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Abstract. According to current understanding, adiabatic 1 Introduction and background

cooling and heating induced by the meridional circulation

driven by gravity waves is the major process for the cold The thermal balance of the mesosphere and lower thermo-
summer and warm winter polar upper mesosphere. Howevegphere (MLT) is controlled by radiative heating due to ab-
our calculations show that the upward/downward motionsorption of solar UV radiation by £and G, by chemical
needed for adiabatic cooling/heating of the summer/winterheating from exothermic reactions, by radiative cooling asso-
polar mesopause simultaneously induces a seasonal variati@ated with infrared emission of GQand heating and cool-

in both the O maximum density and the altitude of the [O] ing induced by dynamic processes. The latter includes com-
peak that is opposite to the observed variables generalizegression/expansion caused by downward/upward motion as-
by the MSISE-90 model. Itis usually accepted that eddy tur-sociated with the gravity wave-driven meridional circulation,
bulence can produce the [O] seasonal variations. Using thiais well as direct heating due to the gravity wave dissipation
approach, we can infer the eddy diffusion coefficient for theand turbulent diffusion from breaking gravity waves and/or
different seasons. Taking these results and experimental datae Kelvin—Helmholtz instability (KHI), caused by sheared
on the eddy diffusion coefficient, we consider in detail and flow.

estimate the heating and cooling caused by eddy turbulence The various contributions of different dynamic processes
in the summer and winter polar upper mesosphere. The sedqg the energy budget of MLT are still in much debate
sonal variations of these processes are similar to the Season@bunkerton, 1978: Hines, 1997: Medvedev and Klaassen,
variations of the temperature and mesopause. These resul@@op,; Becker, 2004; Akmaev, 2007; Becker and McLan-
lead to the conclusion that heating/cooling by eddy turbu-dress, 2009). According to an overview of chemical and
lence is an important component in the energy budget anghhysical processes presented by Smith (2004), adiabatic
that adiabatic Cooling/heating induced by UpWard/dOWnWardheating/COO|ing Caused by Sinking/upwe”ing iS the most im_
motion cannot dominate in the mesopause region. Our studyortant process and provides the unusual temperature struc-
ShOWS that the impaCt Of the dynamiC proceSS, induced b)fure Of a warm Winter/co'd summer in the upper meso-
gravity waves, on [O] distributions must be included in mod- sphere. According to the SOCRATES model used by Smith,
els of thermal balance in the upper mesosphere and lowejhe maximum adiabatic heating is found to be 16 K/day in
thermosphere (MLT) for a consistent description because (ajhe winter polar mesosphere and the maximum adiabatic
the [O] distribution is very sensitive to dynamic processes,cooling rate is found to be-14K/day during the sum-
and (b) atomic oxygen plays a very important role in chem-mer polar mesopause. This cooling/heating is caused by
ical heating and infrared cooling in the MLT. To our knowl- mean vertical motions with a magnitude &f2cm/s. In
edge, this is the first attempt to consider this aspect of thenis model, eddy diffusive heating is absent in the summer
problem. mesopause. According to the SOCRATES model, the cold

Keywords. Meteorology and atmospheric dynamics (Gen- SUmmer mesopause is caused entirely by adiabatic cooling,

eral circulation; Middle atmosphere dynamics; Turbulence) With maximum upward motion (expansion) occurring at the
altitude of the mesopause. During the winter mesopause, adi-

abatic heating only takes place below the mesopause since

Correspondence tavl. C. Kelley the maximum of the downward motion (compression) oc-
m (mck13@cornell.edu) curs below the mesopause. In this case, chemical heating is
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Fig. 1. Temperature height profiles calculated by the MSISE-90 Fig. 2. The same as in Fig. 1 but at latitudes’40and 40 S.
model (14:00LT, 21 December 2000, Long.=2&) at 70 S lat-
itude in the summer cold mesosphere (dashed line) and®atl 70
latitude in the winter warm mesosphere (dashed-dotted line), and as
calculated by the SOCRATES model at the same latitudes in sum-  115f
mer (solid line) and in winter (dotted line).

120

110+
1051

important (Berger and von Zahn, 1999). As seen from Fig. 1, £ 100
agreement exists between the height profiles of the temper-<
ature calculated by the model and given by the MSISE- &
90 model (Hedin, 1991) at altitudes below the polar win- = 9o}
ter mesopause, but the model and the MSISE-90 data are |
very different above the mesopause. The agreement be
tween the SOCRATES and MSISE-90 models is much worse |
around the polar summer mesopause. The strong discrep 75t
ancies between the SOCRATES models and the empirical

70
model MSISE-90 are as follows: 100 150 200 250 300 350 400
temperature, K

L Th? SOCRATES model cannot reproduce one of theFig. 3. Temperature height profiles given by the MSISE-90 model at
main features of the. mesosphere-lower thermOSpher?atitudes 70 S and 70 N (curves labeled S and W, respectively), at
(MLT): the decrease in the lower boundary of the ther- the equator (dotted curve), at winter solstice (14:00 LT, 21 Decem-
mosphere from winter to summer. It is very difficult to per 2000, Long. = 285E), and at latitudes 705 and 76 N (dashed
believe that the lower boundary of the thermosphere isand solid curves, respectively) at equinox.
located below 80 km in summer, as seen in Fig. 1.

2. In Fig. 2, a strong discrepancy exists between the cal-  ing/cooling cannot explain these asymmetries between
culated temperatures and the temperatures given by the  the summer and winter mesosphere.
MSISE-90 model at middle latitudes.
We note also that the SOCRATES results strongly contradict
3. According to the MSISE-90 model, the latitudinal vari- the heating rate of +10 to +20 K/day determined by (a) in
ation of temperature at the winter mesopause does nasitu measurements of neutral density fluctuations in the sum-
exceed 8K, but this variation is 38K in the summer mer polar mesopause ifbken, 1997), and (b) the dynamic
mesopause. Also, the MSISE-90 model (see Fig. 3)cooling rate of—31 K/day associated with the vertical heat
shows that the maximum decrease in temperature atransport by dissipating gravity waves in the mesopause re-
the summer polar mesosphere from winter solstice togion as measured by a Na lidar at the Starfire Optical Range
equinox is about 50K but the maximum increase in in winter at middle latitudes (Gardner and Yang, 1998).
temperature in the winter mesosphere is 20K (also Fritts and Luo (1995) presented a model for dynamic forc-
see Fig. 3). A mechanism based on adiabatic heating of the summer polar mesopause circulation and thermal
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structure at high latitudes. Dynamic forcing is provided by measured values. There are similar differences between the
gravity wave energy and momentum fluxes and their diver-eddy diffusion coefficients calculated by Becker (2004) and
gences. The model gives a turbulent heating rate of +20measured by libken (1997). Akmaev (2001) simulated an
to +25 K/day in the summer polar mesopause that increaseeddy diffusion coefficient peak altitude of 110 km for Jan-
with increasing altitude, reaching 60 K/day at 100 km. This uary that is higher by 17 km than the peak altitude measured
high heating requires an upward velocity of 5 cm/s to provideby Libken (1997).
net adiabatic cooling in the summer mesopause. To our knowledge, the models explaining the cold summer

The Fritts and Luo (1995) model shows that eddy turbu-and warm winter mesopause do not consider the effect of dy-
lence and vertical motion induced by gravity waves play anamic processes on the distribution of atomic oxygen, which
very important role in the thermal balance in the upper mesoplays an important role in chemical heating and infrared
sphere. Gardner and Yang (1998) also showed the imporeooling in the upper mesosphere. For example, the extended
tance of gravity wave dissipation in thermal balance in theversion of the Canadian Middle Atmosphere Model pre-
upper mesosphere. sented by Fomichev et al. (2002) includes eddy and molecu-

However, Smith (2004), Hocking (1999), and other au- lar diffusion and vertical advection, which strongly influence
thors (for example, Brasseur and Solomon, 1986; Brasseur ehe [O] distribution. However, the model uses vertical pro-
al., 2000) argue that the impact of gravity waves is restrictedfiles for [O] given by the MSISE-90 model. The infrared
to theirinduced change in the zonal and meridional wind andyradiation of the 15-um Cg&band is the main cooling process
correspondingly, to adiabatic heating/cooling induced by thein the upper mesosphere. The quenching of excited BO
downward/upward motion and that this is the main source ofatomic oxygen is one of the most important factors determin-
the temperature seasonal variations in the upper mesospheiiag this cooling. The authors tried to reduce the cooling rate
Hocking (1999) and Smith (2004) do emphasize many un-error below 5% in the upper mesosphere. However, the vari-
certainties in the relationship of turbulent energy dissipation,ations in atomic oxygen, induced by the dynamic processes
turbulent heat transport, and diffusion. Hocking notes twoincluded in the model, can change this cooling rate by a few
main problems: “first, turbulence is very intermittent both times. Note that atomic oxygen is the main constituent in the
temporally and spatially, and very often occurs in thin layersthermosphere and that the O thermospheric density strongly
in the middle atmosphere. These thin layers are often sepadepends on the altitude of the peak density in the upper meso-
rated by regions that are either only weakly turbulent or evensphere. The altitude of the peak density is controlled by the
laminar. Secondly, the processes which induce diffusion camdynamic processes responsible for the temperature anomaly
themselves be scale dependent.” These problems are veiy the mesopause.
important when describing short-time variations in the tem-  The goal of this paper is to consider the contradiction
perature. However, when we try to model such long-timebetween the observed seasonal variations of atomic oxy-
seasonal variations, we need mean values for the statisticallyen density distributions in the upper mesosphere and lower
steady turbulent motion. Numerous experimental data orthermosphere (MLT) and the impact of upward/downward
eddy turbulence exist (see, for example, Fukao et al., 1994inotion, responsible for the cold summer and warm winter
Labken, 1997; Hill et al., 1999), and these data facilitate in-mesopause, on the [O] distribution. We estimate the impact
ferring the mean values of eddy turbulence and their long-of eddy turbulence and vertical motion on the [O] distribu-
time seasonal variations. It is important to emphasize thations, derive the eddy diffusion coefficient corresponding to
the meridional wind and wind shears are very intermittentthe seasonal variations of [O] corresponding to the exper-
in altitude, as can be seen from the measurements (Larseimental data associated with the MSISE-90 model (Hedin,
2002), meaning that vertical motion driven by the meridional 1991), and then, using these results, estimate the contribu-
wind is very intermittent as well. Finally, no available mea- tion of heating/cooling of eddy turbulence in the thermal bal-
surements of the vertical velocity exist, and estimates of thisance of the upper mesosphere and the seasonal variations of
velocity from divergence of the horizontal wind are very dif- mesopause temperature. To our knowledge, this is the first
ficult. However, there are many measurements of the eddwttempt to include a minor constituent in testing theories for
diffusion coefficient. the cold summer and warm winter mesopause.

Several approaches to estimating the heating rates cor-
responding to turbulent dissipation of gravity wave kinetic
energy were developed recently (Medvedev and Klaasserg Impact of eddy diffusion and vertical motion on the
2003; Becker, 2004; Akmaev, 2007; Becker and McLan-  [O] distribution
dress, 2009). The heating rates estimated by Becker (2004)
for summer conditions are similar to the heating rates meaThe impact of eddy turbulence on the height distribution
sured by lilbken (1997), but Becker’'s peak value is less by of minor constituents is well known (Banks and Kockarts,
a factor of about 2 and the peak height is smaller by 7km1973; Brasseur and Solomon, 1986). Using numerical mod-
than Lilbken’s measured parameters. However, the estimatedling, Vlasov and Davydov (1982, 1983, 1993) studied the
heating rates for winter conditions are very different from the impact of eddy diffusion, together with vertical motion and
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Fig. 4. [O] height profiles calculated by the analytical solution of Fig. 5. The calculated [O] height distributions (dashed lines) given
Eq. (8) above 90 km fok ™, =3 x 10° c?/s and vertical velocities by the MSISE-90 model (solid lines) for summer (low densities)
V=2, 3, 4cmis (curves 1, 2, and 3, respectively), andidj= and winter (high densities) at latitudes°@® and 60 S on 21 De-
2x 108 cmé/s andV =2, 3, 4cmi/s (curves 4, 5, and 6, respectively). cember 2000.

photochemistry, on the [O] distribution in the MLT. Accord- This simple approximation describes the main features that
ing to their results, the O peak density decreases wikia@ impact the [O] height distribution: production, loss, and dy-

increase. This density decreases even more if a downwarfamic processes (eddy turbulence and upward motion). As
motion occurs with eddy turbulence. Also, the altitude of S€en from Fig. 4, an increase in the upward velocity induces
the [O] peak decreases withkeq increase, whereas this al- an increase in the O density and in the altitude of the [O]

titude increases/decreases due to any upward/downward mpeak. AKeq increase induces an [O] decrease. The effect
tion. The seasonal variations of the O peak density and th&f these dynamic processes on the [O] distribution is much
altitude of the [O] peak are characterized by an increase irftronger than a recombination. But, in general, the results of
both the O peak density and the altitude of the [O] peak fromth€ numerical solution of Eq. (2) with squared-law recombi-

summer to winter by a factor of nearly 2.25 and by 4km, nation and an altitude-dependent coefficient show the same

respectively. impact of eddy diffusion and vertical motion in the [O] dis-
The height distribution of the O density can be determinedtribution (Vlasov and Davydov, 1982, 1993). In any case,

using the continuity equation, the upward/downward motion in the polar summer/winter

mesosphere induces a seasonal variation in the O density and

on on - n on n in the altitude of the [O] peak, contrary to the experimen-

—|—K —+—=|-D| —+— Vv . ' . . .

0z [ ed(z)<az + H) <8z + Ho) + (Z)n} tal data. Finally, we note that there is no experimental evi-

— 4 (2) — B(2)n? (1) dence for upward/downward motion in the mesosphleué

there is a set of experimental data on eddy turbulence. Us-
where D is the molecular diffusion coefficient] is the ve-  ing the numerical model developed by Vlasov and Davydov
locity, ¢ is the production rates is the recombination coef- (1983, 1993) with eddy diffusion coefficients approximated
ficient, andHo is the height scale of atomic oxygen. by the formulas close to the coefficients obtained kipken
The solution of this equation, with constant valuesigf ~ (1997), it is possible to reproduce the [O] seasonal variations
Ked>> D, g = qoexp(~z/H), and 8 = Bp=constant in the given by the MSISE-90 model, as seen from Fig. 5. In the

final termBon, is given by the formula next section, we estimate the heating/cooling corresponding
to the eddy diffusion coefficient used in calculations of the
n=ngp— (ﬂ>exp{ [_o.5<i — L) [O] seasonal variations. Note that the eddy diffusion co-
poH =V H  Ked efficients should be increased by a factor of 2-3 to obtain
1 vV \2 057¢ [O] profiles similar to the profiles shown in Fig. 5 if the up-
— |:0.25<— - —> +ﬂo/Ked] ward/downward motion corresponding to the adiabatic cool-
H  Ked ing/heating is included.
qoH
+ﬁoH—VeXp( z/H) @)
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3 Heating and cooling by eddy turbulence 30

There are different approaches and numerical models for 20
estimating the heating/cooling rates induced by the grav-
ity waves in MLT (Medvedev and Klaassen, 2003; Becker,
2004; Akmaev, 2007, 2009; Becker and McLandress, 2009).
All models start from gravity waves and then calculate the
heating/cooling corresponding to the different dynamic pro-
cesses induced and driven by gravity waves. Some models8 -10
estimate the eddy diffusion coefficient, as mentioned in the .%’
introduction. However, we start from the eddy diffusion co- £ -20
efficients and try to estimate the heating/cooling rates corre-

=
o

o

ooling rate, K/day

~

sponding to them. -30
In this case, the heating/cooling rate of eddy turbulence is
given by the formula (see Fritts and Luo, 1995) 400 P ) = 0 20 20

cx 100

Ocim | Keclop (Lt ) |4kep 2 (24 £ (3)
ed_az ectpl iz Cp eCIOTc 9z Cp ’ Fig. 6. Dependence of heating/cooling by eddy turbulence on the

_ S _ value ofc, using Eq. (4) forKec= 3 x 10° cm?/s andH = 6 km.
whereKecis the eddy heat conductivity, is the undisturbed

gas densityg is the gravitational acceleratiof, is the tem-

perature(, is the specific heat at constant pressure,@sd  ag seen from Fig. 6, eddy turbulence can heat the mesopause
a dimensionless constant commonly taken to be 0UBKEN, {1 . ~ 0,286 and cool it for > 0.286. The range af values
1997; Hocking, 1999). The first term on the right side of o4 pe estimated. The ratio of the turbulent energy dissipa-

Eg. (3) is the heat flux divergence, and the second term is thg o, rate due to the action of viscous and buoyancy forces to
turbulent energy dissipation rate initiated by the dynamic in-he transfer rate of kinetic energy from the mean motion to

stability of gravity waves and the action of viscous and buoy- e fluctuating motionQeds= Ked/(au/az)z, is determined
ancy forces. For example, the first term presents divergencBy the ratio of the Richardson numbe = w2 /(8u/3z)2

of heat flux corresponding to the heat flux given by Beckerto the turbulent Prandtl numbeP — Ked/Kec-B In the cas’e
(2004) for Prest = 1 and the heat flux given by formula (23) of mean motion¢ can be estima,ted as being equaRidP.

in Akmaev (2007). The second term is similar to the total For the mean wind sheer of 20 m/s/km a@§ — (3/5) x
wave energy disposition rate per unit mass, Kw%(lJr P, 10~*s~2, theRi values are within the range of 0.75-1.25 and
given by Akmaev (2007) wher may be considered a gen- thec vaIL,Je is about 1 foP ~ 1. Thec value dec.rease;s with

eralized Prandtl number arm% is the buoyancy frequency . : . : :
(Akmaev, 2007). There is great debate about the value of théncreasmgP and turbul_ent heating can _dpmmate cooling. In
turbulent Prandtl number. First of all, this problem is due any case, we can estimate the sensitivity of turbulent heat-

to different assumptions about gravity wave energy transporlng/cOOIIng 0 th? influence OT wind shear and gravity waves.
and dissipation and localized or uniform induced turbulence. Now we consider thg heatlng/copllng cau;ed by eddy tur-
However, this problem is not within the scope of this paper. bulence in more detail. The height profile of the tem-
We restrict our calculations to only different valuescof perature given by the MSISE-90 model below the polar
Around the mesopause, the temperature gradient is sma esopause can be approximated by a linear dependence with

anddKeddz is small for theK e peak in the mesopause. In € zgra}iien_taT/laz =G |: —54 K’Ik”.‘ ig summer aand} =
this case, Eq. (3) can be simplified to the formula —3.2K/km in winter solstice at latitudes 7G and 70N,

respectively. In this case, the density height distribution is

3 2 given by the formula
Qed=Kng—p+KecP & (4)
9z CpTc
T 1-mg/kG
By dividing Eq. (4) bypCy (whereCy is the specific heat p po<To—Gz> : (6)

at constant volume), multiplying by a time equal to one day,
7d, and using the formulas = poexp(-z/H) andCp = (1+  and the heating/cooling rate given by Eqg. (1) can be written
N/2)c/m whereH is the atmosphere scal®, is a number  5¢

of freedom degrees; is the Boltzmann constant, amd is

he mean molecular m iti ibl transform Eq. (4 Cc G— 0Kec C

the mean molecular mass, it is possible to transfo q()Qedeec—pTd<g G) mg [k ecCp (i_(;)

into ¢, '\¢,” ") -6z 8z ovi\c,
KecgTd 1 Tdg ( g )
= ~1]. 5 fKeeem— (2 —G). 7
Qea="C [(1+N/2)c } ®) “Cve(To-G2) \ C, %
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Fig. 7. The height profile heating/cooling rates calculated by Fig. 9. The same as in Fig. 8 but above thgy peak and with
Eqg. (7) for summer conditions,f = 90km, ¢ = 0.3, mesopause ¢=0.8.
height=90 kmG = —4 K/km below 90 km, and; =5 K/km above
90 km).

whereK .= 1.8 x 1P cm/s is the maximum of these coef-
15 ficients, z,, = 90km, S1 = 0.05km™?1, S, = 0.04km2, and
$3=0.05km 2. The same approximation is used in the
[O] calculations. The height profiles of the heating/cooling
rate calculated by Eq. (7) far=0.3 and 0.8 are shown in
Figs. 7, 8, and 9. Note that the summer polar mesopause is
located at an altitude of 90 km, according to the MSISE-90
model. Thus, the cooling rates calculated with the eddy dif-
fusion coefficient inferred from measurements are found to
be—-13.5K/day and-41.5 K/day forc = 0.3 andc =0.8, re-
spectively, at the mesopause. The strong change in the cool-
ing rate withc is explained by the strong increase in the dis-
sipative term in Eq. (7) with the value decrease.

Using the same approach, we have calculated the heat-
‘ ‘ ‘ ‘ ing/cooling rates in the polar winter mesosphere. The height

50 82 84 86 88 ) profiles of these rates far= 0.3 andc = 0.8 are shown in

height, km Figs. 10 and 11. Note that we increased the altitude of the

Kec peak from 90 km (given by libken) to 92 km because,

according to the MSISE-90 model, the altitude of the tur-

bopause inferred from the vertical profiles of e N> ratio

is higher in winter than in summer. Comparing the cool-

The first term on the right side of Eq. (7) is negative becausdnd rates in the summer and winter mesopause, it is clear
mglk is much larger thai. The second term is positive be- that the turbulent coollng rate |n.the winter mesosphere is
low the Kec peak and is negative above ti&c peak. The muph less the}n the cooling rate in the summer mesopause.
eddy diffusion coefficient inferred byilbken (1997) from This strong winter-summer asymmetry is well known (e.g.,
measurements of the turbulent energy dissipation rate in th&€cker, 2004).

summer polar mesosphere can be approximated by the for- As seen from the results discussed above, eddy turbulence

heating rate, K/day

Fig. 8. The same as in Fig. 7 but below th&c peak and with
c=0.8.

mulas suggested by Shimazaki (1971): cools the mesosphere at altitudes above and belovKtae
peak forc > 0.3, and the maximum of this cooling rate is
Kec=K 2 exp[S1 (z—zm)]+ (Kgfc_Kgc> exp[—Sz (z—zm)z] —30K/day-50 K/day in summer ané-10 K/day in winter.
Note that the maximum adiabatic cooling rate calculated by
T=m (8) the SOCRATES model in the polar summer mesopause is
—16 K/day, meaning that eddy turbulence can provide the
Kec= KZEGXD[—Ss(Z—zm)Z] 2>2m (9)  same or an even larger cooling rate than the hypothesized

Ann. Geophys., 28, 2102410 2010 www.ann-geophys.net/28/2103/2010/
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10 . . . 4 Conclusion

5l ] Our results show that seasonal variations of the O den-
sity and the altitude of the [O] peak, calculated with up-
ward/downward motion corresponding to adiabatic cool-
ing/heating, are opposite to the observed seasonal variations
given by the MSISE-90 model. Eddy turbulence with coeffi-
cients close to the values inferred from experimental data by
LUbken (1997) can provide the observed seasonal variations

heating rate, K/day
|
6]

-10} ; of the O density and the altitude of the [O] peak. The heat-
ing/cooling by this eddy turbulence is comparable to or larger
15} 1 than adiabatic heating/cooling in the upper mesosphere. The

strong impact of upward/downward motion and eddy turbu-
20 ‘ ‘ ‘ lence on the [O] height distributions requires self-consistent
80 85 90 95 100 modeling of the O density and temperature because of the im-

height, km portant role of atomic oxygen in infrared cooling and chem-
ical heating in the upper mesosphere. The eddy diffusion
fions withc = 0.8, a mesopause height of 100 k= 3 K/km be- coeff_|C|ents should be_ increased b_y a factor of 2-3 in order to
low 92 km, andG = 2 K/km above 92 km. The vertical line shows obtal_n summer and winter [O]_proflles close to_the MSI.SE'Q.O
the K og peak location. datg if upwar_d/do_wnward.motlon, corresponding to adiabatic
cooling/heating, is taken into account.

Fig. 10. The height profile of heating/cooling rates for winter condi-
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