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Abstract. Ozone, carbon monoxide, aerosol extinction the decay of tropopause folds in the troposphere because
coefficient, acetonitrile, nitric acid and relative humidity the ozone that they contain contributes to thé/ radical
measured from the NOAA P3 aircraft during the Tex- concentration which affects the chemical budget of different
AQS/GOMACCS 2006 experiment, indicate mixing between trace gases in the troposphere (Esler et al., 2001). Kentar-
a biomass burning plume and a stratospheric intrusion irchos and Roelofs (2003) have shown that the stratospheric
the free troposphere above eastern Texas. Lagrangiarezone flux contributes up to 15% to the troposphedie/
based transport analysis and satellite imagery are used tadical concentration in the Northern Hemisphere. To have
investigate the transport mechanisms that bring together tha large impact on the tropospheric ozone concentration, the
tropopause fold and the biomass burning plume originatingstratospheric air in the fold must mix irreversibly with the

in southern California, which may affect the chemical budgetsurrounding tropospheric air. Previous studies have shown
of tropospheric trace gases. that tropopause folds can disperse into decaying warm con-
veyor belts (Cooper et al., 2004), and they can also be inter-
leaved with anthropogenic pollution (Cho et al., 2001; Par-
rish et al., 2000). Irreversible Stratosphere-Troposphere Ex-
change (STE) occurs between these layers at small scales re-

Since the pioneering work of Danielsen (1968), tropopauses_unmg in_a layer with elevated ozone and r_educed CO rela-
folds have been a focus of atmospheric research becaud®€ t0 adjacent unimpacted tropospheric air. Another com-
they are one of the main sources of stratospheric ozone flu1on, but completely unrelated, influence on the composition
into the troposphere. They occur in cutoff lows (Price and ©f the troposphere arises from biomass burning (BB) emis-
Vaughan, 1993) or in frontal systems, and are more frequen$ions. BB is known to be one of the main sources of aerosols,
near the subtropics (between°20 and 40N) than further carbon m_onOX|de (CQ), volatile organic compounds and ni-
poleward (Sprenger et al., 2003). The net ozone flux acros§0gen oxides (NOx) in the troposphere (Andreae and Merlet,
the tropopause is downward from the stratosphere to the tro¢001). During the summer 2004 NEAQS-ITCT 2k4 study
posphere at midlatitudes, with a maximum in winter/spring Period, plumes from Alaska and western Canada were sam-
and minimum in summer/fall (Sprenger and Wernli, 2003). pled on multiple flights above _the eastern United States (de
Using a 15-year climatology of cross tropopause exchangeGouw et al., 2006). In the region of New York and Boston,
James et al. (2003) have shown that stratospheric airmass&B was more important than anthropogenic CO sources at
over United States reach the lower troposphere above soutfiltitudes between 3 and 5km (Warneke et al., 2006). BB
eastern United States and the northern part of the Gulf ofan also affect ozone concentrations at the continental scale.
Mexico in winter. In summer, the impact of stratospheric During the summer of 1995, large forest fires in northern
airmasses is much weaker and is most prominent above thganada caused high CO mixing ratios at ground level in the

northern United States. Much attention has been paid touthern and eastern United States, and were responsible for
10 to 30 ppbv 0zone enhancements over a period of 2 weeks
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BB plumes and stratospheric intrusions occur frequently inCentre for Medium-Range Weather Forecasts (ECMWF),
the troposphere, to date, mixing between the two has notvith a temporal resolution of 3h (analyses at 00:00, 06:00,
been reported. In this case study, we document the first cleat2:00, 18:00 UTC ; 3-h forecasts at 03:00, 09:00, 15:00,
case of mixing between a tropopause fold and a BB plume ir21:00 UTC), and 91 vertical levels. Horizontal resolution
the free troposphere. The event occurred during the Texawas P x1° globally with nested wind fields at 0.3&0.36°

Air Quality Study/Gulf of Mexico Atmospheric Composi- resolution (108 W-27 W, 9° N-54 N). Anthropogenic CO
tion and Climate Study (Tex- AQS/GOMACCS), conducted emissions from Canada and Mexico were taken from the
during August-October 2006 across eastern Texas and thEDGAR 2000 inventory atIx1° resolution. Tracer parti-
northwestern Gulf of Mexico to investigate the influence of cles were injected between 0 and 150 m above ground level,
anthropogenic trace gases and aerosol emissions on the agpresenting the mean injection height of point sources and
quality and radiative balance of the region. In this paper,distributed area surface emissions. CO emissions from the
we use in-situ measurements of ozone, carbon monoxiddJnited States were based on the EPA 1999 National Emis-
aerosol extinction coefficient, acetonitrile, nitric acid and rel- sion Inventory at 4 k4 km resolution (Frost et al., 2006).
ative humidity measured from the NOAA P3 aircraft to study Injection height of point sources in the model is specified in
the chemical signature of mixing between a BB plume and athe inventory, while the mean injection height of area sources
stratospheric intrusion. We use a Lagrangian particle disperwas between 0 and 20m. BB CO emissions were calculated
sion model and satellite imagery to investigate the transportising the algorithm of Stohl et al. (2007), which uses fire
mechanisms that bring together the tropopause fold and thdetection data, information on landuse and applies emission
BB plume. Section 2 presents the in-situ measurements anfhctors from Andreae and Merlet (2001). We used an in-
the modeling methods. Section 3 presents the analysis of oljection height between 0 and 5km, and assessed the area
servations, model calculations and satellite imagery. Finallyburned with the National Interagency Coordination Center
conclusions are drawn in Sect. 4. Incident Management Report of forest fires. The passive BB
CO tracer was allowed to advect for either 5 or 15 days,
after which it was removed from the simulation. A strato-
spheric ozone tracer was initialized within the model domain
and continually released at the model boundaries (¥380
55°W, 10° N-61° N), and allowed to advect with ECMWF

CO on the NOAA WP-3D research aircraft was measured?/nds within the domain (Stohl et al., 2000; Cooper et al.,
once per second using using vacuum ultraviolet resonancé00)- A linear relationship between ozone and potential
fluorescence (Holloway et al., 2000) with an uncertainty VO'ticity of 50 ppbv/pvu was used for the month of Septem-
of £5%. Ozone was measured with an uncertainty ofP€r (Stohl etal., 2000). The stratospheric ozone is treated as
+(0.1 ppbv + 3%). a passive tracer, and its distribution in the troposphere is only
The aerosol extinction coefficient,, 532 nm, 10% RH) due to transport from the stratosphere. Concentration fields

was measured using a cavity ring-down technique and driedVeré output every hour as 1-h averages &t 20.6° grid

to RH<10 with an uncertainty of:5% (Baynard et al., SPacing above the USA and Mexico, and®x0.15° grid

2006). spacing above Texas and the Gulf of Mexico. The FLEX-
Acetonitrile was measured with a PTR-MS instrument for PART tracers are only 15 days old and must be considered

1s every 17s (de Gouw and Warneke, 2007) with an uncer@s Mixing ratios above background. In addition, backward

tainty of £15%. simulqtions star_ted_ alqng the aircraft flight track were used
Gas phase nitric acid (HN§pwas measured once per sec- to retrieve the distribution of the different source regions of

ond using a chemical ionization mass spectrometer (Neumaf{1® Pollutants.

et al., 2002) with a precision af20 pptv and an accuracy of

+(15% + 100 pptv).

2 Method

2.1 In-situ measurements

3 Analysis
2.2 Model description

Figurel presents time series of (top) ozone, G),, HNO3
To identify the origin of the polluted plume and simulate air (pptv), acetonitrile (CHCN, pptv/2) and (bottom) measure-
pollution transport over North America, we use the FLEX- ments of altitude and relative humidity, over Texas from the
PART Lagrangian particle dispersion model (version 6.2) NOAA P3 aircraft flight on 25 September 20G§,, and ace-
(Stohl et al., 2005 and references therein). We conductedonitrile (de Gouw et al., 2003; Warneke et al., 2006) can
forward simulations of long-range and mesoscale transporbe used as biomass burning tracers. Positive correlations be-
of anthropogenic pollution tracers from North America and tween CO,0,, and acetonitrile indicate the biomass burn-
emissions from BB to assess their impact on observed CQOng origin of CO enhancements. HNQ@an be used as a
concentrations over Texas and the Gulf of Mexico. FLEX- stratospheric tracer. Positive correlations between glait@l
PART was driven by model-level data from the Europeanozone indicate a stratospheric origin of ozone enhancements.
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< 5f P W Fig. 2. NOAA P3 ozone and CO mixing ratios on 25 September,
T e L 5 16:00-16:25 UTC, colored by (top) the modeled biomass burning

16hT‘i?ne(UTC)16h‘5 16h20 CO tracer (BBCO, ppbv) and (bottom) by the stratospheric ozone
tracer (ST @, ppbv). The grey background represents the distri-
) ) ) ) bution of MOZAIC ozone and CO measurements in (top) the free
Fig. 1. Top: NOAA P3 time series of E:O (black line, ppbv), 0zone yqnosphere (defined by 300 hBaressure:800 hPa) and (bottom)
(blue line, ppbv).oep (gray line, M=), acetonitrile (green line,  the entire troposphere/lowermost stratosphere (pres80@hPa).
pptv/2) and nitric acid (red line, pptv) on September 25 between| jghier (darker) shading indicates a greater (lesser) number of mea-
16:00 and 16:25 UTC. . o surements. The gray shading is based on 27 MOZAIC flights.
Bc_)ttom NOAA P3time series of altltqde (red _s,olld Il_ne, km)andrel- The most frequent ozone/CO grid cell measured by the MOZAIC
ative humidity (green solid line, %, right vertical axis). Also shown gignts (white color) is related to 194 data points in the entire tropo-
are the FLEXPART biomass burning CO tracer (black dashed line.gphere/lowermost stratosphere (bottom), and 62 data points in the
ppbv), anthropogenic CO tracer (red dashed line, ppbv) and stratogee troposphere (top).
spheric ozone tracer (blue dashed line, ppbv).

At 4km altitude, a CO peak (up to 220 ppbv) is followed  Figure2 compares the observed ozone and CO measure-
by an ozone peak (up to 80 ppbv) around 16:10 UTC. Thements from Fig.1 (colored dots) to the ozone and CO
only significanto,, and acetonitrile enhancement occurs dur- distributions in the free troposphere (top) and the entire
ing the time period of the main two CO peaks. The enhancetroposphere/lowermost stratosphere (bottom) retrieved from
ments of COg,, and acetonitrile and their enhancement ra- MOZAIC (Measurements of Ozone, Water Vapour, Carbon
tios to CQ (not shown) suggest a biomass burning origin Monoxide and Nitrogen Oxides by Airbus in service aircratft,
rather than anthropogenic pollution. From 16h05 to 16h15,Thouret et al., 1998; Nedelec et al., 2003) profiles (grey
the enhancement of ozone (from 30 to 80 ppbv) is positivelybackground) over Houston, Dallas and Atlanta, in September
correlated with the nitric acid (from 30 to 150 pptv) and 2003 and 2004. Most of the MOZAIC ozone and CO mix-
negatively correlated with relative humidity. The Hj@ ing ratios in the free troposphere are between 40 and 60 ppbv
ozone slope is HNg)ppbv]=0.0022*Q[ppbv]-0.055, and of ozone and 70 to 100 ppbv of CO. Comparing F¢op)
is consistent with previous measurements obtained in theand (bottom), the vertical branch of Fig(bottom) is re-
lower stratosphere (HN{Dppbv]=0.0023*Q-0.064, Neu- lated to upper tropospheric measurements while the hori-
man et al., 2001). zontal branch is related to lower tropospheric measurements.

www.atmos-chem-phys.net/7/4229/2007/ Atmos. Chem. Phys., 7, 42382007
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(up to 120 ppbv above the CO background). However, the
width of the P3 CO peak is about 6 km (1 min with an aircraft
ground speed of 100 ms$) which is quite small compared to
the simulation output scale (0.1650.15’). The integral of

the measured CO enhancement relative to the background is
14 864 ppbv s, while the integrated modeled BB CO peak is
14 115 ppbv s, or about 95% of the integrated measurement.
Thus, the model suggests that the sampled CO peak is mainly
due to a BB plume.

The modeled anthropogenic CO tracer is correlated with
measured CO except at the time of the two main CO peaks.
At 16:00 UTC, the P3 background CO is about 65 ppbv while
the modeled anthropogenic CO tracer is close to zero. Back-
ward trajectories give a Pacific Ocean origin for this time pe-
riod (not shown). At 16:15 UTC the measured background
CO is about 95ppbv and the modeled anthropogenic CO
tracer is 20 ppbv. This airmass comes from western Texas,
New Mexico and Arizona (not shown). Therefore the in-
crease in measured background CO (30 ppbv) is due to in-
fluence from anthropogenic pollution.

Figure 2 is colored by the modeled stratospheric ozone
tracer (bottom) and by the BB CO tracer (top). The 5-day BB
tracer shows that the positive correlation between ozone and
CO (from 30 ppbv of ozone and 100 ppbv of CO to 50 ppbv
of ozone and 180 ppbv of CO, labeled line L1) is related
to mixing between relatively clean background air and the
biomass burning plume. The stratospheric ozone tracer in-
Fig. 3. Top: Visible channel of the GOES East imager, 13:15 UTC dicates that an air mass with a significant stratospheric com-
25 September. Dark areas represent clouds or aerosol plumes a'ﬂﬁ)nent (100 ppbv of CO and 80 ppbv of ozone) mixed with
Ii.ght areas represent cllea.r air or the night time region, as the suln Wa§ath a relatively clean tropospheric airmass (115 ppbv of CO
rising in the east at this time. The red cross represents the alrcrafand 55 ppbv of 0zone, labeled line L2) and the BB plume

position at 16:10 UTC. .
Bottom: Southern California and northern Baja California as de- (200 ppbv of CO and 50 ppbv of 0zone, labeled line L3). Ap-

picted by the visible channel of MODIS on the Aqua satellite, at plying a 15-day BB CO tracer only increases the BB CO peak

20:30 UTC, 21 September. The red dots represent active fires, ~ value by 2ppbv. Therefore the BB plume appears to be pri-
marily less than 5 days old.

The anticorrelations between the BB CO and stratospheric
o o ozone tracers, P3 ozone and CO, and P3 relative humidity
Two processes are visible in the P3 data in this figure. The,nq co, reinforce the hypothesis of mixing between a strato-
first one is exemplified by the positive correlation bew"ee”spheric intrusion and a biomass burning plume.
ozone and CO (labeled line L1). It may be related to pho- * £igyre 3 (top) presents the visible channel of the GOES-
tochemical production of ozone in a pollution plume (With g4t satellite at 13:15 UTC, 25 September, 3 h before the air-
up to 200 ppbv of CO, 50 ppbv of 0zone).The second procesg,at sampled the BB plume. A narrow plume is visible north
is demonstrated by a negative correlation between ozone angk ihe aircraft position at 16:10 UTC (red cross), and extends
CcoO With two different negative slopes (labeled lines L2 and o m eastern Texas to western New Mexico. This narrow
L3). This process may be due to STE (e.g. Hoor etal., 2002) p|yme is only visible at sunrise when the sun is low in the
since negative ozone/CO slopes seen in MOZAIC data argky and the underlying surface is not bright.
related to the mean vertical branch of the upper troposphere. £ ExpPART backward calculations were used to locate the
Figure 1(bottom) shows the time series of the modeled BB source region of the BB CO that contributed to the two P3 CO
and anthropogenic CO tracers and the stratospheric ozongeaks. Figuré presents the percentage of surface contribu-
tracer, from the nested domain output, linearly interpolatedtion to the BB CO mixing ratios, scaled according to the max-
along the aircraft flight track. At about 16:10 UTC, a well- imum surface contribution encountered in the domain output
defined BB CO tracer peak lies at the same position as théred pixel). It shows that the main source is located north of
P3 CO ando,, peaks, while a small anthropogenic tracer Los Angeles.
contribution is modeled at this time. The BB CO tracer peak On 21 September 20:30 UTC (Fig.bottom), the visible
is underestimated (35 ppbv) compared with the P3 CO peakhannel of the MODIS satellite instrument shows a large

Atmos. Chem. Phys., 7, 4228235 2007 www.atmos-chem-phys.net/7/4229/2007/



J. Brioude et al.: Biomass burning-tropopause fold mixing 4233

50 100 14 ‘ ‘
e .
KLV 7 L I-I !
45 - Mlgo EI I
10 8
[l
€4 I
40 60 rill | i
35 40
30 20 o
20 é5 3‘0 55 4‘0 4‘5 50
0 Latitude (°)

2 —
—?25 -120 -115 -110 -105 -100 -95 -90
45

Fig. 4. Percentage of CO surface contribution of the CO peak
measured at about 16:10 UTC due to biomass burning in the main 401
domain output, scaled according to the maximum contribution en-
countered in the domain output (red pixel).

35

forest fire located in the Los Padres National Forest north 30r

of Los Angeles at the same location as the BB contribution
simulated by FLEXPART. The NASA Earth Observatory 2 5 30 15 30 50
(http://earthobservatory.nasa.gov/Newsroom/Newlmages/ -120 -110 -100 -90 -80

images.php3?imid=17409 reports that this fire began on

4 September and burned with varying intensity until the endFig. 5. (Top) Vertical and (Bottom) horizontal cross sections of

of September. the FLEXPART stratospheric ozone tracer (green) and the biomass
A supplemental animatiom{tp://www.atmos-chem-phys. burning tracer (blue) at 16:00 UTC, 25 September. Grid cells con-

net/7/4229/2007/acp-7-4229-2007-supplement.zighows  taining both tracers are shaded red. The black circles indicate the

the transport of the modeled BB plume from this forest fire aircraft position at 16:10 UTC and the black lines indicate the al-

(blue) and the transport of stratospheric intrusions (green)fitud_e_of the horizonta_ll cross section (top) and the longitude of the

for the period 12:00 UTC 21 September to 18:00 UTC 25 Meridional cross section (bottom).

September. Red areas represent mixing regions where the

BB plume and stratospheric intrusion are colocated. Fromy,snwvard. At 15:00 UTC 25 September, the southern part of

12:00 UTC 21 September to 12:00 UTC 22 September thgne omingled plumes was located above east Texas where
BB plumes produced near Los Angeles remained in the,o NOAA P3 aircraft sampled it at 16:10 UTC.

southwestern United States. During this time a large upper Figure 5 (bottom) presents a horizontal cross section of

level low became established above the central United Stateg,s F| ExPART stratospheric ozone tracer at 4km altitude
with a strong cold front draped across the south-central\ the mean BB CO tracer between 3 and 5km altitude.
USA. This system produced westerly flow in the lower and e g plume lies next to the tropopause fold from Texas to
mid-troposphere across the western USA which allowedine Great Lakes region. The narrow BB plume seen in the
a portion of the BB plume to rgach the eastern USA by 5ogg image (Fig3, top) is well simulated by FLEXPART
12:00 UTC 23 September. The influence of the upper IeveI(Fig' 5, bottom). Figure (top) presents a meridional ver-

low persisted and other portions of the BB plume advecteqjcq) ¢ross section at the longitude of the aircraft position at
eastward from southern California on 24 September untilyg.10 yTC (black circle in Figs, bottom). A potential mix-
they reached east Texas on 25 September. Meanwhile @y vegion (red pixels) is identified between 3 and 5 km, using

large and deep stratospheric intrusion produced by the UPPEY heshold of 10 ppbv for the BB CO tracer and 15 ppbv for
level low penetrated into the lower troposphere and advectegh,, stratospheric ozone tracer, in the vicinity of the NOAA
eastward with the same flow pattern along the poleward edg@3 ircraft (black circle).

of the BB plume. By 03:00 UTC 24 September portions

of the stratospheric intrusion began to disperse into the
BB plume above the southwestern USA (red regions in the
movie). The plumes continued to mingle as they advected

www.atmos-chem-phys.net/7/4229/2007/ Atmos. Chem. Phys., 7, 42382007
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4 Discussion Edited by: D. Cziczo

Ozone, carbon monoxide, aerosol extinction coefficient, ace-
tonitrile, nitric acid and relative humidity measured from the
NOAA P3 aircraft during the TexAQS/GoMACCS 2006 ex-

periment, show evidence of mixing between a tropopausexngreae, M. O. and Merlet, P.: Emission of trace gases and aerosols
fold and a biomass burning plume above east Texas at from biomass burning, Global Biogeochem. Cycles, 15, 955—
16:00 UTC on 25 September 2006. We used the FLEXPART 966, 2001.

Lagrangian particle dispersion model to simulate biomas$Baynard, T., Garland, R. M., Ravishankara, A. R., Tolbert, M. A.,
burning transport and stratospheric intrusions. We found that and Lovejoy, E. R.: Key factors influencing the relative humidity

a biomass burning plume originating north of Los Angeles dependence of aerosol light scattering, Geophys. Res. Lett., 33,
was mixed with air from a tropopause fold that originated 06813, doi:10.1029/2005GL 024898, 2006.

above the central United States. This Lagrangian-base&hg’ ‘;'nTj' ’;I(;n':l]e\ll\vﬂelksbié;?;;(e)! cI)Ef.r\)g’llftrii:tb\lﬁ/ﬁi’ci:tpl)?r:’g;cﬁy
StUdY confirms that mixing dogs 'occur. betyveen biomass a tropopause fold, Geophys. Res. Lett., 28, 3243—-3246, 2001.
burning plumes and stratospheric intrusions in the free tro-

. . 5 .Cooper, O. R., Forster, C., Parrish, D., Dunlea, E., Hubler, G.,
posphere. But is this a common occurence? To answer this Fehsenfeld, F., Holloway, J., Oltmans, S., Johnson, B., Wimmers,

question we performed a statistical analysis using FLEX- A and Horowitz, L.: On the life-cycle of a stratospheric intru-
PART forward simulations from 15 August to 1 October  sjon and its dispersion into polluted warm conveyor belts, J. Geo-
2006 to assess the frequency of such mixing in the Texas phys. Res., 109, D23S09, doi:10.1029/2003JD004006, 2004.
region (110 W 9C° W, 35° N 28 N) during September. We Cooper, O. R., Stohl, A., Hubler, G., Hsie, E. Y., Parrish, D. D.,
used the same FLEXPART parameterization for stratospheric Tuck, A. F., Kiladis, G. N., Oltmans, S. J., Johnson, B. J.,
tracers and biomass burning as used for this case study, but Shapiro, M., Moody, J. L., and Lefohn, A. S.: Direct transport
assuming an area burned of 180 ha per fire detection (Stohl of midlatitude stratospheric ozone into the_ I_owertroposphere and
et al., 2007). A stratospheric intrusion was deemed to be marine boundary layer of the tropical Pacific Ocean, J. Geophys.

present within a grid cell if the ozone tracer mixing ratio ex- Res., 110, D23310, doi:10.1029/2005JD005783, 2005,
%anlelsen, E. F.: Stratospheric-tropospheric exchanges based upon

ceeded 30 ppby, and a blomass b“m'”g Plume_was deeme radioactivity, ozone and potential vorticity, J. Atmos. Sci., 25,
present if the biomass burning tracer mixing ratio exceeded 502-518, 1968

10 ppbv. Two stratospherlc.mtrusmns were found at the SUrpe Gouw, J. A., Warneke, C., Parrish, D. D., Holloway, J. S.,
face of the Texas region in September. These intrusions Trainer, M., and Fehsenfeld, F. C.: Emission sources and ocean
were mixed with biomass burning plumes in 26% of the uptake of acetonitrile (CH3CN) in the atmosphere, J. Geophys.
grid cells related to the stratospheric intrusions. Between Res., 108(D11), 4329, doi:10.1029/2002JD002897, 2003.

100 m and 4 km of altitude, six stratospheric intrusions wereDe Gouw, J. A., Warneke, C., Stohl, A., Wollny, A. G., Brock, C.
found over Texas, and 40% was mixed with biomass burn- A., Cooper, O.R., Holloway, J. S., Trainer, M., Fehsenfeld, F. C.,
ing plumes. Between 4 and 8km, nine stratospheric in- AtIas,_E. L., Donnelly, S. G.,_S_troud, V., and Lueb, A.: Volatile_
trusions were found over Texas, and 8% was mixed with ©rganic compounds composition of merged and aged forest fire

. . . . _ plumes from Alaska and western Canada, J. Geophys. Res., 111,
biomass burning plumes. This percentage decreases with al D10303, doi:10.1029/2005JD006175, 2006,

futude because the biomass burning plumes are less frequeBte Gouw, J. and Warneke, C.. Measurements of volatile or-
In_the free and upper tropos_phere. _These res%"ts show that ganic compounds in the earths atmosphere using proton-transfer-
mixing between stratospheric intrusions and biomass burn- eaction mass spectrometry, Mass Spectrom. Rev., 26(2), 223—
ing plumes were relatively common in the lower/free tropo- 257, 2007.
sphere above Texas during September. This study indicatessler J. G., Tan, D. G. H., Haynes, P. H., Evans, M. J., Law, K.
that mixing between stratospheric intrusions and biomass S., Plantevin, P. H., and Pyle, J. A.: Stratosphere-troposphere
burning plumes can influence tropospheric chemistry, but exchange: Chemical sensitivity to mixing, J. Geophys. Res.,
further studies are required to determine if such events have 106(D5), 47174731, doi:10.1029/2000JD900405, 2001.
any implications for surface air quality. Frost, G_. J., McKeen, S. A, T_ralr_ler, M., et aI.:_ Effects of
changing power plant NOx emissions on ozone in the eastern
United States: Proof of concept, J. Geophys. Res., 111, D12306,
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