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Abstract

Stratosphere-to-troposphere transport (STT) results in air masses of stratospheric ori-
gin intruding into the free troposphere. Once in the free troposphere, O3-rich strato-
spheric air can be transported and mixed with tropospheric air masses, contributing to
the tropospheric O3 budget. Evidence of STT can be identified based on the differences5

in the trace gas composition of the two regions. Because ozone (O3) is present in such
large quantities in the stratosphere compared to the troposphere, it is frequently used
as a tracer for STT events.

This work reports on airborne in situ measurements of O3 and other trace gases
during two STT events observed over California, USA. The first, on 14 May 2012,10

was associated with a cut-off low, and the second, on 5 June 2012, occurred during
a post-trough, building ridge event. In each STT event, airborne measurements identi-
fied high O3 within a stratospheric intrusion which was observed as low as 3 km above
sea level. During both events the stratospheric air mass was characterized by elevated
O3 mixing ratios and reduced carbon dioxide (CO2) and water vapor. The reproducible15

observation of reduced CO2 within the stratospheric air mass supports the use of non-
conventional tracers as an additional method for detecting STT. A detailed meteoro-
logical analysis of each STT event is presented and observations are interpreted with
the Realtime Air Quality Modeling System (RAQMS). The implications of the two STT
events are discussed in terms of the impact on the total tropospheric O3 budget and20

the impact on air quality and policy-making.

1 Introduction

Stratosphere-to-troposphere transport (STT) contributes to and alters the trace gas
composition of the troposphere and as such STT has been extensively studied for over
50 yr (e.g. Danielsen, 1968; Danielsen and Mohnen, 1977; Lamarque and Hess, 1994;25

Thompson et al., 2007; Lefohn et al., 2011). Ozone (O3) is present in large quantities
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in the stratosphere compared to the troposphere and is commonly used as a tracer
for STT. In the free troposphere, air masses of stratospheric origin can be transported
and mixed with tropospheric air masses, contributing to the topospheric O3 budget.
Understanding the dynamic processes that control the tropospheric O3 budget is of
importance not only for understanding surface air quality in areas affected by STT, but5

also because upper tropospheric O3 is an important greenhouse gas affecting outgoing
long-wave radiation (Worden et al., 2008) and impacting surface temperature (IPCC,
2007).

Tropopause folds and cut-off lows have been identified as the most important mecha-
nisms to cause STT and have subsequently been the focus of STT investigations (e.g.10

Danielsen and Mohnen, 1977; Ebel, 1991; Vaughan, 1994; Bonasoni, et al., 2000;
Søensen and Nielson, 2001; Lefohn et al., 2011). Evidence of stratospheric O3 in-
trusions within the free troposphere have been reported in long-term data-sets from
mountain-top O3 measuring sites (e.g. Bonasoni et al., 2000; Stohl et al., 2000) and
from aircraft and ozonesondes (e.g. Zanis et al., 2003; Cooper et al., 2005; Bowman15

et al., 2007; Bourqui and Trepainer, 2010). STT events are episodic in nature with peak
episodes occurring during the winter-spring period; the frequency and magnitude of
STT events are important factors in understanding the possible degree to which they
affect surface and free troposphere O3 mixing ratios (Lefohn et al., 2011).

Identifying STT within the tropospheric boundary layer, especially at near-sea-level20

surface sites, is challenging. The stratospheric characteristics (high O3, low humidity)
may be lost by the time this air is entrained into the boundary layer, making STT diffi-
cult to diagnose. In addition, the O3 mixing ratio within STT events is expected to be
highly variable depending on the stratospheric origin and degree of mixing in the free
troposphere. Although evidence of STT at sea-level surface sites has been presented25

(Langford et al., 2012; Lefohn et al., 2012; Lin et al., 2012; Chung and Dann, 1985) the
magnitude of the effects of STT on boundary layer O3 mixing ratios is still under debate
(Lefohn et al., 2011; Langford et al., 2009; Lin et al., 2012; Fiore et al., 2003).
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The United States Environmental Protection Agency (EPA) sets National Ambient Air
Quality Standards (NAAQS) for ground-level O3 which are used to assess air quality.
The 2008 NAAQS for O3 requires that the 3 yr average of the annual 4th-highest daily
maximum 8 h mean mixing ratio be less than or equal to 75 ppbv (parts per billion by
volume) (US EPA, 2006), with a decision on the proposed reduction of the NAAQS5

O3 target to 60–70 ppbv due in 2014 (US EPA, 2010). The formulation of the NAAQS
O3 standard relies on the accurate identification of a representative background mix-
ing ratio of O3 that would occur in the United States in the absence of anthropogenic
contributions. Current background O3 mixing ratios are estimated to be in the range of
15–35 ppbv (Langford et al., 2009), contributing up to 47 % towards the current NAAQS10

O3 target of 75 ppbv. Some studies have reported higher background O3 mixing ratios,
particularly in springtime, suggesting that STT has a significant influence on the back-
ground O3 mixing ratios (Cooper et al., 2005; Hocking et al., 2007; Lefohn et al., 2011;
Langford et al., 2012; Lin et al., 2012). If the proposed reduction of NAAQS O3 target is
approved, the identification of STT and evidence of its contribution towards background15

O3 mixing ratios will become increasingly important, as the gap between background
O3 and the NAAQS O3 target is reduced.

The western United States, due to its location at the end of the North Pacific mid-
latitude storm track, has been identified as a preferred location for deep STT reaching
below 700 mbar (Sprenger and Wernli, 2003). Understanding the boundary conditions20

coming into the western United States is important for air quality issues, however large
areas in the western United States have limited or no O3 data. In addition, the existing
positive vertical gradient for O3, complex mountainous terrain of the Western United
States and resulting meso-scale dynamics, further complicate efforts to model O3 con-
centrations.25

In this paper, detailed analysis of two STT events occurring during spring 2012 over
California, USA is presented. This work reports airborne in situ measurements of O3
and other trace gases and a discussion of the meteorological conditions leading to
STT. Evidence of the use of a non-traditional stratospheric tracer (carbon dioxide, CO2)
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which can be used in conjunction with O3 to help with the identification and interpre-
tation of STT events is also presented. Observations are interpreted with Realtime Air
Quality Modeling System (RAQMS). Finally, the implications of the two STT events are
discussed in terms of the impact on air quality and policy-making.

2 Experimental approach5

2.1 Airborne instrumentation

In situ measurements of O3 vertical profiles were carried out onboard the Alpha Jet
research aircraft as part of the Alpha Jet Atmospheric eXperiment (AJAX). The air-
craft is based at and operated from NASA Ames Research Center at Moffett Field, CA
(37.415◦ N, 122.050◦ W). Scientific instrumentation is housed within one of two exter-10

nally mounted wing-pods, each of which has a maximum payload weight of 136 kg. The
aircraft was flown with one instrumented wing-pod attached, containing an O3 monitor
(described below) and a CO2 analyzer (Picarro Inc., model G2301-m), details of which
are reported by Tadić et al. (2013). The aircraft also carries GPS and inertial navigation
systems that provide altitude, temperature and position information time stamped with15

coordinated universal time (UTC) for each research flight.
Measurements of O3 mixing ratios were performed using a commercial O3 monitor

(2B Technologies Inc., model 205) based on ultraviolet (UV) absorption techniques
and modified for flight worthiness. The dual-beam instrument uses two detection cells
to simultaneously measure UV light intensity differences between O3-scrubbed air and20

un-scrubbed air to give precise measurements of O3. The monitor has been modified
by upgrading the pressure sensor and pump to allow measurements at high altitudes,
including a lamp heater to improve the stability of the UV source, and the addition of
heaters, temperature controllers and vibration isolators to control the monitor’s physical
environment.25

10161

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10157/2013/acpd-13-10157-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10157/2013/acpd-13-10157-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10157–10192, 2013

Springtime
stratosphere-to-

troposphere
transport

E. L. Yates

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The air intake is through Teflon tubing (perfluroalkoxy-polymer, PFA) with
a backward-facing inlet positioned on the underside of the instrument wing pod. Air
is delivered through a 5 µm PTFE (polytetrafluroethylene) membrane filter to remove
fine particles prior to analysis.

The O3 monitor has undergone thorough instrument testing in the laboratory to deter-5

mine the precision, linearity and overall accuracy. Eight-point calibration tests (ranging
from 0–300 ppbv) were performed before and after each flight using an O3 calibration
source (2B Technologies, model 306 referenced to the WMO scale). Calibration set-
tings for the O3 monitor were left at manufacturer default settings and corrections to
account for linearity offset and zero-offset were applied during data processing. For the10

flights reported here, the linearity offset was determined to be 1.01 and the zero-offset
was −2.4 ppbv.

Calibrations in a pressure- and temperature-controlled environmental chamber were
performed using the O3 calibration source over the pressure range 200–800 mbar and
temperature range −15 to +25 ◦C; typical pressure and temperature ranges observed15

in the wing-mounted instrument pod during flight. Precision during chamber tests, de-
termined from the standard deviation when sampling O3 mixing ratios of 50 ppbv over
2 min duration and during simulated descent profiles, was found to be 2 ppbv. The zero-
offset, observed when sampling O3-scubbed air during simulated descent profiles was
found to linearly increase by 0.6 ppbv with decreasing chamber pressure (typical zero-20

offset of −2.4 ppbv at ground level and −3 ppbv at 200 mbar). Instrument drift estimated
based on 1 h of sampling 50 ppbv O3 was 1.5 ppbv.

The in situ measurements were carried out over the San Joaquin Valley, CA (SJV),
(Castle airport, Merced: 37.381◦ N, 120.568◦ W) and offshore (RAINS Intersection:
37.169◦ N, 123.235◦ W). Take-off time from Moffett Field was at 18:00 UTC on 14 May25

2012 and 5 June 2012. The aircraft arrived on-station at the SJV site at 18:20 UTC
(local time is UTC−7 h) on each day and performed a descending spiral-profile from
∼8.8 km to < 0.5 km with a descent rate of ∼370 mmin−1. A second descending spiral-
profile was performed over the offshore location starting at 19:05 UTC on 14 May 2012,
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from ∼8.5 km to 1.5 km; the aircraft was prevented from flying any lower on this day due
to a thick marine stratus layer with a top at 1.5 km. The lowest altitude of the offshore
profile on 5 June 2012 was < 0.5 km. Total flight time each day was 100 min.

2.2 RAQMS model description

Global in-line O3 and meteorological forecasts from the Real-time Air Quality Modeling5

System (RAQMS) (Pierce et al., 2007, 2009) are used in conjunction with Reverse
Domain Filling (RDF) techniques (Sutton et al., 1994; Fairlie et al., 2007) to provide
a large scale context for the interpretation of the STT events and to assess the fidelity
of the RAQMS O3 forecasts. Forecasts are initialized with satellite based O3 analyses
and are archived at 6 h intervals at a horizontal resolution of 1◦ ×1◦ with 35 hybrid eta-10

theta vertical levels extending from the surface to approximately 60 km. Stratospheric
O3 analyses are constrained through assimilation of near-real-time (NRT) O3 profiles
from the Microwave Limb Sounder (MLS) (Waters et al., 2006) above 50 mbar and
NRT cloud cleared total column O3 retrievals from the O3 Monitoring Instrument (OMI)
(Levelt et al., 2006). The RAQMS dynamical core is the University of Wisconsin (UW)15

hybrid isentropic–eta coordinate (UW Hybrid) model (Zapotocny et al., 1997; Schaack
et al., 2004). Meteorological forecasts are initialized with operational analyses from
the National Centers for Environmental Prediction (NCEP) Global Data Assimilation
System (GDAS) (Kleist et al., 2009). 6 h chemical and meteorological forecasts provide
chemical and meteorological input for the RDF calculations. Analyzed O3 results are20

plotted as curtains along the flight track for comparison to the in situ data.
The RDF technique has been shown to represent coarsely resolved constituent fields

at higher resolution, with higher information content, than originally observed (Sut-
ton et al., 1994) or modeled (Fairlie et al., 2007). The RAQMS RDF calculations are
based on analysis of back trajectories initialized along the aircraft flight track. Three-25

dimensional 6 day back trajectory calculations were conducted using the Langley Tra-
jectory Model (LTM) (Pierce and Fairlie, 1993; Pierce et al., 1994). Back trajectories are
initialized at model hybrid levels every 5 min along the flight track to construct a curtain.
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The back-trajectories sample and archive RAQMS chemical and dynamical quantities
so that Lagrangian averages could be determined. The Lagrangian averages are then
mapped back onto the initial flight curtain to produce the RDF products. For the STT
analysis we focus on RDF O3, large-scale mixing efficiency, and continental PBL expo-
sure.5

3 Results and discussion

3.1 A cut-off low event: 14 May 2012

The flight profile and O3 mixing ratios encountered along the 14 May 2012 flight are
presented in Fig. 1. Anomalously high O3 mixing ratios >120 ppbv are found between 5
and 7 km, (600 to 400 mbar) with a maximum of 150 ppbv, creating a steep O3 gradient10

between the free troposphere and boundary layer.
The high O3 mixing ratios were sampled inside a cut-off low pressure system. The

cut-off low is associated with relatively strong isentropic potential vorticity (PV) and high
O3 extending from the lower stratosphere into the mid-troposphere. PV is a conserva-
tive tracer under adiabatic conditions and is typically much larger in the stratosphere15

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 122◦ W cross-sections
of enhanced O3 and PV at 18:00 UTC on 14 May 2012.

Figure 3 shows the in situ measurements of potential temperature and dew point
(Fig. 3a) and O3, CO2 and water vapor (Fig. 3b, c). Potential temperature and dew20

point are taken from the most proximal radiosonde launches (Oakland (OAK)) and
clearly identify a stable layer at 800 mbar which existed before (dotted lines) and per-
sisted after (solid lines) the time of the aircraft measurements. A pronounced dry, stable
layer is present at 500 mbar in the radiosonde sounding taken ∼5 h after aircraft mea-
surements, identifying the vertical extent of the stratospheric intrusion. This was not25
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evident in the preceding radiosonde sounding as at that time the center of the cut-off
low was still located to the west of OAK.

The O3, CO2 and water vapor mixing ratios observed during each profile are shown
in Fig. 3b (offshore) and Fig. 3c (SJV). CO2 is a non-conventional tracer of strato-
spheric air and provides an interesting comparison between stratospheric and tropo-5

spheric air masses. A clear increase in O3 and decrease in CO2 and water vapor
mixing ratios is observed between 600–400 mbar in the offshore profile and between
800–500 mbar above the SJV. These perturbations are more pronounced in the off-
shore profile, compared to the SJV profile where the intrusion is vertically spread and
as such has a slightly lower overall maximum O3 mixing ratio. However, the O3 maxi-10

mum and CO2 and water vapor minima in both profiles is located near 550 mbar.
CO2 can be viewed as a more inert tracer than O3, since it has no known sinks in

the lower stratosphere (Aoki et al., 2003). The seasonal cycle of tropospheric CO2 has
a large amplitude characterized by a maximum in spring (April/May in the Northern
Hemisphere) and minimum in summer (July) (Sawa et al., 2008; Hoor et al., 2004;15

Boering et al., 1996; Nakazawa et al., 1991). In the lower stratosphere CO2 has a less
pronounced seasonal cycle with low concentrations in spring and higher concentrations
in summer. From the seasonal cycle information presented by Sawa et al. (2008) we
expect stratospheric CO2 mixing ratios during the time of this study (May–early June)
to be less than tropospheric CO2 mixing ratios, as observed within the STT on 14 May20

2012. As such, at this time of year in the Northern Hemisphere, CO2 measurements
collocated with O3 and water vapor can be used as tracers of STT events. The use
of additional tracers, such as CO2, further confirms the intrusion to be stratospheric in
nature as opposed to aged and lofted Asian pollution, where CO2 mixing ratios would
be expected to be representative of tropospheric values.25

Figure 4 shows results of the RAQMS RDF curtain calculations for this flight along
with the analyzed O3 curtain (as described in Sect. 2.1). The RAQMS RDF O3 shows
a much sharper vertical gradient in the upper troposphere than the analyzed O3 with
RDF O3 in excess of 120 ppbv below and 60 ppbv above 8 km. To determine which
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parts of the flight curtain may have been exposed to air within the continental planetary
boundary layer (PBL) we track the amount of time each back trajectory spent within the
continental PBL and then use 7 day (7–14 May 2013) averaged total column carbon
monoxide (CO) from the Atmospheric InfRared Sounder (AIRS) (Aumann and Miller,
1995) to distinguish between exposure to clean and polluted continental PBL air. An5

AIRS total column CO threshold of 2.5×108 molcm−2 was used distinguish between
clean and polluted continental boundary layer exposure. By monitoring the amount of
time that the back trajectories spent within either clean or polluted continental (PBL)
we can see that, on average, the airmass above the STT event spent about 40 % of its
time within a clean continental boundary layer. The RAQMS RDF calculations predict10

no exposure to polluted continental boundary layer air along the aircraft flight track (not
shown), which is consistent with the observed CO2.

The RDF mixing curtain provides a measure of the efficiency of large-scale mixing
along the back trajectories and is determined from the Lagrangian averaged rate of
stretching of air parcels (Haynes, 1990; Fairlie et al., 2007). Regions of large positive15

RDF mixing (warm colors) are associated with strong shear flow where neighboring
air parcels can mix efficiently. Regions of large negative RDF mixing (cool colors) are
associated with rotational flow, where air parcels tend to remain more isolated. After
18:36 UTC, the 14 May 2012 STT event is associated with efficient large-scale mixing
along the southern flank of the cut-off low, which leads to stretching of the air parcels20

and generation of laminar ozone features. Prior to 18:36 UTC and below 6 km the RDF
mixing is negative, indicating that the air parcels have remained relatively isolated. This
portion of the RDF curtain is within the rotational flow associated with the cut-off low
(see Fig. 2).

This STT encounter provides an opportunity to evaluate the ability of the RAQMS O325

analysis and RAQMS RDF O3 to capture the observed structure of the O3 intrusion and
to assess the influence of numerical diffusion on predicted transport of stratospheric
air into the troposphere. Figure 5 shows comparisons between the in situ O3 measure-
ments, RAQMS O3 analyses, and RAQMS RDF O3 along the aircraft flight track. The
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first encounter with the STT event occurs prior to 18:30 UTC during the descending por-
tion of the onshore profile. During this flight leg both the RAQMS analyzed and RDF O3
overestimate the observed O3 mixing ratio but the RDF O3 captures the sharp vertical
variations much better than the analyzed O3. Between 18:30 UTC and 18:48 UTC the
aircraft descends below 6 km and then begins to ascend again. During this time period,5

when the aircraft is sampling within the cut-off low and the air is isolated from large-
scale mixing, both the RAQMS RDF and analyzed O3 are in relatively good agreement
with the in situ O3. Between 18:48 UTC and 19:12 UTC the aircraft completes the as-
cending portion of the onshore profile, reaches maximum altitude, and conducts the
descending portion of the offshore profile. During these legs the aircraft penetrates10

through the STT event twice, with in situ O3 ranging from 120 ppbv to 140 ppbv within
the STT and 60 ppbv above. The RDF O3 does a very good job in capturing this vari-
ation while the analyzed O3 shows a much broader O3 peak. The narrow O3 lamina
captured by the RDF O3 analysis is poorly resolved because of the relatively coarse
horizontal and vertical resolution of RAQMS. As the scale of the O3 lamina approaches15

the RAQMS grid dimensions numerical diffusion becomes very large and the narrow
feature is lost. After 19:12 UTC the aircraft is again below 6 km and within the cut-off
low where rotational flow dominates and both the RDF and analyzed O3 are in good
agreement with the in situ measurements.

The RAQMS back trajectories can be used to identify the origin of the high20

(>120 ppbv) RDF O3 predicted within the STT event. Figure 6 shows the back tra-
jectory history and origin of the high (>120 ppbv) RDF O3 mixing ratios beginning on
18:00 UTC on 8 May 2012, 6 days prior to being sampled by the aircraft. The under-
lying map on the left side of Fig. 6 shows 7 day averaged total column O3 from AIRS
during the period from 7–14 May 2012. The back trajectories show a significant amount25

of dispersion over the previous 6 days, with meridional spread in the back trajectories
within the first 2–3 days and longitudinal spread 3–6 days prior to sampling by the air-
craft. The majority of the high RDF O3 along the aircraft curtain originated to the south
of a region of high mean column O3 off the coast of Asia 6 days prior to sampling. The
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origin of the STT event is an elongated region extending north eastward from South
Korea over Southern Japan to about 45◦ North at the International Date line. The right
side of Fig. 6 shows the RAQMS analyzed O3 and zonal wind 135◦ E cross-section at
18:00 UTC on 8 May 2012. The cross-section shows that the STT event originated be-
tween 10–12 km on the northern flank of a strong (>60 ms−1) westerly jet. There are5

strong meridional gradients in O3 across the jet axis, with high stratospheric O3 on the
poleward and lower O3 on the equatorward side of the jet. Analysis of the STT back
trajectories at 18:00 UTC on 8 May 2012 shows that mean O3 mixing ratio at the origin
of the STT event is 163 ppbv with a standard deviation of 50 ppbv. Efficient large-scale
mixing of this initial distribution with lower mixing ratio O3 within the troposphere as well10

as numerical diffusion results in reductions in the mean and standard deviation in the
analyzed STT to 97 ppbv and 7.5 ppbv, respectively when it is sampled by the aircraft
on 14 May 2012.

3.2 A post-trough, building ridge event: 5 June 2012

A deep, late-season extra-tropical cyclone affected California on 5 June 2012 and in-15

jected stratospheric air into the troposphere. The STT event observed on 5 June 2012
was more pronounced, when comparing maximum O3 mixing ratios in each STT event,
than the event on 14 May 2012. Anomalously high O3 mixing ratios were observed be-
tween 3 and 4 km (750 to 600 mbar) creating a steep ozone gradient between the
intrusion (up to 120 ppbv offshore and 200 ppbv over SJV) and surrounding air masses20

(40 and 50 ppbv offshore and over SJV respectively).
Figure 7 shows 4 km maps and 120◦ W cross-sections of RAQMS O3 and PV at

18:00 UTC on 5 June 2012. An extensive region of enhanced O3 and PV over central
California at 4 km is being advected in from the Northwest behind the trough. The
RAQMS analyzed O3 is greater than 80 ppbv and PV is in excess of 1.5 PVU indicating25

stratospheric air. This enhanced O3 and PV extends down into the troposphere along
the northern flank of a relatively strong (45 ms−1) jet at 120◦ W. The aircraft flight path
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intersects the high O3 and PV during the SJV profile and appears to be just to the south
of the enhancement at 4 km during the off-shore spiral.

Radiosonde launches from OAK observed the stratospheric intrusion as a dry stable
region (Fig. 8a) near 650 mbar in the 5 June 2012 12:00 UTC radiosonde sounding
(dotted lines) and at 700 mbar in the 6 June 2012 00:00 UTC radiosonde sounding5

(solid lines). O3, CO2 and water vapor mixing ratios observed during each profile are
shown in Fig. 8b (offshore) and Fig. 8c (SJV). O3 increases between 750–600 mbar
in both profiles; an O3 maximum in both instances is observed at 640 mbar. The O3
increase is more pronounced in the SJV profile, compared to the offshore location.
Also, in both profiles there are decreases in CO2 and water vapor mixing ratios at the10

same pressures as the O3 increases, corroborating the assignment of stratospheric
origin.

Figure 9 shows results of the RAQMS RDF curtain calculations for this flight along
with the analyzed O3 curtain. The RDF and analyzed O3 both show STT O3 enhance-
ments near 4 km during the first half of the flight (SJV profile) although the RDF O315

shows sharper gradients and higher (>100 ppbv) mixing ratios than the analyzed O3.
Neither RDF or analyzed O3 show significant enhancements during the latter half of
the flight (offshore profile) with peak O3 mixing ratios generally less than 70 ppbv at
3–4 km. The RDF mixing curtain shows that the lower half of the STT event is asso-
ciated with negative mixing efficiencies, indicating that this air has remained relatively20

isolated during the previous 6 days. The RDF continental PBL exposure curtain shows
that the STT event has not been exposed to the continental PBL during the previous 6
days but the low O3 air immediately above and below the STT event has spent more
than 75 % of its time within a clean continental boundary layer before being sampled
by the aircraft.25

Figure 10 shows comparisons between the in situ O3 measurements, RAQMS O3
analyses, and RAQMS RDF O3 along the aircraft flight track. The aircraft samples
the STT event three times prior to 19:00 UTC. During this period the RDF O3 shows
narrower features and somewhat higher mixing ratios than the analyzed O3 but neither
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is able to capture the amplitude of the observed O3 peak which is greater than 150 ppbv
during each of the three encounters and reaches 190 ppbv at 18:42 UTC during the
SJV spiral. The aircraft is above the STT event between the first and second STT
encounters, and the RDF O3 captures the sharp vertical gradients and shows generally
better agreement with the in situ measurements. The aircraft is below the STT event5

between the second and third STT encounters, and both RDF and analyzed O3 are in
good agreement with the in situ measurements. The aircraft encounters the STT event
once at 19:30 UTC during the offshore profile with both RDF and analyzed O3 showing
significant underestimates in O3. Between 19:36 and 19:48 UTC the aircraft samples
marine boundary layer where both the RDF and analyzed O3 are in good agreement10

with the in situ measurements. The STT event is sampled for the fifth time between
19:54 and 20:00 UTC and both RDF and analyzed O3 capture the observed vertical
gradient, but miss the high O3 within the STT by up to 50 ppbv.

The RAQMS back trajectories are used to identify the origin of the relatively high
(>80 ppbv) RDF O3 predicted within the onshore part STT event. Figure 11 shows15

the back trajectory history and origin of the high (>80 ppbv) RDF O3 mixing ratios
beginning on 18:00 UTC on 30 May 2012, 6 days prior to being sampled by the aircraft.
The underlying map on the left side of Fig. 11 shows 7 day averaged total column
O3 from AIRS during the period from 29 May–5 June 2012. During the first day prior to
being sampled by the aircraft the STT back trajectories remain very compact and move20

northwestward into a region South of Alaska with high AIRS average total column O3.
Three days prior to being sampled by the aircraft some of the STT back-trajectories are
dispersed further westward into the region of high AIRS average total column O3 over
Japan and Siberia. However, the majority of the STT back trajectories remain south of
Alaska and circulate within a large, stationary low pressure system near 150◦ W. The25

right side of Fig. 11 shows the RAQMS analyzed O3 and zonal wind 150◦ W cross-
section at 18:00 UTC on 30 May 2012. The STT trajectories originated within the core
of the stationary low pressure system in a region of moderately high O3 and low wind
speeds between 6–8 km. Analysis of the STT back trajectories at 18:00 UTC on 30
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May 2012 shows that mean O3 mixing ratios at the origin of the STT event is 102 ppbv
with a standard deviation of 14 ppbv, both of which are significantly lower then found
within the origin of the 14 May 2012 STT encounter. The low initial variance of the
5 June 2012 STT trajectories, combined with the fact that this STT encounter was
associated with relatively isolated air and weak large-scale mixing, accounts for the5

smaller differences between the RDF and analyzed O3 for this flight and indicates that
processes other than large-scale shear lead to the narrow STT event observed on this
flight. It is possible that inertial gravity wave transport could have contributed given the
close proximity of the flight to a strong jet core (see Fig. 11).

3.3 Stratosphere-to-troposphere implications10

To assess the contribution of the two STT events on the tropospheric O3 budget, total
tropospheric O3 for each STT event was calculated in Dobson Units (DU) based upon
the summation of the tropospheric O3 (below ∼9 km (365 mbar)) normalized by dividing
by the thickness (mbar) of the atmosphere over which O3 measurements were taken
(DU/100 mbar) following the method of Cooper et al. (2011). The STT event on 1415

May 2012 has a greater total tropospheric O3 DU/100 mbar value compared to the 5
June 2012 event, even though the 14 May 2012 STT event had a reduced maximum
O3 mixing ratio compared to 5 June 2012. This is because the stratospheric intrusion
on 14 May 2012 was more vertically extensive compared to the fine filament structure
observed during the 5 June 2012 STT, resulting in a larger overall enhancement of total20

tropospheric O3.
For 14 May 2012, total tropospheric O3 in DU/100 mbar was 6.5 DU/100 mbar

in the offshore profile and 6.9 DU/100 mbar above the SJV, compared to 4.2 and
3.8 DU/100 mbar in the offshore and SJV profiles respectively on 5 June 2012. For
comparison, these values are within the range observed during the IONS-2010 cam-25

paign in May–June 2010 reported by Cooper et al. (2011), where typical values were
within the range of 2–7 DU/100 mbar. Given the importance of upper tropospheric O3
in terms of its radiative qualities and the fact that some STT events, particularly narrow
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intrusions, may be difficult to detect by means other than in situ methods, for example
by total tropospheric O3 column satellite retrievals, this work highlights the importance
of routine collection of in-situ measurements of tropospheric O3 to better understand
the frequency, magnitude and controlling processes of STT.

The US EPA can currently exclude from the NAAQS O3 target any surface O3 mon-5

itoring data identified as being influenced by an extreme stratospheric intrusion, since
the naturally occurring “exceptional events” are uncontrollable by State agencies. How-
ever, identification of STT contributing to surface O3 sites remains challenging for sev-
eral reasons, including a lack of vertical O3 measurements which identify the extent
of the intrusion, and the limited effectiveness of models in forecasting the impacts of10

STT in part due to the complex topography of the western United States and result-
ing meso-scale dynamics (e.g. mountain lee waves and low-level jets). Furthermore,
stratospheric intrusions can remain aloft or contribute to the overall background by
gradual mixing with the boundary layer making a distinct O3 enhancement difficult to
distinguish, and the effects of a stratospheric intrusion may result in an increase of O315

at a surface site during daytime when photochemical processing further complicates
identification. The two STT events analyzed here intrude down to 800–500 mbar on
15 May 2012 and 750–600 mbar on 5 June 2012, both of which are deep enough to
potentially be entrained into the boundary layer and impact surface sites, particularly
when considering the mountainous terrain of the western United States and convection20

during springtime, both of which intensify vertical mixing.
Maps of the US EPA air quality index from 5–6 June 2012 showed moderate to

high O3 over parts of California, Nevada, Utah and Wyoming, with exceedances of
the NAAQS O3 standard in southwestern Utah, eastern Nevada and Wyoming (http:
//www.airnow.gov). Potential vorticity and O3 from the 18:00 UTC RAQMS analysis for25

5 June 2012 also shows how the stratospheric intrusion descends to low altitudes
(< 4 km) over California, Nevada, Utah and east to 111◦ W. To further investigate the
possibility of STT contributing to surface-level O3, 1 h O3 mixing ratios were obtained
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from rural sites in Grand Canyon National Park, Arizona (GC), Great Basin National
Park, Nevada (GB), South Pass, Wyoming (WY) and Zion National Park, Utah (ZN).

Assessment of STT impacts on surface sites for the 14 May 2012 STT event proved
difficult. Air quality maps from 14 May 2012 show enhanced O3 over southern Califor-
nia, southern and eastern Nevada, Arizona and Utah. Timeseries plots of the one-hour5

surface O3 from GB, ZN and GC show a general increase in the diurnal cycle of surface
O3 during 15–16 May 2012 compared to the days before and after, however, there is no
distinct enhancement outside of the daytime periods, making the potential contribution
from STT difficult to assess (see Fig. 12a).

Enhancements of surface O3 are observed during 5–6 June 2012 (see Fig. 12b).10

Maximum surface O3 enhancements at GB and ZN occur on 5 June 2012 reaching
79 ppbv at 16:00 LT at GB and 85 ppbv at 19:00 LT at ZN. However, the occurrences
during daytime hours complicate identification of STT influence at these sites. In the
WY site, a distinct increase in O3 is observed with a maximum of 91 ppbv measured at
00:00 LT on 6 June 2012. This is clearly not a result of photochemical processing and15

as such is most likely evidence of the impact of STT at surface sites.

4 Conclusions

The difference in the trace gas composition of the stratosphere compared to the tro-
posphere permits the identification of air masses of stratospheric origin found within
the free troposphere occurring during STT events. In this paper we presented two STT20

case studies sampled over California: one on 14 May 2012 associated with a cut-off
low and one on 5 June 2012 occurring in a post-trough, building ridge event.

In each case, high O3 was measured within the stratospheric intrusion at altitudes
as low as 3 km. During both events the stratospheric air was characterized by high O3
and low water vapor and CO2 mixing ratios. The observation of decreased CO2 within25

the stratospheric air mass is consistent with the varying seasonal cycles of CO2 in the
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troposphere and stratosphere and provides evidence and support for the use of in situ
carbon dioxide measurements as an additional method for detecting STT events.

RAQMS O3 analysis and RDF diagnostics provide a large-scale context for the in-
terpretation of the airborne measurements. RDF results show that the two STT events
had very different airmass histories. The 14 May 2012 STT event was associated with5

a cut-off low pressure system that moved into central California from the southwest
and experienced efficient large-scale mixing during the previous 6 days. As a result,
this STT event was composed of air with origins that extended over a wide longitudinal
range with considerable initial variability in O3 mixing ratios. In contrast, the 5 June
2012 STT had its origins within the core of a large, stationary low pressure system10

over the Gulf of Alaska and remained relatively isolated with very little large-scale mix-
ing during the previous 6 days. Comparisons between the in situ O3 and RAQMS RDF
and analyzed O3 along the flight track show that the RDF O3 was able to do a very good
job in capturing the high ozone within the 14 May 2012 STT event while the analyzed
O3 was not able to maintain the strong vertical gradients that were observed. This was15

attributed to increasing numerical diffusion as the scale of the STT event approached
the model grid scale. Neither the RDF or analyzed O3 was able to capture the high O3
observed during the 5 June 2012 STT event, suggesting that the high O3 within very
narrow O3 lamina may be due to inertial gravity wave transport, which neither analyzed
or RDF O3 are able to represent.20

The impact of the two STT events on the tropospheric O3 budget has been assessed
by comparing the total tropospheric O3 (DU) from each analysis day. The STT event on
14 May 2012, although displaying a smaller O3 maximum mixing ratio, had a greater
total tropospheric O3 DU value than the 5 June 2012 STT event. The fine filament struc-
ture of the STT on 5 June 2012 makes it difficult to detect the STT event from a total25

tropospheric O3 column measurement alone. This work highlights the importance of in
situ measurements in the detection of STT, which in some cases may be the only way
to accurately detect and analyze different occurrences of STT.
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Investigations were conducted to assess the potential impacts of the STT events
on rural surface O3 monitoring sites. Evidence supporting STT influence on monitor-
ing sites was detected, with a particular O3 episode exceeding NAAQS O3 standard
measured at South Pass, Wyoming likely associated with the observed STT on 5 June
2012. More quantitative support for the STT influence on surface O3 requires additional5

airborne measurements and multi-scale, nested modeling approaches. This study has
shown that the RAQMS global O3 analyses underestimate the high O3 mixing ratios
observed in both STT events. As a result, higher resolution modeling studies using
global scale O3 analyses for lateral boundary conditions likely underestimate the mag-
nitude of the exceedances due to STT. Preliminary comparisons between South Pass10

Wyoming surface O3 observations and predictions from nested RAQMS/WRF-CHEM
8 km simulations of the June STT event confirm this.
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 1 

Figure 1. 3-D projection of O3 mixing ratio (ppbv) as observed during flight on 14 May 2012 2 

(take-off time: 18:00 UTC). The O3 monitor requires a 10 minute warm-up period before 3 

stable measurements are made, which results in data acquisition starting at 8.4 km during the 4 

transit to the San Joaquin Valley (inland) site. 5 

6 

Fig. 1. 3-D projection of O3 mixing ratio (ppbv) as observed during flight on 14 May 2012
(take-off time: 18:00 UTC). The O3 monitor requires a 10 min warm-up period before stable
measurements are made, which results in data acquisition starting at 8.4 km during the transit
to the San Joaquin Valley (inland) site.
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 1 

Figure 2. 5km O3 (ppbv) and wind vectors (white, upper left) and PV (PVU) and wind vectors 2 

(white, upper right) maps with O3 (ppbv, lower left) and PV (PVU, lower right) cross sections 3 

at 122° W on 14 May 2012 at 1800 UTC from the RAQMS analyses. The aircraft flight track 4 

is shown in black. Note the cut-off low associated with relatively strong PV and high O3 5 

extending from the lower stratosphere into the mid-troposphere. 6 

 7 

Fig. 2. 5 km O3 (ppbv) and wind vectors (white, upper left) and PV (PVU) and wind vectors
(white, upper right) maps with O3 (ppbv, lower left) and PV (PVU, lower right) cross sections
at 122◦ W on 14 May 2012 at 18:00 UTC from the RAQMS analyses. The aircraft flight track is
shown in black. Note the cut-off low associated with relatively strong PV and high O3 extending
from the lower stratosphere into the mid-troposphere.
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 1 

Figure 3. (a) Potential temperature and dew point soundings at Oakland, CA on 14 May 2012 2 

at 1200 UTC (dotted lines) and 15 May 2012 at 0000 UTC (solid lines). Oakland is ~140 Km 3 

from the San Joaquin Valley (inland) site and ~100 Km from the offshore site. Mixing ratios 4 

of O3 (black), CO2 (blue) and H2O (green) observed (b) offshore, and (c) over the San Joaquin 5 

Valley during descending spiral-profiles on 14 May 2012. Note the change of the ozone 6 

horizontal scale between panels.  7 

Fig. 3. (a) Potential temperature and dew point soundings at Oakland, CA on 14 May 2012
at 12:00 UTC (dotted lines) and 15 May 2012 at 00:00 UTC (solid lines). Oakland is ∼140 km
from the San Joaquin Valley (inland) site and ∼100 km from the offshore site. Mixing ratios of O3
(black), CO2 (blue) and H2O (green) observed (b) offshore, and (c) over the San Joaquin Valley
during descending spiral-profiles on 14 May 2012. Note the change of the ozone horizontal
scale between panels.
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 1 

Figure 4. RAQMS RDF O3 (ppbv, upper left), Analyzed O3 (ppbv, upper right), RDF Mixing 2 

Efficiency (m/s, lower left), and % Clean Continental PBL Exposure (%, lower right) for 3 

AJAX flight on 14 May 2012.  4 

Fig. 4. RAQMS RDF O3 (ppbv, upper left), Analyzed O3 (ppbv, upper right), RDF Mixing Ef-
ficiency (ms−1, lower left), and % Clean Continental PBL Exposure (%, lower right) for AJAX
flight on 14 May 2012.

10184

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10157/2013/acpd-13-10157-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10157/2013/acpd-13-10157-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10157–10192, 2013

Springtime
stratosphere-to-

troposphere
transport

E. L. Yates

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 33 

 1 

Figure 5. Timeseries of in-situ (black), RAQMS Reverse Domain Filled (RDF) (solid red), 2 

and RAQMS analysed (dashed red) O3 (ppbv) for AJAX flight on 14 May 2012. The RDF 3 

approach provides much better agreement with the in situ observations. 4 

Fig. 5. Timeseries of in-situ (black), RAQMS Reverse Domain Filled (RDF) (solid red), and
RAQMS analysed (dashed red) O3 (ppbv) for AJAX flight on 14 May 2012. The RDF approach
provides much better agreement with the in situ observations.
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 1 

Figure 6. Map of 7-day averaged (7-14 May 2012) AIRS total column O3 (DU, top) with the 2 

STT back trajectory history (white) and origin (blue). RAQMS 135° E O3 (ppbv) and zonal 3 

wind (m/s) cross-section (bottom) with origin of STT encounter (blue dots) at 1800 UTC on 8 4 

May 2012 for analysis of AJAX flight on 14 May 2012. 5 

Fig. 6. Map of 7 day averaged (7–14 May 2012) AIRS total column O3 (DU, top) with the STT
back trajectory history (white) and origin (blue). RAQMS 135◦ E O3 (ppbv) and zonal wind
(ms−1) cross-section (bottom) with origin of STT encounter (blue dots) at 18:00 UTC on 8 May
2012 for analysis of AJAX flight on 14 May 2012.
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 1 

Figure 7. 4 km O3 (ppbv) and wind vectors (white, upper left) and PV (PVU) and wind 2 

vectors (white, upper right) maps with O3 (ppbv, lower left) and PV (PVU, lower right) cross 3 

sections at 120° W on 5 June 2012 at 1800 UTC from the RAQMS analyses. The aircraft 4 

flight track is shown in black. Note the tropopause fold indicated by the tongue of relatively 5 

strong PV and high O3 extending from the lower stratosphere into the mid-troposphere. 6 

7 

Fig. 7. 4 km O3 (ppbv) and wind vectors (white, upper left) and PV (PVU) and wind vectors
(white, upper right) maps with O3 (ppbv, lower left) and PV (PVU, lower right) cross sections
at 120◦ W on 5 June 2012 at 18:00 UTC from the RAQMS analyses. The aircraft flight track is
shown in black. Note the tropopause fold indicated by the tongue of relatively strong PV and
high O3 extending from the lower stratosphere into the mid-troposphere.
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 2 

Figure 8. (a) Potential temperature and dew point soundings at Oakland, CA on 5 June 2012 3 

at 1200UTC (dotted lines) and 6 June 2012 at 0000 UTC (solid lines). Mixing ratios of O3 4 

(black), CO2 (blue) and H2O (green) observed (b) offshore, and (c) over the San Joaquin 5 

Valley during descending spiral-profiles on 5 June 2012. Note the change of the ozone 6 

horizontal scale between panels.  7 

Fig. 8. (a) Potential temperature and dew point soundings at Oakland, CA on 5 June 2012
at 12:00 UTC (dotted lines) and 6 June 2012 at 00:00 UTC (solid lines). Mixing ratios of O3
(black), CO2 (blue) and H2O (green) observed (b) offshore, and (c) over the San Joaquin Valley
during descending spiral-profiles on 5 June 2012. Note the change of the ozone horizontal scale
between panels.
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 1 

Figure 9. RAQMS RDF O3 (ppbv, upper left), Analyzed O3 (ppbv, upper right), RDF Mixing 2 

Efficiency (m/s, lower left), and % Clean Continental PBL Exposure (%, lower right) for 3 

AJAX flight on 5 June 2012.  4 

Fig. 9. RAQMS RDF O3 (ppbv, upper left), Analyzed O3 (ppbv, upper right), RDF Mixing Ef-
ficiency (ms−1, lower left), and % Clean Continental PBL Exposure (%, lower right) for AJAX
flight on 5 June 2012.
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 1 

Figure 10. Timeseries of in-situ (black), RAQMS Reverse Domain Filled (RDF) (solid red), 2 

and RAQMS analysed (dashed red) O3 (ppbv) for AJAX flight on 5 June 2012.  3 

 4 

Fig. 10. Timeseries of in-situ (black), RAQMS Reverse Domain Filled (RDF) (solid red), and
RAQMS analysed (dashed red) O3 (ppbv) for AJAX flight on 5 June 2012.
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 1 

Figure 11. Map of 7-day averaged (30 May – 5 June 2012) AIRS total column O3 (DU, top) 2 

with the STT back trajectory history (white) and origin (blue) and RAQMS 150
o 

W O3 (ppbv) 3 

and zonal wind (m/s) cross-section (bottom) with origin of STT encounter (blue dots) at 1800 4 

UTC on 30 May 2012 for analysis of AJAX flight on 5 June 2012. 5 

Fig. 11. Map of 7 day averaged (30 May–5 June 2012) AIRS total column O3 (DU, top) with the
STT back trajectory history (white) and origin (blue) and RAQMS 150◦ W O3 (ppbv) and zonal
wind (ms−1) cross-section (bottom) with origin of STT encounter (blue dots) at 18:00 UTC on
30 May 2012 for analysis of AJAX flight on 5 June 2012.
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Figure 12. O3 Timeseries from surface monitoring sites; Great Basin National Park, Nevada 2 

(GB, black), Grand Canyon National Park, Arizona (GC, blue), Zion National Park, Utah 3 

(ZN, red), and South Pass, Wyoming (WY, cyan) during 12-19 May 2012 (a) and 3-7 June 4 

2012 (b). 5 

Fig. 12. O3 Timeseries from surface monitoring sites; Great Basin National Park, Nevada (GB,
black), Grand Canyon National Park, Arizona (GC, blue), Zion National Park, Utah (ZN, red),
and South Pass, Wyoming (WY, cyan) during 12–19 May 2012 (a) and 3–7 June 2012 (b).
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