penetration depth of the daily temperature
wave. The initial temperature distribution, for practical
purposes, assumes a surface temperature of —10°C, a
linear increase to 0°C at 500 m, and a linear tempera-
ture decrease above this height. The final field is
reached when the daily temperature wave at a given
height becomes effectively periodic. The initial aerosol
distribution in height is assumed to be of Gaussian
type having a maximum concentration of 60000
particles cm™ at a height of 500 m, and 30 000 particles
cm™? at the earth’s surface. As already stated, the
particle distribution function is measured in Mainz,
Germany, and is found to be of the Junge type. For a
particle range of between 0.04-20 um, the not unusual
visual range of 4 km (RH=50%) results from a
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particle concentration of 60000 cm™3 and a dry mass
load of 876 ug m™3. Similar mass loads have been used
for modeling purposes by Bergstrom and Viskanta
(1973) and Atwater (1975). The initial distribution of
NOs; is assumed to be the same as for aerosol having a
maximum concentration of 1 ppm at 500 m and one-
half this value at the earth’s surface. Such values are
rarely exceeded in industrial air, but are sometimes
observed under stagnant conditions (Tebbens, 1968).
Subsequent dispersal redistributes the pollutants with
height without affecting the total mass load assumed
in the initial condition. ‘

The basic model assumes a solar declination angle ()
of —20° which refers to conditions in mid-January
when convection is at a minimum and pollution is
particularly severe. Cloudiness is assumed to be absent
as often experienced in episodes of heavy pollution,
The latitude ¢ is 45°N. The soil surface is assumed to
be sandy clay, unless otherwise stated. Conductivity
and heat capacity constants are provided by Johnson
(1954).

Some additional calculations are carried out where
latitude, solar declination angle, initial moisture and
pollution concentrations are varied. Moreover, a study
is made with initially clear air which is polluted at
different rates by two pollution sources.

b. Results

Fig. 1, obtained on the basis of Blackadar’s exchange
model, compares the temperature waves at the earth’s

286

282 OM, NO HAZE
< 278
<
w
3
= 2741 ~
< SU30M, NO HAZE
v 4 ~
w ~
2

~

I.'I_.I 270+ S~

30M, HAZE
266

OM, HAZE
2621

258 1 Il L 1 !

TIME (hrs)

Fi16. 1. Comparison of the daily temperature distribution at two
heights in clear and strongly polluted air, Blackadar model. IRH
=509, 6=—20°, ¢=45°N. Hour zero refers to sunrise.
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surface and at 30 m for the conditions of heavy pollu-
tion (60 000 particles cm—3, 1 ppm NO;) against the
background pollution (5000 particles cm™3, 0.01 ppm
NO3). These conditions are labeled as haze and no haze.
Impressive differences in amplitudes for haze and no
haze at corresponding heights are found. For example,
the presence of the heavy pollution reduces the maxi-
mum surface temperature from about 283 to 265.5 K
while the surface minimum temperature is decreased
by about 4°C. Although the solar heating of the polluted
air locally may be as high as 4°C h~ or more, the total
pollution effect is strong cooling. The solar energy
arriving at the surface in the unpolluted atmosphere
is strongly reduced in case of heavy pollution with a
corresponding reduction of surface temperature which
carries over into the night. Even at the height of 30 m,
the temperature reduction is substantial. Equivalent
calculations, utilizing the other two exchange models,
show only slight deviations from the results of Fig. 1
and are therefore omitted.

To give additional evidence of the close resemblance
of the temperature distributions due to the three
exchange models (Blackadar, KEYPS and Shir), the
vertical temperature distributions for the entire bound-
ary layer are shown in Fig. 2 for the times of the
extreme surface temperatures in the case of background

5000

1000

500

00

50

HEIGHT (M)

[ LINEAR
o
o

-1.0

255 260 265 270 275

TEMPERATURE (°K)

280 285

F16. 2. Vertical temperature distribution in clear air at the times
of extreme surface temperatures using various exchange models.
IRH=509,, 8=-—20° ¢=45°N. B, Blackadar; S, Shir; K,
KEYPS.
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Fi6. 3. Comparison of the vertical temperature distribution in
clear and strongly polluted air at the times of extreme surface
temperatures, Blackadar model. IRH=250%, §=—20°, ¢=45°N.

pollution only. At greater heights no distinction occurs,
while in lower heights relatively small differences due
to model assumptions can be discerned.

A comparison of the complete vertical temperature
profiles between the heavily polluted air and clear air
with only background pollution is shown in Fig. 3.
The three exchange coefficient models give closely
resembling temperature fields. Therefore, it is sufficient
to show the vertical temperature distribution for the
Blackadar exchange coefficient for the times of ‘the
extreme surface temperatures. These occur at sunrise
and in the early afternoon. The largest difference
of Tmax oOccurs in the air layer near the ground and
within the uppermost soil region. In case of heavy
pollution, inversion conditions exist through the entire
day. The maximum surface temperature of a clear
day is reduced by 18°C due to the heavy pollution.
This temperature difference becomes progressively
smaller with increasing height. Even in mid-December
for the haze-free atmosphere, the model predicts
unstable stratification within the lower few meters.
The difference between the minimum temperatures at
the earth’s surface and above is not nearly as large as
for the maxima. Inspection of Fig. 3 reveals a super-
adiabatic lapse rate directly above the inversion in the
strongly polluted air. This unrealistic feature is caused
by strong solar heating by pollutants at the top of the
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inversion layer. Reasonable variations of the exchange
coefficients, increasing the fixed upper boundary po-
tential temperature, and application of floating upper
boundary conditions [86/9z=0 or 86/9z=0.35°C (100
m)~Y] do not remove the superadiabatic lapse rate.
This leads to the conclusion that subsidence must
be accounted for which can be expected in high pressure
conditions.

Fig. 4 illustrates the extreme temperatures for the
initial conditions (T'=—10°C at z=0, linear increase
to T=0°C at 500 m and isothermal above; the same
initial soil temperature as before) in conjunction with
the floating boundary condition 86/dz=0.35°C (100
m)~'. After 4 days of simulation time, the diurnal
oscillations are periodic. These initial and boundary
conditions imply rather warm stable winter conditions,
sometimes observed during episodes of heavy air
pollution. A subsidence of 0.25 cm s~! at the upper
boundary, linearly decreased to zero at the ground, is
sufficient to remove the superadiabatic lapse rate.
For initially cooler air, a larger subsidence is required.
Repeating the calculations of Fig. 4, but using a floating
lower boundary condition (87T,/d3=0) changes the
results {not shown) only in the lower soil layer. Com-
parison of Figs. 3 and 4 shows that the basic features
of the atmospheric temperature profiles have not
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1 1

- -1.0

i 1
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1
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Fi6. 4. Comparison of the vertical temperature distribution in
clear and strongly polluted air at the time of extreme surface
temperatures for the Blackadar model with 0.25 cm s™ subsidence.
IRH=50%, 6=—20°, ¢=43°N.
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F16. 5. Comparison of inversion heights (H) and intensities
(AT) for clear and strongly polluted air using various exchange

models. IRH=2509,, = —20°, ¢=45°N. Time zero denotes the
time of surface maximum temperature.

changed substantially, so that the impact of air pollution
is essentially the same in both models. The clear air
maximum temperature in the subsidence seems some-
what high but lies in the range of observed data. It
should be noted that the wind profiles (not shown)
remain essentially unchanged. The main objective of
this investigation is to assess the impact of air pollution
on the temperature and wind profiles of the lower
kilometer of the PBL. Since the effect of air pollution
is essentially the same in both models, the simpler case
without subsidence will be discussed in the remainder
of the paper. A paper describing a more complete
two-dimensional model, including both advection and
vertical motion, is in preparation.

The haze layer acts as a shield to the outgoing
radiation, particularly in the window region where water
vapor effects are minimal. If after a clear day the earth
could be covered with a dense haze layer, the tempera-
ture at the earth’s surface and within the air layer near
the ground would be higher than during a clear night.
However, if the pollution persists, the trend will be
reversed during the following night. This shows that
air pollution has a much stronger impact upon the
solar than the infrared radiation. The interaction of
haze with the thermal emission of the earth is significant
only in the water vapor window.
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F1G. 6. Vertical distribution of exchange coefficients K, in clear air at times of
extreme surface temperatures. IRH =509, 8= —20°, ¢=45°N.

Information regarding the temperdture inversions is
summarized in Fig. 5. The upper section of the figure,
labeled as haze, refers to the heavily polluted air while
the lower part refers to the clear air with background

100 |—
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MAXIMUM K, (MZsec™")

7 ’
z A — \

LO 1 I' l‘ i i 1

Ll

TIME (hrs)

F1G. 7. The daily course of the maximum exchange coefficient
K} for clear and strongly polluted air. IRH=50%, &=—20°,
¢=45°N. Time zero refers to'the time of maximum surface
temperature.

pollution only. The right-hand side of the figure gives
the intensity of the inversion, here defined as the
temperature difference occurring between the top of
the inversion and the surface. The left side gives the
inversion height. Time is counted from the time of the
surface maximum to the surface minimum temperature.
It is seen that for clear air, the intensity for the ex-
change models of Blackadar and Shir, indicated by
superscripts, is nearly the same with a maximum
value of nearly 9°C occurring at thé time of sunrise.
The result for the KEYPS model falls between the'
two curves and is omitted for clarity. Within the height
resolution of the calculations, the inversion height is
nearly the same in all three cases for the polluted
as well as for the clear air. For the unpolluted air, the
surface based inversion starts forming ~ 2 h after the
surface maximum temperature has occurred. First the
inversion grows very rapidly with height and in inten-
sity but slows down after midnight, reaching a maxi-
mum height of about 250 m. In case of the heavily
polluted atmosphere, the inversion exists at all times
with a rather small diurnal variation in the inversion
height. Its maximum value is about 800 m. The pre-
dicted intensity (18°C) is strongest for the Blackadar
model and weakest for the Shir model (15°C). Again
it is seen that the three models do not differ critically.

The vertical distribution of the exchange coefficients
for clear air, with background pollution only, is shown
in Fig. 6 for the times of the extreme surface tempera-
tures. The KEYPS and Shir models provide sub-
stantially larger values of the maximum exchange
coefficients than the Blackadar model. This is again
demonstrated in Fig. 7 which gives the daily distribution

_of the maximum exchange coefficient for the clear air
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F1c. 8. Daily course of the surface cross-isobar angle o and
wind speed at 6.5 m, clear air. IRH=>50%, §=—20°, ¢=45°N,
Time zero denotes the time of maximum surface temperature.

with background haze (labeled no haze) and the
strongly polluted air. Time zero refers to the time of
the maximum surface temperature. The KEYPS and
Shir formulas have a clear air maximum value about
five times as large as the Blackadar formula around the
time of the surface maximum temperature. Even
though there is a considerable variation in the magni-
tude of the exchange coefficients in greater heights,
Fig. 2 shows only minor variations in the vertical
temperature profiles. The reason for this behavior is
that the temperature field is strongly controlled by the
heat fluxes near the earth’s surface where the exchange
coefficients do not differ greatly.

As shown in Fig. 8 the choice of the exchange coeffi-
cient model in clear air has a strong impact on the
surface cross-isobar angle ¥, and the wind speed V'
near the ground during the time of the maximum
surface temperature. The results pertaining to the
KEYPS exchange coefficient are not shown since they
are close to the Shir model. During the stable period
of the day, all models are in good agreement. The cross-
isobar angles as predicted by the present method for
the time of the surface maximum temperature using
the KEYPS and the Shir models appear to be too small.

Fig. 9 displays the impact of the three exchange
models on the evolution of the wind spirals during the
time of the surface minimum temperature in clear air.
Within the height resolution of the prediction model,
the wind is practically geostrophic at 360 m in all three
cases. The cross-isobar angle varies from 23° to 31°,
well within the range of observed values. The clear air
difference of the wind spirals based on the Blackadar,
KEYPS and Shir models is largest at the time of the
surface maximum temperature, giving cross-isobar
angles of 9°, 5° and 3°, respectively.

Fig. 10, based on the Blackadar model, shows the
wind spirals for the time of the maximum surface
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F16. 9. Wind spirals for clear air at the time of minimum sur-
face temperature for the three exchange models. IRH=>509%,
3=—20°, p=45°N.

temperature for clear (with background pollution)
and strongly polluted air. The difference between these
two cases is very significant. The pollution effect, as
seen from previous figures, results in strong thermal
stability which causes the cross-isobar angle to increase
from 9° (clear) to 28°. The gradient wind height is now
reached at 360 m instead of 780 m (clear).

The calculations also show that for the strongly
polluted atmosphere, even for the time of maximum
surface temperatures, the wind spirals based on the
three exchange models are nearly identical.

As pointed out earlier, the aerosol attenuation
parameters depend on the relative humidity. For this
reason, it is instructive to inspect the relative humidity
distribution as a function of height and time. This is
demonstrated in Fig. 11 for the times of the extreme
surface temperatures. It is seen that within the lower
50 m the change can be quite substantial. As the
humidity increases from 509, to 959, the attenuation
parameters change by as much as a factor of 5. A
further increase to 999, may enlarge the attenuation
coefficients by another factor of 5. Such changes are
highly significant.
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Fi1c. 10. Wind spirals for clear (dashed curve) and strongly
polluted air (solid curve) at the time of the maximum surface
temperature, Blackadar model. IRH =509, 6= —20°, ¢=45°N.
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the ground is strongest for the minimum surface

temperature. For an IRH of 109, and 709, the corre-
/ sponding surface temperature is 255 and 259 K, re-
5001 spectively. The change in the surface maximum tem-
perature is about half as large. The corresponding

deviations in the wind field are rather small.

Due to the thermal stability of the strongly polluted
air, particle and NO; concentrations are nearly in-
variant in height and time within the inversion layer,
having values of 50000 particles cm™ and 0.8 ppm,
respectively. Above the inversion an exponential
decrease is found, giving values of nearly zero at 2 km.

Fig. 12 shows the impact of the initial NO, concen-
tration on the evolution of the temperature profiles
near the ground for the initial relative humidity of 509,
The initial height distribution is Gaussian with maxi-
mum concentrations of 0.001, 0.01, 0.1 and 1 ppm. A
background aerosol concentration is included which

also has an initial Gaussian distribution of 5000
particles cm~2 at 500 m. During the times of the extreme
surface temperature, the variation in temperature for
the concentration range from 0.001 to 0.1 ppm is not
very impressive. Largest differences occur at the inter-

; : . face. A further increase to 1 ppm results in a substantial

20 40 60 80 100 decrease of the maximum surface temperature which
RELATIVE HUMIDITY (%) is also reflected at the time of the minimum surface
temperature. The maximum difference for the entire

Fic. 11. Vertical distribution of relative humidity at times of
extreme surface temperatures for clear and strongly polluted air, concentration range is about 8°C. Although the air is
KEYPS model. IRH =507, 8 =—20°, ¢=45°N. heated more strongly by solar radiation due to in-
creasing concentrations of NO,, particularly at higher
levels, the ground receives less solar energy. Since the
ground controls the temperature of the air layer near
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The influence of initial relative humidity distribu-
tions (constant with height throughout the PBL) in
heavily polluted air on the temperature profile near
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Fic. 12. The influence of various initial NO, concentrations on the temperature profile near the ground
at the times of extreme surface temperatures, Blackadar model. IRH =509, § = —20°, ¢ =45°N. Dashed
and solid lines refer to the times of minimum and maximum surface temperatures, respectively.
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F16. 13. The influence of various initial aerosol distributions on the temperature profile at the ground
at the times of extreme surface temperatures, Blackadar model. IRH =509, 8= —20°, o= 45°N. Dashed
and solid lines refer to the times of minimum and maximum surface temperatures, respectively.

tures for higher NO; concentrations. The corresponding 14 for the times of the extreme surface temperatures,
cross-isobar angles are about 10° and 28° for the near the ground, where the effect is particularly pro-
maximum and minimum surface temperatures, respec- nounced. The declination angles of 0°, —10° and —20°
tively. Wind spirals are not shown since they are quite refer to 21 March, 23 February and 21 January,
similar to those of the Blackadar exchange model. respectively. Maximum surface temperatures vary by
Fig. 13 displays a similar comparison to assess the as much as 20°C due to the significant change of the
impact of different aerosol concentrations on tempera- sun’s position. The noon time zenith angle varies from
ture profiles for an initial relative humidity of 50%,. 65° (6=—20°) to45° (§=0°) which results in a substan-
The initial aerosol distribution is Gaussian having tially larger energy supply to the atmosphere. The
maximum concentration of 1000, 25000 and 60000 surface minimum temperature is affected to a much
particles cm™® and zero NO, concentration. The clear smaller extent.
air contains a very weak background haze of only 1000 Fig. 15 shows the effect of variation of the latitude
particles cm™ at the maximum of the Gaussian distri- from 35°N to 55°N for the fixed declination angle of
bution curve at 500 m. Maximum contrasts are found —20°. Other parameters are the same as in Fig. 14.
at the earth’s surface. An increase from clear to 25000 Maximum surface temperature changes by about 15 K,
particles cm™ (365 ug m3, visibility 9 km) results ina minimum temperature by about half this amount.
maximum surface temperature decrease of nearly 10 K. An entirely different approach to the problem is
At shelter height, this decrease is reduced to about 3 K.  discussed next. So far the atmosphere has been taken
The change in minimum temperature is only 2K and to be either polluted or unpolluted initially, and the
remains nearly constant with height in the air layer total amount of polluting material of the PBL was
near the ground. An increase from clear to 60000 conserved during the prediction period. The following
particles cm™3 (876 ug m~2, visibility 4 km) causes the figure describes the situation that the atmosphere is
extreme surface temperatures to decrease by 17 K and initially unpolluted and that pollution is released at
3 K, respectively. At shelter height, the maximum constant rates at two grid points, thus symbolizing the
surface temperature change is reduced to 9K only. emission of two smokestacks or two clusters of smoke-
The wind spirals corresponding to the various curves stacks. The initially unpolluted (clear air with the usual
are not shown. They are quite similar to the ones given background pollution) temperature and wind distri-
previously for corresponding ¥, values. bution is obtained from the prediction equations. Fig.
The influence of the solar declination angle for 16 depicts the daily course of temperature at the earth’s
heavily polluted air (maximum initial concentration surface where any modifications show up very distinctly.

the ground, it is not surprising to find lower tempera- is 60 000 particles cm™3, 1 ppm NO,) is shown in Fig.
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Fic. 14. Comparison of temperature profiles at the ground at the times of extreme surfacé temperature
in heavily polluted air for three declination angles of the sun, Blackadar model. IRH =50%, §=—20°,
©=45°N. Dashed and solid lines refer to the times of minimum and maximum surface temperatures,
respectively.
completely periodic. At time zero, pollution is intro-
duced at a rate of 0.667 particles cm™ st (0.133X10~°
ppm s71) at 81 m and 0.333 particles cm™ s~ (0.067

Calculations are carried out on the basis of the
X 1075 ppm s71) at 220 m. This is termed as slowly

Blackadar model. In case of clear air with background
pollution only (5000 particles cm™3, 0.01 ppm NO.)
which is labeled as No Haze, the temperature wave is
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F1c. 15. As in Fig. 4 except for three latitudes.
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F16. 16. Comparison of surface temperatures in clear, slowly and quickly polluting air. IRH =50%,
8=—20°, »=45°N. Refer to the text for explanation of the notation.

polluting air since the temperature change at the
ground proceeds rather slowly. Even after four days,
the maximum temperature has changed by only 7 K.
The maximum NO, concentration at the end of the
prediction period of 0.1 ppm NO, only while the
maximum particle concentration is 50 000 particles
cm™3. In this case, as in all previous situations, it is
assumed that the ground does not absorb any of the
polluting material. A 109, absorption rate at theground
[i.e., 109, of the downward flux absorbed (not shown
in figure)] results in a 5 K surface temperature reduc-
tion. In addition to the clear and slowly polluting air
(no ground absorption), two cases of fast polluting
air are considered. Case A assumes that the emission
rates are twice as large as for the slowly polluting case,
i.e., emission of 1.333 particles cm™3 s~ (0.266X10—3%
ppm s71) at 81 m and 0.666 particles cm™2 s~ (0.133
X10~% ppm s7!) at 220 m. Case B specifies emission
rates of 0.667 particles cm=2 s~ (0.133X10~* ppm s™)
at 81 m and 0.333 particles cm™ s~ (0.067X10~*
ppm s7) at 220 m. Comparison of Cases A and B shows
that a fivefold increase of the NO, emission rate has
approximately the same effect on ground temperature
as a doubling of the aerosol emission rate. Initially,
Case B results in a larger maximum temperature
reduction than Case A. The trend is reversed after
2.5 days.

The evolution of the vertical aerosol profiles of the
slowly polluting air of the previous figures is shown
in Fig. 17. The vertical NO; profiles are identical. The
scaling is such that 0.01 ppm NO; corresponds to 5000
particles cm™2. The numbers O to 4 refer to the number
of days of the pollution period. For the time of the
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" Fic. 17. The evolution of the vertical aerosol profiles in slowly
polluting air, Blackadar model. IRH =50%, = —20°, ¢=45°N.
Refer to the text for explanation of the notation.
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Tasie 1. Differences of temperature (°C) and wind velocities (m s™) due to the neglect of radiative flux divergence at times of ex-
treme surface temperatures and heavy pollution for two exchange models. Variable A« is taken as a(flux divergence neglected)—
a(flux divergence included).

%, =0.2 m 571 p=45°N, §=—20°
Blackadar B

Minimum temperature

Maximum temperature

#x=0.2 m 571, p=45°N, § =— 20°
Modified B with Kmax=1 m? 5™

Minimum temperature Mazimum temperature

VA
(m) AT Aun Av AT Au Av AT Au Av AT Ay Av
0 —2.23 0 0 — 3.00 0 0 —-176 0 0 — 276 0 0
11 -381 —010 4001 - 415 -007 —0.02 —294 0.06 001 ~ 410 0.58 —0.07
50 —4.74 —-006 4003 — 518 —031 —0.04 —-332 001 —-006 — 466 033 —0.03
220 —6.3¢ +40.01 4002 — 7.69 0 -+0.03 —~405 O 0 — 535 0.03 0
500 —83¢ 40.03 +40.01 —10.26 0 0 —58 0 0 - 737 0 0
1050 ~8.62 0 0 —11.22 0 0 —1149 0 0

—890 0 0

surface minimum temperature, a strong maximum
_occurs on days 1-4 between 100 and 200 m. The larger
exchange processes during the day remove this maxi-
mum as is shown by curve 6 for the third day at the
time of the surface maximum temperature. For com-
parison, curve 5 shows the effect of 109, ground
‘absorption for the third day at the time of the surface
minimum temperature. As expected, a strong reduction
in air pollution is observed in the direct neighborhood
of the ground.

It is of considerable interest to determine the influence
of radiative flux divergence on the temperature and
wind profiles. Clearly, the rather involved prediction
calculations could be shortened and simplified sub-
stantially if it were feasible to disregard the radiative
temperature changes by setting the flux divergence
identically to zero. Such a shortcut is possible in the
case of clear air as previously pointed out, for example,
by Zdunkowski and Trask (1971). In the case of
heavily polluted air such a simplification can lead to
substantial errors. This is documented in Table 1 for
the heavy air pollution with an initial maximum

TaBLE 2. Temperature differences (°C)[AT(A,B,C) =T(A,B,C)
—T'(Standard)] due to various model assumptions. Flux diver-
gence always included. Common conditions: #,=0.2 m s,
¢=45°N, =-20°, heavy pollution, Blackadar exchange.

Case Exchange Soil
Standard Non-scaled Sandy clay
A Scaled Sandy clay
B Scaled Concrete
C Scaled Clayland pasture
A B C
Z
(m) . Tmiu Tmax Tmin Tmax Tmin me
0 2.20 2.24 7.18 5.01 —3.02 1.53
11 5.08 5.01 8.77 8.19 +1.85 4.11
50 4.15 4.02 7.80 7.69 +1.17. 3.00
220 0.50 0.49 3.15 3.13 —1.80 —1.80
500 —291 -—-3.28 —0.88 —1.23 —4.48 —4.06
1050 —1.85 —1.90 —-0.73 —0.69 —2.64 —2.69

concentration of 60 000 particles cm— and 1 ppm NO?
at 500 m. The table refers to the times of the maximum
and minimum temperatures of the day. The variable
a represents T, # and v. The impact on the temperature
profile is dramatic. Neglecting the flux divergence in
the heavily polluted atmosphere leads to decreases in
the surface temperature of the order of 2-3°C using
the Blackadar model (left side of table). The neglect
of flux divergence is even more striking with increasing
height. Near the top of the inversion, which is located
from 500-1000 m, this effect is more pronounced and
calls for physical interpretation. The solar radiation
is most strongly absorbed near the top of the heavily
polluted stable layer where mixing is suppressed. This
then tends to strengthen and sustain already existing

inversions. The corresponding effects on the wind

profile are not as pronounced.

One could argue that the exchange model does not
allow for sufficient mixing, thus overemphasizing the
flux divergence effect. Therefore, to enhance mixing,
the maximum momentum exchange coefficient is
arbitrarily scaled to 1 m? s~ which often amounts to
an increase by a factor of 3 over the non-scaled ex-
change coefficient. The stability relation between K
and K3 is preserved. The scaling is carried out in such
a manner as to preserve the basic exchange coefficient
profile also. Results for this situation are shown in the
right section of Table 1. Even now the effect of radiative
flux divergence on the temperature profile is quite
essential.

So far, all results pertain to the sandy clay soil type.
Results obtained using the non-scaled Blackadar ex-
change coefficient as computed from Egs. (12) and
(16) and for the sandy clay soil will be referred to as
the standard case in Table 2. In this table, a comparison
is carried out under heading A to obtain the difference
in the air temperature at various heights due to the
standard case and due to the larger mixing of the scaled
exchange coefficient as explained above. The table
refers to the times of the extreme surface temperatures.
At the earth’s surface, increased mixing due to scaling
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