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ABSTRACT

Prior investigations have attempted to determine the relative influence of advection and
convective processes on ozone and water vapor distributions in the tropical tropical
tropopause layer (TTL) through analyses of tracers, related physical parameters (e.g., out-
going long-wave radiation, precipitable water, temperature) and with models. In this study,
stable laminae in Southern Hemisphere Additional Ozonesonde Network (SHADOZ) ozone
profiles from 1998-2007 are interpreted in terms of gravity (GW) or Rossby waves (RW)
that are identified with vertical and quasi-horizontal displacements, respectively. Using the
method of Pierce and Grant [1998] as applied by Thompson et al. [2007a,b], amplitudes and
frequencies in ozone laminae are compared among representative SHADOZ sites over Africa
and the Pacific, Indian and Atlantic Oceans. GW signals maximize in the TTL and lower
stratosphere. Depending on site and season, GW is identified in up to 90% of the soundings.
GW are most prevalent over the Pacific and eastern Indian Oceans, a distribution consistent
with vertically propagating equatorial Kelvin waves. Ozone laminae from RW occur more
often below the tropical tropopause and with lower frequency (< 20%). Gravity Wave and
Rossby Wave Indices (GWI, RWI) are formulated to facilitate quantitative comparison of
wave signatures among sites and analysis of interannual variability. GWI is positively
correlated with a standard ENSO (EI-Nifio-Southern Oscillation) index over American
Samoa (14°S, 171°W) and negatively correlated at Watukosek, Java (7.5°S, 114°E), Kuala
Lumpur (3°N, 102°E) and Ascension Island (8°S, 15°W). GWI and RWI are positively
correlated with the Quasi-Biennial Oscillation at Natal, Brazil (6°S, 35°W).

1. Introduction

1.1 Prior Work and Overview of Study

Wave activity in the tropics plays a role in transporting ozone and water vapor in the
upper troposphere and lower stratosphere (UT/LS), thus contributing to circulation,

radiative and dehydration processes in this region. Analysis of waves in the tropical UT/LS
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sheds insight on the ongoing discussion about the relative contributions of regional
upwelling, advection, and overshooting convection to the transport of constituents from
troposphere to stratosphere. For instance, when convection in the tropical troposphere
initiates a Kelvin wave (a type of gravity wave), a transient deformation of the tropopause
takes place, often with descent of colder, higher-ozone air into the UT [Fujiwara et al., 1998;
Fujiwara and Takahashi, 2001; Fujiwara et al.,, 2003a; 2009]. It has also been suggested that
tropical Rossby waves can drive a forced ascent over the equatorial UT/LS, providing a
mechanism for carrying moist tropospheric air into the stratosphere [Boehm and Lee, 2003;
Ryu and Lee, 2009].

Vertically propagating equatorial Kelvin waves not only contribute to constituent
transport, but they play an important role for driving tropical tropopause undulations at
intraseasonal time scales (Zhou and Holton, 2002; Son and Lee, 2007; Suzuki and Shiotani,
2008; Ryu et al.,, 2008 [RLS, hereafter]). Kelvin waves may be involved in dehydrating
tropospheric air that enters the stratosphere [Tsuda et al., 1994; Randel and Wu, 2005; RLS;
Ryu and Lee, 2009]. As such, an objective analysis of the tropical Kelvin and Rossby wave
climatology will enhance our understanding of physical processes affecting the variability of
tropical stratosphere-troposphere exchange.

One approach to characterizing tropical wave activity is to examine the evidence of
dispersion relations of the waves using proxy observations [Wheeler and Kiladis, 1999;
Roundy and Frank, 2004a,b; Kiladis et al, 2009]. While this is useful in bridging a gap
between theory and observations, it does not provide regionally dependent wave
characteristics. The present study uses the zonally distributed SHADOZ soundings
[Thompson et al, 2003a,b] with the laminar formalism [Teitelbaum et al., 1994; 1996; Pierce
and Grant, 1998; Thompson et al, 2007a,b] to examine the extent to which this approach can
identify and quantify certain types of tropical waves. A successful outcome would produce a

regional wave climatology that serves as a reference for studies of tropical composition and
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dynamics in a changing climate (Gettelman and Birner, 2007; Garcia and Randel, 2008;
Gettelman and Hegglin, 2009; Gettelman et al, 2009).

In the first application of the laminar method to tropical sonde data, Grant et al. [1998]
analyzed the longest record at that time, 1979-1993 at Natal, Brazil (6°S, 35°W), and shorter
sets of sounding from Africa, Ascension Island (8°S, 14°W) and Samoa (14°S, 171°W). Grant et
al. [1998] found that Rossby-waves (RW), used to represent horizontal displacements of air
parcels, were less frequent than so-called gravity waves (GW), the designation for ozone
layers associated with vertical motions. The latter appeared regularly in the LS and in the
region designated as the tropical tropopause layer (TTL), the transition zone between 14 and
18.5 km (150-70 hPa; Dessler, 2002; Folkins et al., 2002; Gettelman and Forster, 2002; Yang et
al, 2008; Fueglistaler et al, 2009).

A second tropical study using laminar identification (LID in Thompson et al. [2009])
presented wave statistics based on soundings taken over Heredia, Costa Rica (10°N, 84°W)
and Panama (7.8°N, 80°W) during the 2007 TC4 campaign (Tropical Composition, Cloud and
Climate Coupling; Toon et al,, 2009). The GW and RW frequency and distribution at these
central American sites are similar to those inferred from SHADOZ soundings at San Cristobal
(1°S, 90°W) and Paramaribo (5°N, 55°W). Kelvin waves were reported over San Crist6bal
[Fujiwara et al, 2001] and Paramaribo [Immler et al., 2008].

1.2 Road Map of Study

Almost none of the stations mentioned above is located in the Indian Ocean or western
Pacific where convectively driven Kelvin waves are most active [Randel and Wu 2005; RLS].
The ten-year SHADOZ dataset offers a well-resolved (50-100 m in vertical), accurate (~5%;
Thompson et al, 2007c) ensemble of profiles from a dozen tropical and subtropical zonally
distributed sites, including the western Pacific. The laminar technique is applied

systematically to the SHADOZ data to characterize regional climatology and variability of
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tropical Rossby and Kelvin wave signatures, using the GW designation as a proxy for the

latter. We address the following questions:

> What are seasonal and interannual signatures of convection in ozone?
> Where do these features occur geographically?
> Are convective and wave patterns based on ozone variations consistent with prior

studies of these influences, particularly over the Pacific and eastern Indian Oceans?
> What is the structure of ozone within the UT-LS inferred from soundings?
> Given that the laminar formalism points to ubiquitous signatures of GW in the UT-LS,

what are differences in seasonal and interannual variations at each site?

We also construct indices based on GW and RW frequency to look for signals related to the
two prominent sources of interannual variability, El Nifio-Southern Oscillation (ENSO) and
Quasi-Biennial Oscillation (QBO). Data and analytical methods are described in Section 2.
Section 3 presents ozone structure in the free troposphere (FT), TTL and LS, characteristics
of RW and GW waves at representative SHADOZ sites and the RW and GW Indices. Section 4
is a Summary.

2. SHADOZ Observations and Methods of Analysis

2.1 Data: 1998-2007

The SHADOZ network has collected > 4000 profiles from over 14 stations from 1998-
2007 [Thompson et al., 2003a,b]. Ozone and temperature data used in this study were
reprocessed in April 2007; selected profiles were corrected or discarded (<5% of total)
relative to data used earlier (e.g. Thompson et al., 2003a,b; Folkins et al., 2006; Fu et al.,, 2007).

Table 1 presents location of sites used in this study with years of record and numbers
of soundings contributing. The ozone measurement is made with electro-chemical
concentration cell ozonesondes [Johnson et al., 2002; Thompson et al., 2000; 2003a].

Temperature, pressure, humidity are recorded by standard radiosondes launched with each
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ozonesonde. Vaisala RS-80 or RS-92 radiosondes are used at all stations except Ascension

and Natal, as described at <http://croc.gsfc.nasa.gov/shadoz>. With standard protocols

employed at the SHADOZ sites [Smit et al, 2009], the precision of the ozone measurement is
5%. Accuracy of the ozone reading below 20 km is also 5% [Thompson et al., 2003a; 2007c].
Slight variations in sonde solution as well as different instrument types [Smit et al, 2007;
Deshler et al,, 2008] can introduce biases in absolute ozone readings among individual
SHADOZ sites (Figure 9 in Thompson et al., 2003a; Figure 8 in Thompson et al., 2007c). They
do not affect wave identification here, where laminae (Section 2.2) unique to each sounding
are used [Pierce and Grant, 1998; Thompson et al., 2007a,b].

2.2 Laminar Identification (LID) Method for Wave Detection

The technique described in Pierce and Grant [1998], adapted from Teitelbaum et al.
[1994], is used to isolate laminae and to determine wave-type origins. The steps below refer
to Figure 1. Archived SHADOZ data contain relative humidity (plotted to ~ 200 hPa in
Supplementary Material, Figure S-1), ozone partial pressure and temperature (left panel,
Figure 1a) and in ozone mixing ratio (right panel, Figure 1a).

Step 1: For each sounding, we locate laminae in O, and potential temperature, 6, through
normalization to running means over altitude. A boxcar smoothing over 2.5 km is
used to isolate each lamina. Larger and smaller ranges have been tested with little
difference in laminar statistics. Results for one profile are illustrated in Figure 1b,
where normalized O, is the solid line; the 8 deviations are signified by the dotted line.
Because the ozone mixing ratio precision is 5%, only laminae representing a deviation
of > 10% (red vertical lines in Figure 1b) are included in the analysis. Note that O,
deviations often exceed 20% in the TTL (generally defined as 14-18.5 km) and LS to ~
20 km. The 0 variations are relatively small below 15 km (cf Noguchi et al, 2006). The

patterns in Figure 1b over Fiji are typical of SHADOZ sites.
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Step 2: Correlations between O, and 0 gradients are used to identify GW and RW. The
correlation (dashed line in Figure 1b), with positive values > 0.7 defines GW (light
green in Figure 1b), based on the reasoning that the correlation between the two
quantities signifies a vertical disturbance. Conversely, when horizontal motion affects
0,, it is poorly correlated with 6. The standard practice of Pierce and Grant [1998] and
Teitelbaum et al. [1994], sets the RW limit for anti-correlation at +0.3, corresponding
to light blue sections in Figure 1b. The criterion employed here, i.e. only O, laminae
reaching a 10% deviation are assigned RW or GW identity, limits the range of wave-
labeled segments to the darker green and blue levels (Figure 1b).

Step 3: Summary statistics are computed for each site. Firstis the amplitude of laminae, as
% of the local deviation. The second parameter is frequency, defined as percent of the
number of soundings in which the given wave type appears, determined at %2 km
intervals. A third parameter, an ozone budget, is produced by adding column-
integrated O, amounts within each layer designated as GW or RW, typically for the
troposphere or to 20 km [Thompson et al., 2009].

2.3 Statistics of Wave Variability at Selected SHADOZ Sites

Indices for wave activity are used to evaluate interannual variability. The RW and GW
Indices (RWI and GWI) are based on the fraction of the column (up to 20 km) included in RW
or GW laminae that meet the 10% deviation criterion (dark blue and green layers in Figure
1b). The GWI and RWI are normalized prior to correlation analysis with ENSO and QBO
indices. The Bivariate ENSO Time-series (BEST) is used to represent ENSO [Smith and
Sardeshmukh, 2000]; the QBO index is obtained from the zonal average of the 30hPa zonal

wind at the equator <http://www.esrl.noaa.gov/psd/data/ /climateindices/list/>. A two-

sided test is used to determine statistical significance.
3. Results and Discussion

3.1 Ozone Climatology. Time - Series and Seasonality
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Ozone mixing ratios are presented first as time-series throughout the troposphere and
TTL with a close-up of TTL and LS ozone available in Supplementary Material.

3.1.1 Tropospheric and TTL Ozone (1998-2007)

A summary of ozone mixing ratio curtains during 1998-2007 for representative
SHADOZ sites appears in Figure 2. Seasonal and interannual variability is evident at each
location. For example, green-yellow-orange shading in the 4-11 km region may signify long-
distance transport of persistent pollution from biomass fires [Thompson, 2004], a process
with a roughly annual cycle at most sites. At La Réunion, Natal, and Ascension (Figures
2b,g,h), ozone from advection and in-situ formation are often stronger than over Nairobi,
Samoa and San Cristobal (Figures 2a,e,f). For Natal and Ascension (Figures 2g,h), as over
the tropical Atlantic in general, long-range transport of mid-tropospheric O,, as well as O,
from convective mixing [Kley et al, 2007] of surface O, precursors (hydrocarbons, CO, NO),
and lightning-derived NO [Jenkins et al, 2003; Jenkins and Ryu, 2004] are recorded in satellite
data [Fishman et al, 1996; Thompson et al, 2000; Edwards et al, 2003]. Relative amounts of
advected O, [Thompson et al, 1996], stratospheric subsidence [Krishnamurti et al, 1996] and
photochemistry [Jacob et al, 1996] over the south tropical Atlantic during austral spring
were deduced from sondes and aircraft data taken in the 1992 SAFARI/TRACE-A campaign.
The greatest tropospheric O, formation occurs near African sources (Figure 15 in Thompson
et al, 1996; also Thompson et al,, 2002). Ozone formation in the UT varies with background
levels of NO (1-2 ppbv 0,/day net formation; Smyth et al. 1996) or lightning-enhanced NO
(10-15 ppbv 0,/day; Pickering et al., 1996; cf Morris et al., 2009).

Ozone structure over La Réunion (Figure 2b) reflects a mixture of subsidence,
entrainment of extra-tropical air and convection over the Indian Ocean. This has been
observed in satellite tropospheric O, data [Chatfield et al, 2004; 2007] and in sonde-lidar
observations [Randriambelo et al., 2003; Clain et al.,, 2009]. Stratospheric influences, in

downward transport, or as filaments from the extra-tropics are frequent at La Réunion
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[Baray et al,, 1998; 1999; Le Claire du Bellevue et al., 2006] and over Irene [Diab et al., 1996;
2004] and to a lesser degree, over San Cristébal [Fujiwara et al., 2001].

Over the eastern Indian Ocean, Watukosek and Kuala Lumpur (Figures 2c,d) display
lower ozone than Nairobi and La Réunion, and Atlantic sites. A sharper ozone gradient and
higher altitude characterize the TTL. Over the Pacific (Samoa and San Cristobal, Figures
2e,f), mid-tropospheric O, maxima are due to long-range pollution transport [Oltmans et al,
2001], although this feature may vary with the El Nifio-La Nifia cycle [Lee et al., 2009] i.e.
alternating effects of subsidence or convection. ENSO-induced drought may contribute to
pollution, as during the 1997-1998 [Fujiwara et al,, 1999; Thompson et al, 2001] and 2006
Indonesian biomass fires [Logan et al,, 2008]. In other regions, an ENSO can suppress fire
activity and ozone [Thompson and Hudson, 1999].

Similar features to those at San Cristobal (Figure 2f) were observed in sondes over
Christmas Island (1.5°N, 157°W) in the central Pacific [Takashima et al., 2008]. Context for
TTL over San Cristobal is provided by the TC4 soundings taken in July-August 2007 over
Costa Rica and Panama (Figure 2 in Thompson et al, 2009).

In addition to ozonopause variability among SHADOZ sites, temperature and relative
humidity also vary (Supplementary Figure S-1; for details, see Loucks, 2007). Kuala
Lumpur is wettest up to the TTL, fairly evenly over the year, although biases among humidity
sensors used in SHADOZ caution against quantitative interpretation.

3.1.2 Tropospheric Ozone Seasonality (mean)

Figure 3 highlights seasonality of representative SHADOZ sites in monthly mean
ozone contours. The most distinctive variations among sites occur in: (a) the FT-TTL
transition; (b) signatures of convection, in which low-0, BL air is directed up to mid- and
upper troposphere; [c) timing and location of pollution impacts. In Figure 3a, Nairobi shows
a gradual transition from FT to TTL, from ~70 ppbv to 125 ppbv (yellow-to-red) suggestive

of a descending branch of the Walker circulation. Because Nairobi straddles the Intertropical
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Convergence Zone (ITCZ), this pattern is twice-yearly, in April-May at the end of the northern
tropical wet season, and in September-December.

Convective signatures are evident when low-0, BL air, typically over the ocean, is
directed upward into the mid-upper troposphere. This is occurs in February-March and July-
August over Watukosek (Figures 3b) and Kuala Lumpur from July to September and again in
December-February (Figure 3c). Surface and mid-upper tropospheric low-0, air may be
separated by a layer of higher O,, as in May over Watukosek and Samoa (Figures 3b,d) and
during January and February over San Cristébal and Natal (Figure 3e,f). Although mid-
tropospheric, high-0, layers normally maximize in the latter part of the year, i.e. during the
southern hemisphere fire season (August to November, Figures 3a,d-f), a secondary mid-
troposphere O, maximum appears over Nairobi in May-July (Figure 3a) and Natal in January-
March Figure 3f), possibly due to cross-ITCZ fire pollution. Thouret et al. [2009] discuss the
complexity of the two-year Cotonou SHADOZ record with respect to fire impacts crossing the
equator.

Although we focus principally on the FT and TTL, the BL shows significant features at
certain locations (Figures 2 and 3). With the exceptions of Watukosek (Figures 2c and 3b),
Irene and Paramaribo (not shown), BL pollution is unusual at SHADOZ sites. A roughly
annual cycle in BL ozone follows lower FT ozone over La Réunion (Figure 2b). The mid-
troposphere O, maximum (4-11 km) occurs in the October-March period, sometimes more
skewed toward September-October -November (1998, 1999, 2004, 2006, 2007) and other
times, in December, January-to-March (2000-2001; 2001-2002; early 2003). Distinctive FT-
BL connections during elevated ozone periods occur over Natal (Figures 2g and 3f) and
Ascension (Figure 2h). The maximum linkage may occur toward the early wet season
(November-to-January), as in 1999-2000 or mid-year as in 2001 and 2005. Ascension and
Natal patterns are alike but the BL height is lower and less variable at Ascension and the

signature of FT subsidence more profound. This leads to a zonal wave-one structure
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[Shiotani, 1992; Thompson et al., 2003b]. Signatures of convection are less frequent at
Ascension (cf mid-troposphere above Ascension, < 35 ppbv O,; blue color in Figure 2h) than
at Natal (Figures 2g and 3f).

3.1.3 TTL-LS Ozone and Seasonality

Analyses of TTL height and thickness, averaged over SHADOZ sites, have been
presented by Randel et al (2007; see Figures 2 and 3), Fu et al. [2007] and Konopka et al.
[2009]. Station-to-station annual patterns were characterized by Takashima and Shiotani
[2007]. Annual cycles in tropopause height and structure of the TTL (14-18 km) and LS are
captured in Figure S-2. An exceptionally low TTL, as indicated in the red-to-brown
transition, appears over Watukosek and Kuala Lumpur in 1998-1999 (Figure S-2b,c) during
the strong 1997 ENSO and Indian Ocean Dipole [Thompson et al, 2001]. During that period a
higher-than-normal TTL, induced by more active convection, appeared over Nairobi and San
Cristobal, and somewhat over Ascension (Figure S-2a, f, h). A similar pattern occurred as an
ENSO develops from 2005 to 2006.

3.2 Wave Characteristics

3.2.1 Seasonality at Representative SHADOQZ Sites

Figure 4 illustrates monthly averaged laminae amplitude for five sites. Amplitudes
are in the 12-20% range with the magnitude distributed fairly evenly with altitude and over
the course of the year. There are mid-tropospheric laminae at several periods throughout the
year that may signify long-range pollution; see localized maxima in Figure 3. These occur in
September over Nairobi and Samoa (Figure 4a,c), November (Watukosek, Figure 4b), and in
October-November, when African and South American pollution intermingle over Natal
(Figure 4e). Pronounced maxima in amplitude are found at ~10 km during the wet season
(February-March-April) over Watukosek (Figure 4b) and at 13 km over Natal (Figure 4e).
At all sites except Kuala Lumpur (Figure 4c), the amplitude of TTL laminae increases ~15%

in September-October-November.
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3.2.2 Site-to-site Variations in GW/RW

The frequency of wave occurrence over altitude and annual cycle is depicted in
Figures 5 and 6, for GW and RW, respectively. Shading indicates statistical significance.
There appear to be two sets of GW frequency maxima with distinct altitude and seasonality.
One set of GW maxima appears at the TTL-LS interface with roughly quarterly periodicity. A
good example is at Nairobi (Figure 5a) where the maximum is centered at 17.5-18.5 km,
nominally in the LS, in late January-February, 1 May, 15 July, 1 November. A separate feature
in the lower TTL (~14-15 km) appears in mid-January and in the mid-July to September
period, ie roughly semi-annually (Figure 5). Aspects of TTL seasonality have been detailed
by Takashima and Shiotani [2007]; Randel et al. (2007); Konopka et al. [2009]. Folkins et al.
[2006], using western Pacific/eastern Indian Ocean SHADOZ data in the TTL, showed
convective impacts minimizing in June and maximizing in DJF.

RW occurrence is less prominent in the TTL but still relatively high (10% or more)
over Nairobi, Watukosek and Samoa (Figure 6a,b,d). Near-surface RW frequency >20% at
Kuala Lumpur may denote advection of regional pollution [Yonemura et al, 2002]. Mid-
tropospheric RW activity is greatest in September-October, 35% over Nairobi and Watukosek
(Figure 6a,b), and 10-15% over Natal (Figure 6e). For Natal (cf Figure 2f), these levels
correspond to advection of African pollution [Logan and Kirchhoff, 1986; Thompson et al,
1996]. Above 8-10 km, the RW may signify pollution plumes from South American fires
[Fishman et al., 1996; Pickering et al., 1996]. Relatively high GW and RW frequencies both
occur in September-October over Natal (Figure 5e); impacts of early wet-season convection
and late-fire season pollution may coincide [Thompson et al, 1997].

Averaging the GW and RW frequencies over the year (Figure 7) highlights regional
differences. The GW frequency is greater closer to the equator and RW frequency increases
with latitude (Figure 7). Sub-tropical Réunion and Irene (distinct profile shape relative to

sites equatorward of 15°S, Thompson et al., 2007c) have the lowest mean GW frequency,
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| ~20% (Figure 7a). Likewise, the GW frequency (Figure 7a) over Fiji (40%; latitude, 18°S) is

lower than over San Cristobal (1°S), Kuala Lumpur (3°N) or Watukosek (7.5°S). The Indian
Ocean and Pacific sites have higher GW frequencies than the Atlantic stations, approximately
a factor of two on average (Figure 7a). The GW frequency peaks at 50-75% over Nairobi and
Malindi, in a western Indian Ocean meteorological regime, and over Kuala Lumpur and
Watukosek, eastern Indian Ocean stations within +/-10 degrees latitude. Atlantic sites within
8 degrees latitude have a GW frequency at 40%.

Paramaribo GW frequency and seasonality (Figure 5 in Thompson et al, 2009) are
similar to those for Natal (Figure 7a). Intensive soundings at the Costa Rican SHADOZ site
(initiated in 2005) and over southwestern Panama during TC4 revealed robust GW activity in
the TTL (Figures 1 and 4 in Thompson et al,, 2009). Also in TC4, temperature soundings taken
four times daily detected convectively generated waves [Selkirk et al, 2009]. Convective
impacts in layers ~1 km thick were confirmed with aircraft tracers [Avery et al, 2009;
Petropavlovskikh et al.,, 2009].

RW are prominent in the mid-to-lower troposphere, but overall occurrence is less
frequent than for GW (note scale difference, maximum < 30%, Figure 7b). Elevated RW in
the TTL is expected at sites farther from the equator in austral spring, when stratospheric
influence increases, ie, over La Réunion (21°S; Baray et al., 1998; 2003; Portafaix et al., 2003;
Randriambelo et al., 2003) and Irene (26°S; Diab et al, 1996; Thompson et al,, 1996).

Seasonal and longitudinal patterns of wave frequency appear as a composite in Figure
8. Figure 8a displays GW frequency based on averaging over 15-20 km (~60-125 hPa). The
average of the RW frequency below 100 hPa (cf Figure 7b) is used for Figure 8b. The
minimum GW frequency occurs over the highest latitude sites (Réunion, Irene) and the
Atlantic (e.g. Ascension, Figure 8a). Moderately high GW frequencies are found over the
Pacific (Fiji, Samoa, San Cristobal). The RW structure is less distinct; the maximum value in

Figure 8b is about % that in Figure 8a.
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3.3 Indices for Wave Impact: GWI and RWI

The Gravity and Rossby Wave Indices (Figure 9; additional sites in Supplemental
Figure S-3) suggest that GWI and RWI are inversely related; if laminae are present, one or
the other wave type is identified. The general pattern of greater GW activity over the western
Pacific and eastern Indian Oceans (Figures 7 and 8) holds, ie higher GWI at those sites
(Table 2). For example, the mean GWI over Nairobi, Watukosek and Kuala Lumpur (Figures
9a-c) is ~15% although the range of GWI at these sites varies greatly. At Nairobi and
Watukosek (Figures 9a,b) GWI ranges from 5-20% but at Kuala Lumpur, except for 1998, the
range is 10-20%. The 1998 Watukosek and Kuala Lumpur anomalies are consistent with the
strong ENSO. Reduced GWI in early 1998 is presumably due to suppressed convection,
followed by sharp increases in 1999 when the La Nifia gathered strength. In Nairobi GWI was
at a high point in early 1998 but by mid-1998 it had fallen to its lowest value in the 1998-
2007 period. In 2006 a fairly strong ENSO occurred (cf Logan et al. 2008), signified by a
Nairobi GWI maximum (Figure 9a; mean GWI in Table 2) and a decline in the Kuala Lumpur
GWI; over Watukosek data gaps confuse patterns after 2005. At Samoa (Figure 9d) the 1997
ENSO led to a GWI maximum, followed by an 18-point (absolute) decline; the Fiji record
(Figure S-3a) is similar. Natal (Figure 9e) soundings were sparse in 1998. Ascension (refer
to Figure S-3b) began with a high GWI in 1998 that declined rapidly. In general Ascension
has a greater GWI range than Natal (Figure 9e) although the annually averaged GW
frequency and structure is nearly the same at the two sites. The GWI at Paramaribo at (5°N,
Figure 13 in Thompson et al., 2009; Table 2 here) is slightly less than the Natal GWI at 5.5°S.
Irene and La Réunion typically display GWI < 10% (Figures S-3c,d). At Irene GWI was ata 9-
year maximum in 1999 due to the La Nifia. We have investigated the possibility of trends in
GWI and RWI over the 1998-2007 period, but the record is too short to be useful.

In Table 2 GWI and RWI, monthly averaged, are related to the ENSO and QBO, with

statistically significant correlations indicated by red letters. The clearest ENSO signals are for
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| Kuala Lumpur and Samoa (Figures 9c,e), with positive GWI correlation in the latter (more

convection in the Pacific) and negative for the former (suppressed convection in the eastern
Indian Ocean). The correlation between GWI and ENSO over Watukosek is similar to that for
Kuala Lumpur but not statistically significant. Positive RWI relationships with ENSO (Table
2) may reflect subsidence over Kuala Lumpur (Figure 9c) and/or transport of pollution from
Indonesian fires [Fujiwara et al, 1999; Oltmans et al, 2001; Thompson et al, 2001; Yonemura
etal, 2002].

Randel et al. [2009] examined the relationship in zonally averaged LS temperature and
ozone with a chemical-climate model and SAGE (Stratospheric Aerosol and Gas Experiment)
data. In regressions with a multi-variate ENSO index, negative ozone anomalies from 15-20
km were detected in the satellite data and the model. This would be consistent with a
reduced GWI (negative signals in Table 2). However, the present results, as well as the
detailed profile analysis of Lee et al. [2009] argue that regional and vertical variations due to
ENSO and QBO impacts (cf Logan et al, 2003; Witte et al,, 2008) are masked by zonal
averaging.

4. Summary

The ten-year SHADOZ record (1998-2007) has been used to study variability in the
troposphere, TTL and LS (surface to 20 km). Vertical structure is examined across seasons
and regionally with two sites each in the Pacific (Samoa, San Cristébal) and Atlantic (Natal,
Ascension), two in Africa (Nairobi, Irene) and three in the Indian Ocean (La Réunion,
Watukosek, Kuala Lumpur). Addressing questions about variability in ozone vertical
structure in the FT and TTL, we find:

1) At each site, 0zone mean mixing ratios and time-series variations over the ten-
year period are distinct. In the FT, mixing ratios as low as 10 ppbv, presumably due to

convection from the BL, are prominent over Kuala Lumpur, Watukosek, Samoa and Fiji. In
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contrast, over Natal, Ascension and La Réunion, FT ozone maxima are typically associated
with biomass burning.

2) The seasonality of convection, as manifest in FT O,, also varies site-to-site. At
all SHADOZ stations, the most consistent convective activity, in D-J-F, coincides with a
maximum in GW frequency. Secondary periods of intense convection in occur May-July over
Samoa, Watukosek, Natal and Nairobi.

3) TTL thickness, as measured by ozone gradient, and the TTL-FT transition also
vary site-to-site. Generally, sites near descending branches of the Walker circulation display
a more gradual transition (e.g. Nairobi, Natal, Ascension). Regions of ascent (Watukosek,
Kuala Lumpur) have a sharper transition and a higher altitude for the TTL.

4) Pollution and/or stratospheric influences are signified as recurrent ozone
maxima (> 100 ppbv in individual soundings, > 70 ppbv as monthly averages) in the FT,
mostly in the 4-12 km range. These features tend to dominate August-December, except at
Kuala Lumpur (opposite seasonality; it is north of the ITCZ; Yonemura et al, 2002).

We made a systematic application of the laminar method to identify RW and GW
activity over the 1998-2007 period. RW activity, appearing in fewer than 20% of SHADOZ
soundings, appears to be of two types. RW is often associated with intrusions of extra-
tropical air, especially in austral spring. This occurs at sub-tropical sites, e.g. La Réunion
[Clain et al., 2009], but also at more equatorial locations, e.g., Christmas Island [ Takashima et
al, 2008]; Indonesia [Fujiwara et al, 2003b]; Paramaribo, Costa Rica [Thompson et al.,, 2009].
Second, RW may represent pollution, either local (Kuala Lumpur, Watukosek) or in stable
layers transported thousands of km (Samoa, San Crist6bal, Natal).

Signatures of gravity waves in the TTL and LS are a semi-permanent feature at all
SHADOZ sites, detected in 50% of the soundings. GW frequency is greatest near the top of the
TTL, ~18 km, in D-J-F and a minimum in June and July. GW activity is presumed to signify

Kelvin waves initiated by convection. The amplitude of laminae (10-20%) is similar among
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all SHADOZ sites. GW frequency is > 40% at all sites equatorward of 20°S and two times
greater at several equatorial locations than at La Réunion and Irene.

Interannual variability in GW and RW activity was studied with Indices that also
quantify regional differences. A study of factors influencing GWI and RWI was made through
comparison with standard ENSO and QBO indices. For sites with the highest GWI (Kuala
Lumpur and Watukosek) that register a significant anti-correlation with ENSO, and a positive
RWI correlation, suppressed convection is a plausible explanation. Both GWI and RWI are
positively correlated with the QBO over Natal.

An important consequence of regional GW and RW variations is a caution against
over-averaging among SHADOZ sites. Lehmann and Rex [2008] reached similar conclusions
regarding inferred rates of vertical ascent in the TTL and LS. Regional differences in Kelvin
wave properties at the TTL are described in Suzuki and Shiotani [2009]. Lee et al. [2009]
have performed EOF (Empirical Orthogonal Function) analysis on SHADOZ ozone anomalies
between 17 and 30 km and used the resulting principal components of the first two EOFs as
indices for the QBO. Results of their ozone and temperature analysis based on these indices
show strong regional variations in the troposphere due to both QBO and ENSO.
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TABLE 1 - SHADOZ station locations used here, with years of record and sonde numbers.

SITE Latitude, Years of SN

Longitude Data Record
Irene 25S, 28E 1999-2007 231
Nairobi 1S, 35E 1999-2007 422
Malindi 1S, 37E 1999-2005 102
La Réunion 21S, 55E 1998-2007 277
Kuala Lumpur 2.7N, 102E 1998-2007 236
Watukosek 7.5S, 114E 1998-2007 262
Fiji 18S, 178E 1998-2007 254
Am. Samoa 14S,171W 1998-2007 363
Paramaribo 5N, 55W 1999-2007 345
San Cristobal 1S, 90W 1999-2007 345
Natal (Brazil) 6S, 35W 1998-2007 346
Ascension 8S, 15W 1998-2007 460
Island

Table 2. Summary of column ozone amount (DU), Mean Gravity Wave Index (GWI), Rossby

Wave Index (RWI) and correlations of GWI and RWI with ENSO and QBO indices. Red
values denote statistical significance (95% or more).

Site Mean O, Mean GWI (%)Mean RWI IGWI Corr w/ RWI Corr w/lGWI Corr w/ RWI Corr w/
20km, DU) %) ENSO Index [ENSO Index QOBO QBO
Nairobi p35-2 16.6 0.68 0.00 0.08 0.19 D.14
Natal 43.8 10.9 B.76 L0.07 L0.09 0.19 0.20
Watuk. B7.4 18.5 0.5 L0.14 0.14 L0.07 L0.01
K. Lumpurp9.5 19.4 5.00 L0.25 0.26 Lo 11 L0.13
Wm.Samoap7.2 6.1 B.71 0.23 0.07 D.11 L0.12
rene 52.6 5.14 b.82 0.06 0.08 D.11 L0.06
Fiji p7-4 2.6 p-40 t0.12 0.13 0.07 +0.13
Ban Cris. P8.5 2.6 5.25 0.05 0.27 0.14 D.14
Paramar. §#1.6 7.85 .30 0.04 0.21 0.22 10.01
Ascension 3.6 .35 L.34 10.22 D.10 D.06 10.02
Reunion p3.4 5.83 h.86 L0.05 L0.16 L0.19 L0.04




FIGURE CAPTIONS
Figure 1

(a) Profile of ozone partial pressure (black) with temperature (red) and relative humidity
measured by ozonesonde-radiosonde combination, measured at Suva, Fiji, SHADOZ site,

taken from SHADOZ website: <http://croc.gsfc.nasa.gov/ shadoz>; (b) Normalized O, (solid

line), potential temperature (6, dotted line), with correlation between the two quantities
(dashed), as determined in laminar identification (LID). Correlation criteria for Rossby
wave (RW) are within vertical lines between -0.3 and +0.3 (light blue). By requiring an O,
layer amplitude of 0.1 (10%), the region designated RW is restricted to darker blue.
Gravity wave (GW) criterion by LID method (Pierce and Grant [1998; see their Figure 1]
and Thompson et al. 2007 a; Figure 3]) calls for normalized O, and 6 correlation to reach 0.7
(vertical line). GW layers are light green, but only dark green is counted in the GWI
(Gravity Wave Index), given a 10% layer-amplitude requirement for O,. BL (boundary-
layer), FT (free-troposphere), TTL (tropopause transition layer), LS (lower stratosphere)
segments.

Figure 2
Ozone mixing ratio curtains, surface to 18.5 km, over 10-yr SHADOZ record at
representative sites: Africa-western Indian Ocean, (a) Nairobi and (b) La Réunion; eastern
Indian Ocean, [c] Watukosek, Java, (d) Kuala Lumpur; Pacific, (e) Samoa and (f) San
Cristobal; South American and Atlantic (g) Natal and (h) Ascension. San Cristébal
soundings began in 1999. Frequency is nominally weekly but gaps sometimes occur (cf
Figure 9, Thompson et al., 2003b).

Figure 3
Mean monthly mixing ratio in the troposphere, TTL and LS, 0-20 km based on 1998-2007

soundings for: (a) Nairobi; (b) Watukosek; [c] Kuala Lumpur; (d) Fiji; (e) San Cristébal; (f)



Natal.
Figure 4
Monthly averaged laminae amplitude for SHADOZ sites: (a) Nairobi; (b) Watukosek; (c]
Kuala Lumpur; (d) Samoa; (e) Natal. Number of sondes used is at bottom of panel.
Figure 5 Monthly averaged laminae GW frequency at: (a) Nairobi; (b) Watukosek; (c] Kuala
Lumpur; (d) Samoa; (e) Natal. Number of sondes at bottom of panel.
Figure 6 Same as Figure 5 for RW frequency.
Figure 7 Annually averaged GW frequency (a) and RW frequency (b) as function of altitude
for twelve SHADOZ stations.
Figure 8
Contours of (a) GW frequency, averaged between 15-20 km, as function of month and site.
(b) same as (a) but for RW average below 12 km.
Figure 9
Time-series of GW and RW indices (GWI and RWI) from 1998 through 2007: (a) Nairobi;
(b) Watukosek; (c] Kuala Lumpur; (d) Samoa; (e) Natal.
SUPPLEMENTARY Figures
Figure S-1  Curtains of RH from radiosondes at representative SHADOZ to 12 km. Tendencies of
humidity sensors vary considerably in the upper troposphere; some are known to
have a dry bias (Miloshevich et al., 2006; Vémel et al.,, 2002; 2007; R. Stuebi, personal
communication, 2009). Thus, absolute differences among sites shown are not
meaningful, although temporal variations within a single data set may be useful.
Figure S-2  Same as Figure 2, except for TTL-LS ozone curtains, 15-20 km.
Figure S-3 GWI and RWI time-series from 1998 through 2007 for: (a) Fiji; (b) Ascension; [c]

Irene; La Réunion.
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Figure 2 (continued)
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a b
Nairobi Lamina Frequency (% of soundings) (Gravity Wave Lamina) = Watukoskek Lamina Frequency (% of soundings) (Gravity Wave Lamina)
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Figure 6

a b
Nairobi Lamina Frequency (% of soundings) (Rossby wave Lamina) Watukoskek Lamina Frequency (% of soundings) (Rossby wave Lamina)
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Figure 8

Seasonal Cycle of Gravity Wave Frequency (15-20km)
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Figure 9

a Nairobi 1998-2007 b Watukosek 1998-2007
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Figure S1

Nairobi 1998-2007: Relative Humidity (%)
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Figure S2 (continued)

f San Cristobal 1998-2007: Ozone Mixing Ratio (ppbv)
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Figure S3
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