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Abstract. We present ozone measurements of the Global At-
mospheric Sampling Program (GASP) performed from four
commercial and one research aircraft in the late 1970s. The
GASP quality assurance and control program was reviewed,
and an ozone climatology of the upper troposphere and lower
stratosphere (UT/LS) of the years 1975–1979 was built. The
data set was estimated to have an overall uncertainty of 9%
or 3 ppb whichever is greater for the first two years and 4%
or 3 ppb for the remaining years, i.e. after implementation
of silicone rubber membranes in the pumps. Two cases of
nearly coincident flights of two GASP airliners along the
same flight route, and the comparison with independent ob-
servations from the literature, including ozonesondes and air-
craft campaigns, indicate that the ozone measurements are of
high quality. The UT/LS climatology of the GASP data set
is in general agreement with that derived from MOZAIC in
the 1990s in regions covered by both programmes. GASP
provides unique large-scale climatological information on
UT/LS ozone above the northern hemisphere Pacific re-
gion, which is not covered by MOZAIC. There, the GASP
climatology confirms several characteristic features derived
from individual research aircraft campaigns and from ozone
soundings. In particular, summertime ozone in the UT over
the midlatitude eastern Pacific Ocean was significantly lower
in the 1970s than over the American continent. The generally
lower ozone concentrations in the tropics near the dateline as
compared to farther east are indicative of convective uplifting
of ozone poor air from the marine boundary layer.

Correspondence to: C. Schnadt Poberaj
(christina.schnadt@env.ethz.ch)

1 Introduction

Ozone is one of the key trace constituents in the atmosphere.
It absorbs solar ultraviolet (UV) radiation in the stratosphere
protecting the Earth’s surface from UV-B and UV-C radia-
tion. In the troposphere, its photolysis leads to the produc-
tion of the hydroxyl radical (OH), the most important oxi-
dant of tropospheric chemistry. In addition, ozone absorbs
infrared radiation making it an important greenhouse gas.
Changes in stratospheric, UT/LS, and tropospheric ozone
thus alter the radiative balance of the atmosphere leading
to changes in surface temperature. Applying the same per-
centage ozone increase to different altitudes in a radiative-
convective model, Forster and Shine (1997) showed that both
lower stratospheric and tropospheric ozone changes signifi-
cantly contribute to changes in surface temperature, the max-
imum contribution, however, is obtained for an ozone in-
crease applied in the tropopause region. In recent years much
attention has therefore been laid on a better understanding of
UT/LS ozone and the chemical and dynamical processes that
govern its concentration (WMO, 1998; IPCC, 2001).

Information on stratospheric ozone and its changes over
time can be inferred from ground-based total ozone measure-
ments (e.g., WMO, 1999, 2007; Staehelin et al., 2001), and
since 1978, additional information has been available from
quasi-global and almost continuous satellite measurements
providing information on total ozone and the stratospheric
profile. In addition, measurements from regular ozonesondes
have been recording profile information of the troposphere
and the stratosphere below 30 km since the late 1960s (e.g.,
Logan, 1985, 1999). Early ozonesonde profiles, however,
were recorded at only few stations in Europe, Canada, and
Japan, and the data quality of the tropospheric part of these
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profiles is difficult to assess (WMO, 1998). This is especially
true for the 1960s and 1970s, where no comparative measure-
ments have been available so far (Logan et al., 1999). Much
better spatial data coverage is available at cruising altitudes
in the UT/LS through the Measurement of Ozone and Wa-
ter Vapor by Airbus in Service Aircraft Program (MOZAIC)
(Marenco et al., 1998.; Thouret et al., 1998a; Thouret et al.,
2006) since 1994. As a result of the sparsity of measure-
ments before the 1990s, long-term changes of UT/LS ozone
are difficult to assess for large parts of the globe.

In this study, we present an ozone data set collected by the
Global Atmospheric Sampling Program (GASP) in the late
1970s (Falconer and Holdeman, 1976; Nastrom, 1977, 1979)
which provides an unprecedented possibility to obtain infor-
mation on the large-scale climatological ozone distribution in
the UT/LS during that period. Ozone measurements from the
GASP project were carried out on flights of four commercial
B-747 airliners and one research aircraft during the period
1975 to 1979. Ozone data were gathered over large parts
of the subtropical and midlatitude northern hemisphere (NH)
focusing on North America, the Pacific, and the Atlantic re-
gions, but also including some measurements over Europe,
South and East Asia, and Australia. It should be especially
emphasised that GASP provides large-scale coverage above
the Pacific Ocean, a region for which a representative data
set has been missing so far.

This paper is intended to revisit an important and hith-
erto under-utilized data set established in the 1970s. The
paper first describes the GASP measurement system and in-
vestigates some aspects of data quality, which will be impor-
tant for future applications of the data. The paper then fo-
cuses on the climatology of UT/LS ozone established from
the measurements. In addition, it includes a comparison
with MOZAIC measurements to demonstrate the close re-
semblance of the two data sets in terms of vertical profiles,
seasonal cycles and absolute abundances. In a forthcom-
ing companion paper, long-term changes between the late
nineteen seventies and nineteen nineties deduced from the
GASP and MOZAIC data sets will be presented and dis-
cussed in comparison with respective changes obtained from
ozonesonde measurements.

In Sect. 2, the data sets used are described, including a
comprehensive survey of the GASP instrumentation, as well
as of the quality assurance and control procedures manage-
ment. Section 3 presents the applied method of data anal-
ysis. In Sect. 4, the GASP ozone climatology is discussed
including vertical profiles (Sect. 4.1), seasonality of upper
tropospheric ozone in specific regions of the northern hemi-
sphere (Sect. 4.2), and a specific climatology over the Pacific
(Sect. 4.3). Finally, Sect. 5 contains the summary and con-
clusions.

2 Data

2.1 The Global Atmospheric Sampling Program (GASP)

From 1975 to 1979, the National Aeronautics and Space
Administration (NASA) conducted the Global Atmospheric
Sampling Program (GASP). The aim was “to measure the
temporal and spatial distribution of particulate and gaseous
constituents related to aircraft engine emissions in the up-
per troposphere and lower stratosphere” (Perkins and Reck,
1973). While a large number of NASA reports document the
GASP program and present some aspects of UT/LS ozone
(e.g., Falconer et al., 1978, 1983; Gauntner et al., 1977; Fal-
coner and Pratt, 1979; Holdeman and Nastrom, 1981b; avail-
able athttp://ntrs.nasa.gov/search.jsp), only few results were
published in refereed scientific journals (Falconer and Holde-
man, 1976; Nastrom, 1977, 1979) and none of these provided
a comprehensive climatology of ozone.

Four in-service B-747 of United Airlines (1), Pan Am
(2) and Qantas (1), as well as the NASA CV-990 research
aircraft were equipped with identical automated instrument
platforms to measure ozone, aerosols, condensation nuclei,
water vapour, and carbon monoxide. Whereas the quality
of the condensation nuclei measurements was assessed to be
questionable and the carbon monoxide data overlaid with in-
strument noise (Wozniak, 1997), GASP ozone was consid-
ered more reliable in the same study. For this reason, we
focus on the ozone measurements and will, in the following
sections, show that the data are indeed of high quality.

Data are available from March 1975 to June 1979 when
the funding for the program was cut. Altogether, the GASP
period contains 6149 measurement flights. The overwhelm-
ing part of data were collected by the two Pan Am N655PA
and N533PA (28% and 34%, respectively), the UAL (24%),
and the QANTAS aircraft (14%). Only a minor contribu-
tion of data stems from the NASA CV-990 aircraft (0.2%).
The latter data were gathered on 11 measurement flights
across the Pacific and south of Australia as part of the Lati-
tude Survey Mission in November 1976, which aimed at de-
tecting ozone in the stratosphere radiometrically (Lange et
al., 1981, see http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.
gov/198100200741981020074.pdf). As the aim of the pro-
gram was to monitor the UT/LS region, measurements were
carried out in the middle and upper troposphere and the lower
stratosphere at altitudes between 6 and 13.7 km. The pro-
gram mostly covered the North Atlantic and Pacific Oceans,
as well as the North American continent, but also to a lesser
extent Europe (Fig. 1a). A smaller number of flights went
to destinations in India, Singapore, Australia, New Zealand,
and also to Rio de Janeiro and Sao Paulo in South Amer-
ica. The altitude range of GASP measurements is given
in Table 1: most of the data were sampled at the standard
flight levels 196 hPa (15.9%), 216 hPa (20.9%), and 238 hPa
(19.3%). For comparison, Fig. 1b shows the coverage of
flights from the MOZAIC program (note the different colour
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Fig. 1. Number of measurements and distribution of flight routes for
the (a) GASP and(b) MOZAIC aircraft programs. Measurements
counted over a 5◦×5◦ grid during (a) 1975–1979 and (b) 1994–
2001. Note the different colour scales for GASP and MOZAIC
flight routes. MOZAIC colour scale needs to be multiplied by 1000
to obtain number of measurements.

scaling) based from Europe, but with large areas of spatial
overlap with GASP.

2.1.1 The GASP system and ozone monitor

The sample-collecting system consisted of two air-sampling
inlets in a single strut mounted outside the aircraft near the
nose. One inlet was designed for near-isokinetic sampling
used for particle measurements, the other inlet served to mea-
sure trace gases. Below 6 km altitude both inlets were closed
and the system switched to standby mode to prevent contam-
ination with polluted air at the ground and in the airport envi-
ronment. To achieve the desired measurement sensitivity and
to minimize leakage of cabin air into the system, the air sam-
ple from the second inlet was pressurized by means of a di-

Table 1. Characteristics of flight levels for GASP and MOZAIC
data. Altitude ranges (hPa) represent predominant flight altitudes.
Standard altitudes (km/kft) (kft=1000 feet) derived from standard
pressure levels using the ICAO standard atmosphere.

% of Data: % of Data: Altitude range Standard level
GASP MOZAIC (hPa)

hPa km kft

4.2 2.8 288–286 287 9.5 31
10.5 12.1 263–259 262 10.1 33
1.3 2.0 250–249 250 10.4 34
19.3 20.8 242–236 238 10.7 35
4.2 4.3 228–226 227 10.9 36
0.1 4.3 223–221 222 11.1 36
20.9 13.7 218–215 216 11.3 37
1.1 4.1 207–204 206 11.6 38
15.9 8.5 198–195 196 11.9 39
7.3 – 180–178 179 12.5 41
1.8 – 163–161 162 13.1 43

aphragm pump to a constant pressure of 0.99±0.02 atm, well
above cabin pressure. In order to minimize ozone destruction
in the sample flow system, all lines were made of Teflon and
the pump diaphragm was covered with a Teflon-impregnated
fibreglass cloth material. The absorption chamber was a
folded-tube arrangement with an effective length of 71 cm.
The tubes were aluminium internally coated with Kynar, and
had quartz windows and mirrors. Here, the main features of
the GASP ozone instrument, the operation and quality assur-
ance and control procedures will be summarised (for more
details see Tiefermann, 1979; PDF available at NASA Tech-
nical Reports Server, http://ntrs.nasa.gov/search.jsp). The in-
strument was a commercially available UV photometer man-
ufactured by Dasibi Environmental Corporation, which mea-
sured in the range of 3 to 1000 ppbv. To meet airline safety
standards and environmental requirements and to allow au-
tomated operation, the instrument was specially modified by
Dasibi. The measurement principle was based on the absorp-
tion of UV light by ozone, a technique which is still stan-
dard in today’s ozone monitors and which was also used in
the MOZAIC and NOXAR aircraft measurement programs
(Thouret et al., 1998b; Dias-Lalcaca et al., 1998; Klausen
et al., 2003). Ozone concentrations were derived by alter-
nately exposing sample gas and ozone-free zero gas in the ab-
sorption chamber to an ultraviolet beam from a low-pressure
mercury lamp at 253.7 nm and determining the difference
in intensity. Note that the value for the absorption coeffi-
cient utilised in the GASP program (308.5 cm−1 atm−1) is
the standard value according to Hearn (1961), which is still
used today including the MOZAIC program (personal com-
munication, P. Ńed́elec).
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Fig. 2. Ozone destruction rates (%) between the probe inlet and the
ozone monitor as function of time and aircraft. From top to bottom:
Pan Am (N655PA), United Airlines (UAL), Pan Am (N533PA),
Qantas, NASA CV-990. Red dots at 1% ozone destruction denote
times, when aircraft were flying, but ozone destruction rates were
not recorded.

A basic 60-min sampling cycle of the GASP system was
constructed by alternating 5-min air-sampling periods and 5-
min instrument control periods yielding six measurements
per hour and six instrument control mode outputs taken each
cycle. Due to limitations in data storage capacity, the data
were only recorded during a 20-s interval at the end of each
five minute air-sampling or control period and averaged over
the last 5 s (see below). For the ozone instrument, two of
the control periods were additionally used for air-sampling
such that eight data records were taken per hour. Assuming
the speed of a Boeing 747 to be about 900 km/h at cruise
altitudes, this results in in-situ observations made at approx-
imately every 110 km.

The 20-s measurement intervals were composed of a 10 s
sample cycle and a 10 s zero-gas cycle during which the
sample gas was directed through an ozone scrubber that de-
stroyed all ozone and generated a zero gas. The first 5 s of
each cycle were used for flushing and the last 5 s for measur-
ing.

2.1.2 Quality assurance and quality control (QA/QC) pro-
cedures

A total of 10 identical ozone monitors were available for in-
stallation on the airliners. Operation of the instruments dur-
ing the four year period included a comprehensive QA/QC
program described in the internal Quality Assurance Plan
and associated documents. An equipment log was kept on

each monitor where the date and results of all calibrations, re-
pairs, adjustments and routine functional tests were recorded.
Ozone monitors were frequently (about two to four times
per year) exchanged for calibration and functional tests in
the laboratory. Ozone scrubbers were exchanged every three
months to prevent their degradation with time which would
be difficult to detect during flight. Hourly in-flight checks in-
cluded a test of the instruments zero during which the sample
was directed through the scrubber in the same way as during
a zero-gas cycle. Monitoring the zero-gas output with time
provided an indication of the instruments’ stability. Hourly
readouts of the sample pulse rate (proportional to the light
intensity at the detector) allowed detecting a possible degra-
dation of the mercury lamp or the presence of contaminants
in the absorption tube. Instruments were replaced when sam-
ple pulse rates dropped below a critical value (accepted range
was 250–480 kHz).

Probably the most critical problem of the GASP system,
however, is that some ozone was destroyed upstream the
ozone monitor, mostly caused by temperature rise of the
sample gas in the pump, but also by contamination in the
sample flow line and in the pump. As the amount of de-
struction varied between pumps and with operation time,
an ozone-destruction test package, developed at the NASA
Lewis Research Center in Cleveland, Ohio, was used to mea-
sure the destruction during regular checks. The evolution of
ozone destruction with time determined for the five aircraft
is shown in Fig. 2. Destruction rates were as high as 16%
in 1975 and 1976, with a random error in determining the
amount of destruction as high as±8%. The amount of de-
struction was reduced in 1977 to less than 6% (and the as-
sociated error to±2%) when the Buna-N rubber diaphragms
were changed to silicone rubber. This lower fraction of ozone
loss in the inlet lines and pump is comparable to that reported
for the NOXAR system (Dias-Lalcaca et al., 1998). Ozone
destruction tests were carried out periodically and the ozone
values corrected accordingly. Figure 2 also shows that for all
aircraft, but the United Airlines airplane, there are periods
where the coefficient for ozone loss reported in the data files
was set to zero. This was caused by less diligent recording by
Pan Am and Qantas, but does not affect the reported ozone
values which were corrected for losses also in these cases as-
suming constant destruction rates before and after the gaps.

Before installation into GASP systems, each ozone moni-
tor was calibrated against a Dasibi transfer standard (model
1003-AH). Stability of the instruments’ sensitivity was gen-
erally excellent and over the course of a year changed by less
than 1 percent (Fig. 3). Until February 1977, the transfer
standard itself was calibrated by using the 1-percent-neutral-
buffered-potassium-iodide (KI) method. Because the accu-
racy and reproducibility of this method had been questioned,
the transfer standard was then calibrated at the Jet Propulsion
Laboratory (JPL) against a UV photometry standard. There,
it was found that the GASP data had a 9%±2% high bias
relative to the JPL standard (Tiefermann, 1979). Accord-
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ing to Tiefermann, the archived data were not corrected for
this discrepancy. The overall uncertainty (total error) of any
ozone measurement was presented in Tiefermann (1979) as
the root-sum square

Etotal =

√

E2
S + E2

g + E2
t/p + E2

d + E2
r (1)

whereEs is the error in the JPL calibration of the GASP
transfer standard (±2%), Eg the error in the calibration of
each monitor against the GASP transfer standard (±1%),
Et/p the error in measuring the sample gas temperature-
pressure ratio (±1%),Ed the error in determining the ozone
destruction constant (±8% for rubber and±2% for sili-
cone), andEr the instrumental precision or random error of
a single ozone instrument reading, which is±1% or 3 ppbv,
whichever is greater.

For any reading between 300 and 1200 ppbv, the over-
all uncertainty was hence estimated to±8.4% (1975/76) or
±3.3% (from 1977 onward) depending on the errorEd in
determining the ozone destruction constant (see above and
Fig. 2). For very low ozone concentrations, the overall un-
certainty approaches 3 ppbv.

2.1.3 Pre-processing of the GASP data set

Before using the GASP ozone data for building the climatol-
ogy, a thorough check for data consistency and quality was
carried out. Three major issues were found which were nec-
essary to be treated before using the data:

– The high bias of 9% described above was corrected for
(cf. previous section).

– Although the ozone data were supposed to have a tem-
poral resolution of five to ten minutes (cf. Sect. 2.1.1),
sometimes up to 16 samples per minute were recorded.
These high temporal resolution data were encountered
frequently during all five GASP years and for all air-
craft. Indeed, there are specific months, i.e. October
1977 and October 1978 through March 1979, where a
large part of the data was stored at high time resolution.
October 1977 refers to the month where four across-
pole flights of the N533PA Pan Am aircraft were under-
taken within the scope of the Pan Am Fiftieth Anniver-
sary (Holdeman et al., 1978). The high temporal reso-
lution data were recorded on purpose to document these
special flights. The increased time resolution between
October 1978 and March 1979 was introduced in con-
junction with an activity to measure passenger exposure
to cabin air ozone in commercial airliners (Holdeman
and Nastrom, 1981a). Although the high temporal res-
olution flights would be interesting to investigate, e.g.
for case studies, using them in a climatological averag-
ing process, however, would lead to false results. Thus,
for the purpose of this study, one minute averages were
computed for those times where a specific aircraft had

 

Fig. 3. Individual GASP ozone monitor calibrations against the Da-
sibi transfer standard instrument. Mean 1.005, standard deviation
0.8%. From Tiefermann (1979).

more than one measurement recorded in a minute. Sub-
sequently, the final data record was built by considering
only a single one-minute average out of five within any
given five minute period for consistency with the nor-
mal operating procedure. As a result of this procedure,
the amount of data was reduced by 53%.

– As already noted by Wozniak (1997), there were obvi-
ously some erroneous readings within the large number
of measurements that were not flagged in the routine
data archival procedure (flagged data were not included
in the analysis). This resulted in spuriously low ozone
values on the order of some ppbv in the UT and values
less than some tens of ppbv in the LS occurring at all
latitudes and seasons. We acknowledge that this may
constitute a real problem of the data set especially in
the tropics where some fraction of these low mixing ra-
tios may indeed have occurred as a result of convection
(Kley et al., 1997). However, since the spurious values
do not occur systematically in the records, they could
not be distinguished from true very low data. For this
reason, using ozone probability density functions (not
shown), suspicious data with O3<10 ppbv in the UT
and with O3<30 ppbv in the LS were identified and re-
moved prior to analysis. As consequence, another 8.4%
of the five-minute data were considered not reliable and
eliminated from the data set.

Considering all above issues and two additional minor re-
ductions described in Sect. 3, the original data set, which
contained 278 642 measurements, was reduced by 58% al-
together, leaving little more than 117 000 records covering
little less than 14 200 flight hours.
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Fig. 4. Comparison of the measurements from the United Airlines
(UAL) B-747 and the Qantas B-747 on near “simultaneous” flights
on 02 Feb, 1978, from San Francisco (SFO) to Honolulu, Hawaii
(HNL). Time difference between flights approximately one hour.
Solid lines (with diamonds in top and bottom row): UAL, dashed
lines: Qantas (with triangles in top and bottom row). Upper row:
ozone (ppbv), middle row: pressure (hPa) and latitude (degrees),
bottom row: PV (PVU) (red curves) and distance from the 2 PVU
tropopause (km).

2.1.4 Internal consistency of GASP ozone measurements

Besides the quality assurance and control procedures de-
scribed in Sect. 2.1.2, independent quantitative information
on the accuracy and precision of the measurements can be
gained from a few occasions where two different GASP air-
craft were flying close in time and space. Two near “si-
multaneous” flight situations were identified in the record.
On 03/02/1978, the two GASP airplanes of United Air-
lines (UAL) and Qantas went from San Francisco (airport
acronym: SFO) to Honolulu, Hawaii (HNL) at a time dif-
ference of little more than one hour. On 22/06/1978, the
Pan Am (N655PA) and the UAL aircraft went from Los An-
geles (LAX) to Honolulu at 31–36 min distance. Figures 4
and 5 depict the main characteristics of these flights as func-
tion of longitude. On both days, ozone measurements by
the different aircraft agree very well in qualitative terms as
long as cruise altitudes are similar. To quantitatively as-
sess agreement between measurements, correlations and lin-
ear fits were calculated by matching the closest horizontal
data points under the constraint that cruise altitudes should
not differ by more than one flight level. This limits the
data chosen to longitudes less than 126◦ W for the flights
on 03/02/1978 and to less than 146◦ W for the flights on
22/06/1978 (Figs. 4 and 5, second row from top). Corre-
lation coefficients amount to 0.97 and 0.67 for the flights
on 03/02/1978 and 22/06/1978, respectively. The correla-

 

Fig. 5. As in Fig. 4, but comparison between the United Airlines
(UAL) B-747 and the Pan Am (N655PA) B-747 on 22 Jun, 1978,
from Los Angeles (LAX) to Honolulu, Hawaii (HNL). Time differ-
ence between flights half an hour.

tion coefficient on 22/06/1978 can be improved to 0.94 when
shifting the first flight by Pan Am 0.3◦ to 0.8◦ to the east. The
improved correlation can be explained by eastward advection
of the air mass through high wind speeds of 30 to 35 m/s in
approximately westerly flow prevailing between 145◦ W and
Honolulu (not shown): At a westerly wind of 30–35 m/s, an
air parcel will be displaced to the east by 56–76 km in 31–
36 min. This corresponds to a longitudinal shift of 0.5◦ to
0.8◦ at 20◦ N–30◦ N approximately fitting the applied shift
to the data. The linear fits are

[UAL-O3]=15.6 ppbv(±8.0 ppbv) + 0.969(±0.057) · [QANTAS-O3]

(2)

[UAL-O3]=2.1 ppbv(±8.5 ppbv) + 0.873(±0.079) · [PANAM-O3]

(3)

with the values in brackets denoting the 1-sigma uncertainty
of the regression coefficients. On 03/02/1978, the mean de-
viation is almost 16 ppbv (Eq. 2), which can probably be
explained by slight differences in flight latitude and altitude
(Fig. 4, middle row) with the UAL aircraft flying one flight
level higher than Qantas. Due to close proximity to the local
tropopause during the first half of the distance and encounter-
ing of stratospheric air thereafter (Fig. 4, bottom row), even
minor vertical displacement can result in different ozone con-
centrations (cf. also Sect. 4.1, Fig. 6). Much better agreement
in terms of intercept is found for the comparison of the UAL
and the Pan Am (N655PA) aircraft on 22/06/1978 (Eq. 3),
where differences are close to the stated uncertainty despite
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Table 2. Main characteristics of the GASP program and ozone monitor. (*) Note that in the original paper by Tiefermann (1979) the
uncertainties were rounded to the next lower values (8% and 3%), while we have chosen to round them up.

GASP

Aircraft Four commercial B-747, NASA CV-990 research aircraft
Species O3, H2O, CO, NO, aerosols, CCN
Altitude range 6–13.7 km
Number of flights 6149
Ozone instrument UV photometer (manufactured by Dasibi Environmental Corporation)
Measurement range 3–1000 ppbv
Instrumental precision (Er ) ±1% or 3 ppbv, whichever is greater
Overall uncertainty (Etotal) 9% (1975/76) or 4% (from 1977 onward) depending on diaphragm

material (*). For very low ozone concentrations:Etotal→3 ppbv
Temporal resolution 5 s averages every 5–10 min

additional uncertainty introduced by meteorological variabil-
ity. However, as result of the relatively small sample size (19
data pairs, out of which 6 are from the lower stratosphere),
the regression is significantly influenced by individual data
pairs in the lower stratosphere resulting in a slope that is a
little smaller than one. No sufficient match in time and space
with one of the other aircraft was found for the second Pan
Am (N533PA). However, due to the frequent exchange and
cycling of ozone monitors and the virtually identical GASP
installations, there is no reason to suspect the measurements
of this aircraft to be of different quality.

The main characteristics of the GASP system and ozone
monitor have been summarised in Table 2.

2.2 The Measurement of Ozone and Water Vapor by Airbus
in Service Aircraft Program (MOZAIC)

Data from the Measurement of Ozone and Water Vapor by
Airbus in Service Aircraft Program (MOZAIC) are used for
comparison with the GASP measurements in Sects. 4.1 and
4.2. MOZAIC started measurements in August 1994. De-
tailed descriptions of the program and first results can be
found in a special issue of the Journal of Geophysical Re-
search from 1998 (Marenco et al., 1998; Thouret et al.,
1998a, b). Five Airbus of Air France, Sabena, Lufthansa
(2), and Austrian Airlines have been equipped with fully
automated instruments to measure ozone and water vapour
during in-service flights. MOZAIC flight routes can be in-
ferred from Fig. 1b. Note that unlike in the GASP campaign,
MOZAIC aircraft measurements so far do not cover the Pa-
cific Ocean region.

The ozone analyser is a dual beam UV absorption instru-
ment (Thermo-Electron, model 49-103) with an absolute ac-
curacy of 1% and instrument precision of 2 ppbv. The char-
acteristics of ozone measurements on board the MOZAIC
aircraft are a detection limit of 2 ppbv and uncertainties for
individual measurements of±[2 ppbv+2%]. Accuracy and
precision of the MOZAIC instruments were constant during

the whole 1994–2001 period. Further information on the
quality control and calibration procedures can be obtained
from Thouret et al. (1998b). Measurements are taken every
4 seconds, starting after takeoff and continuing to landing.
However, most data have been collected at cruise levels be-
tween 9 and 12 km (Table 1). The MOZAIC instrument is
similar to the GASP instrument in many respects, including
the basic measurements principle of absorption of UV light
at 253.7 nm from a Mercury lamp, the use of a scrubber to
generate zero air, and the pre-compression of the sample air
using a diaphragm pump. In this study, the pre-processed
one minute average data are used for the period of August
1994 through December 2001. Horizontally, the one minute
averages result in a record being representative of approx-
imately 15 km flight path (assuming an average air speed
of 900 km/h). Between August 1994 and December 2001,
14 558 MOZAIC flights were carried out that consisted of
113 008 flight hours altogether. The chosen period ending
in December 2001 results from the availability of ECMWF
40-year reanalyses used in this study (cf. next section).

For consistency, the MOZAIC data were pre-processed in
an analogous way as the GASP data eliminating all ozone
readings below 10 ppbv in the UT and below 30 ppbv in the
LS (cf. Sect. 2.1.3). The processing resulted in a minor re-
duction of the data set of 1.9%.

3 Method of data analysis

The GASP aircraft data mostly cover the region of the up-
per troposphere, the tropopause region, and the lowermost
stratosphere. Whereas tropospheric ozone concentrations are
relatively constant over altitude, they strongly increase in the
lower stratosphere and are, thus, highly dependent on posi-
tion with respect to the tropopause (e.g., Logan, 1999).

For this reason, the GASP and MOZAIC aircraft data
were arranged relative to the tropopause. To discriminate be-
tween tropospheric and stratospheric air masses, the 2 PVU
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Fig. 6. Climatological mean ozone profiles for the GASP period
1975-1979 as function of potential temperature distance to the dy-
namical tropopause and season (DJF blue solid line, MAM black
dashed line, JJA orange dashed-dotted line, SON red dashed-dot-
dotted line). (a) 20◦ N–40◦ N, (b) 40◦ N–60◦ N, and (c) 60◦ N–
80◦ N. Stratospheric profiles (1θ>0 K) are filtered for equivalent
latitudes for (b) and (c). Tropospheric (1θ<0 K) and tropical strato-
spheric profiles are selected for geographical latitudes. Horizontal
bars indicate one standard deviation. Number of records per 10 K
bin of 1θ and per season are given in the right (left) part of the
graphs in the UT (LS) (from left to right: DJF, MAM, JJA, SON).
For comparison, MOZAIC 1994–2001 climatological profiles are
indicated as grey lines in analogous style as GASP profiles.

dynamical tropopause was used, because it best coincides
with the ozonopause (Zahn et al., 1999). Besides PV,
tropopause pressure, and potential temperature at the dy-
namical tropopause, temperature and potential temperature
at cruise altitude were interpolated temporally and spatially
from the 40 year ECMWF reanalyses data set (ERA40, Up-
pala et al., 2005) onto the GASP and MOZAIC coordinates
using the ERA40 data at their full vertical resolution of 60
levels and at a horizontal resolution of 1◦×1◦.

To guarantee that only reliable ERA40 information was
used at any given time and place, aircraft measurements were
only considered in the averaging process when aircraft and
ERA40 temperatures deviated less than 3 K from each other.
Applying this constraint, 3.7% of the pre-processed GASP
data (cf. Sect. 2.1.3) have not been used.

To compute vertical ozone profiles scaled by the local
tropopause as presented in Sect. 4.1, the difference between
the potential temperatures at cruise altitude, derived from
the aircraft data, and at the 2 PVU tropopause, interpolated
from ERA40 fields, was used to bin the aircraft data in lay-
ers of 10 K width around the dynamical tropopause covering

a vertical range of−45 K to +65 K (1θ=−40 K
∧
=[−45 K,

−35 K], −30 K
∧
=[−35 K, −25 K], etc.). The considered

potential temperature distances from the tropopause trans-
late to a vertical data range of approximately−5.5 km to
+4.5 km,−4.5 km to +4 km, and−1.5 km to +4 km around
the tropopause in the subtropics, midlatitudes, and high lati-
tudes, respectively. The climatological UT ozone values pre-
sented in Sect. 4.2 were calculated by averaging over all mea-
surements below the 2 PVU tropopause (1θ<0 K). Approx-
imately 2% of these data points were nevertheless assigned a
PV value larger than 2 indicative of a second tropopause be-
low the one registered in the ERA40 files due to the presence
of a fold. These points were removed before averaging. 90%
of all data classified in this way as UT values were collected
in a vertical range of approximately−0.1 km to−4 km and
−0.2 km to−6 km at middle (40◦ N–60◦ N) and subtropical
(20◦ N–40◦ N) latitudes, respectively.

For the analysis in the lower stratosphere, where dia-
batic processes only play a minor role and ozone is mostly
dominated by large-scale quasi-horizontal transport, all data
have additionally been arranged into the equivalent lati-
tude/potential temperature framework (Butchart and Rems-
berg, 1986). The main advantage of using this coordinate
system is that much of the ozone variability in the longitu-
dinal structure is removed such that computing quasi-zonal
means at equivalent latitudes constitutes a meaningful diag-
nosis tool (e.g., Hegglin et al., 2006). After binning rela-
tive to the dynamical tropopause and computing quasi-zonal
means, the data were finally averaged over specific equiva-
lent latitude (EL) ranges chosen to represent middle and high
latitudes.

For the comparison with MOZAIC in the UT, we have cal-
culated regional averages for specific regions listed in Table 3
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Table 3. Definition of regions for calculating GASP regional averages of tropospheric ozone. Regions are listed in order as discussed in the
text.

Region Acronym Latitudes Longitudes

Atlantic ATL 45◦ N–55◦ N 60◦ W–10◦ W
Europe EUR 35◦ N–55◦ N 10◦ W–30◦ E
Northeastern USA NE USA 40◦ N–50◦ N 90◦ W–60◦ W
Western USA W USA 30◦ N–50◦ N 125◦ W–105◦ W
Northern Japan N JP 40◦ N–50◦ N 115◦ E–170◦ E
Southern Japan S JP 30◦ N–40◦ N 115◦ E–170◦ E
Northern India N IND 20◦ N–30◦ N 60◦ E–90◦ E
Southern India S IND 5◦ N–20◦ N 60◦ E–90◦ E
South China S CHINA 5◦ N–25◦ N 90◦ E–130◦ E
Midlatitude Northeast Pacific ML NEP 30◦ N–50◦ N 160◦ W–125◦ W
Subtropical Northeast Pacific ST NEP 10◦ N-30◦ N 180◦–125◦ W

(see also Fig. 7). Seasonal means were calculated to qual-
itatively compare mean annual cycles between GASP and
MOZAIC in the selected regions.

4 GASP climatology

In this section, we present the GASP climatology in compar-
ison with MOZAIC and the literature. While in Sect. 4.1, cli-
matological zonal mean profiles at subtropical, midlatitude,
and high latitudes are discussed, Sect. 4.2 focuses on UT
ozone in different regions of the northern hemisphere. Sec-
tion 4.3 gives new comprehensive information on the spatial
and seasonal distribution of UT ozone over the Pacific Ocean.
Note that the MOZAIC climatology is added for the purpose
of highlighting the reliability of GASP ozone. A quantitative
comparison deducing long-term changes will be dealt with in
a forthcoming paper.

4.1 Zonal mean profiles

Figure 6 presents GASP climatological mean seasonal
UT/LS ozone profiles for specific latitude ranges. In the UT,
all data are binned according to their geographical latitudes.
In the LS, geographical latitudes were used for 20◦ N–40◦ N
and equivalent latitudes for 40◦ N–60◦ N and 60◦ N–80◦ N.
The latitudinal and vertical dependence is compared with
MOZAIC climatological profiles. When comparing the two
data sets, it has to be kept in mind that differences may also
arise due to long-term changes in UT/LS ozone.

At all latitudes, GASP [MOZAIC] vertical gradients are
very small in the UT below−15 K (0.1–0.3 ppbv/K) [0.1–

0.5 ppbv/K]. In the uppermost troposphere (−10 K
∧
=−15

to −5 K), ozone already increases at 2.4–2.7 ppbv/K [2.2–
2.3 ppbv/K]. Gradients are largest in the LS (4 to 10 ppbv/K)
[3–11 ppbv/K].

 Fig. 7. Definition of regions for calculating regional means of UT
ozone. Colours: GASP climatological mean UT ozone in JJA,
5◦×5◦ averages, displayed where number of flights is greater than 5
and number of measurements larger than 20 in a given box. For de-
tailed latitudinal/longitudinal specifications of regions see Table 3.

A typical lower stratospheric seasonal cycle is evident at
mid- and high latitudes with highest values in spring, lower
values in winter and summer and lowest in autumn. Due to
the higher altitude of the tropopause in the subtropics, fewer
GASP (and MOZAIC) data were recorded in the stratosphere
between 20◦ N and 40◦ N than at higher latitudes. For this
reason, as well as due to fewer flights at these latitudes, the
LS seasonal cycle is not completely described at altitudes
above 40 K above the tropopause. Yet, the existing data point
to a similar seasonal cycle as at middle and high latitudes.

The comparison of the GASP and MOZAIC LS mean pro-
files shows very good overall agreement in terms of vertical
gradients and absolute values during all seasons of the year.
Larger differences only occur where only few data were sam-
pled, such as in winter and more significantly in summer at
subtropical latitudes at the upper layers (Fig. 6a, DJF, JJA),
or where it must be suspected that long-term changes due
to stratospheric ozone depletion lead to different LS ozone
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Fig. 8. Climatological mean and median ozone in the upper troposphere (1θ<0 K) as a function of season for different regions of the world
ordered as discussed in text (specifications of regions cf. Table 3). GASP means (medians) 1975–1979: red diamonds (horizontal bars),
MOZAIC means (medians) 1994–2001: blue triangles (horizontal bars). Vertical bars indicate one standard deviation, vertical grey boxes
central 90% . Numbers at the bottom give number of measurements in each region and season, red: GASP data, blue: MOZAIC data.

abundance, such as in winter at high latitudes (Fig. 6c, DJF).
Seasonality and order of magnitude of ozone mixing ratios
also agree well with ozonesonde measurements (e.g., Logan
et al., 1999, their Fig. 10) and a UT/LS ozone climatology of
the period 1984–2005 derived from SAGE II satellite mea-
surements (Wang et al., 2006, their Fig. 3).

In the subtropical UT, the seasonal cycle is similar to that
in the LS with largest values in spring and smallest in au-
tumn suggesting a marked stratospheric influence. At north-
ern midlatitudes, ozonesonde, aircraft, and satellite observa-
tions show that UT ozone concentrations are usually low-
est in winter and exhibit a broad maximum between spring
and summer with somewhat higher values in summer (e.g.,
Logan, 1999; Thouret et al., 1998a; Brunner et al., 2001;
Wang et al., 2006) which is believed to reflect the influ-
ence of both photochemistry and stratosphere-troposphere

exchange (STE) peaking in summer and spring, respectively
(e.g., Stohl et al., 2003). This seasonality is also reflected in
the GASP and MOZAIC data (see also Sect. 4.2). At high lat-
itudes, due to a low altitude tropopause, most measurements
were taken in the LS. Hence, the GASP data reveal only little
insight into UT ozone there.

4.2 UT ozone in different regions of the Northern Hemi-
sphere

Since the factors affecting UT ozone including transport
from regions of ozone precursor sources, photochemistry,
vertical mixing, and transport from the stratosphere may vary
with region, we have computed regional averages of UT
ozone measurements for both GASP and MOZAIC data (Ta-
ble 3). Figure 7 shows the domains used for averaging on a
geographic map. To document the reasoning for the choice
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of regions, the GASP mean UT ozone distribution for the
summer season is underlaid. In specific cases such as over
Northern Japan (N JP), the methodology results in large av-
eraging boxes that are only partly representative of GASP
or MOZAIC data coverage: whereas GASP flights approach
Japan from the east, MOZAIC data cover the region west
of Japan (Fig. 1). For seasonal averaging, arithmetic means
and medians were computed using all seasonal data from the
five-year period.

In some regions the sample size is limited in certain sea-
sons and/or years. Thus, some averages may not be repre-
sentative for the five GASP years, and designating these av-
erages “climatology” may not be justified. Indeed, a large
fraction of the GASP data was recorded during 1978 and
therefore, many averages are more or less biased toward this
year (cf. number of GASP records available in each region in
Table A1).

The seasonal variation of GASP and MOZAIC UT ozone
in different regions is shown in Fig. 8. Besides the Pacific
region not covered by MOZAIC, GASP also provides com-
prehensive information on the seasonal cycle of UT ozone
over the western United States complementing ozonesonde
measurements at Trinidad Head, California.

Tropospheric ozone concentrations and the seasonal cycle
can be quite different in different regions of the world (e.g.,
Logan, 1985, 1999) (Fig. 8). Over Europe (EUR), the At-
lantic (ATL), and the northeastern part of the United States
(NE USA), the typical midlatitude seasonal cycle is found
(GASP summer mean: 70–80 ppbv, winter mean: 40 ppbv
(ATL, NE USA), 50 ppbv (EUR)). Interestingly, mean sum-
mer mixing ratios over these regions are higher in the 1970s
than in the 1990s. At least for the ATL and the NE USA
regions, this can be largely explained by the bias of GASP
data towards the year 1978 (Table A1) when unusually high
ozone concentrations were observed in the UT/LS (Wozniak,
1997).

Over the western parts of the United States (W USA),
UT ozone exhibits a different seasonal cycle more simi-
lar to the cycle in the LS. This pattern does not change
when restricting the latitude range to lower (30◦ N–40◦ N)
or higher midlatitudes (40◦ N–50◦ N) (not shown). During
spring, mean ozone mixing ratios are significantly higher
than over the northeastern US, the Atlantic, or Europe. In
contrast, summer values are relatively low (65 ppbv) com-
pared to mixing ratios over the northeastern US, Atlantic,
and Europe (70–80 ppbv). Recent ozonesonde data from
Trinidad Head, California, of the period 1997–2002, are in
agreement with the seasonality and concentrations observed
by GASP (Newchurch et al., 2003). They find a spring max-
imum in UT ozone that they relate to an enhanced frequency
of STE episodes and/or higher intensities of these events in
terms of the amount of ozone exchanged compared to three
other stations. The findings are corroborated by the study of
Stohl et al. (2003) who showed that a preferred area of deep
downward STE is at the end of the Pacific stormtrack, located

above the U.S. west coast, maximising in winter. The impli-
cations of STE for tropospheric ozone could be shown to re-
sult in maximum ozone concentrations during spring (Stohl
et al., 2003; their Fig. 5). Note that the MOZAIC spring and
summer concentrations are much lower than the GASP val-
ues. These differences will be discussed in more detail in the
follow-up paper on long-term changes.

It is also worthwhile to notice the resemblance between the
pattern of summertime UT ozone over the United States in
Fig. 7 and the distribution of surface ozone (e.g., Fiore et al.,
1998, their Plate 1) with lower values across the west to the
midwest and higher concentrations in the east. In a narrow
south-north oriented region along the west coast, elevated
ozone levels are found both in the surface and in the GASP
data. At the surface, high summer ozone over southern
California is connected to air pollution, a well-known phe-
nomenon especially prominent from the 1950s to the 1970s
(e.g., Grosjean, 2003). In the UT at 30◦ N and 110◦ W–
115◦ W in Fig. 7, summer ozone amounts to>80 ppbv (dark
orange pixels in Fig. 7) being significantly higher than in the
surrounding regions. These high UT mixing ratios may thus
be speculated to be connected to ozone smog episodes over
southern California. Even though a persistent temperature in-
version over the Los Angeles basin in summer normally pre-
vents boundary layer air from entering the free troposphere
during summer (e.g., Lu and Turco, 1996), upslope moun-
tain thermal winds in the San Gabriel mountains near Los
Angeles can create a chimney effect injecting polluted air di-
rectly into the free troposphere (Lu and Turco, 1995, 1996).
Further studies, e.g. using back trajectories, would clearly
be required to better understand the connection between the
photochemical smog at the surface and the high values in the
UT observed by GASP.

Over Northern Japan (N JP), GASP data are mostly from
1978 (Table A1) and may therefore not be representative
of longer-term means. Still, the seasonal ozone evolution
is consistent with that of MOZAIC and values are compa-
rable. Over midlatitude N JP and subtropical-midlatitude
Southern Japan (S JP), differing types of seasonal cycles
are found consistent for GASP and MOZAIC. Whereas over
N JP, high values of GASP ozone extend from spring to
summer (65 ppbv), the southern parts show a spring maxi-
mum (65 ppbv) and much lower values in summer (55 ppbv).
Japanese ozonesonde observations (Logan, 1985, 1999; Liu
et al., 2002; Naja and Akimoto, 2004) qualitatively agree
with these features. The reduced summer values over S JP
are associated with monsoonal intrusion of low-ozone air
from the tropical Pacific. Further north, the influence of the
monsoon decreases, and the summer maximum at Sapporo
results from photochemical production, typical of the north-
ern midlatitudes.

Over northern India (N IND), southern India (S IND), and
South China (S CHINA), GASP and MOZAIC data show
springtime maxima. The only exception from this pattern
is over S IND for the GASP period, where no spring max-
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imum is found. This might be due to the restricted number
of measurements available (113), out of which almost 90%
were recorded during 1977 (Table A1). UT spring maxima
in the subtropical to tropical atmosphere as observed by the
GASP and MOZAIC programs may in fact be a common
phenomenon as there are further measurement programs and
campaigns which yielded similar results. High springtime
UT ozone, for instance, was observed on the flight route be-
tween Bombay and Hong Kong during the 1995/96 NOXAR
project (Brunner et al., 2001) and between 15◦ N and 20◦ S
over the Indian Ocean during the 1998/1999 INDOEX cam-
paigns (Zachariasse et al., 2000, 2001; De Laat, 2002).

Ozone mixing ratios over N IND are comparable to those
over S JP in autumn and winter, but they are somewhat lower
in spring, and much lower during summer (40 ppbv). Over
S IND, UT ozone mixing ratios are generally very low rang-
ing from 35–45 ppbv in winter and spring to about 25 ppbv
in summer and autumn. The summer minimum over N
IND and S IND can be related to convective activity dur-
ing the summer monsoon. During this season, ground sta-
tions in India report the lowest NOx and ozone concentra-
tions (Naja and Lal, 1996, 2002; Kulshreshta et al., 1997).
Intensive, but electrically little active monsoonal convection
carries the NOx and ozone poor air masses to the middle and
upper troposphere. This is supported by NOXAR measure-
ments, which show pronounced minima in nitrogen oxides
and ozone at cruising levels on the route between Bombay
and Hong Kong in summer (Brunner et al., 2001). How-
ever, a summer minimum in UT ozone is not seen in the
MOZAIC data over N IND, although GASP and MOZAIC
flight paths cover the same routes (not shown). A potential
explanation may be the strong increases in ozone precursor
emissions over the last decades over the Indian subcontinent
(e.g., van Aardenne et al., 2001) which might also impact
UT ozone concentrations. A more detailed discussion will
be given in the follow-up paper on long-term changes.

Over the South China region (S CHINA), GASP and
MOZAIC measurements indicate that UT ozone concentra-
tions vary only little between summer, autumn, and winter
(30–35 ppbv). As is also characteristic for the North and
South Indian regions, UT ozone over South China also ex-
hibits a springtime maximum (45 ppbv) for both GASP and
MOZAIC periods.

4.3 Upper tropospheric ozone in the Pacific region

Until today, most studies documenting the ozone content and
seasonality of the northern hemisphere Pacific region have
been confined to analyses of individual ozonesonde stations
(e.g. Logan et al., 1999; Oltmans et al., 2001; Liu et al., 2002;
Oltmans et al., 2004), evaluations of individual aircraft cam-
paigns (e.g., Singh et al., 1996; Zhang et al., 2003; Wild
et al., 2003), and tropospheric ozone residuals from satellite
observations (e.g., Fishman et al., 2003). The climatology
presented by DiNunno et al. (2003) includes 10 aircraft cam-

paigns in 20 years. However, it is based on individual flights
separated by large time intervals. It is also confined to the
spring and autumn seasons, and restricted to the central and
eastern North Pacific region.

The regular GASP measurements provide a more com-
prehensive picture of the seasonality, horizontal distribution,
and latitudinal dependence of UT ozone over the Pacific.
While data were recorded regularly during all five years (cf.
also ST NEP and ML NEP in Table A1), a significant frac-
tion was collected during 1978. For the winter and spring
seasons, the fraction amounts to 32–41%, for the summer
and autumn seasons to 64-75% (calculated for 10◦ N–50◦ N,
150◦ E–125◦ W).

Over the eastern midlatitude and subtropical Northeast Pa-
cific (Fig. 8, ML NEP and ST NEP, respectively), the sea-
sonal cycles and ozone concentrations are very similar to the
conditions over the western US (Fig. 8, W USA, cf. pre-
vious section). Most probably, the lacking summer maxi-
mum in UT ozone over the Pacific is associated with clean
air masses prevalent in this region. The similar seasonal cy-
cle over the western United States suggests a major influ-
ence of air brought in from the Pacific. Over the subtropical
Northeast Pacific (ST NEP), GASP UT ozone averages are in
good agreement with more recent UT ozonesonde measure-
ments at Hilo, Hawaii (20◦ N, 155◦ W) (1985–1990) (Olt-
mans et al., 1996; their Fig. 5, 300 hPa). The spring maxi-
mum apparent in both aircraft and ozonesonde observations
was explained to be partly caused by long-range transport
of Asian pollution leading to photochemical production of
ozone (Oltmans et al., 1996; Wang et al., 1998; Liu et al.,
2002). Other parts are likely to be associated with descend-
ing air motion from north of 30◦ N contributing stratospheric
air high in ozone (Oltmans et al., 1996).

Seasonal mean ozone distributions (Fig. 9) reveal further
features of UT ozone over the Pacific: (1) over large parts
of the eastern midlatitude Pacific (30◦ N–40◦ N, 150◦ W–
120◦ W), summer UT ozone (averages 54 ppbv at 30◦ N,
58 ppbv at 35◦ N–40◦ N, see dark green coded pixels) is
lower than over the American continent (average 64 ppbv,
light green coded pixels). The differences probably reflect
a reduced influence of photochemistry in the unpolluted
air masses over the ocean. (2) Tropical ozone at latitudes
<20◦ N is generally low and a clear seasonal cycle is not dis-
cernible. Interestingly, in spring and even more so in sum-
mer, the concentrations at 170◦ W to 165◦ W (20–25 ppbv)
are approximately 5 to 15 ppbv lower than further east at
160◦ W–145◦ W. During boreal winter, no clear west-east
differences are discernible. For the autumn season, GASP
does not provide enough data to assess longitudinal varia-
tions in the tropics. The tropospheric ozone residual (TOR)
retrieval derived from the TOMS and SBUV instruments for
the period 1979 to 2000 (Fishman et al., 2003, their Fig. 1)
qualitatively agrees with these distributions, as well as with
their seasonal differences. The region of low tropospheric
ozone columns and low UT ozone over the central Pacific
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 Fig. 9. Horizontal distribution of climatological mean UT ozone (1θ<0 K) (ppbv) over the Pacific region:(a) DJF,(b) MAM, (c) JJA,(d)
SON. Numbers indicate number of flights in a 5◦×5◦ box. Five-year averages are only displayed where number of flights is greater than 5
and the number of measurements is larger than 20 in a box.

coincides with the warm pool area and enhanced convective
activity in the Intertropical Convergence Zone (ITCZ). The
lowest troposphere over the equatorial Pacific acts as a chem-
ical ozone sink, where ozone is destroyed by photochemical
cycles involving water vapour and solar ultraviolet radiation
(e.g., Kley et al., 1997). Low ozone concentrations in the
equatorial marine boundary layer have also been reported in
earlier studies (Liu et al., 1983, Piotrowicz et al., 1986, 1991;
Johnson et al., 1990; Thompson et al., 1993). This ozone-
poor air can be lifted upwards in tropical convection lead-
ing to low UT concentrations (e.g., Kley, 1997). However,
convective activity is suppressed in the downward branch of
the Walker circulation over the eastern Pacific region, and
therefore UT air masses are much less affected by ozone-
poor air from the marine boundary layer. Another mecha-
nism contributing to the elevated values over the eastern Pa-
cific may be large-scale advection of higher-ozone air masses
from northern and central America in association with south-
ward flow along the eastern flank of the UT high pressure
centre over the Western Pacific (e.g., Gregory et al., 1999;
DiNunno et al., 2003).

The latitudinal dependence of UT ozone over the North-
east Pacific (see Fig. 10 for meridional cross sections at
150◦ W to 130◦ W) indicates that tropical ozone mixing ra-
tios are much lower than subtropical and midlatitude val-
ues during all seasons. The seasonal cycle in the tropics
and subtropics is characterized by largest values in spring

 

Fig. 10. Meridional cross section of mean UT ozone (1θ<0 K)
(ppbv) for the longitude range 150◦ W to 130◦ W as function of
season. Vertical bars denote standard deviation. DJF: blue solid
line, asterisks, MAM: black dashed line, diamonds, JJA: orange
dash-dot line, triangles, SON: red dash-dot-dot line, squares. Av-
erages are only displayed when more than 20 records are available.
Number of records is presented at the bottom for each latitude and
season, from DJF upward to SON.

(20–25 ppbv and 65–70 ppbv, respectively), lower and com-
parable mixing ratios in summer and winter, and lowest in
autumn (20–25 ppbv and 35–40 ppbv, respectively) (cf. also
Sect. 4.1). A plausible explanation for the spring maximum
could be STE in the vicinity of the subtropical jetstream
(Stohl et al., 2003, their Figs. 3a and 5). The latitudes be-
tween 30◦ N and 40◦ N can be considered a transition zone
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between subtropical and midlatitude regimes with respect to
seasonality. There, spring (summer) mixing ratios decrease
(increase) with latitude. North of 40◦ N, the UT ozone sea-
sonal cycle is of midlatitude type. Note that despite this lati-
tudinal dependence, a spring maximum is still found for the
ML NEP region, representative for 30◦ N–50◦ N (Table 3),
which is due to more measurements available in the southern
parts of the region (see number of records in Fig. 10) biasing
the average. Later measurements from the eastern Pacific air-
craft campaign database for the 1978-1999 period (DiNunno
et al., 2003; their Fig. 5a and b) agree favourably with the
GASP data in the 8–9 km altitude region: As observed by
GASP, tropical spring ozone mixing ratios are very low (20
to 40 ppbv), highest in the latitude range of 15◦ N to 25◦ N
(60 to 80 ppbv), and slightly lower further northward (40 and
60 ppbv). During autumn, ozone from the aircraft database
also exhibits low values over a broad latitude range.

5 Summary and conclusions

In this study, we have presented the UT/LS ozone data set
of the GASP aircraft program conducted by NASA between
1975 and 1979. The comparison with independent observa-
tions and the results of two cases of nearly coincident flights
of two GASP airliners along the same flight route indicate
that the measurements are of high quality. This conclu-
sion is supported by the fact that GASP included an exten-
sive quality assurance and control program, and that a well-
established ozone measurement technique (UV photometry)
was applied, which hast also been used in the MOZAIC and
NOXAR programs in a similar way. The most critical point
in terms of accuracy was the loss of ozone in the sampling
system and the pump used for pre-compressing the sample
gas. The problem was significantly reduced in early 1977
when the pump diaphragms were changed to a different ma-
terial. Depending on the error in determining the ozone de-
struction constant, the data set was estimated to have an over-
all uncertainty of 9% or 3 ppb whichever is greater for the
first two years and 4% or 3 ppb for the remaining years. Even
though the frequent exchange of instruments and calibrations
in the laboratory assured a stable operation over the course
of the GASP program, the data provide no further indications
that the stated uncertainty holds for all individual flights. The
results from the two near simultaneous flights are not suffi-
ciently conclusive either to verify or disprove the overall un-
certainty. Before using the data in this study, a general 9%
high bias that was due to inaccurate calibration of the GASP
secondary transfer standard, had to be corrected for. Further-
more, some suspiciously low ozone readings were removed
from the data set.

The GASP data set has been used to establish a large-
scale ozone climatology of the UT/LS in the nineteen sev-
enties. In particular, climatological information on the ozone
content over the Pacific Ocean has been derived, a region

where large-scale long-term measurements of the UT/LS
have largely been missing.

Climatologies were computed for the LS and UT sepa-
rately. In the LS, at middle and high latitudes, characteristic
ozone profiles were obtained showing the expected seasonal
cycle with highest values in spring, lower values in winter
and lowest in autumn. Although measurements in the sub-
tropical stratosphere are not as numerous, they indicate the
same seasonality.

In the UT, aircraft measurements were averaged over spe-
cific regions providing large-scale information on midlati-
tude and subtropical to tropical UT ozone in the nineteen
seventies. The seasonal cycles and ozone concentrations are
largely different depending on the region considered and can
be described as follows:

– Over the midlatitude regions of the northeastern United
States, the Atlantic, Europe, and Northern Japan, UT
ozone shows low values in autumn and winter, higher
values in spring, and a maximum in summer.

– A spring maximum occurs over the western United
States, the midlatitude and subtropical northeastern Pa-
cific, and over subtropical-midlatitude Southern Japan.
Over Southern Japan, much lower mixing ratios are
found in summer than over Northern Japan, qualita-
tively consistent with measurements from MOZAIC.

– A pronounced summer minimum is found over North-
ern and Southern India.

The GASP data set provides particularly valuable informa-
tion on the vertical and horizontal distribution of UT/LS
ozone above the NH Pacific region:

– Over large regions of the eastern midlatitude Pacific
summer UT ozone is lower by 5 to 10 ppbv than over
the American continent.

– In spring and in summer, tropical UT ozone is lower by
5 to 15 ppbv between 170◦ W and 165◦ W than further
east at 160◦ W–145◦ W.

– Ozone mixing ratios are much lower over the tropics
than at subtropical and middle latitudes during all sea-
sons. At tropical to subtropical latitudes, the seasonal
cycle is dominated by a spring maximum, whereas north
of 40◦ N, the UT ozone seasonal cycle is of midlatitude
type characterized by highest mixing ratios in summer.

General agreement with other data, in particular with
MOZAIC, is found in terms of seasonality and absolute con-
centrations. GASP is thus a valuable data set to compare
with more recent UT/LS aircraft data such as MOZAIC to
deduce long-term changes of UT/LS ozone, which will be
addressed in a forthcoming publication. The GASP data will
also be of great value for other applications including vali-
dation of model simulations of past ozone and as “transfer
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standard” for cross-validating tropospheric ozone observa-
tions from sondes in the 1970s, for which the quality has
never been thoroughly assessed.
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Appendix A

Table A1. Number of GASP records in upper tropospheric regions (coordinate specification in Table 3) as function of season and year of
observation.

Season Number years Number per Year Number of records
1975 1976 1977 1978 1979

Atlantic (ATL)

DJF 3 – 103 – 119 245 467
MAM 5 67 205 77 94 285 728
JJA 4 – 38 11 574 61 684
SON 3 – 307 30 554 – 891
Sum per year 67 653 118 1341 591 2770
Fraction (%) 2.4 23.6 4.3 48.4 20.8

Europe (EUR)

DJF 4 – 47 128 122 107 404
MAM 5 37 96 199 37 99 468
JJA 4 – 202 172 256 20 650
SON 3 – 73 140 372 – 585
Sum per year 37 418 639 787 226 2107
Fraction (%) 1.8 19.8 30.3 37.4 10.7

Midlatitude Northeast Pacific (ML NEP)

DJF 5 85 288 113 620 393 1492
MAM 5 230 578 438 834 247 2327
JJA 5 238 88 182 1622 94 2224
SON 4 164 150 207 1037 – 1558
Sum per year 717 1104 940 4113 734 7608
Fraction (%) 9.4 14.5 12.4 54.1 9.6

Western USA (W USA)

DJF 5 29 234 54 361 279 957
MAM 5 134 337 121 460 133 1185
JJA 5 179 20 33 1317 28 1577
SON 4 166 97 48 690 – 1001
Sum per year 508 688 256 2828 440 4720
Fraction (%) 10.8 14.6 5.4 59.9 9.3

Northeastern USA (NE USA)

DJF 5 8 103 5 196 191 503
MAM 5 64 255 110 171 173 781
JJA 5 34 45 14 628 36 757
SON 4 56 267 87 391 – 801
Sum per year 162 670 224 1386 400 2842
Fraction (%) 5.7 23.6 7.9 48.8 14.1

Northern Japan (N JP)

DJF 2 – – – 10 26 36
MAM 4 11 1 – 111 36 159
JJA 3 – 10 – 412 15 437
SON 3 – 150 47 102 – 299
Sum per year 11 161 47 635 77 931
Fraction (%) 1.2 17.3 5.0 68.2 8.3
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Table A1. Continued.

Season Number years Number per Year Number of records
1975 1976 1977 1978 1979

Northern India (N IND)

DJF 4 – 28 144 59 143 374
MAM 5 55 43 158 33 89 378
JJA 4 – 239 268 110 20 637
SON 3 – 22 75 152 – 249
Sum per year 55 332 645 354 252 1638
Fraction (%) 3.4 20.3 39.4 21.6 15.4

Southern Japan (S JP)

DJF 4 – 10 15 165 104 294
MAM 4 34 83 – 221 135 473
JJA 4 – 50 61 610 93 814
SON 3 – 189 80 360 – 629
Sum per year 34 332 156 1356 332 2210
Fraction (%) 1.5 15.0 7.1 61.4 15.0

Southern India (S IND)

DJF 3 – – 207 6 13 226
MAM 2 – – 101 – 12 113
JJA 3 – 148 178 5 – 331
SON 2 – – 136 7 – 143
Sum per year 148 622 18 25 813
Fraction (%) 18.2 76.5 2.2 3.1

Subtropical Northeast Pacific (ST NEP)

DJF 5 71 790 342 1317 850 3370
MAM 5 392 728 728 1026 421 3295
JJA 5 378 146 424 2654 72 3674
SON 4 247 187 317 1160 – 1911
Sum per year 1088 1851 1811 6157 1343 12250
Fraction (%) 8.9 15.1 14.8 50.3 11.0

South China (S CHINA)

DJF 4 – 37 139 199 161 536
MAM 5 106 122 89 128 227 672
JJA 4 – 167 196 415 84 862
SON 4 – 37 144 359 – 540
Sum per year 106 363 568 1101 472 2610
Fraction (%) 4.1 13.9 21.8 42.2 18.1
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