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Abstract. Stratosphere-to-troposphere transport (STT) re-discussed in terms of the impact on the total troposphegic O
sults in air masses of stratospheric origin intruding into thebudget and the impact on air quality and policy-making.
free troposphere. Once in the free troposphere, ozogg (O
rich stratospheric air can be transported and mixed with tro-

pospheric air masses, contributing to the troposphegc Ol Introduction
budget. Evidence of STT can be identified based on the dif-

ferences in the trace gas composition of the two regions. Betransport of stratospheric air into the troposphere, referred to
cause @is presentin such large quantities in the stratosphereys stratosphere-to-troposphere transport (STT), contributes
compared to the troposphere, it is frequently used as a tracqp and alters the trace gas composition of the troposphere,
for STT events. and as such STT has been extensively studied for over 50 yr

This work reports on airborne in situ measurements of e.g., Danielsen, 1968; Danielsen and Mohnen, 1977; Lamar-
O3 and other trace gases during two STT events observeé1ue and Hess, 1994; Sprenger et al., 2003; Thompson et al.,

over Califo_rnia, USA. The first, on 14 May 2012, was as- 2007; Lefohn et al., 2011). Ozone {Dis present in large
sociated with a cutoff low, and the second, on 5 June 20124 antities in the stratosphere compared to the troposphere
occurred during a post-trough, building ridge event. In eachyq js commonly used as a tracer for STT. In the free tropo-
STT event, airborne measurements identified high@hin - gphere, air masses of stratospheric origin can be transported
the stratospheric mtrusmn,. which were observed as low a%ind mixed with tropospheric air masses, typically forming
3km above sea level. During both events the stratospherlmamentary structures, which appear as i@minae in Q

air mass was characterized by elevatedxing ratios and  hofiles detected by ozonesondes, in situ aircraft measure-
reduced carbon dioxide (Gand water vapor. The repro-  ments and @ lidar (Zanis et al., 2003; Cooper et al., 2005;
ducible observation of reduced G@ithin the stratospheric ik et al., 2011; Langford et al., 2012). Understanding the
air mass supports the use c_>f non—conventpnal tracers as afynamic processes that control the troposphegib@iget is
fe\ddltlonal method for detectlng.STT. A detailed meteorolo'g—of importance not only for understanding surface air quality
ical analysis of each STT eventis presented, and observationg areas affected by STT, but also because upper tropospheric
are interpreted with 'Fhe Rea!tlme Air Quality Modeling Sys- Os is an important greenhouse gas affecting outgoing long-
tem (RAQMS). The implications of the two STT events are \yaye radiation (Worden et al., 2008) and impacting surface

temperature (IPCC, 2007).
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STT events are episodic in nature and vary considerably The United States Environmental Protection Agency
with latitude and season. In western North America (the(EPA) sets National Ambient Air Quality Standards
end of the Pacific storm track) peak STT occurs during the(NAAQS) for ground-level @, which are used to assess air
late winter to late spring (e.g., Sprenger et al., 2003; Stohlquality. The 2008 NAAQS for @ require that the 3yr av-
et al., 2003; Skerlak et al., 2013), when synoptic-scale ancerage of the annual fourth-highest daily maximum 8 h mean
mesoscale processes (e.g., tropopause folds in the vicinity ahixing ratio be less than or equal to 75 ppbv (parts per bil-
the polar and subpolar jets, cutoff lows, mesoscale conveclion by volume) (US EPA, 2006), with a decision on the pro-
tive complexes) facilitate the tropopause to fold, allowing for posed reduction of the NAAQS{darget to 60—70 ppbv due
stratospheric air masses to be transported downward to thim 2014 (US EPA, 2010). The formulation of the NAAQS
troposphere. Tropopause folds and cutoff lows, which em-Os standard relies on the accurate identification of a repre-
phasize the vertical structure (former) and horizontal struc-sentative background mixing ratio ofsQ@hat would occur
ture (latter) in which a stratospheric intrusion can occurin the United States in the absence of anthropogenic contri-
(Stohl et al., 2003), have been identified as the most imporbutions. Current backgrounds@nixing ratios are estimated
tant mechanisms to cause STT and have subsequently be¢m be in the range of 15-35 ppbv (Fiore et al., 2003), con-
the focus of STT investigations (e.g., Danielsen and Mohnentributing up to 47 % towards the current NAAQS @rget of
1977; Ebel, 1991; Vaughan et al., 1994; Bonasoni, et al.,75 ppbv. Some studies have reported higher background O
2000; Sgensen and Nielson, 2001; Lefohn et al., 2011). Thenixing ratios, particularly in springtime, suggesting that STT
frequency and magnitude of STT events are important fachas a significant influence on the backgroungnixing ra-
tors in understanding the possible degree to which they affectios (Cooper et al., 2005; Hocking et al., 2007; Lefohn et al.,
surface and free tropospherg @ixing ratios (Lefohn etal., 2011, Langford et al., 2012, Lin et al., 2012). If the proposed
2011). reduction of NAAQS Q target is approved, the identification

The stratosphere and troposphere are separated by tted STT and evidence of its contribution towards background
tropopause. Traditionally the tropopause is defined by theD3 mixing ratios will become increasingly important, as the
“thermal tropopause”, which is the lowest level at which the gap between backgrounds@nd the NAAQS Q@ target is
temperature lapse rate decreases to 2 Kkor less and the  reduced.
averaged lapse rate between this level and any level within The western United States, due to its location at the end
2km does not exceed 2 Kkm (WMO, 1986). In the ex-  of the North Pacific mid-latitude storm track, has been iden-
tratropics the tropopause corresponds well with a surface ofified as a preferred location for deep STT reaching below
constant potential vorticity (PV), allowing for a “dynamical 700 mbar (Sprenger and Wernli, 2003). Understanding the
tropopause” definition. Tropopause PV values in literatureboundary conditions coming into the western United States
range from 1.6 to 3.5 potential vorticity units (PVU) with is important for air quality issues. However large areas in the
2PVU used most often (Stohl et al., 2003). Both of thesewestern United States have limited or ng @ata. In addi-
tropopause definitions are routinely used in forecasting andion, the existing positive vertical gradient fosQcomplex
modeling STT events (e.g., Sprenger et al., 2003; Stohl et al.mountainous terrain of the western United States and result-

2003). ing mesoscale dynamics further complicate efforts to model
Observations of STT have been reported in long-term dataDs concentrations.
sets from mountain-top $sites measuring the free tropo-  In this paper, a detailed analysis of two STT events occur-

sphere (e.g., Bonasoni et al., 2000; Stohl et al., 2000) anding during spring 2012 over California, USA, is presented.
from O3 profiles measured by aircraft, ozonesondes agd O This work reports airborne in situ measurements gfadd
lidar (e.g., Zanis et al., 2003; Cooper et al., 2005; Bow- other trace gases, providing supporting evidence towards of
man et al., 2007; Bourqui and Trepainer, 2010; Langford etthe use of a non-traditional stratospheric tracer (carbon diox-
al., 2012). Identifying STT within the tropospheric boundary ide, CQ), which can be used in conjunction withg @ help
layer, especially at near-sea-level surface sites, is challengdentify and interpret STT. In support of the observations and
ing. The stratospheric characteristics (high Ow humidity, the case for STT, the following evidence is provided: anal-
high PV) may be lost by the time this air is entrained into the yses of the meteorological situations and an evaluation of
boundary layer, making STT difficult to diagnose and fore- Realtime Air Quality Modeling System (RAQMS) used to
cast. In addition, the ®mixing ratio within STT events is  forecast and interpret observations. Finally a discussion of
expected to be highly variable depending on the stratospherithe implications of the two events on air quality and policy-
origin and degree of mixing in the free troposphere. Althoughmaking is also presented.

evidence of STT at sea-level surface sites has been presented

(Chung and Dann, 1985; Langford et al., 2012; Lefohn et

al., 2012; Lin et al., 2012), the magnitude of the effects of

STT on boundary layer £mixing ratios is still under debate

(Fiore et al., 2003; Langford et al., 2009; Lefohn et al., 2011;

Linetal., 2012).
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2 Experimental approach to be 2 ppbv. The zero offset, observed when sampligg O
scrubbed air during simulated descent profiles, was found to
2.1 Airborne instrumentation increase linearly by 0.6 ppbv with decreasing chamber pres-

sure (typical zero offset of-2.4 ppbv at ground level and
In situ measurements of{¥ertical profiles were carried out —3ppbv at 200 mbar). Instrument drift estimated based on
on board the Alpha Jet research aircraft as part of the Alphdl h of sampling 50 ppbv ©was 1.5 ppbv. Overall uncertainty
Jet Atmospheric eXperiment (AJAX). The aircraft is based of the airborne @ measurements is estimated to be 3.0 ppbv.
at and operated from NASA Ames Research Center at Mof- In situ O3 measurements, taken every 10s, were per-
fett Field, CA (37.415N, 122.050 W). Scientific instru-  formed over the San Joaquin Valley, CA (SJV) (Castle air-
mentation is housed within one of two externally mounted port, Merced: 37.381N, 120.568 W), and offshore (RAINS
wing pods, each of which has a maximum payload weight ofintersection: 37.169N, 123.235 W). Takeoff time from
136 kg. The aircraft was flown with one instrumented wing Moffett Field was at 18:00UTC on 14 May 2012 and 5
pod attached, containing ang@nonitor (described below) June 2012. The aircraft arrived on-station at the SJV site at
and a CQ analyzer (Picarro Inc., model G2301-m), modi- ~ 18:20 UTC (local time is UTG- 7 h) on each day and per-
fied for flight installation The aircraft also carries GPS and formed a descending spiral profile from8.8 km to <0.5 km
inertial navigation systems that provide altitude, temperaturewith a descent rate of 370 mmin . A second descending
and position information time-stamped with coordinated uni- spiral profile was performed over the offshore location each
versal time (UTC) for each research flight. day starting at- 19:05 UTC. On the 14 May 2013, the profile
Measurements of ©mixing ratios were performed using extended from~ 8.5 km to 1.5 km; the aircraft was prevented
a commercial @ monitor (2B Technologies Inc., model 205) from flying any lower on this day due to a thick marine stratus
based on ultraviolet (UV) absorption techniques and modi-layer with a top at 1.5 km. The lowest altitude of the offshore
fied for flight worthiness. The dual-beam instrument uses twoprofile on 5 June 2012 was <0.5km. Total flight time each
detection cells to measure simultaneously the UV light inten-day was 100 min.
sity differences betweengscrubbed air and un-scrubbed air
to give precise measurements of.he monitor has been 2.2 RAQMS model description
modified by upgrading the pressure sensor and pump to al-
low measurements at high altitudes, including a lamp heateGlobal in-line @ and meteorological forecasts from
to improve the stability of the UV source, and the addition RAQMS (Pierce et al., 2007, 2009) are used in conjunction
of heaters, temperature controllers and vibration isolators tawith reverse domain filling (RDF) techniques (Sutton et al.,
control the monitor's physical environment. 1994; Fairlie et al., 2007) to provide a large scale context for
The air intake is through Teflon tubing (perfluoroalkoxy the interpretation of the airborne observations and to assess
polymer, PFA) with a backward-facing inlet positioned on the fidelity of the RAQMS Q@ forecasts. Forecasts are ini-
the underside of the instrument wing pod. Air is delivered tialized with satellite-based £analyses and are archived at
through a 5um PTFE (polytetrafluoroethylene) membrane6 h intervals at a horizontal resolution of & 1° with 35 hy-
filter to remove fine particles prior to analysis. brid n-0 vertical levels extending from the surface to approx-
The O3 monitor has undergone thorough instrument test-imately 60 km. Stratospheric £Oanalyses are constrained
ing in the laboratory to determine the precision, linearity andthrough assimilation of near-real-time (NRT); Qrofiles
overall accuracy. Eight-point calibration tests (ranging from from the Microwave Limb Sounder (MLS) (Waters et al.,
0 to 300 ppbv) were performed before and after each flight2006) above 50 mbar and NRT cloud-cleared total column
using an Q@ calibration source (2B Technologies, model 306 O3 retrievals from the Ozone Monitoring Instrument (OMI)
referenced to the WMO scale). Calibration settings for tge O (Levelt et al., 2006). The RAQMS dynamical core is the Uni-
monitor were left at manufacturer default settings, and cor-versity of Wisconsin (UW) hybrid isentropic—eta coordinate
rections to account for linearity offset and zero offset were (UW hybrid) model (Zapotocny et al., 1997; Schaack et al.,
applied during data processing. For the flights reported here2004), which uses isentropic coordinates above 380K and
the linearity offset was determined to be 1.01 and the zerchybrid eta coordinates between 380K and the surface. The
offset was—2.4 ppbv. vertical resolution depends on the vertical gradient of po-
Calibrations in a pressure- and temperature-controlled entential temperature and varies betweer200m and 1km
vironmental chamber were performed using thedalibra-  (Pierce et al., 2007). Meteorological forecasts are initialized
tion source over the pressure range 200-800 mbar and tenmwith operational analyses from the National Centers for En-
perature range-15 to +25°C, typical pressure and tem- vironmental Prediction (NCEP) Global Data Assimilation
perature ranges observed in the wing-mounted instrumengystem (GDAS) (Kleist et al., 2009). Six-hour chemical and
pod during flight. Precision during chamber tests, determinedneteorological forecasts provide chemical and meteorologi-
from the standard deviation of{@neasurements taken every cal input for the RDF calculations. Analyzed; @esults are
10 s, when sampling £mixing ratios of 50 ppbv over 2min  plotted as curtains along the flight track for comparison to
duration and during simulated descent profiles, was foundhe in situ data.
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Ozone (ppbv) The high @ mixing ratios were sampled inside a cutoff
B 1 | | g low-pressure system. The cutoff low is associated with rel-
20 37 53 70 87 103 120 atively strong PV and high 9extending from the lower

10000 < e, . . . .
stratosphere into the mid-troposphere. PV is a conservative

tracer under adiabatic conditions and is typically much larger
in the stratosphere than troposphere; as such, cross sections
of PV indicate descent of stratospheric air masses into the
troposphere. Figure 2 shows the 5 km maps and ¥22ross
sections of enhancedsGnd PV at 18:00 UTC on 14 May
2012.

Figure 3 shows in situ measurements of potential temper-
ature and dew point (Fig. 3a) andgOCO, and water va-
por (Fig. 3b, c). Potential temperature and dew point are
taken from the most proximal radiosonde launches (Oakland
(OAK)) and clearly identify a stable layer at 1.7 km, which
existed before (dotted lines) and persisted after (solid lines)
the time of the aircraft measurements. A pronounced dry,
stable layer is present at 5.8 km in the radiosonde sounding
taken~ 5 h after aircraft measurements, identifying the ver-
Fig. 1. 3-D projection of G mixing ratio (ppbv) as observed during “C"?" extent of th_e Intms'on’ aSSOCIated Wlt.h the cutoff Iow.
flight on 14 May 2012 (takeoff time: 18:00 UTC). Thes@onitor This was r?ot evident in the preceding rad|oson_de sounding
requires a 10 min warm-up period before stable measurements ar@S at that time the center of the cutoff low was still located to
made, which results in data acquisition starting at 8.4 km during thethe west of OAK.
transit to the San Joaquin Valley (inland) site. The G3, CO, and water vapor mixing ratios observed dur-

ing each profile are shown in Fig. 3b (offshore) and Fig. 3c
(SJV). CQ is a non-conventional tracer of stratospheric

The RDF technique has been shown to represent coarselyir and provides an interesting comparison between strato-
resolved constituent fields at higher resolution, with higherspheric and tropospheric air masses. A clear increasg ia O
information content, than originally observed (Sutton et al., observed between 4 and 7 km, a decrease ipl@@®veen 4.5
1994) or modeled (Fairlie et al., 2007). The RAQMS RDF and 5.5km and reduced water vapor mixing ratios (<0.015
calculations are based on analysis of back trajectories initialpercent by volume (%v)) at altitudes greater than 4 km in the
ized along the aircraft flight track. Three-dimensional 6-day offshore profile. Similar features are seen in the SJV pro-
back trajectory calculations were conducted using the Langfile, with an increase in @from >2km to 5.5km and at
ley Trajectory Model (LTM) (Pierce and Fairlie, 1993; Pierce 7km, and a reduction in COand HO mixing ratios at al-
etal., 1994). Back trajectories are initialized at model hybridtitudes greater than 2 km, indicating the top of the boundary
levels every 5 min along the flight track to construct a curtain.layer. The perturbations are more pronounced in the offshore
The back trajectories sample and archive RAQMS chemicaprofile, compared to the SJV profile where thg I@mina is
and dynamical quantities so that Lagrangian averages coulthore vertically spread and as such has a slightly lower over-
be determined. The Lagrangian averages, time averages fokll maximum Q mixing ratio. However, the @ maximum
lowing a given trajectory, are then mapped back onto the ini-and CQ and water vapor minima in both profiles are located
tial flight curtain to produce the RDF products. For the STT near 5 km.
analysis we focus on RDFDlarge-scale mixing efficiency, CO;, can be viewed as a more inert tracer thag Since
and continental planetary boundary layer (PBL) exposure. it has no known sinks in the lower stratosphere (Aoki et al.,
2003). The seasonal cycle of tropospheric,(d@s a large
amplitude characterized by a maximum in spring (April/May
in the Northern Hemisphere) and minimum in summer (July)
(Nakazawa et al., 1991; Boering et al., 1996; Hoor et al.,
2004; Gurk et al., 2008; Sawa et al., 2008). In the lower
The flight profile and @mixing ratios encountered along the Stratosphere Céhas a less pronounced seasonal cycle with
14 May 2012 flight are presented in Fig. 1. Anomalously high W concentrations in winter—spring and higher concentra-
O3 mixing ratios > 120 ppbv are found between 4 and 7 km, tions in summer. From the seasonal cycle information pre-
with a maximum of 150 ppbv, creating a steep @adient sented by Gurk et al. (2008) and Sawa et al. (2008), we ex-

between the free troposphere and boundary layer. pect stratospheric GOmixing ratios during the time of this
study (May—early June) to be less than tropospherig CO

mixing ratios, as observed within the intrusion, on 14 May
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3 Results and discussion

3.1 A cutoff low event: 14 May 2012
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RAQMS 05km O, Valid 18Z 20120514 RAQMS 05km PV Valid 187 20120514

Altitude (km)
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(PRbY) (PVU)
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Fig. 2.5km O3 (ppbv) and wind vector (black, upper left) and PV (PVU) and wind vector (black, upper right) maps w({ip6v, lower

left) and PV (PVU, lower right) cross sections at $2¥ on 14 May 2012 at 18:00 UTC from the RAQMS analyses. The aircraft flight track

is shown in black. Oakland, located on the San Francisco East Bay, is shown as a red star. Note the cutoff low associated with relatively
strong PV (bottom right) and high4{Xbottom left) extending from the lower stratosphere into the mid-troposphere. The flight track and
observations were taken in a region were PV is <2 PVU (bottom right), indicating STT occurrence (i.e., stratospheric air was sampled after

crossing the tropopause). Black contours represent wind speedih.ms

be stratospheric in nature as opposed to aged and lofted Asian

© rosmdsmang” o P 0254
394.0 396.7 399.3 402.0 394.0 396.7 399.3 402.0 . .. .
7 p= ‘ pollution, where CQ@ mixing ratios would be expected to be
800K\ | e IR 8000l A representative of tropospheric values.

\ / | / 1 T . .
_eool| _ o] T _ 6000: ] Figure 4 shows results of the RAQMS RDF curtain cal-
= I £ 3 - culations for this flight along with the analyzed; ©urtain
£ 4000, 1\ ] 2 4000) / 24000y T (as described in Sect. 2.1). The RAQMS RDE shows a
< \ < Yy ¢ < \ . . .

] oL f | much sharper vertical gradient in the upper troposphere than
2000 Ay 200 St £ o0 B ] the analyzed @ with RDF Oz in excess of 120 ppbv be-
| ) { 3 ; ;
oL . b 0 | ol ! 3 low and 60 ppbv above 8km. The sharp vertical gradients
Dew poitt Tomporatire (<) 000 037018 133 o Tar% 75 158 in the RDF calculation arise due to vertical shear, which
1.0 vape g oo ) H vap G oo ) leads to different horizontal sampling along the back trajec-

Fig. 3. (a)Potential temperature (blue) and dew point (black) sound-toriefS and VefY different Lagfa”gia” mgan air-mass histpries
ings at Oakland, CA, on 14 May 2012 at 12:00 UTC (dotted lines) at different altitudes. To determine which parts of the flight

and 15 May 2012 at 00:00 UTC (solid lines). Oakland-i440km  curtain may have been exposed to air within the continen-
from the San Joaquin Valley (inland) site andl00 km from the  tal PBL, we track the amount of time each back trajectory
offshore site. Mixing ratios of @ (black), CQ (red) and HO spent within the continental PBL or is linked to the conti-
(blue) observedb) offshore, andc) over the San Joaquin Valley nental PBL via convective mixing and then use 7-day (7-14
during vertical profiles on 14 May 2012. May 2013) averaged total column carbon monoxide (CO)

from the Atmospheric Infrared Sounder (AIRS) (Aumann

and Miller, 1995) to distinguish between exposure to clean
2012. As such, at this time of year in the Northern Hemi- and polluted continental PBL air. An AIRS total column
sphere, C@measurements collocated witly@nd water va-  CO threshold of 2.5 10° molecules cm? was used distin-
por can be used as tracers of STT. The use of additional tracyuish between clean and polluted continental boundary layer
ers, such as C&further confirms the observecs@mina to

www.atmos-chem-phys.net/13/12481/2013/ Atmos. Chem. Phys., 13, 1242894 2013
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6-day Lagrangian Averaged Ozone 2012051500 RAQMS Analyzed Ozone 2012051500
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Fig. 4. RAQMS RDF G (ppbv, upper left), analyzed £X(ppbv, upper right), RDF mixing efficiency (nT$, lower left), and % clean
continental PBL exposure (%, lower right) for AJAX flight on 14 May 2012.

exposure. By monitoring the amount of time that the backto 18:30 UTC (18.5UTC) during the descending portion of
trajectories spent within either clean or polluted continentalthe onshore (SJV) profile. During this flight leg both the
PBL, we can see that the air in the vicinity of the cutoff low RAQMS-analyzed and RDF foverestimate the observed
was not within a clean continental PBL during the previous Oz mixing ratio, but the RDF @ captures the sharp verti-
6 days. The RAQMS RDF calculations predict no exposurecal variations much better than the analyzegl Between
to polluted continental PBL air along the aircraft flight track 18:30UTC and 18:48 UTC (18.5-18.8 UTC) the aircraft de-
(not shown), which is consistent with the observed,CO scends below 6 km and then begins to ascend again. Dur-
The RDF mixing curtain provides a measure of the effi- ing this time period, when the aircraft is sampling within
ciency of large-scale mixing along the back trajectories andhe cutoff low and the air is isolated from large-scale mix-
is determined from the Lagrangian averaged rate of stretching, both the RAQMS RDF and analyzed @re in relatively
ing of air parcels (Haynes and Mclntyre, 1990; Fairlie et al., good agreement with the in situs(Between 18:48 UTC and
2007). Regions of large positive RDF mixing (warm col- 19:12UTC (18.8-19.2 UTC) the aircraft completes the as-
ors) are associated with strong shear flow where neighboreending portion of the onshore profile, reaches maximum al-
ing air parcels can mix efficiently. Regions of large nega-titude, and conducts the descending portion of the offshore
tive RDF mixing (cool colors) are associated with rotational profile. During these legs the aircraft penetrates through the
flow, where air parcels tend to remain more isolated. AfterOs3 lamina twice, with in situ @ ranging from 120 ppbv to
18:40UTC (18.7UTC), and above 6 km, the 14 May 2012 140 ppbv within the @lamina and 60 ppbv above. The RDF
STT is associated with efficient large-scale mixing along theO3 does a very good job in capturing this variation while
southern flank of the cutoff low, which leads to stretching of the analyzed @ shows a much broaderz(gpeak. The nar-
the air parcels and generation of laminar ozone features. Priatow Oz lamina captured by the RDFgCanalysis is poorly
to 18:40UTC (18.7UTC) and below 6 km, the RDF curtain resolved because of the relatively coarse horizontal and ver-
is within the rotational flow associated with the cutoff low tical resolution of RAQMS. As the scale of thes@amina
(see Fig. 2); RDF mixing is negative, indicating that the air approaches the RAQMS grid dimensions, numerical diffu-
parcels have remained relatively isolated, inhibiting mixing sion becomes very large and the narrow feature is lost. After
between free-tropospheric and stratospheric air parcels.  19:12UTC (19.2 UTC) the aircraft is again below 6 km and
This cutoff low provides an opportunity to evaluate the within the cutoff low where rotational flow dominates, and
ability of the RAQMS @ analysis and RAQMS RDF £xo both the RDF and analyzeds@re in good agreement with
capture the observed structure of the l@mina and to as- the in situ measurements.
sess the influence of numerical diffusion on predicted trans- The RAQMS back trajectories can be used to examine the
port of stratospheric air into the troposphere. Figure 5 showshistory of the high (> 120 ppbv) RDF{predicted within the
comparisons between the in sity @easurements, RAQMS Os lamina. Figure 6 shows the back trajectory history and lo-
O3 analyses, and RAQMS RDFz&along the aircraft flight  cations of the Lagrangian averaged, high (> 120 ppbv) RDF
track. The first encounter with thes@amina occurs prior Oz mixing ratios beginning at 18:00 UTC on 8 May 2012,

Atmos. Chem. Phys., 13, 124812494 2013 www.atmos-chem-phys.net/13/12481/2013/
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Insitu, Analyzed, and RDF O3 with Altitude Location of Flight Track ST]T
" eiis Lo

O3(ppbv)

- \ f — 4 200 250 300 350 400 450
20— N ™ a 7-Day averaged AIRS O3 Column (DU)

18.5 19.0 195

Fig. 5. Time series of in situ (black), RAQMS reverse domain filled
(RDF) (solid red), and RAQMS-analyzed (dashed red)(@pbv)

for AJAX flight on 14 May 2012. The in situ ©data acquisi-
tion starts during the transit to the San Joaquin Valley (SJV) site. L
The first vertical profile is over the SJV and second vertical profile Latitude

over the offshore location. The RDF approach provides much better 0 20 40 S 80 100 120
agreement with the in situ observations.

Altitude (km)

Fig. 6. Map of 7-day averaged (7-14 May 2012) AIRS total col-

umn Gz (DU, top) with the STT back trajectory history (white) and
6 days prior to being sampled by the aircraft. The underlyinglocations of the high (>120 ppbv) RDFzQmixing ratios (blue).
map on the top of Fig. 6 shows 7-day averaged total columrRAQMS 135 E O3 (ppbv) and zonal wind (black contours, m'§
O3 from AIRS during the period from 7 to 14 May 2012. cross section (bottom) with locations of the high (> 120 ppbv) RDF
The back trajectories show a significant amount of dispersiorf?3 mixing ratios (blue dots) at 18:00 UTC on 8 May 2012 for anal-
over the previous 6 days, with meridional spread in the back/Sis of AJAX flight on 14 May 2012.
trajectories within the first 2—-3 days and longitudinal spread
3-6 days prior to sampling by the aircraft. The majority of the
hlgh RDF G values along the aircraft curtain were located to 3.2 A post_trough, bu||d|ng ridge event: 5 June 2012
the south of a region of high mean colump @f the coast of
Asia 6 days prior to sampling. At this time, the location of the A geep, late-season extratropical cyclone affected California
air within the @ lamina that was sampled by the aircraftis an o, 5 june 2012 and injected stratospheric air into the tropo-
elongated region extending north eastward from South Kore%phere, by means of a tropopause fold. The tropopause fold
over southern Japan to about4bat the International Date  jphserved on 5 June 2012 was more pronounced, when com-
Line. The bottom of Fig. 6 shows the RAQMS-analyzedl O aring maximum @ mixing ratios in each @lamina, than
and zonal wind 135E cross section at 18:00UTC on 8 May ine event on 14 May 2012. Anomalously high @ixing
2012. The cross section shows that the air within the sampleg,iios were observed between 3 and 4km, creating a steep
O3 lamina was located between 10 and 1_2 km on th(_a north03 gradient between ©within the tropopause fold (up to
ern flank of a strong (>60nT$) westerly jet at this time. 120 ppbv offshore and 200 ppbv over SJV) angl i sur-

There are strong meridional gradients ig @cross the jet o nding air masses (40 and 50 ppbv offshore and over SJV
axis, with high stratospheric £on the poleward and lower respectively).

O3 on the equatorward side of the jet. Analysis of the back Figure 7 shows 4 km maps and P2 cross sections of
trajectories from the observeds@mina at 18:00 UTC on 8 RAQMS O; and PV at 18:00 UTC on 5 June 2012. An ex-
May ?012 shows that meansOnixing ratio at the location  tansjve region of enhanced@nd PV over central California
at 18:00UTC on 8 May 2012 is 163 ppbv with a standard 5¢ 4 km is being advected in from the northwest behind the
deviation of 50 ppbv. Efficient large-scale mixing of this ini- trough. The RAQMS-analyzed {Js greater than 80 ppbv
tial distribution with lower mixing ratio @within the tropo- 514 PV is in excess of 1.5 PVU indicating that stratospheric
sphere as well as numerical diffusion results in reductions ing;, (PV >2 PVU) has crossed the tropopause. This enhanced
the mean and standard dewatlon in the ana_ly;gdia@nna O3 and PV extends down into the troposphere along the
to 97.ppbv and 7.5 ppbv, respectively, when it is sampled by, orthern flank of a relatively strong (45 mY jet at 120 W.
the aircraft on 14 May 2012. The aircraft flight path intersects the highy @nd PV dur-
ing the SJV profile and appears to be just to the south of the
enhancement at 4 km during the offshore profile.
Radiosonde launches from OAK observed the tropopause
fold as a dry stable region (Fig. 8a) near 3.5 km in the 5 June
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122°W O, Latitudinal Y-Section Valid 18Z 20120605 122°W PV Latitudinal Y-Section Valid 18Z 20120605

Altitude (km)

36 38 40 42 44
Latitude Latitude

0 20 40 80 100 120 0.0 0.5 15 2.0

(oo 0
Fig. 7. 4km Oz (ppbv) and wind vectors (black, upper left) and PV (PVU) and wind vectors (black, upper right) maps yfipky,

lower left) and PV (PVU, lower right) cross sections at 120 on 5 June 2012 at 18:00 UTC from the RAQMS analyses. The aircraft flight

track is shown in black, Oakland, located on the San Francisco East Bay, is shown as a red star. Note the tropopause fold indicated by the
tongue of relatively strong PV and highgs@xtending from the lower stratosphere into the mid-troposphere. The flight track and observations
were taken in a region were PV is <2 PVU (bottom right), indicating STT occurrence (i.e., stratospheric air was sampled after crossing the
tropopause).

2012, 12:00 UTC, radiosonde sounding (dotted lines) and at@ potential Temperature o

c)
co co
270 288 305 323 34 3940 330778589 4020 304.0 338775589 402.0

3km in the 6 June 2012, 00:00 UTC, radiosonde sounding sy 7 = A
(solid lines). @, CO; and water vapor mixing ratios ob- ~ ** | B000N < 8000
st_erved during eac_h profile are shown in Fig. 8b (offshore) and _ ., ’ N _ eonol . ‘
Fig. 8c (SJV). Q increases between 2.8-4 km offshore and £ [ £ £ ‘
. . . o ; \/ ° ° )5
3.5-4.3 km over the SJV; anz@®naximum in both instances 2 4oo0; gy 2 4000, S 2 4000
. . < o < - = < k=
is observed at 3.7 km. ThezOncrease is more pronounced N L = | b
. . . 2000t | \ 2000 < 1 2000 J4
in the SJV profile, compared to the offshore location. Also, (I N -
in both profiles there are decreases in,G{d water vapor I ol ‘ TS ol ! b
mixing ratios at the same altitudes as thgifreases, cor- Dow porat Tampotro (g 000 405.87(7%57%)5 13 g 6%9(;%52)5 299
roborating the assignment of stratospheric origin. O vapor i fato () 0 vapor ki fato o)

Flgure 9 ShO_WS _resuns of th.e RAQMS RDF Curta'n cal- Fig. 8. (a)Potential temperature (blue) and dew point (black) sound-
culations for this flight along with the analyzeds Ourtain. ings at Oakland, CA, on 5 June 2012 at 12:00 UTC (dotted lines)
The RDF and analyzedg®oth show @ enhancements near and 6 June 2012 at 00:00 UTC (solid lines). Mixing ratios af O
4 km during the first half of the flight (SJV profile), although (black), CG (red) and BO (blue) observedb) offshore, and(c)
the RDF @ shows sharper gradients and higher (> 100 ppbv)over the San Joaquin Valley during descending, vertical profiles on
mixing ratios than the analyzeds;ONeither RDF nor ana- 5 June 2012. Note the change of thg Kbrizontal scale between
lyzed O3 shows significant enhancements during the latterpanels.
half of the flight (offshore profile) with peak{Inixing ratios
generally less than 70 ppbv at 3—4 km. The RDF mixing cur-
tain shows that the lower half of the tropopause fold is associ-The RDF clean continental PBL exposure curtain shows that
ated with negative mixing efficiencies, indicating that this air the tropopause fold has not been exposed to the clean conti-
has remained relatively isolated during the previous 6 dayshental PBL air during the previous 6 days prior to being sam-

pled by the aircraft. The RAQMS RDF calculations predict
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no exposure to polluted continental boundary layer air alongare significantly lower than found within the histories of the
the aircraft flight track (not shown). 14 May 2012 tropopause fold encounter. The low initial vari-
Figure 10 shows comparisons between the in sigy O ance of the 5 June 2012 tropopause fold back trajectories,
measurements, RAQMS z0analyses, and RAQMS RDF combined with the fact that this tropopause fold encounter
O3 along the aircraft flight track. The aircraft samples the was associated with relatively isolated air and weak large-
tropopause fold three times prior to 19:00 UTC. During this scale mixing, accounts for the smaller differences between
period the RDF @ shows narrower features and somewhatthe RDF and analyzed {or this flight and indicates that
higher mixing ratios than the analyzed,®ut neither is able  processes other than large-scale shear lead to the fine fila-
to capture the amplitude of the observeg @@ak, which is  ment structure observed on this flight. It is possible that dif-
greater than 150 ppbv during each of the three encounters arférential transport by inertia gravity waves could have con-
reaches 190 ppbv at 18:42 UTC (18.7 UTC) during the SJVtributed to the formation of the thin filament of high3O
profile. The aircraft is above the tropopause fold, betweengiven the close proximity of the flight to a strong jet core
the first and second tropopause fold encounters, and the RDee Fig. 7). For example, previous studies have reported sig-
Og3 captures the sharp vertical gradients and shows generallgatures of small-scale vertical structures induced by inertia
better agreement with the in situ measurements. The aircrafgravity waves in temperature, wind and ozone profiles (e.g.,
is below the tropopause fold between the second and thirdanielsen et al., 1991; Pierce and Fairlie, 1993; Chane-Ming
tropopause fold encounters, and both RDF and analyzed Oet al., 2003; Plougonven et al., 2003).
are in good agreement with the in situ measurements. The
aircraft encounters the tropopause fold once at 19:30UTC3.3  Stratosphere-to-troposphere implications
(19.5UTC) during the offshore profile with both RDF and
analyzed @ showing significant underestimates in.@e- Due to changes in terrain and vertical transport, it is difficult
tween 19:36 and 19:48 UTC (19.6-19.8 UTC), the aircraftto compare @ directly from two or more vertical profiles at
samples marine boundary layer where both the RDF and ama particular altitude alone. Thus, to assess the contribution of
alyzed @ are in good agreement with the in situ measure-the two STT events on the total mass of Within the ob-
ments. The tropopause fold is sampled for the fifth time be-served vertical profiles, the total measuregv@s calculated
tween 19:54 and 20:00 UTC (19.9-20.0 UTC), and both RDFin Dobson units (DU) based upon the summation of the mea-
and analyzed @capture the observed vertical gradient, but sured Q within a particular layer of the atmosphere (here,
miss the high @within the tropopause fold by up to 50 ppbv. measurements below 9 km (365 mbar) are used). To ac-
The RAQMS back trajectories are used to examine thecount for terrain differences, the totag@ DU was normal-
history of the relatively high (>80ppbv) RDF Opre- ized by dividing by the thickness (mbar) of the atmosphere
dicted within the onshore tropopause fold feature. Figure 1lover which G measurements were taken (DU/100 mbar),
shows the back trajectory history and location of the highfollowing the method of Cooper et al. (2011). The STT event
(>80 ppbv) RDF @ mixing ratios beginning at 18:00UTC on 14 May 2012 had a greater totag OU/100 mbar value
on 30 May 2012, 6 days prior to being sampled by the air-compared to the 5 June 2012 event, even though the 14 May
craft. The underlying map on the top of Fig. 11 shows 7-2012 STT event had a reduced maximurm 1@ixing ratio
day averaged total columnz@rom AIRS during the period compared to 5 June 2012. This is because the stratospheric
from 29 May to 5 June 2012. During the first day prior to intrusion on 14 May 2012 was more vertically extensive, and
being sampled by the aircraft, the tropopause fold back tra‘O3 enhancements were measured over a wider altitude range
jectories remain very compact and move northwestward intacompared to the fine filament structure observed during the
a region south of Alaska with high AIRS average total col- 5 June 2012 STT, which resulted in a larger overall enhance-
umn G;. Three days prior to being sampled by the aircraft, ment of total @ within the 0-9 km layer.
some of the tropopause fold back trajectories are dispersed For 14 May 2012, total @ within the 0—-9km layer in
further westward into the region of high AIRS average to- DU/100 mbar was 6.5 DU/100 mbar in the offshore profile
tal column Q over Japan and Siberia. However, the major- and 6.9 DU/100 mbar above the SJV, compared to 4.2 and
ity of the tropopause fold back trajectories remain south of3.8 DU/100 mbar in the offshore and SJV profiles respec-
Alaska and circulate within a large, stationary low-pressuretively on 5 June 2012. For comparison, these values are
system near 150V. The bottom plot of Fig. 11 shows the within the range observed during the IONS-2010 campaign
RAQMS-analyzed @and zonal wind 150W cross section  in May—June 2010 reported by Cooper et al. (2011), where
at 18:00 UTC on 30 May 2012. The tropopause fold back tra-typical values were within the range of 2—7 DU/100 mbar.
jectories were located within the core of the stationary low- Given the importance of upper tropospherig i@ terms
pressure system in a region of moderately higha@d low  of its radiative qualities and the fact that some STT events,
wind speeds between 6 and 8 km at this time. Analysis of theparticularly fine filament structures such as that observed on
tropopause fold back trajectories at 18:00 UTC on 30 May5 June 2012, may be difficult to detect by means other than
2012 shows that meanz0Onixing ratios at their location is  in situ methods, this work highlights the importance of rou-
102 ppbv with a standard deviation of 14 ppbv, both of which tine collection of tropospheric £ measurements, with high
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Fig. 9. RAQMS RDF Q; (ppbv, upper left), analyzed £X(ppbv, upper right), RDF mixing efficiency (nT$, lower left), and % clean
continental PBL exposure (%, lower right) for AJAX flight on 5 June 2012.
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Fig. 10.Time series of in situ (black), RAQMS reverse domain filled
(RDF) (solid red), and RAQMS-analyzed (dashed red)(@pbv)

for AJAX flight on 5 June 2012. The first vertical profile is over
the San Joaquin Valley and second vertical profile over the offshore
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60
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vertical resolution, to understand the frequency, magnitude=ig. 11.Map of 7-day averaged (30 May-5 June 2012) AIRS total

and controlling processes of STT better. columr.1 Q (DU, top) with the STT back trajectory history (white)
The US EPA can curetly excude o the NAAGS 0. €3 5107 0129 320 QS L s 0700 s ot e

target any surface §monitoring data_ |C!ent|f|(.-:-d as.belng n- dots) at 18:00 UTC on 30 May 2012 fo?analysis of AJAX flight on

fluenced by an extreme stratospheric intrusion, since the nat: June 2012.

urally occurring “exceptional events” are uncontrollable by

state agencies. However, identification of STT contributing

to surface @ sites remains challenging for several reasons,

including a lack of vertical @ measurements, which iden- ual mixing with the boundary layer making a distincg O

tify the extent of the intrusion, and the limited effectiveness enhancement difficult to distinguish, and the effects of a

of models in forecasting the impacts of STT in part due to stratospheric intrusion may result in an increase gfad

the complex topography of the western United States and rea surface site during daytime when photochemical process-

sulting mesoscale dynamics (e.g., mountain lee waves anahg further complicates identification. The two STT events

low-level jets). Furthermore, stratospheric intrusions can re-analyzed here intrude down to 4km on 15 May 2012 and

main aloft or contribute to the overall background by grad-2.8km on 5 June 2012, both of which are deep enough to
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@ GB GC 2N Enhancements of surface @re observed during 5-6 June
2012 (see Fig. 12b). Maximum surface; @nhancements
[ at GB and ZN occur on 5 June 2012 reaching 79 ppbv at
wl 3T 16:00 (local time) at GB and 85 ppbv at 19:00 (local time)
g 71:12 s at ZN. However, the occurrences during daytime hours com-
N e plicate identification of STT influence at these sites. At the
e WY site, a distinct increase in s observed with a max-
b , imum of 91 ppbv measured at 00:00 (local time) on 6 June
2012. This is clearly not a result of photochemical process-
ing and as such is most likely evidence of the impact of STT
®) e at surface sites. An assessment of the meteorological data
100 ‘ supports this conclusion; the upper level disturbance, which
resulted in the tropopause fold observed in-flight on 5 June
a0 & 2012, had moved east and was lying directly upstream of
A || a 1 the South Pass surface Gite in western Wyoming. Corre-
sponding PV time—height cross-section analysis adds further
! support, with a descendirg 1 PVU isoline over Wyoming
, f} N N MY (data not shown) through 5-6 June 2012. Forward trajecto-
os/jljonB(;OO 04/Jun 00:00  05/Jun 00:00  06/Jun gg:oo 07;J/Im 0000 08/Jun 00:00 ries from Hybrid Single Particle Trajectory Integrated Trajec—
tory model (HYSPLIT-WEB (internet-based)) also confirm
Fig. 12. 03 time series from surface monitoring sites: Great Basin the eastward movement of the system and the descending tra-
National Park, Nevada (GB, black); Grand Canyon National Park,jectory from 5km at 18:00 UTC on the 5 June 2012 over the
Arizona (GC, blue); Zion National Park, Utah (ZN, red); and South offshore and inland vertical profile sites with some ensem-
Pass, Wyoming (WY, cyan), during 12-19 May 203 and 3-7  pje trajectories intersecting with ground level over Wyoming
June 2012b). (Draxer and Rolph, 2013).
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be potentially entrained into the boundary layer and impact lusi
surface sites, particularly when considering the mountainoug’  Conclusions
terrain of the western United States and convection durin

springtime, both of which intensify vertical mixing. rhe difference in the trace gas composition of the strato-

sphere compared to the troposphere permits the identification

Maps of the US EPA air quality index from 5 to 6 June of air masses of stratospheric origin found within the free
2012 showed moderate to highs @ver parts of Califor- troposphere occurring during STT. In this paper two STT

nia, Nevada, Utah and Wyoming, with exceedances of thecase studies, sampled over California, were presented: one
NAAQS O standard in southwestern Utah, eastern Nevad%n 14 Ma 2612 agsociated with a cut,off low an one o.n 5
and Wyoming ywww.airnow.goy. Potential vorticity and @ y

from the 18:00 UTC RAQMS analysis for 5 June 2012 alsof“”e ﬁoblz.ISFC“rT('jng W'th'”t a tropopause fold during a post-
show how the tropopause fold descends to low altitudes' 0U9", dullding ridge event. .
In each case, a region of enhancesg] @n G lamina, was

(<4km) over California, Nevada, Utah and east to 211 observed and at altitudes as low as 3km above sea level.

To investigate the possibility of STT contributing to surface- ) O .

level Oz further, one-hour @ mixing ratios were obtained D_urmg both events the stratospheric arwas gharacterlzed by

from rural sites in Grand Canyon National Park, Arizona high annd Iowwatervapor. apd CLnixing ratlog. The ob-

(GC); Great Basin National Park, Nevada (GB): South Palssservatlon of decreased G@ithin the stratospheric air mass

Wyor‘,ning (WY): and Zion Nationéll Park Utah (’ZN) is consistent with the varying seasonal cycles of,@®Othe
Assessment ’of the impacts of STT or; surface sit.es for théroposphere and s.trat.o sphere and provides evidence.e}nd Sup-

14 May 2012 STT event proved difficult. Air quality maps port for the use Of.In situ C®measurements as an additional

from 14 May 2012 show enhance@ @ver southern Califor- me;f;od,\;%r detect:ng. STT de;grll_tsd'. i ide al

nia, southern and eastern Nevada, Arizona and Utah. Time- QMS Oz analysis an 1agnostics provide a large-

seres s o e cne-hour surface o GB, N and GG €71 S0 o e terprtelon of e e e
show a general increase in the diurnal cycle of surfage O ' y

during 15-16 May 2012 compared to the days before and afg|ﬁergnt armass histories. The 14 May 201@@mma was
ssociated with a tropopause fold developing from a cutoff

ter. However, there is no distinct enhancement outside of th oD ; tem that moved int ntral California from
daytime periods, making the potential contribution from STT OW-pressure syste at move o central L.afiforhia Iro
the southwest and experienced efficient large-scale mixing

difficult to assess (see Fig. 12a). during the previous 6 days. As a result, the l@mina was
composed of air with histories that extended over a wide
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