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Comparison of mesospheric and lower therlnospheric residual 
wind with High Resolution Doppler Imager, medium frequency, 
and meteor radar winds 

R. S. Lieberman, • A. K. Smith, 2 S. J. Franke, 3 R. A. Vincent, 4 J. R. Isler, 5,6 
A. H. Manson, 7 C. E. Meek, 7 G. J. Fraser, 8 A. Fahrutdinova, 9 T. Thayaparan, 
W. Hocking, •ø J. MacDougall, •ø T. Nakamura, •2 and T. Tsuda •2 

10,11 

Abstract. The objective of this study is to compare observed mean meridional winds with 
those deduced from theory. The diabatic circulation is computed from High Resolution 
Dopper Imager (HRDI) mesospheric and lower thermospheric temperatures during January 
and July conditions. The meridional wind component is compared with HRDI Eulerian 
mean meridional winds near 95 km and with seasonal averages of meridional winds at a 
number of radar medium-frequency (MF) and meteor wind (MW) sites. The diabatic wind 
is directed from the summer toward the winter hemisphere. Peak values exceed 20 rn s- • 
and are observed at 105 km near 20 ø in the summer hemisphere. A secondary maximum 
of about 10 rn s -• is observed in the wintertime lower mesosphere during the July case. 
The diabatic wind is qualitatively consistent with HRDI 95-km mean meridional winds 
at latitudes equatorward of 50 ø. Time-averaged summertime radar winds are consistent 
with HRDI and diabatic winds between 50øS and 20øN. At winter midlatitudes, MF radar 
winds are directed oppositely to the diabatic wind, while one available MW measurement 
is directed with the diabatic wind. The zonal acceleration implied by the diabatic wind is 
about 150-200 rn s -• d -• in the midlatitude summer lower thermosphere. 

l. Introduction 

Zonally averaged winds and temperatures in the mtso- 
sphere and lower thermosphere (MLT) are far from the state 
implied by radiative and photochemical equilibrium 
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mean wind is maintained largely through forcing by noncon- 
servative eddies. The eddies drive a "residual" mean merid- 

ional circulation which results in net adiabatic heating that 
prevents the atmosphere from relaxing to a purely radiatively 
controlled state. The residual vertical wind is the component 
of the Eulerian (or longitudinal) mean vertical wind whose 
advection by the basic state static stability is not canceled 
by the meridional convergence of the planetary wave heat 
flux. The residual meridional wind is defined from the con- 

tinuity requirement for the residual mean circulation and is 
equal to the difference between the Eulerian mean merid- 
ional wind and the vertical convergence of the meridional 
planetary wave heat flux [ Andrews et al., 1987]. 

The physical significance of the residual mean circula- 
tion is twofold. As shown by Garcia [1987], the circula- 
tion is the key mechanism for restoring geostrophic and hy- 
drostatic balance in a wave-driven atmosphere. Moreover, 
Dunkerton [1978] has shown that for steady and conserva- 
tive quasigeostrophic planetary waves, the residual (or dia- 
batic) circulation is equivalent to the zonally averaged La- 
grangian, or mass, motion. The residual circulation is there- 
fore a powerful tool for quantifying the material, or transport 
wind. Direct calculation of the circulation requires a global 
network of wind and temperature observations that is suf- 
ficiently dense for resolving the zonal mean and planetary- 
scale waves and is precise enough to reliably determine plan- 
etary wave fluxes and their spatial gradients. In practice, 
the residual circulation is generally diagnosed from observed 
and theoretical diabatic heating rates [Solomon et al., 1986; 
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Shine, 1989; Huang and Smith, 1991] or modeled using 
wave-drag parameterizations [Garcia and Solomon, 1985; 
Zhu et al., 1997]. 

Direct measurements of seasonally averaged Eulerian 
mean meridional winds have been carried out with satellite 

and with medium-frequency (MF) and meteor wind (MW) 
radar winds. When averaged over periods long enough to 
remove transient components, MF or MW radar winds rep- 
resent the climatological Eulerian mean wind plus station- 
ary wave components. Manson et al. [1991] examined 
perturbation winds derived from the Committee on Space 
Programs and Research (COSPAR) International Reference 
Atmosphere (CIRA)-86 climatology, and monthly averaged 
meridional winds at a number of MF sites. Amplitudes of 
CIRA-86 planetary waves were very weak during summer- 
time. Monthly mean summertime radar meridional winds 
were of the order of 10-15 m s -• and directed equator- 
ward, or from the summer toward the winter pole. In the 
absence of stationary components in the CIRA wind clima- 
tology, these were interpreted by Manson et al. [1991] as 
the Eulerian mean meridional winds. 

Lieberman et al. [1998] examined 60-day averages 
of zonally averaged UARS High Resolution Doppler Im- 
ager (HRDI) mean meridional winds near 95 km and com- 
pared these with radar winds at a number of sites. HRDI 
low and midlatitude solstice winds were generally directed 
from the summer hemisphere toward the winter hemisphere 
with magnitudes of about 10-15 m s -•. HRDI meridional 
wind values were consistent with coincident summertime 

radar winds and with previous values reported by Manson 
et al. [1991], but the peak values are higher than the exist- 
ing model estimates of residual winds [Garcia and Solomon, 
1985; Huang and Smith, 1991 ]. 

The purpose of this study is to calculate MLT residual 
meridional winds from HRDI temperatures and to compare 
these with radar and HRDI winds. This exercise provides 
an important cross validation between ground- and satellite- 
based mean wind estimates and updates earlier residual 
meridional wind estimates that are based upon simpler radia- 
tive heating algorithms and CIRA-86 climatological inputs 
[Huang and Smith, 1991 ]. Our study also provides some val- 
idation of more recent two-dimensional models of the resid- 

ual mean circulation incorporating revised radiative heating 
and gravity wave drag parameterizations [Portmann, 1994; 
Zhu et al., 1997]. Section 2 describes wind and tempera- 
ture observations and the model used to calculate the dia- 

batic circulation. Diabatic meridional winds are compared 
with HRDI and radar winds in section 3. A discussion and 

summary appear in section 4. 

2. Model and Input Fields 

2.1. Residual Circulation Model 

The residual circulation in the middle atmosphere can be 
computed from the transformed Eulerian mean thermody- 
namic and continuity equations. The spherical version of 
these equations in log-pressure coordinates is presented by 

Andrews et al. [1987] and is given by 

ß + 

+ + 

•/2 P•* cos •d• 
•/2 

- 0 

+ 

+ (2) 

- 0. (3) 

•r and •chem in (2) represent the radiative and chemical 
heating rates. HD is the turbulent heating due to breaking 
gravity waves, usually represented as a diffusion of the mean 
thermal field [Schoeberl et al., 1983; Huang and Smith, 
1991]. The quantity o' is a correction factor introduced in 
order to achieve the global mass balance requirement formu- 
lated in (3). Following Shine [1989] and Huang and Smith 
[1991], o' is specified as a function of altitude only. Here 
•* and U' are the residual meridional and vertical winds, 

respectively, and are related to their Eulerian counterparts • 
and • by 

•'* -- •-- p•'1(pov/Ot/Ooz)z (4) 

•' - • + (v'Ot/E)o•)y. (5) 

Several assumptions and simplifications are invoked be- 
fore applying (1)-(3). Because monthly mean solstice con- 
ditions are considered, the time derivative of temperature 
is weak compared with the other terms in (2) and is disre- 
garded. The meridional gradient of t3 is assumed to be at 
least an order of magnitude weaker than the vertical gradi- 
ent' thus the term on the right-hand side of (2) involving 
the ratio ©y/E)• is neglected. The vertical heat flux diver- 
gence (p•- • (p0 w'0 •)z) associated with extratropical plane- 
tary waves has been shown to be very weak in the middle 
atmosphere [Hitchman and Leovy, 1986] and disappears al- 
together under midlatitude quasi-geostrophic scaling [An- 
drews et al., 1987]. The direct heating effects of quasi- 
geostrophic planetary waves are therefore not considered. 
Planetary-scale, vertically propagating equatorial waves such 
as Kelvin waves and tides can, however, transport heat effi- 
ciently in the vertical and may result in significant heat flux 
divergence in a region of strong dissipation. The possible 
contribution of the diurnal tides to the zonally averaged ther- 
modynamics budget is discussed in the next section. 

Gravity wave saturation affects the zonally averaged ther- 
mal budget through the wave heat flux convergence and gen- 
eration of diffusive heating by turbulence (the HD term). It 
has been further shown that the net effects of gravity wave 
heating depend upon the localization of the turbulence [Fritts 
and Dunkerton, 1985; Coy and Frins, 1988; Liu, 2000]. 
Strobel et al. [1985] and Strobel [1989] considered the im- 
plications of observed mean wind accelerations and tracer 
transport for the globally averaged heating budget in the up- 
per mesosphere that included gravity wave heating. They 
concluded that a Prandtl number of about 3 was required 
in their parameterizations of gravity wave drag and turbu- 
lent heating. This implies that the net heating by gravity 
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waves is quite weak. A similar conclusion was reached by 
Gavrilov and Roble [1994], who found that parameterized 
gravity wave dissipation was nearly balanced by turbulent 
heating near 100 km. 

Huang and Smith [1991 ] examined the effects of param- 
eterized gravity wave heat flux and turbulent diffusion on 
the residual circulation. Although the circulation itself was 
relatively insensitive to the effective Prandtl number, global 
mass balance requirements were more readily satisfied when 
a high Prandtl number (10 or larger) was specified. This re- 
sult is consistent with studies that found weak net thermal ef- 

fects of gravity waves upon the global mean thermodynamic 
budget. However, the issue of the Prandtl number is far from 
resolved, owing to the paucity of measurements of gravity 
wave heating [Gardner and Yang, 1998] and the difficulty 
in specifying turbulence localization parameters. In view of 
these uncertainties, we have elected to not include parame- 
terized gravity wave heating in our model of the mean merid- 
ional circulation. 

Calculation of the net radiative heating rate Qr is car- 
ried out with the algorithm of Zhu [1994]. The algorithm 
determines solar UV heating rates by O2 and O3 from an 
updated Strobel [1978] parameterization. IR cooling rates 
are computed for the CO2 15-p band, the O3 9.6-p band, 
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Figure 1. Latitude distribution of High Resolution Doppler 
Imager temperatures sampled at 0600 and 1700, used to con- 
struct Figure 2. a) Dots indicate December, circles indicate 
January, and plus signs indicate February. b) Dots indicate 
June, circles indicate July, and plus signs indicate August. 
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Figure 2. Ozone and water vapor mixing ratios in parts per 
million by volume (ppmv) representative of (a) January and 
(b) July conditions. 

and the H20 rotational lines and 6.3-p band by interpola- 
tion of precomputed Curtis matrices which include non-local 
thermodynamic equilibrium source processes [Zhu, 1990]. 
Chemical heating Qchem due to exothermic reactions involv- 
ing oxygen and hydrogen [Brasseur and Offerman, 1986] is 
calculated in the Simulation Of Chemistry, Radiation, And 
Transport of Environmentally Important Species 
(SOCRATES) model, an updated version of the National 
Center for Atmospheric Research (NCAR) two-dimensional 
coupled dynamical-chemical middle atmosphere model 
[Brasseur et al., 1990]. 

2.2. Input Parameters and Heating Fields 

The residual circulation is computed for both July and 
January conditions. The tropospheric and stratospheric in- 
puts to the net radiative heating rate Qr are climatologi- 
cal values of ozone [Keating and Pitts, 1987], water va- 
por, and temperature. Above 80 km, mixing ratios from the 
SOCRATES model are used for water vapor and for ozone. 
HRDI seasonally averaged temperatures are used as input 
above 65 km. Two solstice-centered periods are represented: 
December 11, 1993 to February 9, 1994 and June ! 3 to Au- 
gust 12, 1994. These intervals are chosen because they are 
characterized by relatively wide HRDI data coverage in lat- 
itude (70øS to 30øN) and local time (about 12 hours). Be- 
cause of the daytime-only sampling by HRDI over much of 
the 60- to 110-km range, migrating tidal signatures alias to 
the zonal mean and cannot generally be fully filtered from 
the long-term averages [Morton et al., 1993; Hays et al., 
1994; Ortland et al., 1998]. Tidal effects can, however, be 
somewhat mitigated by constructing temperature fields from 
measurements sampled nearly 12 hours apart [Hitchman and 
Leovy, 1985; Lieberman, 1999b]. The orbital precession of 
UARS implies that 12-hour differences in HRDI tempera- 
tures cannot generally be formed from measurements on the 
same day, or even within the same week or month. How- 
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Radiative and chemical heating rates for both seasons are 
shown in Figures 4-6. Solar heating peaks in the summer 
polar latitudes at the stratopause and in the lower thermo- 
sphere. This is due primarily to absorption by ozone in 
the stratosphere and molecular oxygen in the lower thermo- 
sphere. Chemical heating due to atomic oxygen recombi- 
nation is most important in the winter lower thermosphere, 
reaching values of the order of the solar heating. The domi- 
nant cooling rate in the middle atmosphere is associated with 
the 15-ft band CO2. The most striking feature is the contrast 
between the cooling rates in the summer and winter meso- 
sphere. The net cooling rate maximum in the summer po- 
lar mesopause (Figure 6) is substantially stronger than re- 
ported in previous studies [Zhu, 1994; Huang and Smith, 

• ' ( ' ' . ............ ' ' • 1991] and may reflect the different zonally averaged tem- / ............... :.-.:.....::_".-::::•• 100•__• eoø ..,.. .: ':" 'i:: ' .... :'::'t8o':.•t perature inputs. The vertical extent of the HRDI cold sum- 

I O•ø-•'•••'"'"" ..... '"..i'""' " ..... f. :,...:i..:!.-.}11•!--:.!t mer mesopause is narrower compared with the CIRA tem- -- ... ...... :...." / .:'" :i:. perature input to the cooling schemes of Dickinson [1984], • 90 - i Huang and Smith [1991], and Zhu [1994], with tempera- 
• tures at 100 km being warmer than CIRA by about 20K. The 
•- 80 HRDI temperature structure is consistent with ground-based 

< •_._ •4• •• •.o•0•• lidar climatologies showing the CIRA midlatitude tempera- 70 tures at 100 km are about 5-10 K too cold [Leblanc et al., 

I I 1998]' Inspection of the heating and cooling rates shown in Fig- 
-50 0 50 

LATITUDE 

Figure 3. Zonal mean temperature inputs. Contour inter- 
val is 10 K, with dotted contours highlighting temperatures 
colder than 200 K. (a) January case. (b) July case. 

ever, Figure 1 does indicate that the latitudinal coverage by 
HRDI at 0600 and 1700 is fairly broad, with measurements 
at both local times occurring nearly everywhere within the 
same calendar month (January and June) except at 70øS and 
75øS between December and February. Accordingly, this 
study considers the average of HRDI zonal mean temper- 
atures collected at 0600 and 1700 between December 11, 

1993 and February 9, 1994, and from June 13 to August 12, 
1994. 

Global ozone and water vapor inputs are shown in Fig- 
ure 2. Figure 3 shows the global temperature fields for both 
periods. HRDI temperatures are reported at 2.5-km intervals 
between 60 and 110 km and are binned in 5ø-wide latitude 

ures 4 and 5, respectively, clearly indicates that the dia- 
batic heating algorithm used in this study produces strong 
net cooling at all latitudes above 100 km. As noted by Zhu 
[ 1994], a globally averaged downward diffusion of heat from 
the thermosphere is required to balance the global net di- 
abatic cooling. Thermal input due to molecular heat con- 
duction begins to be important above 100 km. The ther- 
mal conductivity coefficient was estimated using the formu- 
lation of Banks and Kocharts [ 1974] for an atmosphere with 
climatogical vertical distributions of N2, 02, and O. Heat 
conduction was quite weak near 100 km. Because HRDI 
temperature data do not extend far above 100 km, an accu- 
rate estimation of the vertical temperature gradient and the 
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and between 20øN and 20øS are smoothed with a five-point Figure 4. Solar and chemical heating rates for (a) January 
boxcar algorithm. and (b) and July. Units are K d-z. 
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Figure 5. Cooling rates due to CO2, 03 and H20 for (left) January and (right) July. Units are K d-• 

molecular heat conduction rate cannot be made. Instead, the that the classical approach yields (1,1) estimates that are 
correction factor in (2) accounts for this process, as well as 
for errors in the other contributions to the net heating. The 
net heating rate adjusted to yield a zero global mean diabatic 
heating is shown in Figure 6. 

The vertically divergent heat flux associated with dissipat- 
ing diurnal tides [p• • (p0 w'O')z] may significantly affect the 
zonally averaged thermal budget [Miyahara, 1984; Miya- 
hara and Wit, 1989]. Computation of this term requires 
estimates of diurnal temperature and vertical wind during 
the time periods under consideration. The diurnal wind can 
be readily analyzed in HRDI meridional winds [Hays et al., 
1994; Khattatov et al., 1996]; however, extraction of diurnal 
zonal wind and temperature is more difficult owing to rapid 
temporal and vertical variations in HRDI time-mean temper- 
atures and winds [Lieberman and Hays, 1994; Forbes et al., 
1997]. We therefore quantify this term by using classical 
theory to derive (1,1) vertical winds and temperature from 
monthly mean HRDI diurnal meridional winds. Lieberman 
and Hays [1994] and Lieberman [1997] have demonstrated 

consistent with the more accurate, highly tuned model deter- 
minations of Khattatov et al. [1997] and Yudin et al. [1997] 
at the equator. The derivation of the (1,1) vertical wind from 
the observed meridional wind is discussed extensively by 
Lieberman and Hays [1994], and the details will not be re- 
iterated here. The temperature perturbation is obtained in a 
similar manner to the vertical wind, namely, by applying the 
relationship between temperature and the scaled vertical ve- 
locity variable •/in the classical tidal framework [Chapman 
and Lindzen, 1970, p. 112]. 

Figure 7 shows a latitude-time section of monthly mean 
diurnal p•(pow'O')z at 100 km, the altitude at which this 
quantity maximizes in the HRDI data. Tidal heating peaks 
at the equator, with secondary maxima at about 30 ø . Sub- 
stantial seasonal and interannual variability is present in the 
tidal flux divergence, which track the variability of the diur- 
nal tide itself [Burrage et al., 1995b; Lieberman, 1997]. The 
strongest heating values are about 10 K d -t, and occur dur- 
ing the equinoxes of 1992, 1993, and 1995. On the other 
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Figure 6. Net diabatic heating rates for (a) January and (b) 
July. Units are K d-1. 

hand, we note that the periods considered in the present 
study are characterized by the weakest values of tidal heat- 
ing (under 1 K d -1) between 1992-1995. A comparison 
between Figures 6 and 7 indicates that tidal heating at its 

strongest (--• 1 K d-•) is at most 20-25% of the net radia- 
tive heating rate (~5 K d- 1 in the tropics) in the immedi- 
ate vicinity of 100 km. Above 100 km, tidal heating atten- 
uates rapidly, while the net diabatic heating increases dra- 
matically. While Figure 7 shows that the diurnal tides are 
a potentially significant source of wave heating in the lower 
thermosphere, we conclude that during the solstices of late 
1993 and 1994, tidal heating above 100 km is insignificant 
compared with diabatic heating. 

Adopting all of our simplifications reduces (1)-(3) to the 
following system: 

(6) 

Qchem (7) 

(8) 

Here-* and--* v D w D now denote the diabatic meridional and ver- 
tical wind, so named because the residual circulation is now 

proportional only to the ti•ne-averaged rate of the diabatic 
heating [Holton, 1992]. When the radiative and chemical 
terms on the right-hand side of (7) are specified, (6)-(8) can 
be solved iteratively for v-•) and •). Following Huang and 
Smith [ 1991 ], -* is set to zero for the first iteration' --* then V D , W D 
becomes a function of the unknown correction factor rr, and 

this expression is substituted into (8) to solve for rr. With rr 
known, •) is determined from (7) and then used in (6) to 
obtain-* The new values of-* and--* v D. v D w D are used in (7) to 
start the iteration anew, continuing until-* --* and rr con- V D , W D 

verge (usually in under 10 iterations). Heating inputs and 
wind output fields are smoothed with a five-point running 
mean in latitude before plotting. 

Jan 

HRDI VERTICAL HEAT FLUX CONVERGENCE (K/DAY) 
i i 

I I I I I, I I I I I 

Apr Aug Nov Apr Jul Nov Feb Jun Sep Jan 
1992 1993 1994 1995 

Figure 7. Vertical heat flux convergence due to (1,1) diurnal tide at 100 km. Contour values are q- 0.2, 
0.5, 1, 2, 5, and 8 K d-x. 
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Figure 8. (a) January diabatic vertical wind, in mm s-•. (b) 
Diabatic meridional wind, in m s-•. 

for forced, vertically propagating waves that can drive •' 
was found only during southern Hemisphere winter condi- 
tions (August). During northern Hemisphere winter (Febru- 
ary), vertically propagating planetary waves did not pene- 
trate higher than the lower mesosphere (about 60 km). Thus 
the weaker values of wintertime •) in the lower mesosphere 
during January-February may be related to the absence of 
vertically propagating planetary waves. 

Diabatic meridional winds are compared with zonally av- 
eraged or Eulerian mean HRDI meridional winds near 95 
km. HRDI senses nighttime emission from a thin layer of 
chemiluminescence, which migrates between 92 and 97 km 
[Burrage et al., 1994]. HRDI nighttime winds are generally 
associated with 95 km and are reported at this level along 
with daytime winds. The availability of HRDI nighttime 
and daytime wind retrievals implies nearly 24 hours of lo- 
cal time coverage and, in theory, the potential to separate 
the time-mean and the tidal components of the HRDI wind. 
The mean standard deviation of the HRDI daytime winds 
used in this study is about 7 m s -•. Owing to the lower 
signal-to-noise ratio of the nighttime emissions, the uncer- 
tainty of the nighttime winds is about 13 m s-•. Nighttime 
and daytime winds are weighted evenly in the determina- 
tion of the 24-hour mean, yielding an uncertainty of approx- 
imately 6 m s -• [Ghil et al., 1981]. 

Liebertnan et al. [1998] examined 60-day averages of 
HRDI 95-km meridional winds for six solstice-centered pe- 
riods. Their values for the December 1993 to February 
1994 and June-July 1994 cases are compared in Figures 10 

3. Diabatic and Observed Meridional Winds 

The circulation required to balance the net diabatic heat- 
ing rates shown in Figure 6 is plotted in Figures 8 and 9. 

The diabatic vertical wind generally echoes the heating 
rate, with ascent (descent) in regions of heating (cooling). 
The weak static stability within the cold summer mesopause 
results in an ascent rate that is quite strong, despite the rel- 
atively weak heating. The meridional wind is directed from 
the summer to winter hemisphere throughout most of the 
MLT. Peak values exceed 20 m s- 1 and are found in the sum- 

mer hemisphere near 25 ø and 105 km. A local maximum 
also appears at about 50 ø in the winter hemisphere, near 95 
km, which is more pronounced in the southern Hemisphere 
(July). 

For the June-August 1994 case, the diabatic circulation 

extends farther downward, with significant summer-to-winter 
pole flow at altitudes as low as 60 km. A broad secondary 
maximum in the diabatic meridional wind appears in the 
winter, or southern, Hemisphere between 70 and 80 km (Fig- 

ure 9b). This feature is absent for the December-February 
case. Downward extension of the solstice diabatic circu- 
lation into the lower winter mesosphere was reported by 
Huang and Smith [1991], who associated this with station- 
ary planetary wave driving. Smith [1996; 1997] has identi- 
fied persistent, planetary-scale zonal asymmetries in HRDI 
mesospheric winds during February and August. Evidence 
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Figure 9. Same as in Figure 8, for July. 
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Figure 10. Dashed lines indicate January diabatioc merid- 
ional winds. Open circles indicate radar meridional winds, 
averaged between December 11, 1993, and February 9, 
1994. Meteor wind value at Londonis indicated by asterisk. 
Solid circles indicate HRDI 95-km mefidional winds, aver- 

aged between December 11, 1993, and February 9, 1994. 
Shown are (a) 92.5 km, (b) 95 km, and (c) 97.5 km. 

(56øN, 49øE). Kazan, Jakarta and London are meteor wind 
(MW) systems. The remaining sites, including London, are 
MF or partial reflection radars. The instrumentation and 
measurement techniques are described fully in the references 
cited by Lieberman et al. [ 1998]. Briefly, the MF technique 
determines the horizontal drift velocity of weakly ionized ir- 
regularities that partially reflect incident radio waves from 
the 60- to 100-km height range. At heights below 100 km, 
where neutral ion collisions are large, these are assumed to 
represent the neutral wind. MW radars detect ionized me- 
teor trail echoes that are also assumed, under quiet electric 
field conditions, to move with the neutral wind. There have 

been several recent and largely satisfactory comparisons be- 
tween MF radars and ground- and space-based optical sys- 
tems [ Cervara and Reid, 1995; Manson et al., 1996; Burrage 
et al., 1996a; Meek et al., 1997]. While wind directions and 
phases are generally in agreement between systems, most of 
these comparisons show modest but significant speed biases 
(0-50%) for the MF systems. 

Figures 12 and 13 show radar meridional winds averaged 
between December 11, 1993 and February 9, 1994, and be- 
tween June 13 and August 12, 1994. Diabatic winds and 
HRDI 95-km mean meridional winds are also plotted. Dur- 
ing December-February, all three wind fields agree with re- 
spect to direction above 85 km in the southern Hemisphere 
and in the winter hemisphere as far north as Hawaii. At lat- 

• o 

and 11 with residual winds at 92.5, 95, and' 97.5 km. It -20 
should be noted that in these figures, there is an exact cor- 
respondence between the periods examined by Lieberman 
et al. [1998] and the HRDI temperatures used to compute 
the diabatic winds. The directionality of the diabatic winds 
is consistent with HRDI Eulerian winds, with both fields f• o 
indicating flow from the summer toward the winter hemi- 
sphere between 50øS and 50øN. HRDI winds peak in the -40 
low-latitude summer hemisphere, with values that are sig- 
nificantly stronger than the corresponding diabatic winds. A 
sharp decrease in HRDI wind magnitudes is seen near 50 ø in 
the summer hemisphere, with values increasing again pole- 
ward. This behavior is not seen in the residual wind field. 

Diabatic winds in the winter hemisphere are stronger than 
HRDI winds, particularly at 95 and 97.5 km. • o 

Radar meridional winds are available for comparison with 
residual winds at the following locations: Christchurch, New -40 
Zealand (44øS,173øE); Adelaide, Australia (35øS,138øE); 

-20 

Jakarta, Indonesia (6 ø S,107 øE); Christmas Island 
(2øN, 157øW); Kauai, Hawaii (22øN, 160øW); Urbana, Illi- 
nois (40øN,88øW); London, Canada (43øN,81øW); Saska- 
toon, Canada (52øN, 107øW); and Kazan Russia 
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Figure 11. Same as in Figure 10, for July. Radar and 
HRDI 95-km winds averaged between June 13 and August 
12, 1994. 
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itudes farther north, MF radar winds above 90 km are di- 
rected opposite to diabatic winds and to HRDI winds. At 
London, the MW winds are directed opposite to the MF 
winds and are in excellent agreement with HRDI and di- 
abatic winds as a result. For the June-August case, con- 
sistency between the three wind field directions is greatest 
at the equatorial locations (Jakarta and Christmas Island), 
Saskatoon, and for the London MF winds. In the winter lat- 
itudes (Adelaide and Christchurch), radar winds are similar 
to HRDI winds and are close to zero. Both differ from the 
diabatic winds. Summertime radar winds at Kazan are in the 
same direction as HRDI and diabatic mean winds, but are 

considerably stronger. 

4. Discussion and Summary 

The diabatic circulation is computed with HRDI season- 
ally averaged solstice MLT temperatures. Meridional winds 
are directed from the summer to the winter hemisphere 
throughout the MLT. Peak values are between 20 and 
mbox25 m s-•, observed at 105 km near 20 ø in the summer 
hemisphere. Comparisons with HRDI Eulerian mean winds 
near 95 km indicate that the two wind fields are of the same 

sign throughout most of the two summer hemispheres, al- 
though HRDI winds are stronger between 10 ø and 50 ø. Eu- 
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Figure 12. January diabatic meridional wind (solid lines), 
MF radar (diamonds) and MW (circles) meridional winds 
averaged between December 11, 1993, and February 9, 
1994. HRDI 95-km mean meridional winds (averaged be- 
tween December 11, 1993 and February 9, 1994 are shown 
for reference at 92.5, 95 and 97.5 km (plus signs). 
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Figure 13. Same as in Figure 12, for July. Radar and 
HRDI 95-km winds averaged between June 13 and August 
12, 1994. 

lerian winds are weaker than diabatic winds in both midlat- 

itude winter hemispheres. The HRDI Eulerian meridional 
wind agrees qualitatively with seasonally averaged radar 
winds between 50øS and 22øN during Southern Hemisphere 
summer, and between 50øS and 2øN during Northern Hemi- 
sphere summer. The largest disagreements between HRDI 
winds and MF radars occur in the Northern Hemisphere, in 
both winter (40ø-55øN) and summer (20ø-40øN). The di- 
rection differences between MF and MW winds at London 

seem to occur seasonally (in wintertime) and not regularly, 
(W. Hocking, personal communication, 1999), and this dis- 
crepancy is still under investigation. It has been suggested 
by Hines et al. [1993] that above 90 km, the MF technique 
measures the horizontal phase speed of gravity waves along 
with the background wind, thus rendering a depiction of the 
wind field that might differ frorn the meteor wind measure- 
ment. Hocking [1997] has also commented on the potential 
for contamination of MF winds above 90 km by E region 
scattering. 

Residual and measured winds can differ for several rea- 

sons. Radar winds are point measurements taken at fixed 
altitudes. HRDI Eulerian mean winds are quantities that 
are zonally averaged on constant altitude surfaces. Resid- 
ual winds approximate quantities that are zonally averaged 
with respect to a constant log-pressure surface. As noted 
in section 1, if stationary waves are present, then season- 
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Figure 14. Meridional heat flux convergence due to (1,1) diurnal tide at 100 km. Contour values are 4- 
0.2, 0.5, 1, 2, 5, and 8 m s- 1 d-1. 

ally averaged radar measurements approximate the Eulerian 
zonal mean about a constant altitude, plus the wave contri- 
bution. The findings of Smith [1997] indicate that station- 
ary planetary waves are present in the Northern and South- 
ern Hemisphere wintertime MLT. These may account for the 
significant differences between MF radar and zonally aver- 
aged winds at these times. 

100 

Differences between HRDI and residual mean winds may 
be interpreted in terms of planetary wave driving effects. 
HRDI provides an estimate of the Eulerian mean meridional • 90 
wind, which differs from the residual (or diabatic) wind if • 
vertically divergent planetary-scale wave heat fluxes of sig- • 
nificant magnitudes are present (see equation (4)). These are • 80 
generally associated with vertically propagating stationary 
planetary waves. Smith [ 1997] analyzed HRDI MLT winds 

70 

and found evidence for wintertime vertical propagation in 
the Southern (but not the Northern) Hemisphere. These find- 
ings suggest the possibility that stationary planetary waves 
may drive residual meridional winds away from Eulerian 
winds in the Southern Hemisphere wintertime MLT. 

The 2-day wave is a ubiquitous feature of the summer- 100 
time MLT [Harris, 1994] that has the potential to drive the 
mean flow by virtue of its transient and dissipative behavior 

• 90 

[Pfister, 1985; Plumb et al., 1987; Fritts et al., 1999]. Lieber- • 
man [ 1999a] estimated the Eulerian and residual meridional g 
winds induced by an unstable 2-day wave event in January • 80 
1994. The two fields were directed opposite to each other but 
were considerably weaker (less than 1 m s-l) than the theo- 
retical and observed meridional winds reported here. Merid- 70 
ional heat convergence due to the diurnal tide could also ac- 
count for differences between Eulerian and residual mean 

flows. Figure 14 shows a latitude-time section of diurnal 
meridional heat flux convergence at 100 km, computed in 

a manner similar to Figure 7. As seen with the vertical 
heat flux divergence, tidal dissipation is capable of gener- 
ating significant meridional heat flux divergence; however, 
this term is quite weak for the periods we are considering. 
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Figure 15. Zonal momentum residual, in m s- 1 d-1. (a) 
January. (b) July. 
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the parameterized gravity wave drag to values as high as 400 
m s- • d- •, substantially higher than previously used values. 

Figure 15 shows the zonal mean momentum residual F, 
computed as 

f•* -- cos (•-1 (Vcos (•)y •* -[- •*•z -- F. (9) 

Figure 16. HRDI zonal mean zonal wind. Contour interval 
is 10 m s-•, and dotted contours indicate westward flow. (a) lower mesosphere during June-August. In addition to the 
December 11, 1993, to February 9, 1994. (b) June 13 to gravity wave drag assumed to dominate the MLT, evidence 
August 12, 1994. has been presented here for tidal driving and elsewhere for 

The zonal mean wind values used to compute F are HRDI 
winds averaged identically to the temperatures shown in Fig- 
ure 3; these are shown in Figure 16. The bulk of F is 
due to the Coriolis torque upon •*. The momentum resid- 
ual is westward in the summer hemisphere and peaks near 
103 km between 150 and 200 m s -1 d -•. These values 

are weaker than those imposed by Zhu et al. [1997], but 
stronger than momentum residuals implied by Huang and 
Smith [1991] or specified by Garcia and Solomon [1985] 
at solstice. A region of prominent eastward driving (about 
60-70 m s- • d- l) appears in the Northern Hemisphere lower 
mesosphere during summer (July), which has no Southern 
Hemisphere summer (January) counterpart. This feature is 
associated with the lower mesospheric •* noted in Figure 9. 

Forcing of the MLT is ascribed largely to gravity waves, 
particularly during the summertime. Our results imply fairly 
vigorous wave driving in the the upper mesosphere and lower 
thermosphere, which maximizes at higher altitudes (above 
100 km) than are reported or parameterized. A substantial 
momentum rezlau•tl is also seen in the Northern Hemisphere 

et al [1997] were produced by increasing the magnitude of ATM-9812271. 

The diabatic winds presented in this study are stronger 
than those reported by Huang and Smith [1991 ], whose cir- 
culation was based upon the CIRA-86 temperature clima- 
tology. More recent modeling efforts by Portmann [1994] 
and Zhu et aI. [1997] have produced residual meridional 
winds whose magnitudes are more consistent with our di- 
abatic winds. The Portmann model is an updated version of 
the Garcia and Solomon [ 1985] model with improved radia- 
tive heating. Residual meridional winds peak at about 20 m 
s- • in the summer hemisphere near 20ø; however, the maxi- 
mum occurs between 85 and 90 km, about 15 km lower than 
the corresponding maximum seen in Figures 8b and 9b. 

Zhu et al. [1997] applied the Zhu [1994] radiative heating 
together with Lindzen-type gravity wave drag parameteriza- 
tions in a model of the residual circulation. Their meridional 

wind maxima are of the order of 20-25 m s-•, which are 
more consistent with HRDI 95-km mean meridional winds. 

The Zhu et al. [1997] winds peak near 95 km, about 10 km 
lower than the residual winds reported here. This may be 
because Zhu et al. tuned their model to yield zonal mean 
temperatures that are consistent with the CIRA-86 climatol- 
ogy, rather than the HRDI temperatures used in our study. It 
is worth noting that the strong circulations obtained by Zhu 
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stationary propagating waves in the wintertime MLT [Smith, 
1996;1997] and for 2-day wave-driving in the midlatitude 
summer MLT [Lieberman, 1999a]. The MLT diabatic winds 
presented in this study likely reflect the joint effects of plan- 
etmy as well as gravity wave driving. 

Further clarification of the MLT zonal momentum bud- 

get is needed, which requires several additional elements. 
The MLT zonally averaged temperature should contain min- 
imal tidal contamination when used as input to the time- 
mean radiative heating. Achieving globally averaged heat- 
ing and mass balance requires a more detailed specification 
of thermospheric heat inputs to the MLT than the latitude- 
independent correction employed in the present model. The 
effects of gravity waves upon the global-scale mean ther- 
mal budget may be more significant than suggested by the 
one-dimensional model of Gavrilov and Roble [ 1994] or the 
tu_n_i_n_g st,]clie. q of l-h,,,g and .Smith [ ! 99 ! ]. 
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