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Abstract. During the INTEX-B (Intercontinental Chem- ison of summer 2006 £structure with summer 2004 sondes
ical Transport Experiment)) MILAGRO (Megacities Ini- (IONS-04) over Houston showed 7% less troposphegiaO
tiative: Local and Global Research Observations) exper-2006. This may reflect a sampling contrast, August to mid-
iments in March 2006 and the associated IONS-06 (IN-September 2006 instead of July-mid August 2004.

TEX Ozonesonde Network Studyhttp://croc.gsfc.nasa.
gov/intexb/ions06.htm)) regular ozonesonde launches were
made over 15 North American sites. The soundings were )
strategically positioned to study inter-regional flows and me—l Introduction
teorological interactions with a mixture of tropospherig O
sources: local pollution; ®associated with convection and o .
lightning; stratosphere-troposphere exchange. The variabilents have beeﬁ conducted to quantify intra- and inter-
ity of tropospheric @ over the Mexico City Basin (MCB: continental pollution transport. The 2004 ICARTT (Inter-

19° N, 9% W) and Houston (30N, 95° W) is reported here. national Consortium on Atmospheric Resegrch on Trans-
MCB and Houston profiles displayed a double tropopauseoort and T_ransformanon)/ INTI_EX.(Inter—contmentaI Trans—-
in most soundings and a subtropical tropopause layer wit ort Experiment — North America; Fehsenfeld et al,, 2006;
frequent wave disturbances, identified through I@minae ingh et f”“" 2906) and 2006 M”.‘AGRO/INTEX'B (Fast et
as gravity-wave induced. Ozonesondes launched over botﬁl" _2007’_ Molina et al., 2008 Singh et aI.,_ 2008 used
cities in August and September 2006 (IONS-06, Phase 3 ultiple aircraft to follow pollutant transport into and out of

. . : th America. With the launch of the Aura spacecraft car-
displayed a thicker tropospheric column -7 DU or 15— or . )
20%) than in March 2006; nearly all of the increase wasYing four sensors in 2004({tp://aura.gsfc.nasa.go8choe-

in the free troposphere. In spring and summey,l@ninar berl et al., 2007), troposphericzPa major pollutant, could
structure manifested mixed influences from the stratosphere

convective redistribution of and precursors, andidrom of the MILAGRO 2006 Campaign: Mexico City emissions and its

lightning NO. Stratospheric £origins were presentin 39%  rangport and transformation, Atmos. Chem. Phys. Discuss., in
(MCB) and 60% (Houston) of the summer sondes. Comparpreparation, 2008.

2Singh, H. B., Brune, W. H., Crawford, J. H., Jacob, D. J., et al.:

Chemistry and Transport of Pollution over the Gulf of Mexico and

Correspondence toA. M. Thompson the Pacific: Spring 2006 INTEX-B Campaign Overview and First
BY (anne@meteo.psu.edu) Results, Atmos. Chem. Phys. Discuss., in preparation, 2008.

A number of multi-national, multi-platform field experi-
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Table 1. IONSO06 Stations. Spring refers to Phases 1 and 2 (MILAGRO/INTEX-B), March—mid-May. Summer is Phase 3 (August—mid-
September).

Station Lat, Lon Spring period (SN) Summer period (SN)
Barbados 13.2:595 - 19 Jul-30 Aug (27)
Beltsville, MD* 39.0,—-765 - 1-28 Aug (12)
Boulder, CG 40.3,-105.2 28 Mar-18 May (9) 14 Jul-31 Aug (34)
Bratt's Lake, SAS 50.2--104.7 3 Mar-17 May (32)  1-30 Aug (29)
Egbert, ONT 44.2,—79.8 8 Mar-17 May (8) 1-30 Aug (15)
Holtville, CA 32.8,-1154 - 7-31 Aug (13)
Houston, TX 29.7,—95.4 1 Mar-10 May (21) 1-31 Aug (19)
Huntsville, AL* 35.3,—86.6 1 Mar-9 May (14) 1 Aug-2 Sep (30)
Kelowna, BC 49.9-119.4 8 Mar-17 May (28)  2-30 Aug (27)
Narragansett, Rl 41.5,-71.4 8 Mar—12 May (14) 18 Jul-30 Aug (30)
Paradox, NY 43.9-73.6 - 30 Jun—30 Aug (8)
Richland, WA 46.0-119.0 21 Apr-15May (24) -

R/V Ronald H Brown  Gulf of Mex. — 31 Jul-11 Sep (35)
Sable Is, NS 44.0,-60.0 - 1-31 Aug (28)
Socorro, NM 36.4-106.9 - 1 Aug-9 Sep (26)
Stonyplain, ALB 53.6—-114.1 8 Mar-18 May (7) 9 Aug—-30 Aug (4)
Trinidad Head, CA 40.8,—124.2 3 Mar-19 May (21) 27 Jul-31 Aug (31)
Table Mtn, CA 34.4-117.7 10-26 Apr (6) 1-31 Aug (30)
Mexico City ** 19.4,—-98.6  7-20 Mar (13) 22 Aug—20 Sep (22)
Valparaiso, IN 41.5:-87.0 19 Apr—16 May (15) 2-31 Aug (5)
Wallops Is, VA 37.9,-755 1 Mar-17 (12) 2-30 Aug (11)
Walsingham, ON 42.6,-80.6 24 Apr-5 May (21) 14-25 Aug (22)
Yarmouth, N$ 43.9,-66.1 8 Mar-16 May (8) 2-30 Aug (13)

* Also participated in IONS-04 (Thompson et al., 2007a, b).
** Mexico City: Tecamac (State of Mexico) in Spring (MILAGRO T1 Site); at UNAM (Autonomous University of Mexico, Federal District)
in Summer.

be measured with some of its precursors (Zhang et al., 2006)les in Fig. 1). The IONS-06 soundings provided profiles for
providing a larger view of pollution transport. Although Aura instrument validation (e.g. Jiang et al., 2007; Schoeberl
surface monitoring for pollutants like DCO and aerosol, etal., 2007), for integrating field measurements and for eval-
is useful, trans-boundary and intercontinental transport of-uation of models (e.g. Pierce et al., 2007; Parrington et al.,
ten take place in the free troposphere (FT), just above th€007).
mixed layer (1-3km) or in the mid-troposphere. The mid- The IONS-06 sonde network built on a similar effort,
troposphere is also subject to direct injection of pollutantslONS-04, during the INTEX-A campaign; refer to the spe-
from convection, introduction of NO from lightning (Picker- cial INTEX-A/ICARTT (Singh et al., 2006; Fehsenfeld et
ing et al., 1992; Ridley et al. 1996; Huntrieser et al., 2002)al., 2006). IONS-04 was initiated to complement North
and stratospheric £) frequently leading to thin layers and American aircraft sampling and satellite measurements of
transport over long distances (Newell et al., 1999; OltmansOs, temperature and humidity (Thompson et al., 2007a, b),
et al., 2004). with eleven sites and sonde launches timed for Aura over-
Neither satellite nor aircraft instruments resolve pol- passes. IONS-04 configured sampling from the south central
lutant structure from surface through the lower strato-US through New England and the maritimes (Fig. 1, solid
sphere, something that combined ozonesonde-radiosond#ots) to encompass major pollution sources and the route
packages from balloons offer forsO Thus, strategically of eastward export from North Americ& 6ymbol in Ta-
designed sounding networks are an integral part of fieldble 1 gives IONS-04 station coordinates). Combining fore-
campaigns. IONS-06 (INTEX Ozonesonde Network Study)casts with near-real-time £data permitted INTEX-A and
operating during MILAGRO/INTEX-B (Phase 1=March ICARTT aircraft to target sampling over North America, the
2006; Phase 2=mid-April-mid-May 2006; Phase 3=August—Atlantic and Europe.
mid-September 2006), supplied 700 O; and pressure-
temperature-humidity (PTU) profile sets from surface to
~35km (5 hPa) at 23 North American stations (Table 1, cir-
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Fig. 1. Map of IONS-04 (solid and starred) sites with the additional sites that comprised IONS-06 (open circles). See Table 1 for coordinates.
The R/V Ronald H Brown ship operated in the Gulf of Maine in IONS-04 and in the Gulf of Mexico in Phase 3 of IONS-06 (August—
September 2006).

Unexpected findings in IONS-04 were: (Thompson et al., 2007b) assigned a troposphegid@l-
get: stratospheric injection (25%); boundary-layer pollution
(10%); regional convective redistribution ofs@nd/or its
precursors, including lightning (15%); advected pollution
and/or background £(50%). The tropospheric £column
2. signatures of wave activity in stable laminae within over northeastern North America averaged 45DU (Dobson

most G profiles (Thompson et al., 2007a, b). Units; 1 DU=2.69106 Cm_z), with ~22—-26 DU consisting

of advected and/or background air. Values at Houston in

INTEX-A/ICARTT and IONS-04 took place in summertime 5444 \yere similar, 48 DU (total troposphere) and 28 DU (ad-
(early July to mid-August 2004). Boreal fires contributed to vected)

Os pollution layers in the free troposphere (FT) over North

America and beyond (e.g. Mao et al., 2006; Pfister et al., The three-phase IONS-06 (sample distribution in Table 1),
2006; Val Martn et al.,, 2006). These layers were inter- addressed the broad set of transport issues posed by INTEX-
leaved with @ laminae associated with convection, light- B/MILAGRO (http://eol/ucar.edu/milagro Molina et al.,

ning and a robust stratosphericz @ource. Over north- 2008 http://espo.arc.nasa.gov/intex-Bingh et al., 2009
eastern North America, tracer correlations and trajectorieand TEXAQS (Texas Air Quality Study/GOMACCS (Gulf of

1. the prevalence of high-concentrations in the mid-
dle and upper troposphere (UT; Cooper et al., 2006;
Thompson et al., 2007a) and
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Mexico Atmospheric Composition and Climate Studhytif: Spring; Phase 3 is referred to as Summer. For Phase 3
/lesrl.noaa.gov/csd/2006ehsenfeld et al., 2088 During analyses of @ over Houston, profiles are used from the
MILAGRO/INTEX-B (March 2006), Phase 1 of IONS-06 University of Houston launch site (August 2006) and the
coincided with aircraft sampling over Texas, Mexico and R/V Ronald H Brown oceanographic ship (September 2006).
the Gulf of Mexico, to investigate export from the Mex- Most launches took place in early afternoon local time. Ver-
ico City Basin (MCB). Phase 2 supported INTEX-B aircraft tical resolution is effectively 50-100 m (Smit et al., 2007),
sampling over Pacific and north-western North American in-sufficient to detect stable layers of locally elevated (or sup-
flow regions. A seasonal contrast was effected by IONSpressed) @ Images of all IONS @ profiles are at:http:
Phase-3 soundings in August and September 2006 when aificroc.gsfc.nasa.gov/intexb/ions06.htiméreafter referred to
craft, ground and shipboard sampling were concentrated oveas the IONS-06 website).
Houston during the TEXAQS-06/GOMACCS. As for IONS-04 (Thompson et al., 2007a), tracers far O

In this paper, we quantify wave activity and tropospheric origins include:
O3 budgets over the MCB and Houston urban areas, us- ) )
ing analytical approaches similar to the IONS-04 studies 1. radiosonde PTU profiles;
(Thompson et al., 2007a, b). With a focus on FJi®Phase
1 (early spring) and Phase 3 (late summer), the following
questions are addressed:

2. Ertel's potential vorticity (pv; 1pvu=10° m?s-1/K)
computed from the Goddard Earth Observing System
Assimilation Model (GEOS-version 4; Bloom et al.,

1. How does Q@ vertical structure over MCB and Hous- 2005);
ton vary day-to-day? Do we detect a similar mix-
ture of influences (stratosphere, regional convection and 3.
lightning, advection) to those inferred in INTEX-A and

forward and backward air-parcel trajectories for each
launch location and date, calculated with the kinematic

IONS-04? version of the GSFC trajectory model (Schoeberl and
Sparling, 1995) using GEOS meteorological fields at a
2. How do mean profiles and {budgets between spring 1x1-degree grid.

and summer compare? Are these consistent with mete- . . ] .
orological patterns over Houston and the MCB, where For the MCB care is taken to use terrain following trajecto-

the MILAGRO period has been summarized by Fast etfies only. Additional meteorological data, satellite imagery
al. (2007)? and trajectory-based domain-filling products are taken from
http://croc.gsfc.nasa.gov/intexb
3. What is the role of gravity waves, a prevalent dynami-  Ozone and potential temperatué laminae, as described
cal signal, in determining upper troposphere and lowerin Teitelbaum et al. (1994) and Pierce and Grant (1998) are
stratosphere over MCB and Houston? used to identify signatures of Rossby (RW) or Gravity waves
(GW). Wave frequencies at a given altitude for spring and

4. How do the wave-affected laminae, tracers and trajecto- : .
: : . . summer are determined from the percentage of soundings
ries translate into @sources? Are there links in pollu-

tion between Houston and MCB? With_in th_e season that have Iaminag_wit_h the RW or GW

’ designation. The RW and GW classifications are refined in
Over Houston, tropospherics@luring Phase 3 of IONS-06, the “laminar identification (LID)” method to determine tro-
August—mid-September 2006, is compared withpBofiles pospheric @ budgets according to four contributions, as out-
from the summertime IONS-04 sounding activity over Hous- lined in Thompson et al. (2007a):

ton (Morris et al., 2006; Th tal., 2007a). o
on (Morris eta ompson et & 3) 1. stratospheric injection (ST, from a subset of RW-

identified layers, based on;® and pv tracers);
2 Experimental IONS-06 observations and methods of

analysis 2. regional redistribution of convection and/or lightning

(RCL, taken as equivalent to GW over the tropics and
Ozone profiles over Houston (38, 95°W) and MCB sub-tropics);
(20° N, 99 W) were taken as part of IONS-06 using electro-
chemical concentration cell instruments coupled with stan-
dard radiosondes. The total distribution of IONS-06 sites
and sample numbers appear in Table 1. The sample num-
ber designations combine the Phase 1 and 2 sondes under, advected @ (AD), the residual contribution, after (1)—

3. local BL, based on integratingfrom the surface to
the top of the mixed layer, with the latter parameter de-
termined from the PTU;

8 parrish, D. D., Allen, D. T., and Bates, T. S.: Overview of the (3), computed in column thickness (Dobson Units),
Second Texas Air Quality Study (TexAQS II) and the Gulf of Mex- have been subtracted from total tropospheric @D
ico Atmospheric Composition and Climate Study (GOMACCS), J. represents either recently transported or aged, back-
Geophys. Res., in preparation, 2008. ground Q.
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The use of an individual, dynamically derived BL height is days prior, the locations of several back trajectories, indi-
an update to the Thompson et al. (2007a, b) method. Ovecated by the “+” in Fig. 3b, pass over regions where the
MCB, the BL at mid-day launch averagesl.8 km above trajectory-mapped pv indicates stratospheric influence over
the surface. Fast et al. (2007) note that later in the day, unseveral days. (In Sect. 5, it is shown that the LID method
der convective influence, the MCB BL may extend to 2.6 km computes significant ST £¥or the 9—11 March 2006 Hous-
above surface. Over Houston, the BL~4 km, the value ton profiles). The uv-DIAL @ instrument on the NASA
used in Thompson et al. (20074, b). DC-8 noted stratospheric air to 4 km over Houston on its
A chemical “ozonopause” is used for LID calculations. 11 March 2006 MILAGRO/INTEX-B flight (Butler et al.,
In Thompson et al. (2007a) it was shown that although O 2007). Sondes and trajectories were used to explore the hy-
budgets and free tropospherig @olumn amounts can dif- pothesis that MCB and Houstorg@ollution are linked (see
fer significantly, depending on whether an ozone or thermalprofiles and trajectories on the IONS-06 website). Note that
tropopause is employed, those occurrences wer@% in the sondes are somewhat limited compared to aircraft obser-
a typical set of the IONS soundings. Recently, a system-vations with multiple tracers. However, direct links between
atic comparison of ozonopause criteria (Dougherty, 2008)MCB and Houston are not easy to establish because com-
demonstrated how small differences are among five acceptegrehensive aircraft data coverage throughout the MILAGRO/
methods, including the one used in the present paper. OveNTEX-B region is uneven. For the 11 March 2006 case
four summers’ soundings over Houston, as well as othemoted above, there appears to be MCB influence in the Hous-
IONS-06 sites across North America, mean seasonal STton pollution G layer at 750 hPa (corresponding trajectory in
RCL and AD budgets differeet5% absolute. Fig. 3b), but origins are actually north of MCB. The NASA
DC-8 flight report for 11 March 2006 sampling over Hous-
ton, the Gulf of Mexico and MCB noted a complex €truc-
3 March 2006 (MILAGRO/INTEX-B) profiles and ture and a mixture of influences in the larger regibti://

wave activity catalog.eol.ucar.edu/milagro/report/dc-8/200603 % ex-
tended range of MCB impact was noted, based on uv-DIAL
3.1 MCB and Houston ozone and relative O3z and aerosols (Butler et al., 2007), as well as other tracers.
humidity structure In some places biomass burning was implicated. In others,

clean layers throughout the FT are noted. The complexity
Curtains of @ mixing ratio in 0.25-km averages over of flows and shifts in overall meteorology during MILAGRO
the MCB and Houston below 17km (95hPa), with the are discussed by Fast et al. (2007; see also Fast and Zhong,
tropopause in white, appear in Fig. 2. The FT over MCB 1998, for a larger context). The IONS-06 soundings encom-
has moderate §) 50-60 ppbv (Fig. 2a) with some clean lay- pass two periods of northerly flow, “Norte” events, discussed
ers, <35 ppbv, between 5 and 13km. These layers originateby Fast et al. (2007); they ended prior to the third Norte
mostly from tropical marine areas, with occasional recircula-episode. Rather than MCB air parcels heading toward Hous-
tion over the nearby Caribbean (refer to trajectories at theon, during a Norte flows are in the opposite direction.
IONS-06 website,http://croc.gsfc.nasa.gov/intexb/ion306 Trajectories forward from the MCB £ sounding on
Marine origins are implicated by locally moist layers above 16-18 March 2006, suggest MCB flows toward Houston
9km in a number of the soundings. The FT over Houstonand the northern Gulf of Mexico, but the layers were not
(Fig. 2b) is sometimes as clean as over MCB bygtrix- notably polluted (see website). Forward trajectories from
ing ratios between 6 and 11 km average 10 ppbv higher oveMCB on 17 March 2006 (700 hPa level,30nixing ratio
Houston than MCB (contrast Fig. 2c and d). Over MCB the 50-60 ppbv, were predicted to pass over Houston 1-2 days
tropopause is consistently high, averaging 15.5 km (Fig. 2a)later, but no Houston soundings were taken on 18 and
The G; structure between 13 and 16 km describes a subtrop19 March 2006. The DC-8 detected moderate pollution
ical tropopause transition layer withg@nixing ratio varying  influences from MCB near Houston and the Gulf (see
between 90 and 130 ppbv. More than half the March MCB http://catalog.eol.ucar.edu/milagro/report/dc-8/20060319/
and Houston profiles display a double ozonopause (see inreport.DC-8.200603191635.missisammary.pdf.
dividual profiles at the IONS-06 website). For example, al- Mean G, T and relative humidity (RH) profiles over
though Fig. 1 places a thermal tropopause at 15 km, Fig. 3aMCB show that a moderately polluted mixed layer (to 5 km;
for 11 March 2006, is suggestive of a double ozonopauseFig. 2c) gives way to a cleaner layer with relatively invariant
with the higher one at 125 hPa and the secondary one nearl@s up to 10 km (Fig. 2c). Above 10 km, the MCBz@®nean
coincident with the 250 hPa layer. On some days there arand standard deviation increase. RH increases from 7 km to
multiple laminae with stratospheric influence throughout the10.5 km over MCB, suggesting surface origins, ie convective
FT. For example, on 11 March 2006 two relatively dry lay- outflow in the mid-troposphere. A more complex tropopause
ers over Houston (Fig. 3a), at 250 and 350 hPa, are distinstructure over Houston, relative to MCB, displays a highly
guished by back-trajectories that pass over regions of elestructured mean ©profile above 13 km (Fig. 2b,d), with a
vated pv gradient over the Pacific (Fig. 3b). For the two wide range of mixing ratios, 45—-180 ppbv. Consistent with
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Fig. 2. Curtains of @ mixing ratio to 17 km during March 2006 in the MILAGRO/INTEX-B phase of IONS-06 with the thermal tropopause
indicated in white.(a) MCB from the MILAGRO T1 site at Tegmac (19 N, 99° W); (b) at Houston (30N, 95° W). The interleaving of
stratospheric influence, lightning, and convectively introducgé@he upper troposphere/lower stratosphere (UT/LS) is signified by yellow-
orange-red layers between 12 km and a sub-tropical tropopause layer (13-16 km). Mean March 2006 profiles and 1-sigma standard deviatior
(shaded) for temperature, RHzQc) MCB and(d) Houston. Ozone and temperature profiles show a consistently located double tropopause

in roughly half of the March Houston and Mexico City soundings, with complex ozone and temperature structure in the tropopause region
in the remainder. As a consequen@,and(d) suggest double ozonopauses where an ozone maximum and double inflection in temperature
appear, at 14-15km (MCB) and 12.5-14 km (Houston). Compare the recent study on double tropopause features in the sub-tropics (Rande
etal., 2007).

the general pattern of highers@ver Houston above 11km 3.2 Wave activity over MCB and Houston
than over MCB (also drier over Houston, suggesting strato-

spheric influence), the medhover Houston is greater than Stable laminae associated with wave activity, as well as thin

T over MCB. lt is inferred that MCB has more tropical air layers of advected pollution, are standard features in O

with a colder tropopause layer. Indeed, back trajectories fromsoundings. The morphology of wave types provides insight

the FT over MCB are consistently from the southwest, OVerj i processes affectings@oundings. Higher correlation of

:Ee Palclzlf;cavvehe];eéls thtose ovetr Ho_lIJ_ston often originate fronb-OQ, laminae, classified as GW by Teitelbaum et al. (1994)
€ poliuted Gult Loast or western fexas. represents vertical displacements and potential convective

Atmos. Chem. Phys., 8, 5118125 2008 www.atmos-chem-phys.net/8/5113/2008/
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Fig. 4. Frequency of occurrence of laminae for GW (dashed) and
RW (solid) over the MCB (red) and Houston (black) for the March
2006 IONS Phase 1 MILAGRO/INTEX-B period.
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78 tive BL. Note two @ maxima over the MCB at 3.5 and 5 km
65 ¢ (Fig. 2c), corresponding to the location of the GW feature
51 2 (Fig. 4) and to the green shading, 50—60 ppbv, in the mixing
38 E ratio curtain (Fig. 2a).
24
:13 4 August—September 2006 ozone structure
g "m0 Figure 5a, b displays MCB and Houstons @ixing ratio cur-
P tains below 17 km in Phase 3 of IONS-06 along with mean
DC-8 flight path (in whit) O3, T and RH profiles (Fig. 5¢, d). Below 10km over the

MCB (Fig. 5¢), RH increases greatly in August-September,
Fig. 3. (a) Profiles of @ and RH over Houston on 11 March the onset of the North American monsoon, compared to
2006 with (b) back-trajectories computed from Goddard Trajec- Spring, the late dry season. For MCB the March 2006 RH
tory Model with GEOS-4 winds at indicated level, superimposed averages 10-20% near the surface (Fig. 2c); the August-
on Reverse-Domain-Fill Ertel's pv at 340K surface. The 250 and September mean exceeds 60% below 7 km (Fig. 5¢). Com-
350hPa layers that are distinct in the frofile originate fromre-  pared to spring, meandnixing ratios at 8—12 km over both
gions with slightly contrasting stratospheric influence. cities increase 20-35 ppbv. Over Houston (Fig. 5b) in Au-

gust there is more yellow-orange-red above 6 kBq ppbv)

as well as a more sharply defined tropopause (Fig. 5d), rel-
activity. An RW designation indicates horizontal displace- ative to spring (Fig. 2b, d). In summer, Houstog @ofiles
ments, i.e. flow along isentropes, introducing stratospheriq August—September mean is the solid line in Fig. 5d) fall into
air into the troposphere. Figure 4 displays the frequency ofa bimodal pattern. UT ©profiles with>100 ppbv features
GW and RW activity during March 2006 over the MCB and above 8 km are rare after 25 August 2006 (Fig. 5b). Pre- and
Houston. Combined GW and RW activity is most effective post-25 August mean £profiles (depicted as dashed, 1-25
above 8 km for Houston (black lines), giving rise to morg O August, and dotted, 26 August—11 September, with their re-
laminae and variability in the tropopause layer (Fig. 2d) thanspective RH profiles in Fig. 5d) have little overlap to within
in the corresponding region over MCB (Fig. 2c). Over MCB, 1—o (not shown).
the increase of GW and RW in the subtropical tropopause Cooper et al. (2006, 2007), compositing IONS-04 and
layer is most pronounced above 12 km. The signature of RMONS-06 profiles with MOZAIC (Measurements of Ozone
activity above 12 km for MCB (Fig. 4) is consistent with the by Airbus In-service Aricraft) landing/takeoff data from ma-
appearance of the very dry, highs@yer at~160 hPainvir-  jor airports (e.g. Dallas-Fort Worth, Atlanta), note that el-
tually all the March soundings (see IONS-06 website). Overevated UT @ appears to be a broad feature over summer-
the MCB there is also a high GW frequency at 3—4 km, pre-time eastern North America. For the southern US IONS sites
sumably where dry convection mixes BL and lower FT air. (Houston, Huntsville in 2004 and 2006), Cooper et al. (2006,
This is where Fast et al. (2007) place the top of the convec2007) use lightning flash data with FLEXPART to attribute
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a Mexico (Cjiztz])r?eaij[‘;'l; iz}‘llgl%lst-September 2006 b Houston, TX: August 2006, R/V R.H. Brown: September 2006
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Fig. 5. (a—c)Same as Fig. 2 except for August—September 2006 sondes during Phase 3 of IONS-06. The MCB location for launching, at the
Autonomous University of Mexico (UNAM) in the southern part of Mexico City, is assumed to increasesBbi@pared to the Spring T1

location with little effect in the FT. Fofd) solid lines depict the August-September mean profiles over Houston. Daytime data are used with
August soundings from the University of Houston launch site and September profiles based on sondes from the R/V Ronald H Brown ship
Houston ship channel operations. The UT was distinct in two periods (cf. frame b), before and after 25 August, with mean profiles from the
1-25 August 2006 period (dashed) and 26 August-11 September 2006 (dotted).

most of the elevated £in the 10-12 km layer to lightning. Lightning-produced NO, along with post-convective redis-
For IONS-06, the southern US lightning interpretation (andtribution of O; and/or QG precursors, has also been linked to
significant UT Q from stratospheric sources over eastern FT Oz layers over MCB in August—September 2006 (Ladino
North America), is further supported by analysis with a cou- et al., 2007). This interpretation is consistent with a spring-
pled chemical-transport model (Cooper et al., 2007; Hudmarto-summer RH increase above 12 km (deep convective out-
et al., 2007; Parrington et al., 2008). flow layers) over both cities (cf. Figs. 2c, d and 5c, d). Tra-
jectory analysis (see IONS-06 website) shows that transport
is even more decoupled between the MCB and Houston in
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Table 2. Mean G; Budgets for Houston (IONS-06, IONS-04) and the MCB (IONS-06).

Site Houston Houston Houston Mexico Mexico
Season Spring  Summer 2004 Spring  Summer
Tropopause Height, m 14031 14940 14689 15468 15625
Boundary Layer Depth, m 1060 1019 1000 1826 1762
Tropospheric Column @(TCO, DU) 38.0 45.8 48.6 27.0 34.0
Free Trop. Column @(FTO, DU) 324 39.6 41.6 19.8 26.0

BL O3, DU 5.5 6.2 7.0 7.2 8.1

BL O3, % TCO 14.6 13.4 14.4 26.7 23.8
RCL Oz, DU 55 4.3 7.3 35 45

RCL Og, % TCO 14.6 9.4 15.1 13.0 13.1
RCL O3, % FTO 17.1 10.9 17.6 17.7 17.2

ST O3, DU 6.6 6.6 5.9 2.4 2.4

ST O3, % TCO 17.4 14.4 12.0 8.7 7.0

ST O3, % FTO 20.3 16.6 14.1 11.9 9.1

AD O3, DU 20.3 28.7 28.4 13.9 19.1

AD O3, % TCO 53.4 62.8 58.5 51.6 56.2
AD O3, % FTO 62.5 72.5 68.3 70.4 73.7

** Mexico City: Te@mac (State of Mexico) in Spring (MILAGRO T1
in Summer.

, a_ Mexico City Basin: Spring 2006 Ozone Budgets , b Houston, TX: Spring 2006 Ozone Budgets

oBL

F
B e—]

Fig. 6. Tropospheric @ budget for the IONS-06 March 2006
soundingga) MCB; (b) Houston. For August-September 2006}
MCB and(d) Houston. BL heights dynamically defined according
to 2nd derivative of thg profile from the PTU sounding. Table 2
displays mean budgets.

August—September 2006 than in March 2006. Most of the

air parcels from MCB head west; origins og@ver MCB
tend to be relatively localized. A few back-trajectories from
Houston are from recirculation over the Gulf of Mexico
most are from the west.
north.

Flows away from Houston head

www.atmos-chem-phys.net/8/5113/2008/

Site); at UNAM (Autonomous University of Mexico, Federal District)

5 Tropospheric wave influence and ozone budgets
5.1 Spring 2006

The amount of troposphericgin layers associated with RW
and GW combined is 40% and 44% over MCB and Hous-
ton, respectively, in March 2006. Similar values hold for
August—September 2006. When filtered with tracers, the cor-
responding @ amounts translate to a combined ST and RCL
fraction equivalent to 22% (MCB) and 32% (Houston) of the
tropospheric column (Table 2). At Houston the ST fraction is
twice that over MCB; convective influence (RCL in Table 2)
is about the same over both cities. For the MCB the aver-
age tropospheric £column is 11 DU lower than for Hous-
ton (Table 2), even though the 2-km thick BL at MCB has
1/3 more Q than the Houston BL. This appears to be due to
a smaller FT @ column over MCB.

During March approximately half the s designated
AD (Table 2), representing a mixture of recently imported
O3 pollution and a background amount of indeterminate ori-
gins, presumably mixed ST, RCL and earlier importegl O
pollution. Figure 6 depicts tropospheric ®udgets com-
puted by LID for daytime profiles over MCB and Houston
in the March and August—September 2006 periods. In all
cases there is considerable day-to-day variability in total tro-
pospheric @ amounts as well as in individual budget frac-
tions. The large and variable amounts of Bk G@ver MCB
on 5-7 March and on 13 March 2006 (Fig. 6a) are partly
due to a BL height-2 km above ground (not shown). Fig-
ure 6a indicates considerable SE @ver MCB on five days
in March 2006. Over Houston STs0s a consistent feature
after 8 March 2006 (Fig. 6b). Individual GW fractions are

Atmos. Chem. Phys., 8, 51232008
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~30% in early March 2006. After 8 March, a greater S O Mean 500 hPa Geopotential Height
amount sets in, driven by a 20-40% RW frequency over the a Aug. 1= Aue. 25 Aug. 26 - Sept. 1
remainder of MILAGRO/INTEX-B. P T e e

5.2 Summer 2006

Both the MCB and Houston increased in tropospheric O
column 7-8 DU in the spring-to-summer transition (Table 2). -
The BL Oz amounts account for only 1 DU of the increase. :
Summer ST @ amounts (Table 2) did not change, although
the ST fractions of total and free tropospherigd2cline 15—
20% compared to the spring values. Stratospheric influence
in the summer @budgets (Fig. 6c¢, d) is significant, appear-
ing in 39% of the MCB profiles and 60% of the Houston
soundings.

Comparing Fig. 2,c and d with Fig. 5c, d reveals that most
of the spring-to-summer £increases occur between 5 and
12 km. Table 2 shows corresponding enhanced AD amounts,
5 DU over MCB and 8 DU over Houston. Recall that the AD
term consists of recently imported or recirculategiad well
as an Q background that includes earlier ST, RCL and im- € _Ertel’s Potential Vortiity - 2 Sept. 2006 18 UTC
ported Q. Increases in relatively fresh imported or recircu-
lated G and an elevated background @re both reasonable
explanations for the higher AD £ Between the March (M-
LAGRO, IONS-06 Phase 1) and August—September 2006
sampling periods, RCL and ST fractions over Houston de-
cline ~30% relative to their March contributions (Table 2).
This is likely to be a consequence of a highly convective
spring over Houston (Fast et al., 2007). The 500 hPa geopo-
tential anomalies over southeastern Texas (not shown; re-
fer to the websitehttp://www.cdc.noaa.ggvshow >50 m Constant Theta Surface: MUK Data from NASA ASM
greater-than-normal heights in March 2006. The RCL and
ST Oz decreases from March to August-September 2006719- 7. (&) Mean 500hPa geopotential height from the
over Houston are compensated for with higher AD, from NCEP/NCAR Reanalysis show an upper-level ridge domlnathg the
53% of the tropospheric £column to 63%. All four Q southern US from 1 August to 25 August 2006 (left). Lower heights

component fractions change relatively little in the seasonaf"®"® into the region after this period (right). (Earth System Re-

o MCB. Bud L H . search Lab — Physical Sciences Divisibttp://www.cdc.noaa.gov/
transition over - Budget variations over Houston in Composites/Day/)(b) GOES-East infrared imagery from 17 Au-

August-September (Fig. 6c, d) reflect wave activity and theg,st 2006 at 2 UTC shows a convective system over Houston. Sys-
bimodal & profile comparisons (Sect. 4, Fig. 5¢, d). En- temsike this one were frequent from 1-25 August. (Plymouth State
hanced convection and lightning (higheg Concentrations  weather Centerhttp:/vortex.plymouth.edu/u-make.htmic) Er-
and RH above 5km) are more concentrated through 25 Autel’s pv at 340K for 2 September 2006 at 18:00 UTC using NASA's
gust (Fig. 5d, dashed profiles), corresponding to greater GWGEOS-4 Assimilation Model fields. An upper-level cut-off low over
activity and higher RCL fractions (Fig. 6d). Lower mid- the Dakotas formed from an upper-level trough over the Pacific on
tropospheric @ mixing ratios (Fig. 5d, dotted profiles), a 30 August 2006 and slowly moved across the US.
drier UT and a lower-altitude onset of the stratospheric O
gradient after 25 August 2006 coincide with more S3. O
The pre- and post-25 August 2006 contrast inadd RH
Houston profiles (Fig. 5d) and in their corresponding LID
budgets (Fig. 6d) is supported by meteorological analyse
(Fig. 7). Prior to 25 August 2006, the fraction of RClz O

Lower mid-tropospheric @ratios, a drier UT (Fig. 6d) and
a lower-altitude onset of the sharpest UT to lower strato-
sphere @ gradient after 25 August 2006 coincides with more
BT O; (20%) than RCL @ (5%). A cut-off upper-level

. trough, depicted in Fig. 7c, moved slowly across the US,
14% of tr heri lumn £) was more prevalent than . . .
(149 of tropospheric column £ was more prevalent tha likely transporting @ from stratosphere to troposphere in

the ST term (9% mean TCO fraction). The Houston region

was dominated by an upper-level ridge as shown in Fig. 7a'early September 2006.
leading to frequent convection prior to 25 August 2006; an
example, with clouds on 17 August 2006, appears in Fig. 7b.
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Ozonesondes over Houston were launched in IONS-04 a&fter 25 August 2006 over Houston, convection subsides and
part of INTEX-A (July—August 2004; Morris et al., 2006; a situation sets up that stimulates more ST influence.
Thompson et al., 2007a, b). The IONS-04 budgets differ The power of laminar identification to discriminate subtle
from IONS-06 (Table 2). The ST and RCL fractions of tro- but decisive impacts ong3tructure, as in IONS-04 (Thomp-
pospheric @ in July—August 2004 were-25% higher than  son et al., 2007a), is confirmed in this study. Along with
in 2006. Much of this difference is due to high RCL3O complementary approaches, e.g. coupled chemical-transport
values from 2 August to 5 August 2004 when an anoma-models, trajectory-based analyses (e.g. FLEXPART), and
lously high 500 hPa geopotential height and increased lightaircraft tracers, a coherent picture of southern North Amer-
ning exposure (see lightning exposure product, Elhtgd:  ican O3 emerges. In this region, as in northeastern North
/lcroc.gsfc.nasa.gov/intexprevailed over east Texas. America (Thompson et al., 2007b), the tropospherig O
structure is highly variable day-to-day. Free troposphegc O
in spring and summer 2006 is a rich mixture of ST and RCL
influences. The persistence of ST @fluences in summer
has also been noted in European sondes, based on trajectory

. - . . and tracer analysis (Collette and Ancellet, 2005).
Free tropospheric £characteristics above the Mexico City

I_Basm and_Houston during spring and summer 2006 are _deAcknowIedgementsWe are grateful to the MILAGRO project,
lineated with .'.sondes taken in IONS'OG,' Lamlnar. analys's,'especially to L. T. Molina, the site coordinators A. lizalde
tracercqmpansons and meteorolqglggl interpretation explainy,q j-C. Arredondo at Tamac (March 2006) and to
the considerable day-to-daysQariability over both urban v, de la Mora Grutter and G. Raga at UNAM (August—
areas in both seasons. Wave influences are prominent in th@eptember 2006). Special thanks to colleagues afrfiac:
laminar structure in the lower stratosphere and throughout. C. Doran, W. Shaw (DOE/PNL), T. Martin and R. Coulter
the troposphere, with more frequent wave activity in spring.(DOE/ANL). J. Fuentes (Univ Virginia), J. D. Fast (DOE/PNL),
These signatures are consistent with vertical displacement§. J. Oltmans (NOAA/GMD) and K. E. Pickering (NASA/GSFC)
by gravity waves (both sites) and mixing in the convective offered helpful commeqts on t.he. manuscript. IONS was supported
BL (Fast et al., 2007) over Mexico, where the UT/LS wave by NASAs INTEX project within the Tropospheric Chemistry

b 4 Program (B. G. Doddridge and J. H. Crawford), with supple-
S;t;?g:(()g ;esGerrggleest Z?ttfggz_ofzﬁzvkesd ;)(\)/8;)0 ther SUbtropf:wents at Texas from TCEQ. Thanks to J. Lelieveld (Max-Planck

Institute for Air Chemistry, Mainz) and J. E. Johnson (JISAO
The soundings suggest that pollution transport betweenyt NOAA/Pacific Marine Environmental Lab) for the RV R H
the Houston and Mexico City metropolitan areas during Brown ozonesondes. All IONS-06 ozonesonde-radiosonde data

MILAGRO/INTEX-B (IONS-06 Phase 1, March 2006) was and images reside at the AVDi@tp://avdc.gsfc.nasa.gar INTEX

somewhat limited. This seems to agree with meteorologicakrchive:http://cloudl.arc.nasa.gov

analyses (Fast et al., 2007) but may change with further stud-

ies of aircraft data (Molina et al., 2008Singh et al., 2008.  Edited by: S. Madronich

Trajectory analysis, combined with the soundings, showed

even less coupling in the summer (IONS-06, Phase 3, TEX-
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