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Abstract. It is shown with a numerical simulation that a and Hess, 2003). Mesometeorological processes may pro-
sharp increase in the vertical temperature gradient and Bruntduce intrusions of stratospheric ozone into the troposphere,
Vaisala frequency near the tropopause may produce an inwhich are frequently observed (Lamarque and Hess, 2003).
crease in the amplitudes of internal gravity waves (IGWs)Small-scale turbulence provides mixing of atmospheric gases
propagating upward from the troposphere, wave breakingand may produce turbulent ozone fluxes due to vertical gra-
and generation of stronger turbulence. This may enhance thdients of the ozone mixing ratio (Pavelin et al., 2002; White-
transport of admixtures between the troposphere and strataway et al., 2003). But despite intensive research during the
sphere in the middle latitudes. Turbulent diffusion coefficient last years, there are still many uncertainties and unknowns
calculated numerically and measured with the MU radar areabout the role which mesoscale and small-scale processes
of 1-10 n?/s in different seasons in Shigaraki, Japar?(85  may play in the stratospheric-tropospheric exchange.

136 E). These values lead to the estimation of vertical ozone A boundary between the troposphere and the stratosphere
flux from the stratosphere to the troposphere of (11@4, is denoted as the tropopause. Usually it is located not far
which may substantially add to the usually supposed ozondérom the temperature minimum. There are several defini-
downward transport with the general atmospheric circula-tions of the tropopause based on temperature structure and
tion. Therefore, local enhancements of IGW intensity anddynamical features of the atmosphere (Dameris, 2003). The
turbulence at tropospheric altitudes over mountains due teights obtained with different tropopause definitions may
their orographic excitation and due to other wave sourcese approximately equal (Birner et al., 2002), or sometimes
may lead to the changes in tropospheric and total ozone ovethey may differ up to several kilometers. Therefore, in gen-
different regions. eral, we should say about a quite thick. One of the impor-

Key words. Meteorology and atmospheric dynamics (Tur- tant features is a sharp increase in potential temperature and

bulence; Waves and tides) — Atmospheric composition andts vertical.gradient in the tropopause region (Birner et al.,
structure (Middle atmosphere composition and chemistry) 2002)- This makes the mean temperature profile above the
tropopause much more stable than below, which commonly

assumes turbulence suppression above the tropopause.
On the other hand, experiments with radars, balloons and
aircrafts (Pavelin et al., 2001; Pavelin and Whiteway, 2002;

One of the important problems is the role of gravity waves Luce etal., 2002) show strong internal gravity waves (IGWs)
and turbulence in diffusion of ozone and gas species in th and gnstable turbuhzle.d layers near and a.bo"? fche tropopause.
tropo-stratosphere. It is supposed recently that the maﬁvlaxma of IGW activity and turbulent diffusivity near the

: ' . 4 . r%ropopause were systematically observed during multiyear
mechanism of the transport of admixtures influencing theobservations with Japanese Middle and Upper (MU) Atmo-
ozone layer between the troposphere and the stratosphersc—i:)here radar in Shigaraki (Fukao et al., 1994; Murayama et
is the general circulation of the atmosphere, creating up- B '

. : al., 1994; Kurosaki et al., 1996).
ward motions near the equator and downward motions at the :
In this paper we analyze IGW theory to show that the

middle and high latitudes (Holton, 1990). Additional ozone . . :
gharp change in the vertical temperature gradient near the

transport from the stratosphere to the troposphere could b . .
produced by mesoscale and small-scale processes (Lamarqu popause temperature minimum can make a sharp increase
in the amplitudes of IGWs propagating upwards from the tro-
Correspondence td\. M. Gavrilov posphere. This can lead to IGW breaking and to generation
(gavrilov@pobox.spbu.ru) of stronger turbulence, which may make the tropopause more

1 Introduction
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of vertical wave flux of wave action. For low-frequency short
IGWs having intrinsic frequenay and vertical wave number
m, satisfying tow?< N2 andm?>>1/4 H2 (whereN and H

are Brunt-\aisdla frequency and atmospheric scale heights,
respectively), one can obtain the following expressions for
vertical flux of wave actionF,;:

Fuz = poV2/2m; |k/m| ~ w/N; N°= g(8T/0z + y,)/To, (1)

whereV andk are the amplitude of horizontal velocity and
horizontal wave number, respectivelyp and Tp are the
background atmospheric density and temperaglig®accel-
erations due to gravityy, is the adiabatic temperature lapse
rate. The tropopause is the region, wh&fg/dz sharply in-
creases from its substantial negative values in the troposphere
below (Dameris, 2003). According to Eg. (1), an increase in

dToldz gives a respective increase N and |m| at given
values ofw andk. Due to the wave action conservation law
(Andrews et al., 1987)F,, should be constant for nondissi-
pative IGWs propagating in the atmosphere. Therefore, the
increase inm| near the tropopause should lead to the respec-
tive increase inV2 in Eq. (1) for IGWs propagating from
transparent for the diffusive transport of the admixtures be-below.
tween the troposphere and stratosphere. Figure 1 represents a simple model of the tropopause com-
We study this mechanism of IGWs and turbulence enhancfosed of two pieces of linear temperature profiles with zero
ing near the tropopause using a numerical model by Gavrilowackground wind. In this model the quantitié’s m and V
and Fukao (1999), which describes IGW propagation andchange their values abruptly at the level of temperature min-
turbulence generation in the non-homogeneous atmospherénum (see Fig. 1). The increased IGW amplitude may be-
The numerical model gives the integral energy characteriscome larger than the horizontal phase speed (cross in Fig. 1).
tics of a spectrum of IGW harmonics with various frequen- In this case IGWs become unstable near the tropopause and
cies, horizontal phase speeds and directions of propagatiofienerate turbulence due to wave breaking. Such strength-
The model includes IGW generation on the Earth’s surfaceening of irregular wave and turbulent motions may produce
and inside the atmosphere, realistic vertical profiles of theincreased diffusion and make the tropopause region more
mean wind and temperature, IGW dissipation, destruction ofransparent for transport of atmospheric admixtures.
waves and generation of turbulence. The results of numerical .
calculations are compared with the measurements of pararr?—'2 Numerical model
eters of IGWs and turbulence in the tropo-stratosphere wit
the MU radar of Japan.

Fig. 1. Simple model of temperature profile, Brun&igla fre-
guency, IGWs vertical wavenumber and corresponding sharp in
crease in amplitude of IGW with c=3 n/$ (from left to right, re-
spectively). Cross shows the IGW breaking level.

r‘ln this study, to evaluate the above mentioned possible mech-
anism of increasing IGW amplitudes and turbulence intensity
near the tropopause, we use a numerical model of IGW prop-
agation and turbulence generation in the atmosphere with re-
alistic vertical profiles of background temperature and wind.
The model was described by Gavrilov and Fukao (1999) and
A quick increase in vertical temperature gradient at theGavrilov and Jacobi (2004). Therefore, we only make its
tropopause may change the conditions of IGW propagatiorshort description here. The model assumes that the atmo-
and may produce an increase in wave amplitudes. Thereforespheric wave fields can be represented by a spectrum of si-
IGWs propagating from the troposphere may break and prohusoidal harmonics. The model calculates vertical distribu-
duce stronger turbulence. This may cause stronger diffusiotions of parameters of a set of IGW harmonics representing
of atmospheric admixtures through the tropopause. Such difa wave spectrum. In a stationary and horizontally homo-
fusive transport of admixtures may make an addition to thegeneous background atmosphere, the balance of the wave
traditionally assumed circulation with upward flux of atmo- action is valid for each wave harmonic (see Gavrilov and
spheric mass from the troposphere to the stratosphere in theukao, 1999; Gavrilov and Jacobi, 2004):
e.quator.ial region and its downward flux in the middle and IF 420z = po(sV — NgV2/2) o,

high latitudes.

2 Numerical simulation of wave-induced turbulent dif-
fusivity near the tropopause

(2)
wheres is the strength of wave sources (see Gavrilov, 1997);
2.1 Mechanism of IGW enhancement near the tropopauseNd is the rate of IGW dissipation. The main contributions
to dissipation ratev,; are from turbulent and molecular vis-
An increase in IGW amplitudes near the tropopause tempereosity and heat conduction, radiative heat exchange, and ion
ature minimum should be anticipated from the conservationdrag (see Gavrilov, 1990).
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The parameter in Eq. (2) describes the strength of non-
linear wave sources of mass, momentum and heat in the at>
mosphere (see Gavrilov and Fukao, 1999). At low latitudes,
substantial IGW emission may be produced by randomcon- 20— — 1 7 —
vective motions (Alexander and Holton, 1997). Additional </f/:> ]
IGW generation may be provided by Lighthill-type nonlin- — =
ear interactions of mesoscale meteorological motions (see
Lighthill, 1952, 1978; Stein, 1967). Both convective and hy-

; .0 e — 200
drodynamic IGW sources are supposed to be randomly dis- ]
tributed within the atmosphere. Gavrilov and Fukao (1999) 30 Zonal Wind, m/s
supposed that each elementary wave source generates its own

IGW with random observable frequeney, horizontal phase 20 ] 40
speed¢, and azimuth of propagatign ? @ i

k Temperature, K

\
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The wave harmonics from different sources produce a sta- 1ok |
tistical ensemble of IGWs. Equation (2) may be solved for ‘—///k a
a selection of IGW harmonics with an arbitrary setof ¢; B

andg,. Then, assuming a probability distribution function O 1

for thes values, the average variances associated with the en- 3 Meridional Wind, m/s o
semble of IGW harmonics generated by random sources can
be obtained. The strength of the wave sourcés Eq. (2) 20 |
can depend on, ¢ andyp. While the atmospheric IGW spec- 4
trum is almost certainly not separable (Gardner, 1995), it is
sl Carr e DD TN (@ -
I

-20

U

often not a bad approximation (Fritts and VanZandt, 1987), !
and in this simple model we suppose that /_\
0 ———

T
0
5(0.¢. 9,00, N) = S(v, N) Fo (0)F () (9). (3) Months of vYear

where vg is the mean wind speed. The functiofs (o),
F.(c) and ®(¢) are used according to Gavrilov and Ja-
cobi (2004). These functions are assumed to decrease at lar
o, and small and large, as might be expected for turbulent
flows (Monin and Yaglom, 1971). The functi@n(y) relates Additional

to the azimutho, of the mean wind (seg Gavrilov and Ja- mesoscale meteorological and irregular motions, which pro-
cobi, 2004). The average variance of horizontal velocity pro-y ,.e mesoscale turbulence in the atmosphere. The main

duceq by this ensemble may be calpulated as despnbed BY¥ontribution to these IGW nonlinear hydrodynamic sources
Gavrilov and Fukao (1999) and Gavrilov and Jacobi (2004). ;e from the nonlinear advective accelerations involved in
The main disadvantage of our numerical model is itShe hydrodynamic momentum equation (see Drobyazko and
dependence on altitude only. This means that the backasiinikov, 1985). Observations of the advective accelera-
ground fields and statistical characteristics of wave sourceggns in the troposphere and stratosphere with the Japanese
are assumed to be horizontally homogeneous. This assumiay radar (see Gavrilov and Fukao, 2001) show their strong
tion may not be valid for low-frequency IGWSs, the en- dependence on the mean wind velocity, Also, we may
ergy of which propagates gt extremely low elevation anglesexpect a dependence obn N, which may influence the in-
a~wNK1. IGWs with periods up to 1.5-2h and substan- terreq intensity of turbulent and convective motions in the

tial horizontal phase speeds propagate energy from near th&mosphere. Gavrilov and Fukao (1999) expresged, N)
surface to an altitude of 20 km within a horizontal distance;, Eq. (3) in the form of

of ~300-400km. At such horizontal scales, climatologi-
cal characteristics of the background wind, temperature and(vo, N) = Sovg/N¥, 4)
wave sources may be relatively uniform in many cases, and

the numerical model described above may be used. where So, n and ¢ are constants. Equations (2)~(4) are
An important random IGW sources at low latitudes might solved here for a set of IGW harmonics representing a sta-

be convective atmospheric motions (Alexander and Holton,t'St'Cal ensemble of waves propagatmg from randqm IGW
purces. The background wind components for altitudes 0—

1997). At present, there are no adequate parameterizations . . -
convectively generated IGWs. We might expect that the in- Okm at Shigaraki, Japan, are presente_d in Fig. 2. We used
e monthly mean temperatures and winds taken from the

tensity of convective wave sources could depend on the mea| )
y b CEP/NCAR Reanalysis database and averaged them over

Brunt-Vaisala frequency, which estimates a stability of the
mean temperature profile influencing the conditions of con—the years 1980-2000 and from the MU radar measurements
as well (Murayama et al., 1994).

vection development in the atmosphere.

Fig. 2. Background temperature (top), and zonal (middle) and
éréeridional (bottom) wind velocities at Shigaraki, Japan.

IGW generation may be produced by
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al. (2003) and Gavrilov and Jacobi (2004) applied the numer-
ical model for the interpretation of seasonal variations of the
wind and ionospheric drift velocity variances observed at al-
titudes of 70—-110 km with MF radar at Hawaii and with the
D1 reflection method at Collm, Germany. The model repro-
duces a transition from the solstice maxima of the velocity
variances observed near 70—-80 km km to the equinox max-
ima at higher altitudes.

30

N
o

2.3 Results of numerical simulation

Altitude, km
[EY
o

In this study the numerical model involving Egs. (2)—(4)
was run for the background atmosphere representing differ-
0 L ent months of the year at the location of the MU radar (see
200 250 0 40 Fig. 2). The numerical methods are further described by
T, K U, ms? Vg, Ms Gavrilov (1990). The vertical integration step is of 250 m.
The equations were solved for a set of&Dx 12 IGW har-
Fig. 3. Background profiles of temperature (left), zonal (middle) monics, where the multipliers denote the numbers of wave
and meridional (right) wind velocities in January (solid lines) and frequencies, horizontal phase speeds and azimuths, respec-
July (dashed lines) at Shigaraki. tively. The IGW parameters cover the frequency ranges of
o~6x10"4—6x1073 rad s, horizontal phase speeds of
¢ ~3-100m/st and azimuths ofp~0°—360°. The first

For altitudes above 30 km the background temperature antvo grids were logarithmically spaced (proportional tarin
wind were taken from the MSISE-90 and HWM-93 mod- and In c) within the specified intervals. The values of the
els (Hedin, 1991; Hedin et al., 1996) for different months of constants determining the spectral distributions of the wave
the year. Equation (2) contains the rate of IGW dissipationsources in the model are the same as those used by Gavrilov
Ny, due to turbulent and molecular viscosity and heat con-and Jacobi (2004). Parameters of the model were chosen
duction, ion drag, and radiative heat exchange. These chate provide IGW power spectral slopes o6f >3 andm 3
acteristics, as well as coefficients of turbulent viscosity andat largec andm, corresponding to some observations and
heat conduction and dissipation of IGW harmonics at crit-theoretical studies (VanZandt, 1982). The parameters were
ical and reflection levels, are calculated here, as describedhosen to give the best fit of the calculated results to ob-
by Gavrilov and Fukao (1999). The influence of the criti- servations (see below). Gavrilov and Fukao (1999) showed
cal layers leads, in the model, to stronger dissipation of IGWthat this model can reproduce realistic seasonal variations of
harmonics propagating in the direction of the mean wind andiGW intensity in the troposphere and mesosphere with
to the predominance of waves propagating in the oppositén Eq. (4). A strong dependence of the intensity of wave
direction (Gavrilov, 1997). Such IGW filtering provides, in sources on the mean wind in the tropo-stratosphere is con-
the model, the wave accelerations of the mean flow directedirmed by recent MU radar measurements of nonlinear ad-
mainly opposite to the direction of the strato-mesosphericvective accelerations (Gavrilov and Fukao, 2001). Therefore,
winds in the middle atmosphere (Gavrilov, 1997), which is in Eq. (4) we use the values @f2, So=10>m1s2 and
consistent with recent views (Fritts and Alexander, 2003). g=2.

Except for IGW characteristics, the numerical model al- In this study, we calculated vertical profiles of the turbu-
lows ones to estimate turbulent diffusivities caused by breakient diffusion coefficient produced by a spectrum of break-
ing IGWs. We use the method of calculating the turbulenting IGWs. Specifically, we studied the influence of the sharp
diffusivities within zones of convective and dynamical insta- changes in the vertical temperature gradient in the changes of
bilities caused by saturated and unsaturated IGWs developeithe conditions of IGW propagation, increasing their destruc-
by Gavrilov and Yudin (1992). The method is based on thetion and forming a maximum of the turbulent diffusivity near
closure of spectral turbulent equations using a semiempiricathe tropopause. The mean profiles of wind and temperature
hypothesis for the spectral characteristics of turbulence.  are specified for the geographic coordinates of the observa-

The model has been validated previously by a compari-tion site Shigaraki in Japan, from which we have the MU
son of the calculated average wave characteristics with thgadar data. Figure 3 shows the vertical profiles of background
results of radar observations of the IGW climatology in the temperature and wind in January and July.
middle and upper atmosphere. The numerical model repro- Figure 4 represents the corresponding calculated standard
duces different types of seasonal variations of IGW intensitydeviations of wind velocity produced by a spectrum of IGWs
(see Gavrilov and Fukao, 1999), which have the winter max-in the ranges of periods 0.3-6 h and horizontal phase speeds
imum and summer minimum in the upper troposphere and3-60 m/s and of the coefficient of turbulent diffusion pro-
stratosphere, and the solstice maxima and equinox minimauced by breaking IGWs. One can see that the IGW inten-
in the mesosphere (see Murayama et al., 1994). Gavrilov esity and the turbulent diffusivity have main maxima at alti-




N. M. Gavrilov and S. Fukao: Numerical and the MU radar estimations 3893

30 — | z,km Total r.m.s. Amplitude, m/s B
1 He
- I -
€ 0] ! I
=z 2 1 3
) ]l i
S 41 I
S
= e { =0
ﬁ 10 ] // 30 Zonal r.m.s. Amplitude, m/s
1/ 6
| S A W

O [ I [ I Ll I Ll I [
0O 4 8 0 3 6 0 3 10,\—12\/\,
V, mst K, m2st N2 10%s? T T
0

Fig. 4. Calculated vertical profiles of IGW horizontal velocity stan-

dard deviation (left), turbulent viscosity (middle) and Bruraisala 30
frequency squared (right) for January (solid lines) and July (dashed
lines) at Shigaraki.

20F

tudes 15-20 km, corresponding to the regions with a sharp 10
increase, and maxima of temperature gradient and Brunt-
Vaisala frequency in the right plot of Fig. 4. The January 0
temperature profile has two regions of clear changes in verti-
cal temperature gradient and Brun&gala frequency: at al-
titudes 9-10 km and 17-19 km (see Figs. 3 and 4). Therefore

one can see a local maximum of IGW amplitudes and turbu-F'g' 5. Calculated seasonal distributions of total (top), zonal (mid-

lent viscosity at altitudes 9—10 km in the left plot of Fig. 3. ?ée\zva;;egijﬁl_onal (bottom) wind standard deviations produced by

A reason for maxima of IGW amplitudes and turbulent vis-

cosity in our model is mainly due to a sharp increase in the

Brunt-Vaisala frequency in the tropopause region. This leadsenough to the measured ones as further discussed in Sect. 3

to an increase in IGW amplitudes (see Sect. 2.1), wave intpe|ow.

Stablllty and generation of Stronger turbulence in our model. Our numerical model allows us to also calculate such im-

The stronger turbulence increases IGW dissipation; thereportant characteristics as wave momentum flux and acceler-

fore, wave momentum flux and amplitudes become smallefation of the mean flow produced by dissipating IGWs, which

at higher altitudes in Fig. 4. This forms a layer of increasedare shown in Fig. 6. These characteristics are important for

IGW amplitude and turbulent viscosity in the tropopause re-estimating the IGW influence of atmospheric general circu-

gion in Fig. 4. lation. One can see that the wave accelerations are mainly
Calculated seasonal-altitude distributions of wind vari- positive below the altitudes of 15-16 km, and are negative

ances produced by the IGW ensemble are shown in Fig. 5above these altitudes. In our model, positive zonal wave ac-

One can see substantial seasonal variations with maximurnelerations are created by IGW harmonics propagating east-

values in winter and the minimum in summer. This maxi- wards. They may dissipate at critical layers within tropo-

mum occurs just above the tropo-stratospheric jet stream anstratospheric jet streams and lose their energy there. Nega-

near the tropopause located at altitudes 15—-18 km, dependiriive zonal wave accelerations at larger altitudes are produced

on the season in Fig. 2. Corresponding distributions of tur-by IGWs propagating westward. They do not meet critical

bulent viscosities produced by breaking IGWs are shown inlevels inside the tropo-stratospheric jet stream, have larger

Fig. 6. They also have a maximum in winter and a minimum amplitudes, become unstable and produce larger turbulence

in summer at altitudes 15-20 km. In summer, the maxima ofand wave accelerations at higher altitudes, than the eastward

IGW variances and turbulent viscosity in Figs. 4 and 5 arepropagating IGWs.

lower that those in winter. The measurements of IGW inten- o )

sity and turbulent viscosity with the MU radar at Shigaraki 2-4 Estimating vertical ozone fluxes

also show their maxima near the tropopause (Murayama e+he .

al., 1994; Fukao et al., 1994) and with larger values in win- | '€ Présence of turbulence in the atmosphere produces the

ter than in summer. Our calculated values correspond wel[MXINY of atmospheric gases.

Months of Year
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2 ki Turbulent Diffusivity, m2s™ tropospheric ozone require the fluxes of stratospheric ozone

M m to be of the order of (4-8)10“m~2s1(e.g. Crutzen, 1988).

] 8 . . . .

I Comparison of these values with the estimations of the ozone
3 é H diffusion flux obtained above show that these values may be-
;/ C H come comparable. Therefore, in some regions and times tur-
— o ;\\ =

2

o

bulence generation by gravity waves near the tropopause may
i produce noticeable transport of ozone from the stratosphere
H to the troposphere.

10

0 o 0 One can estimate the characteristic time scale required for
30 Zonal_Wave Acceleration, ms _ the transport of all stratospheric ozone into the troposphere
— &o % (in the absence of its sources)> g/F, wheregq is the to-
20 = O s = :20 tal ozone content in the atmospheric column above the al-
e — H titude considered. The estimates Ktlescribed above, to-
i_j _s|pw gether with the model of vertical ozone distribution (Zuev
10 p— 1o and Komarov, 1986), lead to the valuesw©£0,3-3 days.
— — H These values show that the changes in IGW intensity and
OF— R e S > 2 10 turbulence near the tropopause may lead, relatively fast, to
0 Zonal Wave Momentum Flux, m“s*~ the changes in the stratospheric ozone concentration and to a
0.2 shift in the photochemical equilibrium.
= =
H.04 3 Comparison with measurements and discussion
101 14
___/J\ H The numerical model used in this study is a simple, one-
0 —_ —_— U0 dimension model of IGW propagation. More realistic three-
0 3 6 9 12 dimension simulations of turbulent mixing in the unstable
Months of Year jet streams near the tropopause (Joseph et al., 2003, 2004)

also revealed maxima of turbulent characteristics in the re-
Fig. 6. Calculated distributions of turbulent viscosity (top), wave gijons with a sharp increase in the Brun&isala frequency
acceleration of the mean flow (middle) qnd_ vertical component ofj, e tropopause region. This three-dimensional model does
zonal wave momentum flux (bottom). Solid lines correspond to Zero ot include breaking IGWs and involves wind shears as the
values. . L . .
main source of turbulent energy inside the jet stream. Possi-
ble growing of IGW amplitudes and wave breaking discussed
Possible increase in IGW intensity and turbulence near thetbove may produce additional turbulence generation within
tropopause described above may lead, in particular, to an inand above the tropopause jet stream.
crease in fluxes of atmospheric admixtures from the tropo- It is interesting to compare the results of numerical calcu-
sphere to the stratosphere or back, depending on the verticédtions described in the previous section with the results of
distribution of the particular admixture. In particular, tur- the measurements with the MU radar operating in Shigaraki
bulence may influence descending of ozone from the strato¢35° N, 136 E) since the year 1984. Numerous studies of
sphere to the troposphere. The vertical flux of an admixturd GWs and turbulent diffusivity in the tropo-stratosphere were
can be described by the following formula: made with this radar (Fukao et al., 1994; Murayama et al.,
1994; Kurosaki et al.,, 1996; etc.) These studies showed
F=—Kncd(nc)/dz, ®) that the mean value and variance)of wind velocity, as well
whereK is the turbulent diffusion coefficient; is the num-  as turbulent diffusivity, have strong seasonal variations near
ber density of the atmosphere;is the mixing ratio of the the tropopause, with the maxima in winter and minima in
considered admixture. Using the valuescofor the alti- summer. The standard deviations of variations of zonal
tudes of 12—-17 km from the model of vertical ozone profile and meridional wind components with time scales of 5 min—
(Zuev and Komarov, 1986) and the valueskbf-1-10 nf/s 21h are about 3.5-4m/s in January and 2-2.5m/s in July
shown in Figs. 3 and 5, we may obtain the estiméte(1— at heights of 15-17 km (Murayama et al., 1994). Measured
10)x10¥m—2s71. mean vertical profiles of kinetic energy of wind variations
The main, recently assumed, global-scale mechanism oWith periods of 5 min—2 h have the main maxima at altitudes
penetration of the stratospheric ozone into the tropospher&1-13 km in winter and 13—-14 km in summer (Murayama et
is its transport by the general atmospheric circulation fromal., 1994). They correspond to the locations of the maxi-
equatorial latitudes and descending of the air in the middlemum of tropo-stratospheric jet streams in different seasons.
latitudes (Holton, 1990). The mean downward ozone fluxIn many cases individual profiles of the kinetic energy have
due to the circulation transport is estimated to be about Rhe secondary maxima at altitudes 15-20 km (Murayama et
~7x10"m~2s~1 (Ebel et al., 1993), while the estimations of al., 1994).
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In comparing these experimental results with our numeri-of wind variations with periods of 5 min-2 h in Fig. 8 of the
cal modelling one should keep in mind that the calculationspaper by Murayama et al. (1994) have secondary maxima at
of Sect. 3 refer to propagating IGWs, but several reasons forltitudes 17—19 km, just above the tropopause. This broadens
the wind variability in the tropo-stratosphere may occur. Onethe maximum at the mean summer profile of the kinetic en-
of them may be the generation of turbulence due to windergy in the same figure, which expands from 13 up to 18 km
shears inside the jet stream (Joseph et al., 2003, 2004). Ar(see Murayama et al., 1994). This shows that the increase
other reason could be the generation of mesoscale irregularin the Brunt-\aisala frequency near the tropopause may re-
ties by instabilities within the tropo-stratospheric, jet stream.ally influence IGW propagation and may increase their am-
These irregularities could be more intensive in winter, whenplitudes.
the speed of the jet is higher over Shigaraki. Such irregulari- Fukao et al. (1994) studied seasonal variations of eddy dif-
ties are located mainly inside the jet stream, producing somdusivity, K, measured by the MU radar, using the Doppler
sort of mesoscale turbulence, which could be much strongewelocity spectral width method. They found broad distri-
than propagating IGWSs located there. Due to nonlinear in-butions of K (z) with maxima between altitudes 12—14 km
teractions, this quasi-two-dimensional mesoscale turbulencand median values ok >1 né/s up to altitudes 16—20 km,
may generate gravity waves, which can propagate upwardsepending on season. The winter median valueX aire
Gavrilov et al. (1999) used 9-beam MU radar measurementgienerally larger than those in summer, although high tropo-
for estimating mesoscale variability of nonlinear advective stratospheric jet velocity in winter produces large broadening
accelerations responsible for Lighthill-type IGW generation. of the Doppler velocity spectrum and makes measurements
They showed that these accelerations are largest at altituded K almost impossible. Kurosaki et al. (1996) obtained an-
of the tropo-stratospheric jet stream maxima. IGWs genernual mean vertical profiles of for the years 1986-1992.
ating by nonlinear interactions of this mesoscale turbulenceThey found median values & up to 6 n#/s at altitudes 10—
inside the jet stream and propagating from other tropospherid4 km andk >1 m?/s up to altitudes 17-18 km. Therefore,
sources could be the third reason for observed wind variabilthe influence of the increase of the Brun&isala frequency
ity. These waves could be relatively weak compared withon the increasing of IGW activity near the tropopause may
irregularities inside the tropo-stratospheric jet, but may be-slow down the decrease ki above tropo-stratospheric jet
come noticeable at higher altitudes, where their amplitudestream and provides substantial turbulent diffusivities near
grow. IGWSs propagating from below may form secondary the tropopause.
maxima of wind variability at altitudes 15-20 km observedin  Gauvrilov et al. (2004) estimated turbulent diffusivities,
many individual monthly profiles by Murayama et al. (1994) K, and vertical turbulent ozone fluxeg;, in the tropo-
and expected from the numerical modelling of Sect. 2. stratosphere from simultaneous measurements with the MU

The question is how well do these observed secondaryadar and ozonesondes at Shigaraki, Japan, in April 1998.
maxima of wind variability correspond to the observed They obtained local maximum values & up to 6—
tropopause heights. Numerical simulation in Sect. 2 waslOn?/s~! and F up to —(30-40)x 102571, at altitudes,
made for climatological mean temperature and wind dis-8-14 km in the tropopause region. Bathand F have com-
tributions, which are smooth with clear temperature min- plicated intermittent vertical structures with multiple local
ima. In real experiments the tropopause height is not verymaxima and minima ok and F. Therefore, further study
stable. Mesoscale disturbances and enhancing IGWs maig required for obtaining climatological mean values fof
superimpose to the mean temperature profile shifting theand F in different locations and seasons.
main temperature minimum and forming additional minima.  Pavelin et al. (2002) and Whiteway et al. (2003) reported
One should expect that these dynamical disturbances of thabout smaller values dt ~1-2 n?/s~1 near the tropopause,
tropopause could be larger in winter, when mesoscale disturwhich were measured with an aircraft over England. One
bances within the jet stream and IGW activity are larger. Inreason forK differences between Japan and Europe may be
reality, Murayama et al. (1994) observed larger variability of much larger speeds of the jet stream over Japan. According
the tropopause height over Shigaraki in winter. In many caseso Murayama et al. (1994) the speed of the jet stream over
temperature minima appeared at altitudes 9-10 km within theShigaraki in January may reach up to 90-100T/svhich
tropo-stratospheric jet. Climatologically speaking, this cor-is much larger than the speeds of the jet streams observed
responds to a clear change in the vertical temperature grasver Europe (Pavelin et al., 2002; Whiteway et al., 2003).
dient at altitudes 9—10km in January, in Fig. 3. Therefore,Also, the MU radar is located in the mountain region, while
the maxima of propagating IGWs caused by a sharp increasaircraft measurements of Pavelin et al. (2002) and Whiteway
in the Brunt-Vaisala frequency near such low temperature et al. (2003) were made over plane surface. Therefore, differ-
minima (see Fig. 4) may overlap with the wind variability ences in orography and dynamical activity of the atmosphere
produced by the jet streams instabilities. Also, substantial alimay lead to local differences of IGW intensity, turbulence
titude variability of the tropopause creates difficulties in the and ozone fluxes over different regions.
localization of corresponding IGW maxima in winter. Another reason for the discrepancies between aircraft and

In summer, the tropopause heights over Shigaraki are mor®ST radar measurements & may be the possible over-
stable and vary between 15 and 17 km (Murayama et al.estimation ofK measured by the radars. There are several
1994). As a result, many vertical profiles of kinetic energy reasons which may cause such an overestimation.
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One of them is the Doppler spectrum broadening causedhe variability of turbulence activity near the tropopause due
by the influence of the mean wind and its vertical gradientto meteorological processes and local conditions may result
(see Hocking, 1985). Other formulae for the Doppler spec-in noticeable changes in stratospheric, tropospheric and to-
tral width correction for the broadening were developed bytal ozone. Satellite observations show total ozone variability
Nastrom (1997). VanZandt et al. (2002) developed a dual+elated to tropical cyclones (Nerushev, 1996). One of the
beamwidth method for estimating the Doppler spectral widthmechanisms for such relations could be an increase in the
of MST radars. The authors showed that after correction theiinstability and turbulence, within a cyclone, which leads to
method may give smaller values of the spectral width thanmore active ozone transport from the stratosphere into the
the one-beamwidth method used by Fukao et al. (1994) antfoposphere. Local enhancements of IGW intensity and tur-
Kurosaki et al. (1996). bulence due to their orographic excitation, may lead to the

Another problem for the MST radar measurements of tur-changes in total ozone over the mountain regions. This may
bulence is connected with the formulae used for estimatingexplain, for example, the observed anomalies of total ozone
effective turbulent diffusivity from measured Doppler spec- over the mountain regions (Kazimirovsky and Matafonov,
trum width. Hocking (1999) emphasised the role of spa-1998).
tial and temporal intermittency, which may be produced by
IGWs creating regions of instability separated by regions of
stability. Dewan (1981) and Woodman and Rastogi (1984)4 Conclusions
suggested that the random occurrence of turbulent layers may
produce a random process of intermittent diffusion and anA numerical simulation performed in this paper shows that
effective turbulent diffusivity of this ensemble should be in- a sharp change in the vertical temperature gradient and the
troduced. Fritts and Dunkerton (1985) and Gavrilov andBrunt-Vaisala frequency near the tropopause may produce
Yudin (1992) showed that the intermittency may lead to thean increase in amplitudes of IGWSs propagating upward from
difference in diffusivity of momentum and heat, causing anthe troposphere, wave breaking and generation of stronger
increase in the effective Prandtl number from 1 up to 3.turbulence. This may make the middle latitude tropopause
High resolution balloon temperature measurements showethore transparent for the transport of admixtures between the
that turbulence in the tropo-stratosphere most frequently octroposphere and the stratosphere. An increase in the turbu-
cur within relatively thin unstable layers (Luce et al., 2002). lent diffusivities at altitudes near and above the tropopause
Therefore, turbulent transport of a particle may occurs onlyis usually observed with the MU radar in Shigaraki, Japan
within this layer until it dies out. Then the particle remains (35° N, 136 E). Turbulent diffusivity calculated numerically
nearly stationary because of negligible molecular diffusion.and measured with the MU radar is of 1-1&min the
Later in time, another turbulent layer forms around the par-tropopause region in different seasons. This leads to the esti-
ticle and further transport over the depth of the layer is pos-mation of vertical ozone flux from the stratosphere to the tro-
sible. Therefore, climatologically, speaking, the transport ofposphere of the order of (1-1010%4m~2/s~1, which may
atmospheric species may depend on an effective diffusivitoecome comparable with ozone downward fluxes with the
averaged over substantial time intervals rather than on locageneral atmospheric circulation. Therefore, local enhance-
turbulent diffusivities measured at a particular experiment.ments of IGW intensity and turbulence at tropospheric al-
Taking account of this as well as other aspects of the probiitudes over the mountains, due to their orographic excita-
lem, Hocking (1999) supposed that the relation between turtion and due to other wave sources, may lead to the changes
bulent diffusivity and energy dissipation rate measured byin the tropospheric ozone and the total ozone over different
MST radars may not be so simple as it is usually assumed. regions. Improving methods of MST radar evaluations of

Resulting effective diffusivity caused by random intermit- turbulent diffusivity and simultaneous 0zonosonde measure-
tent diffusion might be smaller than local diffusivities mea- ments are highly important for better estimating the ozone
sured by radar within turbulent regions. Estimations of ver-turbulent transport through the tropopause.
tical ozone fluxes from the stratosphere to the troposphere
are made in Sect. 2.4 for values Kf~1-10 nf/s observed  AcknowledgementsThis study was partly supported by the Rus-
with the MU radar. A comparison of these estimations with sian Basic Research Foundation and by the International Science
the fluxes caused by atmospheric general circulation (se@nd Technology Center. The MU radar belongs to and is operated
Sect. 2.4) shows that even for valueskofip to several times by the Center for Atmospheric and Space Research of Kyoto Uni-
smaller than those used in Sect. 2.4, turbulent ozone fluX ersiv:
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ozone due to circulation from the tropics to the middle lati-

tudes. Therefore, improvement of the methods of MST radar
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