
Atmos. Chem. Phys., 11, 3701–3711, 2011
www.atmos-chem-phys.net/11/3701/2011/
doi:10.5194/acp-11-3701-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

The annual cycle in lower stratospheric temperatures revisited

S. Fueglistaler1,*, P. H. Haynes1, and P. M. Forster2

1Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge CB3 0WA, UK
2School of Earth and Environment, University of Leeds, LS2 9JT, UK
* now at: Department of Geosciences, Princeton University, USA

Received: 14 September 2010 – Published in Atmos. Chem. Phys. Discuss.: 9 November 2010
Revised: 5 April 2011 – Accepted: 9 April 2011 – Published: 21 April 2011

Abstract. Observed lower stratospheric temperatures show a
prominent annual cycle. The cycles in the tropics and North-
ern Hemisphere are in phase and the cycle in the Southern
Hemisphere has the opposite phase. In an elegant and influ-
ential paper, Yulaeva, Holton and Wallace (1994) explained
the observed pattern as a direct consequence of hemispheric
asymmetries in the dynamical forcing of the stratospheric
circulation. They showed that in Microwave Sounding Unit
channel 4 (weighting centered in the lower stratosphere) data
the combined extratropical and the tropical temperature cy-
cle nearly compensate and interpreted the out-of-phase tem-
perature variations between tropics and extratropics as the
temperature response to an annual cycle in the wave driven
residual circulation. We show that the near-compensation
of temperature variations observed by Yulaeva et al. (1994)
is artefact of the weighting function of the MSU-4 channel
and does not hold on individual pressure levels. We discuss
in detail the conditions required that temperature variations
compensate, and what insights can be obtained from anal-
ysis of tropical, extratropical and global mean temperature
variations. Dynamically induced seasonal variations of lower
stratospheric ozone lead to an amplification of the seasonal
temperature cycle particularly in the tropics. The latitudinal
structure of static stability also induces a significant deviation
from compensation of tropical and combined extratropical
temperature variations. In line with Yulaeva et al. (1994) we
affirm that the see-saw pattern in the annual cycles of tropical
and combined extratropical temperatures provides an impor-
tant pointer to mechanistic models for interannual variability
and trends, but additionally conclude that the feedback of dy-
namically induced ozone variations on temperatures and the
latitudinal structure of static stability should be included as
leading order processes in such models.
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(stf@princeton.edu)

1 Introduction

Observed tropical lower stratospheric temperatures show a
prominent annual cycle (Reed and Vlcek, 1969), rather than
a semiannual cycle as might have been expected from the an-
nual progression of the latitude of maximum solar zenith an-
gle or indeed of the latitude of the Intertropical Convergence
Zone. Furthermore the annual cycle is out of phase with the
annual variation in sun-earth distance. (Temperatures max-
imise during boreal summer, whereas distance minimizes in
boreal winter). A number of hypotheses have been proposed
to explain this surprising observation (for a summary see
e.g.Yulaeva et al., 1994andFueglistaler et al., 2009b).

In an elegant and influential paper Yulaeva et al. (1994)
(henceforth YHW94) analysed temperatures from the MSU-
4 channel, which is sensitive to lower stratospheric tempera-
tures. They observed that the tropics, and the combined ex-
tratropics, each have an annual cycle with amplitude∼2 K.
These two cycles are almost perfectly out of phase and there
is almost perfect compensation between them, so that the
global mean annual cycle has an amplitude only of∼0.2 K,
i.e. one order of magnitude smaller. YHW94 noted that, at
least under the simplest possible approximation (discussed in
detail below) the dynamical heating term in the zonal mean
thermodynamic equation must vanish in the (area-weighted)
global mean. They went on to suggest that the “compen-
sated” part of the annual temperature variations, which in
the MSU-4 data appeared as the dominant part, was driven
by the annual cycle in dynamical heating, or more specifi-
cally by the annual cycle in the lower stratospheric Brewer-
Dobson circulation. YHW94 suggested that the latter varia-
tion was driven by seasonal differences in extratropical plan-
etary wave driving, which tends to be largest in the winter
and spring seasons in each hemisphere, but relatively larger
in Northern Hemisphere than in the Southern Hemisphere,
implying an annual cycle in the total wave driving. There re-
mains an ongoing debate on which waves are most important
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for the annual cycle in wave driving (e.g.Norton, 2006; Ran-
del et al., 2008) but the annual cycle in the Brewer-Dobson
circulation is well-established.

Further, YHW94 deduced that any annual cycle in the
global average temperature on a given horizontal surface
must be due to changes in radiative equilbrium temperature
or radiative relaxation rate. They suggested that the (small)
annual cycle in global average MSU-4 temperatures might be
caused by the radiative effect of the seasonal cycle of ozone
in the tropical lower stratosphere. To support this argument
they showed the observations of seasonal variations in total
ozone that were available at the time (implicitly assuming
that these were a useful indication of seasonal variations of
ozone in the lower stratosphere).

Here, we revisit the analysis of YHW94, and show that the
high degree of compensation between tropical and extratrop-
ical temperature variations in MSU-4 temperatures is fortu-
itous. We discuss in detail how the latitudinal structure of
the thermal stratification, dynamical variability and variabil-
ity in the radiative budget affects the relation between trop-
ical and combined extratropical temperatures. Implications
for the interpretation of trends in stratospheric temperatures
and dynamics are discussed.

2 Data and method

We use temperature data from the new interim reanalysis
(ERA-Interim, seeSimmons et al., 2006; Fueglistaler et al.,
2009a) of the European Centre for Medium-range Weather
Forecasts (ECMWF). The data are interpolated from the
original model resolution (T256, 60 levels) to a regular 1◦/1◦

(longitude/latitude) grid on pressure levels. All data are aver-
aged to zonal average, monthly mean fields. Results shown
here based on ERA-Interim are nearly identical to those ob-
tained when using the widely known ERA-40 reanalysis (not
shown).

The climatological mean annual cycle is determined from
data over the period 1994–2006. Over this period ERA-
Interim lower stratospheric temperatures are stable (seeLiu
et al., 2010; the introduction of Constellation Observing Sys-
tem for Meteorology, Ionosphere and Climate (COSMIC)
temperature data at the end of 2006 led to a drift particularly
around 100 hPa), and are not affected by the enhanced strato-
spheric aerosol loading following the eruption of Pinatubo in
1991. Interannual variability (i.e. time variation after sub-
traction of the climatological mean annual cycle) are shown
for the full period of currently available data from ERA-
Interim (1989–2009).

In order to compare results with those of YHW94, we use
the MSU-4 weighting function provided by Remote Sens-
ing Systems (RSS,http://www.remss.com/) to produce sim-
ulated MSU-4 data from ERA-Interim, following the proce-
dure described byFu and Johanson(2005).

Following YHW94, we discuss the temperature variability
in terms of global mean, tropical mean, and combined extra-
tropical mean. These averages are calculated from the area
weighted temperatures. For the combined extratropics
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In particular, note that the “turnaround” latitude of the circu-
lation (i.e. where diabatic ascent turns to diabatic descent)
is not exactly at 30◦ latitude. Rather, its position varies
with season and is generally slightly further polewards (see
e.g.Rosenlof et al., 1995; Fueglistaler et al., 2009a).

Throughout this paper we work with zonal mean quanti-
ties, and for simplicity we omit the frequently used overbar
to denote zonal means. Similarly, we do not use a specific
symbol (e.g. asterisk) for deviations from time-means. In
cases where this may lead to confusion we explicitly explain
the meaning of symbols.

The impact of ozone variations on the radiative equilib-
rium temperature is calculated with two 2-broadband radia-
tive transfer codes, namely the Edwards-Slingo scheme as
used in the UK Met Office Unified Model (Edwards and
Slingo, 1996) and an updated version of the Fu-Liou code
(Fu and Liou, 1992). Results using the two codes are very
similar, and we show here only those using the Edwards-
Slingo code. We estimate the change in radiative equilibrium
temperature from the temperature change in the so-called
“Seasonally Evolving Fixed Dynamical Heating” (SEFDH)
approximation (Forster et al., 1997). The SEFDH approx-
imation assumes that any dynamical heating present does
not change when tracer concentrations are changed. At each
level above 200 hPa a climatological dynamical heating term
is calculated for each day of the year as equal and oppo-
site to the radiative heating on that day plus any tempera-
ture tendency from the annual cycle. This is then “fixed”
when trace gases are perturbed, and the combination of this
fixed dynamical heating and the new radiative heating rates
gives an altered annual cycle. The trace gas perturbation here
is the annual cycle in stratospheric ozone concentrations,
which we have calculated from the climatological mean (pe-
riod years 1994–2000) annual cycle of zonal mean strato-
spheric ozone measured by Halogen Occultation Experiment
(HALOE, Russell et al., 1993).
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3 The seasonality of temperatures and the role of the
MSU-4 weighting function

Figure1 shows the mean and annual cycle (anomaly) of the
simulated MSU-4 temperature. The area-weighted anoma-
lies shown in Fig.1b recover the pattern observed by
YHW94 almost perfectly (compare with Fig. 4 of YHW94).
Fig. 1c shows the annual cycle of global mean, tropical and
extratropical mean simulated MSU-4 temperatures. Again,
the results are similar to those presented by YHW94: tropical
and extratropical temperature variations have an amplitude
of about 2 K, whereas the global mean has an amplitude of
about 0.2 K only. The exact timing of the peaks in particular
of the global mean temperature anomaly is slightly different
than in the data shown by YHW94, but this small difference
in phase may not be surprising given that the global mean
is the difference of two large terms. Overall, the simulated
MSU-4 temperature reconstructs faithfully the MSU-4 ob-
servations presented by YHW94, which allows us to study
the problem with ERA-Interim temperature data and thereby
take advantage of the much higher vertical resolution than
MSU-4 measurements.

Figure2 shows the same information as Fig.1, except that
it is for one pressure level at 67 hPa in the lower stratosphere.
Comparison between the two figures shows that the annual
mean, and the pattern of the annual cycle are similar. Also,
the annual cycle of the combined extratropics (Figs.1c, 2c,
blue) is quite similar, whereas that of the tropics is about a
factor 2 larger at 67 hPa. Consequently, the global mean tem-
perature shows an annual cycle of amplitude 1 K. In contrast
to the situation with MSU-4 temperatures, the amplitude of
global mean temperature variation is of the same order of
magnitude as that in the tropics, or combined extratropics.

Figure3 shows the vertical structure of the seasonality of
area-averaged temperatures, which reveals why the MSU-4
temperature data show a very high degree of compensation
between tropics and extratropics, whereas individual pres-
sure levels do not show the same behaviour. In the extrat-
ropics, the annual cycle of temperatures is roughly in-phase
throughout the depth of the MSU-4 weighting function. In
contrast, the tropical temperatures show very little seasonal-
ity below about 100 hPa. Moreover, above 20 hPa a semi-
annual pattern prevails. Hence, the MSU-4 instrument in-
tegrates over layers with coherent phase in the extratrop-
ics, while the integration in the tropics gives a strong atten-
uation of the annual cycle signal that dominates the layer
100–50 hPa. By coincidence, the MSU-4 weighting yields
a near perfect compensation between tropics and combined
extratropics.

4 Implications

In the following we discuss the governing equations in
more detail than YHW94. We show under what conditions
compensation between tropical and extratropical tempera-

(a) Simulated MSU-4 temperatures
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Fig. 1. Climatological mean annual cycle of simulated MSU-4 temperatures. (a) Latitudinal structure of annual

mean temperature. (b) Latitudinal structure of cosine(latitude)-weighted temperature anomalies (contour incre-

ments 1K, color coding increments 0.5K). (c) Area weighted anomalies for combined extratropics < T >ext

(90S-30S, 30N-90N, blue), tropics < T >tro (30S-30N, red), and global < T >glo (90S-90N, black).

15

Fig. 1. Climatological mean annual cycle of simulated MSU-4 tem-
peratures. (a) Latitudinal structure of annual mean temperature.
(b) Latitudinal structure of cosine(latitude)-weighted temperature
anomalies (contour increments 1 K, color coding increments 0.5 K).
(c) Area weighted anomalies for combined extratropics< T >ext
(90◦ S–30◦ S, 30◦ N–90◦ N, blue), tropics< T >tro (30◦ S–30◦ N,
red), and global< T >glo (90◦ S–90◦ N, black).

tures occurs and clarify which terms can induce departures
from compensation. We arrive at different conclusions to
YHW94 concerning the importance of terms affecting tem-
perature variations, but we concur with YHW94 on an im-
portant role of the residual circulation in inducing temper-
ature contrasts, and in annual variations of those contrasts,
between tropics and extratropics.

4.1 The relation between diabatic mass flux and
temperature

In the quasi-geostrophic, transformed Eulerian mean set of
equations, the thermodynamic energy equation may be writ-
ten as (see Andrews et al. (1987), Eq. 7.2.1b):

Q = (N2H/R) ·w∗
+

∂T

∂t
(3)
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(a) 67 hPa
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Fig. 2. Climatological mean annual cycle of ERA-Interim temperatures at 67 hPa. (a) Latitudinal structure of

annual mean temperature. (b) Latitudinal structure of cosine(latitude)-weighted temperature anomalies (con-

tour increments 1K, color coding increments 0.5K). (c) Area weighted anomalies for combined extratropics

< T >ext (90S-30S, 30N-90N, blue), tropics < T >tro (30S-30N, red), and global < T >glo (90S-90N,

black).
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Fig. 2. Climatological mean annual cycle of ERA-Interim temper-
atures at 67 hPa.(a) Latitudinal structure of annual mean temper-
ature. (b) Latitudinal structure of cosine(latitude)-weighted tem-
perature anomalies (contour increments 1 K, color coding incre-
ments 0.5 K).(c) Area weighted anomalies for combined extratrop-
ics < T >ext (90◦ S–30◦ S, 30◦ N–90◦ N, blue), tropics< T >tro
(30◦ S–30◦ N, red), and global< T >glo (90◦ S–90◦ N, black).

whereQ is the zonal mean diabatic temperature tendency (in
the notation of Andrews et al, this term isJ/cp), N is the
buoyancy frequency,H the scale height,R the gas constant
for air, andw∗ is the diabatic zonal mean residual vertical ve-
locity (for definition, see Eq.( 7.2.3) of Andrews et al., 1987).
Note that we have dropped the overbar commonly used for
zonal mean quantities (e.g.w∗) in order to comply with our
previously defined conventions.

Assuming that the diabatic heating term can be approxi-
mated by Newtonian cooling (where the diabatic heating is
linearly proportional (with factorkrad) to the difference be-
tween temperature and a “radiative equilibrium” temperature
TE), one gets

krad(TE−T ) = (N2H/R) ·w∗
+

∂T

∂t
(4)
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Fig. 3. Vertical structure of the area-weighted mean annual cycle of
temperatures based on ERA-Interim:(a) global, (b) combined ex-
tratropics,(c) tropics. Contour and color increment is 0.5 K. To the
right of each panel is the MSU-4 weighting function (per kilometer)
shown.

which is Eq. (1) of YHW94 (note that for the radiative equi-
librium temperature, we follow the notation of Andrews et
al. (1987), whereas YHW94 use the symbolT0). One inter-
pretation of this equation is that changes inT can be forced
either by changes inw∗ or by changes inTE. This interpreta-
tion needs care, since Eq. (4) is actually one of a coupled set
of dynamical equations for zonal mean quantities in which
variations inTE and mechanical forcing, e.g. a wave-induced
force, are most sensibly regarded as forcings on the dynam-
ical variables, which includeT andw∗ (e.g.Haynes et al.,
1991and references therein). In this sensew∗ in Eq. (4) is
forced (non-locally) by variations inTE and by mechanical
forcing, but the balance expressed by Eq. (4) does not al-
low prediction ofw∗, and how it may change in response to
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variation inTE. Also, a given change inTE does not neces-
sarily imply the same change inT since part of the response
may appear as a meridional circulation. Detailed calcula-
tion of the temperature change requires a zonally symmetric
dynamical calculation of the type reported byHaynes et al.
(1991).

Let us now consider the global average of Eq. (4), and fur-
thermore follow YHW94 in assuming thatkrad= const. and
N2 = const. (These assumptions will be discussed further be-
low).

〈
TE
〉
glo−

〈
T
〉
glo =

N2H

kradR
·
〈
w∗
〉
glo+1/krad

〈∂T

∂t

〉
glo (5)

→
〈
TE
〉
glo−

〈
T
〉
glo = 1/krad

〈∂T

∂t

〉
glo (6)

where we have used that mass conservation demands
that the global integral of the residual circulation is zero
(i.e.

〈
w∗
〉
glo ≡ 0). In the absence of a process forcing vari-

ations in global mean radiative equilibrium temperatures
(i.e.

〈
TE
〉
glo = const.), global mean temperatures evolve in

time as
〈
T
〉
glo(t) =

〈
TE
〉
glo + Ae−kradt , i.e. the global mean

temperature converges towards the global mean radiative
equilibrium temperature (forA 6= 0 the system is initially out
of thermodynamic equilibrium). It follows from the above
assumptions and considerations that:

i There can be an annual cycle in global mean temper-
ature only if there is an annual cycle in global mean
radiative equilibrium temperature. Note an annual cy-
cle in local radiative equilibrium temperatures may not
imply necessarily an annual cycle in the global mean.
For example, radiative equilibrium temperatures could
have a large amplitude annual cycle at high latitudes,
but if these compensate between the two hemispheres
there will be no annual cycle in the global mean.

ii Conversely, ifTE is constant in time then an annual cy-
cle in w∗ cannot give an annual cycle in global mean
temperature, i.e. the resulting annual cycle in tempera-
ture will compensate perfectly between tropics and ex-
tratropics. But note that perfect compensation will also
occur between the two parts of any latitudinal partition
of the entire globe when weighted by their respective
areas.

Note that YHW94 make the hypothesis that the compensated
part (i.e. that part of the variability that averages to zero when
averaged globally) of the annual cycle inT is driven byw∗

only in the sense of Eq. (4). But this is a hypothesis only –
it cannot be deduced logically that there is no driving of the
compensated part of temperature variations by variations in
TE (in particular by the compensated part ofTE).

The situation gets considerably more complicated if we al-
low krad and/orN2 to vary. In particular, in this case global

mean temperatures may vary in time even if
〈
TE
〉
glo = 0.

For example, a latitudinal structure in thermal stratification
(N2

= f (φ)) leads to an imbalance in equation5 because
in general

〈
N2(φ) ·w∗(φ)

〉
glo 6= 0. Hence, interpretation of

global mean temperatures, and relations between tempera-
tures of selected latitude bands is in principle not straightfor-
ward.

In the previous section we have shown that in fact global
mean temperatures on lower stratospheric pressure levels are
not constant in time, which challenges the results of YHW94.
In the following, we try to quantify how variations in radia-
tive equilibrium temperatures, and the latitudinal structure of
N2, modify the conclusion of YHW94.

4.2 The latitudinal structure of thermal stratification

Figure4a shows the latitude-height distribution ofN2 cal-
culated from the climatological mean, zonal mean ERA-
Interim temperature distribution. Of particular importance
here is that, in addition to the obvious vertical variations,
there is a substantial variation with latitude on each level in
the layer of interest. Fig.4b shows that at 67 hPa,N2 in the
extratropics is throughout the year about 25–45% less than
in the inner tropics.

The implication is that the part of the annual cycle in tem-
perature forced by the residual circulation (in the sense of
Eq.4) would give larger amplitude temperature anomalies in
the tropics than in the extratropics and the global mean of
this part would not vanish.

4.3 Ozone variations

Figure5a shows the ozone concentration variations at 70 hPa
based on HALOE measurements. Fig.5b shows the corre-
sponding temperature change under the seasonally evolving
fixed dynamical heating approximation. Results using a dif-
ferent radiative transfer code (Fu-Liou code) are very similar
(not shown).

Under the Newtonian cooling approximation, the tempera-
ture adjustment required for fixed dynamical heating is iden-
tical to the change in radiative equilibrium temperature (dis-
cussion below). Comparison of Fig.5 with Fig. 2 shows that
the calculated change in radiative equilibrium temperature
due to the annual cycle in ozone is, in relation to the observed
temperature variation, small in the extratropics whereas the
ratio is about 1/3 in the tropics. Hence, the calculations sug-
gest that ozone related variations inTE strongly amplify the
tropical temperature variations (which is consistent with the
results ofChae and Sherwood(2007) who studied the prob-
lem using a radiative-convective model with imposed strato-
spheric upwelling), and consequently cause an imbalance be-
tween tropics and combined extratropics.

As pointed out before, some care is needed for the in-
terpretation of the seasonal variation inTE and its relation
to the seasonal variations in observed temperature. From a
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diagnostic point of view, where the atmospheric temperature
T and residual circulationw∗ are given, Eq. (4) yields an an-
nual cycle in diabatic heatingQ that is in agreement with that
of the “real”Q only if the annual cycle inTE is taken into ac-
count. For a time-constantTE, Eq. (4) would yield variations
in Q that are larger than those of the “real”Q and in gen-
eral

〈
w∗
〉
glo 6= 0 (i.e. yields a violation of mass conservation).

As such, the temperature change calculated with the SEFDH
calculation can be interpreted as the contribution of ozone
variations to the annual cycle of observed temperatures for a
givenw∗. For a given mechanical forcing, however, a change
in radiative equilibrium temperature yields a temperature re-
sponse that is generally smaller, since - expressed in terms of
Eq. (4) – part of the change inTE will be compensated by the
dynamical heating term. For the case analysed here, where
the change inTE is relatively broad in latitude, it is likely that
the resulting change in temperature is a substantial fraction
of the change inTE.
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Fig. 5. (a)The climatological mean annual cycle of ozone concen-
trations from HALOE (anomalies from annual mean, in percent).
(b) The corresponding temperature adjustment under the seasonally
evolving fixed dynamical heating assumption; area-weighting for
comparison with Figs.1b, 2b.

4.4 Model with adjustments for ozone-induced varia-
tions in equilibrium temperature and the latitudinal
structure of N2

In order to quantify the effect of ozone andN2 on the bal-
ance between tropical and combined extratropical tempera-
tures we introduce an adjusted temperature as follows (see
Eq.4):

Tadj(φ,t) ≡
(
T (φ,t)−1Tozone(φ,t)

)N2(φ = 0,t)

N2(φ,t)
(7)

where1Tozone is the temperature difference calculated with
the SEFDH calculation (as shown in Fig.5b), and the sec-
ond term is the (time dependent) correction for the latitudinal
structure ofN2 (as shown in Fig.4). The adjusted tempera-
tures for the effects individually are

Tadj,O3(φ,t) ≡ T (φ,t)−1Tozone(φ,t) (8)
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20

Fig. 6. (a) The annual cycle of area-weighted temperatures at
67 hPa in ERA-Interim (color coded contours, values outside color-
bar in white).(b) Ditto for the temperature adjusted by the change
in equilibrium temperature in response to ozone variations (Eq.8).
(c) Ditto for the temperature adjusted by the change in equilibrium
temperature in response to ozone variations, and latitudinal struc-
ture in N2 (Eq. 7). (d) The annual cycles of area-integrated tem-
peratures (black: global, red: tropics, blue: combined extratropics).
The solid lines are for the observed (ERA-Interim) temperatures
as shown in(a), the dotted lines for the ozone-related adjustment
(Eq. 8, corresponding to panel(b)), the dashed lines for theN2-
adjusted temperature (Eq.9), and the bold dash-dotted lines for the
temperature adjusted for both ozone andN2 (Eq.7, corresponding
to panel(c)).

Tadj,N2(φ,t)≡ T (φ,t)
N2(φ = 0,t)

N2(φ,t)
. (9)

Figure 6a shows the observed temperatures, panel (b) the
temperatures adjusted with1Tozone(i.e. subtracting the data
shown in Fig.5b from Fig.6a), and panel (c) the fully scaled

temperatures as given by Eq. (7). Note the amplification at
high latitudes is due to calibration againstN2 at the equator
in Eqs. (7 and9).

Figure6d shows the global, tropical and combined extra-
tropical annual cycle of the adjusted temperatures. The fig-
ure shows that in terms of amplitude the effect from ozone
is slightly larger than that from the latitudinal structure of
N2, and that the effects from ozone andN2 on the adjusted
temperatures are phase shifted by about 2 months. Com-
pared to observed temperatures, the temperatures adjusted
for N2 andTE (Eq. 7) show substantially better compensa-
tion between tropics and extratropics except for November–
December. This result suggests that the two selected aspects
– the seasonality in ozone mixing ratios and the latitudinal
structure inN2 – contribute substantially to the annual cycle
in observed lower stratospheric temperatures.

The remaining slight imbalance between tropics and com-
bined extratropics of the adjusted temperatures may have
several reasons. First, the radiative transfer calculations may
be not exact replications of the effect in reality, not least also
because the ozone fields used for the calculations may not be
exact. Second, other radiative effects, in particular the annual
cycle in lower stratospheric water vapour mixing ratios, have
not been included in our analysis. Radiative transfer calcu-
lations (not shown in this paper) using the fixed dynamical
heating assumption (i.e. calculations similar to those shown
for ozone) show that the temperature adjustment for the an-
nual cycle in water vapour around 70 hPa is about an order
of magnitude smaller than that for ozone. Hence, we empha-
size in this paper the role of ozone, but note that the much
smaller inbalance between tropics and combined extratrop-
ics remaining after taking into account the effect of ozone
and the latitudinal structure of static stability may be also due
to the radiative impact of the annual cycle of water vapour
mixing ratios. Finally, the Newtonian cooling approximation
with a constant radiative relaxation time scale that is inde-
pendent of variations in equilibrium temperature may not be
adequate to describe the system (see also the calculations by
Hitchcock et al., 2010). It is straightforward to show that
krad is a function ofTE, which also has implications for the
estimation of1Tozone(i.e. the equivalence to temperature ad-
justment under the fixed dynamical heating assumption is no
longer given).

Although we find that the amplitudes of effects are quite
robust, even small errors from any of these sources of er-
ror can slightly distort the phasing of the cycles, which
quickly give a noticable error with respect to global com-
pensation. Assessment of the validity of the adjusted tem-
perature (Eq.7) version of Eq. (4) may be more rewarding
with data from a coupled chemistry-climate model, where
the data (ozone variations and resulting temperature changes
from radiative transfer model) are fully self-consistent.

The robust result of our analysis, however, is that around
70 hPa the variations in radiative equilibrium temperatures as
a result of ozone variations make a significant contribution
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to actual temperature variations in the tropics. Further, these
variations in radiative equilibrium temperatures and the lat-
itudinal structure ofN2 each give a temperature difference
between tropics versus combined extratropics of about 1 K
(equivalent to a variation in the global mean of 1/2 K). Added
together, these two aspects can account for much of the
observed amplitude in global mean temperatures (which is
about 1 K). An important and subtle aspect of this result is
that the ozone variations, in turn, are also a consequence of
the dynamical processes controlling the residual circulation.
Ozone concentrations in the tropical lower stratosphere can
be understood to leading order from a balance between up-
welling and production (Avallone and Prather, 1996). About
half of the amplitude of seasonal variations of ozone concen-
trations on pressure levels arises from the seasonal cycle of
the pressure of isentropic levels (a direct consequence ofw∗

on T in Eq. 4). The remainder has been attributed to sea-
sonal variations in upwelling and in-mixing from the extrat-
ropics (seeRandel et al., 2007; Konopka et al., 2009) which
are both processes related to the seasonal variability of the
Brewer-Dobson circulation, and possibly an influence from
deep convection (Folkins et al., 2006). As such the ozone
variation acts as an inherent amplifier of temperature varia-
tions, though in the absence of a precise physical model of
this amplification it remains an open question whether the
amplification factor is a function of timescale (and therefore
different for annual and interannual variations).

5 Interannual variability and trends

Understanding the annual cycle from a mechanistic point of
view (in terms of interaction of dynamics, tracers and radi-
ation) is essential for the prediction of changes in the upper
troposphere/lower stratosphere in a changing climate, and in
turn would allow for consistency checks of measured temper-
ature timeseries. It has already been noted by YHW94 that
interannual variability of lower stratospheric temperatures as
measured by MSU-4 has the same compensated pattern as
the mean annual cycle. This has been further exploited more
recently byFu et al.(2010) andUeyama and Wallace(2010)
with MSU-4 temperature data. Given the vertical averaging
of the MSU data over atmospheric layers whose temperatures
may be controlled by different processes, we explore here the
see-saw pattern of temperature variations on a fixed pressure
level in the lower stratosphere.

Figure 7 shows the relation between seasonal and inter-
annual timescale of tropical-extratropical temperatures on
67 hPa from ERA-Interim. Fig.7a shows that, as discussed
before, the slope for extratropical temperature as function
of tropical temperature of the annual cycle at 67 hPa is only
about−1/2, and not−1. Further, the figure shows that the
path of the mean annual cycle follows an ellipsoid rather than
a straight line.
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Fig. 7. Temperature correlations tropics-extratropics based on
ERA-Interim data at 67 hPa.(a) Climatological mean annual cycle
(data from 1995–2009).(b) Interannual anomalies after subtrac-
tion of mean annual cycle. Red asterisks show data of period of
anomalous stratospheric aerosol loading following the eruption of
Pinatubo. (c) High-pass filtered version of interannual variability
(24-month running mean subtracted from original timeseries). Data
points prior to and following Pinatubo eruption are shown in blue
and red, respectively.(d) The low-pass filtered data, note that 24-
month averaging kernel leads to loss of 24 months of data, and to
smearing out of the Pinatubo-related variations.

Figure7b shows that except for the Pinatubo period, in-
terannual variability follows closely the pattern of seasonal
variability. The close relation between annual cycle and in-
terannual variability becomes even clearer when we apply
a high-pass filter to the (interannual) timeseries. The ratio-
nale for applying a high-pass filter is that variations in the
strength of the stratospheric residual circulation do happen
also on relatively short timescales (weeks to months), while
radiative effects from changes in tracers and aerosol that are
not coupled to the strength of the residual circulation typ-
ically have a longer timescale. For example, substantially
enhanced stratospheric aerosol levels following the Pinatubo
eruption were observed for about 2 years, and radiative ef-
fects from increases in long-lived greenhouse gases lead to a
very slow drift in temperatures.
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Figure 7c shows the high-pass filtered interannual vari-
ability, where the applied filter subtracts the (running) mean
over 24 months (shown in Fig.7d) from the original time-
series. The figure shows that the outliers seen in panel (a)
arise from a decorrelation on longer timescales. For this
timeseries, the outliers are the consequence of the latitudi-
nal variation in the change of radiative equilibrium tempera-
ture from the Pinatubo aerosol. Conversely, the known drift
in ERA-Interim temperatures with the introduction of COS-
MIC data in 2006 (seeLiu et al., 2010) does not have an
obvious impact on the signal, presumably because the tem-
perature drift was similar at all latitudes.

Figure8a shows the profiles of the slope between extrat-
ropical and tropical temperature variations (determined from
total least squares linear fit) of the mean annual cycle deter-
mined for the period 1994–2009 (values connected with solid
line). In order to obtain an uncertainty estimate for the slopes
of the mean annual cycle and interannual variability, we used
a bootstrapping approach whereby we calculated 100 random
sample realisations for data of the period 1994–2009, and
calculated the slope of the mean annual cycle of that sam-
ple, and, for each representation of the mean annual cycle,
the corresponding slope of the interannual variability. The
means (triangles) and±2 standard deviations (“error bars”)
of that distribution are also shown. For the calculation of the
high-pass filtered interannual variability we used 3 different
filters, each with a 24-month width: rectangle (i.e. running
mean), triangle and Nuttall. These 3 filter types have rather
different characteristics; the fact that the determined slopes
are virtually independent of the filter type illustrates the ro-
bustness of the results. Fig.8b shows the correlation coeffi-
cients for the high-pass filtered (for each filter) data based on
the annual cycle of the period 1994–2009.

Figures7 and 8 show that low-pass filtering of interan-
nual variability yields a compact relation between tropics and
combined extratropics, and that the slopes of the variability
on seasonal and interannual timescale are very similar around
70 hPa. This supports the notion that (but is not proof of)
in this layer the annual cycle and interannual variability are
driven by the same mechanism. It remains to be shown in
future work whether the small differences in the slope in the
layer 90–50 hPa can be interpreted in a geophysically mean-
ingful sense (for example, due to sensitivity of the ozone re-
sponse to the timescale of the dynamical forcing).

Figure 9 shows that the see-saw pattern is also ob-
served with annual mean temperature data. The figure com-
pares data from ERA-Interim, ERA-40 and the so-called
“RATPAC-A” data (seeFree et al., 2005). As the data are an-
nual means, the high-pass filtering in this case is done by sub-
traction of the 3-year running mean of the original timeseries.
Probably the most interesting aspect of the figure is how dra-
matically the slope of the correlation changes with the iso-
lation of the higher frequency variability. In the unfiltered
data, the correlations between tropics and extratropics are
positive due to, presumably, trends in greenhouse gas con-
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Fig. 8. Temperature correlations tropics-extratropics based on
ERA-Interim data at 67 hPa.(a) Slope of linear fits (fitted in tropi-
cal and combined extratropical temperatures) to the annual (black)
and high-pass filtered interannual variability. The colors refer to the
filter used for band-pass filtering, filter types as indicated in panel
(b). Dashed lines indicate slopes of−1/2 and−1. Error bars and
means calculated based on slope distribution calculated from boot-
strapping the sample for the mean annual cycle; solid line connects
slopes obtained with the original sample.(b) The correlation coeffi-
cient of the interannual variability for the period 1994-2007, based
on the annual cycle of the period 1994–2009. All filters (rectangle,
triangle and Nuttall) use a width of 2 years (24 samples); conse-
quently the correlations are calculated for the period 1995–2008.

centrations and polar ozone depletion (i.e. both tropics and
extratropics have a cooling trend due to a cooling trend in ra-
diative equilibrium temperatures at all latitudes). Conversely,
the high-pass filter isolates the signal from variations in the
stratospheric residual circulation, where the tropics and ex-
tratropics have a negative correlation with a slope near−1/2.
The two longer timeseries (ERA-40:−0.39; and RATPAC-
A: −0.36) have slopes that are close to that of the monthly
mean ERA-Interim data (see Fig.7e), while that of the an-
nual mean ERA-Interim data (−0.65) is steeper. For the pe-
riod 1995–2008, the slope of the RATPAC-A data (−0.81)
is even steeper than that of ERA-Interim for the same period
(−0.68). This shows that there is quite some uncertainty in
the exact value of the slope, as it may vary both with pe-
riod considered and with the frequency range of the high-
pass filter.
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Fig. 9. Temperature correlations tropics-extratropics for annual
means as reported (left column) and after high-pass filtering (right
column, 3-year running mean subtracted from original timeseries).
(a) ERA-Interim data at 67 hPa, 1989–2009.(b) Ditto, hi-pass fil-
tered. (c) ERA-40 data at 70 hPa, 1959–2001.(d) Ditto, hi-pass
filtered. (e) RATPAC-A data at 70 hPa, 1958–2009.(f) Ditto, hi-
pass filtered. Slopes in panels(b, d, f) refer to data periods as in-
dicated in plot titles. For ERA-Interim and RATPAC-A the slopes
have been calculated also for the common period 1995–2008 (see
bracketed text in panels(b/f)).

Construction of a proxy for variations in the strato-
spheric residual circulation (which may include the effect
of dynamical-radiative feedbacks from changes in tropical
lower stratospheric ozone) from the variations in tropical and
extratropical temperatures is straightforward (for example,
one can take the scalar product of the vector of the observed
mean correlation with the timeseries of the correlation), but
beyond the scope of this paper.

6 Conclusions

We have shown that the observed compensation between an-
nual temperature variation in the tropics and in the com-
bined extratropics in MSU-4 results from particular proper-
ties of the MSU-4 weighting function and does not apply to
temperatures on individual pressure surfaces. We have also
shown that variations in radiative equilibrium temperature
induced by changes in ozone contribute significantly to the
observed annual cycle in temperature in the tropical lower

stratosphere. The resulting description of the annual cycle in
temperature is therefore more complex than that proposed by
YHW94, who noted that the major part of the annual cycle
in MSU-4 temperatures is compensated and therefore can po-
tentially (but not necessarily) be described only by the effect
of the dynamically forced residual circulation without any
need for a contribution from radiative equilibrium tempera-
tures. In our description there is a much more important role
for the variation in radiative equilibrium induced by ozone
variations. These ozone variations are dynamically induced
and therefore the effect on temperatures should be regarded
as an enhancement of dynamical effects, not as something in-
dependent from dynamical effects. Representation of ozone
variations and their effects on temperature, and the latitudi-
nal variation of stratification should be included in simplified
models of the lower stratosphere.

Finally, we have shown that around 70 hPa, the slopes of
the correlation between tropical and combined extratropical
temperatures of the mean annual cycle and interannual vari-
ability on shorter timescales (up to a few years) are similar.
Hence, the annual cycle, including the amplification of tem-
perature variations from the dynamical-chemical-radiative
interaction, may serve as a model for interannual variability
and trends in lower stratospheric temperatures.
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