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[1] Meteorological conditions are described during the Intercontinental Chemical
Transport Experiment—North America (INTEX-NA) that was conducted over the
United States during July and August 2004. Relatively zonal flow dominated the
contiguous United States during the first 2 weeks of the mission, while a series of large
amplitude troughs traversed the eastern half of the country during the final 4 weeks. These
troughs were accompanied by cold fronts reaching the Gulf of Mexico, an uncommon
occurrence during August. Frontal passages over the northeast were somewhat above
average, but the short time interval between passages precluded the formation of stagnant
high-pressure centers containing abundant pollution. Atmospheric chemistry during
INTEX-NA was heavily influenced by record-breaking fires over Alaska and western
Canada. Persistent high pressure over Alaska provided ideal conditions for the wildfires
and for transporting their burning by-products southeastward toward the INTEX domain
where they were sampled frequently by INTEX aircraft. Forward trajectories and
satellite imagery showed that the plumes later were carried to parts of Europe, Africa, and
even the Arctic. Deep convection and lightning were important factors during INTEX-NA.

Cloud-to-ground (CG) lightning data show that horizontal patterns and numbers of
lightning flashes during INTEX-NA are similar to those of 2003 and 2005. Statistics
derived from 10 day backward trajectories indicate that the DC-8 often sampled lightning

influenced air.
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1. Introduction

[2] The Intercontinental Chemical Transport Experiment—
North America (INTEX-NA) was conducted over the
contiguous United States and adjacent areas during July
and August 2004 [Singh et al., 2006] as part of NASA’s
Global Tropospheric Experiment (GTE) [McNeal et al.,
1984]. INTEX-NA was a component of the International
Consortium for Atmospheric Research on Transport and
Transformation (ICARTT) whose goals were to execute a
series of coordinated experiments to study the emissions of
aerosols and ozone precursors, as well as their chemical
transformations and removal during transport to and over
the North Atlantic Ocean [Fehsenfeld et al., 2006]. The
specific goals of INTEX-NA were (1) to understand the
transport and transformation of gases and aerosols on
transcontinental and intercontinental scales and their impact
on air quality and climate; (2) to quantify and characterize
the inflow and outflow of pollution over North America;
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and (3) to provide validation of ongoing satellite measure-
ment programs such as Terra, Aura, and Envisat [Singh et
al., 2006].

[3] Meteorological conditions play an important role in
determining the transport and distribution of many chemical
species [e.g., Merrill et al., 1997; Fuelberg et al., 2003]. For
example, atmospheric temperature and humidity affect
chemical reaction rates and thereby influence the lifetimes
of many species [e.g., Mauzerall et al., 1998; Blake et al.,
2001; Martin et al., 2002]. Precipitation can scavenge some
species [e.g., Cohan et al., 1999; O Sullivan et al., 1999],
while lightning can create species such as nitrogen oxides
[e.g., Lawrence et al., 1994; Bond et al., 2001]. Warm
conveyor belts associated with middle latitude wave cyclo-
nes are an important mechanism for lifting polluted air to
the middle and upper troposphere where they can be trans-
ported over long distances [e.g., Carlson, 1998; Wernli,
1997; Stohl, 2001; Cooper et al., 2004; Eckhardt et al.,
2004; Kiley and Fuelberg, 2006]. Deep convection and
smaller-scale turbulent mixing also transport surface-based
species into the free troposphere [e.g., Maloney et al.,
2001].

[4] This paper describes the meteorological setting for
INTEX-NA, including large-scale flow patterns, their depar-
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tures from climatology, distributions of lightning, as well as
several unusual aspects of the period, e.g., widespread wild
fires over Alaska and Canada and summer cold fronts
reaching the United States Gulf Coast. The overall goal is
to assess the representativeness of INTEX-NA with respect
to typical summertime conditions and thereby facilitate the
interpretation of the INTEX chemical data.

2. Data and Methodologies

[5] INTEX-NA employed NASA’s DC-8 flying laboratory
to collect extensive in situ chemical and meteorological
data. The eighteen science flights stretched from the eastern
Pacific Ocean to the central Atlantic Ocean, and from
southeastern Canada to the U.S. Gulf Coast [Singh et al.,
2006]. In addition, the Jet stream 31 (J31) aircraft flew over
the Gulf of Maine with the goals of validating satellite
retrievals of aerosol optical depth spectra and of water
vapor columns, as well as measuring aerosol effects on
radiative energy fluxes [Russell et al., 2007]. Although this
paper focuses on the INTEX flight domain, it also considers
various upwind and downwind regions whose meteorology
affected the INTEX domain.

[6] Means of meteorological quantities during the INTEX
period as well as their departures from climatology were
obtained from reanalysis data prepared by the National
Centers for Environmental Prediction (NCEP) [Kalnay et
al., 1996] and available on the Web site of the NOAA-
CIRES Climate Diagnostics Center (CDC) at URL http://
www.cdc.noaa.gov. However, the data used to prepare our
trajectories were from O hour analyses of the National
Weather Service’s Global Forecast System (GFS) which is
a global spectral forecast model. The GFS data were
available four times daily (0000, 0600, 1200, and
1800 UTC) with a T254 spherical harmonic triangular
truncation, interpolated to a 1.0° x 1.0° latitude-longitude
horizontal grid. The wvertical resolution includes 64
unequally spaced sigma levels. For a surface pressure of
1000 hPa, 15 levels of these levels are below 800 hPa to
provide a good representation of low levels.

[7] Details about the current version of the GFS are
available at http://www.emc.ncep.noaa.gov/modelinfo/
index.html. Briefly stated, GFS represents the planetary
boundary layer (PBL) using the first-order diffusion scheme
of Troen and Mahrt [1986]. The PBL height is based on a
bulk Richardson approach to iteratively estimate the height
starting from the ground upward. Once the PBL height is
determined, the profile of the coefficient of diffusivity is a
cubic function of the height. A countergradient flux param-
eterization is based on fluxes at the surface and the
convective velocity scale [Hong and Pan, 1996]. Shallow,
nonprecipitating convection is parameterized as an exten-
sion of the vertical diffusion [Tiedtke, 1983]. The cloud base
is determined from the lifting condensation level, and
vertical diffusion is invoked between cloud top and bottom.
GFS represents penetrative convection following Pan and
Wu [1995] which is based on Arakawa and Schubert [1974]
as simplified by Grell [1993] with a saturated downdraft.
The temperature and moisture profiles are adjusted toward
the equilibrium cloud function using the deduced mass flux.
Only the deepest cloud is considered, not the spectrum of
clouds. The cloud model incorporates a downdraft mecha-
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nism as well as evaporation of precipitation; entrainment
also is considered. Mass fluxes induced by the updraft and
downdraft are allowed to transport momentum.

[8] Trajectories were calculated using a kinematic model,
i.e., employing u, v, and w wind components from the GFS
analyses. Additional details about our trajectory model are
given in Fuelberg et al. [1996, 1999, 2000] and Martin et
al. [2002]. Compared to earlier versions of the model, the
current trajectories were not terminated if they intersected
the lower boundary, but instead continued isobarically along
the surface and possibly were lofted later by vertical motion,
a procedure similar to Stohl et al. [1995]. Limitations of
trajectories are described by Fuelberg et al. [2000],
Maloney et al. [2001], Stohl [1998], and Stohl et al. [1995].

[v] Lightning data used in the study were available from
the NASA Marshall Global Hydrology Resource Center and
collected by the National Lightning Detection Network
(NLDN) that is owned and operated by Vaisala Inc. Spe-
cifics about the network’s operations and methodology are
discussed by Cummins et al. [1998]. The network deter-
mines the location, time, and other characteristics of each
cloud-to-ground (CG) flash. The detection efficiency and
location accuracy of the NLDN have improved substantially
since its inception in 1989. The latest system upgrade
occurred during 2002. The network’s current detection
efficiency is 90—-95%, and location is accurate to within
500 m over most of the country [Cummins et al., 2006]. No
corrections were applied to the data to compensate for
variations in detection efficiency and location accuracy
across the study area. This produces an underestimation of
flash counts. Weak positive flashes (<15 kA) were deleted
from the data set since they are thought to represent intra-
cloud discharges. There currently is no way to detect total
lightning (cloud-to-ground plus intracloud) over the total
United States on a continuous basis.

3. Mission-Averaged Conditions

[10] Mission-averaged flow patterns describe the overall
conditions that influenced transport during INTEX-NA.
Figure 1 contains time-averaged data for the entire INTEX
period (1 July to 15 August 2004). The sea level pressure
analysis (Figure 1c) shows well developed subtropical
anticyclones off the east and west coasts of the United
States. With central pressures of ~1024 hPa, they are
semipermanent features that exhibit little day-to-day fluctu-
ations in strength or location. However, Figure 1f shows
that the extension of the Bermuda High over the southeast
United States is ~3 hPa weaker during INTEX than the
long-term climatological average (1968—1996). Later sec-
tions will show that this characteristic of the Bermuda High
had important implications for transport during INTEX. The
Pacific anticyclone also is slightly weaker than normal.
There are no quasi-permanent pressure centers over the
landmass of North America during the composite INTEX
period. Instead, the next section will show that there were
numerous important transient systems that cancelled each
other during the averaging procedure.

[11] The time averaged height analysis at 500 hPa
(~18,000 ft) (Figure 1b) contains the two subtropical anti-
cyclones seen at the surface. In addition, a low-pressure
trough is oriented along the eastern United States, and a
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Figure 1.
departures from the long-term climatology. (a)

Mean conditions during the INTEX-NA period (1 July to 15 August 2004) and

Mean vector winds and isotachs at 250 hPa

(~34,000 ft), (b) mean geopotential height pattern at 500 hPa (~18,000 ft), and (c) mean sea level
pressure (hPa). (d—f) Departures of the INTEX-NA period from the long-term climatology. The data
were provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, from their

Web site at http://www.cdc.noaa.gov/.

high-pressure ridge extends from the desert southwest into
Alaska. The East Coast trough is ~40 m more intense than
the climatological mean (Figure le), while the ridge over
Alaska is ~70 m stronger than average. Finally, the closed
low off the west coast of Canada is ~15 m more intense
than typical. Since winds above the boundary layer blow
approximately parallel to the height contours with higher
heights to the right of the winds, Figure 1b reveals that the
central United States on average experienced midtropo-

spheric flow from the northwest, thereby transporting air
from Alaska and northwest Canada, while the eastern
United States most often had flow from the southwest.
Other implications of the height pattern are described in
later sections.

[12] Figure la shows time averaged vector winds and
isotachs at 250 hPa (~34,000 ft). The mean position of the
subtropical jet stream is from near Hawaii to the West
Coast. Greatest mean speeds are ~10 m s~ '. The polar
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Figure 2. Time versus longitude (Hivmuller) diagram of
500 hPa mean geopotential height at 40°N. The data were
provided by the NOAA-CIRES Climate Diagnostics Center,
Boulder, Colorado, from their Web site at http://
www.cdc.noaa.gov/.

jet, located farther north, has two branches: one located just
south of Alaska, with the second extending from extreme
northern Alaska to Hudson Bay. These two branches merge
near Maine and then stretch over the North Atlantic Ocean.
Greatest mean wind speeds in both branches reach
~15 m s~'. As expected, wind directions at 250 hPa are
similar to those below (Figure 1b). The anomaly analysis
(Figure 1d) reveals that the subtropical jet stream and
southern branch of the polar jet are near their climatological
locations. However, the northern branch of the polar jet is
somewhat stronger (~7 m s~ 1) than normal.

4. Meteorological Peculiarities of the INTEX-NA
Period

[13] The summer 2004 INTEX-NA period was unusual in
several respects. Most of the contiguous United States was
colder than normal; several cold fronts extended as far south
as the Gulf Coast and central Florida; and Alaska was
dominated by high pressure. The warm, dry conditions in
the Alaskan high pressure favored a large number of
thunderstorms and excessive lightning that ignited many
wildfires whose influence was detected during many
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INTEX flights. These meteorological aspects are described
in the following sections.

4.1. Unusually Cool Summer Conditions in the Eastern
United States

[14] The first 2 weeks of INTEX —NA (five science
flights) are characterized by a series of shortwave troughs
and ridges traveling from west to east across the contiguous
United States. A time versus longitude plot of 500 hPa
heights at 40°N (Figure 2) shows the progression of these
waves across the region. This procession of troughs and
ridges generally brought alternating periods of southwest-
erly and northwesterly middle tropospheric flow as they
passed a location. The time averaged 500 hPa analysis
during the initial 2 week period (Figure 3a) shows high
pressure over the south, and nearly zonal flow over the
remainder of the country. Height anomalies during the
period (Figure 3c) generally are negative, but not exces-
sively so (not more than —15 m). At the surface (not
shown), the middle latitude systems were associated with
cold fronts that carried polar air into the northern half of the
United States.

[15] The remainder of the INTEX period (15 July to
15 August) exhibited considerably greater anomalies, both
at the surface and aloft. Figure 4 shows 500 hPa height
fields on three of the thirteen remaining DC-8 flight days
(6 August, 20 July, and 25 July). An important feature is the
large amplitudes of the low-pressure troughs over the eastern
United States which extended as far south as the central Gulf
of Mexico on several occasions (e.g., 6 August in Figure 4a).
These high-amplitude troughs also are clearly depicted in the
time-longitude plot (Figure 2). The 500 hPa time-averaged
height pattern for this 4 week period (Figure 3b) shows the
trough along the eastern United States and a ridge along the
west coast, similar to that observed during the entire 6 week
period (Figure 1b), thereby demonstrating the dominance of
the final 4 weeks on the mission averaged flow. This series of
large amplitude waves is unusual for summer. Height anoma-
lies on individual days are as much as 200 m less than the
norm (not shown), and as much as 60 m below normal for the
monthlong period (Figure 3d). Typical summertime wave
patterns exhibit smaller amplitudes that do not reach as far
south. The high-pressure ridge along the west now is much
stronger than during the first 2 weeks of INTEX. Later
sections will show that this flow pattern was ideal for trans-
porting smoke from wildfires in Alaska and northwestern
Canada.

[16] Cold frontal passages over the East and Gulf Coasts
were more frequent than normal during INTEX-NA. Table 1
gives the number of cold fronts that passed the northeast
United States near Boston, as well as those passing the
southeast near Atlanta, between 1 July and 15 August of
years 2000—2005. Frontal locations were obtained from the
National Weather Service’s archive of Daily Weather Maps
http://docs.lib.noaa.gov/rescue/dwm/data_rescue_daily
weather maps.html. Nine cold fronts passed the northeast
during 1 July to 15 August 2004, with only 2005 exceeding
this number. Conversely, only five fronts passed Boston
during July 2000. Results for the southeast are even more
impressive (Table 1), with more frontal passages (seven)
than during any of the other years. The surface analysis for a
representative strong frontal system over the southeast is
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Figure 3. Mean geopotential heights at 500 hPa (~18,000 ft) for the periods (a) 1—14 July 2004 and
(b) 15 July to 15 August 2004. (c and d) Anomalies of these means from the long-term climatology. The
data were provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, from their

Web site at http://www.cdc.noaa.gov/.

shown in Figure 4d for 6 August. The cold front already has
passed the northeast coast and now stretches from northern
Florida, over the northern Gulf of Mexico, and into southern
Texas. Well developed high pressure is located behind the
front. These unusual cold fronts typically were preceded by
widespread deep convection, and each brought somewhat
cooler, drier air to the southeast, replacing the hot, humid
conditions that are typical of summer. Each of the frontal
cases was associated with a well developed trough aloft that
provided the necessary upper level support for the surface
fronts to extend so far south (e.g., Figure 4a).

[17] 20 July 2004 begins an interesting period when a
strong summertime cold front and its associated upper level
trough provided good sampling opportunities for the
INTEX aircraft. The surface chart on 20 July (Figure 4e)
shows the cold front extending off the East Coast and then
southwest over northern Florida and just south of Louisiana.
At 500 hPa (Figure 4b), the trough axis lies along the East
Coast, producing southwesterly winds to its east. Strongest
winds are located over the Canadian Maritimes (not shown).
20 July was the first in a sequence of 3 days when the
DC-8 and NOAA WP-3D sampled air leaving the East
Coast and crossing the Gulf of Maine toward the northeast.

[18] 25 July is the final example related to the numerous,
strong frontal passages during INTEX. The surface analysis
(Figure 4f) depicts the frontal system stretching along the

Atlantic Coast and southeastern United States, while the
500 hPa analysis (Figure 4c) shows a trough along the
eastern United States. This case is interesting because of
pollution transport across the Atlantic Ocean. The DC-8
sampled this air during its southern flight leg on 25 July,
and again over Newfoundland on 28 July.

[19] The INTEX flight planning team had hoped to
sample a stagnant high-pressure region over the northeast.
Stagnant conditions would facilitate the buildup of pollution
from the major urban areas which then would be swept
northeastward by the next cold front where it could be
further sampled by successive INTEX flights over the
western Atlantic Ocean. Unfortunately, such stagnant con-
ditions did not occur during the mission. Instead, the
frequent cold frontal passages (Table 1) indicate an active
summer period, with an average of only 4.6 days between
successive cold frontal passages. Only the corresponding
period of 2005 had a shorter span between fronts.

[20] Temperature, humidity, and precipitation play impor-
tant roles in atmospheric chemistry. At the surface, the
contiguous United States experienced its 16th coolest sum-
mer on record and seventh coolest August (NOAA, 2004,
http://www.noaanews.noaa.gov/stories2004/s2319.htm).
Minnesota had its coldest August on record, while six
consecutive daily record minima were established at Me-
ridian, Mississippi, and Mobile, Alabama. This was the
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Figure 4. Geopotential height analyses at 500 hPa (~18,000 ft) for (a) 6 August, (b) 20 July, and
(¢) 25 July. The data were provided by the NOAA-CIRES Climate Diagnostics Center,
Boulder, Colorado, from their Web site at http://www.cdc.noaa.gov/. Surface analyses for (d) 6 August,
(e) 20 July, and (f) 25 July prepared by the National Weather Service. Analyses are from the NOAA
Central Library Data Imaging Project from their Web site at http://docs.lib.noaa.gov/rescue/dwm/

data rescue daily weather maps.html.

longest summer cold spell in their observed weather histories
dating back to the mid 1800s. Conversely, only three western
states averaged much warmer than the long-term mean (years
1895-2003). The colder than normal conditions over most of

the country did not occur continuously, but mostly were due
to several powerful cold outbreaks (Pennsylvania State
University, 2004, http://pasc.met.psu.edu/PA_Climatologist/
highlight/20041214/summer 2004.html).
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Table 1. Number of Cold Fronts Passing Boston and Atlanta
Between 1 July and 15 August in the Years 2000—2004*

Average Time

Cold Fronts Between Passages, Cold Fronts
Year Passing Boston days Passing Atlanta
2000 5 9.0 4
2001 7 6.6 5
2002 8 4.6 3
2003 7 5.8 5
2004 9 4.6 7
2005 12 4.0 3

*The average time (days) between frontal passages at Boston also is
given. Frontal locations were obtained from the National Weather Service’s
archive of Daily Weather Maps http://docs.lib.noaa.gov/rescue/dwm/data
rescue_daily weather maps.html.

[21] Temperature anomalies aloft (Figure 5) show that
much of the contiguous United States was colder than
normal during the INTEX period, similar to that observed
at the surface. At 850 hPa (Figure 5b), a large region east of
the Continental Divide has below normal temperatures, with
departures of ~2.5°C over Kansas and Illinois. Conversely,
the West Coast is warmer than normal, with greatest
departures over Washington. This general pattern continues
in the middle troposphere (Figure 5a).

[22] Precipitation anomalies during the INTEX period are
shown in Figure 6. Although the patterns are detailed
because of the localized nature of summer precipitation,
several general features are apparent. First, the West Coast
is very dry during July, with much of California receiving
less than 10% of normal precipitation. The northwest
obtains rainfall during August, but the drought continues
in California. Conversely, the northeast receives greater than
average precipitation during both months, and this enhance-
ment extends through the Carolinas and Florida during
August because of the vigorous cold fronts that reach those
areas. Finally, the Midwest tends to have above normal
precipitation during July and August, although there are
notable local exceptions. Detailed discussions of precipita-
tion during both months can be found at http://
www.ncdc.noaa.gov/oa/climate/research/2004/jul/national.
html#maps.

[23] Anomalies of specific humidity in Figure 7 reveal
departures during the INTEX period. At 850 hPa (~5,000 ft,
Figure 7b), the Mississippi River Valley is somewhat drier
than normal, while the inverse is true for the Pacific
Northwest. The southwest contains both drier and moister
regions. Conditions at 500 hPa (~18,000 ft, Figure 7a) are
better defined, with most of the contiguous United States
experiencing near or slightly above normal humidity. The
large positive humidity anomalies along the East Coast
(especially toward Florida) probably are a result of unusu-
ally strong advection from the Caribbean ahead of the cold
fronts.

4.2. Unusually Warm, Dry Conditions in Alaska and
Western Canada

[24] Excellent discussions of the 2004 Alaskan fire sea-
son and associated meteorological conditions are provided
by Richmond and Shy [2005] and Damoah et al. [2005].
May 2004 was a wet period for most of Alaska, and few
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fires occurred (not shown). Conditions then changed dra-
matically. The strong high-pressure ridge that developed
over Alaska during the second half of June persisted several
months (Figure 1). The mission averaged height anomaly at
500 hPa was ~70 m. Unlike typical summers, the persistent
ridge prevented transient eastward moving low-pressure
systems from entering the state. These systems would have
brought cooler temperatures and widespread rainfall. In-
stead, a warm and often unstable air mass blanketed the
area. Alaska during the second half of June was very warm
and dry, with some areas breaking all time maximum
temperatures (see http://climate.gi.alaska.edu) and recording
only 25-50% of normal precipitation, the third driest
summer on record [Rozell, 2004]. The fires that began
during June grew explosively, fanned by surface winds of
~32 km h™" [Rozell, 2004]. The fires created dense smoke
over nearby areas.

[25] Lower tropospheric temperatures during July were
~3°C above normal (Figure 5), and with the above normal
humidity (Figure 7), many thunderstorms occurred. These
thunderstorms produced widespread, often intense lightning
on some days. For example, on 15 July, 9,022 cloud-to-
ground flashes were detected over the state by the Alaskan
lightning detection network. This was the greatest 24 hour
total since the network became operational 25 years earlier.

a) |

b 850 hPa Air Temp Anom (C) — July 01, 2004 to August 15, 2004
" ST e SR RESY A B0 = /& S
e

Figure 5. Departures of temperature (°C) during the
complete INTEX period from the long-term climatology
at (a) 500 hPa and (b) 850 hPa. The data were provided by
the NOAA-CIRES Climate Diagnostics Center, Boulder,
Colorado, from their Web site at http://www.cdc.noaa.gov/.
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Figure 6. Percentage of normal precipitation during (left) July 2004 and (right) August 2004. Data are
from the National Climatic Data Center at http://www.ncdc.noaa.gov.

Unfortunately, the storms did not produce sufficient rainfall
to douse the existing fires, but instead their lightning started
new fires. Rainfall amounts over much of Alaska were only
50-70% of normal (Figure 6). Fires in northwestern Canada
began in mid July, i.e., later than those in Alaska. August
also was a month of above normal temperatures and below
normal precipitation (Figures 5 and 6), causing the fires to
continue raging.

4.3. Record-Breaking Wildfires in Alaska and Western
Canada

[26] Wildfires over portions of Alaska and western Can-
ada are a common occurrence during the warm season.
However, fire activity during the INTEX-NA 2004 period
reached record-breaking proportions (Figure 8). Forest fire
emissions not only affect the local surroundings, but also
influence the atmosphere on regional scales [7animoto et
al., 2000; Kato et al., 2002], continental scales [ Wotawa and
Trainer, 2000], and even hemispheric scales [Forster et al.,
2001; Wotawa et al., 2001; Damoah et al., 2004; Spichtinger
etal., 2004; Yurganov et al., 2004; Novelli et al., 2003]. Air
quality in the United States is affected by wildfires in
Canada [Wotawa and Trainer, 2000; McKeen et al., 2002;
DeBell et al., 2004] and Siberia [Jaffe et al., 2004]. The
INTEX and ICARTT aircraft sampled the Alaskan and

Canadian plumes far downwind of their sources on numer-
ous occasions.

[27] Figure 9a shows MODIS imagery of fire locations in
Alaska on 1 July and (Figure 9b) near the border of
Saskatchewan and Manitoba on 15 July. The widespread
dense plumes of smoke are clearly visible. By the end of the
year, the 707 fires in Alaska alone had burned 2.7 x 10° ha,
which is 8 times the 10-year average (U.S. National
Interagency Fire Center (http://www.cidi.org/wildfire)), sur-
passing the old record of 2 x 10° ha during 1957 [Damoah
et al., 2005]. In western Canada (Figure 9b), wildfires also
were much greater than the 10-year average (Canadian
Interagency Forest Fire Center). The total emission of CO
due to fires in North America during 2004 has been
estimated at 27 Tg [Turquety et al., 2007] on the basis of
burning inventory techniques. This total came from two
major burning areas: Alaska-Yukon (21 Tg) and north-
central Canada (6 Tg). Pfister et al. [2005] obtained the
value 30 £ 5 Tg on the basis of inverse modeling of
MOPITT CO observations. These record-breaking emis-
sions represent a major perturbation to typical summertime
conditions.

[28] The atmospheric flow patterns that created condi-
tions conducive to the record-breaking fires also transported
their burning by-products far downwind and into the
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Figure 7. As in Figure 5 but for specific humidity (g kg™ ")
at (a) 500 hPa and (b) 850 hPa.

INTEX and ICARTT domains. Specifically, persistent high-
pressure ridging over Alaska and the West Coast, together
with frequent troughs over the East Coast (Figures 1, 3,
and 4), often carried the burning by-products eastward or
southeastward. These plumes were sampled by the INTEX

FUELBERG ET AL.: INTEX-NA METEOROLOGY

Figure 8. MODIS fire counts for the period 1 July to
15 August 2004. Data are from the MODIS Rapid Response
System at the University of Maryland at http://maps.geog.
umd.edu/maps.asp.
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aj

Figure 9. (a) MODIS images showing wildfire locations
and smoke plumes over (a) Alaska and northwestern
Canada on 1 July 2004 and (b) northwest Canada on
25 July 2004. Images were provided by NASA at http:/
earthobservatory.nasa.gov/NaturalHazards.

DC-8 on numerous flights. The plumes reached southern
Texas and Louisiana on some days (not shown), while
Figure 10 shows the smoke plume over the Labrador Sea
off the coast of Newfoundland on 19 July. Figure 11 shows
backward trajectories along three segments of flight 9 in this
area on 18 July, 1 day earlier than the image, but still
containing the major smoke plume. These trajectories,
arriving at the DC-8 at altitudes ranging from 500 to
300 hPa, clearly show long-range transport from the fire
regions in Figure 8. In this example the DC-8 sampled air
that had originated over the burning areas 4 to 10 days
earlier, depending on aircraft altitude and meteorological
conditions. The burning by-products also traversed several
different routes, reaching the Gulf of Mexico Coast during
mid-July. Backward trajectories (not shown) reveal that the
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Figure 10. MODIS image showing a smoke plume over
the Labrador Sea off the coast of Newfoundland on 19 July
2004. The image was provided by NASA at http://
earthobservatory.nasa.gov/NaturalHazards.

smoke over Arkansas, Louisiana, southeastern Texas, and
coastal Mississippi had traveled eastward over Canada and
then southward along the Mississippi River, a distance of
several thousand kilometers. This type of southward exten-
sion was sampled by the DC-8 during several INTEX flights
(not shown). For example, Morris et al. [2006] showed that
Alaskan and Canadian forest fires exacerbated ozone pollu-
tion over Houston, Texas, on 19—20 July 2004.

[29] The smoke plumes from Alaska and western Canada
were clearly visible to those onboard the DC-8. For exam-
ple, Figure 12 is a photograph taken from the cockpit of the
DC-8 as it approached Portsmouth, New Hampshire, on
20 July (flight 10). The aircraft’s altitude at the time was
approximately 600 hPa (~14,000 ft). The plume is high-
lighted against cumulus clouds in the background, and
careful inspection reveals one thick, dense pollution layer,
as well as several thinner, weaker layers. Backward trajec-
tories from the area of the smoke plume in Figure 12 are
shown in Figure 13. The polluted air observed and sampled
by the DC-8 originated over regions of fire activity in
Alaska 6—7 days earlier (Figure 8).

[30] The long-range transport of smoke observed during
INTEX-NA is consistent with recent studies showing that
although burning by-products are emitted in the boundary
layer, the intense convection over fires can transport the by-
products rapidly to much higher altitudes where horizontal
winds are stronger [Fromm et al., 2000, 2005; Fromm and
Servranckx, 2003]. Using a chemical transport model,
Colarco et al. [2004] showed that an injection height of
2—6 km produced the best agreements with observed
conditions for Canadian wildfires during July 2002. Pfister
et al. [2005] distributed the 2004 emissions uniformly up to
height of 400 mbar to achieve best agreement with a
chemical transport model.

[31] Deep convection that is triggered or enhanced by
forest fires (pyroconvection) can even deposit burning by-
products in the upper troposphere and lower stratosphere
[Fromm and Servranckx, 2003, 2005; Livesey et al., 2004;
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Immler et al., 2005; Jost et al., 2004]. Andreae et al. [2004]
proposed that burning-derived aerosols can affect cloud
microphysics such that latent heating at high altitudes is
enhanced, thereby increasing the height of a storm.

[32] Damoah et al. [2006] showed that strong pyrocon-
vective events occurred during the Alaskan and Canadian
wildfires of 2004. In some cases, convective cloud tops as
cold as —60°C were almost coincident with major fire
regions. That convection penetrated the lower stratosphere,
reaching 3 km above the tropopause. The downstream
INTEX and ICARTT data show evidence of these byprod-
ucts as high as 10 km [de Gouw et al., 2006]. As a result of
the high-altitude CO observations, Turquety et al.’s [2007]
chemical transport modeling of 2004 Alaskan wildfires
distributed emissions as 40% in the boundary layer, 30%
in the middle troposphere, and 30% in the upper tropo-
sphere. This distribution provided the best agreement with
CO measurements from the MOPITT spaceborne instrument
[Deeter et al., 2003].

[33] Papers in this special INTEX section that investigate
wildfire emissions include A. D. Clarke et al. (Aerosol from
biomass burning and regional pollution over North America
during INTEX-NA: Humidity response and the wavelength
dependence of scattering and absorption, submitted to
Journal of Geophysical Research, 2006), and Pfister et al.
[2006].

[34] One of the goals of ICARTT was for the European
aircraft to sample air over the eastern Atlantic Ocean that
had been sampled previously by the INTEX DC-8 over the
United States or the western Atlantic Ocean. This multiple
sampling would permit the evolution of plume chemistry to
be studied. Since it was unlikely that the European aircraft
would sample the identical parcels sampled earlier, this
approach was denoted “quasi”-Lagrangian, instead of truly
Lagrangian. The INTEX and ICARTT aircraft conducted
several “wing tip to wing tip” intercomparison flights to
insure that the data from each aircraft could be used in the
quasi-Lagrangian experiments. The pilots went to great
lengths to provide minimal aircraft separation during the
intercomparisons (Figure 14).

[35] Results indicate that the quasi-Lagrangian objective
was met to varying degrees during a number of flights.
Specifically, air sampled by the DC-8 on 6, 8, 10, 12, 15,
18, 25, and 28 July and 14 August appeared to be trans-
ported to Europe and beyond. For example, Figure 15
shows 10 day forward trajectories from the three flight
segments shown earlier in Figure 11. Depending on the
synoptic situation, the burning plumes crossed the Atlantic
Ocean in as little as 3 days, reaching England, the Medi-
terranean Sea, and Asia. Many of the parcels remained at
approximately the same altitude at which they were sampled
by the DC-8; however, some experienced considerable
subsidence, especially those in Figure 15¢) as they passed
east of a high-pressure region. One also should note that
some trajectories extend into the Arctic regions, contribut-
ing to Arctic haze [Stohl, 2006]. It is clear that major
pollution from any location on the Earth truly is transported
on a hemispheric scale.

4.4. Lightning During INTEX-NA

[36] Lightning generally is confined to deep convective
clouds that contain strong updrafts and have ice in their
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Figure 11. Horizontal and vertical plots of backward trajectories from three legs of the DC-8 flight on
18 July 2004 when a biomass burning plume was encountered over the Labrador Sea, (a) 10 days back
arriving at the DC-8 near 500 hPa, (b) 7 days back arriving at the DC-8 near 300 hPa, and (c) 5 days back
arriving at the DC-8 between 500 and 300 hPa (~18,000—30,000 ft). The Florida State University
archive of INTEX-NA trajectory plots is available on the Web at http://fuelberg.met.fsu.edu/research/
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Figure 12. Photo taken from the cockpit of the DC-8 by
the lead author during the flight on 20 July 2004 as the
aircraft was approaching Portsmouth, New Hampshire. The
plume is located ahead of a developing cumulus cloud. Note
the thick and several thin layers of pollution.

upper reaches. Figure 16 shows the horizontal distribution of
cloud-to-ground lightning over the contiguous United States
during the composite 6 week INTEX period, where the
flashes have been counted over boxes that are 0.1° latitude
(11 km) on each side. Florida and the eastern Gulf Coast
experience the greatest lightning over the contiguous states
during INTEX, with large areas exceeding 500 flashes per
11 km square box. This lightning is due to cold fronts that
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atypically reached this far south (section 4.1) and due to sea
breeze circulations [e.g., Lericos et al., 2002; Smith et al.,
2005], afternoon heating, and other small-scale forcing
mechanisms. The Great Plains and Mississippi and Ohio
River Valleys also experience abundant CG lightning that
often was due to passing transient synoptic systems. Con-
versely, there is much less lightning over the West Coast,
Pacific Northwest, and New England. The INTEX-NA
lightning pattern has many similarities to the mean annual
flash densities calculated by Orville and Huffines [2001]
during the 1989-1998 period. Thus INTEX lightning
distributions appear representative of climatology.

[37] Historical CG lightning counts are presented in
Table 2 for a rectangle enclosing the contiguous United
States and the area just north of the Great Lakes (66—
126°W, 25—50°N). The NLDN underwent a major upgrade
during 2002, yielding an improved detection efficiency and
location accuracy [Cummins et al., 2006]. These earlier data
are not considered here since the resulting flash counts
would be inconsistent with the more recent results. July
2004, with 7,691,566 flashes, had the greatest number of
the three year period. Conversely, 1-15 August 2004 had
the smallest total of the three years. Although the overall
INTEX period, with 10,692,608 CG flashes, had the small-
est flash count of the most recent 3 years, the difference is
not great. Thus 2004 appears typical of at least the most
recent years.

[38] It is important to note that on an annual basis there
are 2.64 to 2.94 cloud discharges for every cloud to ground
flash over the continental United States [Boccippio et al.,
2001; Bond et al., 2001]. However, more recent data
suggest that this number is even greater during the summer,
approximately 4.2 (D. Boccippio, personal communication,

7-Day Back Trajectories from Flight on 20 JUL 2004
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Figure 13. Horizontal and vertical plots of 7 day backward trajectories arriving at the DC-8 at the
location of the observed plume in Figure 12. The trajectories arrive at the height of the aircraft (~600 hPa,
~14,000 ft). Note the trajectory origins over the wildfire regions of Alaska.
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Figure 14. Photo taken from the cockpit of the DC-8 by
the lead author showing the intercomparison flight with the
NOAA P-3B aircraft on 7 August 2004.

December 2005). Thus the total number of CG, intercloud,
and intracloud flashes likely is approximately 57 million
during INTEX-NA. Although some satellite sensors detect
total lightning, they are in polar orbits, crossing a given
location only twice daily. Furthermore, the northern extents
of their orbits do not cover the entire INTEX area. Thus
satellite-derived satellite data cannot be used to provide a
better estimate of total lightning during INTEX.

[39] Bond et al. [2001] assumed an NO production rate
of 6.7 x 10°° molecules for each CG flash and 6.7 x
10* molecules for each cloud flash based on Price et al.
[1997]. Bond et al. [2001] concluded that regional emis-
sions of NOy by lightning can be significant during the
summertime and may play a major role in ozone formation
in the free troposphere. However, recent research by
DeCaria et al. [2000, 2005], Fehr et al. [2004], and
DeCaria et al. [2005], indicates that cloud flashes on
average are nearly as productive as CG flashes in producing
NO. In any event, the current data certainly suggest that
lightning was a major producer of NO, during INTEX-NA
[Cooper et al., 2006].

[40] Figure 17a contains CG flash counts over the con-
tiguous United States for each INTEX day in the area
described above. The first half of July was the most
lightning prolific period, with much of the lightning occur-
ring east of the Mississippi River (not shown). This major
lightning activity occurred during a period of relatively
zonal flow (Figure 3). The second half of July and first
half of August contained less lightning, although there were
several periods of intense activity that corresponded to the
southward extending cold fronts and major sea breeze
activity. As noted earlier, record-breaking lightning counts
also occurred over Alaska and western Canada during
INTEX; however, those data are not shown in Figure 17.

[41] The diurnal distribution of CG lightning over the
INTEX area is shown in Figure 17b. Maximum activity
occurs between 2200 and 2300 UTC (late afternoon),
corresponding to the period of greatest low-level hydrostatic
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instability. Conversely, the minimum is near 1500 UTC
(early morning) when stable conditions or even temperature
inversions usually are present. The INTEX diurnal lightning
distribution is similar to that of climatology [Orville and
Huffines, 2001].

[42] The DC-8 flew near active deep convection on
several missions and detected convective chemical signa-
tures on many other flights. DC-8 flights 7 and 12 on 12 and
25 July, respectively, are good examples of when intense
convection was sampled both during and prior to the flight.
12 July was the third most active lightning day during
INTEX-NA (Figure 17a), occurring during the general
period of greatest flash activity. The DC-8’s track over the
southeast and Midwest is superimposed on a color coded
hourly lightning distribution in Figure 18a. The similarity of
colors between the flight track and the lightning over the
southern Appalachians indicates that the DC-8 was flying
near the time of lightning occurrence. Flight 12 (Figure 18b)
also sampled recent lightning over the Appalachians. This
flight occurred during a secondary peak in flash counts
(Figure 17a).

5. Quantifying the DC-8’s Sampling of
Convection and Lightning

[43] It is informative to quantify the variety of parcel
histories sampled by the DC-8 during the eighteen science
flights of INTEX-NA. E. V. Browell et al. (personal
communication, 2005) used data from the Differential
Absorption Lidar (DIAL) instrument to perform large-scale
air mass characterizations during INTEX. We have used a
different approach, utilizing backward trajectories at 1 min
intervals along each DC-8 flight leg. Our trajectory meth-
odology was described in section 2, and the complete
trajectory data set is available at http://www-air.larc.nasa.
gov/cgi-bin/arcstat, with images available at http://fuelberg.
met.fsu.edu/research/intexa. Hourly back positions of all
9,409 DC-8 trajectories were compared with fields from
the GFS model (described in section 2), NLDN lightning
data, and MODIS fire count data. The first encounter with
several types of environments was recorded (Table 3).
Encounters were considered within the area 25—50°N and
66—126°W. This procedure does not quantify parcels that
were affected by multiple processes such as biomass or
urban plumes later impacted by convection and/or lightning
or mixing with stratospheric air. However, discussions
during the flights indicated that these multiple influence
likely were a common occurrence.

[44] To determine boundary layer encounters, each tra-
jectory’s pressure was compared to the closest model-
derived PBL height. A residual layer encounter was
reported if the trajectory passed above the PBL, but below
the level of the previous day’s boundary layer. Stratospheric
encounters were located by comparing the trajectory’s
pressure with the model reported tropopause height. Con-
vective influence was assumed if the GFS grid point nearest
the trajectory had convective precipitation during the pre-
vious hour and the trajectory passed below the level of the
highest cloud tops. If no high clouds were reported, con-
vective influence was assumed if the trajectory encountered
convective precipitation and was below 500 hPa.
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Figure 16. Flash densities of cloud-to-ground lightning during the complete INTEX-NA period
between 1 July and 15 August 2004. Flashes are counted within boxes that are 11 km on each side.

[45] Convection as defined by the GFS model could be
erroneously placed, and it does not indicate the presence of
lightning. Our visual comparison between GFS-derived
convection and NLDN CG lightning revealed that the
GFS sometimes indicated deep convection in areas with
no CG lightning and vice versa. In many of these cases the
GFS had merely misplaced the convection. Generally
speaking, however, areas of intense lightning corresponded
to areas of GFS convection. The relationship between GFS
convection and NLDN lightning certainly deserves a much
more thorough investigation.

[46] In light of the previous comments, we computed
encounters with NLDN-derived CG lightning in addition to
encounters with GFS-derived convection. Our procedure
has similarities to that used by Jeker et al. [2000]. A
trajectory was considered to be lightning “influenced” if
there was at least one NLDN-detected CG flash within 0.5°
(or 1.5°) latitude/longitude and within+30 min of its posi-
tion. Another set of statistics was compiled for trajectories
encountering 60 or more flashes within these same spatial
and temporal limits. The distances of 0.5 and 1.5° account
for uncertainties in trajectory locations which generally
increase with time. The arbitrary choices of one and
60 flashes consider the in-cloud lightning not detected by
the NLDN and the fact that the chemical signature from a
small number of flashes can be detected if the aircraft is near
those flashes, while at more distant locations, much more
lightning would have to occur before detection is possible
because of the effects of diffusion over time. Figure 19
shows histograms of hourly flash counts over the entire
INTEX period for areas of 0.5 and 1.5°. Most of the cells
have less than 15 flashes. The ratio of the sum of grid cells
having > 60 flashes to the total number of cells increases
from 1% at 0.5° to 4% at 1.5°. If only cells containing
flashes are considered (not the total number), the ratio
increases from 15% to 30%. Our combination of four

criteria should be considered a reasonable range of scenar-
ios producing lightning encounters in the DC-8 samples.
[47] As an example of the lightning encounter procedure,
Figure 20a shows the track of DC-8 flight 7 on 12 July, as
well as lightning that is color coded by age on the basis of
the time between the lightning encounter and sampling by
the DC-8. The trajectories linking the flight track to the
lightning are not shown to facilitate viewing. In this
example, one flash within a 1° area was considered an
encounter. Flight 7 sampled air with a recent lightning
influence (e.g., within 24 hours of DC-8 sampling, colored
red or orange) due to storms over the Dakotas, Missouri,
eastern Tennessee, and eastern Georgia. More aged convec-
tive and lightning influences also were sampled from storms
on previous days over the Midwest, Gulf Coast, and Gulf of
Mexico. Similarly, flight 12 (Figure 20b) sampled recently
lightning influenced air (<24 hours) from storms over
eastern Kentucky, Tennessee, southeastern Georgia, and
the lower Mississippi River Valley. Much older lightning
influenced air (3—4 days prior) was sampled from storms
over the Midwest and northeastern states. These two flights
clearly indicate that the DC-8 sampled lightning byproducts
having a variety of ages over a variety of geographical
locations (e.g., lofted over cities, forests, etc). INTEX-NA

Table 2. Cloud-to-Ground Lightning Flashes Within the Area
66—126°W, 25—50°N During the 6 Week INTEX-A Period (1 July
to 15 August)”

Year 1-31 Jul 1-15 Aug 1 Jul to 15 Aug
2003 7,329,890 3,549,906 10,879,796
2004 7,691,566 3,001,042 10,692,608
2005 6,873,867 3,871,840 10,745,707

“Flashes less than 15 kA are not included since they are believed to
represent intracloud discharges (K. Cummins, Vaisala, Inc., personal
communication, January 2006).
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Figure 17. (a) Daily counts of cloud-to-ground lightning
within the area 66—126°W, 25—50°N. Day 1 denotes 1 July
2004. (b) Diurnal distribution of cloud-to-ground lightning
(UTC) within the area 66—126°W, 25—50°N.

papers providing detailed discussions of precipitation, con-
vective, and lightning chemical signatures include Bertram
et al. [2007], Garrett et al. [2006], A. Fried et al. (The role
of convection in redistributing formaldehyde to the upper
troposphere over North America and the North Atlantic
during the summer 2004 INTEX campaign, manuscript in
preparation, 2007) and M. Biker et al. (Convective initia-
tion of long-range stratospheric influence during INTEX-
NA: Local ozone flux values, unpublished manuscript,
2007).

[48] Parcels sampled by the DC-8 often were impacted by
fires in Alaska and western Canada. To quantify these
encounters, MODIS-derived fire count data at weekly
intervals (e.g., 1-7 July, 8—14 July, etc.) were obtained
from the MODIS Rapid Response System at the University
of Maryland (http://maps.geog.umd.edu/maps.asp). Then,
trajectory locations at hourly intervals were compared to
locations of the fires for that particular week. An encounter
was assumed if a trajectory was within 0.5° and £30 min of
its position of a fire. To account for trajectory uncertainty, a
second set of encounters was calculated using a search
radius of 1.5°. This range of proximities is similar to that
used for the NLDN data. The altitudes of trajectories over
the fires were not considered because of the wide range of
injection heights described earlier.

[49] Results of the encounter procedure are quite inter-
esting (Table 3). Almost half of the DC-8’s trajectories
encountered the PBL and/or the residual layer during the
10 day runs. Many of these encounters occurred during low-
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level flight legs (not shown). One should note that no large-
scale model, including the GFS, represents the individual
elements of turbulence; only the parameterized effects are
included. Nonetheless, pollutants lofted from near the
surface by processes resolvable by the GFS model were
sampled frequently by the DC-8 during INTEX.

[s0] The DC-8 seldom sampled “pure” stratospheric air
(i.e., air above the tropopause) (Table 3). Only 27% of the
trajectories exceeded the tropopause height during the entire
10 day period. However, our simple diagnostic approach
does not adequately consider stratospheric air that had been
mixed into the lower levels by turbulence associated with
tropopause folding, the jet stream, or other mechanisms. In-
flight discussions suggested numerous occasions when the
samples appeared to contain a stratospheric influence.
Tarasick et al. [2007] and A. M. Thompson et al. (personal
communication, 2005), both in this special section, discuss
stratospheric contributions to INTEX-NA observations.
Finally, one should note that most of the DC-8 trajectories
passed over land during the previous 10 days; that is, only
6% remained over water during the entire period. Approx-
imately 70% of the parcels either were sampled over land
or encountered land within 6 hours of sampling. Thus the
INTEX-NA chemical data are heavily influenced by land-
based processes where the radiation profiles are different
and there are distinct emissions and chemical processes.

[51] Only 8% of the DC-8’s trajectories did not encounter
GFS-derived convection during the 10 day run period.
Many of these convective encounters occurred during the
first day, e.g., 21% during the first 6 hours and 46% during
the first 24 hours. The percentages are less than 7% at
each later period. These results indicate that many of the
DC-8 samples exhibit a recent convective influence.

[s2] Table 3 also presents results from the four criteria
used to estimate lightning encounters for the combination of
all eighteen DC-8 science flights. No data are presented
beyond 120 hours since many trajectories by this time were
in regions with insufficient NLDN data. The results vary
considerably depending on how close the DC-8’s trajectory
must be to the flash to be considered an encounter (within
0.5 or 1.5°), and on the number of flashes that must be
contained within that search region (1 or 60 flashes). At
6 hours back, the NLDN-derived encounter values range
from 2% to 18% compared to 21% from the GFS. At 24 and
48 hours back the two procedures give approximately the
same percentages of encounters (mostly ~6%). At even
earlier times, i.e., beyond 60 hours, encounters based on
NLDN data are less than those from the GFS, possibly
because some trajectories already extended beyond the
domain of the NLDN data. At the end of the 120 hour
period, from 28% to 65% of the trajectories had experienced
NLDN lightning, while 81% had encountered GFS-defined
convection. These statistics confirm that the DC-8 often
flew near active deep convection, and that lightning induced
NO, likely is an important constituent of the INTEX
samples, as described by Bertram et al. [2007] during
INTEX-NA.

[53] The last two columns in Table 3 quantify the number
of DC-8 samples that had been near wildfires in Alaska or
western Canada. The backward trajectories indicate that no
samples had been near Alaskan/Canadian fires during the
most recent 24 hours because the DC-8 flight tracks never
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Figure 18. (a) Flight track of the DC-8 on 12 July 2004 (flight 7), where the different colors represent
locations of the aircraft over 1 hour time segments. CG lighting in 1 hour time segments is shown in the

same color scheme. (b) As in Figure 18a but for 25 July 2004 (flight 12).
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Table 3. Percentage of Back Trajectories for All INTEX Flights Combined That Encountered Either the Planetary Boundary Layer
(PBL), the Residual Layer, the Stratosphere (Strat), Convection Based on GFS Analysis Data, Lightning Based on Either 1 or 60 NLDN-
Derived Flashes Within 0.5 or 1.5° Latitude, and Wildfires in Alaska or Western Canada Within 0.5 or 1.5° Latitude Before in Situ
Sampling by the DC-8*

Lightning,  Lightning,  Lightning,  Lightning,

Time Back, Residual Over  Convection 1 NLDN, 1 NLDN, 60 NLDN, 60 NLDN, Intercepted Intercepted
hours PBL Layer Strat  Land  From GFS 0.5° 1.5° 0.5° 1.5° Fires, 0.5°  Fires, 1.5°
6.0 20.5 114 5.5 69.4 21.4 8.2 17.7 2.4 7.9 0.0 0.0
12.0 0.5 7.3 2.0 5.1 9.1 4.8 8.2 1.6 4.0 0.0 0.0
18.0 2.3 2.4 1.6 42 9.3 6.4 9.5 2.6 6.6 0.4 0.0
24.0 2.2 1.3 1.9 32 6.6 6.1 6.7 33 6.1 0.2 0.4
36.0 1.3 3.7 2.4 34 9.9 5.4 5.5 3.1 4.6 0.4 1.6
48.0 4.0 2.4 1.7 2.1 7.0 7.8 9.1 42 8.1 1.2 2.7
60.0 1.1 2.9 2.1 1.4 4.4 4.0 2.5 2.9 3.8 1.7 1.9
72.0 2.9 2.0 1.3 0.9 3.7 4.0 2.7 3.0 4.0 2.1 2.9
96.0 2.9 4.0 1.8 1.1 6.3 2.7 2.2 2.9 2.3 2.3 33
120.0 24 2.6 1.6 0.9 3.5 1.7 1.1 1.9 1.7 1.3 2.1
Influence 40.1 40.0 219  91.7 81.2 51.1 65.2 27.9 49.1 9.6 14.9
< 120 hours
144.0 1.9 2.0 1.0 0.8 2.9 1.5 2.4
168.0 1.7 2.2 1.5 0.3 2.5 1.5 1.9
192.0 2.1 2.2 1.1 0.3 2.1 1.6 1.9
216.0 1.6 1.7 1.0 0.4 2.1 1.3 1.3
240.0 1.0 1.0 0.9 0.1 1.0 0.4 0.7
Influence 48.4 49.1 274  93.6 91.8 51.1 65.2 27.9 49.1 15.8 23.0
< 240 hours
No Influence  51.6 50.9 72.6 64 8.2 48.9 34.8 72.1 50.9 84.2 77.0

“For the four NLDN columns, the encounters only extend through 120 hours. Once a back trajectory encountered one of these conditions, subsequent
encounters within the same category were not counted.

were that close to the fire locations. Instead, the encounters a) 0.5 Dngree H0url{l Lightnin% Flashes
are greatest for fires located ~48 to 144 hours upwind of or INTEX—NA Flight Area

the sampled locations. Approximately 10% to 15% of the 310 ' Total Calloe 8['364000 R
DC-8 samples had been over fire locations during the z?rz Flzsi_Ce"s= 2633510 ]
previous 120 hours (5 days), depending on the search radius 3 ]
being considered. By the end of the 10 day period, ~80% of (; 2x10°F E
the samples had not passed over fire locations, whereas & ]
~20% of the samples had passed near fires over Alaska or ? ]
Canada. Thus again it is clear that the record number of & yx10®fF 3
fires in these areas often were sampled by the DC-8 at § ]
distant locations. —I—l_h_'__ ]

0 . ]

6. Conclusions 0 45 90 135 180 225 270 315 360 405
Flash Number

[s4] This paper has described meteorological conditions

during the Intercontinental Chemical Transport Experi- b) 1.5 Del%rre?N?g.(::I{‘A.igEtgitn%rzgshes
ment—North America (INTEX-NA) which was conducted 6x10* : : : : it : :
over the contiguous United States and adjacent areas during Total Cells= 860160

July and August 2004. Anomalously strong and persistent  q Zero Flash Cells= 734081

high pressure dominated Alaska and western Canada during & 10tk ]
much of the INTEX-NA period. This blocking pattern 2 |
prevented low-pressure areas over the North Pacific from 80

bringing cooler temperatures and abundant precipitation to g 1
Alaska. The result was unusually hot and dry conditions é 2x10* - 7
over much of the area. Relatively zonal flow dominated the 2 ]
contiguous United States during the first 2 weeks of the M

mission, while a series of large amplitude troughs traversed 0

the eastern half of the country during the final 4 weeks. 0 45 9 135 180 225 270 315 360 405

Several of these troughs extended the full north to south Flash Number

length of the eastern United States, reaching over the Gulf  Figure 19. Histograms of hourly lightning flashes within
of Mexico. (a) 0.5° latitude boxes and (b) 1.5° latitude boxes for all

[s5s] The unusually strong middle tropospheric troughs hours between 1 July and 15 August over the INTEX
were accompanied by a series of cold fronts that also  domain (66—126°W, 25—50°N).

reached as far south as the Gulf of Mexico. Fronts extending
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Lightning Influence on Flight Level Trajectories
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Figure 20. Locations where backward trajectories from the DC-8 at 1 min intervals intercepted cloud-
to-ground lightning flashes during 9—12 July 2004. At least one NLDN flash had to occur within a
1° radius and 1 hour window of the trajectory to be included. The various colors represent the hours
back from the flight track before the lightning encounter. The DC-8 flight track and its altitude on

12 July are superimposed.

this far south during the summer are uncommon. During the
INTEX-NA period, seven cold fronts passed Atlanta, Geor-
gia, the greatest number during the 2000-2005 period.
These fronts brought record low temperatures to portions
of the Great Plains and south. Frontal passages over the
northeast were only somewhat above average, but the short
average time interval between passages (4.6 days) meant

that stagnant high-pressure centers containing abundant
pollution never formed over the area.

[s6] The persistent high pressure over Alaska provided
ideal conditions for wildfires in Alaska and western Canada.
As a result, a record number of acres was burned during
summer 2004, surpassing the old record established in
1957. The location of the persistent ridge also meant that
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burning by-products often were transported southeastward
toward the contiguous United States and the INTEX do-
main. These plumes were sampled by the DC-8 during
numerous flights. Back trajectories revealed that ~20% of
the DC-8 samples had been near fires in Alaska or western
Canada during the previous 10 days. During some flights,
forward trajectories and satellite imagery showed that the
plumes later were carried to parts of Europe, Africa, and
even the Arctic. In some cases the transported pollution near
Europe was sampled in a quasi-Lagrangian sense by
INTEX’s international partners participating in the [CARTT
experiment. It is clear that the atmospheric chemistry during
INTEX-NA was heavily influenced by the record-breaking
fires and the long-range transport of their by-products.

[57] Cloud to ground (CG) lightning data showed that
horizontal patterns and numbers of lightning flashes during
INTEX-NA were similar to those of 2003 and 2005.
Statistics derived from backward trajectories indicated that
between 28% and 65% of the DC-8 samples had been near
CG lighting during the previous 5 days. If convection
derived from the GFS meteorological model is considered,
the DC-8 sampled convectively influenced air ~81% of the
time within 5 days of DC-8 sampling, with many of these
encounters occurring within 6 hours of in situ sampling. It is
clear that deep convection and lightning were important
factors during INTEX-NA.

[58] In conclusion, INTEX-NA was a period of active
weather. The period exhibited several meteorologically
anomalous aspects that should be considered when compar-
ing its chemical measurements with those from other
periods. Furthermore, these anomalies suggest the need
for future missions that would sample more typical con-
ditions, e.g., stagnant conditions over the northeast and the
long-range transport of the accumulated pollutants.
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