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ABSTRACT

Variability in tropical zonal mean temperatures over 10–30 km is analyzed based on high-quality, high-

vertical-resolution GPS temperature measurements covering 2001–13. The observations are used to quantify

variability spanning time scales of weeks to over a decade, with focus on behavior of the tropopause region

and coupling with the upper troposphere and stratosphere. Large variations associated with the seasonal

cycle, quasi-biennial oscillation (QBO), and El Niño–Southern Oscillation (ENSO) are isolated and removed,

and residual time series are analyzed using principal components and spectrum analysis. The residual tem-

perature exhibits maximum variance in the lower stratosphere, with a vertical structure similar to the seasonal

cycle. Residual temperatures exhibit two dominant modes of variability: a ‘‘deep stratosphere mode’’ tied to

high-latitude planetary wave forcing and a shallow ‘‘near-tropopause mode’’ linked to dynamically forced

upwelling near the tropopause. Variations in the cold point tropopause (and by inference in global strato-

spheric water vapor) are closely tied to the near-tropopause mode. These coherent temperature patterns

provide further evidence of distinct upper and lower branches of the tropical Brewer–Dobson circulation. Zonal

mean temperatures in the lower stratosphere and near the cold point are most strongly coupled to the upper

troposphere on time scales of ;(30–60) days, probably linked to the Madden–Julian oscillation (MJO). En-

hanced temperature variance near the tropopause is consistent with the long radiative relaxation time scales in

the lower stratosphere, which makes this region especially sensitive to low-frequency dynamical forcing.

1. Introduction

The thermal structure and variability in the tropics are

fundamental tomany aspects of the climate system. Large-

scale tropospheric temperatures in the tropics are char-

acterized by a small annual cycle but large interannual

changes linked to the El Niño–Southern Oscillation

(ENSO; Yulaeva and Wallace 1994). In contrast, tropi-

cal stratospheric temperatures exhibit a distinct annual

cycle (focused in the lower stratosphere), along with

large interannual variations linked to the quasi-biennial

oscillation (QBO). The tropical stratosphere is also in-

fluenced by forcing from extratropical planetary waves

(Randel 1993; Yulaeva et al. 1994; Ueyama and Wallace

2010; Ueyama et al. 2013; Grise and Thompson 2013)

together with ENSO (Randel et al. 2009). The tropical cold

point tropopause is of special importance, as it is closely

linked to variations in global stratospheric water vapor

(Mote et al. 1996; Randel and Jensen 2013; Fueglistaler

et al. 2013) and tropical cirrus clouds (Davis et al. 2013; Li

and Thompson 2013). However, fundamental behavior of

the cold point tropical tropopause and its links to tropo-

spheric and stratospheric circulation is not well understood

from either a theoretical or observational basis; for ex-

ample, interannual variability and trends in cold point

temperatures show significant differences among different

observational datasets (Wang et al. 2012) and also between

data and models (Kim et al. 2013). An additional compli-

cation is that the tropopause region and cold point are

characterized by narrow vertical-scale features, which are

not well resolved in either nadir sounding satellite mea-

surements (e.g., Microwave Sounding Unit) or meteoro-

logical analysis or reanalysis data (with typical vertical

resolutions of 1km or greater).

Our objective in the present study is to utilize a long

record of high-quality, high-vertical-resolution global
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positioning system (GPS) radio occultation temperature

measurements to characterize thermal variability of the

tropics and coupling between the troposphere, tropo-

pause region, and stratosphere. We focus on variability

of the zonal mean temperature because 1) the zonal

mean is highly constrained by GPS measurements and

2) zonal means can be analyzed and understood based

on a relatively simple theoretical framework. The zonal

mean thermodynamic equation [in transformed Euler-

ian mean (TEM) coordinates; Andrews et al. 1987] is
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Here T is zonally averaged temperature, (y*, w*) are

components of the residual meridional circulation, S is

a stability parameter, and Q is the zonal mean diabatic

heating. The eddy terms in (1) are generally small (al-

though not negligible near the tropical tropopause;Abalos

et al. 2013), and the y* term is also small in the deep

tropics, so that the approximate thermodynamic balance is

Tt 52w*S1Q . (2)

In the troposphere, Q is mainly linked to large-scale

convective heating and radiative cooling, while in the

stratosphere radiation is dominant [and Q is often

approximated by a relaxation of the form Q 5
2a(T2Teq), with Teq a background equilibrium tem-

perature and a an inverse radiative damping time scale;

e.g., Andrews et al. 1987; Hitchcock et al. 2010]. Hence,

zonal mean temperatures in the tropical tropopause

region and above can be primarily understood in terms

of (dynamically forced) upwelling w* and the response

to radiative effects. Note that the latter can include the

radiative influence of temporally and spatially varying

constituents, especially ozone (Fueglistaler et al. 2011).

The controlling influence of upwelling on tropical tem-

perature is confirmed by analysis of meteorological

datasets andmodel simulations (Abalos et al. 2012, 2013).

This study will focus on the observed variability of

zonal mean temperatures from GPS data spanning June

2001–September 2013.While daily data are available for

much of the record, we focus on the analysis of pentad

(5-day average) data because we are most interested in

variability for periods of weeks to years (and there is

relatively little observed variance of zonal means on

shorter time scales). We isolate and remove the mean

annual cycle, together with the well-known QBO and

ENSO effects (via linear regression), in order to focus

on understanding residual variability (which is relatively

large, especially in the tropopause region). Our analysis

of zonal mean variability is a complement to studies of

the local (latitude–longitude dependent) cold point

tropopause structure and variability (e.g., Kim and Son

2012; Munchak and Pan 2014), which is dominated by

various tropical waves.We also complement the study of

Grise and Thompson (2013), who focused on a shorter

record of GPS temperatures and statistical links to

tropical and extratropical forcings.

2. Data and analysis

a. GPS data

We analyze zonal mean temperatures derived from

GPS measurements covering 2001–13. GPS data have the

attributes of high quality and high vertical resolution

(,1km) over ;(10–30)km, with near-global sampling

(e.g., Anthes et al. 2008). We include and combine data

from seven individual satellites (or constellations, in

the case of COSMIC), including CHAMP, Satelite de

Aplicaciones Cientificas-C (SACC), COSMIC, GRACE,

TerraSAR-X (TSX), Communications/NavigationOutage

Forecasting System (CNOFS) MetOp-A, and MetOp-B

(obtained from the COSMIC data center at http://www.

cosmic.ucar.edu/). The first part of the record (2001–06)

is based primarily on measurements from CHAMP

(Wickert et al. 2001), while after 2006 a much larger da-

taset is available (including the six-satellite constellation

from COSMIC; Anthes et al. 2008). The total number of

occultations over the globe exceeds 6200000.

The GPS data record is illustrated in Fig. 1, showing

the number of individual measurements in the near-

equatorial band (108N–108S) for 5-day (pentad) samples

covering 19 May 2001 to 29 September 2013 (902 pen-

tads). Our analyses are based on pentad averages in

FIG. 1. Number of GPS observations for 5-day averages (pen-

tads) in the latitude band 108N–108S from the separate satellite

measurements (colors), together with the total (black). Note the

logarithmic vertical axis.
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order to ensure adequate coverage and avoid missing

data during the early part of the record (2001–06). Fig-

ure 1 shows that for the 108N–108S band there are ap-

proximately 80–100 observations per pentad during

2001–06 and ;600 to over 1000 per pentad afterward.

While much of our focus is on the 108N–108S latitude

band, we also include results based on zonal mean

temperatures over the globe, derived from GPS data

binned into 108 latitude bands; in that case, each bin has

approximately half the number of observations per

pentad as shown in Fig. 1 (or more, as GPS sampling is

somewhat higher outside of the deep tropics). We ana-

lyze the data on a 0.2-km vertical grid.

Part of our focus includes variability of the cold point

tropopause, defined simply as the coldest point in the

profile of the zonal average pentad data (the cold point

typically lies ;0.5 km above the thermal tropopause in

the tropics). The altitude of the cold point varies sea-

sonally between ;(16.5–17.5) km (e.g., Seidel et al.

2001).We calculate anomalies of cold point temperature

by subtracting themean annual cycle in a similarmanner

to temperature time series at specific altitude levels.

b. Circulation statistics from ERA-Interim reanalysis
data

We also include analysis of circulation statistics de-

rived from ERA-Interim reanalysis data (Dee et al.

2011) to complement the GPS temperatures. These in-

clude zonal mean winds, eddy heat, momentum and

Eliassen–Palm (E–P) fluxes, and mean tropical upwell-

ing derived frommomentumbalance (wm*) (Randel et al.

2002; Abalos et al. 2012). We construct pentad averages

of these data to directly match the time series of pentad

GPS data.

c. Spectrum analysis

We include spectrum and cross-spectrum analysis of

various time series to quantify frequency-dependent

behavior. Spectra are calculated by direct Fourier trans-

form of the 902-pentad time series, resolving periods

of 4510 to 10 days [with a frequency resolution Dv 5
(2p/4510 days)]. Calculations are based on standard for-

mulas in Jenkins and Watts (1968). Power spectra are

smoothed using a Gaussian-shaped smoothing with half-

width of 5Dv. Coherence squared (coh2) and phase

spectra are calculated using a wider bandwidth (20Dv) to
enhance statistical stability. This results in approximately

20 independent Fourier harmonics for each spectral es-

timate, and the resulting 95 and 99% significance levels

for the coh2 statistic are 0.15 and 0.22, respectively. The

high- and low-frequency ends of the spectra are smoothed

using one-sided Gaussian smoothing so that significance

levels are somewhat higher.

3. Observations from GPS

a. Tropical seasonal cycle, QBO, and ENSO

Time series of pentad zonal mean temperatures over

108N–108S for altitudes 12, 14, 16, . . . , 24 km are shown

in Fig. 2. A clear annual cycle is evident for altitudes

;(16–22) km (largest near 18 km), while there are small

seasonal variations in the upper troposphere (at and

below 14km). We isolate and remove the seasonal var-

iations at each altitude by harmonic analysis, including

the first four annual harmonics. Time series of the de-

seasonalized temperature data (Fig. 3) show larger

variability in the stratosphere (18km and above) com-

pared to the troposphere, which is primarily attributable

to the QBO. The dominance of the QBO in the equa-

torial stratosphere is highlighted in Fig. 4, showing the

deseasonalized GPS temperature anomalies over 10–

35 kmduring 2001–13. TheQBO is evident as downward

propagating anomalies of up to 64K, reaching close to

the altitude of the cold point tropopause (seasonally

varying over 16.5–17.5 km).

In addition to theQBO,ENSOalso exhibits a significant

influence on zonal mean temperatures in the tropical up-

per troposphere–lower stratosphere (UTLS) (Randel et al.

2009). To study variability distinct from the forced QBO

and ENSO signals, we isolate and remove these variations

using a standard multivariate regression analysis:

T(t)5A13QBO1(t)1A23QBO2(t)1B3ENSO(t) .

(3)

Here QBO1(t) and QBO2(t) are orthogonal time series

representing QBO variations, constructed from the

equatorial zonal winds over 70–10 hPa (Wallace et al.

FIG. 2. Time series of zonal mean temperatures over 108N–108S
at altitude levels 12, 14, . . . , 24 km. The time mean has been re-

moved at each altitude and levels offset for clarity. The year labels

refer to 1 Jan for each year.
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1993), normalized to unit variance. ENSO(t) is the mul-

tivariateENSO index (MEI) time series from theNOAA

Climate Diagnostics Center (http://www.cdc.noaa.gov/

people/klaus.wolter/MEI/). The strongest correlations

with zonal mean temperature occur for a;2-month time

lag for the ENSO index (e.g., Calvo Fernández et al.
2004), which we use here. While the QBO1, QBO2, and

MEI time series are available as monthly values, we in-

terpolate to pentad values for application to the pentad

GPS temperature data. The spatial structure of the terms

A1 and B resulting from the regression fits to global GPS

data are shown in Fig. 5. The QBO1 fit (Fig. 5a) shows

equatorially centered QBO variations throughout the

stratosphere with out-of-phase variations in the sub-

tropics and middle latitudes (which are well known; e.g.,

Baldwin et al. 2001). There is a similar result for the

QBO2 component (not shown here), which is spatially

orthogonal with the patterns in Fig. 5a. The ENSO fit for

temperature (Fig. 5b) shows warming in the tropical up-

per troposphere and cooling in the lower stratosphere

focused in the deep tropics [;(208N–208S)]; note there is
relatively little ENSO influence near the cold point tro-

popause, as this is near the node in vertical structure. The

zonal mean warming of the troposphere is a well-known

feature of ENSO (e.g., Yulaeva and Wallace 1994; Calvo

Fernández et al. 2004; Scherllin-Pirscher et al. 2012), and
the lower-stratospheric cooling (echoed in closely corre-

lated zonal mean ozone variations) is a signature of en-

hanced upwelling in this region during positive ENSO

events (Randel et al. 2009; Calvo et al. 2010; Simpson et al.

2011). For reference, Figs. 5c,d show the corresponding

zonal wind variations for QBO1 and ENSO derived from

regression of theERA-Interimdata. TheQBOzonalwinds

are focused in the stratosphere over the equator, while

ENSOmodulates winds in the subtropics [;(108–308Nand

108–308S)], extending from the upper troposphere well into

the lower stratosphere (up to ;20km).

b. Residual temperature variability

Removal of the QBO and ENSO variations from the

deseasonalized tropical temperature anomalies results in

the time series shown in Fig. 6. These ‘‘residual’’ time series

represent the inherent variability of tropical zonal mean

temperatures (linearly independent of the seasonal cycle,

QBO, and ENSO fluctuations) and are the focus of the

remainder of this work. As a note, inspection of the upper-

tropospheric residuals in Fig. 6 (at 12 and 14km) suggest

some remaining ENSO variability that is not is removed by

the linear regression onto MEI; that is, the residuals retain

some ENSO-like behavior. The variance of the residual

temperature time series is shown as a function of altitude in

Fig. 7 and compared with the variance associated with

QBO, ENSO, and seasonal components. The residual

variance exhibits a relatively sharpmaximumslightly above

the cold point tropopause, with a similar vertical structure

as the seasonal cycle (which is by far the largest component

of variance in the deep tropics). The residual dominates the

deseasonalized variability near the tropopause; that is, it is

much larger than QBO or ENSO influences. This isolated

temperature variance maximum near the tropopause is

consistent with previous observations from radiosondes

(Sato et al. 1994) orGPSdata (Randel et al. 2003), although

most previous studies have focused on statistics from in-

dividualmeasurements that reflect localwave variability. In

contrast, Fig. 7 shows that the enhanced variance near and

above the tropopause is a fundamental characteristic of the

zonally averaged temperature.

We further explore the residual variability based on

empirical orthogonal function (EOF) analysis of the re-

sidual time series (e.g., Fig. 6) over 10–30km. This results

in two dominant modes (termed EOF1 and EOF2),

FIG. 3. Time series of deseasonalized zonal mean temperature

anomalies over 108N–108S at altitude levels 12, 14, . . . , 24 km.

FIG. 4. Height–time section of deseasonalized zonal mean tem-

perature anomalies (K) over 108N–108S. The black line denotes the
altitude of the cold point tropopause.
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explaining 73% and 18% of the overall variance, re-

spectively. Thesemodes are statistically significant andwell

separated from higher EOFs (EOF3 has 4% variance).

The exact vertical structures of EOF1 and EOF2 are

somewhat dependent on the vertical domain of the cal-

culations, but the characteristic behavior separating var-

iability above ;20km from the near-tropopause region

(discussed below) is a robust result. As a note, we have

not weighted these altitude-dependent EOF calculations

with the square root of density, as this would deempha-

size the stratospheric variability.

The vertical structure and corresponding expansion

coefficient [or principal component (PC)] time series of

the two modes are shown in Fig. 8. EOF1 exhibits

a vertical structure with broad maximum values in the

stratosphere (at and above 18km) and small values be-

low, and we term this the ‘‘deep stratosphere mode.’’

The PC1 time series (Fig. 8b) is characterized by large

month-to-month variability, discussed further below. The

EOF2 spatial structure shows a relatively narrow maxi-

mum peaking near 18km, similar to the residual variance

maximum in Fig. 7, and we term this the ‘‘near-tropopause

mode.’’ The PC2 time series (Fig. 8b) are similar to the

residual anomalies at 18km seen in Fig. 6.

Time series of temperature anomalies associated with

the deep stratosphere mode (PC1) reveal clues to forc-

ing of this variability. Two especially large negative

(cooling) events are evident in Fig. 8b (each larger than

4 3 sigma variability) in September 2002 and January

2009 (labeled A and B in Fig. 8b). These correspond to

well-known large stratospheric sudden warming events

[September 2002 in the SouthernHemisphere (Newman

and Nash 2005) and January 2009 in the Northern

Hemisphere (Manney et al. 2009)]. Meridional cross

FIG. 5. Meridional cross sections of the regression-derived zonal mean temperature variation linked with

(a) QBO1 and (b) ENSO in Eq. (2). Contours (with interval 0.2K and negative dashed) show temperature variations

linked to one-sigma standard deviations of the respective proxy time series, and shading shows where the fits are

statistically significant at the 3 3 sigma (99%) level. There is a corresponding QBO2 pattern (not shown) that has

similar magnitude and is spatially orthogonal to QBO1. Corresponding patterns in zonal mean zonal winds, derived

from ERA-Interim data, with contour intervals of (c) 2 and (d) 1m s21. The heavy dashed lines denote the thermal

and cold point tropopauses.
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sections of global temperature anomalies derived from

GPSdata for the respective pentads are shown inFigs. 9a,b.

The anomalies in Figs. 9a,b show approximate mirror-

image patterns: large warming in the winter polar regions

and cooling in the tropics as a response to global-scale

overturning circulations (e.g., Dunkerton et al. 1981;

Garcia 1987). The tropical cooling in Figs. 9a,b shows

interesting symmetry, with cold anomalies centered over

the equator above ;22km, but low-latitude anomalies

shifted toward the winter hemisphere below this level.

The temperature anomalies show relatively small in-

fluence near the tropical tropopause in both cases.

In general, we find that many of the individual cooling

spikes for PC1 in Fig. 8b are related to high-latitude

warming events, and tropical temperature anomalies

associated with the deep stratosphere mode are linked

to global-scale latitudinal see-saw variations focused in

the winter hemisphere. This behavior is illustrated by

regressing the PC1 time series onto the global pentad

temperature anomalies and making separate calcula-

tions during NH winter (December–March) and SH

winter (June–September). These temperature patterns

(Fig. 10) show high-latitude warming in the winter

hemisphere and tropical cooling, with somewhat stron-

ger effects during NH winter. Regressions onto zonal

winds show corresponding weakening of the polar night

jets in each winter hemisphere (results not shown).

There are also high correlations between the PC1 time

series and variations in planetary wave forcing in win-

ter high latitudes, as quantified by regressions onto the

Eliassen–Palm (E–P) flux, also shown in Fig. 10. In these

calculations, the E–P fluxes are lagged by two pentads

(E–P fluxes preceding PC1) to maximize the signal, which

is consistent with wave fluxes preceding strongest strato-

spheric temperature effects. The results in Fig. 10 show

enhanced upward E–P fluxes in the respective winter

hemisphere preceding the changes in stratospheric tem-

perature and circulation. These results are consistent with

the well-known seasonal cycle of stratospheric planetary

waves in each hemisphere. This overall behavior is con-

sistent with transient extratropical wave forcing of the

equatorial stratosphere, as highlighted in previous studies

(Randel 1993; Ueyama and Wallace 2010; Ueyama et al.

2013; Grise and Thompson 2013; Gómez-Escolar et al.
2014).
The tropical tropopause mode (EOF2) shows distinct

spatial and temporal structure. Figure 11a shows a re-

gression map of global temperature residuals onto the

time series of PC2, highlighting a strongmaximum in the

tropical lower stratosphere, centered slightly above but

overlapping the time mean cold point. The patterns

in Fig. 11a also show weaker negative regressions in

the tropical upper troposphere (which are statistically

significant), and this coupling with the tropical tropo-

sphere is important for understanding forcing of near-

tropopause variability. Figure 11b shows a complementary

calculation of a one-point correlationmap for temperature

residualswith respect to a reference position at the equator

and 12km, highlighting a similar out-of-phase behavior

between the tropical upper troposphere and lower

stratosphere. The patterns in Fig. 11b are similar to the

ENSO spatial structure in Fig. 5b and also to the zonal

mean temperature response to Madden–Julian oscillation

(MJO) variations in the tropical troposphere (Virts and

Wallace 2014). In both cases (ENSOandMJO), the lower-

stratosphere temperature anomalies are a response to

variations in upwelling in the tropical lower stratosphere

(Calvo et al. 2010; Virts and Wallace 2014).

FIG. 6. Time series of residual zonal mean temperature anoma-

lies over 108N–108S. Residuals are calculated by removing the

seasonal cycle, QBO, and ENSO components via regression.

FIG. 7. Vertical profile of temperature variance in the deep

tropics (108N–108S) associated with annual cycle, QBO, ENSO,

and residual variability. The variance for the annual cycle has been

divided by three to fit within this scale. The horizontal dashed line

denotes the altitude of the time average cold point tropopause.
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Relationships between the tropical upper troposphere

and lower stratosphere are quantified further in Fig. 12,

showing time series of tropical (108N–108S) temperature

residuals at 12 and 18km, and also at the cold point

tropopause. Figure 12 includes time series for the full

deseasonalized temperature anomalies (Fig. 12a) and

also for residuals with QBO and ENSO effects removed

via regression (Fig. 12b); comparisons show the rela-

tively small but nonnegligible influence ofQBOnear the

tropopause. Variability in the cold point temperature is

highly correlated with 18km (r 5 0.74), but this corre-

lation peaks sharply in altitude (Fig. 13), so that the cold

point is poorly correlated with altitudes above 20km and

below 16km. Time series in Fig. 12 highlight the en-

hanced variability of temperatures near the tropopause

and in the lower stratosphere compared to the upper tro-

posphere and frequent out-of-phase behavior. Temporal

power spectra of the time series at 12 and 18km are shown

in Fig. 14a, and while enhanced variability at 18km occurs

across the entire spectrum, the enhancement is larger for

low frequencies (seasonal to interannual time scales); we

show below that this behavior is attributable to the long

radiative relaxation time scales in the lower stratosphere.

Calculation of the coherence squared between the time

series at 12 and 18km (Fig. 14b) shows that the strongest

coherence occurs for a broad band with oscillation periods

centered near 30–60 days, which is likely a signature of a

physical mechanism linked to theMJO (Virts andWallace

2014). Figure 14a also indicates that temperature varia-

tions are out of phase between 12 and 18km across the

entire spectrum.

The spatial structure of zonal mean temperatures for

the MJO based on GPS data are shown in Fig. 15a, de-

rived from regression onto temperatures at the equator

FIG. 8. Results of an EOF analysis of zonal mean temperature residuals over 108N–108S, showing (a) the vertical

structures for EOF1 andEOF2 and (b) the respective principal components PC1 and PC2. The vertical structures are

normalized to a maximum value of 1.0, and the respective time series are normalized to unit variance. The labels

A, B, and C refer to extreme events shown in Figs. 9 and 17.

FIG. 9. Meridional cross sections of pentad temperature anomalies associated with strong negative projections of

PC1 during September 2002 and January 2009 (noted A and B in Fig. 8b). These events are tied to strong strato-

spheric polar warming events. Contour interval is 1 K for negative contours and 2K for positive contours, with zero

contours omitted.
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and 12km that have been bandpass filtered for periods

25–80 days. Figure 15a shows temperature anomalies of

;0.3K in the tropical upper troposphere with similarly

sized out-of-phase variations over;(16–19)km (centered

near or slightly above the cold point tropopause).

Figure 15b shows the corresponding zonal mean wind

MJO variations derived in a similar manner from ERA-

Interim data, highlighting wind anomalies centered near

the equatormainly confined to the troposphere. Note that

the temperatures and winds in Figs. 15a,b are in thermal

wind balance and that the negative temperature anoma-

lies near the tropopause are in balance with the strong

wind shears in this region.

The frequency-dependent behavior of vertical co-

herence the GPS temperatures with respect to the upper

troposphere is quantified in Fig. 16a, which shows the coh2

as a function of altitude and frequency with respect to

a reference altitude of 12km. Temperature variability in

the upper troposphere is coherent over altitudes up to

;(15–16)km over all time scales, while the vertical struc-

ture of coherence with the lower stratosphere changes

as a function of frequency. For low frequencies (periods

greater than;180 days) significant coh2 (out of phase with

the upper troposphere; not shown) is found over a rela-

tively narrow altitude range of ;(19–20)km. This behav-

ior is similar to that derived for the ENSO regression

(Fig. 5b), and in fact the low-frequency statistical signature

in Fig. 16a may reflect ENSO-like variations not removed

in the linear regressions. The strongest lower-stratosphere

coh2 in Fig. 16a occurs for a broad band of periods cen-

tered near 30–60 days (as in Fig. 14b), and here the max-

imum coh2 occurs at lower altitudes of ;(16–20) km. We

FIG. 10. Contours show regressions of zonal mean GPS temperatures (K) onto normalized PC1 time series for

calculations during (left) NHwinter (December–March) and (right) SHwinter (June–September). Vectors show the

corresponding regressions onto the E–P fluxes during these seasons. The E–P fluxes are lagged by two pentads to

maximize the regressions (E–P fluxes preceding PC1), and arrows are only shown at locations where the respective

correlations are statistically significant.

FIG. 11. (a) Meridional cross section of residual temperature anomalies (K) regressed onto normalized PC2 time

series. (b) One-point correlation map for zonal mean temperature residuals with respect to variations in the tropical

upper troposphere (12 km).
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note that there is highly significant coh2 near the altitude

of the cold point (;17km) for ;(30–60)-day periods in

Fig. 16a (similar to the behavior in Fig. 15a), but not for

shorter or longer time scales; for annual to interannual

variations the cold point occurs near the node in vertical

structure, as observed for ENSO (Fig. 5b).

A complementary calculation is shown in Fig. 16b,

where coh2 with respect to the cold point tropopause

(i.e., the time series in Fig. 12b) is plotted as a function of

frequency and altitude. Figure 16b shows that the cold

point is highly coherent with altitudes;(16–20) km over

all frequencies (weekly to interannual time scales),

while significant coherence with the upper troposphere

occurs only for the band centered near ;(30–60) days.

Hence, the out-of-phase behavior between the cold

point tropopause and tropical upper troposphere seen

in Fig. 13 is focused on MJO time scales, and there is no

significant coherence between these regions at periods

longer than ;100 days. This has important implications

regarding control of the cold point on seasonal or in-

terannual time scales, as discussed further below.

A remarkable event occurs in the PC2 time series and

near-tropopause temperatures during 2010/11 (labeled

as C in Fig. 8b), with persistent warm anomalies above

4K at 18 km and over 2K at the cold point (see Fig. 12b).

This exceptionally warm anomaly in cold point tem-

perature is clearly reflected in stratospheric water vapor

observations (Randel and Jensen 2013). The spatial

patterns of temperature anomalies for this period are

shown in Fig. 17, showing localized warming in the

tropical lower stratosphere together with cold anomalies

in the tropical troposphere, tropical middle strato-

sphere, and Arctic stratosphere (these patterns are very

similar to the global regressions onto PC2 in Fig. 11a,

which may in fact be influenced by this extreme event).

These signatures suggest that the anomalous near-

tropopause warming may be related to the combined

effects of 1) stratospheric response to a strong La Niña
tropospheric event during 2010/11, 2) downward prop-
agating warmQBO temperatures, and 3) reduced global
Brewer–Dobson circulation (reflected in the persistent

and anomalously cold Arctic stratosphere during this

year; e.g., Manney et al. 2011). Although the effects of

the QBO and ENSO have been removed via linear re-

gression to derive residuals, the occurrence of large re-

siduals coincident with the timing of QBO and ENSO

variations (as seen in Fig. 4) suggest interactions that are

not modeled by the linear QBO and ENSO regressions

(in addition to possible coupling with the global BDC).

This event is poorly understood at present.

c. Understanding enhanced temperature variance in
the tropical lower stratosphere

Variability of zonal mean temperature in the tropical

lower stratosphere is primarily forced by mean tropical

FIG. 12. (a) Time series of deseasonalized zonalmean temperature

anomalies over 108N–108S at 12 and 18 km and at the cold point.

(b)As in (a), but additionally theQBOandENSOcomponents have

been removed via regression (i.e., temperature residuals).

FIG. 13. Vertical profile of the correlation of zonalmean temperature

residuals with respect to the cold point tropopause.
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upwelling (e.g., Abalos et al. 2012, 2013). The relation-

ship between temperature and upwelling can be quan-

tified by the simplified TEM thermodynamic equation,

incorporating a linear relaxation approximation to ra-

diative damping [Eq. (2)]:

Tt 52w*S2a(T2Teq) . (4)

Assuming harmonic variations of the form [T, w*] 5

� [Ts,ws] exp(ist), Eq. (4) reduces to a simple expression

(Randel et al. 2002):

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
s/w

2
s

q
5 S/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21s2

p
. (5)

This expresses the temperature sensitivity to upwelling

as a simple function of frequency and the radiative

damping time-scale a21. It is well known that radiative

damping time scales are long (a small) in the lower

stratosphere, and a simple hypothesis is that the en-

hanced zonal mean temperature variance near the

tropical tropopause (Fig. 7) is directly linked to the long

radiative time scales in this region.

We test this hypothesis using GPS temperature time

series in combination with estimates of w* derived

from ERA-Interim data. This is similar to the analysis

in Randel et al. (2002), but extended to interannual

time scales, which more effectively constrain the low-

frequency behavior (see discussion below).We calculate

w* estimated from the zonal mean momentum balance

(referred to as wm* ) from ERA-Interim data during

2001–13, evaluated for the latitude band 208N–208S and

standard ERA-Interim pressure levels (as in Abalos

et al. 2012). Daily time series of wm* are averaged into

pentads, and these time series (e.g., shown for 80 hPa in

Fig. 18) exhibit an annual cycle in addition to large

variability at subseasonal time scales (Abalos et al.

2014). We remove the seasonal cycle, QBO, and ENSO

variations to generate residual wm* anomalies (the sea-

sonal cycle is relatively large, while the QBO and ENSO

fits are relatively small for wm* at 80 hPa).

Power spectra for wm* (80 hPa) and GPS temperature

residuals at 18 km are shown in Fig. 19a. The power

spectrum for wm* is much flatter in frequency than the

red temperature power spectrum at frequencies higher

than the annual cycle, while at low frequencies they are

equally flat. This is precisely what Eq. (5) predicts:

(Ts/ws) ; a21 (independent of s) when a � s, and

(Ts/ws) ; s21 when s � a. Note that for a ;
(30 days)21, s ; a for frequencies near (2p/180 days)21

(indicated with the vertical dashed lines in Fig. 19), so

that both frequency extremes are spanned in these data.

Coherence squared spectra between wm* and T (not

shown) reveal significant coherence over most of the

frequency range. More importantly, the relative mag-

nitude of temperature and vertical velocity variations

[Rs 5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
s/w

2
s

p
, as in Eq. (5)] can be quantified by these

data, giving an estimate of temperature response to

vertical velocity at each frequency. Figure 19b shows

that Rs varies in frequency by approximately a factor

of 10, increasing substantially for periods longer than

FIG. 14. (a) Temporal power spectra for zonal mean tempera-

ture residuals at 12 and 18 km plotted on log power vs log fre-

quency axes. The top axis indexes the frequency spectral estimate,

while the bottom axis shows the corresponding period in days.

(b) Coherence squared and phase spectra between temperatures at

12 and 18 km. The dashed lines denote 95% and 99% significance

levels.
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100–200 days (including the seasonal cycle and longer

periods). In other words, temperature exhibits a much

stronger response to w* at low frequencies, and this is

the cause of the enhanced low-frequency temperature

variance in Fig. 19a (and larger low-frequency temper-

ature variance at 18 km compared to 12 km in Fig. 14).

The estimates of Rs derived from data can be com-

pared to results predicted from the simple thermody-

namic balance in Eq. (5) (i.e., S/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 1s2

p
) for various

values of the radiative time-scale a21 (with S derived

from the background temperature structure). Figure 19b

includes this comparison, showing that the ratio derived

from the wm* and T observations agree remarkably well

with the frequency dependence of the theoretical ratio,

using a21 of 25–30 days. In fact, the availability of a

decade-long record of T and w* observations provides

novel characterization of the damping time-scale a21, as

Rs is only sensitive to a at periods greater than 1yr

(Fig. 19b). Similar calculations at other standard pressure

levels (Fig. 20) show a strong enhancement of a21 in the

lower stratosphere, echoing the vertical structure of the

residual variance (and the seasonal cycle) in Fig. 7. We

note that these calculations apply explicitly to zonal mean

variations, while in general the local radiative damping

time scale in the tropical lower stratosphere is strongly

dependent on the vertical scale of wavelike variations (e.g.,

Hartmann et al. 2001; Hitchcock et al. 2010). We con-

clude that the observed zonal mean temperature variance

FIG. 15. Meridional cross sections of (a) GPS temperatures (K) and (b) ERA-Interim zonal winds (m s21) asso-

ciatedwith theMJO. These results are calculated as regressions onto theGPS temperatures at the equator and 12 km,

filtered to isolate variations with 25–80-day periods.

FIG. 16. (a) Altitude–frequency section of coherence squared for zonal mean temperature residuals with respect to

a reference altitude of 12 km (dark solid line). Contour interval is 0.1, and shaded values (above 0.2) are significant

near the 99% level. (b) As in (a), but using a reference time series of the cold point tropopause (shown in Fig. 12b).

The dark dashed lines in (a),(b) indicate the mean altitude of the cold point tropopause.
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maximum in the lower stratosphere is consistent with in-

dependently derived w* behavior and that the relative

maximum in residual temperature variance (and large

annual cycle) near 18km (Fig. 7) is directly related to the

relatively long radiative time scales in this region.

4. Summary and discussion

GPS temperature measurements provide a unique

high-vertical-resolution dataset to examine variability of

tropical temperatures, with dense data coverage for

more than a decade. Our focus on zonal mean temper-

ature is motivated by interpretations via highly simpli-

fied theory, and we aim to improve understanding of

variability and physical links between the upper tropo-

sphere, tropopause region, and stratosphere. The GPS

data furthermore provide accurate resolution of the cold

point tropopause, which exerts a controlling influence

on stratospheric water vapor. Part of our objective is to

understand variability of the cold point and its relation

with tropospheric and stratospheric temperatures.

GPS data during 2001–13 reveal the well-known sea-

sonal cycle, QBO, and ENSO influences on tropical

temperatures, with distinct and physically robust spatial

patterns (Fig. 5). However, our main focus is on quan-

tifying residual temperature variability after removal of

these large-scale forced variations; this residual signal

may be equated to natural ‘‘climate’’ fluctuations (in

addition to the QBO and ENSO signals) of the tropical

atmosphere across a broad temporal spectrum. Residual

variability over 10–30km is primarily explained by two

empirical modes: one focused in the deep stratosphere

and one near the tropical tropopause. These distinct

modes emerge naturally from EOF analysis of tropical

temperatures, and this statistical signature is consistent

with distinct upper and lower branches of the Brewer–

Dobson (BD) circulation (e.g., Plumb 2002; Birner and

Bönisch 2011). The upper branch is statistically linked to

out-of-phase temperature changes in polar latitudes and

shows strong correlations with high-latitude planetary

wave fluxes (Fig. 10), which is consistent with well-known

behavior (e.g., Ueyama and Wallace 2010; Abalos et al.

2014). Two exceptionally large tropical cooling events are

seen in the GPS data record, associated with extreme

stratospheric sudden warming events in the SH (Sep-

tember 2002) and NH (January 2009). The GPS temper-

ature measurements reveal interesting mirror-image

patterns for these events (Fig. 9), with equatorially sym-

metric cooling above ;22km and low-latitude cooling

shifted toward the winter hemisphere at lower altitudes.

We do not know of a simple explanation for this behavior.

The near-tropopause mode is relatively narrow in al-

titude centered over [;(17–20) km] and exhibits weak

out-of-phase behavior with temperatures in the upper

troposphere. In a consistent manner, anomaly correlations

with tropical upper-tropospheric temperatures (Fig. 11b)

show out-of-phase temperature variations in the lower

stratosphere, with patterns suggesting shallow circulation

cells with reversed flows in midlatitudes [;(308–60)8N/S].

This latter behavior is consistent with the lower-branchBD

circulations identified in Birner and Bönish (2011) and

Abalos et al. (2014). The cold point tropopause is closely

related to the lower branch and weakly out of phase with

temperatures in the upper troposphere.

Coherence between the tropical upper troposphere

and lower stratosphere shows a maximum for variations

for a broad bandwith periods near;(30–60) days, which

we interpret as a fingerprint of the MJO. The spatial

pattern of zonal mean temperatures for this frequency

band (Fig. 15a) show out-of-phase variations between

FIG. 17. Meridional cross section of temperature anomalies for

the 25 days spanning 10 Feb–6 Mar 2011 (noted as C in Fig. 8b).

Contour interval is 1 K, with zero contours omitted.

FIG. 18. Time series of pentad average vertical velocity at 208N–

208S, 80 hPa derived from ERA-Interim data, calculated from

momentum balance (wm* ; Abalos et al. 2012). The red line shows

the average seasonal cycle.
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the upper troposphere and lower stratosphere, with the

latter focused near the cold point tropopause. The MJO

influences on tropical circulation, clouds, and chemical

composition has recently been described by Virts and

Wallace (2014), and their results for zonal mean varia-

tions are consistent with the results here.

Zonal mean temperature variations at the cold point

tropopause aremost strongly correlated with temperatures

over a relatively narrow altitude region ;(16–20)km

(Fig. 13), primarily linked to dynamically forced upwelling

(see below). Strongly coherent out-of-phase variations

between the cold point and tropical upper-tropospheric

temperatures are found forMJO time scales (Figs. 15a and

16), but there is little coherence with the upper tropo-

sphere for time scales longer than ;100 days (consistent

with the very small ENSO impact on the zonal mean

cold point seen in Fig. 5b). Virts and Wallace (2014) have

shown that the MJO cold point temperature variations

are reflected in zonal mean stratospheric water vapor and

tropopause cirrus amounts. While strong coherence be-

tween the cold point and the upper troposphere occurs for

MJO time scales, our results show that the cold point (and,

by inference, stratospheric water vapor and tropopause

cirrus) is not strongly tied to upper-troposphere tempera-

tures at seasonal or interannual time scales. We note that

the lack of coherence with the cold point at seasonal or

interannual time scales implies there is no simple climate

feedback between upper-tropospheric temperatures and

stratospheric water vapor entering across the tropical

tropopause, which is in contrast to the behavior inferred by

Dessler et al. (2013).

The lower-stratosphere temperature response to the

MJO is centered near the cold point tropopause [;(16–

19)km], while the patterns for ENSOor other interannual

time scales are somewhat higher [;(17–22)km], with a

node near the cold point. What processes account for this

difference? The lower-stratospheric temperatures in both

cases (MJO and ENSO) are the response to dynamically

forced upwelling, so that the altitude of the upwelling

determines the vertical temperature response. While

the tropical thermal structures for ENSO and MJO are

broadly similar (Figs. 5b and 15a), they have very

FIG. 19. (a) Power spectra ofERA-Interimwm* at 80 hPa andGPS

zonal mean temperature at 18 km. (b) Ratio of temperature to up-

welling (Rs5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
s/w

2
s

p
) as a function of frequency. Results in (a),(b)

are based on residuals, with seasonal cycle, QBO, and ENSO effects

removed. The light dashed lines show corresponding theoretical

behavior linked to the thermodynamic balance [S/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 1s2

p
, Eq.

(5)], for radiative damping time scales of 20–35 days. The vertical

dashed lines indicate the region where s ; a for a 5 (30 days)21.

FIG. 20. Vertical profile of radiative damping time scales derived

from fitting observed and theoretical zonal mean temperature/

upwelling ratios from ERA-Interimwm* andGPS temperatures (as

in Fig. 19).
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distinctive signatures in the zonal wind field; the MJO is

centered near the equator in the tropical upper tropo-

sphere (Fig. 15b), while ENSO variations maximize in the

subtropics and extend well into the lower stratosphere

(Fig. 5d). The eddy forcing associatedwith the zonalmean

MJO occurs primarily from equatorial planetary waves in

the upper troposphere, with resultant forced upwelling

near the tropopause (e.g., Grise and Thompson 2012; note

similar behavior in the idealized calculations of Norton

2006). In contrast, model calculations (Calvo et al. 2010;

Simpson et al. 2011) suggest that the ENSO subtropical

zonal wind anomalies influence wave dissipation in the

lower stratosphere (from extratropical large-scale waves

and gravity waves), modulating upwelling at levels above

the tropopause. These differences in zonal winds and

wave forcing details may contribute to the distinct vertical

structures of the MJO and ENSO temperature responses

in the lower stratosphere.

Temperatures near the tropical tropopause are highly

correlated with upwelling in the lower stratosphere,

driven by transient subtropical wave forcing in addition

to high-latitude planetary waves (Abalos et al. 2014).

The derived frequency dependence of this relationship

(Fig. 19b) reveals that temperature response to upwell-

ing is strongly enhanced (by an order of magnitude) for

relatively low frequencies (periods longer than;0.5 yr).

This behavior is remarkably well explained by the ide-

alized thermodynamic balance in Eq. (5), incorporating

a linear thermal damping with a relaxation time scale

of ;30 days. These calculations provide a sensitive

empirical measure of radiative damping time scales ap-

propriate for zonal mean tropical temperatures, high-

lighting a relatively narrow maximum for long radiative

time scales in the tropical lower stratosphere (physically

linked to very cold temperatures in this region). In ad-

dition, the background static stability S is a maximum in

this region (Grise et al. 2010), enhancing the tempera-

ture sensitivity to upwelling via Eq. (5). The combina-

tion of enhanced stability and long radiative damping

time scale near and above the tropopause is responsible

for enhanced temperature response to tropical upwell-

ing for low frequencies (including the annual cycle) and

makes this region especially sensitive to low-frequency

dynamical forcing. In contrast, the coherent signals as-

sociated with the MJO produce proportionately smaller

temperature variations in the lower stratosphere (and

near the cold point) because of the smaller temperature

sensitivity to upwelling for 30–60-day time scales.
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