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ABSTRACT 

The short-term effect of dense atmospheric haze upon the temperature regime of 
the lower atmosphere is predicted. This is accomplished by solving numerically approxi- 
mate expressions of the equations of radiative transfer, heat conduction, eddy diffusion 
and wind motion. In the absence of advection, the influence of haze upon the vertical 
wind distribution is determined also. In order to  visualize the effect of haze more 
clearly, it is assumed that clouds are completely absent during the prediction period. 
Four model cases are considered which differ only in roughness height and the geostrop- 
hic wind speed. 

A mid-latitude winter-time situation is studied at which haze problems are partic- 
ularly severe. The effect of haze is estimated by predicting the behavior of the air 
layer near the ground for a haze-free and severely turbid environment. The two situa- 
tions are then compared to evaluate the effects produced by the presence of haze. 

Some calculations are carried out using the particular atmospheric model with ground 
haze concentration of 400 pg/ms, roughness height of 1 cm and geostrophic wind of 
5 m/sec. For a winter-time prediction period, starting at the time of sundown, it is 
found that at sunrise of the first day, the surface temperature of the earth is about 
2 degrees higher than one would find in the absence of any haze, other conditions 
remaining the same. I f  the haze continues to persist, the nocturnal temperature environ- 
ment is reversed. It is found that the surface temperature is about 2°C and 4OC lower 
than the respective temperatures in haze-free air at  sunrise of the second and third 
day of the prediction period. 

Mid-day temperatures at the earth's surface are substantially lower in the hazy 
than in the haze-free atmosphere. After a prediction period of three days, a temperature 
difference of about 19 degrees is observed. Furthermore, the presence of haze has a 
pronounced effect on the daytime wind spirals. 

1. Introduction 

Very recently, Atwater (1971 a )  presented 
a fairly detailed account of the influence of 
aerosol and pollutant trace gases upon the 
development of vertical temperature profiles 
in heavily polluted areas. He schematized the 
solar and infrared spectrum of aerosol particles 
by assuming values of the complex index of 
refraction. Thus, he was able to obtain aerosol 
attenuation parameters by applying Deirmen- 

Present affiliation: United States Air Force, 
Wright-Patterson Air Force Base, Ohio 45433, USA. 

Tellus XXIV (1972), 3 

djian's (1969)  realistic aerosol particle distribu- 
tion function. 

Atwater (1971 b )  assumed that radiative 
processes are predominant in the formation of 
the vertical temperature profiles and disregarded 
the modifying influence of any other heat 
budget components. This made it necessary 
to prescribe the surface temperatures to act 
as forcing functions on the infrared cooling 
rates. Nevertheless, with the aid of his fairly 
elaborate yet approximate model, he was able 
to account for certain realistic features of 
observed temperature inversions. Atwater 
(1971b) recognized the need to combine the 
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radiative treatment with other heat budget 
components to obtain a more realistic tempera- 
ture prediction model.’ 

At the appearance of Atwater’s paper, the 
present investigation was already concluded 
and perhaps may be considered as an extension 
of Atwater’s work since the present analysis 
takes into account the effects of heat conduc- 
tion and vertical mixing in addition to radiative 
transfer. It is regrettable that the present 
investigators were not aware of Atwater’s 
(1971) research so that they developed an 
independent but not quite as detailed radiation 
model, thus making comparison of results very 
difficult. 

A truly accurate treatment of the present 
topic is extremely difficult. For example, such 
a treatment requires the inclusion of the 
complete radiative transfer equation taking 
into account all orders of scattering processes 
of solar as well as of infrared radiation. Radia- 
tive computations would then be carried out 
for numerous spectral intervals and the results 
summed over the spectrum. Since the haze 
concentration changes continually in height 
and time, these radiative computations would 
have to be carried out numerous times to 
obtain radiative temperature changes. Such 
a detailed treatment is not possible even with 
the most advanced computers. 

For this reason, it is imperative to use 
approximate methods. It is assumed that heating 
effects of solar radiation in the atmosphere 
can be disregarded and that the global radia- 
tion at the ground is sufficiently well expressed 
in terms of Linke’s turbidity factor. A detailed 
discussion of the consequence is given in the 
“Concluding Remarks”, and it is pointed out 
that neglecting heating by solar radiation 
is thought to be of minor influence only for the 
present model cases. 

Infrared radiative fluxes and their divergence 
are approximated by disregarding scattering 
effects of haze particles. Absorption of infrared 
radiation by haze, however, is included in 

’ When the manuscript was nearly in final form, 
Mitchell’s (1971)  interesting article on the “Effect 
of Aerosol on Climate ...” became available. The 
present paper represents no attempt to  estimate 
long-range aerosol effects on climate and thus 
no comparison of his and the present paper will be 
made. 

radiative temperature change computations 
making use of properly determined Mie absorp- 
tion cross-sections. In  order to avoid spectral 
computations which require a huge amount of 
computer time, spectrally averaged absorption 
coefficients are introduced. Such simplifica- 
tions are compatible with other approximations 
mentioned previously. 

Exchange processes are carried out primarily 
on the basis of Blackadar’s (1962) description 
of the exchange coefficient as modified by Wu 
(1965). The transport equations of heat and 
particulate matter together with the equation 
of motion in simplified form are solved to 
obtain the temperature distribution of the 
boundary layer. To make the mathematical 
treatment tractable it is assumed for wind 
computations that air density and the geo- 
strophic wind are constant in height and 
time in the boundary layer. Advection effects 
are disregarded also. 

Four different model profiles are investigated 
which differ only by the roughness of the 
ground and the magnitude of the geostrophic 
wind. Model I uses a geostrophic wind of 5 m 
sec-1 and a roughness height of 1 cm. It is 
studied for a prediction period of 3 days. 
Model 11, having a geostrophic wind of 10 
m sec-’ and the same roughness height is 
examined for a period of 1 day. Model I11 
uses a roughness height of 10 cm, a geostrophic 
wind of 5 m sec-l and is studied for a period 
of one day. A limiting artificial situation, 
Model IV, is studied assuming that there is 
no wind a t  all. All models are applied to a 
winter time, mid-latitude situation (sunrise 
a t  7:35 - sunset a t  4:25, 45’ N) when haze 
problems are particularly severe. The beginning 
time of the temperature prediction is sunset in 
all cases. The initial concentration of haze is 
exponentially decreased with height from a 
maximum value of 400 ,ug m-3 at the ground. 

2. Mathematical analysis 

2.1.  Definition of symbols 
In  order to avoid lengthy definitions of 

physical quantities later on, those symbols are 
simply listed here which do not require special 
attention. The less common notation is defined 
a t  the appropriate place in the text. 

Tellus XXIV (1972), 3 



SHORT-TERM EFFECTS OF AEROSOL 239 

Wave length of thermal radiation 
Stefan-Boltzmann constant 
Atmospheric mixing length 
Karman's constant 
Acceleration of gravity 
Potential temperature 
Air temperature 
Soil temperature 
Height and time coordinates 
Components of the wind velocity along 
the x and y axis, respectively 
Coriolis parameter 
Geostrophic wind vector, wind vector, 
vertical unit vector 
Haze concentration 
Density of the air 
Specific heat of the air 
Atmospheric pressure 
Solar zenith angle 

2.2. Treatment of solar radiation 

The approximate, yet fairly reliable, treat- 
ment of radiative quantities makes use of 
Linke's turbidity factor which is described 
briefly to begin with. Consider the extinction 
of the parallel solar radiation of extraterrestrial 
intensity Jo,A as it penetrates the ideal Ray. 
leigh atmosphere. The solar intensity reaching 
the ground is then given approximately by 

where P R ,  1 is the dimensionless molecular 
extinction coefficient pertaining to the homo- 
geneous atmosphere while ml stands for the 
relative air mass. One formally writes (Foitzik & 
Hinzpeter, 1958) 

J,= Joexp ( - B R m , )  (2) 

from (3) but from an equivalent empirical 
relationship proposed by Feussner & Dubois 
(1930). 

1 
0.907 m;.O's 

/ I R  = In (5) 

The computations of Bh and Bw are based on 
the haze attenuation and water vapor absorp- 
tion constants listed by Zdunkowski & Weichel 
(1971) and Zdunkowski & Strand (1969), respec- 
tively. Additional details are given later on. 

During the daytime, the earth's surface is 
illuminated by the global radiation G(6,, tL) 

which is the sum of the diffuse and the direct 
solar radiation. The global radiation varies 
with turbidity and also with the position of the 
sun. The variation of the solar zenith angle as 
a function of the time of the year and day 
as well as the latitude is easily established from 
a well-known relationship of mathematical 
astronomy and is not reproduced here. For 
the reasons stated in the introduction, G(6,, tL), 
for a great variety of conditions, cannot be 
obtained in an exact manner, not even with the 
most advanced present-day computers. For 
this reason, certain approximations are adopted 
which follow essentially the outline of Philipps 
(1962) whose paper is not readily accessible. 

For the computation of the direct solar 
radiation in a turbid atmosphere, one may use 
the generalized interpolation formula ( 5 )  

= D(m,, tL) J0cos6, (6) 
and obtains 

1 
B R =  - [In Jo-ln 

mf 

where ml is replaced by sec 6,. Combining i,, 
which denotes the diffuse radiation of the 
atmosphere, and Ji it is possible to define the 

%Oi l  

o.:+ 
(3) ratio 

f $0- A exp ( - BR,  A mi) "1 
Similarly, one finds equivalent coefficients 
for haze extinction, Bh,  and water vapor absorp- 
tion, P,. These three quantities determine 
Linke's turbidity factor 

t L = ( B R + B h + B w ) / B R  (4) 

which is approximately independent of the 
relative air mass as again verified by this study. 
For practical computations P R  is not found 
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( 7 )  
i, i, 

J ,  cos 8, - J ;  J ,  cos 8,( 1 - D )  
= -  A =  

which applies to the turbid haze atmosphere. 
After Bernhardt & Philipps (1958) this quantity 
is nearly independent of the relative air mass 
and assumes the approximate value A = 0.34. 
Assuming a uniform reflectivity of the ground, 
r', the global radiation, after reflection, is 
given by 
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G(P’, 8,, tL) = (i, + J i )  ( 1  - r’)  

=J ,cos6 , (1 -r ’ ) (h - i \D+D)  (8)  

Equation (8) requires the knowledge of D(m,, 
tL). For various turbidity factors, the same 
authors find average values of D(m,, tL) which 
are formed with the aid of (6) for solar zenith 
angles ranging from twenty to eighty degrees. 
It is found that the deviation of D(m,, tL) 

from the average value D ( t L )  is relatively 
small and that D(m,, tL)  can be approximated 
by the linear relation 

D ( t L )  = 0.82[1 -0.116(tL -1)]  (9) 

Combining (a), (9), and assuming an average 
reflectivity r’ = 0.15, the global radiation is 
finally given as 

G(r’ ,  6,,t,) = J,(0.802 - 0 . 0 5 4 ~ ~ )  cos8, (10) 

This equation is now directly applicable for a 
given measure of turbidity. 

2.3. Treatment of long wave radiation 
In order to carry out the analysis in an effi- 

cient manner, all radiation computations are 
based on transmission functions which are free 
from wave-length. Such transmission data, for 
example, can be obtained from radiation charts 
of free air measurements. For boundary layer 
computations, it is permissible to disregard 
the temperature dependency of the transmission 
function so that the simple emissivity method 
becomes applicable. In order to keep the 
complexity of the overall computational proce- 
dure within certain limits, it  is thought permis- 
sible to disregard the radiative effects of carbon 
dioxide so that flux computations are based 
on the contributions of water vapor and haze 
only. For this two-component non-scattering 
atmosphere, the radiative transfer equation 
is approximated as described by Zdunkowski 
(1963) whose final equations are given next for 
ease of reference. Let w and h stand for the 
water vapor and haze optical pathlengths, 
respectively. In  terms of the emissivities, E ,  

and E~ for water vapor and haze, the effective 
mean temperature, T,, the downward flux 
(see Fig. 1 )  originating from an atmospheric 
slice and arriving a t  the reference level is 
given by 

TOP OF THE ATMOSPHERE 

1., 
w 2  

REFERENCE 
LEVEL 

W 

I - W  

W E  

wtot 

/ / / / / / / / I / /  

ihr 
h 

I - h  

hE 

tot 
GROUND - 

Pig. 1. Optical pathlengths of water vapor and haze 
as required for evaluation of Eq. (1 la, b). 

A F J  (wr, h,) = uT;{&,(W, - w,) - E,(Wr - w,) 

+ E h ( h r - h ~ )  - E h ( h r - h p )  

Ew(Wr - wl) - 

+ %(Wr- w 2 )  & h ( h  - h 2 ) }  ( a) 

The upward flux from a similar layer is found 
from 

AFt  (wrt h,) = uT;{E,(w,, - w,) - ew(wI - w,) 

+ & ? L ( ~ I I - / ! ~ )  - & h ( h I - h r )  

- & W ( ~ I I -  Wr)  &h(hII - hr) 

+ & w ( ~ I -  wr) & h ( h l -  b)} ( b, 

The total upward and downward fluxes are 
then obtained by summation over all contribut- 
ing atmospheric layers. The upward radiation 
from the black body ground is accounted for 
by an additional term. 

Whether temperature changes near the 
ground, the region of main interest, are com- 
puted using Moller’s (1943) or Kuhn’s (1963) 
data is only of little consequence as follows 
from Zdunkowski & Johnson (1965). Since Mol- 
ler’s transmission function is known to give 
reasonably accurate values of the downward 
flux at the ground, his water vapor emissivity 
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reasonably accurate values of the downward 
flux a t  the ground, his water vapor emissivity 
data are used throughout this study. 

The evaluation of the above equations 
requires the knowledge of the haze emissivities 
also which are determined upon selection of 
Deirmendjian's (1964) continental-type haze 
model. This model is based on actual particle 
counts and, therefore represents real physical 
conditions. Lacking a detailed knowledge of 
actual particle shape, the particle size distri- 
bution n(r) is described in terms of equivalent 
particle radii r ( p )  as 

n(r) =constant x 104 

n(r)  =constant x r -4  

( 0 . 0 3 p C r d  0 . 1 ~ )  

( 0 . 1 ~ ~  r $ m )  
{ cm-8 Ap) 

It is assumed in all calculations that the particle 
distribution function remains unchanged with 
respect to height and time. 

Any exact knowledge of the aerosol index 
of refraction for the infrared spectrum is 
missing. Therefore Deirmendjian (1964) and 
others assume that all haze particles are 
envoloped by a thin coat of water. Zdunkowski & 
Weichel (1971) use the index of refraction of 
water to obtain attenuation coefficients for the 
entire infrared spectrum. These coefficients 
are then used to find spectrally averaged haze 
absorption coefficients, i.e. 

92.5p l, op P h ( l )  B.2 

p h  = (13) 
5p BA d l  

3.flp 

which are required for the evaluation of 
( l l a ,  b) .  For the range of temperatures con- 
sidered here, these averaged coefficients are 
virtually independent of temperature. The 
haze optical pathlength h is now found from 

with z' as the reference level height. Finally 

E(h) = 1 -2Ei,(h) (15) 

where Ei, represents the exponential integral 
of the third order. 
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2.4. The exchange coefficients 
The mathematical treatment of the exchange 

coefficients for momentum K ,  and heat 
flux K ,  follow the relationships of Blackadar 
(1962) for a neutral atmosphere as modified and 
tested by Wu (1965) to include non-adiabatic 
conditions. 

The resulting relationships are 

re = K,/K,  

The parameters rg and l o  require special 
treatment. Three discrete zones of stability 
are recognized in evaluating these parameters: 
I (unstable), I1 (between neutral and near- 
isothermal), and I11 (inversion). They are 
approximated as follows: 

Zone I: 10 = U ,  x 10--3/f and rg = 1.2 

Zone 11: lo = 2.7 x 10-4U,/f and rg - 1.0 

Zone 111: lg = 12.5 x 10-6U,/f and rg = 0.8 (19) 

The value for rg is arbitrarily taken as unity 
by Wu (1965). Here it is permitted to vary 
slightly to approximate the observed nature 
of the atmosphere as described by Petterssen 
(1956). 

The behavior of the exchange coefficient at 
high levels in the atmosphere is not well defined 
in the literature. It is known that the exchange 
coefficient decreases from its maximum value in 
a more or less regular fashion to a residual value 
a t  great heights. Such a behavior of the exchange 
coefficient isnotprecisely definedfrom (I6)which 
indeed poses some difficulties in the upper part of 
the boundary layer. Blackadar, as well as the pre- 
sent investigators, experience the difficulty that 
the exchange coefficient at great heights doesnot 
decrease uniformly, but a t  times it increases 
strongly in value. This is not a physically 
realistic feature which, according to Blackadar, 
is due to a numerical problem associated with 
an imperfect satisfaction of the upper boundary 
conditions. Moreover, Wu's (1965) generaliza- 
tion of the exchange coefficient at times leads 
to complex values which, of course, is physically 
unreal. 
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Below the height where the exchange coeffi- 
cient reaches its maximum value, no problems 
are encountered using (16).  Here the exchange 
coefficient is increasing in a regular fashion 
as expected. In order to obtain a smooth 
exchange coefficient profile above the height 
of the maximum value and to avoid the above 
mentioned problems, it is assumed that K is 
reduced according to the extrapolation formula 

whenever required. 
This equation is used repetitiously until the 

fixed, assumed boundary layer height of one 
kilometer is reached. It is found that at  this 
height the exchange coefficient has a non-zero 
value which is always greater than or equal to 
the value of the exchange coefficient at  the 
roughness height. The more advanced approach 
of the similarity theory can be used also to 
give a functional form to the exchange coeffi- 
cient as demonstrated, for example, by Estoque 
(1963) and Pandolfo et al. (1965). For reasons 
of simplicity, the second approach is postponed 
for a later study. 

The distribution of the exchange coefficient 
below the roughness height is not well known 
and so one depends on estimates. From obser- 
vational data, Moller (1955) derived that the 
value of the exchange coefficient a t  the ground 
is roughly an order of magnitude larger than 
its molecular value for nighttime as well as 
daytime conditions. The distribution of the 
exchange coefficient in the very lowest layer is 
then simply approximated by the computed 
value a t  the roughness height in conjunction 
with linear extrapolation to Moller's value. 
Calculations verify that this technique produces 
realistic diurnal temperatures near the ground 
when compared with those discussed by Geiger 
(1966). 

2.5. The prediction equations 
It is assumed that the relevant equations 

governing the fields of heat flow of the boundary 
and the upper soil layer are given by 

The boundary statements of this set of equa- 
tions are given by 

T*m = Ts I z= 0 

8 = const 

T,=const z =  --OO 

=Oforz=O, t > O  (22) 

Initial conditions pertain to data representing 
conditions a t  the time of sundown. 

The vertical distribution of particulate matter 
of concentration q is given by 

since it is assumed that the tiny aerosol particles 
are transported by eddy diffusion in the same 
way as the air itself. The initial vertical varia- 
tion of particulate matter is assumed to be giv- 
en by 

q(z) = q(O)e-0.833 z ,  ( z  in km) (24) 

which appears to be a reasonable distribution 
for the lower five kilometers of the atmosphere 
judging by turbidity measurements as reported 
by Penndorf (1954). No q-fluxes are permitted 
at  the heights of 0, 1.0 km resulting in the 
conservation of the total amount of particulate 
matter. Note that water vapor is not diffused 
in routine calculations since sample computa- 
tions indicate that its effect on the total result 
is very small. 

The exchange coefficient distribution requires 
a knowledge of the wind components. In  the 
absence of advection, these are determined from 
the horizontal mean wind field as described by 

The component equations are solved subject 
to the boundary conditions 

u = w = O  a t z = z ,  

u = u g ,  v = w , = O  a t z = m  
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In  order to evaluate ( 2 5 ) ,  reliable initial data 
of sufficient resolution must be available for 
the entire boundary layer. However, such 
detailed information appears to be absent in the 
literature. Therefore, it is assumed that initi- 
ally the atmosphere is in a steady state. Starting 
values of the wind components are found now 
according to a method first outlined by Blacka- 
dar (1962) for neutral conditions. 

An upward marching procedure is used to 
solve the steady state equivalence of Eq. 25. 
In such an approach the specification of the 
lower boundary condition in terms of u, w, u* 
and the cross isobar angle yo is required. 
The method of selecting the lower boundary 
condition is outlined below. After initialization, 
the numerical integration of Eq. 25 is solved 
as a boundary value problem with u, w specified 
at both boundaries as previously stated. 

In order to initialize the wind distribution, 
a choice is made of the parameters u* and yo 
for a given value of zo. These quantities cannot 
be chosen independently of each other since 
then the boundary condition at  infinity 
cannot be satisfied in general. An improper 
choice of u* and yo leads to an unreasonable 
wind distribution. For example, geostrophic 
wind is computed for unrealistically low heights, 
or the v-component of the wind does not 
approach zero. 

As an initial approximation for u* and yo 
the predetermined values for the neutral case 
are chosen. It is known from theory as well 
as from observation that under stable condi- 
tions u* decreases slightly from its neutral 
value while the cross isobar angle yo becomes 
larger. For given values of u* and a series of 
increasing yo-values, trial initial profiles are 
computed. Finally, u* and yo are chosen in 
such a way that a reasonable Ekman type 
wind profile is obtained. Additional checks 
for the choice of the proper u* and yo combina- 
tions are made on the following basis: 1)  The 
exchange coefficient must approach a small 
residue value. 2) The maximum value of the 
exchange coefficient is less than the corre- 
sponding value for the neutral case. 3) The 
height for the maximum exchange coefficient 
is lower than for the neutral case. It is found 
that only one particular pair of u*, y e  satisfies 
all of the above stated conditions, in addition 
to giving a reasonable Ekman type wind 
profile below the geostrophic level. 
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The height grid used is logarithmically 
scaled to provide a very dense grid in the 
vicinity of the earth’s surface, the region of 
strong temperature gradients. There are 51 
grid points in height from the 1-meter depth 
in the soil to the first meter in the air and 44 
grid points from here to a height of 1 km. 
Above 1 km, only radiative temperature 
changes are important in the present model 
calculations so that only 9 grid points are 
needed to the height of the tropopause repre- 
senting the effective top of the atmosphere. 
For more details and the numerical evaluation 
of the prediction equations see Zdunkowski & 
Trask (1971), 

3. Discussion of results 

3.1. General remarks 
The pressure and initial temperature distribu- 

tion selected is the “Supplemental Atmosphere, 
45 degrees North, January” as given by 

!MODEL I INITIAL WIND 4125 PM 

0 1 2 3 4 5 6  

U-WIND COMPONENT (mi‘) 

MODEL I t  INITIAL WIND 4125 PM 

0 2 4 6 8 1 0 1 2  

U-WIND COMP0NENTIm;ll 

MODEL III INITIAL WIND 4:25 PM 

U* 0 1850 m;‘ 

196 

> -  
up ; 5 mi’ 

0 1 2 3 4 5 6  

U -  WIND COMPONENT I m i ’  I 

Fig. 2. Initial wind velocity profiles for 3 model 
cases. Pertinent data are given as part of the 
diagram. 
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Fig. 3. Initial exchange coefficient profiles for 
various roughness heights and geostrophic wind 
velocities corresponding to the 3 model cases. 

Valley (1965). Relative humidity is assumed 
to have a value of 40 % from the ground to a 
height of 5 km to minimize the potential 
formation of fog. Above 5 km the relative 
humidity is decreased to 30 % at the tropopause 
and then decreased to 0 in the stratosphere. 

The soil is assumed to be medium fine, dry 
quartz sand which is very responsive to tempera- 
ture changes. Required soil constants are 
taken from Johnson (1954). The initial distribu- 
tion of temperature in the soil is taken to be 
isothermal a t  272 K a t  the surface to a depth 
of 10 cm and then linearly increased to 282 K 
at  a depth of 100 cm. This is in reasonable 
agreement with observed winter soil tempera- 
ture profiles as depicted by Geiger (1966). 
The soil type and the corresponding temperature 
distribution largely eliminate the freezing of 
soil moisture for deeper layers. Possible tempera- 
ture effects on the soil constants are disregarded, 

The selected initial wind and exchange coef- 
ficient profiles are depicted in Figs. 2 and 3. 
Note that some relevant data are stated as 
part of the figure legend. 

Deirmendjian's (1964) continental haze model 

represents more or less normal conditions 
resulting in an aerosol mass concentration of 
only 40 pg/m3 and a visual range of roughly 
40 km. Such a haze layer causes a nearly negli- 
gible additional temperature change for a 
period of 1 day as compared with haze-free air. 
In  severely polluted air, however, the ground 
visual range may be as low as 4 km caused by 
a ground concentration of about 400 pg/m3. 
This larger value is normally used for model 
concentrations to obtain estimates of pos- 
sible temperature changes. It is of interest to 
note that the ratio of the global radiations 
(Eq. 10) of the aerosol-free air to the heavily 
polluted air (400 pg/cm3 of ground concentra- 
tion, tL = 10.7) results in a value of 3.2. 

3.2. The thermal environment 
Consider the temperature distribution for 

the 3-day period using Model I which represents 
a roughness height of 1 cm and a geostrophic 
wind of 5 m/sec. Fig. 4 indicates that on the 
first day, the haze produces a warmer nocturnal 
environment than the haze-free atmosphere. 

1000 

500 - 
- 

loo= 

50 - 

10 - 
v) (L 5 -  

W I- 
W - 
c 17 
2 0 5 -  
W 

0 I -  

MODEL I 

-0 05 

-0 I 
200 p m  K -  - - 
400pqrn m - 3 - - - -  
INITIAL PROFILE- 

-O - I  0 5w 
258 260 262 264 266 268 270 272 274 276 278 280 282 

TEMPERATURE CK) 

Fig. 4. Selected temperature profiles for Model I, 
first day of temperature prediction period. 
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TEMPERATURE CK) 

Fig. 5. Selected temperature profiles for Model 1, second day of temperature prediction period. 

In  contrast, during the daytime, the haze 
causes a cooler thermal environment than the 
haze-free air. Note that an afternoon tempera- 
ture profile for a ground haze concentration of 
200 pg/m3 is included also. Inspection shows 
that for this particular model, a linear increase 
in the haze concentration produces a near- 
linear reduction in surface temperature. 

Fig. 5 depicts for the same model the tempera- 
ture profiles for the second day of the prediction 
period. The thermal diurnality of the environ- 
ment with no haze is generally the same as on 
the first day. Notice that the reduced solar 
radiation, due to the presence of haze, during 
the first day causes a cooler environment to 
develop during the second night and, of course, 
during the second day. This indicates that 
the haze effect of reducing the net loss of long 
wave radiation a t  the ground is over-compensat- 
ed by the reduction of the incoming short-wave 
radiation. It is noted that potential formation 
of radiation fog exists just before sunrise. 

The temperature profiles for the third day 
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of Model I are depicted in Fig. 6. Here the 
individuality of the haze environment becomes 
quite apparent. The haze-free air shows the 
same thermal cycle previously observed while 
the presence of haze causes further cooling. 
At instrument shelter height the mean daily 
temperature in case of no haze remains at 269 K 
while the strongly turbid air cools to 265, 262 
and 260 K on the first, second and third day, 
respectively. It is interesting to note that the 
daily range of temperature in the haze regime 
remains a t  about 6 K at shelter height for the 
3-day period. 

The increased potential for the formation of 
radiation fog, due to the presence of haze, is 
now quite apparent. Such fog would form 
around 5:OO a.m., but its behavior is not 
predicted. 

A comparison of Figs. 4 and 7 shows for the 
24-hour prediction period the effect of increased 
geostrophie wind resulting in increased mixing. 
Stronger mixing causes an increase in low 
level temperatures and a reduction in the 
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TEMPERATURE ('K) 

Fig. 6 .  Selected temperature profiles for Model 1, third and final day of temperature prediction period. 

corresponding temperature range. The height 
of the nocturnal inversion is increased also 
but the intensity is reduced. 

The temperature profiles for Model 111, 
representing the same geostrophic wind as 
Model I but increased roughness height, are 
represented in Fig. 8. When compared with 
Model I (Fig. 4) a slightly decreased temperature 
range is noticeable. The height of the nocturnal 
inversion is greater than before but its intensity 
is reduced. The effect of haze is very similar in 
both cases. 

Fig. 9 considers the physically unrealistic 
but very interesting hypothetical case (Model 
IV) that heat transport in the air is carried 
out only by radiative transport and molecular 
conduction. Soil heat conduction is the same as 
in the previous models. The artificial elimination 
of eddy heat transfer results in a very thin 
atmospheric boundary layer with the strong 
temperature gradients shown in Fig. 9. More- 
over, the lowest possible ground temperatures 
are associated with this highly simplified 

model case, since heat can be transported from 
the air toward the earth's surface only by the 
very slow molecular process and by long wave 
radiation. 

The hypothetical model indicates very clearly 
the role of the exchange processes. In particular, 
the comparison with Model I (Fig. 4) shows 
that there exists a strong difference between 
the midday temperature profiles. In case of 
non-existing eddy-type heat transport (Model 
IV, Fig. 9), the atmosphere shows a strong 
permanent inversion. In comparison, the lapse 
conditions of the more realistic Model I show 
the overwhelming role of daytime eddy diffusion 
in comparison to radiative temperature changes 
and molecular processes in the air. Heating 
of the air by solar radiation, neglected in the 

~~ ~ ~ 

Fig. 7. Selected temperature profiles for Model 11. 
Fig. 8. Selected temperature profiles for Model 111. 
Fig. 9.  Selected temperature profiles for the unrea- 
listic Model IV which disregards eddy exchange 
processes. 
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Fig. 10. Height of temperature inversions by time of day for clean and heavily polluted air pertaining to  
Models I, I1 and 111. 

computations, would not change Figs. 4 or 9 the night, the height of the inversion increases 
substantially as explained in detail later on. rapidly at first, then more slow-ly. After sunrise, 

Fig. 10 depicts the growth and cancellation the solar heating causes the upper part of the 
of temperature inversions. Consider the first inversion to increase further in height but 
day of Model I in case of haze-free air. During strongly diminish in intensity. Moreover, 
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Fig. 11. Magnitude and height of the maximum exchange coefficient vs. time for Model I. Sunset is 
at 4:25 p.m. 
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solar heating cancels the ground-based part of 
the nocturnal inversion which is indicated by 
the second solid line. By noon, the nocturnal 

50C 

45c 

40C 

35c 

30C 
I 

E - 
25C 

c? 
I 

200 

15C 

100 

5c 

0 
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Fig. 13. Haze concentration vs. height after 24 
hours of vertical mixing. 

Tellus XXIV (1972), 3 
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inversion is completely cancelled as shown by 
the intersection of the two curves. The differ- 
ence in the height of the nocturnal inversion for 
the first and second day of Model I indicates 
that an internal adjustment of the system is 
taking place. The similarity of the second and 
third day shows the development of a perio- 
dicity in the thermal behavior. 

Now consider the aerosol effects in conjunc- 
tion with Model I. The top of the inversion is 
rising for the entire 3-day period as indicated 
by the nearly straight dashed line. At sunrise, 
the ground-based part of the inversion begins 
to disappear up to a height of about 100 meters 
in the early afternoon. Shortly before sundown, 
inversion conditions are observed everywhere 
throughout the lower part of the atmosphere. 
Repetition of these conditions is found for the 
second and third days. Similar behavior is 
found for Models I1 and 111. It is seen that in 
the presence of an intense haze environment, 
the solar radiation is not sufficient to destroy 
the entire inversion. This is a model feature 
which appears to be at least qualitatively in 
agreement with real atmospheric conditions. 

3.3. The exchange coefficient 

The shape of the exchange coefficients 
profiles are always similar to the initial ones 
depicted in Fig. 3. There is only a small variation 
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3.4.  Haze diffusion 
Fig. 13 depicts the initial profile of haze 

concentration and the profiles after a 24-hour 
period. As expected, the greatest mixing 
of particulate matter takes place for Model I1 
with the greatest geostrophic wind. The rate 
of haze diffusion is greatest during the first 
hour which is caused by the internal adjustment 
of the system. The total amount of particulate 
matter in a vertical air column is always 
conserved as required by the modeling. Examina- 
tion of Fig. 13 clearly indicates that the amount 
of haze leaving the lower levels is equal to 
the amount of haze received in the upper 
levels. 

2- 

'0 a -  

0 1  2 3 4 5 6  3.5. The winds 
U-WIND COMPONENT (ms-' The effect of haze on the vertical variation 

DAY 7:25 AM of the wind of Model I is shown in Figs. 14 and 
15. The overall diurnal haze effect slightly 
increases wind velocities a t  night but reduces 
them strongly during the day. This is best 

MODEL I 
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4 0 0 p g m  G3- - -- 56 
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Fig. 14. Selected wind profiles for Model I for the 
first part of the 3-day prediction period. 

near the ground. However, the maximum 
vplllues of the exchange coefficients and their 
corresponding heights vary strongly. This is 
demonstrated in Figs. 11 and 12. Consider 
first the haze-free air. The exchange coefficient 
reaches a maximum value in the afternoon. 
The largest height of the maximum exchange 
coefficient occurs about an hour later when the 
entire boundary layer becomes stable. 

In  the strongly turbid atmosphere during the 
day, the maximum exchange coefficient in- 
creases comparatively little in height or magni- 
tude because of relatively strong thermal 
stability. In  Model 11, the greatest value of the 
maximum exchange coefficient is twice as large 
as in the other models because of the increased 
geostrophic wind. The largest value of the 
maximum exchange coefficient in Model I11 
is the smallest in magnitude when compared 
to the other models. Notice that the correspond- 
ing height is lower also. 
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Model I11 are shown in Fig. 17. The cross- 
isobar angles produced by a greater surface 
roughness are larger than those of the other 
models. The effect of haze on the winds during 
night and day is quite similar to the other 
models. 

In Fig. 18, the diurnal variation of the 
wind vector a t  shelter heights is presented 
for hazy and haze-free atmosphere for each 
model. At about 6:OO p.m. one observes a lull 
in the wind. This coincides with the time of 
strong low-level thermal stability. At about 
9:00 p.m. the wind speed reaches a weak maxi- 
mum as it readjusts to the decreasing thermal 
stability. The daily amplitude of this feature 
decreases in the presence of haze as expected. 
The most noticeable effect of haze on the low- 
level wind is during the day. 

The variation of the surface cross-isobar 
angle yo with time is included also. It has 
largest and smallest values whenever the wind 
is smallest or largest, respectively. 

4. Concluding remarks 

The investigation indicates that the presence 
of strong haze concentrations in the boundary 
layer causes a non-negligible reduction of 
the net infrared radiation loss at  the ground. 
This effect, together with the other heat transfer 
processes, results in higher temperatures and 
slightly stronger winds a t  night than would 
otherwise be observed in the air layer near the 
ground for a prediction period of 24 hours. 

If haze persists for a period of more than 1 
day, the opposite nocturnal effects take place. 
Persistent haze prevents the ground, and 
the air layer in contact with it, from warming 
up during the day to the temperatures observed 
in haze-free air, other conditions being equal. 
The diurnal variation of temperature near the 
ground is found to be substantially less in 
haze than in “clean” air. The strong effect of 
haze on the midday wind is demonstrated. 
Furthermore, the calculations show that haze 
increases the potential for ground fog formation. 

The model considerations are still incomplete 
in a number of ways. Some shortcomings need 
to be mentioned. At the time that the present 
research was carried out, the authors were not 
aware of existing measured values of the aerosol 
complex index of refraction for the solar 

spectrum. Therefore, for the reasons stated 
previously, the index of refraction of water is 
used resulting in non-absorbing aerosol for the 
short wave spectrum. 

Atwater (1971), also lacking a detailed 
description of the index of refraction, more or 
less arbitrarily specifies the absorption part 
of the index of refraction as 0.li for the total 
solar spectrum. This results in substantial 
absorption of the solar radiation which is very 
probably strongly overestimated. According 
to McClatchey et al. (1970), in their compre- 
hensive report “Optical Properties of the 
Atmosphere”, the aerosol index of refraction is 
very nearly real (zero imaginary part) for 
wavelengths less than 0.6 microns. The imagi- 
nary value is then more or less linearly increasing 
to a value of 0.li a t  2 microns. Therefore, 
approximately 37 7; of the solar energy is not 
susceptible to absorption by aerosol. From the 
same report, on the basis of the particle distribu- 
tion function used in this study also, one obtains 
as a rough estimate an energy weighted average 
value of the aerosol absorption coefficient of 
0.08/km for the rest of the solar spectrum for 
a haze atmosphere with about 5 km of ground 
visibility. This visibility value corresponds 
roughly to the one used in the present study. 

One word of caution, it should not be implied 
that the index of refraction as given by McClat- 
chey et al. (1970) is final. Nevertheless, their 
result is in rough agreement with Fischer’s 
( 1970) absorption measurements on environmen- 
tal aerosols. He finds an average value of 0.02 
for the imaginary part of the index of refraction 
for the wavelength range from 0.4-1.0 micron. 

Atwater (1971) supplies graphs of estimated 
solar heating for given values of absorption 
coefficients for the top of aerosol layers where 
heating is particularly intense. For the absorp- 
tion coefficient of 0.08/km, for small values of 
the solar zenith angle, be obtains about 7 
degrees of heating per day. To obtain the 
heating for the solar day, in rough approxima- 
tion, multiply this number by 0.38 (9 h of sun- 
shine) and by 0.63 (interacting part of the 
solar spectrum) to obtain aerosol heating 
rate of approximately 1 and 3/4 degrees. 

Now consider radiative heating due to the 
presence of water vapor. According to Bruinen- 
berg (1946) the solar heating of water vapor, 
integrated over the solar day, amounts to 
approximately 0.5 to 1 degree per day for a mid- 
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latitude situation. The combined radiative 
heating per solar day, disregarding a n y  over- 
lapping action, is then about  2.5 degrees. 
In the  lower few meters of the  atmosphere, 
according t o  Zdunkowski & Stowe (1967), the 
infrared cooling of carbon dioxide is of the  
same order of magnitude. B y  disregarding both 
infrared cooling of carbon dioxide and solar 
heating, one obtains at least a partial cancelling 
of the  errors. Finally, temperature changes of 
the  air and t h e  underlying ground due to day- 
time exchange processes outweigh by far the 
effect of atmospheric and solar radiation of the 
estimated magnitude so that the omission of 

solar heating and CO, infrared cooling should 
not  cause any large errors. 

Another shortcoming of this investigation is 
the omission of horizontal advection. This 
effect will be included in a future s tudy together 
with a more sophisticated treatment of the 
exchange coefficient and the equation of radia- 
tive transfer. 
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