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Abstract—Wind velocity variance due to turbulence in the inertial subrange (spatial seale: 10"-107 i) Bas
been estimated from a seven-year (1986-1992} databuse ol the ccho power spectral width observed by &
VHF (46.5 M12) Doppler radar (the MU radar} in Japan. We study o climatology ol the vertical cddy
diffusivity X in the tropo-stratosphere (altitude: 5-20 km) and mesosphere (60-90 km) which has been
caleulated from the observed wind velocity varinnce. We confirm completety the scasonul variabilities of
K suggested by Fukao ef al. (1994) buséd on a (hree-year database: an unndal variation with winter
maximum in the iropo-stratosphere, and a semi-snnual variation with solstice maxima (plus x weak annual
virfation with summer maximum) in the mesosphere. In this puper we further point oul some interannual
variabilities of A with a dominant period of about Lwo years, and discuss un overcstimalion of the median

value of K ncar 1he tropopausal jot stream.

1L INTRODUCTION

The vertical eddy diffusivity K is used in many chemi-
cal and dynamical models {or the middie atmosphere,
but its vatue has been left quite ambiguous {see for
example, Focking. 1991), Recently, MST radurs have
provided a powerlul measurement technique for the
determination of K over quile a broad altitude range,
with far higher vertical and temporal resolutions than
previously afforded with other techniques (Hocking,
1983, 1985, 1988). On the basis of observations with
the MU (Middle and Upper atmosphere) radar in
Japan (35N, 136 E} during 1986-88, we have ana-
lysed seasonal variabilitics of X in the upper tropo-
sphere, lower stratosphere and mesosphere (Fukao er
al., 1994}, .
The objective of the present study is to analyse
seasonal and interannual variabilities of X based on
the MU radar observation database accumulated for
seven years from 1986 to 1992, A description on our
observational technigue is given in Section 2. Results
for annual medians are described in Section 3. The
seasonal and interannual variabilities are shown in
Sections 4 and 3, respectively. Technical problems in
analysing medians are discussed in Section 6.

"' Now at Nippon Telegraph and Tejephone Corporation,
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2. MU RADAR OBSERVATIONS

The MU radar is an MST radar, of which the oper-
ational [requency is 46.5 Mz This radar is located
at Shigaraki, Japan (35°N, 1367E) and detects rudial
Doppler velocity spectra associated with aumospheric
turbulence with spatial scales from hall the radar
wavelength (3 m) (o the radar refection volume thick-
ness (150 m for the tropo-stratosphere and 600 m lor
the mesosphere). This spatial scale rangecan be
regarded upproximately as the Kolmogorov's inerlial
subrange of three-dimensional turbulence (Hocking,
1985). Diflusion due 1o the inertial-subrange tur-
bulence is {at fcast locally) isotropic, bul is considered
to be cffective mainky for the vertical transporl
processes, because the horizontal transport processes
may be governed by the effects of much larger-scale
atmospheric dynamics. Thus, XK due to such lur-
bulence can be computed [rom the echo power spee-
tral (half-power hall) width observed by the MU
radar,

The method of computation foliows Hocking
(1983, 1983, 1988) and Fukuo et af. (1994}

K= 0.1a*(N, (1}
where ¥ is the Bruni-Viiisili frequency, and o is the
hail-powcer half width of the Doppler velocity spec-
trum (due to turbulence alonc) obtlained from (orig-
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inally) a total of 100-200 samples of the spectral width
Gons observed by the MU radar during about 100
hours, after removing the contaiminution oy, (due to
beam broadening, vertical shear and transience) from
Tops through

& = Gdus —0hno : @

{Hocking, 1983). However, i g4y satished a coh-
dition that

thatis o> <0 and K<0,
(3)

then we omitled it from the original samples. It must
be noted that, in the upper troposphere and lower
stratosphere (altitude range 5-24 km), oo is almost
proportional to the background horizontal velocity
Vo (Fukao ef al., 1994), and that the accuracy (esti-
mation error) AFy, included in the spectral par-
ameters V', and o, becomes worse with an increase of
Fy (Yamamoto et al., 1988). Based on the this fact, a
sample of ¢ satisfying another condition

Tons < Iyros

g < AV, thatis ¢ <(4¥)? (4
was also excluded from the samples of median-value
calculations. However these procedures may reject too
many data in the case of strong background winds.
This will be discussed again in Section 6.

The horizontal dimension of sampling volume is
given by the nominal beam width (3.6%). It should be
noted that X is dependent, not only on the turbulence
intensity, but also on how fully the turbulence is
developed in this volume, or how completely this vol-
ume is filled by turbulence. The latter is theoretically
determined by a typical value of the fiux Richardson
number R; in the sampled volume, and the factor
0.1in (1) is derived in the case of R, = 1/4, which is
close to its minimum value. If R;is larger {in the case
of stronger stability), the factor may be increased up
to 0.2, but X can only double.

Observations of o have been carried out (every
30 min for the tropo-siratosphere and 1 hour for the
mesosphere) for about 100 h each month from Jan-
uary 1986 to December 1992 (sce Table 1}, We esti-
mated K [rom an average of the values of o for four
oblique {northward, eastward, southward and west-
ward} beams with a zenith angle of 10°. The small:
scale variability of K is smoothed by taking a median
of results each month, since altitudes of turbulence
layers and patches distribute evenly all over the whole
observed altitude range during the observational per-
iod of ~ 100 h. Details of the MU radar observation

and data caleulation procedures have been described
by Fukao ef af, (1991, [994).

3. YERTICAL DISTRIBUTION OF ANNUAL MEDIAN

Figure.1 shows the vertical -distributions of the

- annual medizns of K in the upper troposphere, lower

stratosphere and mesosphere from 1986 to 1992, The
annual median is calculated from a median valuc of 12
monthly median values. We confirm that the general
characteristics of the vertical distributions of K during
1989-92 are quite similar to the earlier results shown
in Fukao e/ al. (1994) based on the data during 19836~
£8.

The magnitude of X in the troposphere is smaller
than the values required by chemical model studies
{c.g. Massic und Hunten, [981). It is considered by
modellers that advection and diffusion due (o synoptic
and/or planetary-scale waves may be more important
causes of mixing in the troposphere than small-scale
eddy diffusion (see for example, Matsuno, 1980). Such
a large-scale quasi-horizontal mixing is considered 1o
take place along the isentropic surfaces, so that its
effect becomes quite large in the mid-falitude trope-
sphere in which the inclination of the isentropic sur-
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Fig. 1. Vertical profiles of the annual medians of vertical

eddy diffusivity X observed by the MU radar during 1986

1992 in (a) the mesosphere and (b) the upper tropoesphere and

lower stratosphere, compared with standard model profiles

indicated by dashed curves {Ogawa and Shimazaki, 1975;
Massie and Hunten, 1981).
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Table 1. List of the GRATMAC standard observalions

Cusc Year Dute/L.ST Cuse YeurfDale/LST
JANSBS 1986/  Jan . 671109 - Jan 10/1303 JANSC 1990/ Jan  1G/1122  —  dan 1941633
FEBS6 1986/  Feb . EOS1304 '~ TFeb 1471547 FEB9Q 1990/ Fch 5/1135 - Feb 1700
MARSE6 1986/  Afar 17.0800 -~  Mar 21/i542 MARYG 1990/ Mur 12/1738 - Mar 671613
APRS6 1986) Apr W1134 -~ Apr. 117538 APRIO 1980/ Apr OS04 -~ Apr o 1371636
MAYB6 1986/  May  8&M1123 - May. 971333 MAY90 1940/ May 141228 -~ May 1871631
JUNSE6 1986/ Jun 21200 - Jun 6/1426 JUINGO 1990/  Fun  1E/1154 - Jun 1571601
JULSS - 1986/ Juld 136~ Tl 111329 JULIO 1990/ Jul 21133 - Jul 6/1754
AUGSEG 1986/  Aug 1871017 - Aug 221416 .
SEPS6 1986/ Sep 171201 - Sep 31639 SEPYO 1990/ Sep 10/083Y  ~  Sep 1471729
OCTs6 1986 Oct 1311120 -~ Oct 171535 OCT90 1990/ Oct  15/1159 - Oct 1941551
NOVE6 1986/ Nov 10{3357 - Nov 1d/1536 NOVY0 1990/ Nov 51125 - Nov 971628
DECH 1990f  Dee 1001202 - Dec 14/1631
JANST 1987/  Jan 31316 - Jan 9/1530 JANSG) 1991/ Jan 2171036 - Jan  25[1635
FEBS87 19872/  Feb 30053 - Feb  6/1529 FEB9I 1991/ [Feb  4/1146 - Teh 8/1706
MARE? 1987]  Mear 21200 - Mac 6/1536 MARYI 1991/ Mar L1150 Mar  [5/1435
APRY7 19877 Apr  GHIO4 - - Apr 1071536 APRY| 1991/ Apc 230830 —  Apr 26/17L1
MAYS? 1987/  May 1171344 - May 1571336 MAY9I 1991/ May 131148 - May 1771634
JUNS7 1982  Jun 21200 - Jun 26/1200 JUN9] 1991/ Jun  17/113F - Jun 241900
JULS? 1987/ Jul 6/1723 - Jul  [1/0344 JULIL 1991/ Jul 30502 - Jul 711902
AUGE? 1987/  Aug 31217 -~ Aug  T/1220 AUGYI 1991/ Aug  5/11532 - Aug  9/1632
SEP87 1987/ Sep 158 - Sep  |1f1634 SEP9] 1991/ Sep 106 - Sep 2071433
OCTs? 1982/ Oct 541207 -~ Qect 91454 QCTY1. 1991/ Qct 21/1143 - QOct 25/1636
NOVE? 1987/  Nov  26/1135 - Nov 30/1503 NOV91 1991/ Nov 111058 - Nov 1571606
DECS? 1987]  Dee TA037 - Dec 111517 DECY] 19914 Dee  16/0619 - Dee 2071652
JANSS 1988 Jan 5/0818 - Jan  8/1434 JANS2 1992/ Jan 2071026 - Jan 2445700
FEBS88 1988/ Feb 13/1214 - Feb 1971517 FEB92 1992/ Feb  17/1147 - Teb 2171639
MARBSE 1988  Mar  7/0823 .- Mar 11/15337 MARY2 1992/ Mar, 16/1145 - Mar 20/i602
APRES 1988/  Apc 18/0915 - Apr 23/1530 APRY2 1992/ Apr 61X~ Apr  10/1800
MAYSS 1988/ - May 9/0847 - ‘May  13/152] MAY92 1992/ May 1841332 - May 22/1624
JUNSE 1988/ Jun  6/1E36 - Jua  10/164] JUN92 1992/ Jun - 1§/1802 ~ “Jun 191704
JULSS 19887 Jul 18715339 - Jul  22/1637 JuL92 1992/ Jul  G6fEESS  —~  Jul 1D/1701
AUGES 1988/  Aug  8/1137 - Aug 12/1628 AUGI2 1992/ Aug 241101 - Aug 2871607
SEP88 1988/ Sep  29/1237 - Secp 241532 SEP92 1992/ Sep 209 - Sep  11/1641
0OCT8S 1988/ Oct  24/1146 -~ Qo 28/1527 oCTe2 1992/ Cet 8201209 - QOct 16/1700
NOVES 1988/ Nov 14/1501 —~ Nov 181527 NQOV92 1992/ Nov 971553 - Nov 13/1700
DECS3 1988/ Dec  19/0814 - Dec 2311600 DECY2 1992/ Dec 1471155 - Dec 181700
FEBS9 1989/  Feb 6/1048 - Feb 11/1030
APRSE9 1989}  Apr  3/0822 - Apr  T7[1648
MAYS9 1989/  May 1501156 -~ May 1971700
JUNBS9 1989/ Jun  26/1153 ~  Jun - 3G/1900
JULES 5989/ Jul  17A04F - Jul 21/1459
AUGEY 1989/  Aug 21004 - Aug 25/1714
SEP&9 1989/ Sep  11/1121 - Sep 1471602
OCTs9 1989} Cct 16/1133 - Qct  20/1536
NOVES 1989/  Nov  6/1141 - Nov 1041701
DECS89 1989/ Dec 181046 ~ Dec - 22/1156

face is in general, large. It must be noted that the
values near the tropopause jet stream (altitude: 10—
16 km}), in particular in winler, might be somewhat
overestimated, because many samples with smaller
values are excluded by excessive beam broadening in
the data analysis procedure used here (see Section &),

For this reason, in this seclion we do not discuss K in
this limited altitude range.

The magnitude of X in the tower stratosphere is
quite close to thal required by modeliing studics. This
implies that the vertical transport process in the lower
stratosphere is mainly due 1o turbulence wilh scales
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£0°-10% n1 observed here by the MU radar. Such tur-
bulence appears frequently as thin sporadic tur-
bulence layers, and is quite different from the patchy
turbulence observed in the troposphere. With regard
to this turbulence behaviour, the suitability of the X
parameterization might be controversial {¢f. Dewan,
1981; Weinstock, 1990; Hocking, 1991). The resulls
described here are based on stalistic analysis ol

sufficient numbers of observed data, and we regard.

them as practically useful results.

K becomes larger in the mesosphere (reaching ~ 10
m? s7"), increasing gradually with height, but the
annual median values are smaller than /10 of the
values required by chemical model studies {e.g. Ogawa
and Shimazaki, 1975). We found in Section 2 that
ambiguity in the cvaluation of the lactor 0.1 in (1)
makes K only double al the maximum, which cannot
explain  the discrepancy. The maximum value
observed at each altitude cach month is close to the
chemical model value (see Fukao er af., 1994}, and
such a rare vaiue of a large X, possibly induced by a
strong gravity wave, might be essential to describe the
vertical transport processes. A large gradient of the
physical quantitics induced just before the breakdown
of the strong wave also contributes to making the
diffusion (ransport more effective. I must be noted
that recent studies on short-lifetime constituent trans-
port models {e.g. Strobel et al, 1987) and in situ
measurements (c.g. Litbken e al,, 1987, 1993) suggest
small values of K as estimated in this study. Since
very large eddies and secondary circulations may be
generated by breaking gravity waves with a very long
(vertical) wavclength (~10°-10"m) in the meso-
sphere, their advection andfor large-scale dilTusion
might explain the discrepancy, as discussed by Fukao
et al. (1994), In this meaning the K parameterization
itsell might again be controversial (cf. Hocking, 1991 ;
Litbken ef af., 1993).

Above an altitude (~ 84 km) near the mesopause,
K seems Lo decrease upward, which may suggest effects
of strong molecular viscosily: suppression of wur-
bulence generation and/or dissipation of eddies with
a half radar-wavelength scale. It must be noted that
the MU radar observalions {using the meteor trail
echoes) also provide variabilities of the molecular
diffusivity (Tsutsumi et al., 1994). A comparison
between the variabilities of both eddy and molecular
diffusivities in the upper mesosphere is very interesting
in order to discuss the control of the homopause level,
but this is beyond the scope of this study.

4. SEASONAL YARIABILITY

Figure 2 shows the variabilities of the monthly
medians of X in the mesosphere and the tropo-strato-
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Fig. 2. Vertical-temporal plots of the monthly medians of

vertical eddy diffusivity K observed by the MU radar during

1986-1992 in {a) the mesosphere and (b) the upper tropo-
sphere and lower stratosphere.

sphere. In general, the results are quite similar to those
described in Fukao et al. (1994} based on observations
during 1986-88. The monthly median of X shows a
maximum reaching 10° m? ™! near the tropopause jet
stream altitude, and has a minimum less than 10° m?
s~ in the lower stratosphere. X has a striking annual
variability with a maximum in winter and an ampli-
tude reaching about an order of magnitude. Aithough
the median values near the tropopause jet stream in
winter are less reliable, as mentioned earlier (and also
to be mentioned in Section 6), the winter maximum
seems to be reasonable, since in this season the mean
vertical shear is strongest and the mean dynamic stab-
ility takes the minimum. In recent climatological
analysis of wind fluctuations, based on the same
database by the MU radar observations, gravity
wave activities have similar seasonal variabilities
(Sato, 1994 ; Murayama ef af., 1994).

A semi-annual variation, reaching approximately
an order of magnitude, is dominantly detected in the
mesosphere. The annual maximum of K exists in sum-
mer owing to a weaker annual variation superposed
on the semi-annual variation. This seasonal variability
is consistent with a similar one observed for gravity
wave activity (Tsuda e el., 1990}, and another cal-
culated in a chemical-dynamical coupling model
including the gravity-wave breaking cffect (Garcia
and Solomon, 1983).

i
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1t is quite interesting that the scasonal variabilities
of K are coincident with those of gravity wave activi-
ties in the whole aliitude range analysed here. This
may give a concrele proof to the hypothesis that tur-
bulence is mainly generated by gravity wave breaking.
Itis strongly expected that some model studies should
cxplain quantitatively the relationship among the
mean field, gravity waves and turbulence, although
this is also beyond the scope of this paper (cf.
Yamanaka, 1992 Yamanaka and Fukao, 1994).

S INTERANNUAL VARIABILITY

In this study, we analyse the interanaual variabifity
of K. using the seven-year dalabase, which is clearly
improved from our earlier study (Fukao ef al., 1994).
Figure 3 shows the variabilities of 12-month running-
mean data of the monthly medians of K {thut is, the
interannual variabilities) in the mesosphere and the
tropo-stratosphere. The running mean used here was
calculated for log K, because the distributions of log K
are approximately Gaussian-shaped but those of X
are not s0. We find that the interannual variability is,
in peneral, quite small. This result is consistent with
the fact found in Scction 3 (Fig. 1) that the annual
median profiles are quite similar Tor all seven years.

However. we have found, (although the detaibed
examinations are bevond the scope of this paper) a 2-
3 years variation in the lower stratosphere (Figs 3(b)
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Fig. 4. Power spectri of vertiva] ecddy diffusivity K observed
by the MU radar during 1986-1992 in the lower stritosphere.

and 4). Variations of a 2-3 year period, with down-
ward phase progression, are @lso seen in zonal wind
data (Fig. 5). which may be alfected more or less by
the quasi-bicnnial oscillation (QBO) in the cquatorial
lower stratosphere. Variations of K and of the zonsl
wind scem to be in phase, and we consider that the
futter may induce the former through variations of
vertical shear or of the stratification stability. Fur-
thermore, variations with a longer time scale (~4
years) are also sugpested, which might be related to the
El Nife-southern oscillation (ENSO) in the tropicud
tropasphere. Anyhow, such interannual variations ol
K must direetly alleet the transporl processes and
henee the global distribulions of atmospheric con-
stituents, which are quile interesting in view of the
global environment issuc.

The interannual variability in the mesosplicre (Fig.
3(a)) is larger than in the lower stratosphere, as specu-
lated by Hocking (1988) based on it lwo-year (1985-
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Fig. 5. Yertical-tempora! plots of the 12 -~ month running -
averaged monthly medians of zonal wind velocity ebserved
by the MU radar during 1986-1992 in the upper troposphere
and lower stratosphere.
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86) database for the mesopause region obtained with
the Adefaide MF radar, Australia. Variations with a
time scale of 2-3 years are found, and they seem to
have an anti-phase structure between the upper meso-
sphere (altitude > 75 km) and the lower mesosphere
{<70 km). There seems likely to be a positive cor-
relelion between the upper mesospherc and lower
stratosphere, but detailed studies on such a strato-
sphere—mesosphere relationship (possibly through
upward propagaling gravity waves) is beyond the
scope of this paper.

6. DISCUSSION ON ESTIMATION OF THE MEDIAN

Throughout the earlier sections we have used the
monthly median values of X, each of which was cal-
culated by (I} using a median value of o after omitting
data satisfying conditions (3} and (4). Thus, in the
carlier estimations, the median value of o was cal-
culated only from samples with relatively larger values
satislying ¢* = (AV,)". The number of samples
excluded in the procedures mentioned above becomes
quite Jarge in the case of V,; > 40 m s™', which often
appears near the tropopause jot stream, in particular
in winter. Thus, the median values of X as so far
shown, might be overestimated in such a case. (There
are no problems in the mesosphere, where V,, > 40 m
57! sometimes appears, bul @ ~ Ggps ® Oyre holds in
general, because turbulence is stronger than in the
tropostratosphere.)

I[n order Lo recover Lhis overestimation, we have re-
calculated medians o' K without excluding the sam-
ples satisfying (3) or (4). As shown in Fig. 6, the
annual medians of K become ~ 1/2 in the lower strato-
sphere of the earlier estimalions (shown in Fig. 1(b)),
and ~1/10 in the upper troposphere. The re-cal-
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Fig. 6. Same as Fig. 1(b) but including samples of ¢* with
values that are negative or smaller than the accuracy.
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Fig. 7. Same as (a) Fig. 2(b); and (b) Fig. 3(b) ; but including
sumples of 6 with values that are negalive or smaller Lhan
tie accuracy.

culated resuits become closer to the chemical model
values in the altitude range higher than ~13 km.
Nevertheless, the profiles have maxima at an altitude
12-13 km and minima at an altitude 17-18 km, which
are similar to those in the earlier estimations.
Although the annual variability with the maximun in
winter and the minimum in summer becomes weaker
{compare Fig. 7(a) with Fig. 2(b)), the quasi-bicnnial
variability stili appears (compare Fig. 7(b) with Fig.
3(bY).

We consider that the re-calculated results shown in
this section are more appropriate 10 discuss the most
common features of turbulence. However, from an
efficiency on the transport process point of view of,
the rare feature of a strong turbulence inducing X
larger than the median value re-calculated here, might
be much more important, as mentioned in Section 3.
We need detailed analysis on the occurrence frequency
of such larger values of X in order to obtain an effec-
tive value of X for modelling studies,

7. CONCLUSIONS

We conclude that the middie-atmospheric eddy
transport due to the inertial-subrange turbulence has
seasonal and interannual variabilities. The annual
variability of X is predominant in the lower strato-
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sphere, and the varizbility in the mesosphere includes
semi-annual  and  relatively  weaker  annual
components. The interannual variability of the lower
stratosphere includes a quasi-biennial mode reaching
0.3-0.8 m” s, and a similar variability of the meso-
sphere reaches 1-3m° s~'. These variabilities must
directly affect the vertical transport of energy, momen-
tum and constituents in the middle atmosphere.

We are now quantitatively examining a hypothesis
that the middle-aumospheric vertical eddy diffusivity
is mainly governed by breaking gravity waves, Based

on this examination, we wilt explain the seasonal und
interannual variabilitics of K observed here, and also
calculate those of energy, momentium and constiluent
distributions in the lower and middle atmosphere.
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