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A technique is described to simulate numerically the variability of the aerosol
light scattering parameters in the daytime atmospheric mixing layer. Some results of
model estimations of the effect of gravitational sedimentation upon the optical proper-
ties of surface atmospheric hazes are presented.

Diurnal variations of the atmospheric tempera-
ture field Induced by changes in the radiative heat
flux divergence not only alter the local state of the
aerosol phase by changing the ambient relative hu-
midity, but produce a noticeable spatial redistribu-
tion of the concentration of dispersed particles.

The removal efficiency of aerosols and aerosol
generating substances from the underlying surface,
like that of other optically active components, and
their transport into the free atmosphere are governed
by the intensity of eddy mixing in the lower atmos-
pheric layers.

THE MIXING LAYER MODEL

Nighttime cooling of the surface atmospheric
layer contributes to the formation of a temperature
inversion, reaching 70—150 m by the morning hours
(this layer is shown schematically by a dashed line
in Fig. 1); this inversion suppresses diffusion in the
surface layer. The stronger daytime thermal compo-
nent of eddy diffusion stimulates exchange processes
and leads to the formation of an unstable mixing
layer (ML), topped by a temperature inversion; the
thickness of this layer gradually increases during the
day (see Fig. 1b).

A theoretical model of ML, first suggested by
Boll? and refined in further studies by Lilly and
Tennekes,"? describes the state of the layer elements
by the following system of equations:
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where /£ is the mixing layer thickness; A is the tem-
perature drop at the inversion base; y is the lapse
rate of the potential temperature ® above the layer;
<w'®>; and <w®'®>, are the average eddy heat
fluxes at the surface and at the inversion base, re-
spectively; ¢ is the entrainment constant.
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FIG. 1. Schematic presentation of model verti-
cal profiles of potential temperature and eddy

heat flux within and without the convective
mixing layer.

The high rate of eddy mixing of the enthalpy,
as the heat flows into the layer. Justifies the princi-
pal assumption of the model, namely, that the po-
tential temperature profile suffers a parallel shift
without any change in its shape during the day (see
Fig. 1b).

To solve the system (1)—(4) diurnal variations
in heat flux from the surface were approximated by
a sine wave having its minimum at sunrise and its
maximum at noon
<w'@> = B sinlw (¢ - tJl, (5)
Here t, is the moment of sunrise; B is the oscillation
amplitude; o is the frequency of the diurnal cycle

w=n(24 - zt'}. (6)
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A significant element of this model is the so-
called ”entrainment problem”, i.e., the question of
the intensity of the entrainment of the warmer sub-
inversion air masses into the structure of the mixing
layer. Relationship (4), based on numerical empirical
data, was used as the simplest hypothesis to close
the system of equations (1)—(3). It postulates pro-
portionality of eddy heat fluxes at both the base
and top of the mixing layer. According to field ob-
servations the entrainment constant ¢ in relationship
(4) varies from 0 to 1, depending on the specific
situation. The basic statistics of published observa-
tional data places ¢ into the range 0.1-0.3. We as-
sumed ¢ = 0.2 for our model calculations.

Thus, for specific boundary conditions, includ-
ing the initial values of /g, ®y, Ay, the model makes
it possible to forecast diurnal variations of the layer
elevation, the potential temperature distortion, and
also the inversion depth A(%).

Figure 2 presents results from model estimates,
illustrating the dynamics of the temporal variations
for h(t), ©(t) for different B — the oscillation am-
plitude for <©'®>,. Note the nonlinear character of
both dependences, which is especially pronounced
for stronger eddy heat fluxes.
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FIG. 2. Temporal dynamics of variations in
height and potential temperature of the mixing
layer for various amplitudes of the eddy heat
flux variations.

Computations using the model (1)—(4) also
demonstrate that in its upward movement the tem-
perature inversion can reach a height of 2.5—3.0 km,
provided the heat flux B is strong enough (in the
range of 0.25—0.35 deg - m/s), and the conditions
outside the layer are appropriate. This conclusion is
supported by observations in arid climatic zones.’”
Consequently, the necessity for taking the interac-
tion between the ML and the outer tropospheric lay-
ers into consideration becomes obvious.
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As a first approximation to actual atmospheric
situations we have considered the model of the proc-
ess when the ML, as a sublayer of increased aerosol
turbidity, is developing against the background of an
ordinary level of dispersed phase content. This back-
ground aerosol was described by exponential profiles
of its particle size spectrum integral parameters.
During such modeling we tested the data used previ-
ously in Ref. 4 (see Table 2.6a, p. 39) as the starting
print for the background optical model.

THE ATMOSPHERIC HAZE PARTICLE SIZE
SPECTRUM MODEL

Both the vertical structure of eddy fluxes and
redistribution processes of the dispersed phase within
the stratification, including the degree of layer load-
ing, are closely related to the height of the mixing
layer. Meanwhile, changes in potential temperature
produce local variations in relative humidity.

In both cases the atmospheric haze particle size
spectrum is modified. In the first case such modifica-
tion results from processes taking place within the
dispersed phase itself, while in the second case it
results from local exchange processes between the
aerosol particles and their environment.

To model both effects jointly we employed a
technique of reductional description of the aerosol
particle size spectrum.

The fractional method of determining the dis-
persed composition of atmospheric haze! makes it
possible to employ integral parameters of its size
spectrum, including V', .Sy, Ny (the cumulative vol-
umes, cross sections, and counted densities of sepa-
rate size fractions), as predictors of the local optico-
microphysical state of the aerosol phase. This no-
ticeably simplifies modeling the dynamic transforma-
tion of the dispersed structure (R, z, ¢) of the haze
as affected by the considered processes. Here R is
the radius of the aerosol particles; z is the running
elevation above ground; ¢ is the time.

The parameters Ry, by, and A - M of the function
model of the size distribution of aerosol particles

3
F(R) = 4R7* T M expi=b [In(R/R )1,
151 @)

needed to forecast the atmospheric optical characteris-
tics, can be evaluated from the profiles of N(z, t),
Si(z, t), and Vi(z, t), employing in succession the
relations
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When modeling the spatial redistribution of the
aerosol component, it was envisaged as a conserva-
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tive component, i.e., the processes of internal trans-
formation (mutual coagulational growth) were as-
sumed to be incapable of significantly altering the
size spectrum at an ordinary level of particle concen-
tration over a period to 7—10 hours.> The increase of
aerosol mass due to input from the environment
(first of all due to atmospheric moisture) was ac-
counted for at the second modeling stage, when light
scattering properties of the aerosol were forecasted.
An adjustment factor was then introduced to pre-
scribe changes in the integral characteristics V; and
S with changing relative humidity. The semi-
empirical Kasten and Hanel® dependence of the equi-
librium particle size on relative humidity:

€
=R(1-Q "

R=R(1-0Q (1)

was used here. Here Q is the relative humidity; ¢; is

the of condensation activity parameter of a given

aerosol fraction.

THE VERTICAL STRUCTURE OF HAZE:
A FORECAST TECHNIQUE

To model structural dynamics of the atmos-
pheric haze within an unstable ML, joint variations
of the integral parameters of the particle size spec-
trum were forecasted. A dynamic equilibrium be-
tween the up- and downward fluxes of aerosol mat-
ter was assumed to be reached quickly enough dur-
ing daytime development of ML at every level (of its
eddy mixing regime), at least for the average values
of the microphysical parameters.

Both the quasiequilibrium vertical aerosol pro-
file within the layer and the respective vertical gra-
dients of average integral characteristics of the over-
all dispersed structure must satisfy the condition of
dynamic equilibrium between the particle number
density, volume, and surface particle concentration
fluxes. Note that these parameters are estimated for
each separately taken fraction. In other words the
balance between the fluxes of aerosol matter
X4y (2 R)x=0
dz (12)

D (2)

is simultaneously satisfied for Ny, Sy, and Vy. Here
x(z) is understood as the average value of the given
integral characteristic of the dispersed structure
(R, 2); D(z) is the vertical profile of the eddy dif-
fusion coefficient (m?/s); w(z) is the average verti-
cal velocity (m/s) component of the ordered motion
of the particles, related to the characteristic particle
size in the given fraction.

In addition, during the first stage of numerical
modeling of f(R, z, t) only spatial redistribution of
aerosols is accounted for (while the layer integral
loading is considered to remain at a quasiequilibrium
level).

Thus, we assumed for the boundary conditions
in Eq. (12)
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Ix (2, t) dz = JI = const,
0 (13)

where /i; was the running height of the mixing layer,
and J, was the integral content of aerosol particles
in a unit atmospheric column within the layer, esti-
mated for a specifically chosen characteristic.

In particular, this approach resulted in a notice-
able drop in the surface optical density of the dis-
persed phase, not only because the layer was heated
and the ambient relative humidity decreased, but
also because the aerosol concentration itself was
lowered. This was preceded by ’’dilution” of the
aerosol turbidity due to the increasing height of the
ML. Adjusting for stability of the layer, the vertical
profile of the eddy diffusion coefficient was pre-
scribed by the well known relationship®

2
D(2) = ku,(1 - 2/h )"/8(2/1), (14)

Here k is the Karman constant; u- is the frictional
velocity scale in the eddy flow; ®(z/L) is a semi-
empirical function of the dimensionless stability pa-
rameter

= = - '8’ 3
£ 2/L k <w'e'> glz + ZO)/BU‘ (15)
Here
3 '@ar
L =8u/k «we> g (16)

is the specific Monin—Obukhov length scale; g is the
gravity acceleration; zys is the roughness parameter
for the underlying surface.

The estimates of uss to follow were obtained
employing the logarithmic variation of the average

wind speed #(2) in the surface atmospheric layer’

u, oz +z

ulz) = — 1n .
2 a7n
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The surface was assumed to be grass covered with
z = 0.8 cm. The average wind velocity measured at
z = 3.0 m was taken as the baseline u.

According to Ref. 8, the form of the stability
function A(¢) depends on the argument range

0.74 (1 - 9€)
AR(E) =
0.74 (1 - 6.4€) , £ > 0. (18)

“2. €so0,

The Stokes gravitational sedimentation rate for
aerosols is proportional to the squared radius of a
particle’ and is equal to

1. 2
w (R) = 2pgR°C_/n, (19)
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Here n is the viscosity coefficient of the medium, p
is the density of the aerosol substance.

Prior to discussing other components w;(z) we
stress that such a dependence of the Stokes sedimen-
tation rate on particle radius in the Earth’s gravita-
tional field is considered to be the principal cause of
the aerosol size spectrum deformations: they are pro-
duced by spatial redistribution of haze particles
within the ML.

The size range for particles forming the atmos-
pheric haze extends from hundredths of a micron to
several tens of microns, and the mean free path for
molecules of gas at the surface is [ ~ 0.07 um. There-
fore we have to account for the Cunningham ad-
justment factor C¢ when computing the value of w;
from the relationship (18)

L R
Cc =1+ B [1‘25? + 0.4 exp[ - 1.10 i ]] . 20)

In addition, within the framework of the ap-
proach discussed, we operate with the so-called ef-
fective dry deposition rate, when considering scav-
enging out of particles from the eddy flux by various
obstacles in the surface layer (i.e., elements of the
surface roughness). This is an important sink mecha-
nism for the dispersed phase in the ML.

In our computations we tested a linear depend-
ence of the dry deposition rate on height

a (L-2), z<L,
d
wd(z]-

0, zz L. 1)

This linear dependence was also used to ap-
proximate the vertical velocity profile of the organ-
ized convective movement of aerosol particles affected
by heat fluxes — the upward one from the surface and
the downward one — at the inversion base

« <w'e (z - hJ , 2z« ho.
wtlzl =

0, 2z hD » (22)

Here hy = 5h{/6 is the height of zero heat flux
<0'®> in the ML (see Fig. 1c¢); o is the propor-
tionality coefficient between w; and <o'@'>.

Thus, the vertical component of the organized
movement velocity for the ML aerosol was numerically
estimated as the sum of three principal components

w‘{z. Rl) = u’(R|l + wd(z) + wl(zl a 23)

To model the absolute humidity profile by our
technique we considered only the one velocity com-
ponent m((z).

Note that since the values of the eddy heat flux
<0'®'>, of the potential temperature ®@(¢), and also
of the layer depth A(t) are time dependent, the pro-
files of D(z) and ((z) must also depend on time
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(see relationships (13)—(23)). Therefore the integral
characteristics of the dispersed structure of the at-
mospheric haze N;, S;, and V; estimated from
Eq. (12) are the functions of two variables: the ele-
vation above the ground z, and the time ¢.

RESULTS OF NUMERICAL SIMULATION

The process of entrainment of warmer air from
above the inversion into the structure of (relatively
cool, see Fig, 1c) ML is a typical feature of inver-
sion evolution. It is reflected in the comparatively
complex dynamics of relative humidity O(t) at dif-
ferent heights (Fig. 3). The values of O(z, t) were
calculated from the profiles of absolute humidity and
temperature using the Magnus relationship.”
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FIG. 3. Temporal dynamics of wvariations in

relative humidity Q(z, t) at various heights
within the ML.

A monotonic decrease of Q(t), quite natural for
the heated layer, is typical for those heights which
constantly remain below the temperature inversion.
The behavior dynamics of Q(z, t) at other heights is
characterized by an abrupt change in the relative
humidity value at the moment of entrainment of a
given stratification into the ML.

Considering the large number of model parame-
ters, a comprehensive study of the mechanism of sur-
face haze variability remains outside the scope of any
single report. Therefore our first step in applying these
results was to consider the effect of gravitational
sedimentation on spatial deformations of the size spec-
trum of the dispersed particles and, as a result, profiles
of the parameters of the aerosol light scattering.

TABLE 1.

R w R w R v

L s 1 s 1 s

0.027 2.0E-6 0.340 B8.2E-5 1.887 2.1E-3
0.067 6.2E-6 0.742 3.SE-4 3.425 6.8BE-3
0.106 1.2E-5 1.970 7.3E-4 4.615 1.2E-2

* Ry is in um
** g IS in m/'s
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Table T presents the values of w(R) calculated Note that we considered not only the first-order
from Eq. (18), according to which the values of o, gravitational sedimentation deformations of AR, z, t),
for the coarse fraction (columns 5 and 6) exceed, by related to fraction-by-fraction stratification of the in-
more than a factor of 100, similar values from the tegral profiles, but also the second-order effects pro-
accumulative fraction (columns 3—4), and by more duced by stratification of the spectrum moments
than 1000 — those from the photochemical fraction within each separate fraction. i.e., Ny(z, t), Si(z, t),
(columns 1—-2). Vilz, ).
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FIG. 4. Model vertical profiles of the aerosol microphysical parameters in the mixing layer.
a) vertical profiles of the particle integral cross sections for three fractions, Si( z), i = 1, 2, 3.
b) vertical profiles of model radii for three fractions Ry(z)/Ri(z = 0).

¢) vertical profiles of the parameters by(z) (model (7)).

d) vertical profile of the parameters Fi(z) (model (7)).

e) examples of model spectra f(R, z, t) at various heights: zj = 0.0, 0.5, 1.0, 1.5, 2.0 km calcu-
lated for t = 14:00 LT.
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FIG. 5. Altitude transformations of light scattering parameters for atmospheric aerosol in the
mixing layer: a) vertical profile of the absorption coefficient Bz, ;) for Aj = 3.2, 3.4, 3.6 pm;
b) vertical transformation of the spectral dependence of absorption coefficient within the layer
for z; = 0.0, 0.5, 1.0,. 1.5, 2.0 km.
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This approach makes it possible to separate
theoretically dynamic variations in such traditional
parameters of the spectra as Ri(z, t) and by(z, t),
which characterize the size and width of the dis-
tributive mode of the particles for each i-th fraction.

Within the ML the integral characteristics of
the fine fraction of haze display a stable growth ten-
dency with height when vertical heat fluxes from the
surface are of an organized nature (Fig. 4a), while
the coarse particle concentration can at least be ho-
mogeneously distributed with height.

Noticeable deformations are suffered by the size
spectrum itself. In particular, the modal radii of all
three fractions consistently decrease with height. For
coarse particles this decrease reaches as much as
20%. Also the width of the distributive mode
changes from b; = 1.6 to 2.1 (Fig. 4b, c). Vertical
profiles of the Fi(z) parameters describe the dynam-
ics of quantitative variations for each fraction in
sharper relief than the parameters Ni(z), S{(2), and
V1(2) themselves (Fig. 4d).

The above regularities are valid even upon in-
troducing random 50% deviations into the computed
average profiles of the integral characteristics N(2),
51(2), F1(2).

Figure 4e shows several examples of the aerosol
size spectrum, illustrating variations of the dispersed
haze structure with height.

Computations of the model optical characteris-
tics following from the varying microstructure of
haze were performed taking into account the local
relative humidity. This consideration emphasized the
typical stratification features of light scattering be-
low the inversion (Fig. 5a).

The analysis of the spectral dependence of opti-
cal characteristics performed, using two model op-
tions for the complex index of refraction of the at-
mospheric aerosol,” demonstrates (see Fig. 5) that
the strongest variations in light scattering occur
around the typical absorption bands of an aerosol,
particularly, water.

Thus in the sub-inversion zone the aerosol ab-
sorption coefficient at A = 2.8 pm can increase by
more than three orders of magnitude from its ordi-
nary surface value; indeed, the relative humidity
here can, in certain cases, reach the dew point, so
that aerosol particles would grow up to sizes typical
for water-droplet fogs. In that case (see Fig. 5b)
spectral irregularity of the absorption coefficient
extends to adjacent wavelengths too. While at the
surface the value of B, (A = 2.8 pm) exceeds that of B,
(L = 2.0 um) by a factor of ten, the respective excess
in the sub-inversion zone is larger than a factor of 100.

A complex temporal variability of optical char-
acteristics is also observed. Daytime heating lowers
relative humidity in the surface atmospheric layers,
resulting in a monotonic decrease of their aerosol
absorption coefficient. Accumulation of the aerosol
in the sub-inversion zone, combined with the above-
mentioned abrupt change in relative humidity (when
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the layers above the inversion are entrained into the
ML structure) lead to strong irregularity in the aero-
sol light scattering at these heights.
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FIG. 6. Temporal deformations of the vertical
profile of the aerosol extinction coefficient
(A=10.53 um): 1—3 — model computations for
;=8:00, 9:30, 12:30 LT: 4, 5 — experimental
data;'* 6, 7 — model estimates obtained earlier.*

The temporal transformation of the vertical pro-
file of the volume aerosol extinction coefficient, cal-
culated for A =0.53 um at B = 0.18 deg - m/s, is
presented in Fig. 6 vs. experimental data (curves 4
and 5'%) and earlier numerical simulation results
(curves 6, 7*). The calculated data illustrate quite
well the anomalous accumulation of aerosol matter
in the sub-inversion zone during morning hours and
the subsequent gradual decrease of turbidity in the
surface layer.

Simulations demonstrate that the rate and char-
acter of deformations suffered by the surface layer
haze in its structure depend significantly on the ini-
tial parameter of the process, i.e., the initial tem-
perature profile ®y(z), heat flux from the surface
<w'®>, frictional velocity u-, etc. Therefore, the
estimates presented above only illustrate overall ten-
dencies in the state of the aerosol component in the
ML,; they should not be regarded as all-embracing
and final descriptions.

CONCLUSION

A model forecasting technique for the dynamics
of optical properties of the dispersed component of
the atmospheric surface layer, developed in the pre-
sent paper, consists of three principal elements. The
reductional description of the particle size spectrum
of the atmospheric haze (7)—(11) using its integral
characteristics, can be considered as a fundamentally
new approach. In a sense it combines and relates the
model of ML (1)—(6), which describes the state and
development of the carrier medium, and Eqs. (12)—
(23), which control the aerosol flux budget within
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the layer and, hence, the redistribution processes of
different fractions with height.

Obviously, certain conceptual simplifications had
to be implicitly agreed upon at every step of describ-
ing these processes of varying scales, necessitated by
the severe difficulties one would face in attempting to
formulate each intermediate step rigorously and to
solve the general problem trying to obtain practical
results.

This paper considers the effect of gravitational
sedimentation only. However, it is clear that the sug-
gested modeling technique can be tested in compara-
tive theoretical vs. experimental studies of the role of
other geophysical factors in these processes. In particu-
lar, the model estimates with the specific formation
conditions of the eddy heat flux <w'®>, its intensity
and diurnal variations taken into account can be of
practical interest. Such simulations and comparisons
would undoubtedly depend on the season and climatic
zone, and they would be instrumental in estimating
the regional features of the atmospheric haze.
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