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Abstract. The interrelated geographic and temporal variabil- annual and interannual variability described here represent a
ity seen in more than seven years of tropical and subtrophew resource for validation of atmospheric chemistry mod-
ical upper tropospheric (215hPa) ozone, carbon monoxidels.
and cloud ice water content (IWC) observations by the Aura
Microwave Limb Sounder (MLS) are presented. Observed
ozone abundances and their variability (geographic and tem-
poral) agree to within 10—15 ppbv with records from sondel Introduction
observations. MLS complements these (and other) observa-
tions with global coverage and simultaneous measurementslpper tropospheric ozone ¢Pabundances are influenced by
of related parameters. Previously-reported phenomena such variety of chemical and dynamical processes. Lofting of
as the ozone “wave one” feature are clearly seen in the ML3ower tropospheric air to the upper troposphere, most notably
observations, as is a double peak in ozone abundance ovéirough deep convection, generally acts to decrease ozone in
tropical East Africa, with enhanced abundances in both Maythe upper troposphere (elgley et al, 1996 Folkins et al,
to June and September to November. While repeatable se®2002, especially in remote unpolluted regions. However,
sonal cycles are seen in many regions, they are often acconair transported up from the continental lower troposphere
panied by significant interannual variability. Ozone seasonals often rich in ozone precursors: nitrogen oxides (NO
cycles in the southern tropics and subtropics tend to be morg&vhich may also be enhanced by emissions from lightning
distinct (i.e., annually repeatable) than in the northern. Bydirectly in the upper troposphere), carbon monoxide (CO),
contrast, carbon monoxide shows distinct seasonal cycles iand volatile organic compounds. Lofting of these species can
many northern subtropical regions, notably from India to thesubsequently lead to increases in upper tropospheric ozone
Eastern Pacific. Deep convection (as indicated by large val{e.g.Pickering et al. 1990 1996. Over the tropical oceans,
ues of IWC) is typically associated with reductions in upper photochemistry provides a net source for ozone in the mid-
tropospheric ozone. Convection over polluted regions is see@nd upper troposphere (above about 7 km), and a net sink be-
to significantly enhance upper tropospheric carbon monoxJow (e.g.Schultz et al.1999.
ide. While some regions show statistically significant corre-  Influx of ozone-rich stratospheric air can increase tropo-
lations among ozone, carbon monoxide and IWC, simple corspheric ozone. Many studies have considered exchange of
relations fall well short of accounting for the observed vari- air between the troposphere and stratosphere in the extratrop-
ability. The observed interrelated variations and metrics ofics (e.g.Danielsen1968 Holton et al, 1995 Roelofs et al.
2003 Hegglin and Shepherc2009 among many others).
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However, studies of the intrusion of stratospheric air into theThe MLS carbon monoxide (CO) and cloud ice water content
tropical and subtropical upper troposphere are féanimas  (IWC) products are measured simultaneously with ozone,
et al, 1998 Scott et al. 2001, and the degree of strato- and aid interpretation of the ozone observations. Carbon
spheric input across the subtropical tropopause is not welmonoxide is a product of incomplete combustion and is fre-
understood\(vaugh and Polvan2000. quently used as a tracer of polluted air (&tphl et al, 2002
The processes controlling tropospheric ozone, and the eva-leald et al. 2003 Liang et al, 2004. Primary sources of
lution of these processes in response to changing emissior80 are industrial/transportation emissions and biomass burn-
and climate, have important societal impacts. Ozone is a@ang. MLS observations have shown that upper tropospheric
strong greenhouse gas whose radiative forcing is largest i€O abundances are strongly affected by variations in sur-
the upper tropospherédcis et al, 1990 Forster and Shine  face emissions and variations in deep convection, which lofts
1997. Long-range transport of air pollution (of which ozone lower tropospheric air into the upper troposphere (e.g.,
is an important component) also has implications for globalet al, 2005h Duncan et al.2007 Jiang et al.2007a Liu
air quality and human health (e.Biore et al, 2009 Anen- et al, 20103. MLS IWC observations are mainly sensitive
berg et al. 2009. to thicker clouds having large particlé#/( et al, 2008 that
Most observational studies of upper tropospheric ozone tare indicative of deep convective activity.
date have relied upon measurements from ozonesonde net- This paper presents the first seven years of MLS tropical
works (e.g.Logan 1985 1999 Thompson et al.2003h and subtropical upper tropospherig, ONVC and CO obser-
Solomon et al. 2005 Cooper et al.2007), a number of  vations, discusses the perspective they provide on previously
airborne field campaigns (e.Browell et al, 2003 Cooper  reported phenomena, and identifies some behavior not pre-
et al, 2006 Hudman et a].2009, observations from ground- viously reported. Sectio describes the MLS observations
based remote soundindifcellet et al, 1994 Langford and  and our analysis approach. Sect®xdiscusses observed geo-
Reid 1998, and routine in situ measurements made by com-graphic and temporal morphology irsCand comparisons to
mercial aircraft, such as those in the “MOZAIC” program prior records. Relationships between upper tropospheyic O
(e.g.Thouret et al.1998 2006 Bortz et al, 2006 Sauvage IWC and CO are described in Sedf.while Sect.5 gives a
et al, 2007). Nadir-sounding satellite instruments lack suffi- broad review of the overall variability seen in the data. Sec-
cient vertical resolution to resolve upper tropospheric ozongion 6 provides a summary and identifies future avenues of
independently from ozone at other altitudes. For example, theesearch.
nadir-sounding infrared Tropospheric Emission Spectrome-
ter (TES) instrument on Aura gives only 2 “degrees of free-
dom for signal” for tropical tropospheric ozon@ofirdain 2 Data and methods
et al, 2007 Zhang et al.2010. Similarly, nadir measure-
ments of ultraviolet backscatter by the Aura Ozone Moni- MLS is one of four instruments on Aura, launched into a
toring Instrument (OMI) yield only 1-2 pieces of informa- 98°-inclined sun-synchronous orbit on 15 July 2004. The in-
tion on tropospheric @ (Liu et al, 20100. Limb sound-  strument observes microwave emission from the Earth’s limb
ing of thermal emission or solar backscatter, along with so-in the “forward” direction of the Aura orbit. MLS makes ver-
lar occultation observations, are currently the only satellite-tical profile measurements from the troposphere to the meso-
borne sources of vertically resolved upper tropospheric comsphere every 1%5along the Aura orbit track (corresponding
position measurements. Limb emission sounding gives dailyto a horizontal spacing o165 km), with~3500 profiles re-
near-global coverage, limb sounding of scattered solar ulported per day. MLS observations are made frorh 820
traviolet gives similar coverage for daylight regions, while 82° N at two fixed local solar times, with tropical observa-
solar occultation observations are made at only two lati-tions made at~01:30 a.m./p.m.
tudes each day. Microwave signals are much less affected This study considers the MLSZIWC and CO profiles
by clouds than infrared and ultraviolet/visible observations,produced by the “Version 3.3” (v3.3 hereafter) data process-
as the wavelength of the observed radiation is significantlying algorithms Livesey et al.2011). The earlier v2.2 dataset
larger than the typical particle size, dramatically reducingwas the subject of a series of validation papers. These showed
the impact of scattering. Microwave limb sounding is, there-that, throughout most of the stratosphere, the v2.2 MlgS O
fore, well suited to the tropical and subtropical upper tropo-product agrees with other observations withi® %, with
sphere, where thick clouds from deep convection are partic10-20 % biases seen in the lower stratosphEreidevaux
ularly prevalent. et al, 2008. At 215 hPa, used here, MLS v2.23@xhibits
Here we present findings from seven years of near-a positive bias 0f~20 % at middle and high latitudes, when
continuous upper tropospheric ozone observations from theompared to both Stratospheric Aerosol and Gas Experiment
Microwave Limb Sounder (MLS) instrumeniMaters et al.  (SAGE)-Il solar occultation observationBrpidevaux et aj.
2009 on NASAs Aura satellite. MLS offers an unprece- 2008 and ozone sondegli@ng et al. 20070. This bias is
dented combination of vertical resolution with near-global within the 20 ppbw- 20 % accuracy estimated for both v2.2
daily coverage, including observations both day and nightand v3.3 Q at these altitudes, based on quantification of
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systematic errors (calibration, spectroscopy, etc.Lsassey 83 hPa. While vertical resolution for MLS4&and CO is re-
et al, 2008. However, those earlier studies were global in ported by their averaging kernels (see above), the approach
scope, and did not specifically focus on tropical and subtrop-used in v3.3 for deriving IWC from the MLS radiance obser-
ical ozone observations. vations does not yield kernels for IWC. Instead, analysis of
The new v3.3 MLS @ observations are generally within the weighting functions for IWCWu et al, 2008 indicate
1-2 % of the v2.2 observations in the stratosphere and lowethat the vertical resolution of the MLS v3.3 IWC measure-
mesosphere. More significant differences between v2.2 andhents at 215 hPa used here-ig km.
v3.3 Oz occur in the tropical upper troposphere and lower In this study, MLS observations are averaged intd a5
stratosphere. Accordingly, new comparisons of MLS obser-itude, 30 longitude regions on a “biweekly” basis: 25 14-
vations with sondes in the tropical upper troposphere aralay periods starting each 1 January, with a final 15 or 16-day
presented in this paper. The MLS3@veraging kernels (a period rounding out each year. The quality screening rules
standard measure of vertical resolution for remote soundinglescribed irLivesey et al(2011) are applied prior to averag-
instruments, e.glivesey et al. 2008 have a full width at  ing, including the iterative fitting algorithm to remove some
half maximum of~3 km at 215 hPa. Previous studi€xaf-  residual clear sky signal in the cloud ice product. Specifi-
tee et al. 201% Manney et al.2009 2011 have shown that cally, this involves computing daily R@atitude resolution
MLS can successfully capture distinct, relatively localized zonal means of the IWC product and iteratively refining the
vertical structure in trace gas distributions in this region onmeans after repeatedly rejecting spikes larger than two stan-
length scales somewhat shorter than the quoted averagindard deviations from the mean and recomputing the mean
kernel width. The useful range for MLS v3.3z@ata ex- and standard deviation of the remaining population each it-
tends from 261 hPa (the MLS retrieval surface immediatelyeration. Once this approach converges (typically within 5-10
beneath the 215 hPa level considered here) to 0.02hPa. iterations), any IWC value larger tham 3s considered to be
The previous MLS v2.2 CO product captured the mor- a statistically significant cloud “hit” and is included in the
phology and variability in CO well, but had a significant averages (with the zonal mean “background” removed). The
(factor of ~2) positive bias at 215 hPa compared to expec-remaining< 30 values are considered to be statistically in-
tation and correlative datd.iyesey et al. 2008. This bias  significant and count as observations of zero IWC. The previ-
has been ameliorated in v3.3 through a change in the mannerusly documented data screening rules applied also include
in which broad-band microwave emission from dry air, wa- the use of the MLS cloud ice data to refine the screening
ter vapor, and other species is modeled, and through a bettdor the upper tropospheric CO product, and the rejection of
choice of MLS channels to use in the CO retrievals. Compar-any 215 hPa @values less thar-150 ppbv or where the re-
isons (not shown here) indicate that 215 hPa CO is lower inported 316 hPa ©is less than—300 ppbv (all indicators of
v3.3 than v2.2 by around 80 ppbv in the tropics, and 50 ppbwsignificant contamination of the MLS atmospheric composi-
in the mid-latitudes. Generally good agreement on temporation signals by clouds). Typically 200—300 profiles contribute
and spatial morphology is seen between the previously valito each biweekly average in each region. Fortnights during
dated MLS v2.2 and new v3.3 CO products. Apart from the which fewer than 20 % of the typical number of observations
reduced bias, the variability in CO reported in this paper isare available in a given region, worsening the effective pre-
essentially unchanged between v2.2 and v3.3. The verticatision in the average, are removed (mainly affecting the first
resolution (as defined by the full width at half maximum of and last fortnights in the record, and an instrument anomaly
the averaging kernels) of the MLS v3.3 215hPa CO mea-period in March/April 2011).
surement is~5 km, and 215 hPa is the largest pressure (i.e., Individual MLS v3.3 observations at 215 hPa have an ex-
lowest altitude) where the MLS CO data are suitable for sci-pected precision 0of20 ppbv (I) for both G; and CO. The
entific use. Further work to compare the new MLS CO (andaveraging of 200-300 observations for this study improves
O3) products in the upper troposphere with MOZAIC and the precision to~1 ppbv — small compared to thelO ppbv
other observations is underway. variability observed in both species. The precision on in-
The MLS IWC product, as with the £and CO dividual 215hPa IWC observations is1 mgnt 3, giving
data, is based on observations in the 240GHz spec~0.05mgnT3 after averaging, also negligible compared to
tral region (-1.2mm wavelength). Only thick clouds the~1mgnt3 variability observed.
(IWC > 0.6 mgnT?2 at 215 hPa) having large particle sizes
are observable at this wavelengiWy et al, 2008. Such
clouds are typically associated with deep convective coreg MLS tropical upper tropospheric ozone observations
rather than outflow or in-situ-formed cirrus. Accordingly,
MLS IWC is used as a measure of deep convection in this3.1 Spatial variations
study. Note that this product does not reflect the water con-
tent of individual clouds, but rather the mean content in aFiguresl and2 show time series of regional biweekly aver-
~200 km-long volume of air sampled along the MLS limb ages of MLS @, IWC and CO observations at 215 hPa from
track. The v3.3 MLS IWC profiles are valid from 215 hPa to the July 2004 instrument activation to December 2011. In
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Fig. 1. MLS 215 hPa @ (upper), cloud ice (middle, indicative of convection), and CO (lower) observations frkV @0 9C°E. Each cell

shows timeseries of biweekly averages of MLS measurements in the geographic region covered by the cell. Line colors denote year, as showt
in the legend at the bottom left. Numbers and letters in black boxes along the top and right edges identify regions for discussion in the text
(e.g., 3Nb is the box encompassing much of India).
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Fig. 2. As for Fig. 1 but for 9C° E to 9C° W.
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general, and as expected, the subtropic§{26° N/S, rows  square (RMS) seasonal cycle amplitufieas
Nb/Sb) show larger @abundances and temporal variability

(seasonal and i.nterannual) than thg tropics® @515 N, S = i (x; _;)2, @)
rows Na/Sa). This reflects the larger influence of events such 26 7o

as tropopause folds in the subtropics that inject ozone-rich _ _ _ _ _ _
stratospheric air into the upper troposphere (dajton et al, wherex* is the arithmetic mean af} in the given region for

1995 James et 312003 and references therein) and is con- all 26 fortnights:

sistent with previous sonde and lidar observations @ajn _ 1

et al, 2009. =22 D X ®3)
In the southern tropical regions (the “Sa” rows), the pre- f

viously reported (e.gFishman et a).1990Q Logan 1999

Thompson et a].2003h Sauvage et 312009 “wave one”  rigs 1 and2, along with the corresponding values $fIn
structure in Qs seen, with larger abundancesi0-90 ppbv 4 qgition to showing the mean for each fortnight, the interan-
at the seasonal maximum) over the southern Tropical Aty 5| variability (i.e., one sigma standard deviation of all the
lantic, Africa and South America (Fid, boxes 10Sato 12Sa ") is shown as an error bar on each point (and also as the
and 1Sa to 2Sa) and smaller abundanee40-50 ppbv at I ; ; ;

™ ‘ " red lines, scaled by three for clarity, as described in the cap-
peak) over the Pacific (Fig2). The lowest tropical abun- qny in Figs.3 and4. From these, we define the interannual
dances {20 ppbv) are in the Western Pacific (box 5Sa) dur- 4 iapility, v, about the seasonal cycle as the RMS of these

ing January to May of each year. This “dipole” behavior re- ¢t4n4ard deviations for a given region/species:
flects the larger concentration of pollution sources and light-

ning over the continents (e.f/lartin et al, 2002, as well ,
as tropical dynamics, in particular the Walker circulation. Zf,y (x} —x})
Sonde observations dhompson et al(2003h their Fig. 4) = T )
indicate a similar amplitude for the southern tropical dipole, ‘
with peak abundances at 10 kmZ15 hPa) of~65 ppbv dur-  The degree of repeatable seasonal variability in upper tropo-
ing September to November, and smallest abundances afpheric Q varies by region. Strong seasonal cycles are seen
~35 ppbv during March to May. through much of the subtropics (rows Sb and Nb in Figs.
MLS data show a similar wave one structure in the north-to 4), with ozone values generally largest in spring (and sum-
ern tropics (Na rows) to that in the southern tropics, thoughmer over the north Atlantic, 10Nb and 11Nb) in each hemi-
with a generally smaller amplitude. Peak abundances ovesphere, as noted previously (e@lain et al, 2009. This
South America and Africa are 10—-20 ppbv larger in the southreflects seasonality in stratospheric influence at these lati-
ern tropics (e.g. 11Sa, 1Sa) than the northern (11Na, 1NaYudes (e.gLelieveld and DentengP00Q Olsen et al.2004
A similar northern/southern hemispheric asymmetry is alsoTerao et al.2008, and the lack of strong organized convec-
seen in MOZAIC data, which show larger peak ozone abun-ion during spring (e.gJiang et al.2010. The springtime
dances over the southern tropical Atlantic than the north-ozone maximum in the northern subtropics (row Nb) is gen-
ern (Sauvage et gl2006. In contrast with the high-ozone erally more pronounced in the Eastern Pacific (e.g. peak val-
region of the wave one structure (the Sa and Na rows forues in any given year typically around 120 ppbv in 8Nb, with
columns 10-12 and 1-2), in the Pacific low-ozone regionS$ = 16.1 ppbv) than the Western (e.g. oniy80 ppbv peaks
(boxes 5-6 Na and Sa, where in situ measurements are lacka 5Nb, withS = 10.3 ppbv). This is consistent with the find-
ing), MLS observations do not show significant differencesings of Waugh and Polvani2000, who showed the Eastern
between northern and southern tropical ozone abundances.Pacific to be the dominant location for stratospheric intrusion
events. We note a similar asymmetry in the southern subtrop-
3.2 Quantification of temporal variability ical Pacific, withS = 16.2 ppbv in 8Sb, the largest value in
the dataset, reducing to 12.3 ppbv in 6Sh.
In order to quantify the observed average seasonal cycles, seasonal variations are generally smaller in the tropics
and the interannual variability about these cycles, we denot@-rOWS Sa and Na) than the subtropics, with only weak sea-
the averaged observations of a given species in a given regiogonal cycles seen over the Pacific. The weakest cycles are in
in fortnight f of yeary (i.e., one data pointin Figd and2)  the southern tropical Pacific, with ranging from 4.5 ppbv
by x. The multi-year mean seasonal cycle is defined as: 1o 4.7 ppbv between 6Sa and 8Sa. Stronger seasonal cycles
in ozone are seen from South America (10Sa) to east Africa
X = 1 Zx]yc 1) (2Sa), wi'thS ranging fr_om~7 ppbv to 12 ppbv, comparable
nf s to those in the subtropical regions.
Regions where seasonal cycles in ozone abundance are
wheren ¢ is the number of years of observations available strong typically also exhibit pronounced interannual variabil-
for fortnight . We thence define a metric of the root mean ity in ozone during their seasonal maxima, particularly in

Figures3 and4 showx?* in each region, in similar form to
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spring and early summer in the subtropics. An example ofin 2Na and 2Sa is also evident in the Malindi and Nairobi
this is the eastern Pacific (8Nb, Fig), where ozone abun- sonde records but is generally less pronounced (possibly re-
dances in January to June, inclusive, can range from 50 tdlecting the proximity of these stations to the equator). The
120 ppbv from year to year in any given fortnight, whereas double peak seasonality seen in the southern subtropical rows
from August to December interannual variations are of the(3Sb to 6Sb) is also exhibited in the Reunion record, as pre-
order of 10 ppbv RMS. The overall RMS variability,, for viously reported byClain et al.(2009, who note that the July
this region is 10.8 ppbv. In 7Nb, immediately to the east, peak is caused by stratospheric influence, while the Novem-
V =114 ppbv, the largest value in the dataset, larger tharber peak originates from biomass burning emissions.
the seasonal cycle RMS amplitufle= 10.9 ppbv. The small We note that occasional departures from the typical behav-
seasonal variability in the tropical Pacific (ef}= 5.9 ppbv  ior are seen in the MLS observations over the sonde stations.
for 6Na) is significantly masked by a comparable or largerMost of these are also reflected in the wider regional aver-
degree of interannual variability (e.§f.= 7.3 ppbv in 6Na). ages shown in Figsl and 2. These include the increased
Similar cases for which the seasonal cycle is small comparedzone in May 2008 over Reunion, which is also hinted at
to the interannual variability are in the southern Indian Oceanin 2Sb; the increased ozone over Naha in April 2009 re-
(3Sa,S = 4.5 ppbv,V = 7.6 ppbv) and the southwestern Pa- flected in 4Nb; the reduction in ozone in August 2007 over
cific (6Sa,S = 4.7 ppbv,V = 6.0 ppbv). Nairobi, Malindi and 2Sa; and the low ozone in February
Eastern equatorial Africa and the western Indian Ocear010 over Paramaribo and both 10Na and 11Na. An unex-
are unique in the record for the tropics (the Na and Sapected shutdown of the MLS instrument between 26 March
rows) in that they exhibit pronounced and consistent “doubleand 19 April 2011 (manifested as a gap in the record for
peaks” in the @ seasonal cycle. To the south of the equator Figs.1 and?2) significantly reduced the number of points for
(2Sa), peaks of 50-80 ppbv are seen in both May—June anthe April 2011 monthly averages (and, to a lesser extent, for
September—November. To the north (2Na), comparable peakislarch 2011). This is the likely cause of the anomalous MLS
are seen in March—April and November—December. Similarmonthly means in this period (e.g. over Nairobi, Malindi and
double peaks, although with different timing, are also seenReunion).
in the southern subtropics. Peaks in both May/June and Oc- The degree of agreement with the sonde record at 215 hPa
tober/November occur over the Indian Ocean and Australids significantly improved over that obtained with earlier v2.2
(3Sb to 5Sb) and, less pronounced, over the western Pacifidata, which were generally biased low with respect to the
(6Sb). No comparable signature is seen in the northern subsondes (as low as22 ppbv at Paramaribo). At 146 hPa (not

tropics (row Nb). shown), however, the story is somewhat reversed, with v3.3
O3 showing a significant high bias (up to 39 ppbv), com-
3.3 Comparison with prior ozone records pared to a—5 to +19 ppbv bias in v2.2. The earlier v2.2

data were retrieved on a coarser vertical grid in the upper
Figure5 shows multi-year averages of 200 hPa ozone fromtroposphere and stratosphere, having six surfaces per decade
tropical sonde stations, compared to monthly MLS 215 hPachange in pressure, rather than the twelve for v3.3. While en-
v3.3 ozone observations. The sonde data are an update of tlabling higher vertical resolution, the use of a finer grid pro-
analysis presented ihogan (1999, as described iConsi-  duces a persistent oscillation in the MLS v3.3 tropical O
dine et al.(2008. We use long-term averages as some sta-profiles, with a 20-50 ppbv low bias at 121 hPa, and the sub-
tions have very sparse data during the Aura period. All thestantial high bias at 146 hPa. Mitigation of this oscillation is
stations except Naha are in the SHADOZ netwdrk@mp- a high-priority goal for future MLS data versions.
son et al. 20033. The impact of the MLS v3.3 ©215 hPa
averaging kernel on these monthly-average sonde observa-
tions is negligible. Accordingly, and to aid comparison with 4  Relationships among ozone, convection and carbon
the earlier figures, we have chosen not to apply the MLS ker-  monoxide
nel to the sonde observations.

All stations show 15 ppbv RMS or better agreement be-4.1 Convection and ozone

tween MLS observations and the sonde climatology. This in-
cludes both regions where little seasonal variation is evidenfFiguresl to 4 show that MLS IWC, indicative of deep con-
(e.g. Samoa, Java and Kuala Lumpur), and those where moneection as discussed above, exhibits substantial geographic,
pronounced seasonal cycles are seen by both MLS and soseasonal and interannual variability. As expected, and previ-
des (e.g. Ascension, Hilo, Irene and Natal). Average biasesusly noted in MLS observationki(et al., 20053, strongest
between MLS and sondes range from an 11 ppbv low bias irconvection (i.e., largest MLS IWC) occurs over the west-
MLS compared to Paramaribo (mainly reflecting low biasesern tropical Pacific, northern South America, central Africa,
in June through December) to a 13 ppbv high bias comparedouthern India and southeast Asia. Over Africa (e.g. 1Na,
to San Cristobal (somewhat more consistently throughout thd Sa), and much of South America (e.g. 10Na), seasonal cy-
year in this case). The double peak feature observed by MLSles are generally pronounced (peaks as high as 10TAgm
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Fig. 3. Multi-year averages and variabilities of the MLS 215-hPga(@pper), IWC (middle) and CO (lower) observations. The two weekly-
averages in the earlier figures are themselves averaged and shown by the dark gre?rirhirliee(text), with the corresponding interannual
standard deviation shown as the error bar. In order to better discern seasonal differences in interannual variability, this standard deviation is

g N - BEN
ZUZ

=
ul

o
n

w
o

o
)

0°N

B
O

= m =
o o o
(%] z

w
o

o
)

w

0°N

=
3

o
=z

m
o]

(=]
o
n

also shown by the red line (multiplied by 3 for clarity, with zero at the bottom of each panel, i.e., at 0 pphydod@O, but-2 mg 3
for IWC). The S andV metrics discussed in the text are shown in each panel (in the same units as the y-axes).
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Fig. 5.Monthly average MLS @observations (colored lines) at 215 hPa over selected sonde stations @2thirlatitude,£5.0° longitude,

giving 40-100 MLS observations over each station per month and hence 2-3 ppbv precision for each monthly regional mean) compared to
multi-year monthly 200 hPa climatologies from each sonde station (black lines with error bars indicating standard deviation of the sonde
observations). The bias and RMS difference between MLS and the sonde data are shown in each plot, along with the range of dates covere

by each sonde record. Locations of the sonde stations are shown in the map at the top left, with the grid of the other figures overlaid for
reference.

and fairly repeatable (e.g. for 10Ns,=2.11 mgnt3, V = (broadly, columns 3 to 6 in both the Na and Sa regions),
1.13mgn13, Fig. 3), and reflect the latitudinal progression while exhibiting pronounced seasonal cycles (with peaks as
of the Inter-Tropical Convergence Zone (ITCZ). By contrast, high as 10 mgm?), also displays strong intraseasonal vari-

convection over the Indian Ocean and maritime continentability during convectively active seasons, with multiple peak

Atmos. Chem. Phys., 13, 57%98 2013 www.atmos-chem-phys.net/13/579/2013/
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episodes each season, the timing of which varies from year tof similar magnitude shows no significant correlation with
year. The episodic nature of these peaks gives rise to large ir9s.
terannual variability in any given fortnight, increasivide.g.
for 3Na, S = 1.16 mgnt 3, while V = 1.43mgn13). Some
of this interannual variability results from the Elid events
in late 2004, 2006, and 2009 (elgogan et al. 2008 Nas-
sar et al. 2009 Chandra et a].2007, 2009 and early inthe  Deep convection rapidly transports air from the boundary
following years. For example, the IWC is lower at the end layer to the upper troposphere (eRyather and Jacoth997,
of these years in 4Sa, and higher in early 2005, 2007, and.awrence et a).2003 Mullendore et al.2005. MLS obser-
2010 in 7Sa, reflecting typical spatial changes in convectionvations of enhanced CO in the upper troposphere are thus of-
(e.g. as shown by changes in outgoing longwave radiation irten indicative of deep convection over polluted regions (e.g.
Gettelman et al.200]). The intraseasonal variability in this Jiang et al.20073a Liu et al, 20103. Many of the land-based
broad region (columns 3 to 6 in rows Na and Sa) also reflectgonvection cases shown in Figsand2 exemplify this, with
the significant contribution of the Madden-Julian Oscillation enhanced CO associated with some periods of strong con-
(Madden and Julignl994), as previously reported in MLS vection over India and southern China (3Nb and 4Nb) dur-
IWC observations$chwartz et a].2008. Similarly, we note  ing July and August, over South America (e.g. 11Sa) and
significant variability in convection over Amazonia (11Sa) southern Africa (1Sa) in September—-November, equatorial
during March to May, including examples of intraseasonal Africa (1Na) in February—April, and episodically over In-
variability (e.g. during 2009) and years of generally strongerdonesia (4Sa) in October—December. As discussedidng
(e.g. 2008) or weaker (e.g. 2007 and 2010) convection. et al. (20073, the pollution lofted by convection over India

In the subtropics (rows Nb and Sb), strong convection isand southern China (3Nb, 4Nb) during the monsoon season
confined to a shorter summertime interval, having smaller(July to October) originates largely from industrial sources,
peak values, than in the tropics. For example, peak valuesomestic fires etc. (see al®ark et al. 2009. However, the
of IWC over southeastern China (4Nb, one of the more con-major source of CO over tropical Africa and South America
vectively active regions in the subtropics) range from 4—is biomass burning. In these regions, the period of peak CO
7mgnt3, while peak values directly south of this region does not coincide with the strongest convection because the
(4Na) range from 6—10 mgn?. Jiang et al(2010 show that  increasing precipitation suppresses fires (as captured in the
the center of the band of high IWC is generally confined Global Fire Emissions Database, GFBRn der Werf et a).
within 15° of the equator (see their Fig. 5a). Accordingly, the 2006 201Q Randerson et al2007). Accordingly, convec-
bulk of the convection only partially fills the Nb/Sb boxes, tion later in the wet season is associated with vertical trans-
reducing the peak values reported in the averages used herport of less-polluted air. The peak in MLS CO over South

Given that surface abundances of ozone are typicallyAmerica (11Sa, 11Sb) and southern Africa (e.g. 1Sa, 1Sb)
smaller than those in the upper troposphere (except in highlypccurs in October—-November, at the start of the wet sea-
polluted regions), a general anticorrelation is expected beson, when convection moves over the biomass burning re-
tween upper tropospheric ozone and convection (althouglyions Liu et al, 20103. The peak early in the year over
lightning generated Ncan promote @ production, poten-  equatorial Africa (1Na) results from biomass burning emis-
tially lessening the strength of anticorrelation). While this sions north of the equator being lofted in the ITCHAU
anticorrelation is largely borne out in the MLS data, the de-et al, 20103. Increased abundances in upper tropospheric
gree of anticorrelation betweeng@nd IWC shows signifi- CO in regions/periods without significant convection (i.e.,
cant geographic variability as a result of the combined influ-where and when IWC is negligible) reflect horizontal trans-
ence of seasonality in both surface emissions and deep comport within the upper troposphere, for example, the indica-
vection and any associated lightning Nemissions. Exam-  tions of spring- and summer-time trans-Pacific transport over
ples of such anticorrelation are seen both over oceans (e.g/Nb and 8Nb Jiang et al.20073. There are also indications
12Sa, 6Nb, 7Sb) and over land (e.g. over India and southerof this transport further west, over 6Nb. However, while IWC
China, 3Nb and 4Nb). The land cases exhibit anticorrelationhere is low in spring, significant convection is seen in sum-
despite the fact that boundary layer pollution may be highemer.
and lightning more prevalent in these regions. In all these The most persistent and repeatable strong enhancements
cases, interannual POvariability is large in winter/spring, in CO are seen over the Asian monsoon region (3Nb, 4Nb)
when convection is insignificant and other processes domiin June to September. As previously reported (Eiget al.,
nate the budget of upper tropospheric ozone. 2005h Park et al, 2007, 2008 Randel et a].2010, polluted

Adjacent regions can show very different degrees of corre-Asian air is lofted by deep convection, mainly over the Bay
lation. For example, while the strong seasonal cycle in con-of Bengal, and trapped in the upper tropospheric anticyclone,
vection over Amazonia (11Sa) is reasonably anticorrelatedeading to reduced ozone and increased carbon monoxide,
with Oz, over Central America (10Na) a cycle in convection the latter deriving mainly from anthropogenic emissions.

This region has also been shown to be an important route for

4.2 Carbon monoxide

www.atmos-chem-phys.net/13/579/2013/ Atmos. Chem. Phys., 13, 55982013
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the transport of air from the troposphere to the lower strato-4.4 Quantitative correlations

sphere (e.gru et al, 2006 Randel et a].2010.
Scatter plots relating the biweeklys@verages to those of

o IWC and CO are shown in Fig& and 7, using a similar
4.3 Episodic departures from the norm format to the timeseries plots discussed earlier. We note that
none of the regions exhibit particularly “compact” relation-

The MLS record shows periods of significant atypical (i.e., Ships between @and either IWC or CO. Even in those re-
not repeated from year to year) enhancements or reductior@ions where there is statistically significant (at 99 %) corre-
in convection and/or carbon monoxide. However, both thelation between @ and IWC or CO, the degree of scatter is
magnitudes and the signs of any accompanying changes ilarge and simple linear fits (using IWC or CO as the inde-
upper tropospheric ozone vary from case to case. For expendent Variable) are a poor description of the variability in
ample, a dramatic enhancement in upper tropospheric CO i93-
seen over Indonesia (most notably 4Sa, also 5Na, 5Sa and the O3 exhibits statistically significant anticorrelation with
surrounding regions) in late 2006, and less markedly in 2004!WC over 29 of the 48 regions, with no regions showing sta-
These increases reflect emissions from intense fires causdigtically significant correlation. The most significant &
by drought conditions during El Rb events, and, in the case 0.32) anticorrelation is seen in the northern tropical mid-
of 2006, also by the phase of the Indian Ocean Dipole (e.gPacific (7Na). Other Pacific regions (e.g., 6Sa, 7Sh, 8Sb)
Logan et al.2008 Nassar et a]2009 Chandra et a]2009. also show strong-€ > 0.20) anticorrelation. Beyond the Pa-
The 2006 case is associated witB0 ppbv additional ozone cific, the only places where such strong anticorrelation is
over 4Sa compared to other years, and elevated ozone in tHegen are the north Atlantic (11Nk? = 0.28) and the south-
middle troposphere was also observed by Aura man ern tropical Indian Ocean (33&, = 022) The timeseries in
et al, 2008. Several modeling studies have shown that theFigs. 1 and 2 show distinct qualitative differences between
increased ozone was associated in part with the fires, and ifhese strongly-anticorrelated regions. In many cases the re-
part with El Nifio-related dynamical changes, with the lat- ported anti-correlation stems from out of phase seasonal cy-
ter affecting a broader geographic aré&@gsar et a)2009  cles in G and IWC. These include examples of compara-
Chandra et a2009 Zhang et al.2011). tively strong seasonal cycles ing@e.g. 7Sb, 8Sb and 11Nb)

The maxima in upper tropospheric CO over Amazoniaand weaker @cycles (e.g., 7Na). In 3Sa and 6Sa, significant
(e.g. 11Sa and 11Sb) each October—November reflect strorigfterannual variability is seen in IWC (and to some extent
underlying biomass burning in the preceding months, andn Os in the case of 3Sa) and it is clearly anticorrelations be-
the onset of convection as noted above. The record showdveen the year to year variations in @d IWC that give rise
Signiﬁcant interannual Variabi"ty in October upper tropo- to the statiStically-significant anticorrelation. It is interesting
spheric CO abundances over South America. In particular, irfo note that none of the land-based regions where strong sea-
11Sb, enhancements were seen in 2005 and 2010. Neither §Pnal cycles are seen in botky @nd IWC (e.g. 11Sa, 3Nb)
these enhancements were associated with abnormal amourfigve been highlighted by the correlation analysis. In these
of cloud ice compared to other years. However, while 2005¢cases the seasonal cycles, while strong, are not completely
ozone abundances were in line with those in other yearsout of phase, lessening the reported anticorrelation.
MLS shows an unprecedented 115 pphyi®the upper tro- The most statistically significant positives@ CO cor-
posphere in this region during October 2010, with enhancedelation ¢ =0.32) is seen in the southern subtropical In-
ozone (and carbon monoxide) extending into 12Sb during theélian Ocean (4Sb), with strong correlations also seen imme-
same period. This prolonged enhancement clearly bears fuidiately to the East (3Sb) and West (5Sb). However, exami-
ther investigation. nation of the timeseries in Fid. shows that the situation is

In the central Pacific (7Sa), significant increases in convecmore complex than the correlation plot implies. While high
tion are seen in early 2005, 2007 and 2010, all of which wereOs abundances in October to December are accompanied by
El Nifio periods. The-4-fold increase in convection in 2010 enhanced CO, ®is also high in May and June, a period
compared to other years is associated witk 8—20ppbv ~ When CO abundances are low. Almost as significant a pos-
reduction in ozone, and-al15 ppbv increase in CO. itive correlation (2 = 0.26) is seen in the northeastern sub-

Overall, the seasonality in convection may drive the sea-tropical Pacific (8Nb). Again, although the degree of corre-
sonality of upper tropospheric ozone in a few regions, andation looks encouraging by eye, the timeseries plots @jg.
departures from seasonal norms may occur simultaneousl§how the two species exhibiting similar but not exactly corre-
in multiple species. However, the impacts of convection onsponding seasonal cyclesg @d CO are low in October and
upper tropospheric composition are, in most regions, moduNovember, and high during April and May. Howeveg l-
lated by competing seasonal cycles and/or other variabilityu€s in January to March are typically as high as those in April
in surface source emissions, lightning over land regions, horand May (albeit with significant interannual variability), and
izontal transport, and influx from the stratosphere (particu-yet January to March CO abundances are low.
larly in the subtropics).
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Fig. 6. Scatter plots of the biweekly averages fron? 90 to 9C° E, in Fig. 1, correlating 215 hPa MLS §with IWC (upper) CO (lower).

Color denotes year, as in Fity. Where statistically significant correlation is found (against a two-tailed t-test at 99 % significance), the linear
fit line is shown and the? correlation coefficient, gradienti(, in ppbv/mg 13 for O3 vs. IWC and ppbv/ppbv for ©vs. CO) and intercept

(c, in ppbv) are noted.

The most significant-€ = 0.16) Oz/CO anticorrelation is  high CO and low @), the “correlation plots”, which might
over India (3Nb). Here we find that the peak in CO in July be expected to elucidate relationships between the species,
to September is coincident with a steadily declining trendactually obscure the true nature of the relationships between
in Oz, while the largest (though interannually variable O O3, IWC and CO seen in the timeseries. Some of this ob-
abundances are seen in March to May, a period when CGcuration may result from the “rigid” definition of the re-
abundances are at their lowest. However, as with the positivgions used in our analysis. It is possible that averages over
O3/CO correlation cases, there are counterexamples, such agher, more focused, regions (e.g. confined to strong convec-
the November/December timeframe, when botha@dd CO  tion / biomass burning regions) might exhibit more compact
abundances are at low points in their seasonal cycles. relationships and thus more significant correlations, partic-

Fundamentally, the low correlation coefficients show thatularly in the subtropics where, as discussed above, the sea-
simple species to species correlations account for only aonal peak in convection does not fill the region.
small fraction of the observed variance in these variables. Ac-
cordingly, while the expected behavior is generally exhibited
in most regions (i.e., high IWC is typically associated with
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Fig. 7. As for Fig. 6 but for 9C° E to 90° W.

5 Review of overall variability The bulk of the regions where Qs distinctly seasonal
are in the Southern Hemisphere, notably from South Amer-
Here we compard, the RMS amplitude of the annual cycle, ica to South Africa (10Sb to 2Sb, plus 10Sa to 12Sa) and
to V, the RMS of the standard deviations of the 26 fortnightsin the southern central Pacific (7Sb and 8Sb). The only two
around that cycle, for each region. Fig@summarizes the  Northern Hemisphere regions having distinctly seasonal O
S (shown as ellipse height) arid (shown as ellipse width)  are northeastern Africa (12Nb) and Central America (9Nb).
metrics for @, IWC and CO for each region. For the pur- By contrast, CO has the bulk of its distinctly seasonal re-
poses of broad classification, we define “distinctly seasonal’gions in the Northern Hemisphere, notably from India to the
cases as those whese> 1.5V. Similarly, “mostly interan-  eastern Pacific (3Nb to 8Nb) and the Caribbean and parts
nual” cases are those wheve> 1.5S. Note that these def-  of South America (1ONb, 9Na, 10Na). As withgQdistinct
initions are based purely on the ratio 8fand V, with no  CO seasonality is seen in the southern subtropics from South
reference to the magnitude of either. Accordingly, the sea-america to southern Africa, though over fewer regions (12Sb
sonal variation in one region may be considered “distinct” to 2Sb and only 11Sa in the southern tropics).
even if it is significantly smaller than that in another region,  Distinct seasonality in IWC is generally limited to land
deemed not “distinct”, if the latter region has large interan- (or near-land) regions. Notably, this includes the Americas
nual variability. and the Caribbean, along with much of southern Africa,

Atmos. Chem. Phys., 13, 57%98 2013 www.atmos-chem-phys.net/13/579/2013/



N. J. Livesey et al.: MLS tropical upper tropospheric ozone 593

90°W. 60°W 30°W [0) 30°E 60°E 90°E 120°E 150°E 180°W
9.1 0. .

. 11.0 12.3 9.9 113 10.6 9.7 10. 10.9
1.58 0.57 0.36 0.46 0.52 1.12 1.79 1.
13.8 9.0 5.2 4.7 6.8 194 24.1 19.

85 084 7289 047 61|75 033 55|71 030 66|82 043 69|92 08 80|96 08 93|86 080 80]97 072 70114 041 67108 040 62|74 069 6.2

5.5 4.0 8.2 4.9 4.8 4.5 59 6.1 6.1

1.01 1.70 0.92 1.16 1.84 1.69 1.5 0.84 1.40

5.4 o 4.4 10.3 9.7 8.1 8.3 6.8 12.3 -
Na

57 /113 89|54 098 87|52 076 96|56 115 91|82 073 79|78 143 123|7.3 143 11863 161 92]73 126 76|70 098 61|94 084 67|72 092 78

10.3 6.8 8.6 4.5 5.0 6.0 4.7 4.8 8.3
0.54 1.87 1.65 0.80 1.78 2.25 0.91 0.26 0.23
6.9 12.9 8.9 7.1 10.7 10.6 2.7 6.6

62 100 134]61 131 130)/51 063 88|66 092 99]102 079 87|76 125 11.5|68 161 155/63 (135 99)6.0 149 67|70 117 62|70 049 49|67 038 68

13.9 135 11.7 13.7 9.9 11.3 12.4 12.3 14.0 16.2 13.1
0.27 1.10 0.92 0.28 0.27 0.96 0.77 0.91 0.52 0.15
12.7 13.1 13.4 8.4 7.5 7.8 6.6 6.9 6.2 55

0.87
77 045 731178 080 12676 030 81|63 066 71|74 065 71]76 043 69]90 037 70102 065 69104 068 63[/93 081 6.8]103 069 6.8]101 0.32 58 30°S

7.8
| Oo, Owce Oco |

(|
g
<
=
3
<
[ ©
3
&
z

©o
IS
N
Se
oB
i So
S
Y
R
oo
op o
oRe
= g
Bl
I :
.c

16.4 11.2

5.2
211
14.

IO

@ = o
e
; m
; )
> -~
oo
z :

173
15.6

=
o
z o
NER
Ny
imom
INCEY
o © o
i :
=
)

NY
Z”‘ooh

Fig. 8. Map summarizing thé (height of each ellipse) and (width of each ellipse) statistics for{dblack), IWC (cyan) and CO (red). The
‘crosshairs’ give the scale, with major ticks at 10 and 20 ppbv fgm@d CO and 1 and 2 mgn? for IWC. Corresponding (color coded)
values ofS are shown in the top left of each panel (large/bold type indicates ‘distinctly seasonal’ casesSwhérgV), with V shown
along the bottom edge (where large/bold type indicates ‘mostly interannual’ cases Haviigbs).

central north Africa, China and the China-coast, and the reAfrica, relationships betweengdCO and IWC etc.) are gen-
gion around Papua New Guinea. erally similar.

For both @ and CO, “mostly interannual” behavioris con- ~ However, the distribution of regions showing distinctly
fined to scattered tropical regions (rows Na and Sa). In theseasonal behavior for{and CO is one aspect where notable
case of @, these are in the Indian (3Na, 4Na, 3Sa) and Pa-differences are seen between the 146 and 215 hPa results.
cific (7Sa, 8Na) Oceans. For CO, in addition to the IndianFor ozone, where distinctly seasonal behavior at 215 hPa was
(3Sa) and Pacific (6Sa) Oceans, mostly interannual behavioseen mainly in the Southern Hemisphere, the only regions
is seen over parts of northern tropical Africa (12Na, 2Na). having distinct seasonality at 146 hPa are in the northern

For IWC, cases of “mostly interannual” behavior are gen- subtropics (row Nb). Specifically, from 10Nb to 12Nb, and
erally associated with regions where very little IWC is seenfrom 5Nb to 8Nb, all regions in which ©at 215 hPa did
(3Sh, 7Nb, 8Nb, 9Sb, 8Sa, 9Sa in the Pacific, as shown imot display distinctly seasonal behavior. Distinct seasonal-
Fig. 2). The only exceptions are in the central Indian Oceanity in CO is similarly seen in fewer regions at 146 hPa than
(3Sa) and the southwestern tropical Pacific (6Sa), where proat 215 hPa, and only one of these regions is in the Southern
nounced IWC variability is observed. Hemisphere (11Sh, over Amazonia, also distinctly seasonal

Only two regions display distinct seasonality in all three in 215 hPa CO). For IWC, by contrast, most of the regions
products, one over South America (11Sa) and one over Soutthat are distinctly seasonal at 215 hPa are also distinctly sea-
Africa (1Sb). Both of these are Southern Hemisphere mostly-sonal at 146 hPa. Only one region (3Nb, over India) is dis-
land regions. By contrast, the only region displaying “mostly tinctly seasonal at 146 hPa and not at 215 hPa (although it
interannual” behavior for all species is the tropical Indian is close to theS > 1.5V threshold). At 146 hPa no regions
Ocean (3Sa). are simultaneously distinctly seasonal in all three products.

Comparisons of these observed metrics and classificationg/hile significantly fewer regions have distinct seasonality in
to similar quantification from models represent new avenue€3 and CO at 146 hPa than at 215hPa, the number of re-
for model validation. In particular, such multi-year metrics gions showing mostly interannual behavior in these species
are useful in assessing free-running chemistry-climate modis broadly the same at both altitudes.
els, as these are not tied to the meteorology of specific years.

While our discussion in this paper has focused on MLS ob-
servations at 215 hPa, we have also performed all our ana® Summary

yses on the MLS 146 hPa observationg2(5km higher in More than seven years of MLS observations of ozone, car-

altitude). Although guantitative findings at 146 hPa (e.g. val- bon monoxide and cloud ice water content (indicative of deep

ues of §, V etc.) differ from those at 215hPa as would N . .
TR “ convection) in the tropical and subtropical upper troposphere
be expected, the qualitative findings (e.g. the ozone “wave; P
one”, the presence of “double peaks” over eastern equatoriarl]ave been presented. The upper troposphegwemabn!ty
' reported by MLS agrees to within 10-15 ppbv RMS with the
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