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JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D5, PAGES 5585-5622, MARCH 20, 1999 

A meteorological overview of the Pacific Exploratory Mission 
(PEM) Tropics period 

Henry E. Fuelberg, 1 Reginald E. Newell, 2 Scott P. Longmore, 1 Yong Zhu, 2 
David J. Westberg, 3 Edward V. Browell, 4 Donald R. Blake, 5 Gerald L. Gregory, 4 and 
Glen W. Sachse 4 

Abstract. NASA's Pacific Exploratory Mission-Tropics (PEM-T) experiment investigated the 
atmospheric chemistry of a large portion of the tropical and subtropical Pacific Basin during 
August to October 1996. This paper summarizes meteorological conditions over the PEM-T 
domain. Mean flow patterns during PEM-T are described. Important circulation systems near the 
surface include subtropical anticyclones, the South Pacific Convergence Zone (SPCZ), the 
Intertropical Convergence Zone (1TCZ), and middle latitude transient cyclones. The SPCZ and 
ITCZ are areas of widespread ascent and deep convection; however, there is relatively little light- 
ning in these oceanic regions. A large area of subsidence is associated with the subtropical anticy- 
clone centered near Easter Island. PEM-T occurred during a period of near normal sea surface 
temperatures. When compared to an 11 year climatology (1986-1996), relatively minor circula- 
tion anomalies are observed during PEM-T. Some of these circulation anomalies are consistent 
with much stronger anomalies observed during previous La Nina events. In general, however, the 
1996 PEM-T period appears to be climatologically representative. Meteorological conditions for 
specific flights from each major operations area are summarized. The vertical distribution of 
ozone along selected DC-8 flights is described using the DIAL remote sensing system. These 
ozone distributions are related to thermodynamic soundings obtained during aircraft maneuvers 
and to backward trajectories that arrived at locations along the flight tracks. Most locations in the 
deep tropics are found to have relatively small values of tropospheric ozone. Backward trajecto- 
ries calculated from global gridded analyses show that much of this air originates from the east 
and has not passed over land within 10 days. The deep convection associated with the ITCZ and 
SPCZ also influences the atmospheric chemistry of these regions. Flights over portions of the 
subtropics and middle latitudes document layers of greatly enhanced tropospheric ozone, some- 
times exceeding 80 ppbv. In situ carbon monoxide in these layers often exceeds 90 ppbv. These 
regions are located near, and especially south of Tahiti, Easter Island, and Fiji. The layers of 
enhanced ozone usually correspond to layers of dry air, associated with widespread subsiding air. 
The backward trajectories show that air parcels arriving in these regions originate from the west, 
passing over Australia and even extending back to southern Africa. These are regions of biomass 
burning. The in situ chemical measurements support the trajectory-derived origins of these ozone 
plumes. Thus the enhanced tropospheric ozone over the central Pacific Basin may be due to 
biomass burning many thousands of kilometers away. Middle-latitude portions of the PEM-T area 
are influenced by transient cyclones, and the DC-8 traversed tropopause folds during several 
flights. The flight area just west of Ecuador experiences outflow from South America. Thus the 
biomass burning that is prevalent over portions of Brazil influences this area. 

1. Introduction 

The Pacific Exploratory Mission-Tropics (PEM-T) was con- 
ducted between August to October 1996 as part of NASA's 
Global Tropospheric Experiment (GTE) [McNeal et at., 1984]. 
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The goal of PEM-T was to investigate the impact of human activ- 
ity on the tropospheric chemistry of the Pacific Basin, especially 
its tropical portions [Hoell et at., this issue]. This remote region 
of the world has traditionally been considered to be relatively free 
from the impacts of human activity. However, the air quality of 
the tropical Pacific is increasingly experiencing the effects of 
long-range transport from expanding population centers around 
the fringes of the basin, for example, South America, Southeast 
Asia, and Australia. 

One of the objectives of PEM-T was to provide baseline data 
for gases that are important in controlling the oxidizing power of 
the atmosphere, including ozone (03) and its precursors [Hoell 
et al., this issue]. A second objective was to understand the fac- 
tors controlling the concentrations of these gases, and to assess 
the resulting sensitivity of the oxidizing power of the atmosphere 
to anthropogenic and natural perturbations. Three secondary 
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objectives were to survey the concentrations of aerosols and their 
precursors, investigate sulfur gas-to-particle formation, and to 
provide detailed latitude-altitude transects of long-lived gases for 
use in evaluating global tropospheric models. 

PEM-T employed two NASA aircraft, the DC-8 based at Ames 
Research Center, California, and the P-3B based at the Wallops 
Flight Facility, Virginia. These two aircraft sampled an area 
stretching from Hawaii to the tip of Antarctica and from the west 
coast of South America to near New Guinea (Figure 1). Hoell 
et al. [this issue] provide a complete description of the various 
chemical species measured by the two aircraft. They include 
ozone, carbon monoxide, hydrocarbons, halocarbons, sulfur, 
nitrates, acids, peroxides, and aerosols. 

This paper presents a general overview of meteorological con- 
ditions over the South Pacific Basin during PEM-T (August 14 to 
October 6, 1996). Section 2 describes our data and methodolo- 
gies. Section 3 describes large-scale flow patterns, while section 4 
examines their departures from climatology. The remaining sec- 
tions highlight weather conditions encountered on selected flights 
from each base of operations and relate these conditions to 

observed chemical features. The general overview'presented here 
will be elaborated in subsequent papers examining the atmos- 
pheric chemistry and meteorology of the PEM-T area. 

2. Data and Methodologies 

We utilized global gridded meteorological analyses prepared 
by the European Centre for Medium-Range Weather Forecasts 
(ECMWF) [Bengtsson, 1985; HoEingsworth et al., 1986]. These 
analyses were obtained from the National Center for Atmospheric 
Researc.h (NCAR). The ECMWF analyses are dynamically con- 
sistent, having been prepared using data assimilation techniques. 
The data were available twice daily (0000 and 1200 UTC) on a 
2.5 ø x 2.5 ø latitude-longitude grid for the period 1986-1996. We 
used the lowest 13 isobaric surfaces in our computations (1000; 
925, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, and 50 hPa). 

Ten-day backward trajectories were calculated using a kine- 
matic model, that is, employing the u, v, and w wind components 
from the ECMWF analyses. A cubic spline procedure was used to 
vertically interpolate the gfidded data from the 13 initial levels to 
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Figure 1. (a) Flight tracks for the P-3B during PEM-T.(b) Flight tracks for the DC-8 during PEM-T. 
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190 levels at 5-hPa intervals between 1000 and 50 hPa. Linear 

interpolation provided values within these 5-hPa intervals and at 
the parcel's precise horizontal locations. Linear interpolation also 
was used to temporally interpolate at 5-min time steps. Parcels 
that intersected the 1000 hPa surface were terminated at that 

location. Similarly, all trajectory locations were checked against a 
topographic field obtained from the United States Geological 
Survey. Parcels that intersected the topographic surface (e.g., the 
Andes) were terminated at that point. Additional details about the 
trajectory model, along with a comparison between kinematic and 
isentropic trajectories, are given by Fuelberg et al. [ 1996a]. 

Trajectories are subject to several limitations, some of which 
are described by Stohl et al. [1995]. First, the Pacific Basin is a 
relatively data sparse area. Thus the ECMWF analyses may posi- 
tion circulation features less accurately over the PEM-T domain 
than in more data rich areas. Second, the 2.5 ø and 12 hourly 
resolution of our ECMWF data means that small scale features 

will not be faithfully depicted. For example, winds associated 
with individual convective storms will not be resolved, although 
the aggregate effects of storm areas will be included. Finally, the 
trajectory model itself contains numerical limitations. These 
various limitations produce trajectories whose accuracy deterio- 
rates with increasing time. Nonetheless, trajectories of 7 days 
duration or longer are relatively common in the literature, for 
example, Rood etal. [1997] (7 days), Thompson etal. [1996] 
(8 days), Garstang etal. [1996] (10 days), Swap et al. [1996] 
(10 days). 

We calculated over 24,000 ten-day backward trajectories along 
the various PEM-T flight tracks as part of our research. In spite of 
the limitations described above, most of these trajectories showed 
reasonable conservation of their potential temperatures, without 
arbitrarily imposing the isentropic assumption. Specifically, at 
5 days back, 83% (98%) of the trajectories experienced less than a 
5 ø (10 ø) C change in their potential temperatures over 24 hour 
periods. At 10 days back, 73% (96%) of the trajectories had less 
than a 5 ø (10 ø) C change in potential temperatures over 24 hour 
periods. 

In situ 0 3 measurements were made using a chemiluminescent 
detector (nitric oxide plus 03) (G.L. Gregory, personal communi- 
cation, 1998). This instrument has been used in many GTE flights 
onboard the DC-8. For the PEM-T measurements, the system was 
configured for a 2 Hz response time, with a lower detection limit 
of <1 ppbv. Absolute accuracy is approximately 3% (or 2 ppbv), 
with a precision of 1% (or 0.8 ppbv). 

Carbon monoxide (CO) measurements were made with a dif- 
ferential absorption diode laser sensor described by Sachse 
et al. [1987, 1991]. CO sensitivity is the greater of 1 ppbv or 1%, 
and time resolution is less than 5 s. Some in situ chemical meas- 

urements were obtained from whole air samples collected in 
evacuated 2 L stainless steel canisters that were pressurized to 
40 psi. Samples were collected every 4 min, but increased to one 
per minute during some vertical profiles. The 'canisters then were 
returned to the laboratory at the University of California-Irvine 
where their contents were assayed for selected nonmethane hydro- 
carbons, halocarbons, and alkyl nitrates. A detailed description of 
the analytical apparatus and procedure is given by Blake et al. 
[1996]. 

Vertical profiles of 0 3 were obtained along the flight track of 
the DC-8 using the differential absorption lidar (DIAL) instrument 
[Browell, 1989, 1991]. The DIAL system has been used in many 
previous field experiments to study distributions of aerosols and 
0 3 in the troposphere and to relate them to chemical and dynami- 
cal processes [e.g., Browell et al., 1994, 1996' Fuelberg 

et al., 1996b]. Simultaneous zenith and nadir lidar measurements 

of 0 3 were made from a range of about 750 m above the aircraft 
to above the tropopause in the zenith case, and from about 750 m 
below the aircraft to about 300 m above the surface in the nadir 

case. The nadir and zenith data, together with the in situ 0 3 
measurements, were combined to produce the images that are 
shown here. This procedure is described by Browell eta/. [ 1996]. 
The O 3 measurement accuracy is within 10%, unless the measured 
amount is less than 20 ppbv, when the accuracy is 2 ppbv. The 
precision is better than 5% or 1 ppbv [e.g., Browell et al., 1996]. 
The vertical resolution is 300 m in the nadir and 450 m in the 

zenith, with a horizontal resolution in both cases of about 70 km. 

Optically thick clouds can blind the DIAL because they scatter 
much of the energy of the lidar beam. 0 3 measurements can be 
made through thin cirrus; however, altocumulus, cumulus, and cir- 
rus all are problematic. 

3. Large-Scale Conditions 

Streamlines representing time averaged large-scale flow pat- 
terns during the PEM-T period are shown in Figure 2. These 
fields were obtained by averaging the twice daily ECMWF wind 
analyses between August 14 and October 6, 1996. Atmospheric 
transport is not accomplished by the mean flow, but by the actual 
winds that vary both in time and space. Nonetheless, meteoro- 
logical systems in the tropics do exhibit less variability than those 
in the middle latitudes. Furthermore, these "time-averaged" flow 
fields provide valuable information about large-scale conditions 
occurring during PEM-T. 

Several prominent circulation features are present in 
the mission-averaged streamlines at 1000 hPa (Figure2a). 
Subtropical anticyclones are located over both the North and 
South Pacific Oceans, one between Hawaii and the mainland 

United States, and the second near Easter Island in the South 
Pacific (28øS, 110øW). The northeasterly and southeasterly trades 
winds associated with these anticyclones converge near 10øN to 
form the Intertropical Convergence Zone (ITCZ). This 
convergence is strongest just west of Central America and 
becomes weaker farther west. Figure 3a shows locations of the 
ITCZ on the 21 days on which flights were conducted during 
PEM-T. These locations are based on the 1000 hPa divergent 
wind derived from the ECMWF data. The ITCZ exhibits 

relatively little day-to-day latitudinal variation at locations east of 
the date line. However, the strength of the convergence did vary 
on a daily basis, with a double convergence zone apparent on 
some days. Several PEM-T flights traversed the 1TCZ (Figure 1). 

General low pressure and confluent flow are present near 
Southeast Asia at 1000 hPa during the PEM-T period (Figure 2a). 
These features are associated with the summer monsoon. A mon- 

soon trough and associated area of confluent flow also extend 
southeastward from near the coast of China. The ITCZ blends 

into this trough at approximately 15øN. A zone of confluent flow 
then stretches southeastward from the monsoon trough into the 
southern hemisphere to near Tahiti (18øS, 150øW). This feature, 
called the South Pacific Convergence Zone (SPCZ), has been 
reviewed in a recent paper by Vincent [1994]. The SPCZ is best 
defined during the austral summer months of January and 
February, not during th'e springtime PEM-T period. 

Locations of the SPCZ on individual PEM-T flight days are 
shown in Figure 3b. Several of the PEM-T flights from Tahiti and 
Fiji (Figure 1) were influenced by the nearby SPCZ. As noted 
previously, the westernmost segments of the SPCZ and ITCZ 
usually merge together into a single convergence zone. That 
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Figure2. Mean streamlines during PEM-T (August 14 to October 6, 1996) for (a) 1000, (b) 700, (c) 
500, and (d) 300 hPa. Major cyclonic and anticyclonic circulation centers are indicated as "C" and 
"A," respectively. 

single zone is shown in both Figures 3a and 3b. The SPCZ shows 
little day-to-day variation near 0ø-5øS; however, there is more 
variability at locations farther southeast. These spatial fluctuations 
occur because this segment of the SPCZ is influenced by nearby 
cyclone activity. Specifically, transient middle-latitude cyclones 
move from west to east over the South Pacific Basin [e.g., Merrill, 
1989; Sinclair, 1994]. Their individual cyclonic circulations are 
not evident in Figure 2a because of the temporal averaging. The 
cold fronts associated with these systems advance in a generally 
northeasterly direction, eventually becoming stationary near lati- 
tudes 15ø-20øS. The temperature contrast across the fronts 
diminishes during their northward transit, such that only a conver- 
gent zone remains. These frontal remnants appear to be responsi- 
ble for maintaining the southeastern portion of the SPCZ [Vincent 
1994] and producing its variations in location between 10 ø and 
20øS. We have arbitrarily terminated the SPCZ near 150øW 
(Figure 3b) because convergence farther southeast usually is asso- 
ciated with frontal-related temperature gradients. 

Mean flow patterns at 700 hPa (-3 km mean sea level (msl), 
Figure 2b) during the PEM-T period are dominated by broad sub- 
tropical anticyclones. These anticyclones are centered near 20øN 
and 20øS, with the northern hemispheric (summer) anticyclones 
being best defined. Ridge axes that extend east-west from the 
anticyclone centers span virtually the entire North and South 
Pacific Basins. These anticyclones and ridge lines produce major 
wind shifts across the PEM-T domain. Specifically, there is west- 
erly flow north of-20øN and south of-20øS, that is, the prevail- 
ing westerlies. However, easterly winds dominate the tropical 
latitudes that lie in between. Several PEM-T flights crossed these 

wind shift lines (Figure 1), documenting impressive changes in 
atmospheric chemical concentrations and associated 
meteorological variables. Section 9 describes one of these cases 
(DC-8 flight 16). Convergence associated with the ITCZ and 
SPCZ is not evident at 700 hPa since that convergence is confined 
to the low levels (e.g., Figure 2a). 

Flow patterns at 500 hPa during PEM-T (-5.5 km, Figure 2c) 
are similar to those at 700 hPa. Although the anticyclonic circu- 
lation centers are not as well defined as in the lower levels, the 
east-west oriented ridge lines in the northern and southern hemi- 
spheres (near 20 ø ) remain prominent. These ridge lines separate 
westerly middle latitude flow from the tropical easterlies. 

Mean conditions at 300 hPa (-9 km, Figure 2d) show several 
well defined subtropical anticyclone centers in each hemisphere. 
The major new feature is the weak cyclonic circulation near 0 ø, 
160øW. As a result, the tropical upper troposphere does not 
exhibit simple easterly flow, but there are areas of northerly and 
southerly winds as well. 

Mean isotach analyses for 300 and 200 hPa during the PEM-T 
period are shown in Figure 4. The southern hemispheric subtropi- 
cal jet stream is located at -30øS. Several PEM-T flights trav- 
ersed this region of strong winds (Figure 1). Since the subtropical 
jet does not exhibit large day-to-day changes in location or inten- 
sity, it is clearly depicted in the average field. Maximum mean 
speeds exceed 40 m s -1 (50 m s -1) at 300 (200)hPa over south- 
western Australia. Speeds along the jet axis diminish toward the 
east. Speeds also decrease both north and south of jet axis, with 
much of the tropical Pacific having speeds less than 10 m s -1. 
The polar jet stream is poorly defined in the composite PEM-T 
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Figure3. (a) Positions of the ITCZ on flight days during PEM-T. (b) Positions of the SPCZ on flight 
days during PEM-T. 

analysis (Figure 4). This is common over the South Pacific Basin 
[e.g., Chen et al., 1996] since the polax jet does undergo major 
day-to-day variability in both location and wind speed. Thus tem- 
poral averaging tends to filter it more than the subtropical jet. 

It is informative to consider the distances covered by air par- 
cels traveling at typical wind speeds during PEM-T. For example, 
a parcel at 20øS, traveling due east at a constant speed of 
20 (30)m s -z, will travel -83 ø (-124 ø) longitude during a 5-day 
period. These numbers indicate that long-range transport can 
occur over relatively short time intervals. 

Three north-south cross sections of the mean zonal wind during 
PEM-T are given in Figure 5. They indicate that the mean altitude 
of the subtropical jet stream is near 200 hPa (-11.7 km) and that 
maximum mean zonal speeds decrease toward the east, consistent 
with Figure 4. Easterly (negative) zonal components are promi- 
nent in the tropics. Specifically, the region of negative mean val- 
ues extends to near 30øS at the lowest altitudes, but has the small- 

est southward penetration between 200 and 100 hPa. In fact, the 
cross section at 180 ø shows no easterly flow between 200 and 
100 hPa. The strong easterly flow over the tropics at the highest 
levels corresponds to the tropical easterly jet stream. 

The mean circulation during PEM-T also can be examined by 
dividing the wind into its divergent and rotational components, as 
done for PEM-West A and B [Newell et al., 1996a] where the 
appropriate equations are discussed. The time-averaged velocity 
potential and divergent wind components for the PEM-T period 
are shown in Figure 6 for 1000 and 200 hPa. For the purposes of 
this discussion, surface topography has been ignored, but its 
effects were included in the original ECMWF analyses. At 
1000 hPa (Figure 6b), there is strong convergence at-15øN near 
the Philippines, and over the eastern Pacific Ocean and Central 
.America. There is strong divergence over the southeast Pacific 
and off California. At 200 hPa (Figure 6a), there is compensating 
convergence over the southeast Pacific, with divergence over the 
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Figure 5. Cross sections of mean zonal wind (m s -1) during PEM-T (August 14 to October 6) along 
(a) 180øW, (b) 150øW, and (c) 110øW. 
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Figure 5. (continued) 

western Pacific. The ITCZ is clearly indicated at 1000 hPa from 
Central America westward across the central Pacific, where it 

crosses the date line at -1 IøN, before forming the Philippines 
convergent maximum. The SPCZ extends from north of New 

o) 

Guinea, east southeastward to -140øW. It is much less defined 

than the ITCZ. The rising motion that connects the various areas 
of low-level convergence and upper level divergence appears in 
the day-to-day cloud patterns, which are shown in satellite 
imagery within later sections of this paper. 

Mean stream function and rotational wind analyses for PEM-T 
at 1000 and 200 hPa are shown in Figure 7. When magnitudes of 
the divergent (Figure 6) and rotational wind vectors are compared, 
it is clear that the rotational component generally is greatest. Over 
the Pacific, both hemispheres are dominated by large anticyclonic 
systems at 1000 hPa (Figure 7b). The rotational wind at 200 hPa 
also shows large anticyclonic features (Figure 7a), with some evi- 
dence of interhemispheric flow over the southern Indian Ocean. 
This suggests a possible transport of biomass burning material 
between Borneo, Indonesia, and the southern hemisphere middle- 
latitude jet stream. Likewise, similar material from the northern 

trajectories. 
Atmospheric vertical motion is important because it influences 

the transport of chemical species, affects the humidity and stabil- 
ity of the atmosphere, and influences the formation of clouds and 
precipitation. Vertical motions provided with the ECMWF data 
sets were averaged over the PEM-T period, with the mean analy- 

Figure6. Mean velocity potential (isolines, 104 m 2 s -1) and divergent wind component (vectors, 
m s -]) at (a) 200 and (b) 1000 hPa during PEM-T (August 14 to October 6). The maximum vector is 
(a) 8.6 m s -•, and (b) 5.5 m s -•. ' 
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Figure8. Mean vertical motion (10 -2 Pa S -1) at 700 hPa during PEM-T (August 14 to October 6) 
Negative values (dashed) indicate ascent. The zero isoline has been omitted for clarity. 
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sis for 700 hPa (-3.0 km) shown in Figure 8. The zero isopleth 
has been omitted for clarity. The area of strongest mean ascent 
(negative values) occurs along the eastern half of the ITCZ, near 
10øN. Weaker ascent extends westward along the ITCZ to 
Southeast Asia and India. The southward extension of the ascent 

region near the date line is attributed to the SPCZ. Each of these 
areas of rising motion is associated with widespread multiple lay- 
ered cloudiness (see later satellite imagery), including deep 
convection. 

There are two major regions of persistent sinking motion 
(positive values) over the PEM-T domain (Figure 8). The strong- 
est, located just west of South America, is attributed to the 
semipermanent anticyclone over the region (Figure 2). PEM-T 
flights out of Easter Island and Guayaquil were affected by this 
subsidence (see sections 7 and 10). The area north of Easter 
Island tended to be relatively cloud free, with well developed low- 
level temperature inversions. On the other hand, there was abun- 
dant low level cloudiness just west of South America because of 
the cold, northward moving ocean currents in the area. However, 
there was very little middle and upper level cloudiness. The sec- 
ond area of persistent subsidence is located over Australia and 
parts of the Indian Ocean. Air parcels traveling eastward through 
this region toward the PEM-T flight area experience the effects of 
this subsidence (see section 6). 

There are few centers of vertical motion over middle-latitude 

portions of Figure 8. This occurs because the region is dominated 
by transient eastward moving cyclonic and anticyclonic systems. 
The associated ascent and descent tend to cancel during the tem- 
poral averaging. Thus the middle latitudes experience periods of 
widespread clouds and precipitation, followed by clearing skies. 

It is useful to supplement the mean vertical motion patterns at 
700hPa (Figure 8) by considering the mass balance in atmos- 
pheric columns with horizontal dimensions of 30 o x 30 ø. The 
procedure here is similar to that carried out in studies of Hurricane 
Mireille [Newell et al., 1996b]. Specifically, the mass balance is 

evaluated from the divergent wind component, using 100 hPa 
intervals up to 300 hPa, and 50 hPa intervals between 300 and 
100 hPa. The mass balance was adjusted internally to be zero at 
100 hPa. Figure 9 shows the resulting profiles of vertical motion 
at four locations: the convergence region near Panama (15øN, 
85øW), the SPCZ (5øS, 160øE), the Easter Island anticyclone 
(25øS, 85øW), and the sinking motion near Australia (15øS, 
130øE). The greatest values in Figure 9 are associated with subsi- 
dence near the Easter Island anticyclone (Figure 9b). They 
numerically exceed values of ascent near Panama and the SPCZ 
where there is widespread convection (Figure 9a). Although 
much stronger ascent is associated with individual convective 
elements within these regions, that convection occupies only a 
small portion of the larger areas used in these calculations. The 
ascent or descent that occurs within these four regions is consis- 
tent from the surface to 100 hPa (-16.5 km). 

Lightning is associated with deep convection and is a source of 
nitrogen oxides in the atmosphere [e.g., Lawrence et al., 1995]. 
Plate 1 shows lightning discharges during September 1996 based 
on data from the Optical Transient Detector (OTD) that was 
launched into polar orbit during April 1995. The OTD detects 
cloud to ground, cloud to cloud, and intracloud lightning events 
during both daytime and nighttime [Christian et al., 1989, 1992; 
NASA Optical Transient Detector World Wide Web site available 
at http://wwwghcc.msfc.nasa. gov/otd.html]. However, the satellite 
does not provide continuous coverage; thus some lightning is not 
detected. The plate shows relatively little lightning over the 
Pacific Ocean during September 1996, and this is confirmed by 
measurements taken onboard the DC-8. Orville eta/. [1997] dis- 
cuss possible reasons why lightning activity over the tropical 
oceans is so scarce. There are large concentrations of lightning 
over the fringes of the Pacific Basin, for example, Central and 
South America, Southeast Asia, eastern Australia, and Indonesia. 

There also is abundant lightning over tropical Africa. OTD results 
for September 1995 (not shown) indicate approximately 50% 
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Figure9. Profiles of vertical motion (10 -2 Pa s -1) at (a) 15øN, 85øW (solid) and 5øS, 160øE (dashed) 
and at(b) 25øS, 85øW (solid) and 15øS, 130øE (dashed). See text for computational details. 
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Plate 1. Lightning data for September 1996 detected by the Optical Transient Detector. Data provided 
by NASA Marshall Space Flight Center from their Web site at http://wwwghcc.msfc.nasa. gov. 
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Plate 2. Sea surface temperature anomalies (in degrees Celsius) for September 1996 
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more lightning than during September 1996 (Plate 1). The 
streamline charts (Figure 2) suggest that these areas of lightning 
are upwind of specific PEM-T flights at particular altitudes. This 
will be confirmed by trajectory analyses in sections 5-11. How- 
ever, Schultz et at. [this issue] concluded that contributions from 

soil emissions and lightning were unlikely to produce enough 03 
to explain the observations during PEM-T. 

4. Representativness of the PEM-T Period 

It is important to determine whether the 1996 PEM-T period 
was anomalous or representative of a typical August/October. 
The E1 Nino (EN) phenomenon of the tropical Pacific Ocean and 
its associated Southern Oscillation (SO) of the Southern 
Hemispheric atmospheric circulation (together called ENSO) are 
major factors leading to interannual atmospheric variability in the 
tropics. Survey descriptions of ENSO are provided by Philander 
and Rasmusson [1985], Philander [1990], and Trenberth [1997]. 
The years 1990-1994 were an extended period of comparatively 
warm sea surface temperatures (SSTs) in the tropical Pacific, that 
is, E1 Nino events. On the other hand, during September 1996, 
Plate 2 shows few areas of relatively warm SST departures. from 
the 16 year mean between 1981 and 1996. Conversely, the waters 
just west of Ecuador are the only portion of the Pacific Ocean with 
SST departures colder than 1 øC during this period. Although SST 
anomalies are small, the Southern Oscillation Index [Trenberth, 
1976; Horet and Wallace, 1981], based on sea level pressure dif- 
ferences between Darwin and Tahiti, is consistent with weak cold 

phase (La Nina) conditions. Thus there is some debate as to 
whether 1996 should be considered a neutral period or a weak 
La Nina event (J.J. O'Brien, personal communication, 1998). 
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Figure 10. Streamlines of the vector departure of winds during 
PEM-T with those during a corresponding period between 1986 
and 1996 at (a) 1000 hPa and (b) 300 hPa. Cyclonic and 
anticyclonic circulation anomalies discussed in the text are 
indicated by "C" and "A," respectively. 
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Figure 11. (a) Isotachs of the departure of 300 hPa wind speeds 
(m s -1) during PEM-T with those during a corresponding period 
between 1986 and 1996 (in Figure lib). (b) Isotachs of mean 
wind speeds (m s -1) at 300 hPa during August 14 to October 6 of 
the years 1986-1996. 

To examine the representativeness of PEM-T in greater detail, 
we calculated vector departures between mean winds during the 
1996 PEM-T period and those of the corresponding 11 year mean 
(1986-1996) for which data were available. That is, the 11 year 
mean flow was subtracted from the mean during PEM-T. 
Figure 10 contains streamline analyses of these vector departures. 
During E1 Nino events, the low-level easterly trade winds become 
weaker, and may even shift to a westerly direction 
[e.g.,Philander, 1990]. Conversely, the easterly trades are 
strengthened during La Nina events. Figure 10a shows that the 
1000hPa easterly trades during PEM-T are slightly stronger 
(westward pointing streamlines) than those of the 11 year mean, 
consistent with a cold phase. The subtropical anticyclones east of 
Hawaii and near Easter Island also are slightly stronger than aver- 
age, again typical of a cold phase. Greater departures would be 
expected during more intense cold events. Circulation departures 
also are evident in the middle-latitude portions of Figure 10a, but 
their relation to the ENSO, if any, is unclear. 

Streamlines of vector wind departures at 300 hPa (Figure 10b) 
also are consistent with cold phase conditions. Specifically, Arkin 
[1982] found an anomalous couplet of cyclonic circulation cen- 
ters at 200 hPa during periods of relatively,cold SSTs. The two 
circulation centers straddled the equator, that is, centers north and 
south of the equator. These are clearly evident during PEM-T 
over the central tropical Pacific. Conversely, during E1 Nino 
events, anomalous anticyclonic upper level couplets have been 
observed over the tropical Pacific [Arkin, 1982]. However, this is 
not observed during PEM-T. The upper level subtropical anticy- 
clones over the eastern Pacific (Figure 10b) also are slightly 
stronger than average. The other circulation departures in 
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Figure 10b, mostly in the middle latitudes, have not been related 
previously to the ENSO. 

Isotachs showing the departure of 300 hPa wind speeds during 
PEM-T from those of the 11 year mean are shown in Figure 1 la. 
Specifically, the 11 year mean speeds (Figure l lb) were sub- 
tracted from those during 1996 (Figure 4a). Although the axis of 
the subtropical jet stream during PEM-T is near its 11 year mean 
position, the region of strongest speeds during PEM-T is some- 
what displaced. Specifically, the jet streak during PEM-T is 
located west of its mean position. This is consistent with results 
of Chen et al. [1996] for cold phases. Maximum jet speeds during 
PEM-T (40 m s -1) are similar to those of the longer-term mean. 
Finally, the polar jet stream is better defined during PEM-T than 
during the 11 year mean, at least off the southwestern tip of South 
America. 

To summarize, wind directions and speeds during the 1996 
PEM-T period do not exhibit major differences with those of the 
corresponding 11 year mean. Some of the wind departures occur- 
ring during PEM-T are consistent with those of a weak La Nina 
event. In general, however, we believe that flow patterns during 

PEM-T should not be considered anomalous, but fairly represen- 
tative of this season. 

5. Flights Near Christmas Island and Hawaii 
The initial phase of PEM-T consisted of transit flights by both 

aircraft to Hawaii, the deployment of the P-3B from Hawaii to 
Christmas Island (2øN, 157øW), the return of the P-3B to Hawaii, 
a local flight by the P-3B from Hawaii, followed by both aircraft 
flying from Hawaii to Tahiti (Figure 1). These. various flights 
investigated latitudinal gradients of atmospheric trace gases, their 
variations along the ITCZ, atmospheric photochemistry, and the 
sulfur oxidation cycle. 

GOES-9 visible and infrared satellite imagery for the P-3B's 
local flight near Christmas Island (Hight 7) (Figure 12) illustrates 
cloud features that are typical of those encountered during other 
flights over the area. Deep convection associated with the ITCZ is 
located at approximately 10øN. The visible image (Figure 12a) 
shows a large region of broken cumulus and stratocumulus blan- 
keting the central North Pacific east of Hawaii. The low clouds 

Figure 12. GOES-9 imagery for 2100 UTC August 24: (a) visible and (b) infrared. The track of P-3B 
flight 7 out of Christmas Island (2øN, 157øW) is superimposed. 
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Figure 12. (contim•ed) 

just off the coast of California are a persistent feature that are 
associated with cold California ocean current. 

Both PEM-T aircraft measured in situ temperature and humid- 
ity (dew point temperature) from which vertical profiles 
(soundings) could be obtained during maneuvers. The sounding 
derived from the P-3B's spiral ascent near 2øN, 155øW during 

flight 7 (Figure 13) is typical of those in the area The lowest 
50 hPa is well mixed, with a nearly dry adiabatic temperature 
profile and almost constant values of water vapor mixing ratio 
(not shown). This layer is overlain by a region of more stable and 
slightly drier mr through 800 hPa, followed by a capping inversion 
centered at -775 hPa. The driest air is located above 680 hPa. 

24 AUG 1996 
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Figure 13. Vertical profile of temperature and dew point (in degrees Celsius) obtained by the P-3B on 
flight 7 (August 24) near 2øN, 155øW. 
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Plate 3. Cross section of DIAL-derived 0 3 mixing ratio along DC-8 flight 4 from Hawaii to Tahiti on 
August 31, 1996 (Figure 1). The 03 scale (ppbv) and time (UTC) are given at the top of the image, 
while latitude and longitude are given at the bottom. Locations of aircraft spirals are indicated. The 
black line through the image denotes the altitude of the DC-8. 

Several papers in the cun'ent issue examine various chemical 
aspects of the marine boundary layer near Christmas Island 
[e.g., Crawford et aI., this issue; Davis et aI., this issue]. 

Both aircraft traveled from Hawaii to Tahiti on August 31, 
taking measurements along an -40 ø range of latitudes that inter- 
sected the ITCZ. Gregory et al. [this issue] use in situ chemical 
measurements and trajectory data to characterize air on both sides 
of the ITCZ. Plate 3 shows the DIAL-derived vertical distribu- 

tion of 0 3 along the DC-8's flight track to Tahiti. Tropospheric 
0 3 mixing ratios north of the equator (left side) generally are less 
that 40 ppbv, with some regions near the surface and near 9 km 
having values less than 20 ppbv. Values of 0 3 increase south of 
the equator (right side), exceeding 70 ppbv in the middle tro- 
posphere approaching Tahiti. This was the first of many observa- 
tions of enhanced middle tropospheric 03 over the south central 
Pacific Basin during PEM-T. 

Ten-day backward trajectories arriving along the flight track at 
700hPa (-3 km, Figure 14a) show that air parcels have spent their 

entire 10 day histories over water. Since wind speeds are rela- 
tively light, the trajectories do not cover long distances. Although 
some trajectories might ultimately have a continental origin, this 
would have occurred much earlier than 10 days before arriving at 
the flight track. This "aged marine" character of the air is consis- 
tent with the relatively small values of 0 3 seen in the DIAL image 
(Plate 3). Similar trajectory patterns are found at 850 hPa (not 
shown). 

Trajectories arriving along the flight track at 300 hPa (-9 km, 
Figure 14b) exhibit a more complex behavior. Most mxivals along 
the northern half of the flight originate from the east, but they do 
not pass over land during their 10 day histories. This part of the 
flight track exhibits relatively small amounts of 03 in the upper 
troposphere (Plate 3). Parcels arriving along the southern half of 
the flight track originate from the west since they are dominated 
by the prevailing westerlies. These parcels, especially the south- 
ernmost arrivals, travel relatively long distances, passing over 
portions of Indonesia, Australia, southern Africa, and South 

ARRIVAL PRESSURE: 700 MILLIBARS ARRIVAL PRESSURE' 300 MILLIBARS 

ARRIVAL DATE' 00Z 01 SEP 1996 b) ARRIVAL DATE: 00Z 01 SEP 1996 

Figure 14. Ten-day backward trajectories arriving at (a) 700 hPa and (b) 300 hPa along DC-8 flight 4 
at 0000 UTC September 1. Small arrows denote locations at daily intervals' large arrows denote 
locations at 5 day intervals. 
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Figure 15. Surface analysis at 1200 UTC September 5 adapted 
from an original prepared by Meteo France in Tahiti. Tahiti is 
located at 18øS, 150øW. 

America. The implications of these paths on observed chemical 
measurements are described in section 6. 

6. Flights Near Tahiti 

Tahiti (18øS, 150øW) was a major bzfse of operations during 
PEM-T since it is centrally, located in the tropical Pacific Basin. 
The DC-8 had three local flights in the area, while the P-3B had 
two (Figure 1). In addition, other flights either landed or departed 
Tahiti as part of transits to or from other operations sites. 

Both the P-3B and DC-8 had local flights from Tahiti on 
September 5 (flights 12 and 6, respectively, Figure 1). Figure 15 
shows the surface analysis derived from one prepared by the 
Tahiti office of Meteo France early on the day of these flights. 
Three middle-latitude frontal systems are moving from west to 
east across the area. Such systems typically passed near Tahiti at 
intervals of 3-4 days. The visible satellite image during the 
flights (0000 UTC September 6, Figure 16) shows the cloud bands 
associated with these fronts, as well as the less cloudy air between 

Figure 16. GOES-9 visible image at 0000 UTC September 6. The track of DC-8 flight 6 out of Tahiti 
(18øS, 150øW) is superimposed. 
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Plate 4. As in Plate 3, but for flight 6 out of Tahiti on September5 (Figure 1). The DC-8 flew west 
from Tahiti, then followed a north-south track along 155øW before returning. 

them. As noted earlier, the fronts became diffuse as they 
approached Tahiti, loosing their horizontal temperature gradients, 
but tnaintaining zones of horizontal convergence which reinforced 
the SPCZ that extended northwest of the island (Figure 3). 

The DC-8 flight on September 5 occurred just west of Tahiti 
(155øW) and was oriented north-south between 15ø-30øS (flight 6 
in Figure 1). The northern part of this track traversed the dissi- 
pating frontal system (Figure 15), while its southern part passed 
through the postfrontal air mass. The center portion of the DIAL 
0 3 image (between 2200-0000 UTC, Plate 4) depicts the south 
bound portion of this flight; the right segment (after -0000 UTC) 

shows conditions during the return flight to Tahiti. A plume of 03 
enriched air is centered near 4.5 km altitude along the northern 
portion of the flight (i.e., prior to -2230 UTC). Values in this 
region exceed 80 ppbv. The layer of enhanced 0 3 becomes 
weaker farther south. At higher altitudes, there is a gradual low- 
ering of largest 03 values that corresponds to a lowering of the 
tropopause in the post-frontal region. There are several undula- 
tions in the 0 3 pattern neat' 11 km. 

The in situ temperature, dew point, and 0 3 sounding 
(Figure17) from the DC-8's spiral near 15øS, 155øW 
(-2200 UTC) contains several interesting features. This spiral 
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Figure 17. Ve•ical profile of temperature and dew point (solid, in degrees Celsius) obtained by the 
PC-8 on •ght 6 (September 5) nea' 15øS, 155øW. The dashed line is in situ O 3 •pbv). 
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Figure 18. Ten-day backward trajectories arriving at (a) 850 hPa, 
(b) 600 hPa, and (c) 300 hPa near a spiral location of the DC-8 
during flight 6 at 0000 UTC September 6. Small (large) arrows 
denote locations at 1 (5) day intervals. 

Trajectories arriving at 600 hPa near 15øS, 155øW (-4.2 kin, 
Figure 18b) arrive near the center of the 0 3 plume (Plate 4, 
Figure 17). Although these trajectories also originate from the 
west, they travel longer distances during the 10 day period. They 
pass over the east coast of Australia approximately 5 days before 
reaching the PEM-T flight location and extend to southern Africa 
9-10 days prior to arriving at the flight location. Australia, 
southern Africa, Indonesia, and South America are locations of 
widespread biomass burning during the September-October 
period [e.g., Hao and Liu, 1994; Hurst et al., 1996; Elvidge and 
Baugh, 1996; Justice et al., 1996; Fishman et al., 1996]. The 
uncertainties associated with long-range trajectories must be 
acknowledged; however, their origins over Australia and Africa 
are consistent with the large values of 03 observed at this altitude 
(Figure 17, Plate 4). Garstang et al. [1996] and Tyson et al. 
[1996] found considerable recirculation of air over the biomass 
burning regions of southern Africa. They also noted the frequent 
exit of air from the east coast of southern Africa and into the 

Indian Ocean. Similarly, a month long trajectory climatology 
during much of October 1992 showed extensive eastward 
transport of air off the east coast of Africa [Thompson et al., 
1996]. 

In situ chemical measurements within the middle tropospheric 

0 3 plume (Plate 4, Figure 17) also suggest that it is due to 
biomass burning. During the DC-8's ascent through the plume 
near 2140UTC, in situ 0 3 reaches a maximum of-90 ppbv 
(Figure 17), while CO increases to -95 ppbv (not shown). Values 
of the ratio C2H2/CO are approximately 1 pptv/ppbv in the plume 
region, indicating that the air is aged approximately 5-7 days from 
its emission source [e.g., Greenberg and Zimmerman, 1984; 
Greenberg et al., 1990; Singh and Zimmerman, 1992; Gregory 
et al., this issue]. 

Several PEM-T studies have concluded that middle tro- 

pospheric 0 3 plumes such as seen in Plate 4 are attributed to 
biomass burning. Schultz et al. [this issue] noted that plumes 
encountered near Tahiti were somewhat diluted or chemically 

degraded compared to those encountered farther west (closer to 
the assumed source region). Talbot et al. [this issue] examined 
regions of enhanced acidic trace gases during PEM-T and con- 
cluded that there was no correlation with industrial tracer com- 

pounds. Conversely, they found a general correlation with 
CH3C1, PAN, and 0 3 which suggested photochemical and biomass 

passed through the region of enhanced 0 3 centered near 4.5 km 
(-550 hPa) (Plate 4). The well mixed marine boundary layer, 
located below --880 hPa, is capped by the trade wind inversion. 
The region above the inversion is very dry, suggesting subsidence, 
with coldest dew point temperatures occurring near 625 hPa. 
Other weaker stable layers are located throughout the sounding. 
The profile of in situ 0 3 mixing ratio shows a well defined maxi- 
mum of-90 ppbv near 550 hPa that corresponds to the layer of 
very dry air. 

Ten-day t'ackward trajectories from the spiral location near 
15øS, 155øW (Figure 18) are helpful in understanding the 0 3 dis- 
tribution (Figure 17, Plate 4). The cluster of six arrival locations 
about the spiral point acknowledges the limitations of the 
ECMWF data and trajectory model in interpreting chemical data 
at a specific location, especially for a 10 day period [e.g., Merrill 
et al., 1985; Kahl, 1993; Pickering et al., 1996b]. Most trajecto- 
ries arriving at 850 hPa (-1.5 kart, Figure 18a) originate from the 
west, with a few passing over the coast of Australia 8-10 days 
prior to reaching the DC-8's location. This aged marine air would 
be expected to contain relatively little 03 . 
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Figure19. Time/altitude plot for the six 10-day backward 
trajectories arriving at 600 hPa in Figure 18b. Arrival at the flight 
track is indicated by time equal to 0. 
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burning sources. Similarly, Vay et al. [this issue] concluded that 
regions of enhanced CO 2 within the lower to middle troposphere 
were produced by biomass burning. 

The relatively large values of CO within the plume (reaching 
-95 ppbv) are not consistent with a stratospheric origin. 
Furthermore, values of potential vorticity (not shown) along the 
trajectories in Figure 18b remain less than commonly accepted 
stratospheric thresholds (see Loring et al. [1996] for a recent dis- 
cussion of these thresholds). 

The trajectories arriving at 600 hPa (Figure 18b) pass over 
Australia approximately 120 hours prior to reaching the aircraft. 
Their altitudes over Australia (Figure 19) are approximately 
500hPa (-5.5 km). The trajectories pass over southern Africa 
near the end of the 10 day period at altitudes near 300hPa 
(-9 km). Considerable lightning occurred over southern Africa 
and southeastern Australia during PEM-T (Plate 1). Satellite 
imagery (not shown) also indicates intermittent deep convection 
over these regions during the period. Thus the convection may 
have transported burning by-products into the upper troposphere 
where they were transported rapidly eastward into the PEM-T 
domain [e.g., Pickering et al., 1996b; Thompson et al., 1996]. 
This hypothesis also is discussed by Schultz et al. [this issue]. 

Figure 19 shows that the trajectories arriving at 600 hPa 
(Figure 18b) descend several hundred hPa during their eastward 
journeys toward the DC-8 flight track. This subsidence is consis- 
tent with the extreme dryness that is observed in the sounding 
(Figure 17) and with the descent that is indicated along the paths 
of the trajectories (Figure 8). There are several prominent tem- 
perature inversions in the aircraft-derived sounding (Figure 17). 
Bases of these inversions are located near 880 hPa (-1.2 km), 
680hPa (-3.2 km), and 430 hPa (-6.7 km). As noted earlier, 
these inversions have the classic appearance of subsidence; that is, 
the dew point temperature decreases as the temperature increases. 
The top two inversions are located near the top and bottom of the 
middle tropospheric 0 3 plume (Plate 4). Inversions are stable lay- 

20N 

ers that limit vertical mixing. Therefore the subsidence-induced 
inversions may be important factors in explaining the strong verti- 
cal gradients in these 03 plumes that are observed well away from 
their apparent emission source. Subsidence inversions are evident 
in many of the soundings that are presented in later sections. 

Considering even higher altitudes, trajectories arriving at the 
spiral location (-2200 UTC) at 300 hPa (-9 km, Figure 18c) fol- 
low a somewhat different path, mostly remaining over the ocean, 
and only skirting portions of Indonesia. Their maritime history is 
consistent with the relatively small 0 3 values that are observed at 
this altitude of the spiral (Figure 17, Plate 4). 

Several ongoing studies are investigating in greater detail the 
chemical and meteorological aspects of the 03 plumes during 
PEM-T. These include J.A. Logan et al. (manuscript in prepara- 
tion, 1998) and A.S. Board and H.E. Fuelberg (manuscript in 
preparation, 1998). W.R. Lusher and H.E. Fuelberg (manuscript 
in preparation, 1998) are calculating forward trajectories from 
southern Africa and South America, to examine transport toward 
the PEM-T region. 

DC-8 flight 5 on September 3 permitted an interesting phe- 
nomenon to be examined. During the planning for PEM-T, we 
frequently referred to "stalactites." This word was used to 
describe patches of air in the tropical upper troposphere that con- 
tained small water vapor content, as shown by the Microwave 
Limb Sounder (MLS) onboard the NASA Upper Atmosphere 
Research Satellite (UARS). Stalactites also exhibit large values of 
potential vorticity [Newell et al., 1996a]. If such a phenomenon 
also contains large values of O 3, this would be evidence of a direct 
penetration of stratospheric air into the tropical upper troposphere. 
Such a direct exchange previously had not been considered 
possible. 

A region of large potential vorticity was observed over the 
equator north of Tahiti on September 3-4 (Figure 20). 
Counterclockwise flow dominates the region between 130 ø and 
160øW on the 350 K isentropic surface (-12.5 km altitude). Its 
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Figure 20. Analysis of potential vorticity (10 -7 K m 2 (kg s) -1) on the 350 K isentropic surface 
(-12.5 km) at 0000 UTC September 4. Wind vectors are superimposed; the maximum is 63.5 m s -1. 
The track of DC-8 flight 5 is superimposed. 



FUELBERG ET AL: METEOROLOGICAL OVERVIEW OF THE PEM-TROPICS PERIOD 5603 

latitudinal extent is from 5øN-5øS, with the center at -0 ø, 140øW. 

DC-8 flight 5 reached the equator at 2141 UTC September 5, the 
eastern extent of its track, and then flew westward, staying within 
100 km of the equator until 2311 UTC. The DIAL 0 3 image 
(Plate 5) shows an apparent connection between a region of large 
0 3 in a layer near 12-13.5 km (50-75 ppbv, colored green), and 
what appears to be stratospheric 0 3 above. If this feature is not an 
artifact of differential horizontal advection, then it indicates that 

stratospheric air is being transferred directly into the tropical 
upper troposphere. 

The cross section of potential vorticity from the ECMWF data 
(Figure 21) shows large values extending down to -10 km near 
the equator, accompanied by a dip in the isentropes that denotes 
subsidence. Values of ECMWF-derived specific humidity in this 
area at 300 hPa are very small (<0.2 g kg-1), again suggesting 
subsidence (Figure 22). Water vapor data at higher levels (from 
the MLS) were not available. The relatively large positive values 
of potential vorticity are consistent with both the actual flow and 
the backward trajectories (Figure 23). Although the air closest to 
the equator may have had a slightly different source than that far- 
ther south, the probability that this difference could account for 
the DIAL image seems small. The consistent picture given by the 
dry air and subsidence suggests that the connection of large 0 3 
centered at 2136 UTC is a "stalactite." 

Suhre et al. [1997] recently reported similar features in the 
tropical upper troposphere based on measurements from commer- 
cial jet aircraft. The scales that they measured were in the 

5-80 km range, with 0 3 discontinuities up to 500 ppbv, well 
above the background level. In addition, these features were 
accompanied by positive water vapor anomalies, just opposite the 

earlier PEM findings [Newell et al., 1996a]. As Suhre et al. 
pointed out, however, the process we have described may play a 
role in transfen'ing stratospheric air several kilometers downward 
before a convective event moves it down to flight level. The fact 
that a stalactite apparently has been detected is certainly worthy of 
note and will encourage further searches in future expeditions. 

7. Flights Near Easter Island 

Both the DC-8 and P-3B conducted local flights out of Easter 
Island (28 ø S, 110 øW) on September 10 and 11 (Figure 1). Easter 
Island is located near the major semipermanent anticyclone over 
the eastern Pacific (Figure 2), in a region of subsiding air 
(Figures 8 and 9). The northbound flights on September 10 
penetrated deep into the tropics, with the DC-8 reaching -7øS. 
The visible satellite image for 2100 UTC September 10 
(Figure24) indicates only scattered to broken shallow, 
cumuloform clouds in the area. The DIAL 0 3 image from the 
DC-8 (Plate 6a) shows layers of enhanced 0 3 centered near 3 km 
and near 9 km, with most values in these layers <60 ppbv. The 
sounding obtained during the DC-8's downward spiral at its 
northernmost location (Figure 25a) shows the moist marine 

boundary layer, with much drier air aloft. The greatest in situ 03 
(-60 ppbv) is located near the base of the second major 
temperature inversion, that is, -650 hPa (-3.7 km). Smallest dew 
points occur between 500-600 hPa. These dry layers undoubtedly 
are due to the subsidence associated with the anticyclone in the 
region. 

The portions of the DIAL 0 3 image near Easter Island 
(extreme left and right sections of Plate 6a) reveal a broad region 
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Plate 5. Cross section of DIAL-derived 03 along a portion of DC-8 flight 5 on September 3 (Figures 1 
and 20). 
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Figure 21. Cross section of potential vorticity (dashed, 10 -7 K m 2 (kg s) -1) and isentropes (solid, K) 
along a portion of DC-8 flight 5 at 0000 UTC September 4. 

of values exceeding 80 ppbv at altitudes above -9 km. The 
sounding obtained from the spiral descent approaching Easter 
Island (-1900 UTC, Figure 25b) shows an isothermal layer 
between 260 and 300 hPa in which dew points decrease to 
approximately-65øC. This layer corresponds to large in situ 0 3 
(-90 ppbv, Figure 25b), but relatively small in situ CO (-50 ppbv, 
not shown). This region probably represents a broad downward 
undulation in the tropophuse. However, the magnitudes of these 

chemical data suggest that the aircraft did not penetrate far into 
the stratosphere. 

The DC-8's southbound flight on September 11 traversed a 
middle-latitude frontal system at -35øS that was associated with a 
broad band of multilayered clouds (Figure 24). The DIAL image 
(Plate 6b) shows a general lowering of maximum 0 3 toward the 
south (right), corresponding to a lowering of the tropopause as the 
flight extends farther into the middle latitudes. Several downward 
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Figure 22. Analysis of specific humidity (g kg-1) at 300 hPa for 0000 UTC September 4. 
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Figure23. Six 10-day backward trajectories arriving near the 
"stalactite" at 200 hPa on 0000 UTC September 4. Small (large) 
arrows denote locations at ! (5) day intervals. 

distortions of enhanced 0 3 are indicated. The DC-8 derived 
sounding at its southernmost point (-46øS, Figure 25c) indicates a 
temperature inversion beginning near 280 hPa that corresponds to 
a rapid increase in in situ 0 3. Just before beginning the descent, 

the in situ 0 3 is -250 ppbv, and the in situ CO --35 ppbv. These 
values indicate that the DC-8 was within the stratosphere at this 
location. 

Ten-day backward trajectories arriving along 110øW 
(Figure 26) reveal the origins of the air encountered by the DC-8 
during its two flights. These parcels arrive at 0000 UTC 
September 11, nearly in between the flights on September 10 
and 11. Most parcels arriving north of Easter Island at 700 hPa 
(-3 km, Figure 26a) undergo considerable recirculation between 
the flight track and the coast of South America. Some of the 
northernmost arrivals penetrate the coasts of Peru and Ecuador. 
Conversely, arrivals south of Easter Island at 700 hPa originate 
from the west. Most of them remain over the Pacific during the 
entire 10 day period. The few that do pass over Australia did so 
--7 days prior to arriving at the flight track. Thus most of the 
southern arrivals at 700 hPa have a long maritime history that is 

consistent with the small 0 3 values at 3 km (Plate 6b). 
The trajectories arriving along 110øW at 300 hPa (--9 kin, 

Figure 26b) exhibit considerably different characteristics. The 
northernmost arrival originates near central America, but all oth- 
ers originate from the west. Many trajectories arriving between 

•q '" .':- 
.. ß: :)•-.5:: ....... 

. ..• :.:..::.:.:.•½ •:::.: .:::.• 

•.,.::.::., ::•:•:.::::::•;: ... :.•:•: .•.• ............... 

..... ß . ... 

..:' •.:..•:• .... •:*•':"•:•:•...:.':.:':•:•-•3•?:?• .•. ' ........... i '• .-.:::..:•.- '"':•: •.?•::::: •i::•: •i•-:.:-• ' "::':•:• .:.}i:::•:• :' '.?' •!'•5• ::•.... :•:.?•-•? :-:,.•":-'•:.•,..-• ...... , •. •' .::•:::•: . 

•:•?."•?•:•:...'"":•:•' •.?: :.g.•....•.,.• •.•::•:. -•?:• ..... :•....•::•:•'. :•.:•::•::•:: :•::• :•:;:• ...... ':•'-:•:.:...:•..:• ...... •'•:•?.'• ..::: 
........... ;::•.:.•;:. •':•5;?•:½•::•:'• ':• ?. ß ........ .•:• :•;• ..... .. - ........................... :.: .... i •08 .::•:•':&::;.'• :?•:. "::•;:,•?g•:?::::•-•?.? ........................... --•:•:':•:-• '.• ..a -';: - '- :. ':;:..:'= -:•.•....:•::• ::.:.•:•::•:::.'a:'."- ..-.--: ======================================================= •.:::• :•::::, ::.•: •'•:::•-:::..:.•:..• •.,.--.:•:•:•.•:• :?:-•.•?•?•;....::•.• . .'• ...:5::•?•.;• .•{;:•-•" .:•?.:•'.::,•::.•.::• •-•.•-:.--.•-*•' .:. ß .:.• ;. ...... .,... .... . ?•::.. ß .. '"-.':-•:•-• '•-•:- •:?:..•.::•:•: ................... I.. • .......................... I' ................. •.•:[ ................................................................ •.i;• ..................... .•. :•::•,"•::::.::•½ .•. -•&..•'fi/•;:....:.:.:;•: •-•..• ........ .. 

':•,;• 
.... ..":: . ............. 
:": 7 -' ":':• '- '- •"'•':'i:: .... •':':'•'%.:• "•:•:•.:•:::'.:-:•-,:..7 ' •:::• .... :: :":'•'.•:' ::".•' :" i ' '"7 :'.? i ........... ::"':':•?;:z::• ':;.• *•::":•:'• ::•:':":::•'?•'="•f•:'"•:':• ::•':""• •:•:•:•'::• :?'?:'::•/:'.::':'- 

... . ........... • •--•:•:•.:.•:•.• :•:•::• ............................. ...... •:::•?:...•:•-•:•::½•:•'•:•'::•:'-'.•'• •::::t: ...... . ........................ ::.•.::.::i:::::: 
ß ' •::•:• ..... •:: .'::•1•: ' ":'•'•'•••;..-.•:•::•.. ............. j. •:'l:•::•: •:i• •?•i•?• .:.:'::.:•l::•: ß 

% "•:•::::::•:' ß ........................................ •:•:• •::t::::• .. I.': •:•,::,•-, ...•:::.'•':' •'•-•••••••"•:• . I::.. :.. •.. :.:"[• '.'i:•:.:: ::::•:.'l.. 
ß .... :.:...• :::::::::;•:•½• .......... 

:":': :.:'•:• •:•:': 
::•:'-' .." ;'%:.': ":•::•:• 408 :'::•?•'..•::.•-:::•:•:•:'•:..• ?:..?:'::.•:•?..:::•?:.:::.•?:.:?:• :.i':: ..::..::.•:::•,• ..:..• :.•:• •.:.• '•.• •:1.:.:. '•:.':' :.. i. ..• •::•::•:::•.•:: ............. • ......................... ... ?•:::•:•:':??.•:•: ?:..•? ?..•: .:.:•?•?•:•,•••••,•::.•:•;:?•:•:• .:?•: •..,.-• •.•:.:::.• :.•::•:•??..:•.• :•.::,::,::• •:;::::::•:• ::::::::::::::::::::::::::::::::::::::::::::: ?..:::•:: •:.•::.•...:.:_ ::.:::n..- ...... •.•.::•::.•::. ...................... ": •:?•: ;:::::.r. :::::•'[• •:.::• ' :•:'i• i i::• :::•:'•'?':'•:' ....i' 

........... 

.. ......... , ............ 

:•;•::::: •!•:•:•:• 

• •.•:•?•:• .................. •:'•:: .................. :::• •-:• ............... •1• •??i?• ::i':':. i•?:?• :•:i-: .... ':.?. '":'i'• •.•:•-•:•::',-• :::•:•;?.:/• •:•:..• •..•:•:• :.•:•.•::• .:?:•: •.•.•:• •::•::::•:: •::•..-. :...:• •:•:•;•?:•:::•. ::..•:•-: ?•:.::• :::..•y:;:.•:•??r:•. •-.•:.•.•::•::•.::•::: ::..:.:• :..::•: :..:,, ::::::::::::::::::::::: ....• ::::.•::? :•...::.:•: •.•.,.:.•47::...•: ' ::?•?• ;?•.•.•.:...•:• .:..:.:.• :::•:.:•::.•:::.-.:. :..?::?: ::•-:::..:...-n..• 
:::•:•::•::•--.•.. • ' ............. •.',::: ?:i• :.: :-.:::::; :•'::.".:: "::::::.•"• •?.."' '•. 
..•:•...............;•?•.I•:•½• ................. 7t•?• •i•: ;:.:•.l?: ..... I.'•.::: •::•.1•::• •:•i;:• :.•:•:::.•:•[•:.?: .:1:. 

.............. ;:;;:..;-;;.•; •;• .......................... -.::::.. ............. ..:..: ..:.:.:.-.:.: :::...: :.... .:..... •:•:•:::• ...... ::•..•:•.::... ..... •..•:•. ::•:•:.•:•:.:. ........... 

:l•W.'• •!• • 130W :•:•' ' 11ow •::• •W" :•:?•:•:•? ?OW 
•..•:.,:.:•:•.•:-•. •-•.... ....... :•?i•,•- ............ •:•:•:• ..... -..•.-:•.-:.:..•:..:::•:::•::• ...• .................... ?• ............. . ..... •.•,-.•::•...,.-,•.•...::•.-•::•:• ........ :•?.-:• .......................... •::•.•: ............................... •:•:•:...•-• ....... ß ............ •:•. •:•:•i:•:?•.: ..•::.•..:: .......................................... ß 

Figure24. GOES-9 visible image at 2100 UTC September 10. The track of DC-8 fhght 8 out of 
Easter Island (28øS, 110øW) is superimposed. 
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Figure 25. Vertical profiles of temperature and dew point (solid, in degrees Celsius) obtained by the 
DC-8 on flights 8 and 9 (September 10 and 11). In situ 0 3 (ppbv) is superimposed (dashed). (a) Near 
9øS, 110øW, (b) near 27øS, 110øW, and (c) near 46øS, 110øW. 
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Plate 6. (a) As in Plate 3, but for DC-8 flight 8 northbound out of Easter Island on September 10 
(Figure 1). (b) As in Plate 3, but for DC-8 flight 9 southbound out of Easter Island on September 11 
(Figure 1). 
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Figure26. Ten-day backward trajectories arriving along 110øW at (a) 700 and Co) 300 hPa. on 
0000 September 11. Small (large) arrows denote locations at 1 (5) day intervals. 

30 ø and 40øS pass over Australia -5 days back and then extend 
into the Indian Ocean. Two of them pass over southern Africa 
near the end of the 10-day period. Trajectories arriving along the 
southernmost part of the diagram skirt the southern coast of 
Australia, pass south of Africa, and are near Brazil near day 10. 

Many trajectories arriving south of-35øS at -9 km either are in 
the stratosphere when arriving at the flight track or were in the 
stratosphere during the previous 10 days (based on values of 
potential vorticity). This stratospheric history is consistent with 
the in situ chemical data described above. 

1 •qDE I b0E a,--------•.--•.:--•:.- ................ 180 I '1 bOW 
. .. %%::•,::•.:,::,::?:*? .... ::**:.:**:o:.::::,, . ... ............. ..... 

Figure27. GMS-5 infrared image at 0232 UTC September 22. The track of DC-8 flight 13 from 
Christchurch to the coast of Antarctica is superimposed. 
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Figure28. Vertical profiles of temperature and dew point (in 
degrees Celsius) obtained by the DC-8 on flight 13 
(September 21) near 72øS, 172øE. 

8. Flight to the Antarctic Coast 
The DC-8 traveled from Tahiti to Christchurch, New Zealand 

(43øS, 172øE), on September 18, and then flew south to the coast 
of Antarctica on September 21 (flights 12 and 13, Figure 1). The 
major objective of these flights was to extend the latitudinal sur- 
vey of PEM-T to its southernmost extent. Surface conditions on 
the morning of September 21 included high pressure centered over 
New Zealand, and two middle-latitude cyclones located southeast 
and southwest of the islands (not shown). Satellite imagery 
(Figure 27) shows the major cloud bands associated with these 
cyclones. The flight to the coast of Antarctica was along 172øE, 
between the two cyclones. This track traversed the polar jet 
stream at -56øS where flight level winds (31,000 feet, -9.1 km) 
were westerly at 157 kt, the strongest encountered by the DC-8. 
Sea ice first was observed near 63øS, and the sea was entirely fro- 
zen at the Antarctic coast (72øS, 172øE). The DC-8 then spiraled 

down to 1800 feet (-0.6 km), providing the sounding shown in 
Figure 28. The deep stable layer that extends from the surface to 
approximately 550 hPa is typical of polar regions. The tropopause 
is located near 300 hPa. There is a relatively large dew point 
depression throughout the troposphere. 

The DIAL 0 3 image for the southbound leg of the flight is 
shown on the left side of Plate 7. A region of enhanced 0 3 
(>90 ppbv) is located below the DC-8 (near 5 km altitude) just 
south of Christchurch (-51øS). Trajectories and chemical data 
described in the following paragraph suggest that this feature is 
due to biomass burning to the west of the flight track. The down- 
ward extension of enhanced 03 to --7 km between 53 ø and 61øS 
coincides with the location of the polar jet stream. In situ 03 in 
this region reaches 210 ppbv, but in situ CO is as small as 
35 ppbv. These values and the pattern of the DIAL image suggest 
that stratospheric 0 3 is descending in the region, probably due to 
the transverse circulations and tropopause breaks that are associ- 
ated with jet streams [e.g., Carlson, 1991]. Farther south, the 
altitude of greatest 0 3 rises to between 9 and 10 km. Much of the 
troposphere south of 60øS contains 0 3 mixing ratios less than 
40 ppbv. 

Ten-day backward trajectories arriving along the flight track 
are shown in Figure 29. Along the northern half of the flight, 
most of the 700 hPa (-3 km) arrivals either remain off the east 
coast of Australia or pass along the southern fringe of this conti- 
nent. Some trajectories arriving near 50øS at 500 hPa (-5.5 km) 
pass over Australia and then extend to near the coast of southern 
Africa by the end of the ten day period. The DC-8 is approxi- 
mately 1 km above the altitude of greatest 0 3 centered near 5 km 
between 48 ø and 53øS (Plate 7). However, in situ 03 at that alti- 
tude is -90 ppbv, while in situ CO reaches 150 ppbv. Although 
the uncertainties of such long-range trajectories again must be 
acknowledged, their paths and the chemical data suggest that the 
region of enhanced 0 3 near 5 km (Plate 7) is due to biomass 
burning. Along the southern half of the flight, the arrivals at both 
700 and 500 hPa pass between Australia and Antarctica. These 
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Plate 7. As in Plate 3, but for DC-8 flight 13 southbound out of Christchurch on September 21 
(Figure 1). 
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Figure29. Ten-day backward trajectories arriving along DC-8 
flight 13 at (a) 700 hPa, (b) 500 hPa, and (c) 300 hPa on 
0000 UTC September 22. Small (large) arrows denote locations at 
1 (5) day intervalsø 

tracks, covering areas of relatively little human activity, are con- 
sistent with the relatively small values of 0 3 that are observed 
along the southern portion of the flight (Plate 7). Trajectory 
information south of-60øS should be used with caution because 

of distortions that occur when ECMWF data are converted from 

spherical to Cartesian coordinates. 
The chemical data cited above suggest that the tropopause and 

its undulations are major factors in explaining the O 3 pattern near 
9 km (Plate 7). However, trajectories arriving along the flight 
track at 300 hPa (Figure 29c) do provide useful information. The 
northernmost arrivals originate over the waters northeast of New 
Zealand. This is consistent with the relatively small values of 0 3 
observed near 9 km altitude between 48 ø and 50øS (Plate 7). 
Farther south, potential vorticity calculations indicate that many of 
the trajectories either arrive at stratospheric altitudes or have 
stratospheric histories. Some of these arrivals pass over Australia 
and extend into the Indian Ocean. Finally, trajectories arriving 
along the remainder of the flight pass over the waters between 
Australia and Antarctica. 

9. Flights Near Fiji 

The DC-8 conducted three local flights out of Fiji (flights 15, 
16, and 17, Figure 1). These flights were designed to sample the 
region of small 03 over the warm waters near Indonesia 
(flight 15) and to obtain samples on either side of the SPCZ 
(flights 16 and 17). Gregory et aL [this issue] contrast the atmos- 
pheric chemistry on both sides of the SPCZ. 

Flight 15 on September 26 headed northwest from Fiji, reach- 
ing 2øS, 153øE. This track was approximately parallel to, but just 
south of the SPCZ which extended from approximately 0 ø, 145øE 
to 10 ø S, 180 ø There was widespread deep convection near much 
of the flight track (Figure 30), with many storm tops exceeding 
30,000 feet (9.1 km). Most of this convection was oriented along 
the axis of the SPCZ; however, at times another broken line of 

storms was located just south of the main one. Sea surface tem- 
peratures near Fiji were near 26 øC, but increased to approximately 
31 øC at the northwest corner of the flight. 

The DIAL 0 3 image (Plate 8) indicates an extensive, deep 
layer of values less than 20 ppbv, with portions of the lower tro- 
posphere having values less than 10 ppbv. Smallest 0 3 is located 
along the northwest half of the flight (center of the image), while 
greatest values occur near Fiji (left and right sections of the 
image). 

The aircraft-derived sounding (Figure 31) at the extreme 
northwest corner of the flight (2øS, 153øE) indicates the mixing 
that is associated with the widespread convection. Specifically, 
the temperature profile is approximately moist adiabatic between 
the surface and the tropopause. In addition, the dew point profile 
shows very moist conditions below -500 hPa, with the driest air 
located in the upper troposphere. The superimposed profile of in 
situ 0 3 shows that greatest values (only -25 ppbv) correspond to 
this region of dry air. 

Backward trajectories along this flight must be interpreted with 
considerable caution because of the extensive convection in the 

area. As noted earlier, the ECMWF data used to prepare the tra- 
jectories do not resolve individual convective elements, only their 
broadscale effects at a horizontal resolution of 2.5 ø latitude/ 

longitude. Nonetheless, the trajectories (Figure 32) do provide 
insight into the very small 0 3 values over the warm pool. Most 
arrivals at 700 hPa (-3 km, Figure 32a) originate from the east 
and show little motion during the 10 day period. This air is many 
days from any land mass. At the northwest corner of the flight, 
the in situ O 3 at 3 km is -15 ppbv (Figure 31), while CO is -50 
ppbv (not shown). Trajectories arriving along the flight track at 
300 hPa (-9 km, Figure 32b) exhibit considerably more motion 
during the period. Many of them have northern hemispheric ori- 
gins, following broad, curving paths, originating near the 
Philippines or Indonesia, and then passing over Australia. In situ 
9 km chemical measurements at the northwest corner indicate that 

O 3 is -20 ppbv (Figure 31) and CO is -55 ppbv (not shown). 
These values suggest that relatively clean air in the marine bound- 
ary layer may have been carried upward by the deep convection in 
the area. Conversely, deep convection may have transported 
upper level O 3 downward to altitudes where its destruction is 
more rapid [Leliveld and Crut•:en, 1994]. Some trajectories 
arriving near Fiji follow a more westerly track, consistent with the 
greater 0 3 in that area. 

DC-8 flight 16 on September 28 was oriented north to south 
along 175øE, just west of Fiji (Figure 1). In the lower tro- 
posphere, this flight intersected the SPCZ and an associated dis- 
sipating frontal boundary between 10 ø and 15øS. In the middle 
troposphere, winds in this region exhibited a major shift due the 
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Figure30. GMS-5 infrared image at 0232 UTC September 27. The track of DC-8 flight 15 out of Fiji 
(18øS, 177øE) is superimposed. 
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Plate 8. As in Plate 3, but for DC-8 flight 15 northwestward out of Fiji on September 26 (Figure 1). 
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Figure31. Vertical profiles of temperature and dew point (solid, in degrees Celsius) obtained by the 
DC-8 on flight 15 (September 26) near 2øS, 153øE. In situ 0 3 (dashed, ppbv) is superimposed. 

persistent ridge line that was described earlier in the climatologi- 
cal charts (Figures 2b-2c). Intense convection, with tops reaching 
40,000 feet (12.2 km), was located near 12øS, along the 
SPCZ/upper level wind shift line (Figure 33). 

The DIAL image shows a major horizontal 03 gradient mid- 
way through the northbound leg of the flight (2230-0200 UTC in 
Plate 9). Specifically, much of the middle troposphere south of 
-15øS contains 0 3 values in excess of 60 ppbv. However, values 
north of this latitude are much smaller, for example, <40 ppbv. 
The gradient also is seen on the return (southbound) leg 
(-0400 UTC). Figure 34 contains soundings at 21øS, 175øE in the 
O3-enriched air (Figure 34a) and at 4øS, 175øE in the area of 
reduced 0 3 (Figure 34b). Both soundings exhibit major tempera- 
ture inversions in the lower levels along with dry air aloft. 
However, the southernmost location (Figure 34a) has a deeper dry 
layer and a lower, more sharply defined temperature inversion. 
Both soundings suggest broadscale subsidence. The profiles of in 

situ 0 3 show the major horizontal gradient seen in the DIAL 
image (Plate 9). 

Backward txajectories and in situ chemical measurements help 
explain the strong horizontal 0 3 gradient along flight 16. Parcels 
arriving along the flight track at 700 hPa (Figure 35a) exhibit a 
major change in direction that is associated with the SPCZ and the 
upper level ridge line. Specifically, arrivals along the southern 
portion of the flight originate from the west, passing over 
Australia, the Indian Ocean, and near southern Africa. These par- 
cels travel long distances during the 10 day period since they are 
in the relatively strong westerly flow. At 21øS, in situ 03 at 3kin 
(-700 hPa) is -60 ppbv (Figure 34a), with CO being -100ppbv 
(not shown). The enhanced CO and trajectories suggest that 
biomass burning to the west contributes to the large 0 3 in the 
middle troposphere. The C2H2/CO ratio of -1.1 pptv/ppbv indi- 
cates that the air has traveled -1 week from its emission source. 

Parcels arriving along the northern part of the flight at 700 hPa 
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Figure 32. Ten-day backward trajectories arriving along DC-8 flight 15 at (a) 700 hPa and (b) 300 
hPa on 0000 UTC September 27. Small (large) an'ows denote locations at 1 (5) day intervals. 
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Figure 34. Vertical profiles of temperature and dew point (solid, 
in degrees Celsius) obtained by the DC-8 on flight 16 
(September 28) near (a) 21øS, 175øE and (b) 4øS, 175øE. In situ 
03 (dashed, ppbv) is superimposed. 

(Figure 35a) have followed a quite different path. They originate 
from the east and travel much shorter distances during the same 
time, spending a long period over the Pacific Ocean. Chemical 
characteristics at these arrival locations also are quite different 
from those farther south. At 4øS, in situ 03 at 3 km (-700 hPa) is 
only -20 ppbv (Figure 34b), and CO is reduced to ~55 ppbv (not 
shown). The ratio C2H2/CO is 0.2 pptv/ppbv, indicating a well 
aged air mass 

Concerning arrivals at 300 hPa (Figure 35b), most pass over 
Australia within -2 days. The more northern arrivals then con- 
tinue to southeastern Asia. 0 3 at 9 km (-300 hPa) is -30 ppbv 
along the northern portion of the flight (Plate 9). Trajectories 
arriving along the southern portion of the flight track continue to 
the vicinity of southern Africa. The DIAL image shows that 0 3 
values at 9 km along the southern segment of the flight leg are 
much greater than those farther north. 

10. Flights Near Guayaquil 

The P-3B conducted three local flights out of Guayaquil, 
Ecuador, to investigate marine upwelling, the sulfur oxidation 
cycle, and continental outflow from South America. These flights 
occurred on September 18, 22, and 23 (flights 17-19, Figure 1). 
Streamline patterns near Guayaquil on the 3 flight days (not 
shown) are similar to those of the PEM-T mission average 
(Figure 2). That is, winds offshore of Guayaquil near the surface 
(-1000 hPa) are from the southeast, having spiraled out of the 
subtropical anticyclone near 30øS to form the southeast trade 
winds. Winds at higher altitudes are influenced by the 
anticyclone/ridge line located between 10 ø and 15øS, that is, 
easterly (offshore) at locations north of-10øS and westerly 
(onshore) at locations farther south. 

Persistent, low-level clouds blanket the Pacific waters west of 
South America, including the Guayaquil area (Figure 36). These 
clouds are due to the combined effects of the cold, northward 

moving ocean current together with subsidence associated with 
the subtropical anticyclone. To the north of Guayaquil, the clouds 
become more broken and then more convective in the vicinity of 
the ITCZ. Large complexes of thunderstorms are seen over inte- 
rior South America. 

Soundings from the P-3B show that the atmosphere's thermo- 
dynamic structure varies considerably over the flight area 
(Figure 37). At the southernmost sounding (12øS, 79øW, 
Figure 37a), the marine boundary layer is capped by an intense 
temperature inversion near 900 hPa (-1 km). This inversion 
greatly inhibits mixing between the boundary layer and higher 
altitudes. The overlying air is very dry, due to subsidence 
associated with the anticyclone. Farther north, at 2øS, 80øW (near 
Guayaquil, Figure 37b), the low-level inversion is weaker, and the 
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Figure 36. GOES-8 imagery at 2045 UTC September 22: (a)visible and (b) infrared. The track of 
P-3B flight 18 out of Guayaquil (2øS, 80øW) is superimposed. 
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Figure 37. Vertical profiles of temperature and dew point (in degrees Celsius) obtained by the P-3B 
on flights 18 and 19 (September 22 and 23) near (a) 12øS, 79øW, (b) 2øS, 80øW, and (c) 8øN, 86øW. 
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Figure 38. Ten-day backward trajectories arriving along P-3B flights 18 and 19 at (a) 700 hPa and 
(b) 300 hPa on 0000 UTC September 23. Small (lm'ge) arrows denote locations at 1 (5) day intervals. 
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Figure 39. GOES-9 infrared image at 0000 UTC October 6. The track of DC-8 flight 19 from Tahiti 
(18øS, 150øW) to NASA Ames Research Center, California, is superimposed. 
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air above is considerably more humid. Finally, near the ITCZ 
(8øN, 86øW, Figure 37c), the sounding exhibits no major 
inversions and is quite moist between the surface and 500 hPa. 
This sounding is consistent with the convection that appears on 40 

the satellite imagery (Figure 36). 20 
Ten-day backward trajectories for the combination of flights 18 

and 19 (Figure 1) are shown in Figure 38. The southernmost arri- 0 
vals at 700 hPa (-3 km, Figure 38a) travel the farthest during the 
10 day period, originating over the central South Pacific Ocean. -20 
Many arrivals near the equator indicate outflow from South 
America. However, some trajectories arriving along the northern -40 
edge of the flight exhibit short, erratic tracks since they have trav- 
eled in a region of light and variable winds. Many trajectories 
arriving at 300 hPa (Figure 38b) follow counterclockwise paths as 
they travel around the upper level anticyclone (Figure 2) and pass 
over portions of South America. Others have short erratic paths 
near the coastline. 

Biomass burning is widespread over portions of South America 
during September [e.g., Fishman et al., 1996]. The trajectories in 
Figure 38 indicate that by products of this burning can be trans- 20 
ported off the west coast of South America and into the PEM-T 
region. This occurs in both the lower and upper troposphere. 0 
(One should recall that trajectories were terminated if they 

-20 
intersected the Andes.) In the case of upper level flow, the 
burning by products can be carried upward by deep convection -40 

(e.g., Figure 36) and then transported westward by the large scale 
wind [e.g., Pickering et al., 1996b; Thompson et al., 1996]. 
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11. Homeward Bound 

The DC-8 traveled from Tahiti back to NASA Ames Research 

Center on October 6 (flight 19, Figure 1). The P-3B flew from 
Guayaquil to New Orleans on September 25 (flight 20, Figure 1) 
and then back to NASA Wallops Island on the following day. 
These flights sampled broad ranges of latitude on the eastern side 
of the PEM-T region. 

The ITCZ was the major meteorological feature of interest 
during these return flights. Located at approximately 10øN, the 
ITCZ was associated with widespread deep convection 
(Figure 39). The DIAL 03 image for the DC-8's flight (Plate 10) 
indicates that the convectively active ITCZ region is characterized 
by a relatively deep layer of values <20 ppbv. Values >60 ppbv 
extend down to -8 km near 28øN (southwest of California). There 

appears to be considerably greater tropospheric 03 north of the 
ITCZ than to its south. 

Ten-day backward trajectories arriving along the DC-8's flight 
track at 850 hPa (-1.5 km, Figure 40a) clearly show the effects of 
the northeasterly and southeasterly trade winds that form the ITCZ 
near 10øN. Only the trajectories arriving at the most northern and 
southern portions of the flight track have westerly origins. Almost 
none of the trajectories has passed over land during the 10 day 
period, consistent with the small values of 03 that are observed at 
1.5 km (Plate 10). 

Trajectory patterns at 500 hPa (-5.5 km, Figure 40b) generally 
are similar to those arriving at 850 hPa. Parcels originate from the 
east in the tropical regions, but from the west along the northern 
and southern portions of the flight. An important difference is that 
these parcels travel much farther during the 10 day period than 
those arriving at 850 hPa, especially those in the middle latitudes. 
For example, the two trajectories passing over Australia already 
have reached 100øE after only 5 days. Furthermore, some trajec- 
tories arriving between 20 ø and 35øN are near the Asian continent 
at the beginning of the 10 day period. 
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Figure 40. Ten-day backward trajectories arriving along DC-8 
flight 19 at (a) 850 hPa, (b) 500 hPa, and (c) 300 hPa on 
0000 UTC October 6. Small (large) arrows denote locations at 1 
(5) day intervals. 

Most trajectories arriving at 300 hPa (-9 km, Figure 40c) 
originate from the west. Only those arriving in a narrow band 
near 10øN have an eastern origin. Arrivals north of-20øN exhibit 
the longest paths. •hese parcels have been over Asia within the 
previous 4-5 days. Although arrivals in this region have Asian 
origins, the downward extension of large 0 3 near 28øN (Plate 10) 
represents a lowered tropopause. In situ 03 at ~10 km is as great 
as 170 ppbv; however, CO values are the smallest of the entire 
flight,-45 ppbv. 

During the P-3B's flight from Guayaquil to New Orleans 
(flight 20, Figure 1), the ITCZ and associated convection again 
were major features (Figure 41). Trajectories arriving along the 
flight track at 850, 500, and 300 hPa exhibit several common 
characteristics (Figure 42). Most arrivals south of -20øN origi- 
nate from the east, passing over the Caribbean Sea and the north- 
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Figure 41. GOES-8 infrared image at 2045 UTC September 25. The track of P-3B flight 20 from 
Guayaquil (2øS, 80øW) to New Orleans, Louisiana, is superimposed. 

ern parts of South America. Some extend beyond the data domain 
(40øW) before the end of the 10 day period. Farther north, parcels 
originate over the Pacific Ocean and then pass over the southwest- 
em United States before arriving at the flight track. 

12. Summary and Conclusions 

NASA's PEM-T experiment investigated the atmospheric 
chemistry of a large portion of the tropical and subtropical Pacific 
Basin during August to October 1996. This paper has summa- 
rized meteorological conditions over the PEM-T domain.' 
Important circulation systems near the surface included subtropi- 
cal anticyclones, the South Pacific Convergence Zone, and the 
Intertropical Convergence Zone. Most of the deep tropical Pacific 
Basin exhibited easterly flow through the entire troposphere, 
whereas regions poleward of-20 ø had westerly flow. The two 
convergence zones were areas of widespread ascent and deep 
convection; however, there was relatively little lightning associ- 
ated with these storms. A large area of subsidence was associated 
with the subtropical anticyclone located near Easter Island. 

PEM-T was a period of near normal sea surface temperatures. 
When compared to an 11 year climatology, relatively minor 
circulation anomalies were observed during PEM-T. However, 
some of these anomalies were consistent with much stronger 
anomalies observed during previous La Nina events. In general, 
the 1996 PEM-T period appeared to be climatologically 
representative. 

Meteorological conditions for specific flights from each major 
operations area were summarized. These included flights out of 
Hawaii/Christmas Island, Tahiti, Easter Island, Fiji, Guayaquil 
(Ecuador), and Christchurch (New Zealand). The vertical distri- 
bution of 0 3 along the selected DC-8 flights was described using 
the DIAL remote sensing system. These 0 3 distributions then 
were related to thermodynamic soundings obtained during aircraft 
maneuvers and to backward trajectories that arrived along the 
flight tracks. 

Locations in the deep tropics generally had relatively small 
values of tropospheric 03 . The trajectories showed that much of 
this air had originated from the east and had not passed over land 
within 10 days. The deep convection associated with the ITCZ 
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several papers of this issue [e.g., Schultz et al., this issue; Talbot 
et al., this issue; Vay et al., this issue]. 

The DC-8 lidar detected large values of O 3 in the equatorial 
upper troposphere on September 3 when the aircraft was vectored 
into a region of high potential vorticity at -12 km altitude. One 
possible interpretation is that the high O 3 originated locally from 
the equatorial stratosphere. A detailed case study of these meas- 
urements is planned. 

The middle latitudes also were influenced by middle-latitude 
transient cyclones. The DC-8 traversed tropopause folds during 
several flights. Finally, the flight area just west of Ecuador experi- 
enced outflow from South America. Thus the biomass burning 
that is prevalent over portions of Brazil influenced this area. 
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Figure 42. Ten-day backward trajectories arriving along P-3B 
flight 20 at (a) 850 hPa, (b) 500 hPa, and (c) 300 hPa on 
0000 UTC September 26. Small (large) arrows denote locations at 
1 (5) day intervals. 

and SPCZ also influenced the atmospheric chemistry of these 
regions. 

The situation was quite different over portions of the subtropics 
and middle latitudes. Many of these flights detected layers of 
greatly enhanced tropospheric 0 3, sometimes exceeding 80 ppbv. 
These layers had relatively large values of CO, often exceeding 
90 ppbv. The layers were located near, and especially south 
of Tahiti, Easter Island, and Fiji. The enhanced O 3 often 
corresponded to layers of dry air, indicative of widespread 
subsiding air. The backward trajectories showed that air parcels 
arriving in these regions had originated from the west. Many had 
passed over Australia and some extended to southern Africa near 
the end of the 10 day period. These are regions of widespread 
biomass burning during the months of PEM-T. Thus the 
enhanced values of O 3 in the central Pacific Basin may be due to 
this biomass burning many thousands of kilometers away. The 
importance of biomass burning during PEM-T is discussed in 
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