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[1] The paper analyzes the phenomenon of turbulent thermal diffusion in the Earth
atmosphere, its relation to the turbulent diffusion, and its potential impact on aerosol
distribution. This phenomenon was predicted theoretically more than 10 years ago and
detected recently in the laboratory experiments. This effect causes a nondiffusive flux of
aerosols in the direction of the heat flux and results in formation of long-living aerosol
layers in the vicinity of temperature inversions. We applied the theory of turbulent thermal
diffusion to the Global Ozone Monitoring by Occultation of Stars (GOMOS) aerosol
observations near the tropopause in order to explain the shape of aerosol vertical profiles
with elevated concentrations located almost symmetrically with respect to temperature
profile. We demonstrate that this theory is in good agreement with the observed profiles of
aerosol concentration and temperature in the vicinity of the tropopause. In combination
with the derived expression for the dependence of the turbulent thermal diffusion ratio
on the turbulent diffusion, these measurements yield an independent method for
determining the coefficient of turbulent diffusion at the tropopause. We also derived a
practically applicable formulation for dispersion of atmospheric trace species which takes
into account the phenomenon of turbulent thermal diffusion. We evaluated the impact
of turbulent thermal diffusion to the lower troposphere vertical profiles of aerosol
concentration by means of numerical dispersion modeling and found a regular upward
forcing of aerosols with coarse particles affected more strongly than fine aerosols.
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1. Introduction

[2] Various aspects of turbulent diffusion of aerosols in
the atmospheric flows have been extensively investigated in
the past [e.g., Monin and Yaglom, 1975; Csanady, 1980;
Maxey, 1987; Flagan and Seinfeld, 1988; Wyngaard, 1992;
Fessler et al., 1994; Blackadar, 1997]. In particular, the
turbulent diffusion (eddy diffusivity) has been comprehen-
sively studied for the low-order closures of the turbulent
dispersion equation. However, certain important features of
turbulent transport of aerosols in stratified flows have been
found only recently. In particular, a new phenomenon of
turbulent thermal diffusion has been predicted theoretically
by Elperin et al. [1996, 1997a] and detected in the labora-
tory experiments in stably and unstably stratified turbulent

flows by Eidelman et al. [2004, 2006a, 2006b] and Buchholz
et al. [2004]. The phenomenon of turbulent thermal diffusion
(TTD) in turbulent stratified flows results in the nondiffusive
flux of aerosols and gaseous admixtures in the direction of
the heat flux. Particles are accumulated in the vicinity of
the minimum of the mean temperature of the surrounding
fluid. This phenomenon causes formation of large-scale
inhomogeneities in spatial distribution of aerosol particles
in the vicinity of temperature inversions.
[3] The effect of turbulent thermal diffusion has been

detected in two experimental setups: oscillating-grids turbu-
lence generator [Eidelman et al., 2004, 2006a; Buchholz et
al., 2004] and multifan turbulence generator [Eidelman et al.,
2006b]. The experiments have been performed for stably
and unstably stratified fluid. In these experiments, even
with strongly inhomogeneous temperature fields, particles
in turbulent fluid accumulate in the regions of temperature
minima, in a very good agreement with the theory of
turbulent thermal diffusion.
[4] In spite of the previous comprehensive theoretical and

laboratory studies of the phenomenon of turbulent thermal
diffusion, the observational evidence and quantitative eval-
uation of its importance in the Earth atmosphere have not
been investigated until now. In the present study, we analyzed
the Global Ozone Monitoring by Occultation of Stars
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(GOMOS) observations in the vicinity of the tropopause and
explained the shape of aerosol vertical profiles with elevated
concentrations near the minimum of temperature. The con-
tribution of the effect of turbulent thermal diffusion to the
lower troposphere vertical profiles of the aerosol concentra-
tion was investigated via aerosol dispersion modeling.
[5] The existing theory of turbulent thermal diffusion

[Elperin et al., 1996, 1997a, 1997b, 1998, 2000a, 2000b,
2000c, 2001] does not take into account the structure of the
atmospheric stratified flows. In this paper, the theoretical
approach of Zilitinkevich et al. [2007, 2008] is further
developed and applied to study the effect of stratification
on turbulent transport of aerosols. To this end we derive the
budget equation for the turbulent flux of particles in stably
stratified flow. This allows determining the dependence of
the turbulent diffusion and turbulent thermal diffusion
coefficients on the flux Richardson number. We demon-
strate that the coefficients of turbulent thermal diffusion and
turbulent diffusion decrease with the increase of the flux
Richardson number.

2. Turbulent Thermal Diffusion and Turbulent
Flux of Aerosols

2.1. Mechanism of Turbulent Thermal Diffusion

[6] Let us discuss the physics of the phenomenon of
turbulent thermal diffusion. We consider inertial particles
(aerosols) suspended in the turbulent fluid flow with large
Reynolds numbers. Particle concentration np = N + n is
characterized by the mean value, N, and fluctuations, n
(measured in m�3). Evolution of the number density np(t, r)
of small inertial particles in a turbulent flow is determined
by the following equation:

@np
@t

þr � npv
� �

¼ Dr2np; ð1Þ

where v is a random velocity field of the particles which
they acquire in a turbulent fluid velocity field u, and D is the
coefficient of molecular (Brownian) diffusion. We assume
here for simplicity that the mean velocity is zero, and we do
not take into account the effect of particles upon the carrying
fluid flow. The velocity of particles v depends on the velocity
of the surrounding fluid and it can be determined from the
equation of motion for a particle. When rp� r, this equation
represents a balance of particle inertia with the fluid drag
force produced by the motion of the particle relative to the
surrounding fluid, dv/dt = (u� v)/ts, where ts is the particle
Stokes time, r is the fluid density and rp is the material
density of a particle. Solution of the equation of motion for
small particles yields [see, e.g., Maxey, 1987]

v ¼ u� ts
@u

@t
þ u � rð Þu

� �
þ O t2s

� �
: ð2Þ

The second term in equation (2) describes the difference
between the local fluid velocity and particle velocity arising
owing to the small but finite inertia of the particle. In this
study we consider low-Mach-numbers turbulent flow with
r � u = �r�1 (u � r)r 6¼ 0. Equation (2) for the velocity

of particles and Navier-Stokes equation for the fluid for
large Reynolds numbers yield

r � v ¼ r � u� tsr � du

dt

� �
þ O t2s

� �
¼ � 1

r
u � rð Þrþ ts

r
r2pþ O t2s

� �
; ð3Þ

where p is the fluid pressure.
[7] The physical mechanism of the phenomenon of

turbulent thermal diffusion for inertial particles can be
explained as follows. Owing to inertia, particles inside the
turbulent eddies drift out to the boundary regions between
the eddies (the regions with the decreased velocity of the
turbulent fluid flow). Neglecting nonstationarity and molec-
ular viscosity, the estimate based on the Bernoulli’s law
implies that these are the regions with the increased pressure
of the surrounding fluid. Consequently, particles are accu-
mulated in the regions with the maximum pressure of the
turbulent fluid. Indeed, owing to the inertia effect r � v /
(ts/r) r2 p 6¼ 0 even for incompressible fluid flow [see
equation (3)]. On the other hand, for large Peclet numbers,
when we can neglect the molecular diffusion of particles
in equation (1), r � v / �dnp/dt. This implies that in
regions with maximum pressure of turbulent fluid (i.e.,
wherer2p < 0) there is accumulation of inertial particles (i.e.,
dnp/dt / �(ts/r) r2p > 0). Similarly, there is an outflow of
inertial particles from regions with minimum pressure of
fluid. Note that in cloud physics, the effect of local accumu-
lation of particles between turbulent eddies (in the regions
with maximum fluid pressure) has been invoked extensively
in order to elucidate the mechanism of rain formation [see,
e.g., Pinsky and Khain, 1997; Shaw, 2003; Collins and
Keswani, 2004; Wang et al., 2006; Khain et al., 2007].
[8] In case of homogeneous and isotropic turbulence

without external large-scale gradients of temperature, a drift
from regions with increased (decreased) concentration of
particles by a turbulent flow of fluid is equiprobable in all
directions. Therefore pressure (temperature) of the fluid is
not correlated with the turbulent velocity field and there
exists only turbulent diffusion of particles.
[9] Situation drastically changes in a turbulent fluid with

a mean temperature gradient. In this case, the heat flux hu qi
is not zero; that is, fluctuations of fluid temperature, q, and
velocity are correlated. We consider low-Mach-number
flows (M = u/cs 
 1, cs is the sound speed) and study
mean-field effects. For low-Mach-number flows, the mean
fluid mass flux hu r0i is very small (�O(M2)) [see, e.g.,
Chassaing et al., 2002]; that is, the fluctuations of the fluid
density r0 and velocity u are weakly correlated. On the other
hand, fluctuations of pressure must be correlated with the
fluctuations of velocity due to a nonzero turbulent heat flux,
hu qi 6¼ 0. Indeed, using the equation of state for an ideal
gas we find that

p

P
¼ r0

r
þ q
T
; ð4Þ

(see below) and hu pi/P = hu qi/T, where P, T and r are the
mean fluid pressure, temperature and density, respectively.
Therefore, the fluctuations of temperature and pressure are
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correlated and the pressure fluctuations cause fluctuations of
the number density of particles. Indeed, increase (decrease)
of the pressure of surrounding fluid is accompanied by
accumulation (outflow) of the particles. The direction of the
mean flux of particles coincides with the direction of the
heat flux of temperature: toward the minimum of the mean
temperature. Therefore, the particles are accumulated in this
region (for more details, see Elperin et al. [1996, 1997a]).
[10] Equation (4) is obtained as follows. Averaging the

ideal gas equation yields equation for the mean pressure:
P = (kb/mm) (r T + hr0 qi), whereas the equation for the
pressure fluctuation is p = (kb/mm) (r q + r0 T + r0 q �
hr0 qi). Here kb is the Boltzmann constant and mm is the
mass of molecules of surrounding fluid. Nonlinear terms
r0 q and hr0 qi in this equations are on the order of
O(M4) [see, e.g., Chassaing et al., 2002], and for fluid
flows with small Mach numbers, they can be neglected.
This yields equation (4) for the ratio p/P.
[11] In order to demonstrate that the directions of the

mean flux of particles and the turbulent heat flux of temper-
ature coincide, let us consider fluid with the mean tempera-
ture gradient (Figure 1). Assume that the mean temperature
T2 at point 2 is larger than the mean temperature T1 at point 1.
Let us consider two small volumes a and b located between
these two points and let the direction of the local turbulent
velocity of the volume a at some instant be the same as the
direction of the turbulent heat flux, hu qi, i.e., toward the
point 1. Let the local turbulent velocity of the volume b be
directed at this instant opposite to the turbulent heat flux (i.e.,
to the point 2). In a fluid with an imposed mean temperature
gradient, fluctuations of temperature q and velocity u are
correlated. Positive temperature fluctuations result in positive
pressure fluctuations. Consequently, the fluctuations of the
temperature q and pressure p are positive inside the volume a
and negative inside the volume b. The fluctuations of the

particle number density n are positive in the control volume a
(because particles are locally accumulated in the vicinity of
the maximum of pressure), and they are negative at the
volume b (because there is an outflow of particles from
regions with a low pressure). Consequently, the mean flux
of particles is positive in the volume a (i.e., it is directed to the
point 1), and it is also positive inside the volume b (because
fluctuations of velocity and number density of particles are
negative in the volume b). Therefore, the mean flux of
particles is nonzero and directed, as well as the turbulent
heat flux hu qi of temperature, toward the point 1.

2.2. Turbulent Flux of Aerosols in Stratified Fluid

[12] The theory of turbulent thermal diffusion developed
previously [see Elperin et al., 1996, 1997a, 1998, 2000c,
2001], does not take into account the effects of the
Richardson number and anisotropy of turbulence. In this
study, the parameters of turbulent thermal diffusion are
derived as functions of the flux Richardson number and other
turbulence characteristics for stably stratified turbulent
flows. Equation for the evolution of the mean number
density N of particles reads

@N

@t
þr � N UþWg

� �
þ F nð Þ

h i
¼ DDN ; ð5Þ

where U = (U1, U2, U3) is the mean fluid velocity (e.g., the
wind velocity), Wg = tsg is the terminal fall velocity of
particles, g is the acceleration of gravity. The equation for
the turbulent flux of particles, F(n) = hv ni, is derived in
Appendices A, B, C using different approaches. The vertical
component of the particle turbulent flux Fz

(n) includes
contributions of turbulent diffusion and turbulent thermal
diffusion,

F nð Þ
z ¼ V eff

z N � KD rzN ; ð6Þ

where KD is the coefficient of turbulent diffusion and rz �
@/@z. The effective velocity Veff caused by TTD is given by
the following equation:

Veff ¼ �tT vr � vh i; ð7Þ

where tT = ‘/EK
1/2 is the turbulent time, ‘ is the turbulent

length scale, EK is the turbulent kinetic energy. Equation (7)
for the effective velocity has been derived using different
rigorous methods by Elperin et al. [1996, 1997a, 1998,
2000c, 2001], Pandya and Mashayek [2002] and Reeks
[2005]. Note that even a simple dimensional analysis yields
the estimate for the effective velocity Veff that coincides with
equation (7). Indeed, let us average equation (1) over the
ensemble of the turbulent velocity field and subtract the
obtained averaged equation from equation (1). This yields
equation for the fluctuations n of particle number density

@n

@t
þr � N vþQð Þ ¼ D4n; ð8Þ

where Q = vn � hvni is the nonlinear term. The magnitude
of @n/@t + r � Q � Dr2n can be estimated as n/tT.
Therefore, the turbulent component n of particle number

Figure 1. Mechanism of turbulent thermal diffusion.
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density is on the order of n � �tT r � (N v) = �tT [Nr � v +
(v � r)N]. Now let us calculate the turbulent flux of particles
Fi
(n) = hvi ni,

F
nð Þ
i ¼ �N tT vi r � vh i � tT vivj

	 

rjN ; ð9Þ

where the first term in the right-hand side of equation (9)
determines the turbulent flux of particles caused by turbulent
thermal diffusion,�N tT hvi r � vi = Vi

eff N, while the second
term in the right-hand side of equation (9) determines the
turbulent flux of particles caused by turbulent diffusion:
tT hvivjirjN = KD riN. In the latter estimate we neglected
the anisotropy of turbulence for simplicity.
[13] For noninertial particles advected by a turbulent fluid

flow, particle velocity v coincides with fluid velocity u,
and r � u � �(u � r)r/r � (u � r)T/T, where r and T are
the density and temperature of the fluid. This formula
takes into account the equation of state for an ideal gas but
neglects small gradients of the mean fluid pressure, i.e.,
(rzr)/r � �(rzT)/T. Thus, the effective velocity (7) for
noninertial particles is determined by the following equation:

V eff
z ¼ �KD

rzT

T
: ð10Þ

Alternative derivations of equations (6) and (10) for
noninertial particles are also presented in Appendices A
and B.

2.3. Effective Velocity of Aerosols Caused by Turbulent
Thermal Diffusion

[14] Let us now consider inertial particles and determine
the dependence of the vertical component of the effective
velocity Vz

eff on parameters characterizing turbulence, the
mean temperature profiles and particles. Note that the
deviation of the particle velocity v from the fluid velocity u
is small, but the deviation of r � v from r � u is not small
(see equation (3)). Equations (3) and (7) yield

Veff ¼ �KD

#

T

T
� tT ts

r
v r2p

	 

; ð11Þ

where the second term in equation (11) describes the
contribution of the particle inertia effect to the effective
velocity. In order to determine this contribution we use the
following formulae [see Elperin et al., 1996, 1998, 2000a]:

ts
r

uz r2p
	 


¼ WgLP

T
uz r2q
	 


; ð12Þ

uz r2q
	 


¼ 2

3 tT
ln Reð ÞB Re; a�ð ÞrzT ; ð13Þ

where q are fluctuations of the temperature, T is the mean
temperature, LP

�1 = jrzP/Pj and P is the mean fluid pressure,
Re = ‘ EK

1/2/n is the Reynolds number, n is the kinematic
viscosity, and a* is the particle size (e.g., the particle
diameter). In equations (11) and (12) we neglected small
effects� O(ts

2). For derivation of equation (12) we took into
account the equation of state, neglected the flux of fluid

mass hu r0i for the low-Mach-number flows, and used the
identity ts = r Wg LP/P, where jrzPj = r g. Derivation of
equation (13) is given in Appendix C.
[15] When the particle size a* < acr, the function

B(Re, a*) = 1, and for a* � acr the function B(Re, a*) is
given by B(Re, a*) = 1 � 3 ln(a*/acr)/ln(Re) [see Elperin et
al., 2000a], where the critical particle size is acr = ‘n(r/rp)

1/2,
and ‘n = ‘ Re�3/4 is the Kolmogorov viscous scale of
turbulence. The vertical component of the effective velocity
caused by turbulent thermal diffusion can be rewritten as
follows:

V eff
z ¼ KD

rzr
r

� KTD

rzT

T
¼ �a

TD
KD

rzT

T
; ð14Þ

where aTD = 1 + KTD/KD. In order to determine the explicit
form of the coefficient of turbulent diffusion KD and the
coefficient KTD in equation (14), we have to use some
turbulent closure model. In this study we use the turbulent
closure model for stably stratified flows developed by
Zilitinkevich et al. [2007]. This model is based on the
budget equations for the key second moments: turbulent
kinetic and potential energies, and vertical turbulent fluxes
of momentum and buoyancy (proportional to potential
temperature). This model takes into account the nongradient
correction to the traditional buoyancy flux formulation and
implies the existence of turbulence at any gradient
Richardson number. Predictions from this model are
consistent with the available data from atmospheric and
laboratory experiments, direct numerical simulation and
large-eddy simulation.
[16] The turbulent closure model by Zilitinkevich et al.

[2007] is developed in the geophysical approximation for
stably stratified flow, whereby the vertical mean fluid
velocity, U3, is negligibly small compared to the horizontal
velocities, U1 and U2. A useful approximation for stably
stratified flows is that the horizontal derivatives of the mean
velocity components U1,2 are negligibly small compared to
their vertical derivatives. An effect of the horizontal deriva-
tives of the mean velocity components U1,2 on turbulent
transport of particles in stably stratified flows is a subject
of a separate study.
[17] Using the turbulent closure model by Zilitinkevich et

al. [2007] we obtain formulas for the coefficient of turbulent
diffusion KD,

KD ¼ 2Cn E
1=2
z ‘z 1� CD

Rif

2CK Az 1� Rif
� �

" #

� 1þ CD Cn

Ri

Êz

� ��1

; ð15Þ

and for the coefficient KTD in equation (14) that accounts for
particle inertia,

KTD ¼ 2

3
Cn Wg LP ln Reð ÞB Re; a�ð Þ 1þ CD Cn

Ri

Êz

� ��1

: ð16Þ

Derivation of equations (15) and (16) is given in
Appendices C and D. In the above equations, Az = Ez/EK

is the vertical anisotropy of turbulence and Ez is the vertical
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turbulent kinetic energy. The gradient Richardson number is
defined as Ri = N 2/S2, where N 2 = b @Q/@z is the squared
Brunt-Väisälä frequency, S = [(@U1/@z)

2 + (@U2/@z)
2]1/2 is

the mean velocity shear, Q is the mean potential temperature
(or the mean virtual potential temperature accounting for
specific humidity), that is defined as Q = T(P*/P)

1�g�1
.

Here P* is the reference value of the mean fluid pressure
P, g = cp/cv = 1.41 is the specific heat ratio, b = g/T* is the
buoyancy parameter and T* is a reference value of the mean
temperature. The flux Richardson number is defined as
Rif =�bFz/KMS

2, where Fi = huiqpi is the flux of the potential
temperature, qp are the fluctuations of the potential
temperature, KM is the eddy viscosity, Êz = Ez/(S‘z)

2, ‘z is
the vertical turbulent length scale, Cn, CK and CD are
empirical dimensionless coefficients.
[18] The turbulent closure model suggested by Zilitinkevich

et al. [2007] yields the following formulas for the parameters
in equations (6) and (14)–(16): the vertical anisotropy of
turbulence Az,

Az ¼
Êz

2CK Yt 1� Rif
� � ; ð17Þ

the vertical turbulent length scale,

‘z ¼ z 1� Rif

Ri1f

" #4=3

; ð18Þ

where Yt = 0.2 (1 � Rif),

Êz ¼
2CK Yt

3 1þ Crð Þ Cr Y3 � Cr Y3 þ 3ð ÞRif

 �

; ð19Þ

and Y3 = 1 � C3 Rif. For very large gradient Richardson
numbers, the flux Richardson number Rif ! Rif

1 = 0.2, and
the function Êz ! Êz

1 = 2Cq CK Yt
1 Rif

1, where Cq, C3 and
Cr are empirical dimensionless coefficients. Since the
coefficient of turbulent diffusion KD should be positive, the
empirical constant CD < 2/3. The empirical constants have
been determined by comparing results from the local closure
model by Zilitinkevich et al. [2007] with data from laboratory
and field experiments, large-eddy simulations (LES) and
direct numerical simulations (DNS): C3 = 2.3, Cr = 3,
CK = 1.1, Cq = 0.3, Cn = 0.3 and CD = 0.3.
[19] The horizontal components of the particle flux are

given by the following formulas:

F
nð Þ
i ¼ �Cn

‘z rzUið Þ
E
1=2
z

F nð Þ
z ¼ �Cn

F nð Þ
z

Ê
1=2

z

; ð20Þ

where i = 1, 2. Equation (20) implies that in neutral
stratification the horizontal turbulent flux of particles is on
the same order as Fz

(n), whereas in strongly stable
stratification it is approximately by a factor of z/L larger
then Fz

(n). This flux generally deviates from the mean wind
direction, thus contributing to the horizontal cross-wind
dispersion.

[20] The steady state solution of equation (5) for KD � D
reads

rzN

N
þ a

TD

rzT

T
þWg

KD

¼ 0; ð21Þ

where the turbulent thermal diffusion ratio aTD is given by
the following equation:

a
TD

� 1þ KTD

KD

¼ 1þ Wg LP ln Reð ÞB Re; a�ð Þ
3E

1=2
z ‘z

� 1� CD

Rif

2CK Az 1� Rif
� �

" #�1

: ð22Þ

For gases and very small particles with negligible
sedimentation velocity aTD = 1.
[21] In the present study we have assumed that the

coefficients KD and KTD are independent of the aerosol
concentration because we consider the case mpN 
 r,
where mp is the particle mass. When this condition is not
valid, nonlinear effects of aerosols on atmospheric turbu-
lence should be taken into account. This is a subject of a
separate study.
[22] Note that there is another effect that is called ‘‘turbo-

phoresis’’ and related to the particle inertia. The turbopho-
resis results in an additional mean particle velocity due to
inhomogeneity of turbulence [see Caporaloni et al., 1975;
Reeks, 2005]. The turbophoresis and turbulent thermal dif-
fusion are totally different phenomena. Indeed, averaging
equation (2) over fluctuations we obtain the mean particle
velocity,

Vp

� �
i
¼ Ui � ts

@Ui

@t
� tsrj uiuj

	 

þ ts ui r � uð Þh i: ð23Þ

For example, in isotropic turbulence huiuji = (1/3)hu2idij,
and the mean particle velocity reads

Vp ¼ U� ts
@U

@t
� ts

3
r u2
	 


þ ts u r � uð Þh i: ð24Þ

The third term in equation (24) describes the effect of
turbophoresis due to inhomogeneity of turbulence. The ratio
of the mean particle velocity due to turbophoresis to the
effective particle velocity caused by the phenomenon of
turbulent thermal diffusion is

V turbo
�� ��
V eff
z

�� �� ¼ ts
t
T

r u2
	 
�� ��= u2

	 

a

TD
rTj j=T : ð25Þ

Since ts 
 tT, the mean particle velocity due to turbo-
phoresis is much smaller than the effective particle velocity
caused by the phenomenon of turbulent thermal diffusion.
Although both effects are related to the particle inertia, the
effective particle velocity due to the phenomenon of turbulent
thermal diffusion, originates from the turbulent particle flux
hu ni, i.e., describes the collective statistical phenomenon,
while the mean particle velocity due to turbophoresis
originates directly from the expression for mean particle
velocity.
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[23] The mechanism of phenomenon of turbulent thermal
diffusion is also principally different from molecular ther-
mophoresis (and molecular thermal diffusion). The basic
difference between these phenomena is explained in the
following. The phenomenon of turbulent thermal diffusion
occurs owing to a combined action of turbulence effects and
particle inertia effect, while molecular thermophoresis is
caused by purely kinetic effects related to thermal motion of
molecules. In stratified turbulent flow turbulent thermal
diffusion and molecular thermophoresis occurs simulta-
neously, although the effect of turbulent thermal diffusion
for large Reynolds numbers is essentially stronger than the
effect of molecular thermophoresis. In particular, the ratio of
the effective velocity due to turbulent thermal diffusion to
the velocity caused by molecular thermophoresis is on the
order of Reynolds number. In this estimate we use formula
for the molecular thermophoretic velocity Vth � njrTj/T
[see Friedlander, 2000] and equation (14) for the effective
velocity caused by turbulent thermal diffusion. For example,
in the atmospheric turbulent boundary layer Reynolds num-
bers are on the order of 107, that implies that molecular
thermophoresis is negligibly small.
[24] Note that in the context of thermal convection

or stably stratified turbulence, an anelastic approximation
[r � (r u) = 0] is used for low Mach numbers. This is
standard for describing deep convection but introduces the
possibility of a compressible fluid velocity tied to variations
in the fluid density. The fluid mass flux is divergence-free
but a tracer particle moves with the fluid velocity. The flow
compressibility is linked to the temperature fluctuations and
there are dynamic correlations between fluid density, tem-
perature and pressure. Irrespective of particle inertia, this
introduces a possibility of a mean drift even in homogeneous
turbulence, i.e., causes turbulent thermal diffusion.
[25] In sections 3 and 4 we discuss the potential impact of

the phenomenon of turbulent thermal diffusion on distribu-
tion of the atmospheric constituents. In particular, we analyze
the observational information in the vicinity of strong tem-
perature gradients (near the tropopause) in order to find out
whether the effect of turbulent thermal diffusion (1) is
observable, (2) is significant, and (3) provides well-grounded
explanations of the observed aerosol layers and their posi-
tions. For the lower troposphere, we use the numerical
simulations as a tool to study the contribution of the effect
of turbulent thermal diffusion to the lower troposphere
vertical profiles of aerosol concentration. Note also that the
temperature minimum in the atmosphere exists only for the
absolute temperature while the potential temperature
increases with altitude in the upper troposphere and the lower
stratosphere.

3. Aerosol Measurements by GOMOS Near
the Tropopause

3.1. Outline of the Observational Technique

[26] Tropopause is a well-known region with strong gra-
dients of temperature and also with substantial amount of
particles, which remain there over long periods. Simulta-
neous observations of the vertically resolved aerosol con-
centrations and temperature are scarce but the presence of the
aerosol layers in the vicinity of the tropopause is well
established [Brasseur and Solomon, 2005].

[27] For joint analysis of temperature profiles and aero-
sol concentrations, we use a unique data set obtained from
GOMOS instrument onboard the Envisat satellite [Kyrölä
et al., 2004; Bertaux et al., 2004] (http://envisat.esa.int/
instruments/gomos). GOMOS is equipped with the UV/
Visible/NIR spectrometers, which record stellar spectra
transmitted through the atmosphere continuously as the
star sets behind the Earth limb. The measurements are
performed in the limb-viewing geometry with the sampling
frequency of 2 Hz. The atmospheric transmission spectra
obtained after dividing the stellar spectra observed through
the Earth atmosphere by the reference spectrum, recorded
above the atmosphere, contain spectral features of absorption
and scattering by gases and particles. This allows reconstruct-
ing the vertical profiles of O3, NO2, NO3, O2, H2O and
aerosol extinction in the atmosphere. The vertical sampling
resolution of GOMOS data is 0.5–1.7 km.
[28] While ozone can be retrieved up to 100 km altitude,

other species are usually detectable in the upper troposphere
and in the stratosphere. The lowest altitude of GOMOS
measurements is from 5 km to 20 km; it depends mainly on
stellar brightness and clouds top height. The stellar light can
be transmitted only through thin clouds (like subvisual
cirrus clouds), and they appear as increased aerosol extinc-
tion in GOMOS data. Usually, aerosols are retrieved with a
good accuracy down to tropopause and slightly below from
occultations of bright stars.
[29] The GOMOS inversion of the chemical composition

is performed in two steps [Kyrölä et al., 2004]. First,
atmospheric transmission data from every tangent height
are inverted to horizontal column densities (along the path
of the light beam from the star) for gases and optical thickness
for aerosols (spectral inversion). Then, for every constituent,
the collection of the horizontal column densities at suc-
cessive tangent heights is inverted to vertical density profiles
(vertical inversion).
[30] Since the aerosol extinction spectrum is not known a

priori, a second-degree polynomial model is used for the
description of the aerosol extinction baero in the GOMOS
retrievals,

baero ¼
s0

l
N zð Þ 1þ c1 l� lrefð Þ þ c2 l� lrefð Þ2

h i
; ð26Þ

where l is wavelength in nm, lref = 500 nm, s0 = 3 �
10�7 cm2 nm is the scaling factor, N(z) is the aerosol mean
number density at altitude z (in the units of cm�3), and
parameters c1 and c2 determine the wavelength dependence
of the aerosols extinction spectra. The aerosol number
density N and the parameters c1 and c2 are retrieved from
GOMOS data.
[31] High-resolution temperature profiles (HRTP) in the

stratosphere and the upper troposphere are retrieved from
the synchronous scintillation measurements by the GOMOS
fast photometers operating at 1 kHz sampling frequency at
red (650–700 nm) and blue (470–520 nm) wavelengths
[Dalaudier et al., 2006]. The measurement principle
exploits the chromatic refraction in the atmosphere. The
bichromatic scintillations recorded by the photometers allow
accurate determination of a refractive angle, which is pro-
portional to the time delay between the photometer signals.
The procedure of conversion of refractive angle profiles to
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temperature profiles is similar to that used in radio
occultation. At altitudes �18–35 km, HRTP is retrieved
with the vertical resolution 200–250 m and the accuracy
of 1–2 K. The best accuracy is achieved in vertical (in
orbital plane) occultations of bright stars [Sofieva et al.,
2007]. Below �15 km, the quality of HRTP decreases
owing to low signal-to-noise ratio, broadening of scintillation
peaks as a result of chromatic smoothing and the violation of
the assumptions used in retrievals (in particular, the weak
scintillation assumption).

3.2. Observed Aerosol and Temperature Profiles

[32] For joint analysis of HRTP and aerosol profiles, two
data sets were selected: 217 successive occultations of one
of the brightest stars, Canopus (referred to hereafter as
S002), with visual magnitude �0.7 and the effective tem-
perature 7000 K corresponding to location of the ray perigee
point over 36�N–37�N (midlatitudes) in January–February
2003, and 560 successive occultations of S029 (visual

magnitude 1.6, the effective temperature 10,200 K) located
at 10�N–20�N, for the same period. The observation period
was selected arbitrarily. Random inspections of aerosol and
temperature profiles at different locations and seasons at
low and mid latitudes have indicated that the features
described below are common.
[33] Since the vertical resolution of HRTP (250 m) is

much finer than that of aerosol profiles (2 km), HRTP were
smoothed down to resolution of aerosol profiles. For the
sake of reliability, we also included the temperature profiles
extracted from archive of operational analysis of European
Centre for Medium-Range Weather Forecasts (ECMWF).
Usually, smoothed HRTP and ECMWF profiles are in a
very good agreement in the considered altitude range.
[34] It has been noticed that the aerosol concentration and

temperature profiles are often anticorrelated (see a few
examples in Figures 2 and 3). At a qualitative level, this
is in agreement with the theoretical predictions related to the
impact of the phenomenon of turbulent thermal diffusion on

Figure 2. Examples of aerosols (black lines) and temperature profiles (dashed grey lines) observed by
GOMOS for middle latitudes (36�N–37�N) in January 2003, and the independent ECMWF temperature
analysis data at measurement locations (grey solid lines).
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