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Stratosphere-troposphere transport (STT)

“To be as consistent as possible with previous 
nomenclature while removing ambiguities, we 
propose that STE should refer to exchange in both 
directions in the most general sense, whereas 
stratosphere-to-troposphere transport (STT) and 
troposphere-to-stratosphere transport (TST) should 
be used to refer specifically to one-way transport.”

Andreas Stohl STACCATO 2003



• How much does STT contribute to free tropospheric O3?

• What physical processes are responsible?

• How have ozone lidars advanced out knowledge?

• Does STT significantly impact surface air quality?

Outline



How much does STT contribute to free 
tropospheric O3?

O3

The Classical view…



Before 1970: Nearly all free tropospheric ozone 
thought to originate in the lower stratosphere
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The first regime (regime I: Figure 3.2 and 3.3) corresponds to 
remote regions of the atmosphere, such as the South Pacific 
Region which have very low NOX levels (less than 20 parts per 
trillion (ppt) NOX), and is characterised by net O3 removal. The 
reactions of OH with CH4 and CO lead to the formation of the 
peroxy radicals, CH3O2 and HO2, which are removed by their 
mutual reactions to form methyl hydroperoxide, CH3OOH,
and hydrogen peroxide, H2O2:

CH3O2  HO2  CH3OOH  O2 (5)

HO2  HO2  H2O2  O2 (6)

This chemistry constitutes a loss process for O3, because the 
reaction sequence was initiated by O3 photolysis (reaction (1)). 
Some additional O3 removal also occurs because HO2 radicals 
can react with O3,

HO2  O3  OH  2O2 (7)

leading to the regeneration of OH radicals as part of an O3

depleting OH–HO2 inter-conversion cycle (see Figure 3.2, 
regime I).

As demonstrated in Figure 3.3, the chemistry in regime I leads 
to comparatively small O3 loss rates. However, this has an 
important global impact because it applies to a large 
proportion of the troposphere. More rapid O3 depletion rates 

can occur at specific locations, as a result of chemical cycles 
involving halogen atoms and radicals. This is described below 
in section 3.3.1.

The second regime (regime II: Figures 3.2 and 3.3) is 
characterised by net O3 formation, the rate of which increases 
with increasing NOX concentrations and corresponds to the 
rural areas of most industrialised countries. The reactions 
of the peroxy radical intermediates with NO result in the 
conversion of NO to NO2 (reactions (8) and (9)) with the 
subsequent photolysis of NO2 generating O3 (reaction (10) 
followed by reaction (4)):

CH3O2  NO  CH3O  NO2 (8)

HO2  NO  OH  NO2 (9)

NO2  h  NO  O(3P) (10)

As shown in Figure 3.2 reactions (8) and (9) form part of 
the free-radical propagated O3 forming cycles, which may 
occur a number of times before being halted by a radical 
termination reaction. Under the prevailing conditions (ie 
regime II), NOX levels remain sufficiently low that peroxide 
formation via reactions (5) and (6) continues to be the 
major radical sink. Ozone formation in this regime is often 
referred to as ‘NOX limited’ or ‘NOX sensitive’, because the 

Figure 3.1  A schematic view of the sources and sinks of O3 in the troposphere. Annual global fluxes of O3 calculated using a 
global chemistry–transport model have been included to show the magnitudes of the individual terms. These fluxes include 
stratosphere to troposphere exchange, chemical production and loss in the troposphere and the deposition flux to terrestrial and
marine surfaces. Data source: IPCC Fourth Assessment Report Working Group I Report “The Physical Science Basis“ (Denman et 
al. 2007).
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1973 Altmannspacher 415 ppbv O3 (10 min) 

Examples of high surface ozone attributed to
stratospheric intrusions during the 1970s

From Viezee and Johnson 1983

*Feb 1971 Altmannspacher 415 ppbv O3 (10 min) 

*



The 1970s: The great transport vs 
photochemical control debate

1970 Junge Tropospheric O3 controlled by transport

1971 Galbally Photochemical production in rural areas too.

1973 Chameides and Walker Photochemical production globally important.
1974 Crutzen

1974 Fabian Observations don’t support your models.

1976 Chatfield and Harrison …and here are more reasons why they don’t!

1977 Fishman and Crutzen Here’s a new model supporting photochemistry.

1977 Fabian and Pruchniewicz Here are more observations disproving it.

1977 Chameides and Stedman Our model says that both are important.

1978 Fishman and Crutzen And here’s an even better model...

1979 Fishman, Solomon, and Crutzen …and some observations supporting it.

1980 Liu et al. Tropospheric O3 controlled by photochemistry



The Current View: Net contributions similar
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• Tropopause folding Reed/Danielsen 1958

• Jet stream turbulence Shapiro 1978

• Erosion of cutoff lows Bamber et al. 1984

• Thunderstorms Dickerson et al. 1987 

• Gravity wave breaking Lamarque/Langford 1996

• Kelvin wave breaking/MJO Fuijiwara et al. 1998

What physical processes contribute to STT?
Poleward transport by the Brewer-Dobson Circulation followed by:



• Tropopause folding Reed/Danielsen 1958

• Jet stream turbulence Shapiro 1978

• Erosion of cutoff lows Bamber et al. 1984

• Thunderstorms Dickerson et al. 1987 

• Gravity wave breaking Lamarque/Langford 1996

• Kelvin wave breaking/MJO Fuijiwara et al. 1998

What physical processes contribute to STT?
Poleward transport by the Brewer-Dobson Circulation followed by:

Most STT a result of tropopause folding



Based on high altitude sampling by WB-50 and RB-57 aircraft

Project Springfield (1964)

Early STT research motivated by concerns about 
radioactive fallout from stratospheric testing
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Localized acceleration of jet stream (i.e. jet streak) during cyclogenesis forces 
tongue of lower stratospheric air into the upper troposphere beneath the jet.



Schematic view of tropopause fold (Danielsen 1964)

Project Springfield Report (1964)

UTLS air descends on flank of 
upper level low and wraps 
anticyclonically around trailing 
surface high 

Some air 
returns to LS

Area of deepest 
descent

Formation 
of long-
lived 
streamers



NASA Airborne lidar measurements of stratospheric 
intrusion over Las Vegas

2106 DANIELSEN ET AL.' POTENTIAL VORTICITY ANALYSIS 

Fig. la. Temperature distribution of 500 mbar, 1200 UT, on 
April 20, 1984, determined from seven cross-sectional analyses orient- 
ed perpendicular to the flow. Black dots identify stations used in the 
analyses. 

because S is an extremely sensitive quantity, whose compu- 
tational difficulties match its diagnostic and predictive worth. 

After completing T and V analyses at nine mandatory pres- 
sure levels (850-100 mbar), a 0, V vertical cross section is 
constructed from them along the actual flight path of the 
CV-990 aircraft. This flight path and the cross section will be 
presented and discussed in the next section. Computations of 
S are then made at a grid of points in the cross section. 
Because the flight path was perpendicular to the winds, the 
shear vorticity -•V/•n o is evaluated directly from the speeds 
at constant 0 by finite differencing over 100 km. Similarly, • is 
evaluated directly from the 0 cross-sectional analysis by finite 
differencing over 1 km. Only the curvature vorticity V/R o re- 
quires additional analyses to determine the radius of curvature 
of the streamlines R o. Representative values of R o are obtained 
from analyses of the Montgomery stream function, •k• = %T 
+ gz, on surfaces of constant 0 (see Figure 2 for an example of 

•k• analysis). To complete the K analysis, the grid point values 
are contoured. Thus the distribution of S in the vertical plane 
coinciding with the flight path of the CV-990 is derived from 
the radiosonde observations at 1200 UT, on April 20. 

The entire process is repeated using the next set of radio- 
sonde observations at 0000 UT, on April 21. Finally, appro- 
priate values of S at successive positions of the CV-990 are 
computed by linearly interpolating with respect to time be- 
tween the two S distributions. The resulting time series ap- 
proximates the potential vorticities the CV-990 would en- 
counter if the S distributions changed linearly with time 
during its flight. This • series will be compared to the ob- 
served series of Zo3 and Zco. 

Fig. lb. Wind speed analysis at 500 mbar, 1200 UT, on April 20, 
1984, determined from same cross sections as those used in Figure la. 

POTENTIAL VORTICITY' TROPOPAUSE FOLD OF 

APRIL 20, 1984 

Meteorological conditions were favorable for cyclogenesis 
over the Utah basin on April 20 and also for a tropopause 
fold to extend over California, Arizona, and New Mexico. The 
cyclonic circulation that developed is illustrated in Figure 2, 
by the •kM contours on the 0 = 330øK surface. A jet stream 
with northwest winds >130 knots (240.5 km h -x) flowing 
across western Oregon and California, curves cyclonically 
over southern Arizona and central New Mexico. The tropo- 
pause fold that developed beneath this jet was ideally located 
for a coordinated flight experiment. 

Following its ascent to 29,000 feet (8839 m) from Moffett 
Field, the CV-990 was sent on the path illustrated in Figure 3. 
The first leg to the east-northeast would take the aircraft 
across the jet at point B and into the cyclonic stratosphere, 
labeled C to E. On the second leg, to the south, a descent at E 
into the troposphere would permit the CV-990 to traverse the 
fold over New Mexico. Then the return flight was designed to 
make measurements in the fold all the way back to northern 
California. From Las Vegas, Nevada, the Electra was sent 
approximately north-south to traverse the fold and to monitor 
its inclined structure down to the boundary layer. The U2 flew 
north-northeast south-southwest headings at four altitudes in 
the stratosphere. 

The vertical cross-section for 1200 UT, on April 20, pro- 
duced by the method discussed in the previous section for the 
CV-990 flight path, is presented in Figure 4. Note that the left 
side of Figure 4 applies to the first leg, where the jet is from 
the northwest, while the right side corresponds to the second 
leg, over New Mexico, where the jet is from the west, (i.e., the 
same jet and fold are intersected twice in this flattened dia- 

First lidar measurements of ozone within a 
tropopause fold (Browell et al. 1987)

DANIELSEN ET AL.' POTENTIAL VORTICITY ANALYSIS 2107 
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Fig. 2. Montgomery stream function analysis at 0 = 330øK for 1200 UT, April 20, 1984. Analysis interval is 10 7 ergs 
g-t 

gram). If Figure 4 were folded in the middle and the left side tropopause break would be implied at the axis of the jet. 
were rotated towards the right side, a representative three- 3. The decrease in g down the axis of the fold could be 
dimensional structure would be simulated by successive posi- produced by adiabatic heating gradient or by entrainment 
tions. and mixing of tropospheric air along both boundaries of the 

When 0 are drawn at 2øK intervals, as in Figure 4, the fold. 
larger static stability a of the stratosphere relative to that of 
the troposphere is visually evident as a grey-toned area due to 
the high density of isolines. The layer or lamina of large a 
sloping downward from the lower cyclonic stratosphere (to 
the left and right of position D) includes the extruded strato- 
spheric air. Although a increases from position C to A, (that is, 
it increases downward along the axis of the folded layer, • has 
the opposite gradient. The difference is due to the gradient of 
% and specifically to the shear vorticity on a constant 0 sur- 
face. At position A the shear vorticity is close to zero, while at 
C it is a large positive value. 

The distribution of S, computed from the analyses of Figure 
4 and the •M analyses at constant 0, is presented in Figure 5, 
with •g values > 1.5 x 10- • cm 2 s- x s- x deg g- x toned grey to 
distinguish stratospheric from tropospheric air. Obviously, the 
choice of a threshold value of g is somewhat arbitrary, but 
decreasing or increasing the threshold by a factor of 2 has 
little effect on the conclusions to be drawn from Figure 5' 

1. Air with stratospheric values of potential vorticity is 
extruded from the lower stratosphere beneath the jet axis. 

2. The synoptic tropopause defined by a threshold value of 
S is folded; if defined conventionally by a discontinuity in a, a 

• ;TRA 

Fig. 3. Flight paths of NASA aircraft, C¾-990, Electra, and U2. 
Letters along C¾-990 path identify reference points for subsequent 
figures. See Figure 2 for relationships to the flow. 
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TABLE 2. Correlation Between O 3 and Potential Vorticity in Tropopause Fold 

Latitude 

33ø14 ' 33036 ' 33056 ' 34017 ' 34037 ' 34056 ' 35015 ' All 

Number of points* 15 15 16 15 12 10 6 
Correlation 0.92 0.96 0.82 0.80 0.94 0.98 0.94 

coefficient 
Slope•' 35.3 50.4 48.3 53.8 62.8 51.3 39.7 
0 3 intercept, 19.6 5.9 4.2 - 12.8 -21.6 0.9 16.3 

ppbv 
Altitude shift + 105 -105 -210 -420 -420 -420 -420 

of potential 
vorticity, m 

*Vertical resolution of 105 m between points. 
'{-Stated in units of ppbv/10-5 cm 2 deg g-• s- 

89 
0.89 

50.2 
0.7 

contribute anthropogenically produced O 3 to the colder air 
mass. However, the same convective processes could also con- 
tribute stratospheric 03 to the same air mass. The latter pro- 
cess is thought to be responsible for the weaker 0 3 gradients 
and the ragged appearance of the cold boundary of the fold, as 
seen in Plate 1. 

METEOROLOGICAL ANALYSIS OF TROPOPAUSE FOLD 

An atmospheric cross section upwind of the Electra flight 
track was analyzed from radiosonde data obtained on April 
20, 1984. The location of the southern portion of the cross 
section is shown in Figure 3, and an isotach analysis along the 
entire cross section is given in Figure 4. The core of the jet 
stream was from the northwest at a velocity exceeding 140 
knots (259 km h-X). This cross section spans the cyclonic 
vortex between station 387 at Yucca Flat, Nevada, and station 
576 at Lander, Wyoming. The 60-knot (111 km h -x) jet from 
the southeast, on the northeast side of the vortex, is typical of 
an upper tropospheric jet at the top of a baroclinic tropo- 
sphere that does not include a front or folded tropopause. In 
marked contrast the downward extension of the westerly jet in 
Figure 4 and the concentrated baroclinic zone in Figure 5 are 
typical of a tropopause fold. Figure 6 presents the potential 
vorticity analysis for the same atmospheric cross section. This 
analysis and the associated meteorological analyses in this 
article were made following the methodology reported by Da- 
nielsen [1968] in conjunction with measurements of radioac- 
tivity during Project Springfield. Since the potential vorticity 
analysis for this cross section between 1200 UT on April 20 
and 0000 UT on April 21 did not change substantially, the 
analysis for the later time was presented in Figure 6 because it 
was closer in time to the Electra DIAL measurements. Values 

of potential vorticity greater than 1.5 x 10- 5 cm 2 deg g- x s- x 
generally indicate that the air contains a component that had 
a stratospheric orgin. Larger values of potential vorticity 
imply a larger contribution having a stratospheric origin. 

Because the aircraft measurements were downwind of the 

analyzed cross section, isentropic trajectories were calculated 
to project the potential vorticity distribution given in Figure 6 
to the plane of the Electra flight track. A plot of potential 
vorticity isopleths that corresponds to the DIAL-obtained aer- 
osol and 0 3 cross sections shown in Plate 1 is given in Figure 
7. The potential vorticity values were obtained solely from the 
analysis of radioson& data. The location of the boundary 
layer top corresponds closely to the lidar data in Plate la. The 
width and altitude of the layer defined by the higher-potential 

vorticity levels agree in general with the spatial distribution of 
the stratospheric air measured by the DIAL system. Since the 
potential vorticity is calculated from widely spaced radiosonde 
data, the analysis cannot resolve the small-scale gravity waves 
seen in the lidar data on the left in Plate 1; however, in 
general, the potential vorticity analysis accurately defines the 
relative characteristics of the stratospheric intrusion. 

CORRELATION BETWEEN 0 3 AND POTENTIAL VORTICITY 
IN TROPOPAUSE FOLD 

To assess whether potential vorticity is a conservative pa- 
rameter in tracking stratospheric air in a tropopause fold, the 
correlation between 0 3 mixing ratios measured by the DIAL 
system in the tropopause fold and potential vorticity values 
predicted from the radiosonde data analysis were evaluated 

Fig. 6. Potential vorticity (10 -5 cm 2 deg g-• s -•) analysis for 
0000 UT on April 21, 1984, along cross section defined by the radio- 
sonde locations. Topography, pressure levels, and latitudes are also 
shown. The Electra flight altitude is noted for reference. 
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Tropopause Fold Structure Determined From Airborne Lidar 
and in Situ Measurements 

E. V. BROWELL, x E. F. DANIELSEN, 2 S. ISMAIL, 3 G. L. GREGORY, 
AND S. M. BECK • 

The first remote measurements of 0 3 and aerosols across a tropopause fold are presented in this 
paper. An airborne differential absorption lidar (DIAL) system was used to obtain profiles of O 3 and 
aerosols along a cross section of a fold on April 20, 1984, over southern Nevada and California. The 
DIAL measurements across the tropopause fold show a 2.0-km-deep layer, with high 0 3 concentrations 
and enhanced aerosol backscattering, that slopes downward from north of Las Vegas, Nevada, to the top 
of the planetary boundary layer (PBL) over Yuma, Arizona. This is the first continuous mapping of a 
tropopause fold from the upper troposphere to the PBL. Mixing ratios of 0 3 in excess of 200 parts per 
billion by volume (ppbv) were measured remotely in the fold, and these values were corroborated by in 
situ measurements of 0 3 through the fold at an aircraft altitude of 6.7 km. Enhanced aerosol back- 
scattering was observed in the tropopause fold and attributed to stratospheric aerosols from the E1 
Chichon eruption. An analysis of the potential vorticity distribution along the DIAL flight track was 
performed using radiosonde data. A high positive correlation was found between the DIAL 0 3 mixing 
ratios and the potential vorticity values in the fold. The average ratio between 0 3 and potential vorticity 
was found to be 50.2 ppbv/10 -5 cm 2 deg g-x s- • in the fold. The decrease in layer thickness, potential 
vorticity, ozone mixing ratio, and aerosol backscatter down the axis of the fold is consistent with a 
convergent entrainment of tropospheric air across both boundaries of the fold and subsequent irrevers- 
ible mixing by small-scale turbulent motions. 

INTRODUCTION 

During April 1984 a series of flight experiments were con- 
ducted over Nevada and California to study tropopause fold 
events (TFE) as part of the NASA Global Tropospheric Ex- 
periment/Chemical Instrument Test and Evaluation Project 
(GTE/CITE). An overview of the GTE/CITE flight experi- 
ments involving the intercomparison of instruments for the 
measurement of CO, NO, and OH on the NASA Ames 
CV-990 is presented by Beck et al. [this issue]. In a simulta- 
neous series of flight experiments, an airborne differential ab- 
sorption lidar (DIAL) system was operated in a nadir mode 
from the NASA Wallops Flight Facility Electra aircraft to 
obtain, by remote measurements, the first distribution of 
ozone (03) and aerosols along a cross section of a tropopause 
fold event. Also included on the Electra were instruments for 

in situ measurements of 0 3, temperature, dew point, and aero- 
sol size distribution and number density. 

On April 20, 1984, a tropopause fold was predicted to devel- 
op beneath the jet stream core over the southwestern United 
States. The Electra was based at Nellis Air Force Base, 
Nevada, to conduct flights of maximum duration in the vicin- 
ity of the expected TFE. Airborne DIAL remote measure- 
ments of 03 and aerosol distributions and in situ measure- 
ments of 0 3, aerosols, temperature, and dew point along a 
cross section of the TFE on April 20, 1984, are presented in 
this paper. The potential vorticity distribution for the same 
atmospheric cross section was derived from radiosonde data, 
and these calculations are compared to 03 distributions 
derived from the airborne DIAL measurements. 

•Atmospheric Sciences Division, NASA Langley Research Center, 
Hampton, Virginia. 

2Space Sciences Division, NASA Ames Research Center, Moffett 
Field, California. 

3SASC Technologies, Incorporated, Hampton, Virginia. 
Copyright 1987 by the American Geophysical Union. 
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AIRBORNE DIAL AND IN SITU INSTRUMENTATION 

The airborne lidar system uses the differential absorption 
lidar technique to remotely measure 0 3 profiles along the 
lidar line of sight. The DIAL technique has been used from 
the ground to study 0 3 distributions in the troposphere [Asai 
et al., 1979; Pelon and Megie, 1982] and stratosphere I-Megie 
et al., 1977; Uchino et al., 1980]. The airborne DIAL system 
has made measurements of 0 3 distributions along the aircraft 
flight track in the troposphere [Browell et al., 1983, 1985] and 
lower stratosphere [Browell, 1983]. Two wavelengths in the 
286- to 300-nm spectral region are used by this system in the 
DIAL measurement of 03. Since pulsed lasers are used, the 
profile of 0 3 can be derived from the simultaneous measure- 
ment of lidar signals at a wavelength strongly absorbed by 0 3 
(286 nm) and at a wavelength weakly absorbed by 03 (300 
nm). Browell et al. [1983, 1985] discuss the characteristics of 
the NASA airborne DIAL system and the technique for mea- 
suring 0 3 profiles in the lower atmosphere. Comparisons be- 
tween DIAL and in situ 0 3 measurements have demonstrated 
agreement to within 10% for a DIAL vertical resolution of 
210 m and a 300 laser shot average, which represents a hori- 
zontal resolution of about 6 km. With the above spatial reso- 
lution the DIAL maximum measurement range is restricted to 
within a range of about 5 km from the aircraft for daytime 
measurements in a nadir operating mode. Increasing the 
number of shots averaged and/or the vertical resolution can 
increase the altitude range of the measurement. 

In addition to the two 0 3 DIAL wavelengths, laser wave- 
lengths at 600 and 1064 nm are transmitted simultaneously 
into the atmosphere in order to investigate aerosol distri- 
butions. Lidar returns at these longer wavelengths provide 
greater contrast between aerosol and molecular scattering for 
more sensitive detection of aerosol distributions, and they are 
subject to less atmospheric attenuation from aerosols and 
molecules. The spatial resolution for the airborne DIAL aero- 
sol measurements is 15 m in the vertical and 20 m in the 
horizontal. Aerosol profiles along the lidar line of sight are 

2112 

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 92, NO. D2, PAGES 2112-2120, FEBRUARY 20, 1987 

Tropopause Fold Structure Determined From Airborne Lidar 
and in Situ Measurements 

E. V. BROWELL, x E. F. DANIELSEN, 2 S. ISMAIL, 3 G. L. GREGORY, 
AND S. M. BECK • 

The first remote measurements of 0 3 and aerosols across a tropopause fold are presented in this 
paper. An airborne differential absorption lidar (DIAL) system was used to obtain profiles of O 3 and 
aerosols along a cross section of a fold on April 20, 1984, over southern Nevada and California. The 
DIAL measurements across the tropopause fold show a 2.0-km-deep layer, with high 0 3 concentrations 
and enhanced aerosol backscattering, that slopes downward from north of Las Vegas, Nevada, to the top 
of the planetary boundary layer (PBL) over Yuma, Arizona. This is the first continuous mapping of a 
tropopause fold from the upper troposphere to the PBL. Mixing ratios of 0 3 in excess of 200 parts per 
billion by volume (ppbv) were measured remotely in the fold, and these values were corroborated by in 
situ measurements of 0 3 through the fold at an aircraft altitude of 6.7 km. Enhanced aerosol back- 
scattering was observed in the tropopause fold and attributed to stratospheric aerosols from the E1 
Chichon eruption. An analysis of the potential vorticity distribution along the DIAL flight track was 
performed using radiosonde data. A high positive correlation was found between the DIAL 0 3 mixing 
ratios and the potential vorticity values in the fold. The average ratio between 0 3 and potential vorticity 
was found to be 50.2 ppbv/10 -5 cm 2 deg g-x s- • in the fold. The decrease in layer thickness, potential 
vorticity, ozone mixing ratio, and aerosol backscatter down the axis of the fold is consistent with a 
convergent entrainment of tropospheric air across both boundaries of the fold and subsequent irrevers- 
ible mixing by small-scale turbulent motions. 

INTRODUCTION 

During April 1984 a series of flight experiments were con- 
ducted over Nevada and California to study tropopause fold 
events (TFE) as part of the NASA Global Tropospheric Ex- 
periment/Chemical Instrument Test and Evaluation Project 
(GTE/CITE). An overview of the GTE/CITE flight experi- 
ments involving the intercomparison of instruments for the 
measurement of CO, NO, and OH on the NASA Ames 
CV-990 is presented by Beck et al. [this issue]. In a simulta- 
neous series of flight experiments, an airborne differential ab- 
sorption lidar (DIAL) system was operated in a nadir mode 
from the NASA Wallops Flight Facility Electra aircraft to 
obtain, by remote measurements, the first distribution of 
ozone (03) and aerosols along a cross section of a tropopause 
fold event. Also included on the Electra were instruments for 

in situ measurements of 0 3, temperature, dew point, and aero- 
sol size distribution and number density. 

On April 20, 1984, a tropopause fold was predicted to devel- 
op beneath the jet stream core over the southwestern United 
States. The Electra was based at Nellis Air Force Base, 
Nevada, to conduct flights of maximum duration in the vicin- 
ity of the expected TFE. Airborne DIAL remote measure- 
ments of 03 and aerosol distributions and in situ measure- 
ments of 0 3, aerosols, temperature, and dew point along a 
cross section of the TFE on April 20, 1984, are presented in 
this paper. The potential vorticity distribution for the same 
atmospheric cross section was derived from radiosonde data, 
and these calculations are compared to 03 distributions 
derived from the airborne DIAL measurements. 
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AIRBORNE DIAL AND IN SITU INSTRUMENTATION 

The airborne lidar system uses the differential absorption 
lidar technique to remotely measure 0 3 profiles along the 
lidar line of sight. The DIAL technique has been used from 
the ground to study 0 3 distributions in the troposphere [Asai 
et al., 1979; Pelon and Megie, 1982] and stratosphere I-Megie 
et al., 1977; Uchino et al., 1980]. The airborne DIAL system 
has made measurements of 0 3 distributions along the aircraft 
flight track in the troposphere [Browell et al., 1983, 1985] and 
lower stratosphere [Browell, 1983]. Two wavelengths in the 
286- to 300-nm spectral region are used by this system in the 
DIAL measurement of 03. Since pulsed lasers are used, the 
profile of 0 3 can be derived from the simultaneous measure- 
ment of lidar signals at a wavelength strongly absorbed by 0 3 
(286 nm) and at a wavelength weakly absorbed by 03 (300 
nm). Browell et al. [1983, 1985] discuss the characteristics of 
the NASA airborne DIAL system and the technique for mea- 
suring 0 3 profiles in the lower atmosphere. Comparisons be- 
tween DIAL and in situ 0 3 measurements have demonstrated 
agreement to within 10% for a DIAL vertical resolution of 
210 m and a 300 laser shot average, which represents a hori- 
zontal resolution of about 6 km. With the above spatial reso- 
lution the DIAL maximum measurement range is restricted to 
within a range of about 5 km from the aircraft for daytime 
measurements in a nadir operating mode. Increasing the 
number of shots averaged and/or the vertical resolution can 
increase the altitude range of the measurement. 

In addition to the two 0 3 DIAL wavelengths, laser wave- 
lengths at 600 and 1064 nm are transmitted simultaneously 
into the atmosphere in order to investigate aerosol distri- 
butions. Lidar returns at these longer wavelengths provide 
greater contrast between aerosol and molecular scattering for 
more sensitive detection of aerosol distributions, and they are 
subject to less atmospheric attenuation from aerosols and 
molecules. The spatial resolution for the airborne DIAL aero- 
sol measurements is 15 m in the vertical and 20 m in the 
horizontal. Aerosol profiles along the lidar line of sight are 
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Tropopause Fold Structure Determined From Airborne Lidar 
and in Situ Measurements 

E. V. BROWELL, x E. F. DANIELSEN, 2 S. ISMAIL, 3 G. L. GREGORY, 
AND S. M. BECK • 

The first remote measurements of 0 3 and aerosols across a tropopause fold are presented in this 
paper. An airborne differential absorption lidar (DIAL) system was used to obtain profiles of O 3 and 
aerosols along a cross section of a fold on April 20, 1984, over southern Nevada and California. The 
DIAL measurements across the tropopause fold show a 2.0-km-deep layer, with high 0 3 concentrations 
and enhanced aerosol backscattering, that slopes downward from north of Las Vegas, Nevada, to the top 
of the planetary boundary layer (PBL) over Yuma, Arizona. This is the first continuous mapping of a 
tropopause fold from the upper troposphere to the PBL. Mixing ratios of 0 3 in excess of 200 parts per 
billion by volume (ppbv) were measured remotely in the fold, and these values were corroborated by in 
situ measurements of 0 3 through the fold at an aircraft altitude of 6.7 km. Enhanced aerosol back- 
scattering was observed in the tropopause fold and attributed to stratospheric aerosols from the E1 
Chichon eruption. An analysis of the potential vorticity distribution along the DIAL flight track was 
performed using radiosonde data. A high positive correlation was found between the DIAL 0 3 mixing 
ratios and the potential vorticity values in the fold. The average ratio between 0 3 and potential vorticity 
was found to be 50.2 ppbv/10 -5 cm 2 deg g-x s- • in the fold. The decrease in layer thickness, potential 
vorticity, ozone mixing ratio, and aerosol backscatter down the axis of the fold is consistent with a 
convergent entrainment of tropospheric air across both boundaries of the fold and subsequent irrevers- 
ible mixing by small-scale turbulent motions. 

INTRODUCTION 

During April 1984 a series of flight experiments were con- 
ducted over Nevada and California to study tropopause fold 
events (TFE) as part of the NASA Global Tropospheric Ex- 
periment/Chemical Instrument Test and Evaluation Project 
(GTE/CITE). An overview of the GTE/CITE flight experi- 
ments involving the intercomparison of instruments for the 
measurement of CO, NO, and OH on the NASA Ames 
CV-990 is presented by Beck et al. [this issue]. In a simulta- 
neous series of flight experiments, an airborne differential ab- 
sorption lidar (DIAL) system was operated in a nadir mode 
from the NASA Wallops Flight Facility Electra aircraft to 
obtain, by remote measurements, the first distribution of 
ozone (03) and aerosols along a cross section of a tropopause 
fold event. Also included on the Electra were instruments for 

in situ measurements of 0 3, temperature, dew point, and aero- 
sol size distribution and number density. 

On April 20, 1984, a tropopause fold was predicted to devel- 
op beneath the jet stream core over the southwestern United 
States. The Electra was based at Nellis Air Force Base, 
Nevada, to conduct flights of maximum duration in the vicin- 
ity of the expected TFE. Airborne DIAL remote measure- 
ments of 03 and aerosol distributions and in situ measure- 
ments of 0 3, aerosols, temperature, and dew point along a 
cross section of the TFE on April 20, 1984, are presented in 
this paper. The potential vorticity distribution for the same 
atmospheric cross section was derived from radiosonde data, 
and these calculations are compared to 03 distributions 
derived from the airborne DIAL measurements. 
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AIRBORNE DIAL AND IN SITU INSTRUMENTATION 

The airborne lidar system uses the differential absorption 
lidar technique to remotely measure 0 3 profiles along the 
lidar line of sight. The DIAL technique has been used from 
the ground to study 0 3 distributions in the troposphere [Asai 
et al., 1979; Pelon and Megie, 1982] and stratosphere I-Megie 
et al., 1977; Uchino et al., 1980]. The airborne DIAL system 
has made measurements of 0 3 distributions along the aircraft 
flight track in the troposphere [Browell et al., 1983, 1985] and 
lower stratosphere [Browell, 1983]. Two wavelengths in the 
286- to 300-nm spectral region are used by this system in the 
DIAL measurement of 03. Since pulsed lasers are used, the 
profile of 0 3 can be derived from the simultaneous measure- 
ment of lidar signals at a wavelength strongly absorbed by 0 3 
(286 nm) and at a wavelength weakly absorbed by 03 (300 
nm). Browell et al. [1983, 1985] discuss the characteristics of 
the NASA airborne DIAL system and the technique for mea- 
suring 0 3 profiles in the lower atmosphere. Comparisons be- 
tween DIAL and in situ 0 3 measurements have demonstrated 
agreement to within 10% for a DIAL vertical resolution of 
210 m and a 300 laser shot average, which represents a hori- 
zontal resolution of about 6 km. With the above spatial reso- 
lution the DIAL maximum measurement range is restricted to 
within a range of about 5 km from the aircraft for daytime 
measurements in a nadir operating mode. Increasing the 
number of shots averaged and/or the vertical resolution can 
increase the altitude range of the measurement. 

In addition to the two 0 3 DIAL wavelengths, laser wave- 
lengths at 600 and 1064 nm are transmitted simultaneously 
into the atmosphere in order to investigate aerosol distri- 
butions. Lidar returns at these longer wavelengths provide 
greater contrast between aerosol and molecular scattering for 
more sensitive detection of aerosol distributions, and they are 
subject to less atmospheric attenuation from aerosols and 
molecules. The spatial resolution for the airborne DIAL aero- 
sol measurements is 15 m in the vertical and 20 m in the 
horizontal. Aerosol profiles along the lidar line of sight are 
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Stratosphere-to-troposphere transport revealed by ground-based
lidar and ozonesonde at a midlatitude site

Shi Kuang,1 M. J. Newchurch,1 John Burris,2 Lihua Wang,1 Kevin Knupp,1

and Guanyu Huang1
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[1] This paper presents ozone structures measured by a ground-based ozone lidar
and ozonesonde at Huntsville, Alabama, on 27–29 April 2010 originating from a
stratosphere-to-troposphere transport event associated with a cutoff cyclone and tropopause
fold. In this case, the tropopause reached 6 km and the stratospheric intrusion resulted in
a 2-km thick elevated ozone layer with values between 70 and 85 ppbv descending
from the !306-K to 298-K isentropic surface at a rate of !5 km day"1. The potential
temperature was provided by a collocated microwave profiling radiometer. We examine
the corresponding meteorological fields and potential vorticity (PV) structures derived
from the analysis data from the North American Mesoscale model. The 2-PVU (PV unit)
surface, defined as the dynamic tropopause, is able to capture the variations of the
ozone tropopause estimated from the ozonesonde and lidar measurements. The estimated
ozone/PV ratio, from the measured ozone and model derived PV, for the mixing
layer between the troposphere and stratosphere is !41 ppbv/PVU with an uncertainty
of !33%. Within two days, the estimated mass of ozone irreversibly transported from
the stratospheric into the troposphere is between 0.07 Tg (0.9 # 1033 molecules) and
0.11 Tg (1.3 # 1033 molecules) with an estimated uncertainty of 59%. Tropospheric ozone
exhibited enormous variability due to the complicated mixing processes. Low ozone
and large variability were observed in the mid-troposphere after the stratospheric intrusion
due to the westerly advection including the transition from a cyclonic system to an
anticyclonic system. This study using high temporal and vertical-resolution measurements
suggests that, in this case, stratospheric air quickly lost its stratospheric characteristics once
it is irreversibly mixed down into the troposphere.

Citation: Kuang, S., M. J. Newchurch, J. Burris, L. Wang, K. Knupp, and G. Huang (2012), Stratosphere-to-troposphere
transport revealed by ground-based lidar and ozonesonde at a midlatitude site, J. Geophys. Res., 117, D18305,
doi:10.1029/2012JD017695.

1. Introduction

[2] When viewed from a global-scale perspective,
stratosphere-troposphere exchange (STE) is driven by the
Brewer-Dobson circulation with upward motion across the
tropopause at the equator and downward motion in the extra-
tropics. These fluxes, which partly govern the global chemical
transport, significantly affect the radiative forcing associ-
ated with global climate change (for review, see Holton et al.
[1995] and Stohl et al. [2003a]).
[3] The identification of the tropopause is important

because it significantly affects the quantification of the cross-

tropopause air mass flux. Depending on different applica-
tions, there are at least three conventional tropopause defi-
nitions: thermal tropopause, based on temperature lapse rate
[World Meteorological Organization (WMO), 1986]; chemi-
cal tropopause, based on trace gas (e.g., ozone, CO) concen-
tration [Browell et al., 1996], gradient, or both [Bethan et al.,
1996]; and dynamic tropopause, based on certain threshold
of potential vorticity (PV) [Holton et al., 1995]. The WMO
[1986] defines the tropopause as the lowest level at which the
lapse rate decrease to 2 K km"1 or less, and the lapse rates
within the 2-km thick layer from this level do not exceed
2 K km"1. The thermal tropopause is popular because it
represents the chemical transition layer very well in the extra-
tropics [Pan et al., 2004], and can also be easily calculated
with a sounding or model temperature profile. The dynamic
tropopause has an advantage in quantifying the conserva-
tive transport across the tropopause [Dethof et al., 2000]
when it is treated as a material surface. 1.6, 2, or 3.5 PV
unit (PVU = 10"6 K m2 kg"1 s"1) is often chosen as the
threshold [Hoerling et al., 1991; Hoinka, 1998; Wernli and
Bourqui, 2002]. PV is widely used as a stratospheric tracer
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Ground-Based Lidar Studies of Ozone Exchanges 
Between the Stratosphere and the Troposphere 

G. ANCELLET, J. PELON, M. BEEKMANN, A. PAPAYANNIS, AND G. MEGIE 

Service d'A•ronomie du CNRS, Universitf Paris, France 

Ground-based lidar measurements of ozone were conducted at the Observatoii'e de Haute Provence 
(OHP) (44øN, 6øE, 700 m above sea level (asl)) to study ozone exchanges between the stratosphere and 
the troposphere. Three case studies are presented, corresponding to intensive lidar measurements 
obtained during two or three consecutive days within the range 5-11 km. Whenever it was possible, 
additional data such as backward/forward air mass trajectories, synoptic weather maps, and total 
ozone mapping spectrometer (TOMS) maps were also used to obtain a better understanding of the 
ozone increases and to infer the impact of stratospheric air mass at tropospheric level. For the three 
cases, elevated ozone content in the upper troposphere (>80 ppb at 6 kin) corresponded to the passage 
of a frontal system above the OHP. An upper limit of 2.10 33 ozone molecules transferred within the 
frontal zone of a well-developed low is derived for a 2- to 3-day event. This number multiplied by the 
average number of lows gives a coarse estimate 0f the contribution to the annual stratospheric ozone 
outflow in the northern hemisphere (1.5 x 10 36 molecules yr-l). It is smaller than the total outflow 
(3.5-6.1036 molecules yr -1) inferred from previous studies using radioactivity deposition or general 
circulation model, which includes the additional impact of cutoff lows. 

1. INTRODUCTION 

It is now recognized that the distribution of tropospheric 
ozone results from both the exchange between the strato- 
sphere and the troposphere and the photochemical produc- 
tion from carbon monoxide and hydrocarbon oxidation in 
the troposphere. In the northern hemisphere the main sinks 
in the ozone budget are a ground destruction rate of 17.10 •0 
molecules cm -2 s -• [Fishman, 1985] and a net photochem- 
ical destruction of 7.10 •ø molecules cm -2 s -• [Crutzen, 
1988]. A stratospheric downward flux of 4-8.10 •ø molecules 
cm -2 s -• [Danielsen and Mohnen, 1977; Gidel and Shapiro, 
1980] is generally assumed, and from mass balance consid- 
eration one may compute an overall photochemical produc- 
tion of 16-20.10 •ø molecules cm -2 s -• . It is clear that the 
variability in the stratospheric contribution and the uncer- 
tainties in the ozone exchange estimate are still too large to 
provide a reliable constraint on the photochemical produc- 
tion estimate. 

Exchange processes at middle and high latitudes involve 
both large scale atmospheric motions which increase the 
downward slope of isentropic surfaces and small scale 
motions wh{ch lead to the mixing of stratospheric and 
tropospheric air [Keyser and Shapiro, 1986]. Upper tropo- 
spheric frontal zones were extensively studied using synop- 
tic scale radiosonde observations, aircraft in situ measure- 
ments, and two- Or three-dimensional dynamical models 
[Danielse n et al., 1970; Shapiro, 1978; Danielsen et al., 
1987]. In these studies it was shown that the stratospheric 
downward flux at middle latitude can produce large input of 
ozone on a short time scale (6 hours). The general goals of 
stratosphere/troposphere exchange studies were then, on 
one hand, to assess the global impact of such contributions 
to the ozone budget and, on the other hand, to accurately 
parameterize these processes in regional scale photochemi- 
cal models. New developments in this field are related to 
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new observations with an emphasis on remote sensing 
techniques. While satellite instruments may be able to detect 
stratospheric inputs [Shapiro et al., 1982; Tournadre, 1984], 
their spatial resolution is not sufficient to quantitatively 
study the exchange processes themselves. 

Ground-based [Pelon and M•gie, 1982] or airborne [Brow- 
ell et al., 1983] lidar instruments have been developed during 
the last 10 years, allowing a new insight into the relatively 
small scale phenomena associated with stratosphere- 
troposphere exchanges. Their high spatial resolution is par- 
ticularly well adapted to the vertical scale of sui•h events (<1 
km), and the measurement temporal continuity leads to 
observations during long time periods compatible with the 
horizontal scale of a few hundred kilometers characteristic 
of frontal systems. An airborne lidar makes possible the 
tracking of the transfer zone as it evolves and provides a 
complete description of the air mass, provided that in situ 
measurements of ozone and kinetic parameters are available 
on a time scale smaller than 1 s [Browell et al., 1987]. In the 
case of a ground-based lidar the fixed location of the observ- 
ing station implies that the descriptiori of ozone transfer 
within a front is dependent on the position and motion of the 
frontal zone with respect to the observation site. Therefore 
only a transverse cross section of the frontal system can be 
studied in detail. Nevertheless, ground-based stations pro- 
vide continuous monitoring throughout the year to improve 
statistical studies of the stratospheric air transfer to the 
troposphere. 

In this paper we present studies of ozone variations 
associated to stratosphere/troposphere exchange processes 
which were observed at the Observatoire de Haute Provence 
(OHP) (44øN, 6øE, 700 m above sea level (asl)). Two different 
Ozone lidars were used to collect these data, and the instru- 
ments are briefly described in section 2. The goal of the 
paper is to present several case studies showing different 
aspects of stratospheric ozone inputs with a simple descrip- 
tion of the meteorological context. Examples of ozone 
transfers from the stratosphere are then described using lidar 
data, air mass trajectories, and large scale ozone distribution 
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High-Resolution Lidar Measurements of Stratosphere–Troposphere Exchange
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Fraunhofer-Institut für Atmosphärische Umweltforschung, Garmisch-Partenkirchen, Germany
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ABSTRACT

The tropospheric ozone lidar at the Fraunhofer-Institut für Atmosphärische Umweltforschung has been up-
graded for measurements in an extended range with high accuracy (mostly 5%), high vertical resolution (50–
500 m within the troposphere), and under automatic control. The operating range is now from 0.15 to about 16
km, the upper limit varying by 62 km depending on the average ozone density in the troposphere. Routine
measurements were resumed in January 1996. The current research efforts are concentrated mainly on an optimum
observational coverage of tropopause folds and on evaluating more details of stratosphere–troposphere exchange.
Ozone tongues associated with tropopause folds may be as narrow as 300 m. Their detection and correct analysis
greatly benefits from the improved instrumental performance of the lidar. From the data acquired during the
first 23 months of this project it is concluded that roughly 98% of the stratospheric air intrusions reach the
Zugspitze summit station (2962 m above sea level). Many of the examples of stratospheric intrusions show
pronounced secondary ozone maxima in the upper troposphere starting a few hours to one day after the subsidence
of a tropopause fold and have been tracked with the lidar under automatic control for up to four consecutive
days. More work is needed to understand and to analyze the contribution of these ozone structures to the overall
downward flux during such an episode.

1. Introduction
The increase of the tropospheric ozone concentration

has been the topic of numerous investigations during
the past years (see, e.g., Logan 1985; TOR 1997; Olt-
mans et al. 1998). By the end of the last century the
ozone mixing ratio near the ground was of the order of
10–15 ppb (Volz and Kley 1988). Present-time data in
rural regions of Central Europe exhibit a pronounced
summer maximum with monthly mean values near 60
ppb (Scheel et al. 1997). It is obvious that this increase
is to a large extent man made. In order to quantify the
anthropogenic part of the tropospheric ozone budget one
needs to determine also the actual natural ozone pro-
duction and its consequences for the distribution of O3.
Various nonanthropogenic mechanisms may contribute.
Still, stratosphere–troposphere exchange is considered
to be one of the most significant sources of tropospheric
ozone. The downward transport of stratospheric ozone
is still just partially evaluated and is, thus, in the focus
of current research interest.
The ozone input from the stratosphere may be most

clearly discerned in the free troposphere where short-
term variations occur less frequently than in the bound-
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ary layer. Just a few stratospheric air intrusions have so
far been verified to proceed all the way down to the
ground (see, e.g., Davies and Schuepbach 1994). Be-
tween 1980 and 1982 a total of 1990 vertical profiles
of ozone have been measured by Fraunhofer-Institut für
Atmosphärische Umweltforschung (IFU) researchers
with the Eibsee-Zugspitze cable car [990–2950 m above
mean sea level (MSL)]. These data, together with long-
term ozone measurements at the Wank and Zugspitze
summits and and 7Be measurements at the Zugspitze
station did not reveal any significant intrusion to heights
below 1400–1600 m MSL (Reiter 1990).
It is assumed that tropopause folds are most efficient

in transporting ozone from the stratosphere down into
the troposphere (see, e.g., Price and Vaughan 1993).
Estimates of the downward flux in tropopause folds have
been provided by various authors. The latest value for
the Northern Hemisphere, 6.5 3 1010 cm22 s21, based
on a common analysis within the TOR (Tropospheric
Ozone Research) subproject of EUROTRAC (TOR
1997), has been published by Beekmann et al. (1997a)
and Beekman et al. (1997b). This value agrees well with
the ‘‘classical’’ value of Danielsen and Mohnen (1977)
of 7.8 3 1010 cm22 s21, but still has an uncertainty of
the order of 50%. The TOR analysis is derived from
long-term vertical sounding at Uccle (Belgium) and
Haute Provence (France) as well as on model calcula-
tions at the University of Cologne (Germany). It yields
a more or less constant folding frequency over the year,
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Observations of Streamers in the Troposphere
and Stratosphere Using Ozone Lidar
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Abstract. We describe here a DIAL lidar system for atmospheric ozone measurements at Aberys-
twyth, Wales, together with a method for deriving a stratospheric ozone profile from a single laser
wavelength. Lidar measurements are used to depict the passage of three mesoscale ozone disturb-
ances in the troposphere and stratosphere. In the troposphere, two small fold-like structures are
shown beneath and at the edge of streamers of high potential vorticity in ECMWF analyses. MST
radar measurements at the same time show that one of these folds was actively turbulent, causing
mixing of stratospheric and tropospheric air. In the stratosphere, a streamer of low-latitude air drawn
into a filament by a breaking Rossby wave event was observed crossing the lidar site.

Key words: ozone, lidar, tropopause fold, streamer.

1. Introduction

The exchange of air between the troposphere and stratosphere is an important, and
poorly-understood process that influences the chemical composition of these two
atmospheric regions. Stratospheric air is dry and rich in ozone and NOy while
tropospheric air contains less ozone but is moist and contains high concentrations
of hydrocarbons, CO and other species of surface origin. Mixing of stratospheric air
into the troposphere accelerates chemical processes through enhanced production
of the OH radical in ozone-rich moist air, while mixing of tropospheric air into
the lowermost stratosphere dilutes the ozone that is there and introduces water to a
hitherto very dry region.
The mechanisms by which stratospheric air mixes into the troposphere are com-

plex. Tropopause folds have long been known to form in the baroclinic zones
beneath the polar jetstreams (e.g., Danielsen, 1968) and have also been found
beneath the sub-tropical (Gouget et al., 1996) and Arctic (Shapiro et al., 1987)
jetstreams. However, folds are not confined to strong jetstreams. The morphology
of the tropopause is continuously distorted by baroclinic waves, with basins and
streamers of stratospheric air being drawn isentropically equatorward away from
the polar reservoir behind cold fronts (Appenzeller and Davies, 1992). Streamers
of high potential vorticity are unstable to dynamical instabilities and tend to roll up
into small vortices away from the main polar jetstream; this process is well cap-
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Observations of stratosphere-to-troposphere transport events

over the eastern Mediterranean using a ground-based lidar system
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[1] In order to cover a substantial amount of stratospheric intrusions during the project
Influence of Stratosphere-Troposphere Exchange in a Changing Climate on Atmospheric
Transport and Oxidation Capacity (STACCATO), coordinated measurements were carried
out at several locations in central and southern Europe, based on quasi-operational
stratosphere-troposphere exchange forecasts. In this context, lidar measurements of
tropospheric ozone were performed at Thessaloniki (23!E, 40.5!N), Greece, for the
investigation of stratosphere-to-troposphere transport (STT) events over the southeastern
Mediterranean region, during 2000–2002. The study of STT in this area is of particular
interest not only because of its geographic location, which is more southern than the
typical position of the polar front jet, but also because of the sparseness of detailed studies in
this area. A summary of themain characteristics of the STTevents that were detected by lidar
during the investigation period reveals a tropospheric ozone increase of the order of 10%
between 4.5 and 6.5 km above sea level, a coincident decrease in relative humidity, and
elevated values of potential vorticity, thus providing a direct indication of the occurrence of
stratospheric air in the middle troposphere. No direct effect on surface ozone was recorded.
Furthermore, the majority of the STT cases detected reveal a common pathway of the
stratospheric air masses that reached Thessaloniki originating from the North Sea. In
addition, the event of 9 January 2001, during which the clearest and strongest descent
of stratospheric air occurred, is further analyzed. An ozone-rich layer of the order of
60–90 ppbv between 5 and 6.5 km above sea level is clearly depicted, which was the
result of the intermixture of originally stratospheric and boundary layer air originating
from North America. INDEX TERMS: 3362 Meteorology and Atmospheric Dynamics: Stratosphere/
troposphere interactions; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport
and chemistry; 0365 Atmospheric Composition and Structure: Troposphere—composition and chemistry;
0341 Atmospheric Composition and Structure: Middle atmosphere—constituent transport and chemistry
(3334); 3329 Meteorology and Atmospheric Dynamics: Mesoscale meteorology; KEYWORDS: stratospheric
intrusions, STT, lidar, ozone profiles, eastern Mediterranean
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1. Introduction

[2] The increase of tropospheric ozone concentration has
been the topic of numerous investigations during the past
years [e.g., Bojkov, 1986; London and Liu, 1992; Logan,
1994; De Muer et al., 1995; Oltmans et al., 1998] as it is

considered to be extensively influenced by human activities.
Analysis of near-surface ozone data, mainly in the Northern
Hemisphere, has shown in many cases episodes of high
ozone concentrations, which can either, result from local or
long-range transport mechanisms, or be of stratospheric
origin. In the latter case, stratospheric air can get irrever-
sibly mixed into the troposphere and thus cause an increase
even of surface concentrations after isentropic transport
across the tropopause. Such transport is usually followed
by non-conservative processes such as diabatic cooling or
heating and small-scale turbulent mixing along the surface
of the intruded stratospheric filaments [Holton et al., 1995].
[3] In order to assess the anthropogenic component of

tropospheric ozone budget the nature of stratosphere-to-
troposphere transport (STT) processes, considered to be also
a significant source of tropospheric ozone, must be well
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Characterizing the lifetime and occurrence of stratospheric-
tropospheric exchange events in the rocky mountain
region using high-resolution ozone measurements

John T. Sullivan1,2, Thomas J. McGee1, Anne M. Thompson3, R. Bradley Pierce4, Grant K. Sumnicht5,
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Abstract The evolution of a Stratospheric-Tropospheric Exchange (STE) event from 4 to 8 August 2014
at Fort Collins, Colorado, is described. The event is characterized with observations from the Goddard Space
Flight Center TROPospheric OZone (TROPOZ) Differential Absorption Lidar, the University of Wisconsin
High Spectral Resolution Lidar, and multiple ozonesondes during NASA’s Deriving Information on Surface
Conditions from Column and Vertically Resolved Observations Relevant to Air Quality and the Front Range
Air Pollution and Photochemistry Experiment (FRAPPE) campaigns. Based on the extended TROPOZ
observations throughout the entire campaign, it was found that STE events have largely contributed to an
additional 10–30 ppbv of ozone at Fort Collins. Additional measurements of ozone and relative humidity
from the Atmospheric Infrared Sounder are characterize the transport of the intrusion. The Real-time Air
Quality Modeling System simulated ozone agrees well with the TROPOZ ozone concentrations and altitude
during the STE event. To extend the analysis into other seasons and years, the modeled ozone to potential
vorticity ratio is used as a tracer for stratospheric air residing below the tropopause. It is found that at Fort
Collins, CO, and depending on season from 2012 to 2014, between 18 and 31% of tropospheric ozone
corresponds to stratospheric air. A relationship to determine the lifetime of stratospheric air below the
tropopause is derived using the simulated ratio tracer. Results indicate that throughout summer 2014,
43% of stratospheric air resided below the tropopause for less than 12 h. However, nearly 39% persisted
below the tropopause for 12–48 h and likely penetrated deeper in the troposphere.

1. Introduction

Intrusions of stratospheric air into the troposphere and tropopause folds are typically prompted by upper
level synoptic meteorology such as baroclinic waves and upper level frontogenesis in the jet stream region
[Danielsen, 1968]. The frontogenetically induced ageostrophic cyclonic circulation forces stratospheric air
down into the troposphere, resulting in a folding of the tropopause [Beekmann et al., 1997]. For the midlat-
itude Rocky Mountain region, stratosphere-troposphere exchanges (STE) and tropopause folds are typically
induced by the formation of an upper level cutoff low-pressure system and its associated trough in the
presence of a polar front or subtropical jet stream [Langford, 1999].

During STE and tropopause fold events, cold, dry, and ozone-rich air are mixed down, sometimes irreversibly,
from the stratosphere into the upper free troposphere. If the stratospheric intrusion is dynamic enough,
it may transport ozone-rich air directly into the boundary layer [Davies and Schuepbach, 1994]. Because
deeper intrusions often reside in the troposphere below the climatological tropopause for a longer duration
[Stohl et al., 2003], it is important to quantify the seasonal occurrence of STE events, as well as their lifetime.

Several measurements have been made in instances directly involved in STE events or tropopause folds
in the Northern Hemisphere in winter [Rao et al., 2003], spring [Browell et al., 1987; Kuang et al., 2012], fall
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Key Points:
• A summertime Rocky Mountain

STE event has been illustrated with
high-resolution measurements

• A 10–30 ppbv increase in
tropospheric ozone at Fort Collins,
CO, is related to stratospheric air

• Stratospheric air is responsible for
18–31% of tropospheric ozone at Fort
Collins during 2012–2014
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An overview of the 2013 Las Vegas Ozone Study (LVOS): Impact of
stratospheric intrusions and long-range transport on surface air
quality
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h i g h l i g h t s

! Stratosphere-to-troposphere transport (STT) significantly impacts surface O3 in the intermountain west.
! STT can directly lead to exceedances of the 2008 ozone NAAQS during springtime.
! STT influences background surface O3 more than long-range transport from Asia.
! With a 65 ppbv standard, exceedances may be too frequent to treat as “exceptional events” in the intermountain west during springtime.
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a b s t r a c t

The 2013 Las Vegas Ozone Study (LVOS) was conducted in the late spring and early summer of 2013 to
assess the seasonal contribution of stratosphere-to-troposphere transport (STT) and long-range
transport to surface ozone in Clark County, Nevada and determine if these processes directly
contribute to exceedances of the National Ambient Air Quality Standard (NAAQS) in this area. Sec-
ondary goals included the characterization of local ozone production, regional transport from the Los
Angeles Basin, and impacts from wildfires. The LVOS measurement campaign took place at a former
U.S. Air Force radar station ~45 km northwest of Las Vegas on Angel Peak (~2.7 km above mean sea
level, asl) in the Spring Mountains. The study consisted of two extended periods (May 19eJune 4 and
June 22e28, 2013) with near daily 5-min averaged lidar measurements of ozone and backscatter
profiles from the surface to ~2.5 km above ground level (~5.2 km asl), and continuous in situ mea-
surements (May 20eJune 28) of O3, CO, (1-min) and meteorological parameters (5-min) at the surface.
These activities were guided by forecasts and analyses from the FLEXPART (FLEXible PARTticle)
dispersion model and the Real Time Air Quality Modeling System (RAQMS), and the NOAA Geophysical
Research Laboratory (NOAA GFDL) AM3 chemistry-climate model. In this paper, we describe the LVOS
measurements and present an overview of the results. The combined measurements and model an-
alyses show that STT directly contributed to each of the three O3 exceedances that occurred in Clark
County during LVOS, with contributions to 8-h surface concentrations in excess of 30 ppbv on each of
these days. The analyses show that long-range transport from Asia made smaller contributions
(<10 ppbv) to surface O3 during two of those exceedances. The contribution of regional wildfires to
surface O3 during the three LVOS exceedance events was found to be negligible, but wildfires were
found to be a major factor during exceedance events that occurred before and after the LVOS
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E-mail address: andrew.o.langford@noaa.gov (A.O. Langford).

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv

http://dx.doi.org/10.1016/j.atmosenv.2014.08.040
1352-2310/Published by Elsevier Ltd.

Atmospheric Environment 109 (2015) 305e322

2015

2016

2012

France

Germany

Greece

Colorado

Wales

Alabama (TOLNet)

Colorado (TOLNet)

Nevada (TOLNet)



Tropopause folds 101

• Primarily develop during cyclogenesis (spin up or re-
intensification of midlatitude cyclones).

• Occur year round, but most common fall-to-spring.

• Greatest impact on tropospheric O3 in springtime
(more O3 in the lower stratosphere).

• ENSO creates interannual variability by shifting jet 
stream north or south.

• Most are dissipated in the free troposphere and add 
to regional and hemispheric background.

• Deep intrusions (i.e. <3 km) may affect surface 
concentrations.
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How does UTLS air get to the surface?

Johnson and Viezee Atmos. Environ. 1980

Mixed layer 
entrainment

Descent 
behind 
cold fronts

Dissipation 
in FT

Convective
downdrafts

“Deep” intrusions can directly affect the surface



2001 Lefohn et al. Frequent occurrences of 50–60 ppbv at remote northern
U.S. sites in spring are of stratospheric origin, implying that
current O3 standard (0.08 ppmv) may be unattainable.

2002/3 Fiore et al. GEOS-Chem model shows stratospheric contribution
to surface O3 is <2 ppbv in summer and always ≤20 ppbv.

2009 Langford et al. Exceedances of the 85 ppbv NAAQS directly caused by
descent of UTLS air to the surface in Denver (May 1999).

2012 Lin et al. GFDL-AM3 model shows 22�12 ppbv mean stratospheric 
contributions in Western U.S. during spring 

2014 Zhang et al. Updated GEOS-Chem model shows 8-10 ppbv in Western U.S. 
during spring

2015 Langford et al. Stratospheric intrusions cause 3 exceedances of the 75 ppbv
NAAQS in Las Vegas during LVOS (May - June 2013).

How much does STT impact surface O3 in U.S.?



…as the primary O3 NAAQS has decreased
In 1971, the U.S. Environmental Protection Agency (EPA) promulgated 
National Ambient Air Quality Standards (NAAQS) to protect the public 
health and welfare from adverse effects of photochemical oxidants.

1971 0.08  ppmv (85 ppbv) 1-h
1979 0.12  ppmv (125 ppbv) 1-h
1997 0.08  ppmv (85 ppbv) 8-h
2008 0.075 ppmv (75 ppbv) 8-h
2015 0.070 ppmv (70 ppbv) 8-h

Compliance based on the 3-y average 
of the 4th highest MDA8* (Design Value)

*Exceptional Events Rule can be invoked to exclude high values caused by 
stratospheric intrusions, wildfires, or other factors outside of local control

Potential impact of STT on Air Quality has increased



Other ways stratospheric intrusions can affect 
surface ozone

• Transport O3-rich air directly from the UTLS to the surface (Colorado).

• Transport O3-rich air from the UTLS to the lower free troposphere  
followed by boundary layer entrainment (Las Vegas).

• Transport O3-rich pollution plumes mingled with the dry airstream (Las 
Vegas).

• Allow locally-produced O3 to accumulate by capping the mixed layer (Las 
Vegas, Houston).

• Create strong, dry winds that foster the spread of wildfires and associated 
O3 production (Los Angeles, Las Vegas). 

• Transport O3-rich air directly from the UTLS to the surface in polluted 
areas (Los Angeles, San Joaquin Valley).

• Redistribute locally-formed O3 by reinforcing or cancelling local circulation 
patterns (Sacramento Valley).
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Stratospheric influx balanced by surface 
deposition (Junge 1962)

12 I October 2008 I Ground-level ozone in the 21st century The Royal Society

The first regime (regime I: Figure 3.2 and 3.3) corresponds to 
remote regions of the atmosphere, such as the South Pacific 
Region which have very low NOX levels (less than 20 parts per 
trillion (ppt) NOX), and is characterised by net O3 removal. The 
reactions of OH with CH4 and CO lead to the formation of the 
peroxy radicals, CH3O2 and HO2, which are removed by their 
mutual reactions to form methyl hydroperoxide, CH3OOH,
and hydrogen peroxide, H2O2:

CH3O2  HO2  CH3OOH  O2 (5)

HO2  HO2  H2O2  O2 (6)

This chemistry constitutes a loss process for O3, because the 
reaction sequence was initiated by O3 photolysis (reaction (1)). 
Some additional O3 removal also occurs because HO2 radicals 
can react with O3,

HO2  O3  OH  2O2 (7)

leading to the regeneration of OH radicals as part of an O3

depleting OH–HO2 inter-conversion cycle (see Figure 3.2, 
regime I).

As demonstrated in Figure 3.3, the chemistry in regime I leads 
to comparatively small O3 loss rates. However, this has an 
important global impact because it applies to a large 
proportion of the troposphere. More rapid O3 depletion rates 

can occur at specific locations, as a result of chemical cycles 
involving halogen atoms and radicals. This is described below 
in section 3.3.1.

The second regime (regime II: Figures 3.2 and 3.3) is 
characterised by net O3 formation, the rate of which increases 
with increasing NOX concentrations and corresponds to the 
rural areas of most industrialised countries. The reactions 
of the peroxy radical intermediates with NO result in the 
conversion of NO to NO2 (reactions (8) and (9)) with the 
subsequent photolysis of NO2 generating O3 (reaction (10) 
followed by reaction (4)):

CH3O2  NO  CH3O  NO2 (8)

HO2  NO  OH  NO2 (9)

NO2  h  NO  O(3P) (10)

As shown in Figure 3.2 reactions (8) and (9) form part of 
the free-radical propagated O3 forming cycles, which may 
occur a number of times before being halted by a radical 
termination reaction. Under the prevailing conditions (ie 
regime II), NOX levels remain sufficiently low that peroxide 
formation via reactions (5) and (6) continues to be the 
major radical sink. Ozone formation in this regime is often 
referred to as ‘NOX limited’ or ‘NOX sensitive’, because the 

Figure 3.1  A schematic view of the sources and sinks of O3 in the troposphere. Annual global fluxes of O3 calculated using a 
global chemistry–transport model have been included to show the magnitudes of the individual terms. These fluxes include 
stratosphere to troposphere exchange, chemical production and loss in the troposphere and the deposition flux to terrestrial and
marine surfaces. Data source: IPCC Fourth Assessment Report Working Group I Report “The Physical Science Basis“ (Denman et 
al. 2007).
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Some History…
1992 Follows O3 originating in the stratosphere composes less than 5%

and Austin of zonally averaged O3 near the surface.

2001 Lefohn et al. frequent occurrences of 50–60 ppbv at remote northern

U.S. sites in spring are of stratospheric origin, implying that

current O3 standard (0.08 ppmv) may be unattainable.

2002 Fiore et al. GEOS-Chem model estimates stratospheric contribution

to surface O3 is <2 ppbv in summer.

2003 Fiore et al. GEOS-Chem model estimates stratospheric contribution

to surface O3 is usually <10 ppbv and always <20 ppbv.



Net photochemical production and 
stratospheric influx similar (2008)
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In the beginning…

Ozone (from ozein, Greek for "to smell")

Schönbein 1840



In the beginning…

It has commonly been assumed that almost all of the ozone in 
the troposphere is of stratospheric origin, that no significant 
production or destruction of ozone can take place within the 
troposphere, and that ozone is destroyed mainly by contact 
with the material of the earth's surface. (Crutzen 1974)

Schönbein 1840



Tongue of dry, ozone-rich UTLS air with high static stability

1968

Stratosphere-to-Troposphere Transport (STT) 
by tropopause folding



Tongue of dry, ozone-rich UTLS air with high static stability

1968

Stratosphere-to-Troposphere Transport (STT) 
by tropopause folding



Schematic view of tropopause fold (Danielsen 1964)

Project Springfield Report (1964)

UTLS air descends on flank 
of upper level low and wraps 
anticyclonically around 
trailing surface high 

Early research motivated by concern about radioactive fallout
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Stratosphere-troposphere transport (STT)

“To be as consistent as possible with previous 
nomenclature while removing ambiguities, we 
propose that STE should refer to exchange in both 
directions in the most general sense, whereas 
stratosphere-to-troposphere transport (STT) and 
troposphere-to-stratosphere transport (TST) should 
be used to refer specifically to one-way transport.”

Stratosphere-troposphere exchange: A review, and what we have

learned from STACCATO

A. Stohl,1 P. Bonasoni,2 P. Cristofanelli,2 W. Collins,3 J. Feichter,4 A. Frank,5 C. Forster,1

E. Gerasopoulos,6 H. Gäggeler,7 P. James,1 T. Kentarchos,8 H. Kromp-Kolb,5 B. Krüger,5

C. Land,4 J. Meloen,9 A. Papayannis,10 A. Priller,11 P. Seibert,5 M. Sprenger,12

G. J. Roelofs,8 H. E. Scheel,13 C. Schnabel,7 P. Siegmund,9 L. Tobler,7 T. Trickl,13

H. Wernli,12 V. Wirth,14 P. Zanis,6 and C. Zerefos6

Received 29 April 2002; revised 13 December 2002; accepted 14 January 2003; published 10 May 2003.

[1] This paper provides a review of stratosphere-troposphere exchange (STE), with a
focus on processes in the extratropics. It also addresses the relevance of STE for
tropospheric chemistry, particularly its influence on the oxidative capacity of the
troposphere. After summarizing the current state of knowledge, the objectives of the
project Influence of Stratosphere-Troposphere Exchange in a Changing Climate on
Atmospheric Transport and Oxidation Capacity (STACCATO), recently funded by the
European Union, are outlined. Several papers in this Journal of Geophysical Research–
Atmospheres special section present the results of this project, of which this paper gives an
overview. STACCATO developed a new concept of STE in the extratropics, explored the
capacities of different types of methods and models to diagnose STE, and identified their
various strengths and shortcomings. Extensive measurements were made in central
Europe, including the first monitoring over an extended period of time of beryllium-10
(10Be), to provide a suitable database for case studies of stratospheric intrusions and for
model validation. Photochemical models were used to examine the impact of STE on
tropospheric ozone and the oxidizing capacity of the troposphere. Studies of the present
interannual variability of STE and projections into the future were made using reanalysis
data and climate models. INDEX TERMS: 0341 Atmospheric Composition and Structure: Middle
atmosphere—constituent transport and chemistry (3334); 0368 Atmospheric Composition and Structure:
Troposphere—constituent transport and chemistry; 3362 Meteorology and Atmospheric Dynamics:
Stratosphere/troposphere interactions; KEYWORDS: Brewer-Dobson circulation, trajectories, Lagrangian
model, reanalysis, tropopause

Citation: Stohl, A., et al., Stratosphere-troposphere exchange: A review, and what we have learned from STACCATO, J. Geophys.
Res., 108(D12), 8516, doi:10.1029/2002JD002490, 2003.

1. Stratosphere-Troposphere Exchange:
A Review
1.1. Tropopause

[2] The troposphere and the stratosphere have fundamen-
tally different characteristics (e.g., static stability, chemical
composition) and, thus, air mass exchange between these

two regions of the atmosphere is of great interest. They are
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E. Gerasopoulos,6 H. Gäggeler,7 P. James,1 T. Kentarchos,8 H. Kromp-Kolb,5 B. Krüger,5
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[1] This paper provides a review of stratosphere-troposphere exchange (STE), with a
focus on processes in the extratropics. It also addresses the relevance of STE for
tropospheric chemistry, particularly its influence on the oxidative capacity of the
troposphere. After summarizing the current state of knowledge, the objectives of the
project Influence of Stratosphere-Troposphere Exchange in a Changing Climate on
Atmospheric Transport and Oxidation Capacity (STACCATO), recently funded by the
European Union, are outlined. Several papers in this Journal of Geophysical Research–
Atmospheres special section present the results of this project, of which this paper gives an
overview. STACCATO developed a new concept of STE in the extratropics, explored the
capacities of different types of methods and models to diagnose STE, and identified their
various strengths and shortcomings. Extensive measurements were made in central
Europe, including the first monitoring over an extended period of time of beryllium-10
(10Be), to provide a suitable database for case studies of stratospheric intrusions and for
model validation. Photochemical models were used to examine the impact of STE on
tropospheric ozone and the oxidizing capacity of the troposphere. Studies of the present
interannual variability of STE and projections into the future were made using reanalysis
data and climate models. INDEX TERMS: 0341 Atmospheric Composition and Structure: Middle
atmosphere—constituent transport and chemistry (3334); 0368 Atmospheric Composition and Structure:
Troposphere—constituent transport and chemistry; 3362 Meteorology and Atmospheric Dynamics:
Stratosphere/troposphere interactions; KEYWORDS: Brewer-Dobson circulation, trajectories, Lagrangian
model, reanalysis, tropopause
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1973 Altmannspacher 415 ppbv O3 (10 min) Hohenpeissenberg (1 km asl)

and Hartmanngruber

1977 Lamb 200-230 ppbv (1-h) Santa Rosa, CA (0 km asl)

1981 Haagenson et al. >200 ppbv of O3 Denver, CO (1.6 km asl)

Examples of high ozone attributed to UTLS air 

reaching the surface


