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ABSTRACT

Radiative dissipation coefficients for the observed, large-scale temperature waves in the middle atmosphere
are presented and discussed. These have been calculated using LIMS measurements of the temperature, ozone,
and water vapor distributions in a broadband radiative heating model. The total dissipation rate is determined
by contributions due to thermal emission by the three gases considered and the absorption of solar radiation
by ozone, which is important in the high stratosphere. The relative contribution of each gas to the total dissipation
coefficient is discussed; this scales approximately with the contribution to the radiative balance of the atmosphere.
In the winter hemisphere, the results are comparable with linearized estimates of the radiative dissipation
coefficient, consistent with the deep vertical structure of the waves. Tropical dissipation rates are markedly
different; in the middle and high stratosphere the analytical results of Fels are confirmed for the observed waves.

- Some evidence is tentatively presented for wave amplification by radiative processes in the low stratosphere,

arising from absorption by the 9.6-um bands of ozone.

1. Introduction

Many studies of the middle atmosphere of earth
separate the flow into a zonal-mean and a zonally
asymmetric, or eddy, component. From this viewpoint
the interaction of the eddies with the zonal-mean flow
can be studied. One of the first discussions of the im-
portance of the eddies in holding the mean state of the
stratosphere away from its radiative equilibrium struc-
ture was that of Dickinson (1969). Assuming, after
Charney and Drazin (1961), that the longest eddies
can propagate into the winter stratosphere from a
source region in the troposphere, Dickinson showed
that statistically steady perturbations, dissipated either
thermally or due to nonlinearity, can maintain the ob-
served stratospheric state. More recent studies, dis-
cussed in Andrews et al. (1987), have extended this
argument; it is generally agreed that eddies interact with
the mean flow to maintain the observed climatology
and that this interaction involves either thermal, me-
chanical, or nonlinear dissipation of the waves.

The quasi-biennial and semiannual oscillations of
the mean flow at, respectively, low and high levels in
the tropical stratosphere are thought to be at least partly
induced by thermally dissipated tropical waves. This
follows the model of Holton and Lindzen (1972), ex-
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tensions of which have proved successful in explaining
the structure of the quasi-biennial oscillation and, at
least in part, the semiannual oscillation. The impor-
tance of the strength of the thermal dissipation to the
simulation of a correct amplitude and period was dis-
cussed by Hamilton (1982).

This paper is concerned with observational estimates
of the radiative dissipation time scales of planetary
waves. Previous estimates of the radiative damping rate
have been made both theoretically and observationally;
these, along with the relevant theory, are reviewed in
the next section. The present study adopts a similar
approach to that of Ghazi et al. (1985), who estimated
dissipation coefficients, o, from satellite observations.
We extend their study in three ways. First, the current
study uses different data, so that agreement between
the studies validates the results, while differences must
be attributed principally to differences in the datasets
used or in the radiative code. Second, the analysis of
the present study is performed on a near-global basis
as opposed to the single latitudes available to Ghazi et
al. Third, the contributions of each of the major ra-
diatively active gases (CO,, O3, and H,0) to a is con-
sidered. Their varying relative contributions to the
stratospheric radiation budget at different heights and
latitudes can be anticipated to cause variations in their
relative contribution to the wave dissipation. This latter
point is topical, given the current concern about the
state of the ozone layer, particularly the large depletion
observed in the Antarctic springtime lower stratosphere
(e.g., Farman et al. 1985).
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Following an outline of the theory in section 2, sec-
tion 3 briefly describes the data and the radiation
transfer model. In sections 4 and 5 results in the winter
hemisphere and in the tropics are discussed in some
detail. Longitude-height sections of the eddy structure
of the temperature, gas, heating, and cooling fields are
considered; the roles of the various gases in determining
the total dissipation coefficient are discussed, and pos-
sible errors are determined. Latitude-height sections
of the dissipation coefficients are discussed in section
6. Finally, section 7 contains some discussion of the
implications of our results.

2. Theory and review

In this section, various approaches to obtaining «
are discussed, and our reasons for selecting the method
used are outlined.

One method is to calculate the “Newtonian cooling”
coefficient, ay, as in Dickinson (1973) or Kiehl and
Solomon (1986). This assumes that the cooling rate,
J, due to infrared emission is a linear function of the
temperature deviation from a reference state; ay (for
which in general the effects of each radiatively active
gas are not separately considered ) is obtained by direct
calculation of (8J /9T )t for small, height-independent
deviations from the reference zonal-mean temperature
profile [ T] (square brackets denoting the zonal mean).
There are two drawbacks with these calculations. One
is that they are valid only for small perturbations from
the zonal-mean state, partly because the Planck func-
tion is nonlinear in temperature [see Shine (1987) for
an example of the difference in a for large and small
perturbations]. The second is that the temperature
perturbation has no vertical structure, so that heat ex-
change between layers of the fluid may not be correctly
modeled. Dickinson’s calculation, for perturbations to
a climatological, midlatitude, winter temperature pro-
file, agrees well with the later one of Kiehl and Solo-
mon, who used, as basic states, monthly, zonal-mean
LIMS (Limb Infrared Monitor of the Stratosphere)
data for January 1979 (the differences in [ T] and the
radiation transfer models leads one to expect some dis-
crepancies). Latitudinal and seasonal variations in ay
arising from the zonal-mean temperature variations of
the middle atmosphere were noted by Kiehl and Sol-
omon. In the low stratosphere the latitudinal variations
are quite strong: near 22 km the dissipation time scale
ay~!is around 35 days near 60°N but exceeds 80 days
in the tropics. Near the stratopause it is less than 10
days at all latitudes.

A somewhat different approach was taken by Sasa-
mori and London (1966 ) and Fels (1982); dissipation
coeflicients for small-amplitude, sinusoidal vertical
perturbations to selected temperature profiles were
calculated. The shorter waves were dissipated more
strongly than the infinitely deep perturbations, showing
the importance of the scale dependence of «. Fels con-
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sidered the dissipation due to the 15-um bands of CO,
and the 9.6-um bands of O;. He noted that since CO,
is well mixed in the stratosphere, the results should be
valid for all realistic temperature profiles, but the vari-
ability of O; means that the fit is exact for only one
column, namely, that of NOAA (1976). He presented
analytic formulas for the dissipation coefficients so that
they could be calculated for perturbations of different
wavelengths to any temperature profile.

In reality, it is possible that neither of the aforemen-
tioned concepts are adequate. The vertical-scale de-
pendence shown in the Fels method is not accounted
for in ay, but the concept of idealized, sinusoidal per-
turbations may not apply, since, in principle, a spec-
trum of disturbances with differing vertical scales could
exist. In an attempt to calculate « for the real case, we
can assume that the eddy cooling rate, J; for a spectral
range denoted by 7, may be expressed in terms of the
eddy temperature as

J,{=—O{[T’. (1)

With this relation, it is possible to calculate ; at any
location when J; is known. Such an approach also
allows for the inclusion of trace gas eddies when these
are included in the calculation of J;; there is generally
either a dynamically or photochemically determined
relationship between T’ and O3 (e.g., Barnett et al.
1975).

The data used in this study are spatially and tem-
porally averaged, representing the large-scale atmo-
spheric structure at the resolution of the satellite (dis-
cussed in section 3). There are often locations when
T’ vanishes, so that calculation of « from Eq. (1) leads
to a noisy field. Since we are primarily interested in
the dissipation of the longest zonal waves, we can mul-
tiply Eq. (1) by T” and take the zonal mean to give

a = ~[JiT')/[T?]. (2)

In this study, a broadband model is used to calculate
Ji; the subscript i is used to denote CO, (15-ym
bands), O; (9.6-um bands), and H,0; and the sum of
these contributions is denoted by ar. Note that at so
defined is half of the rate of reduction of temperature
variance around a latitude circle, with no small-am-
plitude approximation.

Ghazi et al. (1985) used Eq. (2) to calculate e,
using longitude-height distributions of O; from the
Stratospheric Aerosol and Gas Experiment (SAGE)
instrument and temperature from the National Me-
teorological Center (NMC). Selected days were ana-
lyzed when there were large-amplitude temperature
waves in the midlatitude winter. Their ar generally
agreed with the ay of Dickinson below 45 km, but at
higher levels, ar was only half as large as Dickinson’s
ay. These differences could be a consequence of the
different [T] profiles or the radiation transfer models
used in the studies, or they could arise because of the
different approaches to the problem. The main differ-
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ence between the studies is that the vertical scale of the
eddies and longitudinal O; variations are included by
Ghazi et al.,, but such variations are not included in
ay. The latter difference could be significant near the
stratopause where Oj3 is photochemically controlled and
T’ and O3 are anticorrelated (e.g., Barnett et al. 1975).
Thus, maxima in O3 coincide with minima in 7’ so
that Jo, is diminished; the importance of this to ar
will be assessed.

A further consequence of this negative T'-QOj; cor-
relation in the vicinity of the stratopause is the “pho-
tochemical acceleration” of the radiative damping.
Crudely, if the opacity effect is neglected, the anticor-
relation implies that the maximum in Jg, occurs where
T is a minimum; therefore, the 7’ can be damped by
solar heating. The photochemical acceleration coefhi-
cient 8 was also calculated by Ghazi et al.; its signifi-
cance was first noted by Craig and Ohring (1958) and
further discussed by Strobel (1977) and Hartmann
(1978). We have

Joot = =BT’ (3)

where 8 implicitly includes the photochemical rela-
tionship between T’ and O3 (Hartmann 1981). Equa-
tion (3) can be used to obtain a relationship analogous
to Eq. (2) for 8, as in Ghazi et al. (1985).

Ghazi et al. found that § was almost as strong as ar
at the stratopause; thus, their absolute dissipation coef-
ficient ar + B has the same magnitude as Dickin-
son’s ay.

It is to be expected that the latitudinal and seasonal
variations in solar insolation will also be manifest in
B3; however, these may be somewhat modulated in
reality because the largest waves occur in the winter
hemisphere where the illumination is weakest. Ghazi
et al. (1979) presented evidence that 8 increases equa-
torward. Haigh (1985) examined the scale-dependence
of 8; the strongest dissipation increased from 0.06 for
infinite vertical wavelengths to 0.09 day ™' for wave-
lengths of 7 km, the level of the maximum descending
from near 1 mb to near 2 mb.

3. Radiation model and data used
a. The radiative heating model

The analytic representation of solar heating rate de-
rived by Strobel (1978) was employed in this study.
Strobel estimated this to be accurate to within 5% of
more detailed calculations for a given surface-cloud
albedo. Note that Apruzese et al. (1982 ) reassessed the
accuracy of this model, but the adjustments they sug-
gested in consequence should not affect the results of
this paper. Absorption in the near-infrared could play
a role in the radiative dissipation, particularly in the
low stratosphere, but no adequate three-dimensional
trace gas measurements were available for this study.

The longwave radiation transfer was calculated using
broadband models in five spectral bands (Haigh 1984):
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one centered on the 15-um CO, bands (with a small
overlapping contribution from H,O), one on the 9.6-
um O3 bands, and three, including the vibration and
vibration—rotation bands of H,O, at wavelengths longer
than 4.5 um (which are presented together in this
study). The neglect of the 14-um O; band may lead
to errors of up to 5% at 10 mb (Haigh and Pyle 1989),
but the contributions of other gases and spectral bands
not included should be very small. Thus, errors in the
longwave radiation scheme devolve mainly on the ac-
curacy of the broadband transmission model. Crisp et
al. (1986) found Ramanathan’s (1976) parameteriza-
tion for the CO, 15-um bands to be accurate to within
8% between 100 and 1 mb, but above this, the treat-
ment of Voight-Doppler line-broadening is poor—at
0.5 mb the cooling rate may be underestimated by 25%.
In this work, however, Doppler broadening was treated
differently, using a polynomial representation fitted to
the results of numerical integrations over Doppler lines.
The Voigt region was represented using an interpola-
tion function. This leads to errors no larger than 10%.
Cooling in the O; 9.6-um bands may also be under-
estimated (and heating in the low stratosphere over-
estimated). Such errors are difficult to estimate but are
probably in the range +15% for the contribution from
that band.

b. Data used

Synoptically mapped LIMS data were employed in
this study. A consequence of the limb scanning is that
the latitude-height resolution of the data is far better
than the longitudinal resolution; the synoptically
mapped data have a vertical resolution of about 2.5
km, at 18 levels between 100 mb and 0.1 mb, and 4°
in latitude between 64°S and 84°N. Vertical resolution
and the coincidence of the temperature and gas mea-
surements make LIMS data more suitable for this study
than other available datasets, even those with superior
horizontal coverage because of the assumptions in
Eq. (2).

The three-dimensional mapped fields are smoothed
spatially, using a truncated Fourier series to represent
the longitudinal structure, and temporally, each Fourier
coeflicient having been Kalman filtered (Gille and
Russell 1984, and references therein). The zonal mean
and up to six Fourier coeflicients are available for the
daytime and nighttime measurements. Since random
errors are manifested at high wavenumbers, they will
be eliminated by this synoptic mapping so only the
systematic errors are likely to influence this study. A
comprehensive data validation program was under-
taken concurrently with the LIMS observations, and
bounds placed upon the accuracy of the measurements
(Gille and Russell 1984) (summarized in Table 1).
Gille and Russell noted that LIMS temperatures are
systematically colder than rocketsonde observations
(by 1-2 K) at pressures less than 1 mb: the temperature
dependence of the trace gas retrievals implies that these
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TABLE 1. Accuracy and precision of the LIMS data.

Field Accuracy Precision

T <2K (p>1mb) <0.2-0.6 K
(0N 16-41% 0.25 ppmv
H,0 18-36% 0.25 ppmv

are likely to be overestimated in this region of the at-
mosphere. Radiance data in the ozone channel were
occasionally contaminated by cloud-top irradiance in
the low tropical stratosphere, leading to uncertainties
in the ozone distribution at 100 mb in equatorial re-
gions.

Russell (1986) intercompared monthly-mean tem-
perature and trace gas fields. He showed that LIMS
and Stratospheric and Mesospheric Sounder (SAMS)
temperatures agree to within a few kelvin over most
of the globe. He also concluded that LIMS Oj; agrees
well with SBUV and SAGE data, although in the low
stratosphere LIMS differs more from the other two
measurements than they differ from each other: the
same features were evident in all three datasets each
month. The LIMS H,O measurements are consistent
with the limited datasets previously available. A more
detailed comparison of daily temperature fields ob-
tained from various sources (Rodgers 1984) showed
that temperature differences between satellite and
rocketsonde data are generally less than 2-3 K (and
are statistically insignificant, being within the instru-
mental noise levels), although LIMS data could deviate
by up to 5-10 K in the middle- and high-latitude me-
sosphere.

Further errors can arise from incorrect specification
of the tropospheric state, which determines the upward
radiative energy flux at the lower boundary of our data.
Climatological zonal-mean temperature data were used
for the troposphere, with the waves in the low strato-
sphere smoothed downward to avoid spurious discon-
tinuities that affect the heating rates. Tropospheric gas
distributions from Haigh (1984 ) were used. An effective
albedo of 0.35 was used at all latitudes, so that the
zonal variability of cloudiness was not represented. The
inclusion of a zonally varying albedo would introduce
scope for further uncertainty in heating rates of around
5% in the low and middle stratosphere (see Haigh
1984). Tests on individual columns of the heating rate
(Pawson 1988) showed that above 20 km the heating
rates were fairly insensitive to the temperature and gas-
eous structure below 15 km for realistic tropospheric
structures. Clouds represent more of a problem.
Hitschfeld and Houghton (1961) showed the impor-
tance of cloud on the radiative energy budget of the
lower stratosphere, and Gille and Lyjak (1986) showed
that the latitudinal structure of the heating rate near
20 km in the tropics is dependent on the cloud distri-
bution. Including longitudinal cloud variations in an
otherwise zonally invariant atmosphere leads to zonal
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asymmetries in the radiative heating rate; their rele-
vance is discussed in section 5b.

4. Dissipation coefficients at winter midlatitudes

In this section we present dissipation coefficients at
midlatitudes for several winter days. The main presen-
tation of results is in section 4d, but first details are
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FiG. 1. Distribution of elements contributing to the eddy heating
rates on 25 January 1979 at 60°N. The latitude-height (pressure
scale-height ) cross sections of departures from the zonal mean of (a)
temperature (contour interval 5 K), (b) O; (contour interval 0.2
ppmv), (c¢) H,O (contour interval 0.2 ppmv). In each case dotted
contours are negative.
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given of how the various components of the system
interact to produce them in one of the cases (section
4a). The resulting «; are then presented (section 4b)
followed by a discussion of the robustness of the results
(section 4c).

a. Longitude-height distribution of radiative heating
rates

The T field on 25 January 1979 at 60°N shows a
strong wavenumber 1 (Fig. 1a). In the low and middle
stratosphere this wave slopes weakly westward with in-
creasing height, but near the stratopause, where it
weakens, the phase changes by nearly 180°. Between
20 and 30 km 7’ and O3 are well correlated for essen-
tially dynamical reasons, while above 50 km both pho-
tochemistry and dynamics cause an anticorrelation
(e.g., Barnett et al. 1975; Rood and Douglass 1985;
Douglass et al. 1985; Rose and Brasseur 1989). Be-
tween 30 and 50 km there is a distinct transition region
where a pronounced wavenumber 2 in O3 is not di-
rectly related to 77 but is at least partially a consequence
of transport. The H,O" distribution is similarly dom-
inated by a wavenumber 1, which is broadly in phase
with O3 in the lower stratosphere but very different
near the stratopause, presumably reflecting differences
in the source/sink mechanisms,
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Radiative cooling due to all gases (J;) (Fig. 2) is
anticorrelated with T’ (Fig. 1a). The magnitude of
J¢o, (in K day ') increases with increasing height. In
order to determine the importance of O3 on Jo,, the
calculations were repeated with the same temperature
but replacing the Oj; distribution with [O3]. The effect
was to increase the amplitude of Jo, by around 10%
at high levels but by much less at lower levels.

At 60°N in January the solar insolation is quite
weak, but there is still structure in J,; (Fig. 2d) that
can be related to O3. Above 52 km the maxima are
coincident, but lower down this relationship is not so
well defined. This is a consequence of the opacity effect,
which arises because the absorption of solar radiation
depends not only upon the local O; concentration but
also on the integrated column above the level in ques-
tion; thus, near 180°-200°E near 52 km under an
O; maximum, O} is positive, and J¢, is negative. Sim-
ilarly, between —30° and +30°E, J¢, shows a pro-
nounced maximum near 48 km, where O3 at and above
this level is at a minimum.

b. The dissipation coefficients

The «; for 25 January 1979 are shown in Table 2.
The relative contributions of each gas to ar are similar
to their contributions to the radiation balance (e.g.,

c) H0 Longwave

Scale Height

Approximate Height

2 16

Longitude

270 360

180
Longitude

F1G. 2. Contributions to the eddy heating rates corresponding to Fig. 1 from (a) 15-um CO, band (contour interval 0.5 K
day™), (b) 9.6-um O, band (contour interval 0.2 K day '), (¢) thermal H,O bands (contour interval 0.2 K day™), (d) solar
O; (contour interval 0.1 K day ™). Dotted contours are negative.
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TABLE 2. Inverse dissipation times « (day™') as a function of
altitude due to the different gases on 25 January 1979 at 60°N.
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TABLE 3. The zonal average of the square of the temperature
perturbations ([7"?]) at 60° in the winter hemisphere as a function
of height for the five days analyzed.

Height (km)
Scale
Scale Approximate CO, O3 H,O  height 5 Nov 25 May 20 Dec 25 Jan 22 Feb
1.75 56.0 0.18 0.04 0.02 7.75 34 9 22 190 58
725 ° 52.4 0.20 0.05 0.02 7.25 28 17 62 98 89
6.75 48.7 0.14 0.04 0.01 6.75 24 20 101 21 158
6.25 45.1 0.10 0.02 0.0t 6.25 38 20 96 70 180
5.75 41.5 0.08 0.02 0.01 5.75 66 30 84 125 125
5.25 37.8 0.07 0.02 0.01 5.25 66 20 38 194 74
4.75 34.2 0.05 0.02 0.01 4.75 72 27 22 270 S5
4.25 30.5 0.04 0.02 0.01 425 40 26 19 304 50
3.75 26.9 0.03 0.01 0.01 3.75 16 23 10 314 87
3.25 233 0.02 0.01 0.01 3.25 8 18 11 286 106
2.75 19.6 0.01 0.00 0.01 2.75 5 13 11 212 97

Kiehl and Solomon 1986; Gille and Lyjak 1986): at
high levels aco, contributes 75% of ar+, near 30 km
around 50%, but in the lower stratosphere, all three
gases are equally important. Ozone is generally more
important than water vapor for the dissipation, as it is
for the radiative balance.

The T'-J¢, correlation, discussed in section 4a, de-
termines 3. Consequently, near 55 km, where 7’ and
Oj were strongly anticorrelated and the opacity effect
unimportant, there is strong correlation between T’
and J{,, and 8 is 0.04 day . In the few kilometers
below this, the influence of the “transition region” and
the opacity effect cause a weak anticorrelation between
T’ and J, so that § is negative (but inconsequential ).
The structure of 8 is thus not simple to interpret, as it
depends on the structure of the waves in the higher
atmosphere and the location and shape of the transition
region, which apparently has a complicated nonzonal
structure.

¢. Sensitivity to errors

Some attempt has been made to assess the robustness
of the results presented here. This was performed by
perturbing the eddy fields by 5% at all levels and re-
calculating the «;. The difference between these per-
turbed values and the original ones was less than 1%,
indicating insensitivity to possible errors in the wave
amplitudes. Further errors could arise from incorrect
phase variations with height, but these should be small
if they occur over more than a few kilometers, so that
no further scale-dependence is introduced into the
cooling rates.

d. Total dissipation coefficients for selected days

Computational expense precludes calculating the o;
for the entire winter season, so to get some impression
of their variability, data from five days in the winter
hemisphere are compared; these are 5 November 1978,
20 December 1978, 25 January 1979, and 22 February

1979, all at 60°N, and 25 May 1979 at 60°S. The first
and last of these represent early winter profiles for each
hemisphere, the second and third are for strong wave-
number 1 disturbances in the middle stratosphere, and
the fourth is for a strong wavenumber 2 perturbation
in the middle stratosphere. Table 3 shows [7'%] as a
function of height for each of these days, indicating
the strength of the perturbations.

The a7 are tabulated as a function of approximate
altitude (Table 4) for these five days; the mean and
standard deviation are also shown. Below 48 km there
is little scatter in the results for a7; however, at higher
levels there is more variation in the daily calculations.
This variability is consistent with the results of Ghazi
et al. (1985), but the mean values are not. At high
levels, our ar is closer to ay than the ar of Ghazi et
al. (1985). [Note that ay calculated with the current
radiation scheme is similar to that of Dickinson
(1973).] This close agreement with ay reinforces the
notion that scale dependence is unimportant for the
radiative dissipation of observed midlatitude pertur-
bations, because the vertical wavelength is larger than
the depth over which the atmospheric transmission ef-
fectively becomes zero in the relevant bands.

TABLE 4. Radiative dissipation coefficient « for five days in the
midlatitude winter (60°), their mean and standard deviation.

Scale Std.
height 5 Nov 25May 20Dec 25Jan 22 Feb Mean dev.
7.75  0.26 0.25 0.16 0.24 0.09 020 003
725 024 0.18 0.18 0.28 0.13 020 002
6.75  0.20 0.17 0.18 0.20 0.16 0.18 0.01
625 0.13 0.13 0.17 0.13 0.17 0.15 0.0t
575  0.11 0.10 0.15 0.11 0.15 012 001
525  0.09 0.06 0.11 0.09 0.12  0.09 001
4.75 0.09 0.06 0.10 0.08 0.11 0.09 0.01
425  0.07 0.05 0.09 0.06 007 007 001
375 0.04 0.04 0.05 0.05 0.06 005 001
325 003 0.03 0.04 0.04 0.05 004 000
275 0.02 0.02 0.03 0.02 0.03 0.02 0.00
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TABLE 5. Photochemical acceleration of the radiative dissipation
coefficient 8 (day™) for five days at 60°N in winter.

Scale

height 5 Nov 25 May 20 Dec 25Jan 22 Feb Mean Std. dev.

7.75 0.04 002 003 004 008 004 001
7.25 0.03 0.01 002 -0.00 008 003 001
6.75 000 -001 -0.00 -0.01 001 -0.00 0.00
6.25 000 -0.00 -0.00 0.0! —0.00 000 0.00

Above 45 km Ghazi et al. found that 8 was around
0.1 day ! near 50 km, comparable with their az. Our
calculations yield smaller values for § (Table 5); at 50
and 55 km, mean values of 0.03 and 0.04 day ™' were
calculated—only half as strong as the values of Ghazi
et al. at a similar latitude. There is, however, a consid-
erable dispersion about this mean value; on 22 Feb-
ruary 1979, 8 was twice the average and almost as
strong as az. At lower levels 8 was usually negligible
in comparison to «, as theory predicts; large values
occur because of small [ 77?] in the data.

Our results differ from those of Ghazi et al. in two
respects: our ay is stronger, and § weaker. Conse-
quently, our absolute dissipation coefficient ar + @ at
high levels is slightly weaker than that of Ghazi et al.
There are several possible causes for these discrepan-
cies. First, recall that above the low stratosphere o is
dominated by eco,, so that differences in the radiation
parameterization for this gas could be partially respon-
sible. Although the radiative heating in these bands in
each study are both based on the work of Ramanathan
(1976), the change from Lorenz to Doppler broadening
of the line shapes has not been performed in the same
manner in each case. Second, errors could arise in the
data themselves. Rodgers (1984 ) found that the am-
plitudes and phases of the first two temperature waves
observed by LIMS and SAMS data agreed well, but
the NMC data differed at higher levels, where they were
apparently influenced by the structure of the lower
stratosphere. This misrepresentation of 7’ in the NMC
data could reduce the amplitude of J¢o, at high levels,
thus reducing aco, in Ghazi et al. (1985). A further
consequence would be to change the 7°'—03 anticor-
relation so that oo, could also be reduced (which should
be a second-order effect). This would also lead to an
incorrect T'-J’, correlation, which could enhance 3
as calculated by Ghazi et al. In this respect the conti-
guity of the LIMS temperature and ozone measure-
ments is advantageous.

5. Dissipation coefficients in the tropics

As the nature of tropical disturbances differs from
those in higher latitudes, it cannot be assumed that the
dissipation rates derived above are applicable to low
latitudes. Accordingly, in this section we present an
analysis similar to that in section 4, but for low lati-
tudes.
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a. The waves observed in the tropics

Whereas in middle latitudes the observed pertur-
bations are generally deep in structure, those detected
in tropical data are not. Tropical waves in LIMS data,
reported by Salby et al. (1984), had vertical wave-
lengths of 10-40 km; the results of Fels (1982) suggest
that a7 for such vertical scales should be significantly
different from ay, which according to Kiehl and Sol-
omon (1986) ranges from near 100 days near the tro-
popause to less than 10 days at higher levels in the
tropics. The Holton and Lindzen (1972) model of the
quasi-biennial oscillation requires a dissipation time
of around 3 days near 40 km to give an oscillation of
the correct period and structure (Hamilton 1982).

Salby et al. detected eastward-propagating waves 1
and 2; slow (phase speed near 10 m s™') and fast (phase
speeds of ~120 m s™! for wavenumber 1 and ~60
m s~! for wavenumber 2) components were detected,
the fast component being dominant in the upper
stratosphere. Coy and Hitchman (1984 ) showed that
these Kelvin waves could provide the momentum
source for the stratopause semiannual oscillation. They
used a simple model in which a7 increased linearly
from zero at 27 km to 1 day™! at 70 km. This simple
parameterization prompts speculation as to the actual
dissipation coefficients in the tropical stratosphere. The
purpose of this section is to present the «; and 8 for
the observed tropical temperature profiles.

b. The Eddy structure in the tropics

To give some indication of the circumstances pro-
ducing the dissipation rates calculated here, the eddy
structures for 25 January 1979 at the equator are pre-
sented (Fig. 3). Figure 3a shows that 7" has much
smaller amplitude than in midlatitudes (Fig. 1a), which
is to be expected since the associated horizontal pres-
sure gradients cannot be balanced by Coriolis forces
in this region. The middle-to-upper stratosphere is
dominated by a wavenumber 1 structure of amplitude
mostly less than 2 K. At the stratopause and in the
lower mesosphere, however, T is larger, reaching 6 K
between 0° and 90°E; there is also a wavenumber 2
component. A weak wavenumber 2 feature is also ev-
ident below about 28 km. The smaller vertical wave-
lengths in equatorial regions are clearly apparent by
comparing Figs. 1 and 3.

Ozone (03%) (Fig. 3b) is clearly anticorrelated with
T’ at 50 km and above, but at lower levels the rela-
tionship between the two fields is complex. The O3 is
largest near 30 km, the level of maximum ozone con-
centration, but at this level 7’ is quite weak and there
is some evidence of anticorrelation between 7 and
0Oj%. Near 40 km there is no distinct relationship be-
tween the two fields. Similarly, in the low stratosphere
it is hard to relate the eddy fields. A full investigation
of T’-0j relationships in the tropics would be reward-
ing but is outside the scope of this study.
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FiG. 3. As in Fig. 1 but for the equator. The fields and contour
intervals are (a) T’ (2 K), (b) O’; (0.05 ppmv), (¢) HO’ (0.02
ppmv). In (b) and (c) the contours are 1072 ppmv.

Below about 45 km there are only small variations
in H,O’, the amplitudes being about a quarter of those
in middle latitudes. Above 45 km the eddy magnitudes
are comparable to their middle-latitude values. The
phases of H;O' and T are not simply related, probably
indicating that a complex interaction between dynam-
ics and photochemistry determines the H,O distribu-
tion at these levels.

Eddy components of radiative heating rates are also
shown (Fig. 4). Here, J¢o, has opposite sign to T~ at
all levels; the importance of scale dependence is evident,
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since J¢o, at the equator is almost as strong as at 60°N
(Fig. 2a); whereas 7" at 60°N (Fig. 1a) is more than
twice as strong as at the equator. Similarly, Jo, is an-
ticorrelated with 7" in the high stratosphere (above 40
km) even though 7’ and Oj are anticorrelated; the
T'-03 anticorrelation slightly modulates Jo, in the
middle-to-high stratosphere. Maximum changes 0f0.03
K day ™', obtained when using [ O3] instead of the full
O; structure, are less than 2%, which is smaller than
in middle latitudes.

In the low stratosphere the 7'-Jo, relationship is
not so straightforward. In the tropical lower strato-
sphere the 9.6-um bands heat the atmosphere, as they
emit weakly and absorb the upwelling flux from the
warmer troposphere. This would lead to an anticor-
relation between 7’ and Jo, if the troposphere was
zonally symmetric and O3 unimportant. However, the
dependence of Jo, on O3, as well as 7, complicates
matters. The 7'-Oj relationship in the low stratosphere
(Fig. 3a,b) affects J6, more than in other parts of the
atmosphere near 20 km, use of [O3] at each longitude
in the Jo, calculation gave differences of up to 0.05 K
day~ ! from the complete calculation (Fig. 4b), which
is almost 50% of the maximum heating at this level;
however, this also changed the phase of Jo,, thereby
changing its correlation with T,

An additional complication arises from longitudinal
variations of clouds (e.g., Hitschfeld and Houghton
1961). Use of zonally symmetric clouds in the current
work introduces a further uncertainty into Jo, in the
low stratosphere, but because of our lack of knowledge
of their actual distribution and their approximate
treatment in the radiation code (Haigh 1984), it is not
feasible to incorporate them into the calculations. A
simple test was performed using a zonal-mean atmo-
sphere but with a longitudinally varying cloud distri-
bution. This gave differences of almost 1.0 K day ™' at
20 km between longitudes with total and no cloud
cover, which is significant in comparison with the
zonal-mean heating rate of about 0.5 K day~!.

The Ji,0 is clearly affected by H,O’ rather than by
T’ at the stratopause, but the magnitude of this field
1s quite small.

Generally, at any height J¢, and Oj are positively
correlated, although near 150°E at about 47 km, large
Jsa coincides with small O3 because of the opacity
effect.

¢. Dissipation due to different bands in the tropics

The «; (Table 6) for the tropical fields are consid-
erably larger than the high-latitude values (Table 2).
Again the dominant contribution is from aco,, which
is almost twice as strong as in middle latitudes between
30 and 50 km. Here ao, is also much stronger than in
middle latitudes, especially between 40 and 55 km.
The negative aq, values below 30 km arise from the
T’-J o, relationship discussed in section Sb; their con-
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FIG. 4. Similar to Fig. 2, but for the equator. The fields and contour intervals are (a) 15-um CO, band (0.5 K day™),
(b) 9.6-um O; band (0.1 K day™!), (¢) thermal H,O bands (0.1 K day™'), (d) solar O; (0.1 K day™").

sequences are discussed in the following. The ap,o
again makes a minor contribution to ay.

The tropical 8 is also considerably larger than at
high latitudes, where it was negligible except at the
highest levels of analysis. The region over which 8 is
negative is much reduced in the tropics, probably in-
dicative of a better signal-to-noise ratio in the calcu-
lations. That § is stronger in the tropics is consistent
with the result of Ghazi et al. (1979) that it increased
with decreasing latitude in the winter hemisphere, and
with the result of Haigh (1985), who showed that it is

TABLE 6. Inverse dissipation times « (day™') as a function of
altitude due to the different gases on 25 January 1979 at the equator.

stronger when the vertical scale-dependence is consid-
ered.

d. Total dissipation rates

To show the temporal variability in low latitudes,
profiles for five days are now discussed. In most cases,
the a7 are stronger than in midlatitudes. Near 50 km,
the mean a7 is 0.33 day ™! (Table 7), with individual
values ranging from 0.26 day™' to 0.40 day~'. The
values decrease with decreasing height, being of the

TABLE 7. Radiative dissipation coefficient « at the equator for
same five days as in Table 4, their mean and standard deviation.

Scale Scale Std.
height CO, 03 H,O B8 height 5 Nov 25May 20 Dec 25Jan 22 Feb Mean dev.
7.75 0.27 0.02 0.02 0.05 7.75 0.27 036 0.27 033 029 030 004
7.25 0.24 0.05 0.02 0.04 7.25 028  0.40 0.26 031 039 033 0.06
6.75 0.25 0.07 0.02 0.03 6.75 025 033 0.24 033 032 029 0.04
6.25 0.23 0.07 0.02 0.06 6.25 028 0.29 0.26 0.32 032 029 0.02
5.75 0.21 0.07 0.02 0.03 5.75 0.22 026 0.29 030 030 027 003
5.25 0.16 0.06 0.04 0.03 5.25 0.21 0.23 0.25 025 025 023 0.02
4.75 0.14 0.04 0.01 0.00 4.75 0.13 0.16 0.20 0.19 0.18 0.17 0.02
4.25 0.10 0.03 0.01 -0.02 4.25 0.20 0.12 0.15 0.14 020 0.16 0.03
3.75 0.07 0.03 0.01 -0.01 375 —-002 0.08 0.03 0.t1 020 008 0.07
3.25 0.04 ~-0.08 0.00 -0.03 325 -0.06 0.04 —-0.08 —0.03 0.18 0.01 0.09
2.75 0.05 0.04 0.01 0.01 2.75 0.04 0.12 0.03 009 0.18 009 0.05
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DISSIPATION RATE AS A FUNCTION OF HEIGHT
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F1G. 5. Total dissipation coefficient, a; (day ™), from the formulas of Fels (1982) using January zonal-mean LIMS
temperature data from the equator, and as calculated from the three-dimensional LIMS data.

order of 0.16 day "’ near 30 km and still smaller in the
low stratosphere.

Thermal dissipation rates for waves of various ver-
tical scales have been calculated using the formulas of
Fels (1982) for the monthly mean equatorial [ T'] profile
for January 1979. These are shown for perturbations
with # = 0.6, 0.4, 0.2, 0.1, and 0 km™! in Fig. 5, along
with the LIMS-derived values. Below 30 km the LIMS
values, with the exception of the negative values at
~26 km, lie close to the dissipation rate for a wave of
10-km vertical wavelength (n = 0.6). Between ~35
and 50 km the LIMS values are close to those for waves
of 36-km vertical wavelength (n = 0.2), while above
50 km the observations are closer to the # = 0.1 km™"

TaBLE 8. Photochemical acceleration rates 8 at the equator for
same five days as in Table 7, their mean and standard deviation.

Scale Std.
height 5 Nov 25May 20Dec 25Jan 22Feb Mean dev.
7.75 0.05 0.12 0.01 0.05 0.00 0.05 0.04
7.25 0.01 0.03 0.07 0.04 0.02 0.03 0.02
6.75 —0.04 0.11  -0.03 0.03 -0.09 -0.00 0.07
6.25 0.08 0.09 -0.02 0.06 0.06 0.05 0.04
5.75 005 -0.02 0.00 0.03 0.04 0.02 0.03
5.25 0.01 0.0t 0.02 0.03 0.05 0.02 0.01
4.75 003 -0.02 —0.00 0.00 0.03 0.01 0.02
425 —-0.00 002 -0.02 -0.02 -0.03 —0.01 0.2
375 —005 -0.05 -003 -0.01 -—-004 -0.04 0.01
325 -0.02 —-005 -0.04 -003 -0.03 -0.03 00
2.75 0.00 -0.01 0.04 0.09 0.01 0.03 0.05

curve. This is generally consistent with the observation
of Salby et al. (1985) that the deep Kelvin waves dom-
inated in the high stratosphere and mesosphere (al-
though a shallower wave 2 was also there), with the
shorter vertical scales in the stratosphere. Perfect
agreement cannot of course be expected: First, the ob-
servations were performed using the observed T’ dis-
tribution, which includes the entire spectrum of waves,
so a clear separation into different vertical modes
should not be evident, and second, the radiative models
differ in the two calculations, although the scale-in-
dependent « calculated with the current scheme is close
to that of Fels (1982).

At the equator 8 showed strong variations (Table
8). In the high stratosphere it often exceeded 0.05
day ™!, but the means tend to be relatively small because
of the frequent occurrence of negative values. The rea-
son for this is unclear. Negative 8 also appear in the
monthly-mean calculations; therefore, it seems unlikely
that they are merely due to noise in the daily obser-
vations. Generally, and in the mean, 3 is positive so
that the dissipation rate is increased by the photo-
chemical effect.

e. Negative dissipation coefficients

Negative a is almost always found somewhere in
the low tropical stratosphere; it occurs when ao, is neg-
ative. There are considerable variations in magnitude
of these amplification time scales, often with fairly large
differences between neighboring latitudes. Occasion-
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ally, time scales as short as 4 days are reached. Despite
the limitations of the data and the calculations per-
formed here, the temporal and spatial persistence of
the amplification time scales and their explanation in
terms of the relationship between 77,03, and Jg, sup-
port the view that they are real features. Their overall
importance is not yet clear. As defined here, they can-
not generate temperature waves, since an asymmetry
must exist beforehand. One could conjecture that
complex interactions between clouds and radiation
could be capable of generating waves in the low strato-
sphere, but such forcing is presumably quite weak.

In an attempt to show the robustness of these neg-
ative ar, monthly-mean values have been calculated.
These should provide more reliable results, since any
short-term fluctuations in the data are removed; how-
ever, they are still sensitive to possible errors in the
upward radiant energy flux from the troposphere. The
results thus obtained may be regarded as giving «; for
stationary, steady waves. These may differ from our
previous results, which contain a superposition of sta-
tionary and transient waves, since the calculation is
not a linear process. Values of ar at 4°N for three
months are shown in Table 9; these are typical of values
found in low latitudes. Negative o are evident in all
three months in the lower stratosphere. These are
mostly small, with a7 ~ (20 day) ™, although in De-
cember a value near (8 day) ! is found at 27 km.

The radiative balance of the lower stratosphere is
notoriously difficult to compute, the contribution from
each gas being small and the interactions with other
regions of the atmosphere being important. Thus, the
interpretation of these negative a7 needs to be treated
with caution until more refined calculations can be
performed. Nonetheless, they merit further study. A
coherent set of 7, O3, and cloud measurements and
an accurate radiation scheme, including cloud-radia-
tion interactions, are necessary for this.

6. Latitude-height structure

In this section some details of the latitude-height
structure of a7 and B are presented. These fields have

TABLE 9. Monthly averaged thermal dissipation coefficients,
« (day™), at 4°N.

Scale height Dec Jan Feb
7.75 0.25 0.24 0.33
7.25 0.24 0.21 0.27
6.75 0.23 0.29 0.27
6.25 0.20 0.24 0.25
5.75 0.21 0.22 0.24
5.25 0.19 0.22 0.20
4.75 0.17 0.14 0.19
425 0.15 Q.15 0.07
3.75 -0.12 0.16 -0.05
3.25 —0.05 —0.06 0.06
2.75 0.01 0.06 —0.05
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FiG. 6. Latitude-height sections of the dissipation coefficients
(day ™) for 25 January 1979. The contour interval is 0.05 day ~' and
are labeled 1072 day™'; dashed contours are negative. Top: a, middle:
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been smoothed to remove some of the noise, which
was particularly evident in the summer hemisphere,
where the waves were small. A few obvious singulari-
ties, caused by small [ 77?], have been replaced by av-
erages over neighboring points, and a 1-2-1 smoothing
in latitude has then been applied. This smoothing does
not affect the large-scale structure of the fields. It merely
smooths out some extreme values of a-and 8 occurring
at some points.

In the results for 25 January 1979 (Fig. 6), several
broad features are evident. The latitudinal coherence
of the region of negative ar is evident, although the
strength of the amplification has been reduced by the
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smoothing. In this region, aris, thus, considerably dif-
ferent from ay of around (100 day)~! presented by
Kiehl and Solomon (1986). In the winter hemisphere,
a7 increases with altitude and decreases with latitude;
its vertical increase is reinforced by the increasing im-
portance of 8 at higher levels. An increase in 8 toward
the Southern Hemisphere is also evident: despite the
smaller wave amplitudes away from the winter hemi-
sphere, 8 maximizes at about 12°S, indicating the im-
portance of the solar illumination and the location of
the transition layer between photochemical and dy-
namical control of O; in determining S.

The monthly mean January pattern (Fig. 7) is sim-
ilar to that of 25 January. Note that the region of neg-
ative aris somewhat larger and stronger in the monthly
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FIG. 7. As in Fig. 6 except computed from the monthly
mean fields for January 1979.
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FiG. 8. As in Fig. 6 except cdmputed from the monthly
mean fields for April 1979.

mean case. The strongest a7 (0.3 day™!) is near the
stratopause just south of the equator, and the maxi-
mum @ also lies near here. Their sum leads to large
regions of absolute dissipation rate (Fig. 7¢) exceeding
0.35 day ™! in the Southern Hemisphere tropics, com-
pared to the 0.25 day ™! at northern latitudes.
Seasonal variations can be seen by examining the
April coefficients (Fig. 8). The values at high latitudes
of the Northern Hemisphere are slightly stronger than
in January. In the upper extratropical Southern Hemi-
sphere, ar is smaller than in January, and the hemi-
spheres are more symmetric, as expected for the equin-
octial atmosphere. The dependence of 8 on solar in-
solation is evident by the increase in the Northern
Hemisphere. Because the negative values of ar are
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