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Abstract.

Temperature and ozone profiles from SHADOZ (1998-2005) radiosonde and

ozonesonde profiles are analyzed. Data from four representative stations are

used to investigate regional differences as well as QBO and ENSO influences

on vertically fine structure.

Principal components of the ozone profile time series at Kuala Lumpur (101oE 3oN)

are adopted as a stratospheric QBO index to study tropospheric tempera-

ture and ozone signatures associated with the QBO. A downward propagat-

ing QBO ozone signal extends to the mid-troposphere where the phase anal-

ysis of the temperature anomalies implies that the driving force is a zonal

mean overturning circulation associated with thermal wind adjustment. The

maximum tropospheric ozone anomalies associated with the QBO are ≈ 8

ppbv, about 10-20% that of typical tropical tropospheric ozone values, and

differ in phase at the four sites. Temperature and ozone fields, linearly re-

gressed against the QBO index, suggest that dynamical processes, includ-

ing horizontal transport, play an important role in the observed tropospheric

ozone anomalies.

Temperature profiles, regressed against the Southern Oscillation Index (SOI),

reveal anomalously cool, but also wavy lower stratospheric temperature anoma-

lies over Kuala Lumpur and Nairobi (37oE 1oS). Tropospheric ozone pro-

files associated with the SOI show a statistically significant signal that is con-

sistent with anomalous vertical motions that are known to occur during ENSO,

but also exhibit fluctuations at a 40-50 day time scale.
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1. Introduction

There exist various interannual and intraseasonal dynamical processes that can influence1

the variability of tropical temperature and ozone. The quasi-biennial oscillation (QBO)2

is the most prominent form of variability in the tropical stratosphere (Reed et al. 1961;3

Veryard and Ebdon 1961; Naujokat 1986; Andrews et al. 1987; Reid 1994). Accordingly,4

the temporal and spatial characteristics of its dynamical and thermodynamical fields5

(Dunkerton and Delisi 1985; Dunkerton 1990; see Baldwin et al. 2001 for a review),6

as well as its impact on stratospheric ozone variability have been well documented (see7

Baldwin et al. 2001 for a review).8

While the QBO is undoubtedly the dominant form of interannual variability in the9

tropical stratosphere, the QBO-related tropical tropospheric ozone signal is less well un-10

derstood. Ziemke and Chandra (1999) estimated the tropospheric column ozone (TCO)11

from TOMS data, and correlated the TCO values with a QBO index which is based on12

the EOF analysis by Wallace et al. (1993) and Randel et al. (1995). They found that13

a statistically significant (see their paper for detail) tropical TCO signal is present be-14

tween 30oW and 90oE, and that the TCO at 2.5oS, averaged between 5oW and 5oE, is15

negatively correlated with stratospheric column ozone (SCO) three months earlier. This16

delayed anti-correlation between TCO and SCO is consistent with the idea that the TCO17

response is due to upper tropospheric ozone photochemistry caused by the stratospheric18

ozone anomaly. However, because the estimated TCO anomalies are much greater than19

those predicted by photochemical models, Ziemke and Chandra (1999) concluded that20

dynamical effects may be a critical factor.21
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For the other prominent tropical variability, the El Niño-Southern Oscillation (ENSO),22

while its impact on the tropospheric temperature has been documented (e.g., Reid 1994),23

studies on its influence on the stratospheric temperature are relatively new and recent24

(e.g., Fernandez et al. 2004; Trenberth and Smith 2006; Garcia-Herrera et al. 2006;25

Randel et al. 2009). Being focused in the tropics, we are particularly interested in26

the tropical upper troposphere-lower stratosphere (UT-LS) region. Trenberth and Smith27

(2006; hereafter TS), using the European Centre for Medium Range Weather Forecasts28

(ECMWF) reanalysis, known as the 40-yr ECMWF Reanalysis (ERA-40), shows that29

the tropical UT-LS region is anomalously cold in association with the warm phase of the30

ENSO. This is consistent with the finding that the Brewer-Dobson (BD) circulation tends31

to be stronger during the warm ENSO phase, because adiabatic cooling in the tropical32

stratosphere must strengthen in response to the more intense BD upwelling (Sassi et al.33

2004; Taguchi and Hartmann, 2006). However, Fig. 3 of TS shows that the UT-LS cooling34

takes on a vertical structure more complex than the uniform upwelling would produce.35

Within the tropics, the strongest negative temperature anomaly occurs at ≈ 18-19 km,36

but the cold anomaly quickly weakens with height, essentially disappearing between 21-2537

km.38

The accumulation of satellite ozone data, most notably the Total Ozone Mapping Spec-39

trometer (TOMS) data which dates back to 1979, also allowed investigators to examine40

the ozone variability associated with the ENSO. Performing empirical orthogonal function41

(EOF) analysis on the monthly mean Merged Ozone Data (MOD) which is comprised of42

monthly mean TOMS and the Solar Backscatter Ultraviolet instruments, Camp et al.43

(2003) found that the first two EOFs (75% of the variance) explain the QBO; the third44
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EOF (15% of the variance) can be attributed to variability associated with an interaction45

between the QBO and annual cycle; and the fourth EOF (3% of the variance) is linked46

to the El Niño-Southern Oscillation (ENSO). This relationship between ENSO and ozone47

has been previously studied (Bojkov 1987; Shiotani 1992; Zerefos et al. 1992; Hasebe48

1993; Randel and Cobb 1994; Kayano 1997; Thompson and Hudson, 1999). Shiotani49

(1992) and Kayano (1997) found that the total ozone column anomaly field in the tropics50

is dominated by zonal wave number one, with increased (decreased) ozone concentration51

over the western (eastern) Pacific where convection is anomalously inactive (active) during52

the positive ENSO phase. On the ENSO-ozone relationship, the link was attributed to53

undulation of the tropical tropopause which is caused by convection anomalies associated54

with the ENSO (Hasebe, 1993).55

Taking advantage of the SHADOZ (Southern Hemisphere Additional Ozonesondes) net-56

work, the goal of this study is to complement the previous studies by documenting the57

tropical ozone and temperature variability, focusing on tropospheric ozone anomalies as-58

sociated with the QBO, and the UT-LS temperature and ozone anomalies associated with59

ENSO. The temperature and ozone data analyzed are from four tropical sites (San Cristo-60

bal, Natal, Nairobi, Kuala Lumpur) of the SHADOZ network (Thompson et al., 2003a).61

The locations of these sites are indicated in Fig. 1, together with climatological sea surface62

temperature field and a schematic of the Walker circulation.63

The paper is organized as follows. Section 2 describes the data and analysis methods.64

Ozone and temperature variability associated with the QBO are presented in section 3,65

and those associated with ENSO are reported in section 4. The conclusions follow in66

section 5.67
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2. Data

The SHADOZ network has collected over 4000 profiles over 14 stations from 1998-200768

(Thompson et al., 2003a,b). Figure 1 shows locations of these sites. The ozone measure-69

ment is made with electrochemical concentration cell ozonesondes (Johnson et al., 2002;70

Thompson et al., 2003a). At each SHADOZ site, consistent technique is used, bringing71

the precision of the ozone measurement to 5-7%. Variations in ozonesonde operational72

methods and instrumentation employed at the SHADOZ sites (Thompson et al., 2003a;73

Smit et al., 2007; Thompson et al., 2007; Deshler et al., 2008) may introduce slight biases74

in absolute ozone readings among individual SHADOZ sites (e.g. Fig 9 in Thompson et75

al., 2003a; Figure 8 in Thompson et al., 2007) but they do not affect the PC and EOF76

analyses presented here.77

Ozone and temperature data used in this study were reprocessed in April 2007; a few78

profiles were corrected or discarded relative to data used in earlier studies (e.g., Thompson79

et al., 2003a,b; 2007; Folkins et al., 2006; Randel et al., 2007). These data are archived at80

<http://croc.gsfc.nasa.gov/shadoz>. Temperature and pressure are recorded by standard81

Väisala radiosondes, except at Ascension and Natal, where Sippican instruments are used.82

For the ease of performing the EOF and linear regression analyses used in this study, the83

above ozone and temperature data were linearly interpolated into a regularly spaced 5-84

day interval in time and 1-km interval in height. With these interpolated data, a seasonal85

cycle was calculated. The seasonal cycle was then subtracted from the interpolated data to86

generate deseasonalized data. To isolate interannual variability, this deseasonalized data87

was subject to a 10-point Butterworth filter whose cut-off period is one year. Throughout88

this paper, the latter data will be referred to simply as low-pass data. The vertical range89
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analyzed is from 1 km to 28 km above the ground. The period covered is from January90

1, 1998 to December 27, 2005, with the exception of San Cristobal and Natal where the91

data start on February 24, 1998 and January 26, 1999, respectively.92

To aid interpretations of the analysis results of the SHADOZ data, we also use zonal and93

vertical wind data from the global National Center for Environmental Prediction-National94

Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset (Kalnay et al. 1996).95

The reanalysis dataset used by this study spans the same time period as the SHADOZ96

data. The wind fields have been interpolated from sigma to height coordinates using a97

cubic spline (Son and Lee 2007). The wind fields are then zonally and meridionally (from98

15oS to 15oN) averaged to obtain a representative vertical wind profile for the tropical99

stratosphere.100

3. QBO signals

3.1. QBO index

Following the lead of Wallace et al. (1993) and Fraedrich et al. (1993), we construct101

a set of QBO indices based on EOF analysis. Unlike these previous studies, however,102

the EOF analysis in this study is performed on SHADOZ ozone and temperature data,103

instead of monthly mean zonal winds. The EOF analysis was performed using MATLAB’s104

PRINCOMP routine.105

For each of the four station data, EOF analysis was performed both for the deseason-106

alized and low-pass data. Even when all vertical levels are included in the analysis, the107

stratospheric QBO signal dominates in the first two EOFs and these EOFs explain sub-108

stantial fractional variance (see Tables 1). Because ozone concentrations are much greater109

in the stratosphere than in the troposphere, the fractional variance explained by the first110
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two EOFs, the QBO signal, is also greater for the ozone than for the temperature field111

(see Tables 1 and 3). For the ozone, the combined variance from the deseasonalized data is112

also very large (between 78-87 %), only about 10 % smaller than that of the low-frequency113

data. Because the QBO signal occupies a higher fractional variance in the ozone than in114

the temperature data, the ozone EOFs are better suited for defining the QBO index.115

The tropospheric profiles in these EOFs are suspect, however, as they indicate vertically116

uniform tropospheric anomalies for all four sites (not shown). This is not surprising117

because EOF patterns often fill the entire analysis domain to maximize variance (Richman,118

1986). That is, if the analysis domain is larger than the phenomenon of interest, there is an119

increased likelihood that the EOF patterns misrepresent actual structures. To overcome120

this shortcoming, we repeat the EOF analysis on data limited to the stratosphere, and121

then look for tropospheric patterns associated with the resulting stratospheric EOF.122

Figure 2 shows two leading ozone EOFs where the analysis domain is confined to be-123

tween 20 and 28 km. For all four sites, the two leading EOFs together once again describe124

the QBO. The EOF1 maximum occurs at about 3-4 km above the EOF2 maximum, with125

PC1 leading PC2, indicating downward propagation of the temperature and ozone anoma-126

lies. In addition, as was found previously (Wallace et al. 1993; Fraedrich et al. 1993),127

the EOF analysis also captures the property that the downward propagation during the128

westerly phase occurs more rapidly than during the easterly phase: each of the positive129

PC1 extrema lead subsequent positive PC2 extrema by about 2-3 months, while the nega-130

tive PC1 extrema lead subsequent negative PC2 extrema by about one year. These QBO131

characteristics are also evident in the EOFs of the unfiltered data (the thin curves in Fig.132

2). Although the fractional variances accounted for by EOF1 and EOF2 (see Table 3)133
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are greater for low-pass filtered data, those for the unfiltered data are also substantial.134

Comparison between Tables 1 and 3 indicates also that the difference in fractional vari-135

ance between EOF1 and EOF2 is smaller for the analysis confined to the stratosphere,136

reflecting the fact that the cyclic QBO signal is confined mostly to the stratosphere.137

As can be seen in Fig. 2, the first two EOFs from all four SHADOZ sites under138

consideration show a robust stratospheric QBO signal. Therefore, any one of the four sets139

of the two leading PCs can be used as a QBO index. Because Kuala Lumpur is closest to140

Singapore, the most prominent historical site for QBO observations, we choose the two141

leading PCs from the low-pass ozone data at the Kuala Lumpur site as our QBO index.142

For the sake of brevity, the first PC will be referred to as QBO index 1 (QBOI-1), and143

the second PC as QBO index 2 (QBOI-2).144

Because this definition of QBO is unconventional, before presenting analysis results, we145

also show in Fig. 2 two leading temperature EOFs and the corresponding PCs, where146

the analysis domain is again confined to between 20 and 28 km. For temperature, this147

confinement substantially raises the combined fractional variances (compare Tables 2 and148

4). Except for Natal, the temperature PCs closely resemble the corresponding ozone PCs,149

indicating that the ozone EOF1 (EOF2) profile occurs concurrently with temperature150

EOF1 (EOF2) profile. Comparing these EOFs, it can be seen that anomalously high151

(low) ozone concentration roughly coincides with anomalously warm (cold) air. This rela-152

tionship between ozone and temperature anomalies is consistent with the findings by Choi153

et al. (2002) and Ribera et al. (2004) who respectively showed that ozone concentration154

and temperature are anomalously high in the westerly shear zone. Further discussion on155
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the relationships amongst ozone, temperature, and zonal wind will be revisited in Section156

3.3.157

3.2. Temperature anomalies

With the QBO index defined above, we then perform linear regression analysis to find158

temperature anomaly patterns associated with the QBO. Figure 3 shows temperature159

anomalies regressed against QBOI-1 (left column) and QBOI-2 (right column), at an160

interval of 70 days which corresponds to 1/12 of the QBO cycle. The negative lags161

indicate that the QBOI leads the temperature anomalies, and vice versa for positive lags.162

Because QBOI-2 lags QBOI-1 by 1/4 of the QBO cycle, if the QBOI-1 and QBIO-2163

describe a perfect sinusoidal cycle with an 840-day period, the lag +210-day regression164

pattern against QBOI-1 would be identical to the lag 0-day regression pattern against165

QBOI-2. For ease of comparison, the phase of the QBO is indicated in each panel, where166

phase 0 is defined as lag 0 of QBOI-1. For the phases that overlap between the left and167

right columns in Fig. 3, while not identical, the regressed temperature anomaly patterns168

do indeed closely resemble each other (not shown). Therefore, for conciseness, the phases169

between −4π/12 and π/12, as displayed in Fig. 3, are obtained from linear regression170

against QBOI-1, and those between 2π/12 and 7π/12 are from linear regression against171

QBOI-2. The same plotting format was used to construct Figs. 4 and 5.172

In addition to the expected downward QBO signal in the stratosphere, Fig. 3 shows173

tropospheric temperature anomaly patterns that exceed the 90% confidence level for a174

one-sided t-test. During −4π/12 - −2π/12 part of the cycle, (top three rows of the175

first column) when the negative stratospheric temperature peaks at 20-22 km, positive176

tropospheric temperature anomalies are seen in all four stations. Except for the San177
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Cristobal site, temperature evolution during this time period hints at the presence of178

downward propagation of the temperature anomalies within the troposphere. A half cycle179

later, during the period of 2π/12 - 4π/12 (the top three rows in the right column in Fig.180

3), the temperature anomaly sign reverses, and positive temperature anomalies are found181

in the troposphere. Given that this tropospheric temperature signal is associated with182

the QBO, and that they occur in unison in all four sites, the tropospheric temperature183

anomalies are most likely driven by zonal mean overturning circulation associated with184

thermal wind adjustment, as is the case for the stratospheric QBO temperature anomalies.185

This implies that there is anomalous tropospheric downwelling during −4π/12 - −2π/12186

cycle, and upwelling during 2π/12 - 4π/12 cycle of the QBO.187

3.3. Stratospheric ozone, temperature, and winds

In the stratosphere, the observed ozone anomalies associated with the QBO have been188

found to be consistent with the anomaly patterns that would arise if the ozone concen-189

tration evolution is dominated by the advection of the climatological mean ozone concen-190

tration field by the anomalous vertical wind (Baldwin et al. 2001), that is,191

∂C ′

O3

∂t
≈ −w′

∂CO3

∂z
,

where CO3
refers to ozone concentration, the overbar denotes the climatological mean, and192

the prime is the deviation from the climatological mean. This can explain the occurrence193

of high ozone anomaly in the westerly shear zone where w′ < 0 (Randel and Wu 1996),194

although an enhancement in the vertical gradient of the ozone mixing ratio in the westerly195

shear zone also plays a role (Choi et al. 2002). Figure 4 shows that this shear-w’-ozone196

anomaly relationship also holds for our analysis.197
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The regressed Kuala-Lumpur temperature profiles (Fig. 4) also show positive (negative)198

anomalies in the westerly (easterly) shear zone (Ribera et al. 2004; Pascoe et al. 2005)199

where there is anomalous descent (ascent). This is consistent with the expectation that200

adiabatic warming or cooling causes the QBO temperature anomalies (Gray and Pyle201

1989; Gray and Dunkerton 1990). However, it has been suggested that ozone heating202

(Hasebe 1994; Li et al. 1995; Butchart et al. 2003) may also contribute to the production203

of QBO temperature anomalies. The near in-phase relationship between the ozone and the204

temperature, as shown in Fig. 4 (see also Figs. 3 and 5), indeed supports this possibility.205

3.4. Tropospheric ozone anomalies

The regressed ozone field reveals that there are also significant ozone anomalies below206

the cold point tropopause (see the solid horizontal lines in Figs. 3 and 5), sometimes207

extending downward anomalies to the 2-km level. The ozone anomalies, corresponding208

to one standard deviation in the QBOI-1 and QBOI-2 indices, can be as large as 8 ppbv,209

which is about 10-20% of the typical ozone concentration in the upper troposphere. Figure210

5 also shows that, unlike for the stratospheric ozone anomalies, the sign changes in the211

tropospheric ozone anomalies do not occur in unison. Because the stratospheric QBO212

ozone anomalies are zonally uniform across the sites, this characteristic is inconsistent213

with the view that the tropospheric ozone anomalies are generated by a UV modulation214

of upper tropospheric photochemistry, caused by stratospheric QBO ozone anomalies.215

Tropospheric ozone is also influenced by biomass burning (Thompson et al. 2001) which216

can be a potential cause for the zonal asymmetry in the tropospheric ozone anomaly.217

However, because there is no reason to expect that biomass burning is correlated with218

QBO phases, it is also unlikely that biomass burning is the culprit.219
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Comparing Figs. 3 and 5 once again, amongst all four sites, only the Nairobi tropo-220

spheric ozone anomalies are consistent with the process represented by −w′
∂CO3

∂z
. For221

Natal and Kuala Lumpur, the regressed tropospheric ozone anomalies take on an oppo-222

site sign, indicating that other processes need to be taken into account. The advection223

of anomalous ozone by the climatological vertical wind, −w
∂C′

O3

∂z
, is unable to explain224

this discrepancy because, over these two sites, the time-mean vertical wind w is positive225

while the sign of
∂C′

O3

∂z
in the UT-LS region is negative during the time period (−4π/12 -226

−2π/12 cycle) when the upper tropospheric ozone at those locations decreases. Similarly,227

while tropospheric ozone increases (4π/12 - 2π/12 cycle), the sign of −w
∂C′

O3

∂z
is nega-228

tive. These results indicate that while there are significant tropospheric ozone anomalies229

associated with the QBO, to explain the tropospheric ozone response, it is necessary to230

take into account zonal variations and horizontal transports. In particular, it is possible231

that the wave source that produces the QBO is restricted to certain regions, and that the232

convection that acts as the wave source may influence the tropospheric ozone.233

At the San Cristobal site, the tropospheric ozone anomalies associated with the QBO234

are essentially nil. If vertical transport was the main process for transporting anomalous235

tropospheric ozone, this observation would be consistent with the weak tropospheric tem-236

perature signal at that site. However, given the evidence that horizontal transports may237

play an important role, to understand the QBO-time scale tropospheric ozone anomalies,238

it would be necessary to perform a thorough analysis of atmospheric circulations in the239

troposphere, preferably with global data.240
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4. ENSO signals

To analyze SHADOZ temperature and ozone variability associated with the ENSO, we241

adopt inverted SOI (ISOI, hereafter) as our index. Although it turned out that the third242

EOFs of both the temperature and ozone profiles contain an ENSO signal (cf. Camp et243

al. 2003), with anomalously warm troposphere and a positive correlation between the244

PC3 time series and the ISOI, their stratospheric structure is found to be unrealistic (not245

shown). This is not surprising, because lower ranked EOFs are constrained to be orthog-246

onal with higher ranked EOFs, the vertical temperature structure identified by our EOF3247

is vulnerable to being an artifact of the EOF analysis. Because the two higher ranked248

EOFs describe the QBO, the stratospheric structure of EOF3 is particularly problematic.249

For this reason, we use ISOI, rather than the PC3 time series, as our ENSO index. The250

daily ISOI is sampled at every five days, concurrent with the interpolated SHADOZ data.251

In addition to this unfiltered ISOI, a low-pass ISOI is also used as an index. As for the252

QBO index, the cut-off period is again one year. However, our focus is on the intrasea-253

sonal variability associated with the ENSO (Feldstein 2000; Johnson and Feldstein 2010),254

because the 8-year period is too short for analyzing the interannual ENSO variability.255

4.1. Temperature anomalies

To investigate the temperature structure associated with ENSO, a linear regression256

analysis was performed in which the SHADOZ temperature data was regressed against257

the ISOI. We first examine temperature fields regressed against the low-pass ISOI (Fig.258

6). Below 15 km, the atmosphere is anomalously warm overall, with a notable exception259

at Natal. In this location, given one standard deviation in ISOI, the temperature at 1 km260

above the ground is almost 7 degrees cooler than climatological mean. At levels above261
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25 km, all four sites show anomalous cooling. Between 15 km and 25 km, temperature262

anomalies display a wavy structure in the vertical, particularly for Nairobi and Kuala263

Lumpur; at Nairobi, a local maximum at 19 km is flanked by two local minima, one at264

17 km and the other at 25 km; at Kuala Lumpur, a local minimum at 18 km is flanked265

by two local maxima, one at 16 km and the other at 22 km. In addition, there are many266

station-to-station variations. The inter-station variations in the temperature anomalies267

between the 15 km and 25 km levels is also hinted at in Fig. 6 of TS. In this figure, the268

100-hPa temperature anomaly shows significant zonal asymmetry in the tropics, with cold269

anomalies between the central Pacific and South America and warm anomalies elsewhere.270

Associated with the aforementioned UT-LS wavy structure, the Kuala Lumpur tem-271

perature shows a markedly weak cold anomaly between 20 and 25 km and a strong cold272

anomaly at 18 km. This UT-LS temperature at Kuala Lumpur agrees reasonably well273

with the tropical UT-LS temperature profile shown by TS’s Fig. 3. Because essentially274

an identical LS feature is present in two different data sets (ERA-40 in TS and SHADOZ275

in this study) and two different analysis procedures (EOF analysis on temperature field276

in TS, as opposed to linear regression against ISOI in this study) we conclude that this277

UT-LS feature is real, and is not due to a deficiency in reanalysis data set or to an artifact278

of the EOF analysis. Moreover, the zonal variation within the layers between 15 km and279

25 km (Fig. 6) indicates that this wavy UT-LS temperature anomaly structure does not280

occur uniformly in the zonal direction. Given that convection is most active over the281

Indian Ocean and western Pacific, the proximity of Kuala Lumpur to this region suggests282

that variability from this region is the main contributor to the UT-LS wavy feature.283
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Having shown that the UT-LS temperature anomalies, identified in TS, are also cap-284

tured by the SHADOZ data, we next attempt to address how these UT-LS anomalies285

are generated. Figure. 6a shows that, while the UT-LS anomalies are characterized by286

a wavy structure in the vertical, above the 20-km level, the response is almost zonally287

symmetric. The zonal uniformity in the tropical LS region was also noted by TS. This288

vertical and zonal structure does not conform to any known equatorial disturbances. Be-289

cause these UT-LS anomalies are obtained based on either low-pass ISOI (our analysis) or290

monthly mean reanalysis data (TS), to test if this UT-LS structure arises from low-pass291

filtering processes which may mask underlying physical process, we repeat the regression292

analysis, but this time against the unfiltered ISOI. The result is shown in Fig. 7. In this293

figure, negative (positive) lags represent the temperature field leading (lagging) the ISOI.294

Between lag -20 and lag 25 days, there is very little change in the UT-LS temperature295

profile over San Cristobal and Natal. However, substantial changes occur for Nairobi,296

and to a lesser degree for Kuala Lumpur. In other words the UT-LS temperature profiles297

exhibit greater variation in the zonal direction than what Fig. 6a suggests. Between lag298

-20 and lag 0 days, it can be seen that the wavy temperature anomalies tilt eastward299

with height (see the thick dashed line in Fig. 7) in the region between Natal and Kuala300

Lumpur. This feature is reminiscent of vertically propagating equatorial Kelvin waves301

(Wallace and Kousky 1968), except that the phase is essentially stationary during the302

20-day period. After the lag 0 day, Nairobi and Kuala Lumpur temperature anomalies303

undergo changes so that this upward-eastward tilting, wave-like anomaly structure is no304

longer evident.305
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Upon averaging the composite fields from lag -20 to lag 25 days, we find that the306

resulting field (Fig. 6b) resembles Fig. 6a, and is again consistent with the findings307

by TS (see their Figs. 3 and 6). One implication is that the zonal symmetry above308

20-km level, shown by Fig. 6 and noted by TS, may arise from a time-averaging of wave-309

like phenomena which undergo spatial and temporal modulations. Because the spatial310

coverage of the radiosonde data is limited, it is difficult to fully investigate the wave-like311

structure. However, this finding indicates that in order to better understand tropical312

UT-LS response to ENSO, it is necessary to examine variabilities whose time scales are313

shorter than a month. The consistency between the UT-LS structure shown in Fig. 6314

and the findings by TS suggests that ERA40 data is adequate for such investigations.315

Accordingly, analyses of shorter-time processes with ERA40 data are planned in the near316

future.317

4.2. Ozone anomalies

This subsection presents ozone variability associated with ENSO, once again identified318

by ozone fields linearly regressed against the ISOI. Figure 8 shows regressed ozone fields319

associated with the low-pass ISOI. Except over Natal, stratospheric ozone anomalies are320

overall negative, implying upward transport of low-ozone tropospheric air. Within the321

troposphere, positive ozone anomalies are seen over Natal and Kuala Lumpur. This322

result is consistent with anomalous downwelling over these regions. (As a reference for323

the normal condition, Walker circulation is indicated in Fig. 1.) In the same manner, over324

Nairobi which is embedded in an anomalous upwelling region, negative ozone anomalies325

can be seen. Although data from only four stations are analyzed, the results shown in326

D R A F T April 14, 2010, 3:11pm D R A F T



X - 18 S. LEE ET AL.: ENSO AND QBO AT SHADOZ SITES

Fig. 8 are consistent with the finding of Kayano (1997) which was based on TOMS data327

(see their Fig. 9).328

Except for San Cristobal, the ozone anomalies, in both the troposphere and stratosphere,329

exhibit substantial changes in amplitude at submonthly time scales (see Fig. 9). For330

example, the positive tropospheric ozone anomalies over Kuala Lumpur gradually increase331

from lag -20 days to lag 0 day, and then gradually decrease between lag 0 day and lag 25332

days. Over Natal, the opposite behavior can be seen, with a decrease during the first half,333

and an increase during the second half of the lag days. This time scale, about 40-50 days,334

coincides with that of the Madden-Julian Oscillation (MJO; Madden and Julian 1971,335

1972). Given that the ENSO is closely linked to MJO (Hendon et al. 2007), we suspect336

that the intraseasonal time scale of ozone variation seen in Fig. 9 may be associated with337

MJO. This possibility has been explored by Ziemke and Chandra (2003).338

It is also worthwhile to note that Natal’s 1-km ozone anomalies, as for the temperature339

anomalies (Figs. 6 and 7), are notably large. Because these large anomalies are transient340

(see Figs. 7 and 9), and because such a large anomaly does not occur in the fields341

regressed against the QBO index (see Figs. 3 and 5), we conclude that in all likelihood342

these anomalies are real and not due to an instrument error. However, we do not yet have343

an explanation for these large, highly localized anomalies.344

5. Concluding remarks

Temperature and ozone data from selected SHADOZ stations (San Cristobal, Natal,345

Nairobi, and Kuala Lumpur) are analyzed to study their variability in the tropics. For346

both temperature and ozone data, the first two EOFs together are shown to represent the347

QBO.348
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To study ozone and temperature variability associated with the QBO, a set of QBO in-349

dices was constructed. For this purpose, an EOF analysis was performed on low-frequency350

ozone data from Kuala Lumpur, excluding data below 20 km. The resulting first two PCs351

are then defined as our QBO index. Linear regression analysis with the QBO index is used352

to investigate tropospheric ozone and temperature profiles associated with the QBO. It353

was found that the sign of the tropospheric temperature anomaly is zonally uniform, and354

anticorrelated with lower stratospheric temperature anomalies centered at 20 km, suggest-355

ing that the tropospheric temperature anomalies are driven by a zonal mean overturning356

circulation associated with the QBO. In contrast, tropospheric ozone revealed consider-357

able variability amongst the four sites. This finding is inconsistent with the view that358

tropospheric ozone anomalies may be caused by a UV modulation of upper tropospheric359

photochemistry which respond to stratospheric QBO ozone anomalies. In addition, the360

strong zonal inhomogeneity of the tropospheric ozone anomalies, in the face of the implied361

(by temperature anomalies) presence of zonally uniform vertical motion, suggests that the362

tropospheric ozone anomalies, although associated with the QBO, involve dynamical ef-363

fects that are more complex than that arising from zonally uniform vertical motion. For364

example, Collimore et al. (2003) showed that the QBO can modulate deep convection in365

typically convective tropical regions.366

A regression analysis was also performed against the inverted SOI to investigate tem-367

perature and ozone variability associated with the ENSO. It was found that stratospheric368

temperature, as a whole, is anomalously cold. Garfinkel and Hartmann (2007) found that369

the Arctic stratosphere is warmer (colder) during the warm (cold) phase of the ENSO.370

This remote response may be explained by a strengthened Brewer-Dobson circulation,371
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induced by increased extratropical Rossby wave breaking during the warm phase of the372

ENSO (Sassi et al. 2004; Taguchi and Hartmann, 2006). While the overall stratospheric373

cooling in our study is indeed consistent with this mechanism, this stratospheric cooling374

also embodies a structure that is oscillatory in the vertical, but much more uniform in the375

zonal direction.376

The intraseasonal-scale time evolution of the regression fields reveals a hint of a vertically377

propagating equatorial Kelvin wave. Consistent with this finding, the method of Pierce378

and Grant (1998), applied to the SHADOZ dataset, identifies that gravity waves (a Kelvin379

wave is a type of gravity wave) are most prevalent in the UT-LS region (Thompson et380

al. 2009). However, a time averaging obscures the wave structure and produces the381

zonal uniformity. This possibility is also consistent with the findings by Holloway and382

Neelin (2007) who used satellite and reanalysis data to show that in the tropics there is383

a conjoined occurrence of tropospheric heating and LS cooling, immediately above the384

tropopause. These authors explained this LS cooling in terms of internal gravity waves385

that respond to the tropospheric heating. The LS cooling can also be explained by an386

upwelling induced by a tropical Rossby wave momentum flux (Boehm and Lee 2003;387

Norton 2006). Given this variety of probable dynamical processes, detailed analyses with388

a global data set, such as ERA-40, are needed to gain further knowledge on the UT-LS389

response to ENSO.390

It is shown that significant tropospheric ozone anomalies are also found to be associ-391

ated with ENSO, with positive (negative) anomalies in the region of anomalous down-392

welling (upwelling). This result is consistent with an earlier analysis based on TOMS data393

(Kayano 1997). Our analysis further reveals that the ozone anomalies tend to be weaker394
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in the lower troposphere than in the upper troposphere, further supporting that the ozone395

anomalies are due largely to stratosphere-troposphere exchange processes. Even so, it is396

noteworthy that the anomaly amplitude (corresponding to one standard deviation of the397

ISOI) at the 1-km level is as large as 2-4 ppbv over the Natal and Kuala Lumpur sites.398

In this study, we found that significant QBO and ENSO signals exist in tropospheric399

ozone. Much of these signals appear to be of dynamic origin at both interannual (for both400

QBO and ENSO) and intraseasonal (for ENSO) time scales.401
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EOF1 EOF2 EOF1+EOF2
Nairobi (36.8oE, 1.3oS) 56.33/67.75 26.12/26.66 82.45/94.41

Kuala Lumpur (101.7oE, 2.7oN) 55.08/67.71 23.47/23.14 78.55/90.85
San Cristobal (89.6oE, 0.9oS) 63.94/72.72 19.75/18.54 83.69/91.26

Natal (35.4oE, 5.4oS) 73.11/79.01 13.44/14.64 86.55/93.65

Table 1. Percentage variances, V ARd and V ARl, respectively, explained by EOFs derived

from deseasonalized and low-pass ozone profiles. The table displays V ARd/V ARl.

EOF1 EOF2 EOF1+EOF2
Nairobi (36.8oE, 1.3oS) 29.29/45.74 23.04/36.43 52.33/82.17

Kuala Lumpur (101.7oE, 2.7oN) 30.47/48.24 22.42/34.13 52.89/82.37
San Cristobal (89.6oE, 0.9oS) 28.26/40.28 25.07/37.43 53.33/77.71

Natal (35.4oE, 5.4oS) 30.96/50.61 20.75/33.63 51.71/84.24

Table 2. Percentage variances, V ARd and V ARl, respectively, explained by EOFs derived

from deseasonalized and low-pass temperature profiles. The table displays V ARd/V ARl.

EOF1 EOF2 EOF1+EOF2
Nairobi (36.8oE, 1.3oS) 49.21/62.80 33.89/34.47 83.10/97.27

Kuala Lumpur (101.7oE, 2.7oN) 45.62/60.34 35.03/32.92 80.65/93.26
San Cristobal (89.6oE, 0.9oS) 55.24/66.07 29.08/28.32 84.32/94.39

Natal (35.4oE, 5.4oS) 63.79/73.19 20.59/23.17 84.38/96.36

Table 3. Percentage variances, V ARd and V ARl, respectively, explained by EOFs derived

from deseasonalized and low-pass ozone profiles above 20 km. The table displays V ARd/V ARl.

EOF1 EOF2 EOF1+EOF2
Nairobi (36.8oE, 1.3oS) 45.94/64.26 27.86/31.92 73.80/96.18

Kuala Lumpur (101.7oE, 2.7oN) 45.94/73.13 27.86/21.14 73.80/94.27
San Cristobal (89.6oE, 0.9oS) 46.57/72.08 27.32/17.76 73.89/89.84

Natal (35.4oE, 5.4oS) 44.09/80.01 29.32/11.81 73.41/91.82

Table 4. Percentage variances, V ARd and V ARl, respectively, explained by EOFs derived from

deseasonalized and low-pass temperature profiles above 20 km. The table displays V ARd/V ARl.
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Figure 1. The SHADOZ sites superimposed on the National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed Sea Surface Temperature version 3 (ERSST v3). Also superimposed is a schematic of climato-
logical Walker circulation: upward (downward) arrows denote rising (sinking) motion. The four SHADOZ sites used for
this study are indicated by blue dots.
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Figure 2. The first two EOFs (left panel) and corresponding PCs (right panel) of ozone (top) and temperature
(bottom) data, from Jan. 5, 1998 to Dec. 31, 2005, for San Cristobal, Natal, Nairobi, and Kuala Lumpur. For each site,
the first (second) EOF and PC are blue (red); thin (thick) lines are for EOFs and PCs derived from the deseasonalized
(low-pass) data. The EOFs are scaled by one standard deviation of the corresponding PC. The distance between individual
stations in the plot is roughly proportional to the actual distance between the stations. The regularly spaced dots in the
left panels indicate the locations of the interpolated data.
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Figure 3. Temperature profiles linearly regressed against QBOI-1 (left column) and QBOI-2 (right column). The
boldened regions of the profiles represent values that exceeds the 90% confidence level. The horizonal line in each panel
indicates 17-km level, the typical height of the cold point tropopause.

D R A F T April 14, 2010, 3:11pm D R A F T



S. LEE ET AL.: ENSO AND QBO AT SHADOZ SITES X - 33

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag −280 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag −210 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag −140 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag −70 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 0 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 70 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag −70 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 0 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 70 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 140 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 210 days

−1.5 −1 −0.5 0 0.5 1 1.5
15

20

25

30

he
ig

ht
 (k

m
)

Lag 280 days

Figure 4. As in Fig. 3, except that the regressed field is Kuala Lumpur ozone mixing ratio (green; ×0.2 ppmv),
Kuala Lumpur temperature (red; K), tropical mean zonal wind (magenta; ×0.2 ms

−1), and tropical mean vertical wind
(blue; ×(1. × 10−6

ms
−1)).
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Figure 5. As in Fig. 3, except that the regressed field is ozone. Below 17 km, the dashed profiles are in ppbv.

D R A F T April 14, 2010, 3:11pm D R A F T



S. LEE ET AL.: ENSO AND QBO AT SHADOZ SITES X - 35

0

5

10

15

20

25

30

−4 0 4 −4 0 4 −4 0 4 −4 0 4
San Cris. Natal Nairobi Kuala

Regressed temperature anomalies (x10−1 K)

H
ei

gh
t (

km
)

Regressed temperature anomalies: Lag 0 days

0

5

10

15

20

25

30

−4 0 4 −4 0 4 −4 0 4 −4 0 4
San Cris. Natal Nairobi Kuala

Regressed temperature anomalies (x10−1 K)

H
ei

gh
t (

km
)

Regressed temperature anomalies: Lag −25 to +25 averaged

Figure 6. Temperature profiles (a) regressed against low-pass filtered ISOI, and (b) from an average of regressed
temperature values that are obtained by regressing against deseasonalized ISOI. The period of averaging ranges from lag
-25 to lag 25 days. See the text and Figure 5. In (a), the boldened regions of the profiles represent values that exceeds the
90% confidence level.
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Figure 7. As in Fig. 3, except that the temperature is regressed against deseasonalized ISOI.
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Figure 8. As in Fig. 5, except that the ozone is regressed against deseasonalized ISOI.

D R A F T April 14, 2010, 3:11pm D R A F T



X - 38 S. LEE ET AL.: ENSO AND QBO AT SHADOZ SITES

0

5

10

15

20

25

30

−12 −8 −4 0 4 −4 0 4 −4 0 4 −4 0 4
San Cris. Natal Nairobi Kuala

Regressed ozone anomalies (x10−2 ppmv)

H
ei

gh
t (

km
)

Regressed ozone anomalies

Figure 9. As in Fig. 8, except that the ozone is regressed against low-pass ISOI.
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