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ABSTRACT

The usual description of the vertical distribution of aerosol concentrations assumes neutral
atmospheric stratification. This work examines the influence of atmospheric stability on vertical
aerosol concentration profile. A model is developed to describe the aerosol transport in the
atmospheric surface layer. The model describes a balance between upward aerosol flux due to
atmospheric turbulence and downward flux due to gravitational deposition. Monin-Obukhov
similarity theory describes the turbulent profiles of wind, temperature and specific humidity. An
approximate equilibrium expression relates particle size to ambient relative humidity.

To isolate the role of transport and growth, we first use the model to describe the surface layer
concentration of inert particles unaffected by relative humidity. The calculations show that
growth phenomena must be included to correctly describe aerosol concentrations in the presence
of relative humidity gradients. Complete calculations of aerosols concentrations, including
growth effects, show that the concentration of large particles (radius greater than 5 ym) can vary
by an order of magnitude depending on stability. With light winds, the stability effect on large
aerosols substantially affects the slope of the expected aeroso! size distribution. With strong
winds the aerosol distribution is not affected by changes in temperature and humidity lapse rates,

but instead is governed by wind-shear-produced turbulent mixing.

1. Introduction

Atmospheric stability has been recognized as an
influence on aerosol transport in continental
situations. In modeling aerosol transport over the
ocean, stability effects are usually neglected. Junge
(1957) examined transport of ocean aerosol,
assuming two different diffusion coefficients un-
related to bulk atmospheric parameters. Toba
(1965) conducted an intensive examination of sea-
salt aerosol transport, with the important
assumption of neutral atmospheric stratification.
The object of this work is to describe those
atmospheric conditions where stability con-
siderations affect vertical transport of sea-salt
aerosols, and to evaluate the sensitivity of vertical
profiles of aerosol size distribution within 100 m of
the ocean surface to stability.

Atmospheric stability is determined both by
wind speed and temperature and humidity lapse
rate. With strong winds (>10 m s™!) atmospheric
stability is approximately neutral for the typical
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range of near surface lapse rates in the marine
environment. With light winds, the stability is
strongly affected by the temperature and humidity
lapse rate. The following discussion mainly con-
cerns low wind speed conditions, where thermal
lapse rate is expected to be an important influence
on vertical aerosol mixing. The light wind aerosol
profiles are compared to the profiles in strong wind
conditions.

We develop the general formulation of surface
layer turbulent transport of aerosols in Section 2.
This formulation is applied in Section 3 to the
specific case of dry particles unaffected by
humidity. In Section 4 we evaluate the general
formulation for transport of moist, growing par-
ticles. We apply the theory to aerosol size distri-
butions in Section 5.

2. Vertical profiles in a non-neutral
atmosphere

The equilibrium distribution of aerosol particles
in the surface boundary layer (depth 100 m)
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consists of a balance between the aerosol fallout
flux and the turbulent upward flux, i.e.,

dn
D—+wn=0 ()
dz
where D is the eddy diffusivity, n is the aerosol
number density, and w is the aerosol fall velocity.
The eddy diffusivity is

D= kU, z/#(z/L) ®

where U, is friction velocity; k, von Karman
constant; z, height; L, Monin-Obukhov length; and
¢, a semi-empirical stability function (Businger et
al., 1971). We chose the stability function describ-
ing heat transport rather than momentum trans-
port. The former function describes the flux of
moisture and temperature, which affect the equilib-
rium size of the sea-salt aerosol.

The Monin-Obukhov length, L, describes the
degree of stability of the air layer above the ocean
surface. It is defined by

Ui T,

L=— et
gkw' T!

where T, is the mean virtual temperature of the
atmospheric layer, g is acceleration due to gravity,
and w' T, is the virtual heat flux in the layer. The
Monin-Obukhov length can be evaluated from
values of wind, humidity, air temperature and sea
surface temperature by several means, e.g., the
method of Barker and Baxter (1975).

The solution for the equilibrium aerosol distri-
bution is
n_ xp[_ Md} 3

n, » Ugkz'

where n, is the concentration of aerosols at the
surface roughness height, z,.

3. Transport of inert particles

The transport of aerosols in an environment
where growth is not a factor follows from an
approximate solution to (3) by assuming that the
fall velocity of particles is independent of humidity
variations and thus, height. Such a situation would
occur, for example, in a very dry environment or in
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one with a uniform humidity profile. The solution is

n_ w I z z (4)
[iatiad mirl el va

where (Paulson, 1970)
z z/L 1-—- ¢(o
W(f) —j —d{ )

20/L c
Equation (4) shows that the stability influence on
transport of non-growing particles can be described
by a linear correction to a logarithmic profile.

For neutral conditions, y(z/L) is zero. Equation
(4) can be manipulated to yield the following
expression for the influence of stability on the ratio
between non-neutral (n) and neutral (n,) concen-
trations of inert particles at a given level z and a
constant value of U,

i ©)
\T

In Section 6, results using this relationship are
presented. The next section discusses the situation
of a growing aerosol.

n w
In—=
ny kU,

4, Transport of growing aerosol

A realistic model of vertical aerosol profiles must
include the influence of aerosol growth upon fall
velocity. The fall velocity of small aerosol particles
can be represented assuming viscous flow and
using Stokes’ formula,

_2 prig

W=
9 7

(N

where p is particle density, g is acceleration due to
gravity, r is particle radius, and # is dynamic
viscosity. A simple dependence of equilibrium sea-
salt aerosol size on the relative humidity was
presented by Kasten (1969),

r= rd(l __f)—o.zs
_ RH/100, RH <99.5%
0.995, RH > 99.5%

where r, is the radius of the dry aerosol, and RH is
relative humidity. The variation of growth rate is
neglected and all particles are assumed to attain
their equilibrium size instantaneously (Toba, 1965).

®
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Representing the density of water by p,, and the
density of sea salt by p,, the density of a sea-salt
solution droplet of radius r is

p=py+ (pa—p )1 =)0 )

The concentration of wet aerosols at height z,
relative to their surface concentration, is found by
substituting egs. (7), (8) and (9) into eq. (3) with
the result

n 28p
In|—]=- ri
n, InU, k
fz ¢ zl d
X —|] dz'

20 L

x {(1 —n—'/2+(£“-— 1)(1 —nw} (10)
p)

w

The function in brackets in eq. (10) is the
modification of the aerosol concentration by
including growth. This factor varies in magnitude
from 2.7 to 14.5 over the range of RH from 40% to
100%. The effect of this modification on In n/n, is
equivalent to considering particles different in
radius by up to a factor of 3. Clearly when the
marine near-surface layer is characterized by a sub-
stantial humidity lapse rate, particle growth must
be considered for a correct formulation of the
aerosol concentration.

5. Stability and wind influences on aerosol
distributions

Differential aerosol transport alters the aerosol
size distribution for different height, wind, and
stability conditions. A frequently used formula for
a maritime aerosol distribution is the Junge
distribution

dN ( r )‘5
n(r) = =N |—
d(log r) r.

where n(r) is number of aerosols (cm~3) per unit
log radius interval; N,, r, and § are constants.
Generally the value of fis found to be near 3.

To study the influence of wind and stability on
the aerosol size distribution, we now make a
simplifying assumption. We assume that the
aerosol distribution at the surface follows eq. (11)

(1
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with # = 3. Prior to this, we have only been con-
cerned with the relative height distribution, n(z)/n,
of aerosols, and not with the aerosol size distri-
bution. We now specify the form of the surface
aerosol distribution, n,, as the Junge distribution,
eq. (11). We can now compute from eq. (3) what
the form of the distribution must be at various
heights for a given stability and wind. The general
expression for the aerosol distribution is

=)
"o Te

From eq. (3) it is clear that the relative number
distribution, n/n,, of a given sized particle is not
solely a function of stability, z/L. The wind,
through U,, plays a major role. At higher wind
speeds, the marine surface layer generally is near
neutral (z/L ~ 0) stratification and n/n, is governed
by mechanical, wind-shear produced turbulence.
Under these conditions, the vertical transport
descriptions of Junge (1963) and Toba (1965)
apply. At lower wind speeds, the influence of the
stability function, y(z/L), becomes more evident.

Under the conditions of strong turbulent mixing,
we expect the size distribution to change little with
height. Under light wind, stable conditions, how-
ever, we expect the distribution to change sub-
stantially with height. With these weak mixing con-
ditions, increasing numbers of the large particles
fallout relative to the small particle concentration.
Results from such numerical experiments are
discussed in the next section.

(12)

6. Results

Fig. 1 shows the relation between the scaled
height, z/L, and the ratio of particle concentration
in non-neutral stability to particle concentration at
neutral stability. The results in this figure assume
inert particles, z, =1 x 107*m, and U, = 0.15 m
s~! (corresponding to a wind speed at 10 m of 5 m
s~! under neutral conditions). Extension to other
values of U, is straightforward. In an unstable
boundary layer (z/L < 0), the aerosol number
density at level z is enhanced over its value at
neutral stability. The relative enhancement is
greater for the larger particles since smaller
particles are already quite well mixed at neutral
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Fig. 1. Ratio of neutral to non-neutral aerosol concen-
trations as a function of stability-scaled height (z/L) for
various inert aerosol particle sizes. This is evaluated for
U, = 0.15 m s~! corresponding to a 10 m wind of 5 m
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for a high and a low wind speed, 15 ms™'and 3 m
s~1, and for a high and low relative humidity, 95 %

s~'in neutral conditions.

stability. In the stable boundary layer (z/L > 0),
the aerosol number density is less than its neutral
value, with the relative decrease in aerosol content
being more pronounced for the larger particles.
This results from the reduced upward turbulent
transport being less able to balance the fallout of
the larger particles.

The next case includes aerosol growth with
results calculated by numerical integration of (10).
Relative aerosol concentrations are shown in Fig. 2
for a wind speed of 5 m s~! and a relative humidity
of 90%, both evaluated at a height of 10 m.
Acrosols having a dry radius, r, of 5 ym are
considered in this case. It is clear that particle
concentration is strongly dependent on thermal
stability. The difference between the stable and
neutral concentrations can be greater than an order
of magnitude at a height of 20 m.

The effects of boundary layer stability on a
Junge aerosol size distribution are calculated using
eq. (12). The aerosol size distribution is evaluated

and 75%. For each case, the size distribution is
calculated for an air-sea temperature difference of
—2°C, 0°C and +2°C, corresponding to an
unstable, neutral, and stable thermal lapse rate.
Although much stronger near-surface lapses occur
overland, these values are rather typical for the
marine surface layer. As we anticipated, at high
wind speeds the thermal stability plays a very

minor role in determining the size distribution. Fig.

3a shows the size distributions at a height of 20 m

for these three different lapse rates. It is clear that

mechanical mixing is dominant, with the stable and

unstable distributions being nearly identical. A
change in relative humidity (Fig. 3d) at this wind
speed makes negligible difference.

At lower wind speeds, the influence of thermal
lapse and humidity becomes evident. Figs. 3b and 3¢
show a pronounced change in the size distribution
with stability, particularly for stable stratification.
This difference in size distribution is enhanced by
changes in relative humidity, since the latter change
equilibrium aerosol size. Figs. 3b and 3c show the
change in size distribution induced by a change in
relative humidity from 75 % to 95 %.
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Fig. 3. Stability effects on a Junge aerosol size distribution. Solid curve is for air-sea temperature difference AT =
—2°C {unstable), short dash is AT = 0 (neutral), and long dash is A7 = +2°C (stable). The curves indicate that
stability and relative humidity have a large effect on aerosol concentration in light winds. Note that in 3a and 3d, the

high wind cases, the curves for different stabilities overlap.

7. Conclusions

The transport of aerosol particles has been
treated by a simple model of gravitational settling
balanced by upward turbulent transport. The
influence of thermal lapse upon the number density
of measured aerosol is important, particularly in
stable vertical profiles. The concentration of
aerosols at any given height can vary by an order
of magnitude because of stability.

Wind speed and stability are found to exert
strong influences upon the aerosol size distribution.
At high wind speeds, the turbulent mixing govern-
ing the particle distribution is generated primarily
by wind shear. Thus, at high wind speeds, the
distribution is unchanged in the range of typical
lapse rates of humidity and temperature found in
the marine surface layer. At lower wind speeds,
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however, these lapse rates play a significant role in
altering the character of the distribution. Relative
humidity affects aerosol concentration because
equilibrium particle size depends on the ambient
relative humidity. Fallout flux, being dependen* nn
particle size, increases as relative humidity
increases. Hence, in the surface layer, the concen-
tration of large particles decreases with increasing
humidity.

It should be understood that this model does not
include certain other effects which may be domi-
nant under specific atmospheric conditions. For
example, the only source of aerosols is at the lower
(sea-surface) boundary. Other sources, such as
evaporated cloud drops, can prevail over surface
generation under conditions of low wind. These
and other problems will be addressed in future
work.
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BJIMAHUE YCTOMUYUBOCTH HA PACITPEAEJIEHME .ABPO30JI8 IO PASMEPAM U C
BbICOTOM

OG6bLIYHOE OMHCaHHE BEPTHKANIBHOTO DPACTIPENCNEHHS
KOHUEHTpalHi a3po30/i1a NoApa3yMeBaeT HelTpa-
NBHOCTL cTpaTHdukauud aTMocdepsl. B pabote
HCCNleAyeTCA BIIHSHHE ATMOCHEpHON YCTOHYHBOCTH
HA BEPTHKAJIbHBIA NpPOGHIL a3p0O30JbHON KOHLEHT-
paumn. I[TocTpoeHa Moaens AN ONMHCaHuA AEpEHOCA
a3po30is B NPH3EMHOM ciloe atMmocdepsl. Moaens
crHcbIBaeT 6anaHc Mexay MOTOKOM a’po30is BBEpX
u3-3a2 aTMOCchepHO#t TYpOYIIEHTHOCTH H €ro MOTOKaM
BHH3 HM3-3a FPAaBHTAUHOHHOFO ocenaHHa. Teopus no-
nob6ua MonnHa-O6yxoBa onuchipaeT TYpOyreHTHBIE
npodunu BeTpa, TeMnepaTyphl W yAeTLHOH BjIaXHO-
cru. [IpabGnxeHHOE COOTHOLIEHME CBA3LIBAET B
PaBHOBCCHH pa3Mep HacTHIl C OTHOCHTeNbHOM
BNaXXHOCTbIO OKPYXAIOLLEro BO3ayXa.

YTo6bl H301MPOBATHL PO MEPEHOCA H POCTA, MBI
CHayana MCNojgblyeM MOIENb [IA ONHCAHHUA B
MPH3EMHOM CJI0€ KOHLEHTPAUWM WHEPTHHIX YaCTHLL,

HE pearnpyioliuX ¢ OTHOCHTENBHOH BIAXHOCTHIO,
BbIYMCNIEHHWS TIOKA3bIBAIOT, YTO SBJIEHHA pOCTA
OOJXHBI ObITH BXJTHOYEHBI /19 IPaBHILHOTO OITHCAHMA
KOHLEHTPALMH a3p030J18 B NPHCYTCTBHH I'DaJHEHTOB
OTHOCHMTENbHOM BNaxHOCTH. TTonHbIe pacyeTsl a3po-
30NbHOH KOHLEHTpALUMH, Bxmovarowne 3¢deKTh
pocra, NOKa3biBalOT, YTO KOHLEHTPALUMH GOnbuIMX
yacTuu (C paauycoM 6osnblite S MKM) MOTYT MEHATHCS
Ha MOpSOOK B 3aBHCHMMOCTH OT ycToi4mBocTH. Ilpu
HeGObWIMX BETpax BIHAHHE YCTOHWYHBOCTH Cyile-
CTBEHHO ONpeAenseT HAKIOH OXHOAEMOro pa-
CHpeReneHHs a3pO30JIbHBIX YaCTHI MO pa3mepaM.
Ilpn CHABHBIX BeTpax pacnpefeieHHe a’po3ons He
3aBMCHT OT M3MEHEHHH B BePTHKANLHBIX TpafueHTax
TeMrepaTypbl H BJIAXHOCTH, HO OIpeaeIseTca
TypOyJIEeHTHBIM NEpeMEIIHBAHUEM, MOPOKIAAEMBIM
CABMIOM BETpPA MO BLICOTE.
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