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ABSTRACT

Previous studies have shown that lower-stratosphere temperatures display a near-perfect cancellation

between tropical and extratropical latitudes on both annual and interannual time scales. The out-of-phase

relationship between tropical and high-latitude lower-stratospheric temperatures is a consequence of vari-

ability in the strength of the Brewer–Dobson circulation (BDC). In this study, the signal of the BDC in

stratospheric temperature variability is examined throughout the depth of the stratosphere using data from

the Stratospheric Sounding Unit (SSU).

While the BDC has a seemingly modest signal in the annual cycle in zonal-mean temperatures in the

mid- and upper stratosphere, it has a pronounced signal in the month-to-month and interannual vari-

ability. Tropical and extratropical temperatures are significantly negatively correlated in all SSU channels

on interannual time scales, suggesting that variations in wave driving are a major factor controlling global-

scale temperature variability not only in the lower stratosphere (as shown in previous studies), but also in the

mid- and upper stratosphere. The out-of-phase relationship between tropical and high latitudes peaks at all

levels during the cold-season months: December–March in the Northern Hemisphere and July–October in

the Southern Hemisphere. In the upper stratosphere, the out-of-phase relationship with high-latitude tem-

peratures extends beyond the tropics and well into the extratropics of the opposite hemisphere.

The seasonal cycle in stratospheric temperatures follows the annual march of insolation at all levels and lat-

itudes except in the mid- to upper tropical stratosphere, where it is dominated by the semiannual oscillation. Mid-

to upper-stratospheric temperatures also exhibit a distinct but small semiannual cycle at extratropical latitudes.
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1. Introduction

It has long been known that dynamical processes can

drive stratospheric temperatures away from their radiative

equilibrium value (e.g., Murgatroyd and Goody 1958).

A particularly striking example is that the observed

upper-stratosphere wintertime polar temperatures can

exceed their estimated radiative equilibrium values by

as much as 40 K (Fels 1985) or by more than 100 K

(Shine 1987), depending on the radiation model used to

estimate the equilibrium temperatures. On the global

scale, the dominant dynamical feature that influences

the zonally averaged distribution of temperature in the

stratosphere is the Brewer–Dobson circulation (BDC),

the wave-driven, Lagrangian-mean, meridional mass

circulation linking the tropics to the higher latitudes

(Dunkerton 1978). As reviewed by Birner and Bönisch

(2011), the BDC can be thought of as consisting of a

shallow branch, driven by synoptic and planetary waves

breaking in the lower stratosphere (e.g., Plumb 2002;

Randel et al. 2008), juxtaposed on a deep branch driven

by planetary waves breaking in the mid- and upper

stratosphere (e.g., Holton et al. 1995). The deep branch

consists of one cell with downwelling into the winter

hemisphere, and two cells during the spring and fall sea-

sons (Birner and Bönisch 2011).

Understanding the observed variability of the BDC

throughout the depth of the stratosphere is of interest for

a range of climatic processes. The BDC plays a key role in

determining the global-scale structure of the stratospheric

flow and in stratospheric transport. It is also projected to

accelerate in global chemistry–climate models forced by

increased greenhouse gas concentrations (Butchart et al.

2010), although observational evidence of such strength-

ening is not definitive (see introduction of Ray et al.

2010). Previous studies have examined in detail the sea-

sonal cycle and interannual variability in lower strato-

spheric temperatures and their linkages to dynamical

variability in the BDC using data from the Microwave

Sounding Unit (MSU) channel 4 (MSU-4; Yulaeva et al.

(1994, hereafter YHW94; Ueyama and Wallace 2010).

Here we exploit monthly-mean temperature data from

the Stratospheric Sounding Unit (SSU) to extend such

analyses throughout the depth of the stratosphere. This

allows the use of previously used diagnostics to explore

variations in the deep branch of the BDC.

The general mechanics of the BDC are reviewed by

Holton et al. (1995) and are based on the ‘‘downward

control’’ principle (Haynes et al. 1991). The basic idea is

that wave breaking in the stratosphere exerts an easterly

body force that, in turn, induces a poleward mass flux.

By mass conservation, below the altitude of the forcing

the poleward mass flux is accompanied by upwelling (and

expansional cooling) at low latitudes, and subsidence

(and compressional heating) at high latitudes. In the

long-term mean, the easterly body force is balanced by

the Coriolis torque acting on the poleward mass flux,

and the regions of mean upwelling and downwelling are

limited to the region below the forcing, hence the phrase

downward control. The latitudinal location of the rele-

vant wave breaking that drives the tropical upwelling is

still open to debate (see Fueglistaler et al. 2009; Ueyama

and Wallace 2010).

The conditions for vertical planetary wave propaga-

tion into the stratosphere are most favorable during the

Northern Hemisphere (NH) winter and Southern Hemi-

sphere (SH) spring, when the stratospheric flow is westerly

but not too strong to inhibit wave propagation (Charney

and Drazin 1961). The amplitude of the wave breaking

and thus the BDC are largest in the NH, where planetary

waves are more efficiently forced by the orography and

land–sea temperature contrasts (e.g., Hirota et al. 1983;

Shiotani and Hirota 1985; Holton et al. 1995). The hemi-

spheric imbalance in the strength of the BDC is consistent

with a tropical upward mass flux that is twice as strong in

the NH winter than it is in the SH winter (Rosenlof and

Holton 1993; Rosenlof 1995). It is thus also consistent with

the observed January–February temperature minimum in

the tropical lower stratosphere (Reed and Vlcek 1969;

YHW94), which has important implications for the

annual cycle in the stratospheric entry value of water

vapor (Mote et al. 1996). In the summer hemisphere,

vertical Rossby wave propagation is impeded by east-

erly winds above ;50 hPa, but a shallower and weaker

meridional overturning cell develops in the lower strato-

sphere (Rosenlof 1995). The summertime circulation cell

is more vigorous in the SH, consistent with stronger

gravity wave driving there (Alexander and Rosenlof

1996; Rosenlof 1996).

The relationship between vertical motion due to the

BDC and stratospheric temperature can be interpreted

through a linearized version of the transformed Eulerian

mean (TEM) thermodynamic energy equation (e.g.,

Andrews et al. 1987):

›T

›t
5 2ar(T 2 Tr) 2 w*S, (1)

where ›T/›t is the local temperature tendency; ar(T2

Tr) denotes the relaxation of the temperature to a radi-

ative equilibrium value Tr, with a time scale of 1/ar; w*/S

denotes the adiabatic cooling (heating) tendency, as-

sociated with upward (downward) residual vertical ve-

locity w* and a static stability parameter S; and the

overbars denote the zonal mean. Equation (1) states

that in the zonal average, the local temperature change
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is approximately balanced by a combination of diabatic

(predominantly radiative in the stratosphere) and adi-

abatic processes (e.g., Garcia 1987).

The first evidence for a robust link between the annual

cycle in tropical lower stratosphere temperature and re-

sidual vertical velocity was provided by YHW94. YHW94

suggested that the annual cycle of the tropical lower-

stratosphere temperatures reflects the seasonal cycle in

the strength of extratropical wave driving. They argued

that the strong degree of compensation between the

annual temperature cycle in the tropical and extratropical

lower stratosphere is due to the BDC. They further noted

that vertical motion has no effect on globally averaged

temperatures (assuming the static stability and radiative

relaxation times are constant at a fixed level) and thus

that diabatic processes dominate the annual cycle in

global-mean stratospheric temperatures. Support for

their interpretation was provided by Rosenlof (1995),

who showed that for the tropical lower stratosphere, the

seasonal cycle of the temperature tendency in Eq. (1) is

dominated by the seasonal cycle in the adiabatic term.

However, Fueglistaler et al. (2011) have recently sug-

gested that the strong degree of compensation between

tropical and extratropical stratospheric temperatures in

the annual cycle of lower-stratospheric temperatures is

an artifact of the MSU-4 weighting function. They argue

that both the static stability and radiative time scales

exhibit latitudinal structure, and thus that the tempera-

ture changes associated with vertical motions in the lower

stratosphere do not necessarily cancel in the global

mean.

The present study examines seasonal and interannual

variability in the BDC as inferred from temperature

measurements from both the MSU and SSU instruments.

The SSU data have been used extensively for examining

trends in stratospheric temperatures (e.g., see Randel

et al. 2009), but less so for examining seasonal and in-

terannual variability in temperatures in a manner com-

plementary to the analyses in YHW94. In addition, key

climatological features of the MSU and SSU data, pre-

viously documented from other sources, are described.

Section 2 describes the MSU and SSU data. Section 3

examines the annual cycle of MSU and SSU tempera-

tures as a function of latitude and height. Section 4

probes interannual variability in tropical and high-latitude

temperatures in the mid- and upper stratosphere. The

main conclusions are presented in section 5.

2. Satellite temperature data

Monthly-mean brightness temperature datasets for

1979–2005 are from the lower-stratospheric retrieval of

the MSU instrument (MSU-TLS), a combination of

channel 4 from MSU and channel 9 from the Advanced

MSU (AMSU), and the mid- and upper-stratospheric

channels for the SSU instrument (SSU-25, -26, and -27).

Note that the AMSU instrument is the only one providing

data beyond 2005. Figure 1 illustrates the weighting

functions for these channels.

The weighting functions of the 3 SSU channels used in

this study, SSU-25, -26, and -27, have peak sensitivities at

approximately 10, 3, and 1.5 hPa [;(30, 38, and 42) km],

respectively. The half-power widths of these channels

are approximately 3–45 hPa (20–38 km), 20–1 hPa

(28–46 km), and 5–0.5 hPa (35–52 km). Thus, SSU-25

samples primarily the midstratosphere while SSU-26

and -27 sample both the mid- and upper stratosphere.

Figure 1 also shows that MSU-TLS senses with at least

half-power sensitivity over the approximate range of 150–

40 hPa (13–22 km). The lower-altitude end of this range

is close to the level of the tropical tropopause, although

the channel is sensing only the stratosphere at higher

latitudes.

The SSU data were provided by the National Oceanic

and Atmospheric Administration (NOAA) Climate

FIG. 1. Weighting functions for the MSU-TLS and SSU-25, -26,

and -27 channels used in this analysis (after Randel et al. 2009). The

dash and dash–dot lines give indicate the approximate position of

the tropical and high-latitude tropopause, respectively.
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Prediction Center (C. Long and R. Lin 2009, personal

communication). They consist of monthly and zonal

means, spanning 708S–708N with a resolution of 108, and

have been used in the most recent stratospheric trend

synthesis study (Randel et al. 2009). The MSU-TLS

data are version 3.2 from the Remote Systems Sensing

retrieval of the MSU/AMSU channels (Mears and

Wentz 2009). The data have a resolution of 2.58 in lat-

itude, spanning 82.58S–82.58N.

The uncertainties inherent in the MSU and SSU in-

struments have been summarized elsewhere (e.g.,

Brindley et al. 1999; Shine et al. 2008; Randel et al. 2009

and references therein) and are primarily relevant for

trend analyses, which are not conducted here.

3. Annual cycle

This section summarizes the seasonal cycle in strato-

spheric temperatures from MSU and SSU data as a func-

tion of latitude and altitude for the tropics, extratropics,

and global mean.

a. Zonal-mean temperatures

1) HORIZONTAL AND VERTICAL STRUCTURE

Figure 2 shows the annual cycle of zonal-mean,

climatological-mean temperatures derived from the

MSU-TLS and SSU-25, -26, and -27 data. The seasonal

cycle is repeated in all panels. At mid- and high latitudes,

the annual cycle is dominated by the south–north march

of maximum insolation during the calendar year. The

amplitude of the annual cycle is largest at polar latitudes,

and in general temperatures increase monotonically

with height, consistent with increasing ozone concen-

trations and the resultant shortwave heating.

Wintertime conditions generally persist longer in the

lower stratosphere than they do in the upper stratosphere

(see also Labitzke 1974), consistent with the downward

propagation of the seasonal breakdown of the strato-

spheric polar vortex (e.g., Hartmann 1976; Hirota et al.

1983; Randel 1988). The September–October reversal in

the latitudinal temperature gradient at 508S in the SSU-

27 data (and somewhat less so in the SSU-26 data) is

consistent with what Hitchman et al. (1989) referred to

as the ‘‘separated stratopause warm anomaly.’’ They noted

that the winter polar stratopause is determined by a local

temperature maximum that descends from the mesosphere

(;60 km) to ;45 km in the months following the sol-

stice. The temperature maximum is itself a consequence

of gravity wave–induced downwelling, which is focused

on the Pole (Leovy 1964) and is stronger and more ro-

bust in the SH (Hitchman et al. 1989; although note that

a relatively weak NH temperature maximum is evident

in the SSU-27 and -26 data during February at ;608N).

Other studies have discussed the gradient reversal as a

signature of strong high-latitude wave activity in the upper

stratosphere during the winter–spring transition (Hirota

et al. 1983; Shiotani and Hirota 1985; Randel 1988).

Figure 2 also reveals hemispheric differences in the

seasonal cycle. The amplitude of the annual cycle is greatest

in the SH at all levels, which experiences colder winter

temperatures and warmer summer temperatures com-

pared to the NH throughout the depth of the strato-

sphere, as noted in the seminal works of Fritz and Soules

(1970) and Barnett (1974). Indeed, for each satellite

channel the coldest temperatures are found over the SH

polar regions during austral winter.

Throughout the stratosphere, the fact that wintertime

temperatures are colder in the SH compared to the NH

can be traced to a mixture of dynamics (e.g., Shiotani

and Hirota 1985; YHW94), the seasonal cycle of solar

irradiance (due to the eccentricity of the earth’s orbit;

e.g., Barnett 1974), and the direct radiative impact of the

cold Antarctic plateau (Francis and Salby 2001). In the

lower stratosphere, warmer NH polar winter tempera-

tures are a consequence of enhanced downwelling re-

lated to in the seasonal cycle in the BDC (YHW94): for

example, high-latitude SH and NH winter temperatures

are around 185 and 204 K, respectively, or 5 and ;25 K

greater than the 70-hPa approximate radiative equi-

librium value of 180 K calculated by Shine (1987, his

Fig. 7b), at 82.58 latitude.

The hemispheric asymmetry in extratropical winter-

time temperatures in the upper SSU channels suggests

that the seasonal cycle in the BDC extends well into the

upper stratosphere, albeit with weaker influence than

in the lower stratosphere. For example, the difference

between the June–August (JJA) average SH high-latitude

(.608S) and December–February (DJF) average NH high-

latitude (.608N) temperatures decreases from ;14 K in

the lower stratosphere (MSU-TLS) to 2.7 K for the upper

stratosphere (SSU-27). The smaller hemispheric differ-

ences in the upper stratosphere may be related to 1) the

smaller hemispheric asymmetries in the BDC in the

upper stratosphere; 2) the shorter radiative relaxation

time scales in the upper stratosphere relative to the lower

stratosphere (e.g., Shine 1987); or 3) the compensating

effects of downwelling from mesospheric gravity wave

breaking, which Garcia and Boville (1994) found is more

important in the SH than it is in the NH. The results in

Fig. 2 differ somewhat from those reported by Kanzawa

(1989), who found that Antarctic winter temperatures

are warmer than the Arctic winter temperatures at the

stratopause at 808 latitude. The discrepancy between Fig.

2 and Kanzawa’s findings is likely due to sampling (the

SSU data do not extend poleward of 708N), or the
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different weighting functions applied to the SSU-27 data

and the Nimbus satellite data used in his study.

The hemispheric asymmetry in the seasonal cycle of

stratospheric temperatures is also observed during the

summer seasons: SH temperatures are ;(3–3.5) K warmer

than NH temperatures during their respective summers.

Model integrations by Siskind et al. (2003) suggest that,

in the lower stratosphere, this asymmetry is driven by

stronger summertime gravity wave forcing in the SH

compared to NH, leading to increased downwelling and

higher temperatures through compressional heating. Or-

bital eccentricity may also play a role down to 20 km

(Siskind et al. 2003).

Tropical temperatures are notably colder in the MSU-

TLS data compared to all SSU levels. In fact, the lower

tropical stratosphere is the coldest region in Fig. 2

FIG. 2. Latitude–month climatological annual cycle of temperature for (bottom to top) the

MSU-TLS and SSU-25, -26, and -27 data. The contour interval is 2 K, with every 10 K high-

lighted by thicker lines. Two complete cycles are shown.
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except for the lower-stratospheric SH high latitudes

during austral winter. The minimum MSU-TLS tropical

temperature is experienced during January–February

and the maximum is experienced during July–August.

These features have been noted previously by Reed

and Vlcek (1969) and YHW94. The subject of the an-

nual cycle in tropical temperatures will be revisited in

sections 3b and 4c. Below we analyze the semiannual

component of the seasonal cycle in the temperature

data.

2) THE SEMIANNUAL OSCILLATION

In the tropics, the annual march of temperatures dif-

fers greatly from the lower stratosphere (MSU-TLS) to

the mid- and upper stratosphere (SSU). Moving from

SSU-25 to -27, it is clear that tropical temperatures be-

come increasingly dominated by the stratospheric tropical

Semiannual Oscillation (SAO). The stratospheric SAO

is characterized by westerly zonal winds at the solstices

and easterly zonal winds at the equinoxes (Hirota 1978;

Garcia et al. 1997). The SAO in temperature follows

from thermal wind balance and a secondary meridional

circulation, with ascent and cooling at the equator in the

easterly phase, and descent and warming in the westerly

phase (Andrews et al. 1987). The amplitude of the SAO

is largest in December–May, which is thought to be a

consequence of hemispheric asymmetries in wave driv-

ing (Delisi and Dunkerton 1988; Garcia et al. 1997). The

key features of the SAO are apparent in the SSU-26 and

-27 data, with peak tropical temperatures in March–April

and October–November, and the March–April peak ex-

ceeding that of the October–November peak by ;1 K for

SSU-26 and 1.5 K for SSU-27. The SAO is less apparent

in the SSU-25 data.

Figure 3 summarizes the characteristics of the SAO in

the temperature data in more detail. The left panels

show as a function of latitude the amplitude of the SAO

(black) and the amplitude normalized by the amplitude

of the annual cycle (at the given latitude, red); the right

panels show as a function of latitude and month the

timing (or phase) of the maximum value of the SAO. The

analyses were performed by fitting annual and semi-

annual cosine/sine harmonics to the data as a function of

latitude.

The amplitude of the tropical SAO is largest at the

levels sampled by SSU-26 and -27, where it peaks at the

equator and decays toward the Pole (see also Randel

et al. 2004). While the absolute amplitude of the SAO is

approximately symmetric about the equator (Fig. 3a,

black lines), the amplitudes relative to the annual cycle

(Fig. 3a, red lines) are skewed to the SH tropics for

SSU-25 and -26, consistent with the analysis of Delisi

and Dunkerton (1988). At the equator, the timing of

the maximum temperature in the SAO occurs later in

the year at lower altitudes. The amplitude of the tropical

SAO in the MSU-TLS data is very small. At levels above

SSU-25, the amplitude of the SAO increases again at

polar latitudes (Fig. 3a, black lines), but has little am-

plitude there relative to the annual cycle (Fig. 3a, red

lines; Fig. 3b, red dots). The amplitude of the SAO at

high latitudes is only around 20%–30% that of the annual

cycle, compared to 250%–350% for the tropical SAO at

the SSU altitudes (red lines in the left panels; see also

van Loon et al. 1972). Note that the depth of the weighting

functions means that each individual satellite channel is

sensing different phases and amplitudes of the SAO,

giving a coarser picture than that provided by rock-

etsondes (e.g., Hirota 1978).

Explanations for the high-latitude SAO include 1) the

superposition of the annual cycle and episodic wave-

driven variability in the extratropical vortex (Hirota

1980; Hirota et al. 1983; Gao et al. 1987; Randel 1988); 2)

a semiannual component to the ozone seasonal cycle

(Perliski and London 1989; Perliski et al. 1989); and 3)

the descending separated stratopause warm anomaly

(Hitchman et al. 1989). The existence of an SAO in the

MSU-TLS data at SH high latitudes is consistent with

the onset of ozone depletion and attendant decrease in

temperatures during spring (e.g., Solomon 1999), which

give rise to a second harmonic in temperatures (note the

SAO at 908S peaks around January and thus has a min-

imum around October).

b. Global-, tropical-, and extratropical-mean
temperatures

The analysis below considers the annual cycles aver-

aged over different latitudinal bands. For consistency

with YHW94, we shall consider the annual cycle in

temperature for the tropical (308S–308N), extratropical

(poleward of 308; averaged over both hemispheres) and

global cosine-weighted averages, as derived from the

1979–2005 time series of the MSU and SSU data (recall

that the SSU data only extends to 708 in both hemi-

spheres). These latitude bands are such that the tropics

and extratropics each represent approximately half of

the global surface area, although it is important to note

that this definition of the tropics likely includes regions

of downwelling at certain times of the year (Rosenlof

1995; see below also).

Figure 4 shows the seasonal march of stratospheric

temperature for the above latitude bands. The shading

about the lines indicates 61 temporal standard deviations

based on the 1979–2005 series; interannual variability is

discussed further in section 4. Note that the vertical axis

scale is different on each panel.
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For MSU-TLS, Fig. 4 gives the same pattern as re-

ported by YHW94. The extratropical temperature is at

a minimum in austral winter (July–August), which co-

incides with the maximum in the tropical temperature.

As the annual cycle in both regions is close to sinusoidal,

with approximately the same amplitude, the resulting

globally averaged temperature is almost constant through-

out the year. YHW94 interpreted the out-of-phase seasonal

cycles in tropical and extratropical lower-stratospheric

temperatures as resulting from the hemispheric differ-

ence in wave driving during winter. Fueglistaler et al.

(2011) have questioned whether the near-perfect

cancellation of the tropical and extratropical tempera-

tures is an artifact of the MSU-TLS weighting function,

but they agree that the seasonal cycle of the BDC plays a

role in the annual march of temperatures.

In the mid- and upper stratosphere, the BDC has

a weaker signature in the long-term mean annual cycle.

Extratropical temperatures are colder than their tropical

counterparts during much of the year except for the middle

of NH winter. The out-of-phase relationship between

tropical and extratropical temperatures is less robust than

it is in the lower stratosphere, and thus the seasonal cycle

in globally averaged temperatures is more pronounced

FIG. 3. (bottom to top) Harmonic analysis of SAO in the MSU-TLS and SSU-25, -26, and -27

data, by latitude. (a) Left-hand axis shows amplitude of the SAO (black) and right-hand axis is

amplitude of SAO divided by amplitude of annual cycle at that particular latitude (red). (b)

Months of maximum temperature in the SAO with January as a red J. Red dots highlight where

the SAO amplitude is at least 50% of the annual cycle amplitude. Left-hand axis shows first

maximum; right-hand axis shows the second. Note that the month names on the y axes cor-

respond to the start of the month.
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in the mid–upper stratosphere (Fig. 4). Moving from

SSU-25 to -27 the stratospheric SAO becomes increasingly

apparent in tropical temperatures, as discussed in the

previous section. In the SSU-25 and -26 data, tropical

temperatures are significantly lower than extratropical

temperatures only during NH winter and early spring,

which suggest that the influence of the BDC peaks during

these seasons.

Figure 4 shows that the annual cycle of extratropical

temperatures for the SSU channels is also not as sinusoi-

dal as for the MSU-TLS data. In fact, in SSU-26 and -27

there are two distinct minima in extratropical tem-

peratures: the largest minimum occurs around June–

July in the SSU data (in contrast to July–August for

MSU-TLS) and a secondary smaller minimum occurs

around September–November. The June–July minimum

is consistent with the signal of the less dynamically dis-

turbed SH vortex in the extratropical average. The origin

of the secondary minimum in extratropical temperatures

centered around November is less obvious, although it

could be related to dynamically generated temperature

changes associated with the residual circulation cell in-

duced by the tropical SAO (Hitchman and Leovy 1986).

Figure 5 superposes the global-mean temperature sea-

sonal cycles from Fig. 4 on the annual-mean time series of

the Sun–Earth distance and tropical column ozone. Again,

note the different ranges on the vertical axis for the in-

dividual panels. The range of the global-mean tempera-

tures grows monotonically with altitude from 0.5 K in the

lower stratosphere to 2.25 K in the upper stratosphere.

As also evidenced in Fig. 4, the global minimum tem-

perature occurs during December–February for MSU-

TLS and June–July for the SSU data.

YHW94 proposed that when Eq. (1) is integrated

globally the adiabatic term vanishes, meaning that dia-

batic processes must drive any resultant seasonal cycle of

temperature. This interpretation assumes that the static

stability and radiative time scale can be treated as con-

stant globally, which Fueglistaler et al. (2011) show is not

the case. Nevertheless, YHW94 showed that the global

seasonal cycle of lower-stratosphere temperatures was

consistent with the seasonal variation of stratospheric

tropical ozone (i.e., temperatures are correlated with

shortwave heating by ozone). Figure 4 suggests that the

small global temperature cycle is driven by ‘‘excess heat-

ing’’ in the tropics.

The bottom panel in Fig. 5 confirms the correspondence

between column ozone and global-mean temperatures

in the lower stratosphere in the longer dataset afforded

by this study. The column is derived from a 308S–308N

average of a 1979–2005 climatology from a recent solar

backscatter ultraviolet (SBUV) ozone dataset (McLinden

et al. 2009), and the partial column is the sum of the SBUV

FIG. 4. Climatological annual cycle of global (full extent of data,

black), tropical (308S–308N, green) and extratropical (poleward of

308, blue) average temperatures for (bottom to top) MSU-TLS and

SSU-25, -26, and -27 data. The shaded areas about the lines denote 61

temporal standard deviation. Note the different scales on the y axis.
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layers above 64 hPa. This represents the ozone above the

MSU-TLS layer, which might be expected to exert the

largest control on the TLS temperatures. That the lower-

stratosphere ozone concentration is minimum in January

is itself a consequence of the stronger tropical upwelling

in boreal winter—compared to austral winter—exporting

more ozone-rich air and replenishing it with ozone-poor

air from the tropical troposphere (Logan 1999; Randel

et al. 2007). However, Fueglistaler et al. (2011) show that

the determining the drivers of the global-mean annual

cycle is not trivial, highlighting the aforementioned links

between ozone and dynamics as a particularly compli-

cating factor.

In contrast to the lower stratosphere, the general shape

of the global temperature annual cycle for the SSU

channels exhibits close correspondence with the annual

cycle in solar irradiance driven by Earth’s eccentric orbit

around the Sun (as also reported by, e.g., Barnett 1974),

and not with tropical or global (not shown) ozone

amounts. This is especially true for the SSU-27 data,

which is close to the level of maximum solar heating

(Siskind et al. 2003). However, the correspondence is not

perfect and a more detailed quantitative analysis (e.g., as

per Siskind et al. 2003) is needed to ascertain the key

physical drivers of the seasonal cycle in global temperatures

in the mid- and upper stratosphere.

That the seasonal cycles of the tropical ozone columns

appear as they do in the SSU-26 and -27 panels is due to

the concentrations following the temperatures of the

tropical SAO, as previously described by Ray et al. (1994).

For SSU-25, the interpretation of the ozone column sea-

sonal cycle is complicated by the fact that it spans both the

lower and upper stratosphere.

4. Interannual variability and the Brewer–Dobson
circulation

This section analyzes the interannual variability of the

monthly-mean temperature data, concentrating on the

seasonal patterns of the variability, the seasonal struc-

ture of the relationship between the high latitudes and

tropics, and how both relate to the seasonal cycle of the

BDC.

a. Tropical and extratropical coupling on a
month-to-month basis

As well as exploiting the climatology of the MSU

globally averaged data, YHW94 showed that the month-

to-month temperature changes in the tropics (308S–

308N) and extratropics (poleward of 308S and 308N) are

significantly anticorrelated, which they reasoned is in-

dicative of the compensating compressional warming

and expansional cooling of the temperatures in the two

regions arising from the meridional circulation. A similar

analysis is conducted here, extending up to the mid- and

upper-stratospheric levels sensed by the SSU channels.

Figure 6 is a scatterplot showing the relationship of the

month-to-month temperature anomalies in the tropics and

extratropics for the MSU and SSU data. The temperature

anomalies were calculated relative to the climatological-

mean annual cycle (1979–2005) and construction of the

figure followed the analysis of the MSU data by YHW94

(their Fig. 3). The correlation coefficient r for the tropical

FIG. 5. Expansion of climatological annual cycle of global aver-

age temperatures in Fig. 4 (black, left-hand axis) with the tropical

(308S–308N) partial ozone column above the given level [Dobson

units (DU)] also plotted (blue, right-hand axis), as derived from

SBUV data (see text). For (bottom to top) the SSU-25, -26, and -27

data, the second right-hand axis (red) depicts the annual cycle of

the Earth–Sun distance in astronomical units (AU).
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and extratropical temperatures is indicated on the bottom

left of the panels, and the values are significant for all four

channels.

The key result in Fig. 6 is that the strong negative

correlations between tropical and extratropical temper-

atures extend well into the mid- and upper stratosphere.

This result indicates that the influence of wave-driven

variability in the BDC extends throughout the lower to

upper stratosphere, extending the key conclusions of

YHW94 regarding the MSU lower-stratospheric data.

The outliers associated with diabatic heating from

sulfate aerosol following the eruption of Mt. Pinatubo

(e.g., McCormick et al. 1995) are limited to the MSU-TLS

and SSU-25 data (solid squares in Fig. 6; as noted in

YHW94 the eruption degrades the relationship between

tropical and extratropical temperatures). Thus, Fig. 6

shows that the perturbation associated with the Pinatubo

aerosol is largely confined to the lower stratosphere, in

agreement with Randel et al. (2009). That the outliers are

positioned in the top-right quadrant is consistent with the

warming extending to latitudes outside of the tropics. Ex-

cluding periods influenced by Pinatubo results in a small

increase in the strength of the anticorrelation.

b. Interannual variability by latitude and month

Figure 7 shows the temporal standard deviation of the

MSU and SSU data as a function of latitude and month.

To remove the influence of any trend on the variability,

the data were detrended as a function of latitude and

month prior to the calculation.

In the extratropics, maxima in the interannual vari-

ability of the temperatures are clearly evident for all the

satellite channels in the NH from November to April

and in the SH from June–November. The peaks in

FIG. 6. Scatterplot of the month-to-month change in temperature anomalies (relative to the

mean 1979–2005 annual cycle) for the tropics (308S–308N) against those for the extratropics

(poleward of 308S and 308N) for the MSU-TLS and SSU-25, -26, and -27 data (1979–2005). The

filled black squares denote Tn 5 June, July, and August 1991, corresponding to the timing of the

Mt. Pinatubo eruption. The correlation coefficient r for the tropical vs extratropical temperature

change is also given. The solid diagonal line through each is the 1:21 line, representing a perfect

anticorrelation. The horizontal and vertical lines represent no change in the tropical and extra-

tropical temperatures, respectively.
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extratropical variance are coincident with the strongest

wave activity in the respective hemispheres (e.g., Labitzke

1982; Shiotani and Hirota 1985; Scaife et al. 2000;

Tegtmeier et al. 2008). In the tropics, the SSU data re-

veal maxima during the seasons of largest variability in

the extratropics: around December in association with

the NH variance maximum, and around July in associ-

ation with the SH variance maximum. These tropical

maxima are consistent with the influence of the large

variability in the BDC wave driving (resulting in changes

in the strength of the tropical upwelling), and are more

comparable to the magnitude of the high-latitude values

when the data are scaled by cosine of latitude (not shown).

The maxima in tropical variability are less obvious in the

MSU-TLS data.

Figure 7 reveals three key differences between the

hemispheres: 1) the variance in wintertime temperatures

is largest in the NH consistent with larger wave driving

there (e.g., Shiotani and Hirota 1985); 2) the extratropical

variance maxima occur during the same season at all

levels in the NH, but in the SH they move from mid-

winter in the upper stratosphere to spring in the lower

stratosphere (e.g., Shiotani et al. 1993); and 3) in the SH

the maximum variance is located off the Pole during

midwinter, rather than monotonically increasing toward

the Pole as in the north (e.g., Scaife et al. 2000). Scaife

et al. (2000) noted the presence of a ‘‘collar’’ of in-

creased interannual variability around the South Pole

from an analysis of geopotential heights, derived from

SSU data. Scaife and James (2000) suggested that the

pattern is related to the influence of storm tracks on

planetary wave amplitudes near the tropopause, leading

to year-to-year changes in stratospheric flow regimes.

The October–November SH variance maximum in the

MSU-TLS data is likely related to the interannual var-

iability in ozone depletion (e.g., Huck et al. 2005), not

accounted for by simple linear detrending.

c. Strength of high-latitude–tropical coupling

Figure 8 shows the regression of local temperatures

onto standardized values of tropical (208S–208N) mean

temperatures for the MSU-TLS and SSU-25, -26, and

-27 data as a function of calendar month. Shading de-

notes where the regression coefficients are not signifi-

cantly different from zero at the 2s level (the number of

 
FIG. 7. Latitude–month plots of the temporal standard deviation

of the (bottom to top) MSU-TLS and SSU-25, -26, and -27 tem-

perature data. The data had the linear trend removed, as a function

of latitude and month, prior to the calculation. Note that the con-

tour spacing is 0.25 K for 0–2 K and 0.5 K for .2 K.
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independent samples is corrected for autocorrelation as

per Santer et al. 2000). As with Fig. 7, the data were

detrended as a function of latitude and month prior to

the calculation. Note that using a tropical index defined

as the 308S–308N average (i.e., as per Fig. 6) does not

noticeably change the results, but the 208S–208N average

was chosen as these latitudes are within the upwelling

region calculated by Rosenlof (1995).

The main result in Fig. 8 is that the out-of-phase

temperature anomalies characteristic of the BDC ex-

tend to all levels in the stratosphere. For all the channels,

the results reveal significant and large negative regres-

sion coefficients at high latitudes coinciding with the

periods of maximum interannual variability shown in

Fig. 7 (i.e., hemispheric winter and spring). The negative

regression coefficients indicate an out-of-phase relation-

ship, consistent with the signal of the BDC (e.g., cooler

tropics corresponding to warmer high latitudes). The

magnitudes of the regression coefficients during winter–

spring are consistent with earlier observations of tropical

and high-latitude temperatures in response to stratospheric

warming events (Fritz and Soules 1972).

Figure 9 shows analogous results, but for the corre-

lation coefficient r of the local temperature time series

against (Fig. 9a) the temperatures averaged poleward of

608N, (Fig. 9b) the temperatures averaged poleward of

608S, and (Fig. 9c) the tropical temperatures, averaged

208S–208N, by month for the MSU-TLS and SSU data.

All correlations are calculated as a function of calendar

month. Note that the filled contours indicate where r is

significant at the 5% level. For Fig. 9, a multiple linear

regression technique was used on the whole time series to

remove the seasonal cycle, linear trend, and solar cycle, via

monthly-mean values of the 10.7-cm radio flux (see Garny

et al. 2007). The seasonal cycle was modeled with four pairs

of cosine–sine harmonics (periods of 12, 6, 4, and 3 months),

and seasonal variations in the trend and solar cycle were

accounted for with 2 pairs of cosine–sine harmonics (pe-

riods of 12 and 6 months), resulting in 18 coefficients overall.

Figure 9 makes clear the out-of-phase relationship

between polar and tropical temperatures in the winter

and spring seasons associated with the BDC. The general

 
FIG. 8. Latitude–month plots of the regression coefficient for the

local time series of temperature (K; latitude, month) against

a normalized tropical average (208S–208N) time series (std dev;

month) for the (bottom to top) MSU-TLS and SSU-25, -26, and -27

data. The data had the linear trend removed, as a function of lat-

itude and month, prior to the calculation. The filled contours de-

note where the regression coefficient is significantly different from

zero at the 2s level.
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structure of the correlations is robust at all levels. Figures

9a,c illustrate that tropical temperatures are out-of-phase

with the NH high latitudes from around December to

March; Figs. 9b,c illustrate that the tropics are out-of-

phase with SH high latitudes from around July to No-

vember. All of the periods of significant anticorrelation in

the figure coincide with the months of maximum wave

driving of the BDC (e.g., Randel et al. 2002). Figure 9c

shows that, in all cases, the nodal line for the correlations

is located between ;308 and 508 latitude, consistent with

calculation of the ‘‘turnaround latitude’’ (where w*equals

zero) by Rosenlof (1995). Figures 9a,b show that the out-

of-phase temperature response to the winter hemisphere

extends into the summer hemisphere, generally .308 lat-

itude (see also Tung and Kinnersley 2001).

The out-of-phase relationships revealed in Fig. 9 are

clearly evident in the time series of tropical and high-

latitude temperatures. Figure 10 shows standardized tem-

peratures for all channels, for the tropics (208S–208N) and

(Fig. 10a) NH high latitudes (.608N) in December, and

(Fig. 10b) SH high latitudes (.608S) in August. The cor-

relations between each pair of tropical and high-latitude

FIG. 9. Latitude–month plots of the correlation coefficient for the time series of local (latitude, month)

temperatures with the time series of temperatures averaged (a) .608N, (b) .608S, and (c) 208S–208N, for

(bottom to top) the MSU-TLS and SSU-25, -26, and -27 data. The filled contours denote that the cor-

relation is significant at the 5% level. The data had the linear trend and solar cycle removed prior to the

calculation (see text).
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temperature time series are also shown. Visual inspection

of Fig. 10 reveals that peaks and troughs in high-latitude

temperatures are matched by opposing troughs and peaks

in temperatures from the tropics. Perhaps the most striking

example is the 2002 sudden stratospheric warming in the

SH (e.g., Newman and Nash 2005), which is pronounced in

the MSU-TLS and SSU-25 and -26 high-latitude tempera-

ture data, and has a corresponding cold period in the tropics.

The results in Fig. 9 also reveal in-phase correlations

between variability in tropical and NH polar temperatures

during NH summer at all levels. These in-phase corre-

lations are only significant for the SSU-27 data, although

significant in-phase correlations are present at the same

time and location for the other levels if the solar cycle is

not removed from the data (not shown).

5. Conclusions

The study has presented an analysis of the climato-

logical-mean annual cycle and interannual variability in

stratospheric temperatures, with a focus on the tropical–

high-latitude signals indicative of seasonal and inter-

annual variability in the BDC. The results complement

earlier investigations of the signal of the BDC in strato-

spheric temperatures (e.g., YHW94), as well as existing

satellite climatologies of the stratosphere (e.g., Scaife et al.

2000; Randel et al. 2004, and references therein). The

primary motivation of the current paper is to exploit the

SSU data to extend analysis of the BDC–temperature re-

lationship to cover the depth of the stratosphere.

The climatological-mean annual cycle of zonal-mean

temperatures confirms several known features, including

the hemispheric asymmetry in high-latitude temperatures

(where the SH has both a colder winter and warmer sum-

mer than the NH), the presence of cold temperatures in the

tropical lower stratosphere throughout the year, and the

existence of the tropical SAO. The analysis confirms earlier

findings of a temperature SAO at higher latitudes, with a

small amplitude compared to that of the annual cycle.

Analysis of the annual cycles of global, extratropical,

and tropical temperatures of the MSU-TLS data are

in agreement with the earlier results of YHW94 but

reveal pronounced differences in the seasonal-cycle of

global-mean temperatures between lower- and mid–upper-

stratospheric levels. In the lower stratosphere, tropical

and extratropical temperature variations almost cancel

to give a near-constant global-mean temperature through-

out the year, with the small annual cycle consistent with

the seasonal march of tropical ozone concentrations. In

the mid- and upper stratosphere, the BDC has a seem-

ingly weaker signature in the seasonal march of tem-

peratures. Here the extratropics are colder than the

tropics through most of the year and the seasonal cycle

of global-mean temperatures is relatively pronounced.

FIG. 10. (a) Time series of the standardized December temperatures for NH high latitudes

(.608N) and the tropics (208S–208N) for the MSU and SSU data. The value above each pair of

lines is their correlation coefficient. (b) As in (a), but for time series of standardized August

temperatures for SH high latitudes (.608S) and the tropics. The data had the linear trend

removed prior to the calculation.
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The seasonal march in global-mean upper-stratospheric

temperatures is at least qualitatively consistent with

January–July difference in solar irradiance.

In contrast, the out-of-phase variations in tropical and

extratropical temperatures that characterize the BDC

are as readily apparent on monthly and interannual time

scales in the mid- and upper stratosphere as they are in

the lower stratosphere. At all levels, the out-of-phase

relationships peak during the seasons of largest wave

activity. The results thus suggest that a temperature

signal resulting from variations in the strength of the

BDC extends throughout the depth of the stratosphere.
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