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ABSTRACT 

 

 One of the goals of NASA‘s Intercontinental Chemical Transport Experiment Phase 

B (INTEX-B) was to perform quasi-Lagrangian (q-L) sampling of air pollution as it is 

transported across the Pacific Ocean from Asia toward North America. We define q-L as air 

pollution sampled by one aircraft that is later sampled at another location. Iterative procedures 

are required to determine q-L segments along aircraft flight paths during the INTEX-B sampling. 

We set meteorological criteria and ran backward trajectories from the C-130 aircraft to determine 

if q-L connections were made with the DC-8 flights. National Centers for Environmental 

Prediction (NCEP) reanalyses and GOES satellite imagery help provide a meteorological 

overview for each case and verify air flow calculations from the  trajectory model. In-situ 

chemical data are used to adjust and confirm the q-L segments. Four case studies are examined. 

Backward trajectories from the DC-8 q-L segments show that the polluted air masses mostly 

have Asian origins. Between aircraft sampling, chemical aging rates calculated from a 

photochemical model show some differences between in-situ-derived aging and model-derived 

aging. These differences can be attributed to factors such as mixing, dilution, and surface 

deposition. Carbon Monoxide (CO) from the Atmospheric InfraRed Sounder (AIRS) and from 

the Goddard Earth Observatory System (GEOS) chemical model shows the spatial extent and 

locations of the plume features being sampled.  
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1.   INTRODUCTION  

1.1   Background and Previous Research 

Air pollution is a global problem with far reaching effects on people and the 

environment, including illness and possible long term impacts on climate. As more 

countries have become industrialized, the number of air pollution sources has increased. 

Although many developed countries have strived to decrease their output of harmful 

pollutants, pollution output still is increasing in many developing countries. For example, 

Asian emissions of anthropogenic Nitrogen Oxides (NOx) have exceeded those from both 

North America and Europe during the past decade, with eastern Asia expected to become 

one of the greatest source regions of future pollution (Pochanart et al., 2004). 

Climatologically occurring westerly flow from Asia often transports atmospheric 

pollution across the Pacific toward the United States (Merrill, 1989; Parrish et al., 1992; 

Jaffe et al., 1999). Thus, it is important to examine the trans-Pacific transport of Asian air 

pollution and its eventual impacts on North America.  

Previous research has studied the many factors involved in the trans-Pacific 

tropospheric export of Asian pollution.  Air pollution can be injected into the upper 

troposphere by venting the boundary layer in various ways. Deep convection is an 

efficient source of boundary layer venting (Thompson et al., 1994). Terrain-induced flow 

is another mechanism for venting the boundary layer (Henne et al., 2004). Venting also 

can occur due to mid-latitude cyclones and their associated warm conveyor belts (WCBs) 

(Stohl, 2001; Cooper et al., 2001; Hannan et al., 2003; Kiley and Fuelberg, 2006). These 

cyclones and their associated airstreams are the primary mechanisms that carry pollution 

from Asia and over the Pacific (Jacob et al., 2003). Complicating our understanding of 

venting is that if these synoptic features occur over the Pacific, then clean maritime air 

can be injected into the troposphere (Stohl et al., 2001). A ―river of pollution‖ leaving the 

coast of Asia and flowing eastward across the Pacific in the middle troposphere was 

sampled during NASA‘s Intercontinental Chemical Transport Experiment (INTEX-NA). 

Specifically, enhancements of aircraft-derived carbon monoxide (CO) and hydrocarbon 

concentrations exceeded ―background‖ values in plumes intersected by the aircraft (e.g., 
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Martin et al., 2002).  The ―river‖ described by Martin et al. helped confirm the findings 

by Kaneyasu et al. (2000) that Eastern Asia can be a source region from which industrial 

pollutants flow over the North Pacific.   

Asian outflow of CO during springtime often exceeds the summer value by a 

factor of 3 to 4, partially due to frequent cold surge events (Liu et al. 2003). Asian 

anthropogenic emissions especially impact the concentrations of pollutants over North 

America during spring (Parrish et al., 1992; Jaffe et al., 1999; Yienger et al., 2000). And, 

these impacts have been shown to reduce air quality over the West Coast (Park et al., 

2004; Heald et al., 2006; van Donkelaar et al., 2008). For example, the Mount Bachelor 

Observatory in Central Oregon has measured periods of enhanced CO, Ozone (O3), and 

total gaseous mercury while sampling polluted air of Asian origins during April 2004 

(Jaffe et al., 2005; Weiss-Penzias et al., 2006). Chemical models combined with surface 

observations have indicated greater than normal O3 concentrations over Washington and 

British Columbia, in part due to Russian biomass burning (Jaffe et al., 2004). 

Measurements at the Cheeka Peak Observatory in Washington found pesticides arriving 

from Asian sources, and airborne observations during the period revealed Asian 

anthropogenic and biomass burning pollutants over the same region (Killin et al., 2004; 

Bertschi et al., 2004). 

Trans-Pacific plumes have been tracked via remote sensing, surface observing 

networks, and computer simulations. Data from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) and Measurements Of Pollution In The Troposphere 

(MOPITT) instruments onboard the Terra (both) and Aqua (MODIS only) satellites have 

been used to simulate Asian plumes using the Goddard Earth Observing System (GEOS)-

Chem and other chemical transport models (Park et al., 2004; Heald et al., 2006). The 

model-derived and satellite-observed plumes were verified using surface data networks 

such as the Interagency Monitoring of Protected Visual Environments (IMPROVE) over 

the northwestern United States, and the Aerosol Robotic Network (AERONET) located 

in Midway and Hawaii. During the Heald et al., (2006) experiment, GEOS-Chem 

successfully modeled the export and cross Pacific transport from Asia. The authors noted 
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that each of the data sources verified the timing and movements of Asian pollution 

toward North America. However, GEOS-Chem underestimated the plumes‘ chemical 

concentrations. Plume data from another remote sensor, the Atmospheric InfraRed 

Sounder (AIRS) onboard NASA‘s Aqua Satellite, have been verified by comparing its 

CO retrievals with in-situ aircraft measurements during the first Intercontinental 

Chemical Transport Experiment (INTEX-A) (McMillan et al., 2008). Similarly, the 

Model of Ozone and Related Chemical Tracers (MOZART) has been valuable for 

simulating the chemical state of the troposphere (Tang et al., 2004). 

It is important to understand the chemical reactions affecting various species as 

they move from their source regions. In addition, scavenging and other removal processes 

are natural methods of atmospheric cleansing that help explain why pollution crossing the 

Pacific and reaching North America has a wide range of concentrations. CO has been 

used extensively to study the histories of polluted air masses (Harriss et al., 1992; 

Maloney et al., 2001; Martin et al., 2002). Reduced values of CO aid in determining 

whether air was influenced by the stratosphere or is well aged, while enhanced CO 

indicates a continental influence (Talbot et al., 1996a, 1997). These ideas were further 

studied during NASA‘s second Pacific Exploratory Mission in the Tropics (PEM-Tropics 

B) (Raper et al., 2001). For example, Maloney et al. (2001) categorized backward 

trajectories based on CO concentrations and other biochemical trace gases.  

CO is produced and therefore is most abundant in the boundary layer, with much 

smaller values in the stratosphere (Pan et al., 1998). Concentrations of CO and other trace 

gases vary with both altitude and latitude due to differences in photochemical processing 

(Mauzerall et al., 1998; Blake et al., 2001). Due to the variability in processes affecting 

the aging of chemical species, it is necessary to calculate their lifetimes specific to the 

period and location of sampling (e.g., Crawford et al., 2000).  

NASA‘s second Intercontinental Chemical Transport Experiment (INTEX-B) was 

conducted in two phases between March 1 and May 15, 2006 (Singh et al., 2008).  A 

major goal was measuring Asian outflow over the Pacific, including quasi-Lagrangian 

sampling of pollution plumes traveling from Asia toward the United States. Quasi-
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Lagrangian (hereafter q-L) sampling involves taking measurements of a parcel at one 

location, and later sampling what is believed to be the same or a similar parcel at a 

downwind location. 

Q-L sampling is a relatively new approach for studying air pollution.  Unmanned 

aircraft made q-L measurements of pressure, temperature, and humidity in convective 

boundary layer plumes over Orlando, FL and Albuquerque, NM to determine the origins 

of air parcels (Rennó et al., 1995). The q-L measurements were feasible because the 

aircraft traveled at 10 to 20 m s
-1

, virtually the same speed as the pollution plume.  

A method more closely related to our approach was chemical, microphysical, and 

meteorological measurements that were made by the Russian M-55 Geophysica and 

German DLR Falcon aircraft during the Polar Stratospheric Aerosol Experiment 

(POLSTAR) over northern Finland (Peter et al., 1999).  Results suggested that q-L 

sampling of CO, water vapor (H2O), and O3 had been achieved based on high correlations 

between the measurements at two different points along the same streamline. The authors 

noted that measurements taken near large chemical gradients, such as near the 

tropopause, may compromise the concept of q-L measurements. A similar method was 

used by Stohl et al. (2004),utilizing the Lagrangian particle dispersion model 

FLEXPART to forecast opportunities when two different aircraft could sample the same 

air mass at different locations and times. Stohl used a box surrounding proposed flight 

tracks to determine if backward trajectories from a later flight had intersected the box and 

represented the same air parcels. Q-L sampling also was achieved during the Nighttime 

Aerosol/Oxidant Plume Experiment (NAOPEX) during 2002, utilizing the G-1 aircraft to 

sample pollution downwind from Boston during its initial flight, and again during a flight 

5 h later (Zaveri et al., 2003). They launched a constant-volume balloon into the plume 

during the experiment to serve as a Lagrangian marker and to transmit location and 

chemical data to aid in forecasting the next flight. 
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1.2   Objectives 

The current study utilizes data from two aircraft that were deployed during the 

2006 INTEX-B mission, the NSF C-130 and NASA DC-8 aircraft (Singh et al., 2008). 

The DC-8 flights originated from  Hawaii between April 17 through May 1, and then out 

of Anchorage from May 4 - 15. The C-130 flew missions from Seattle, WA between 

April 17 and May 15. The DC-8 often flew into the mid-latitudes while sampling air over 

the open Pacific, while the C-130 flew missions over both the northwest United States 

and extreme Eastern Pacific. During mid-latitude springtime, the westerlies generally 

transport air from Asia toward North America. Since the DC-8 flights were west of the C-

130, there was the possibility that the C-130 later would sample the same air as the DC-8, 

thereby providing q-L sampling.  

Initial research regarding transport during the INTEX-B period already has been 

completed (Singh et al., 2008). Zhang et al. (2008) noted that positive correlations 

between ozone and CO measured by AIRS, the Technology Experiment Satellite (TES), 

and mission aircraft revealed trans-Pacific plumes. CO measurements showed Asian 

outflow events occurring every 3 to 6 days. Two major trans-Pacific transport events 

were observed using satellite and in-situ measurements. The first, occurring on May 1, 

was sampled by the C-130 (Barletta et al., 2007; Zhang et al., 2008). The second, 

occurring between May 5 - 9, was sampled by the DC-8 on May 9. The authors noted that 

the plume leaving Asia split into two branches, one flowing toward Alaska around the 

Aleutian low and the other around the Pacific high toward the West Coast of North 

America. Chemical transport models revealed that during the late April through early 

May period the Asian pollution contained enhanced values of several species, including 

CO at 800 hPa. 

The goal of the current research is to document that q-L sampling occurred during 

INTEX-B, and especially, that Asian pollution being transported toward North America 

was sampled by both aircraft at intervals from one to seven days. Backward trajectories 

from the C-130 are used to determine whether the DC-8 sampled approximately the same 

parcels at an earlier time. Specifically, four dimensional (x,y,z,t) criteria are assigned 
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along the DC-8 flight paths to determine if each backward trajectory from the C-130 

satisfied q-L conditions. Then, in-situ chemical data from both aircraft are employed to 

identify highly correlated species. They also are used to illustrate maximum and 

minimum pollution concentrations along each flight path. Finally, chemical 

concentrations at the DC-8 are compared with those at the C-130 to determine if the 

expected aging along each trajectory had occurred. Box model calculations provide the 

expected aging signatures. Values and spatial patterns of in-situ CO are verified using 

AIRS CO data and GEOS-Chem simulations. Backward trajectories from the DC-8 

reveal the possible emission sources of the pollution sampled by the q-L methodology. 

An examination of the meteorology during q-L sampling indicates whether boundary 

layer interaction, convection, clouds, mixing, or ascent/descent are factors in changing 

the chemical concentrations between aircraft. As a result of the q-L sampling we hope to 

better understand the variability of the chemistry and meteorology occurring in trans-

Pacific plumes.  

 

2.   DATA AND METHODOLOGY 

2.1   Meteorological Data and Trajectories 

The meteorological data used to prepare our trajectories were obtained from zero 

hour analyses of the National Weather Service‘s Global Forecast System (GFS) (National 

Centers for Environmental Prediction (NCEP), 2003). The data were available at 6 h 

intervals (0000, 0600, 1200, and 1800 UTC) on a 1.0° × 1.0° latitude/longitude horizontal 

grid with 64 vertical sigma levels. The vertical levels were spaced most closely near the 

surface to provide a better representation of the lower troposphere, with 15 of the 64 

levels below 800 hPa if the surface pressure is 1000 hPa. In addition, NCEP global 

reanalysis datasets (Kalnay et al., 1996) were used to describe other aspects of the 

meteorology during INTEX-B. The NCEP reanalysis data were provided by the National 

Oceanic and Atmospheric Administration National Weather Service (NOAA, 

http://nomad3.ncep.noaa.gov/ncep_data/index.html) 
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            Backward trajectories were calculated using a kinematic method that utilized the 

GFS three dimensional wind components (u, v, and w). Linear interpolation was used in 

the trajectory model to increase the number of vertical levels and decrease the time 

interval of the data. The kinematic trajectory model that we employed has been used in a 

variety of previous studies (Fuelberg et al., 1996, 1999, 2000, 2007; Martin et al., 2002; 

Maloney et al., 2001). These previous studies utilized data from the European Center for 

Medium-Range Weather Forecasts, while we employ GFS data here. Trajectories that 

intersected the 1000 hPa surface were not terminated, but continued to move isobarically 

along that surface until they either ascended or reached the end of the computational 

period. This method was used previously by Stohl et al. (1995), Martin et al. (2002), 

Kiley et al. (2006), and Fuelberg et al. (2007). More detailed documentation regarding 

the trajectory model itself can be found in (Fuelberg et al., 1996, 1999). 

We calculated ten day backward trajectories at 1 min intervals along each flight 

path of the DC-8 and C-130 during the second phase of INTEX-B (April 17 - May 15, 

2006). The trajectory output was at one hour intervals and included latitude, longitude, 

altitude (hPa), temperature (K), potential temperature (θ), and relative humidity (%). 

Trajectories are subject to a variety of limitations and uncertainties, including 

numerical issues of the trajectory model itself, the spatial and temporal resolution of the 

GFS data, errors in the placement of meteorological features in the GFS analyses, and the 

relative scarcity of input data over the oceans.  The relative lack of data over the North 

Pacific is especially important to the current study (Fuelberg et al., 2007, 2000; Kiley et 

al., 2006; Maloney et al., 2001; Stohl, 1998; and Stohl et al., 1995). In addition, the 

spatial resolution of the GFS does not adequately resolve small scale phenomena such as 

boundary layer mixing and convective updrafts/downdrafts.  Therefore, these motions are 

not incorporated into the calculated trajectories.  

            We quantified trajectory uncertainties by examining several trajectories 

comprising the original q-L segments of our four case studies (described later). 

Trajectories were run at the initial locations and then at locations ±1 
o
lat/lon, ± 50 hPa, 

and ± 6 h from the q-L segments of each case. Results show that sensitivity is greatest for 
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the ± 6 h temporal changes (Fig. 1). Since meteorological features can propagate large 

distances in 6 h, we expect changes in trajectory launch times to produce large changes in 

the ensuing trajectory locations. A good example is the April 25 and April 28 case study 

when the trajectories pass near a cyclone. Six hours before the original q-L segment, the 

low pressure and its associated flow pattern were much farther west.  

            We next examined the sensitivity to moving the initial trajectory location by ± 50 

hPa (Fig. 2). The resulting change in pressure altitude is very small during the first 24 h 

but increases greatly during the subsequent 4 days. The probable reason for the 

exponential increase in the x, y, and p differences  is vertical wind shear, which can be 

large and may not be fully resolved in the GFS data.   

            Finally, Fig. 3 shows trajectory differences that arise due to displacing the initial 

location by ±1 
o
lat/lon. The trajectories‘ horizontal sensitivity is the smallest of the three 

tests. Synoptic meteorological features are much larger than 1 deg. For example, if air 

parcels are embedded in a broad area of southeast flow associated with a high pressure 

system, a 1 ⁰lat/lon change in trajectory initiation likely will produce a similar trajectory 

path. The sensitivity to horizontal displacements in the east-west direction is greater than 

in the north-south direction. This can be explained in part by the strong north-to-south 

gradient of the westerlies during the springtime.  

To summarize trajectory uncertainty, q-L segments with nearby major storm 

systems exhibit the greatest trajectory uncertainties. The best scenario for small trajectory 

uncertainties appears to be during quasi-stationary systems associated with subsiding air, 

such as the vicinity of subtropical high pressure. Such conditions occur during the May 4
 

and 5 boundary layer case and the April 23 and 28 case studies that are described later. 
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Figure 1. Plots of mean absolute error and their standard deviations in trajectory 

calculations based on  ± 6 h time change from original q-L segments in a) x (deg 

latitude), b) y (deg longitude), and c) pressure altitude (hPa). 
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Figure 2. Plots of mean absolute error and their standard deviations in trajectory 

calculations due to displacements of ± 50 hPa from original q-L segments in a) x (deg 

latitude), b) y (deg longitude), and c) pressure altitude (hPa). 
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Figure 3. Plots of mean absolute error and their standard deviations in trajectory 

calculations due to displacements of  ± 1 deg latitude and longitude from original q-L 

segments in a) x (deg latitude), b) y (deg longitude), and c) pressure altitude (hPa). 

 



12 

 

2.2.   Chemical Data 

           A variety of science payloads for in-situ and remote atmospheric sampling was 

carried on the DC-8 and C-130 aircraft during the INTEX-B flights. The payload onboard 

the DC-8 is described by Singh et al. (2008). Data from the following instruments were 

used in the current study. CO was measured using a diode laser spectrometer (Sasche et 

al., 1991), O3 using Nitric Oxide chemiluminescence and UV absorption (Avery et al., 

2001), NO using laser-induced fluorescence detection (Bradshaw et al., 1999), and 

Peroxyacetyl Nitrate (PAN) with automated dual gas chromatographs with cryofocusing 

(Singh et al., 2004). Grab samples (Blake et al., 1996) were taken at intervals of 

approximately 4 min to measure most hydrocarbons including Ethane and Ethyne. 

According to Sasche et al., (1991), CO measurement uncertainty is ~ 1ppbv or 1%. 

The payload of the C-130 during the current study period included vacuum 

ultraviolet (VUV) fluorescence for CO sampling (Emmons et al., 2008), a 4-channel 

chemiluminescence instrument for NO and O3 (Weinheimer et al., 1998), PAN using the 

PAN CIGARette Thermal Decomposition Chemical Ionization Spectrometer (Zheng et 

al., 2007) and grab sampling for hydrocarbons (Blake et al., 1996). The C-130 grab 

samples were not taken as consistently as on the DC-8, with sampling gaps reaching 15 

min.  

            We employed a one-minute merged dataset containing measurements for each 

INTEX-B flight. These merges were created by personnel at NASA‘s Langley Research 

Center using the NASA INTEX-B/Intercontinental and Mega-city Pollution Experiment 

(IMPEX) archive. The DC-8 merged dataset that we used contained information from 

flights 10 – 19, while the C-130 dataset consisted of flights 1 – 12, both corresponding to 

the April 17 - May 15 field phase. 

            The methodology for creating the merged datasets included different requirements 

for each instrument since their measurement frequencies varied (Williams et al., 2008). 

The typical reference point for a sampling period was its mid-point, i.e., the average 

between the start-time and stop-time of the measurement. However, there were cases 
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when the mid-point of the sampling volume did not correspond to the time mid-point 

because of airflow changes due to aircraft ascent or descent while sampling. The solution 

was for the investigator taking the measurement to define the mid-point. Other merged 

data required median or weighted averaging due to periods of higher resolution sampling. 

All sampling periods were labeled with a start time, stop time, and mid-point location 

(latitude, longitude, and altimeter-derived altitude). 

            Like its original input, the merged dataset contained uncertainties, missing data, 

and limit of detection (LOD) issues. Uncertainties were stated as a ―total-value‖ due to 

random and systematic errors. Missing data were an important issue during INTEX-B 

because there were many periods when instrument calibrations or malfunctions led to 

gaps in the dataset. Other missing data were caused by the sampling period being longer 

than the dataset‘s one-minute interval. For example, the time between grab samples 

typically was ~ 2.5 min on the DC-8, and more intermittent on the C-130. Therefore, in 

some cases there was no halocarbon or hydrocarbon data between the start and stop 

intervals of the corresponding merged dataset. Lastly, the LOD was a maximum or 

minimum value set by each investigator. Values inside the LOD were assigned a specific 

value for flagging purposes. 

 2.3   Quasi Lagrangian (q-L) Criteria  

The ideal criterion for locating q-L sampling periods would be simply to 

determine those backward trajectories from the C-130 that intersected the flight path of 

the DC-8. However, due to uncertainties in the trajectory calculations, we also needed to 

consider the chemical data and set finite interception criteria between the back trajectory 

and the flight path.  

Rather than relying solely on the trajectory data, our criteria for establishing q-L 

sampling also considered the following factors. Uncertainties in GFS data produce 

trajectory uncertainties that increase with time. In addition, atmospheric composition 

constantly changes due to mixing, photochemical processes, and meteorological 

phenomena. The probability of mixing nearby air parcels having differing chemical 
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composition increases with time. There is the inevitable dilution that occurs during a 

parcel‘s transit from one aircraft to the other. The C-130 frequently sampled air over the 

western United States where fresh injections of pollutants sometimes altered the chemical 

consistency between aircraft measurements. Large plumes often disperse into smaller 

fragments during trans-Pacific transport and become difficult to sample due to their 

smaller horizontal and vertical extents. Most INTEX-B flights consisted of numerous 

ascents, descents, spirals, and boundary layer runs. When an aircraft rapidly changed 

altitude while sampling a thin plume, the plume was sampled for only a brief period, 

making it difficult to determine if the chemistry supported a q-L connection. Also, only a 

limited number of INTEX-B flights were planned with a focus on q-L sampling. Taking 

these issues into consideration, we developed a methodology for testing q-L sampling. 

The first component of the q-L testing utilized backward trajectories from the C-

130 aircraft that was based in Seattle. The trajectory locations were compared both 

spatially and temporally to the one minute flight track data of the DC-8 to determine if q-

L sampling had occurred. To perform this task, we defined a ―q-L box‖ surrounding each 

one-minute DC-8 flight location using the four-dimensional criteria (x,y,p,t) seen in Fig. 

4. The selection of these criteria required us to determine appropriate thresholds. 

Increasing uncertainties in the trajectory data over time, the speed of the aircraft, and the 

highly stratified state of the atmosphere were considered when selecting the size of the q-

L box.  
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Figure 4. Schematic of a quasi-Lagrangian box illustrating a trajectory being tested as it 

moves backward in time from the C-130 toward the DC-8 flight path. The box size 

shown is for a 0 - 36 h transit period. 

 

The horizontal q-L box threshold for air parcels moving between aircraft during a 

0-36 h period was ± 1.0° × 1.0° latitude and longitude. The rapidly changing 

meteorological conditions in the vertical required a stricter range of ± 30 hPa, which 

increases in geometric thickness with increasing altitude. For example, in the lower 

troposphere (~ 850 hPa) the hypsometrically-derived thickness of the ± 30 hPa layer 

based on an average nominal mid-latitude springtime virtual temperature of 250 K is ~ ± 

262 m. However, in the upper troposphere (~ 400 hPa), the ± 30 hPa thickness based on a 

mean virtual temperature of 230 K is ~ ± 525 m. The temporal window defined the period 

for the C-130 based trajectories to intersect the DC-8 flight track ―box‖ without overly 

increasing the probability of sampling a different air mass. The threshold for a 0 - 36 h 

transit between aircraft was set at ± 0.5 h. If any backward trajectory from the C-130 

intersected the DC-8 flight path within a ―box‖ of these criteria during a 0 - 36 h transit 

period then that trajectory, the C-130 trajectory origination point, and the DC-8 flight 

minute(s) of intersection were flagged as representing q-L sampling. One should note that 
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a backward q-L trajectory could flag more than one DC-8 flight point due to the 

geographical and temporal size of the box. For DC-8 to C-130 transit periods exceeding 

36 h, we incrementally increased the size of the q-L boxes as listed in Table 1.  

 

Table 1. Quasi-Lagrangian box criteria which become more relaxed as the time interval 

between flights increase. 

Hours Separation 0-36 37-72 73-108 109-144 145-180 180-225 

(±) x  (°lon) 1 1.1 1.2 1.3 1.4 1.5 

(±) y  (°lat) 1 1.1 1.2 1.3 1.4 1.5 

(±) p (hPa) 30 50 70 90 110 130 

(±) t (h) 0.5 1 1.5 2 2.5 3 

 

As the second step of the q-L detection process, we looked for consistency in the 

composition of the air being sampled by the two aircraft. Our goal was to sample plumes 

of pollution rather than background air.  Therefore, only DC-8 flight segments in which 

CO concentrations exceeded a ―background value‖ and had been flagged as q-L by the 

box test were examined. To confirm that the possible q-L segment exhibited plume 

characteristics, chemical species such as Ethane and Ethyne also were examined. 

Due to the volume of each box, the segment along a flight track that was flagged 

as q-L might not correspond exactly to the segment where the chemical concentrations 

implied q-L sampling. There also were segments where the chemistry remained 

consistent along a longer portion of a flight than was flagged by the trajectory boxes. 

These situations suggested that the trajectory-derived q-L segment be expanded.  

Concentrations of PAN, NO, O3, CO, Ethane, and Ethyne were examined at the  

q-L connection points of the DC-8 and C-130 to determine whether the air being sampled 

was homogeneous. To determine whether the atmospheric composition was consistent 

with q-L sampling, a simple chemical calculation was performed. Specifically, we 

subtracted the concentrations of each species between q-L segments along the DC-8 and 

C-130. Once we determined that a specific q-L flight segment had chemical consistency, 



17 

 

a mean concentration of each species along that q-L segment was obtained. An example 

mean differencing calculation is: 

Δ CO = [Mean CO (q-L C-130) segment – Mean CO (q-L DC-8 segment)] /          

                         Mean (q-L DC-8 segment).                                                                    (1)

     

A ratio between mean q-L values at the C-130 and DC-8 also were calculated, 

e.g., 

CO ratio = Mean CO (q-L C-130) segment/ Mean CO (q-L DC-8) segment.   (2) 

The steps mentioned above led to the final determination of the q-L flight 

segments. Backward trajectories from the DC-8 then were prepared to reveal the possible 

sources of the pollution that were sampled by both aircraft.  

2.4   Box Model Calculations 

Once the q-L based means of the species along the DC-8 and C-130 aircraft were 

calculated, Dr. James Crawford ran a chemical box model using trajectory data specific 

to each case to determine the rate of photochemical aging. The Lagrangian chemical box 

model utilized by Crawford et al. (2000) employs a time-dependent photochemical ‗box‘ 

to calculate the rates of expected aging. Initial chemical concentrations were taken 

directly from the aircraft chemical data. General assumptions made along the trajectory 

included perturbations to chemical species by lightning (NOx), convective impacts on 

soluble and insoluble species, cloud conditions, concentrations of OH, and mixing. The 

specific parameters used in the photolysis rate calculations included trajectory-derived 

values of water vapor, temperature, and pressure.  

2.5   Remotely Sensed Data and GEOS-Chem  

            Remote sensing and chemical transport modeling were important to 

understanding the chemical changes that occurred between the DC-8 and C-130. We 

examined water vapor, infrared, and visible imagery from the Geostationary Operational 
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Environmental Satellite (GOES-West) to document meteorological conditions during the 

trans-Pacific transport. 

            We also used AIRS CO retrievals to examine the q-L sampling periods. The 2378 

channel high spectral resolution AIRS instrument is onboard the polar orbiting Aqua 

satellite.  CO retrievals at 4.55 µm are made on a 1º × 1º grid at seven pressure levels, 

although only approximately two independent levels of information are available (NASA, 

2005; http://disc.gsfc.nasa.gov/AIRS/documentation/v4_docs/v4_docs_list.shtml). We 

compared the AIRS-derived CO plots with CO values obtained during in-situ sampling 

and with forecasts made by chemical transport models. AIRS CO has been used 

previously by McMillan et al. (2005) and others to reveal long-range transport of 

pollution from anthropogenic sources.  Regions of enhanced CO were characterized by 

sensitivity at a particular vertical level, which could be obtained by examining CO 

verticality (vertical sensitivity). In this paper we examined time-averaged latitudinal and 

longitudinal CO mixing ratios. 

            Further descriptions of atmospheric composition during q-L sampling were made 

using GEOS-Chem, a global three-dimensional model utilizing assimilated 

meteorological observations (Jacob et al., 2005 and http://www-

as.harvard.edu/chemistry/trop/geos/geos_overview.html). During INTEX-B GEOS–

Chem version 4 was run twice daily at Harvard University to produce five day forecasts 

of CO on a 1.25º longitude by 1º latitude grid with 55 vertical levels. CO patterns due to 

biomass burning and anthropogenic simulations were available for Asia and the Western 

Hemisphere. Anthropogenic emissions used in the model were at 0.25º × 0.25º from the 

1999 gridded Environmental Protection Agency (EPA) National Emissions Inventory 

(NEI). 

            As mentioned earlier, q-L sampling is not appropriate when there are injections of 

biomass or anthropogenic pollution between the DC-8 and C-130. We searched for these 

sources by examining global 1º × 1º gridded anthropogenic emissions datasets from the 

Center for Global and Regional Environmental Research (CGRER) (see 

http://www.cger.uiowa.edu/arctas/emission.html). When a q-L trajectory or flight 

http://www-as.harvard.edu/chemistry/trop/geos/geos_overview.html
http://www-as.harvard.edu/chemistry/trop/geos/geos_overview.html
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segment came within a 1 degree grid-cell of anthropogenic CO emissions (usually over 

the Pacific Northwest), that trajectory segment was deleted from further study. Emissions 

from ships were not included in the CGRER dataset.  

 

3.   RESULTS  

Several plumes traveled eastward across the Pacific Ocean toward North America 

during the INTEX-B period (Singh et al., 2008). Our goal was to determine when q-L 

connections occurred between the two aircrafts‘ samples of these plumes and then 

describe the chemical processes that occurred between the two samples.  

We first examined all backward trajectories from the C-130 flights out of Seattle, 

WA as described in Chapter 2. Several flight pairings contained q-L connections 

consisting of individual 1 min q-L segments that ranged from a few to greater than one 

hundred minutes. Flight tracks and anthropogenic source data for each meteorological q-

L connection then were reviewed to determine if a fresh pollution source was 

encountered during the transit between aircraft. This most often occurred when a 

trajectory passed over the West Coast of the United States before being sampling by the 

C-130.  Connections encountering a fresh source were removed from further study. For 

example, the meteorological q-L connection between the May 4 DC-8 and May 8 C-130 

flights, although robust, was discarded due to a large increase in NO between the two 

sampling locations, probably due to the C-130‘s proximity to anthropogenic sources 

along the United States West Coast. Finally, we examined chemical data from the two 

aircraft and discarded q-L segments that sampled only background CO . 

Four q-L connections that sampled enhanced CO and met our criteria are 

described below in detail. 

3.1   May 4 DC-8 and May 5 C-130 Boundary Layer Segments 

            A robust q-L connection occurs between the DC-8 flight on May 4 and the C-130 

flight on May 5 when both aircraft were sampling the lower troposphere. Approximately 
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26 h elapses between the two samples. Figure 5 shows the two aircraft‘s flight tracks on 

these days and the q-L connection between them. On the western end, q-L sampling 

occurs during the DC-8‘s boundary layer run at pressure altitudes ranging from ~1000 

hPa to ~800 hPa. On the eastern side, the pressure levels of the C-130 range from ~850 

hPa to ~1000 hPa. It should be noted that intense boundary layer modifications can occur 

due to diurnal cycles and turbulent eddies. These turbulent eddies, and their associated 

fluctuations in air flow, are poorly parameterized by the GFS (Seraphin and Zhardi, 

2005). This lack of detail influences the trajectory results. 

           The height of the planetary boundary layer can be determined by locating 

inversions in profiles of potential temperature and water vapor (Albrecht et al., 1995). 

Trajectories were used in a previous study to reveal that air can remain in a stable 

boundary layer associated with subtropical high pressure for several days (O‘Brien et al., 

2009). We examined aircraft-derived potential temperature and water vapor 

concentrations to determine boundary layer heights along the flight paths. Time series of 

these data (Fig. 6) show that the height of the boundary layer appears to be ~1200 m 

during the q-L segment of the May 4 DC-8 flight and ~1000 m during the C-130 q-L 

segment. Our trajectories resolved the boundary layer at slightly lower altitudes (~ 100 m 

lower), which are in fair agreement with in-situ values. Thus, we believe that both aircraft 

sampled the boundary layer. 
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Figure 5. a) Flight tracks of both aircraft on May 4 (DC-8, northwest side) and 

May 5 (C-130, southeast side), together with the q-L backward trajectories 

connecting them. Pressure levels of the aircraft are shown by the colors. The q-L 

connection occurs in the lower troposphere. The number 1s near the DC-8 

segment indicate a 1 day transit time between aircraft. b) Cross section of both 

flight tracks together with q-L trajectories. The cross section is viewed from the 

south, looking northward, with the DC-8 track on the left and C-130 track on the 

right. Note that the coordinate systems vary between images. The image is created 

when the first backward trajectory encounters the q-L box surrounding the 1 min 

DC-8 flight segments. 
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Figure 6. Time series of potential temperature (K) and atmospheric water vapor 

concentration (ppmv) measured in-situ during the a) May 4 DC-8 and b) May 5 

C-130 flights. The thick vertical black lines indicate the in-situ data-derived 

locations of the planetary boundary layer. The segments shown are the q-L 

segments, as well as aircraft data before and after entering the boundary layer.  

 

Prior to being sampled by the DC-8, the air mass passed over two sources--eastern 

Asia and across western Alaska (Fig. 7). Ten day backward trajectories indicate that the 

air from Asia follows a cyclonic loop as it passes through a low pressure system north of 

Korea. The air then experiences a slow 7 day descent into the upper boundary layer 

where it is sampled by the DC-8 at ~800 to ~850 hPa. The parcels sampled by the DC-8 
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closest to the surface pass over much higher latitudes.  Fifteen day backward trajectories 

(not shown) and the surface synoptic pattern (Fig. 8) reveal that some of the air has 

passed over the North Pole. One should note that fifteen day backward trajectories 

contain considerably more error those run for ten days. Some parcels originate near 

Siberia, while others meander near the North Pole before heading southward where they 

are sampled by the DC-8. The two trajectory clusters merge before interacting with the 

Aleutian low (described later), producing a pronounced loop.   

        

Figure 7. a) 10 day backward trajectories from the q-L boundary layer segment of the 

DC-8 flight arriving between 2100 and 2000 UTC May 4. The numbers along the 

trajectories indicate the number of days of transport. b) Cross section of the DC-8 flight 

track together with backward trajectories. The cross section is viewed from the south, 

looking northward. The (x) indicates the air parcels‘ location 10 days prior to DC-8 

sampling. 
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Figure 8. NCEP reanalysis of mean sea level pressure (hPa) on a) April 22 at 1800 UTC 

and b) 1000 hPa wind vectors and isotachs (m s
-1

). Northerly flow between the Siberian 

high pressure and low pressure near Alaska transports air from the Eastern Hemisphere 

toward Alaska.  

 

3.1.1   Meteorological Overview 

            The DC-8 q-L connection occurs between 2100 and 2200 UTC on May 4. NCEP 

re-analyses (Fig. 9a) show low pressure (the Aleutian Low) centered just south of the 

Aleutian chain and west of the DC-8‘s flight track. The low appears to be vertically 

stacked, and as indicated by low level clouds (Fig. 10a) is co-located beneath the upper 

level low seen in water vapor imagery (Figs. 9d and 10b). The water vapor image also 

indicates that the middle troposphere of the flight track is relatively humid (white 

shades). The southern half of the track is located between the Aleutian low pressure and 

the subtropical high to the south in a region of north-west flow around the high (Fig. 9a). 

The visible satellite image (Fig. 10a) shows that the flight occurred mostly in a region of 

broken stratocumulus clouds.  Subsiding air associated with the high pressure is located 

in the region between flight paths (Fig. 9c).  
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Figure 9. Mean sea level pressure (mslp) from NCEP re-analyses on a) May 4 at 1800 

UTC and b) May 6 at 0000 UTC with the DC-8 and C-130 flight tracks overlain. The q-L 

segments are circled in yellow. Also shown are c) vertical velocity at 925 hPa (Pa s
-1

) on 

May 5 at 1800 UTC, and d) 500 hPa heights (m) at the same time. The combination of 

low pressure to the north and high pressure to the south produces the southeasterly 

movement of air parcels between the two aircraft samples shown in Fig. 5a. 

 

The C-130 q-L connection occurs late in the day of May 5 (near 0000 UTC  

May 6). The Aleutian Low has drifted northeastward (Fig. 9b), while the subtropical high 

has strengthened and shifted westward toward the C-130 flight path. Satellite imagery at 

2300 UTC May 5 (Fig. 11) shows the locations of these pressure systems. Cloud cover 

has increased over the region of the C-130 q-L connection due to an approaching frontal 

boundary from the west.  
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Figure 10. a) GOES West visible and b) 6.7 µm water vapor imagery on May 4 at 2000 

UTC during the DC-8 flight on May 4 (track overlain in red). The q-L segments are 

circled in yellow. 
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Figure 11. a) GOES West visible and b) 6.7 µm water vapor imagery on May 4 at 2300 UTC.  

The C-130 flight track is overlain in red. The q-L segments are circled in yellow. 

Northwesterly flow around the periphery of the subtropical anticyclone transports air parcels 

sampled by the DC-8 toward the C-130 (Fig. 2a). 

 

3.1.2   Chemical Overview  

            The two aircraft sample regions of enhanced CO in the lower troposphere during 

the q-L segments (Fig. 12). CO values measured by the DC-8 during the q-L segment 
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range from ~165 to ~170 ppbv. The C-130 samples CO of ~150 ppbv in the boundary 

layer. The similarity in altitudes of these values suggests that the same air mass was 

sampled by both aircraft, agreeing with the q-L trajectory segments (Fig. 5). This is 

consistent with the vertical profiles in Fig. 6. 

 

Figure 12. Time series of aircraft altitude (red) and in-situ CO (ppbv) (green) sampled by 

the a) DC-8 and b) C-130. The q-L segments in each time series are highlighted in black. 

Note that the q-L segments occur during periods of enhanced CO.  
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There initially was a 10 min gap between the DC-8‘s q-L boundary layer points, 

whereas the C-130 made its entire q-L connection in the boundary layer at an altitude 

below 1 km. Only one C-130 flight point during the lowest altitude of the boundary layer 

run was not flagged as being q-L. Therefore, we expanded both the DC-8 and C-130 q-L 

connections to include their entire boundary layer runs. For the DC-8, we filled the gap 

between the flagged q-L connections. We also incorporated the one C-130 flight point not 

originally flagged and expanded the segment to include 2 min of descent and ascent into 

and out of the boundary layer to provide consistency with the q-L segment of the DC-8. 

With these adjustments, the DC-8 q-L segments extend from ~0.1 to ~1.0 km, while its 

C-130 counterpart ranges from ~0.1 to ~1.3 km. 

This expansion of the DC-8 flight segment is justified by examining CO 

measurements during the period.  The DC-8‘s time series (Fig. 12a) shows CO values 

increasing from ~140 ppbv to ~160 ppbv as the aircraft descends into the boundary layer. 

Once the aircraft levels off, CO concentrations remain nearly constant. Similarly, the  

C-130‘s q-L connection occurs where CO concentrations are consistently ~150 ppbv 

(Fig. 12b). This uniformity likely is due to subsidence associated with the surface high 

pressure (Fig. 9c) that keeps the sampled air confined to the boundary layer. These 

findings suggest that the boundary layer air sampled by both aircraft was relatively 

homogeneous. This modification of the original q-L connection period is an example of 

combining meteorological and chemical considerations to produce the most reasonable q-

L segments. 

   3.1.3   Chemical Changes between Aircraft Sampling  

Concentrations of the chemical species appear to change at reasonable rates 

between the DC-8 and C-130 during the ~1 day transit period. We calculated chemical 

decay ratios (Eq. 2) based on mean values of the in-situ measurements along the q-L 

segment of each aircraft. Observed ratios of decay rates for CO, Ethane, and Benzene are 

very similar to those calculated from the box model (Table 2). For example, the 

calculated photochemical lifetime for Ethane is 105.5 days. Thus, the C-130 should have 

sampled Ethane concentrations ~0.99 times the value sampled by the DC-8, i.e., a 
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concentration of ~1660 pptv. The actual aircraft sampled ratio was ~0.96 (1605 pptv). It 

is important to stress the limitations of effectively comparing the aging of chemical 

species over such a short period of time (~1 day). Specifically, species such as CO and 

Ethane, whose lifetimes typically are several months, experience a decay that is below 

the aircraft sensor‘s limit of detection (LOD) (i.e., less than the instrument‘s uncertainty). 

Therefore, one should not place major emphasis on the box model results, especially for 

these species. Shorter lived species such as i-Pentane and n-Pentane exhibit greater 

chemical changes (ratios of 0.60 and 0.62, respectively) between aircraft. Box model 

ratios for these species indicate that their concentrations should decrease at a slower rate 

(ratio of 0.81). The smaller calculated values suggest that higher altitude air containing 

slightly less pollution is being mixed with the lower level air during the transit between 

aircraft. However, the box model differences still are close to the LOD for these species. 

Ethane, CO, and Benzene do not exhibit ratio differences as large as Pentane, in part due 

to a sharper vertical gradient of Pentane in the regions of sampling. 

 

Table 2. Average DC-8 and C-130 species concentrations and aging ratios during the q-L 

sampling periods. Box model-derived aging ratios and lifetimes (days) also are shown. 

The OH value used in the model calculations was a diurnal average of 6.05×10
2 

ppbv. 

Species DC-8 (avg) C-130 (avg) Sampled Ratio Lifetime (days) Model Ratio 

CO (ppbv) 166.5 151.1 0.91 80.8 0.99 

Ethane (pptv) 1677.3 1605 0.96 105.5 0.99 

Benzene (pptv) 85.5 74 0.87 14.8 0.93 

i-Butane (pptv) 26.5 23.0 0.87 9.6 0.89 

n-Butane (pptv) 42.4 30.0 0.71 8.8 0.88 

i-Pentane (pptv) 10.0 6.0 0.60 5.2 0.81 

n-Pentane (pptv) 8.1 5.0 0.62 5.3 0.81 

Benzene (pptv) 85.5 74.0 0.87 14.8 0.93 

 

It was not possible to place the in situ CO values into a larger scale context using 

AIRS remotely sensed CO due to cloud cover and the timing of the satellite‘s overpasses. 

However, the GEOS-Chem chemical transport model was run in near real time during 

INTEX-B (Figs.13 and 14). Model results show CO values < 130 ppbv in the vicinity of 

the DC-8 q-L segment at ~2.2 km (Fig. 13a) and ~140 at the surface (Fig. 14a). The DC-8 
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time series of CO is consistent with the model results, revealing that just after the  

q-L boundary layer run, CO rapidly decreases as the aircraft ascends. This vertical 

gradient of CO, combined with high pressure related subsidence, may have produced 

slight sinking of less polluted air from above that would yield the smaller than expected 

CO concentrations (~151.1 instead of ~164.8 ppbv) sampled at the C-130. GEOS-Chem 

(Figs. 13 and 14) shows the area of enhanced CO progressing westward between q-L 

sampling. The comma-like shape of the enhancement region remains intact while being 

sampled by both the C-130 and DC-8 (Fig. 14). GEOS-Chem also indicates that the area 

of enhancement covers a large horizontal area, consistent with the CO enhancements seen 

in the data from both flights. The trajectories between sampling (Fig. 5) do not exhibit 

major spreading, and combined with the large horizontal extent of the air mass, suggest 

limited horizontal mixing with another air mass.  

To summarize, results show that the same air mass was sampled in the boundary 

layer by the DC-8 on May 4 and C-130 May 5. NCEP reanalysis, GOES satellite 

imagery, and trajectories all agree with the parcel movement between the aircraft. 

Chemical consistency seen in time series of CO justified the expansion of q-L segments 

to include the full boundary layer runs of both aircraft. Although box model results 

yielded chemical changes below the limit of detection, it suggested that reasonable 

chemical changes were occurring and could be explained. Observed decreases in 

concentration that were greater than those indicated by the box model suggested that 

changes in concentration were not entirely due to photochemical aging. GEOS-Chem 

derived fields of CO, as well as in-situ CO time series, show that cleaner air was located 

at altitudes just above the boundary layer. Therefore, the observed chemical changes 

between aircraft were in part caused by sinking air associated with the subtropical high 

that likely was bringing less polluted air at higher altitudes toward the boundary layer.  
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Figure 13. GEOS-Chem simulated CO (ppbv) at 790 hPa (~2.2 km) on a) May 4 at 2100 

UTC and b) May 6 at 0000 UTC. The q-L segments are circled in yellow. 
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Figure 14. GEOS-Chem simulated CO (ppbv) at the surface on a) May 4 at 2100 UTC 

and b) May 6 at 0000 UTC. The q-L segments are circled in yellow. 

 

 

 



34 

 

3.2   May 4 DC-8 and May 5 C-130 Plume Sampling Segments 

            A second q-L connection occurred during the flights of May 4-5 (Fig. 15). To the 

west, the DC-8 q-L sampling occurs on May 4 at ~2350 UTC when flying at ~600 to 

~700 hPa to investigate a region of polluted air. On the eastern end, the C-130 makes a q-

L connection with the DC-8 while flying at pressure levels ranging from ~800 to ~650 

hPa. The C-130‘s q-L sampling occurs between May 5 at ~2150 UTC to May 6 after 

0000 UTC, corresponding to a time difference of ~18 to ~24 h between aircraft. 

Trajectories for only two q-L segments are shown in Fig. 15 for clarity. One should note 

that images such as Fig. 15 are created when the first backward trajectory encountered 

the q-L box surrounding the 1 min DC-8 flight segments. Therefore, all trajectories in 

Fig. 15a do not intersect the DC-8 flight track. The meteorological setting for this q-L 

sampling is the same as described previously (Figs. 9-11), with northwest flow around 

the subtropical high transporting air parcels southeastward toward the C-130. The air 

sampled by the DC-8 appears to come from two different directions (Fig. 15a), northern 

and southern before sampling by the C-130 at two locations. This may be due to low 

level horizontal divergence that typically is associated with high pressure systems. 

            Prior to sampling by the DC- 8, the polluted air mass had traveled over Asia (Fig. 

16). Some parcels pass through the mid-levels over eastern Asia before descending into 

the boundary layer over Japan five days before reaching the DC-8. Other trajectories 

represent parcels originating in the upper troposphere over northeastern Russia four days 

before sampling by the DC-8. Extending the trajectories to 10 days back (not shown), 

most parcels remain over central and eastern Asia; however, a few pass over Europe. 
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Figure 15. a) Flight tracks of both aircraft on May 4 (DC-8) and May 5 (C-130), together 

with the q-L backward trajectories connecting them. Pressure levels of the aircraft are 

shown by the colors. The numbers along the trajectories indicate the number of days of 

transport. The DC-8 flight on May 4 was northwest of the May 5 C-130 flight track. The 

q-L connection occurs between ~600 and ~850 hPa. b) Cross section of both flight tracks 

together with q-L trajectories. The cross section is viewed from the south, looking 

northward, with the DC-8 track on the left and C-130 track on the right. Not all q-L 

connections are shown to ensure image clarity. The image is created when the first 

backward trajectory encounters the q-L box surrounding the 1 min DC-8 flight segments. 
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Figure 16. a) 7 day backward trajectories from the q-L boundary layer segment of the 

DC-8 flight arriving ~2350 UTC May 4. The numbers along the trajectories indicate the 

number of days of transport. b) Cross section of the DC-8 flight track together with 

backward trajectories. The cross section is viewed from the south, looking northward. 

The (x) indicates the air parcel‘s location 10 days prior to DC-8 sampling. 

 

3.2.1   Chemical Overview 

            Large CO enhancements are observed during the q-L sampling (Fig. 17). At the 

DC-8 q-L segment, some CO concentrations exceed 200 ppbv. The range of CO values 

during this segment is large (~140 to ~205 ppbv). The C-130-derived values of CO are 

somewhat smaller, with concentrations ranging from ~140 to ~180 ppbv. 
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Figure 17. Time series of aircraft altitude (red) and in-situ CO (ppbv) (green) sampled by 

a) the DC-8 and b) C-130. The q-L segments along each time series are highlighted in 

black. Note that the q-L segments occur during periods of enhanced CO.  
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            The level segment (~3.3 km) of the DC-8 flight was flagged as q-L based on our 

meteorological selection criteria. However, we expanded the segment (Fig. 17a) to 

include the four minutes before and three minutes after entering the plume. Only two C-

130 segments near 382 min (Fig. 17b) originally were flagged q-L. However, the similar 

altitudes of other CO enhancements in the time series, along with the trajectories between 

aircraft, suggest that the same plume is sampled during additional flight segments. 

Therefore, we expanded the C-130 q-L region to include all portions of the flight that had 

these similar altitude and chemical characteristics, seven segments in all. As noted 

earlier, trajectories from only two of these segments are shown in Fig. 15 for clarity. 

3.2.2   Chemical Changes between Aircraft Sampling  

            Results of calculations describing in-situ chemical changes are listed in Table 3. 

Similar to the boundary layer case described previously (Table 2), model-derived decay 

rates for CO and Ethane are below the level of detection. This again is due to the short 

time between sampling, making it difficult to use chemical box modeling for 

comparisons. Observed changes in concentrations between the two aircrafts‘ q-L 

sampling produce ratios of 0.87 for CO and 0.97 for Ethane. These decreases are greater 

than expected over a ~24 h period and again may be attributed to mixing of cleaner air 

above and below the plume. An analysis of the entire flight track data (not shown) reveals 

that CO has a sharper vertical gradient compared to Ethane at altitudes above and below 

the plume sample. The vertical gradient of Ethyne is even greater than that of CO and 

Ethane which explains the more rapid dilution-induced decrease seen in Ethyne 

compared to the other species.   

Table 3. Calculated ratios (Eq. 2) of in-situ sampled chemical species along the q-L 

plume segments of the May 4 DC-8 and May 5 C-130 flights. 

Species DC-8 (avg) C-130 (avg) Sampled Ratio 

CO (ppbv) 172.1 149.3 0.87 

Ethane (pptv) 1488.5 1448.3 0.97 

Ethyne (pptv) 344.5 275.6 0.80 
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As noted earlier for the boundary layer run on May 4-5, AIRS-derived CO was 

not available in this area. Therefore, we again use GEOS-Chem-derived CO fields to 

place the aircraft data into a larger context. Patterns at ~600 hPa on May 5 at 0000 UTC 

(Fig. 18a) show enhanced CO over a large area near the DC-8. CO values > ~160 ppbv 

cover an area from ~145
o 

W to ~140
o
 W and from ~40

o
 N to ~60

o
 N, encompassing the 

entire DC-8 q-L segment. The C-130 q-L segments on May 6 at 0000 UTC occur ~100 

hPa lower in the troposphere (Fig. 15b). The GEOS-Chem CO field at ~790 hPa (Fig. 

18b) shows the plume having a southwest-northeast orientation that encompasses 

locations of the expanded C-130 segments.  The large spatial coverage of the plume 

supports our expansion of the C-130 q-L segments. 

In summary, this case is an example of diverging air between sampling periods. 

The air sampled during one DC-8 segment was sampled at seven different locations by 

the C-130. Chemical characteristics and similarity in altitudes justified including the 

additional C-130 segments. In-situ-derived chemical changes were greater than expected, 

probably due to mixing of slightly cleaner air above and below the plume. However, the 

quantitative contributions by dilution, mixing, and scavenging were not calculated. CO 

and Ethyne experience the greatest decreases due to having sharper vertical gradients of 

chemical concentrations than Ethane. Fields of GEOS-Chem CO agree with the q-L 

connection, showing the region of enhanced CO as it progresses from the DC-8 to the  

C-130. These sampling periods were not complicated by boundary layer processes as 

they were in the previous case study. 
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Figure 18. GEOS-Chem simulated CO (ppbv) at 600 hPa on a) May 5 at 0000 UTC and 

b) 790 hPa on May 6 at 0000 UTC. The q-L segments are circled in yellow. 
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3.3   April 25 DC-8 and April 28 C-130 Ascending Air Parcels 

            A q-L connection occurred between the DC-8 on April 26 at ~0000 UTC and the 

C-130 on April 28 at ~2100 UTC (Fig. 19). The elapsed time between sampling was ~69 

h. The DC-8 q-L segment occurs at pressure levels ranging from ~950 to ~700 hPa while 

performing a spiral descent. The C-130 samples air parcels at pressure levels ranging 

from ~600 to ~400 hPa.  One should note again that Fig. 19 is created when the first 

backward trajectory encounters the q-L box surrounding the 1 min DC-8 flight segments. 

Since some trajectories represent the expanded C-130 q-L segment, they do not come 

within range of the q-L box.             

            Ten day back trajectories from the DC-8 q-L segments (Fig. 20) show that the 

sampled air has complex origins. Parcels sampled in the boundary layer originate north of 

Alaska. Those sampled at higher altitudes originate over eastern Asia; some are 

transported rapidly by the upper level mid-latitude flow. The air originating over Asia 

experiences several cyclonic loops--one near the coast of Asia, and the others offshore. 

The cyclonic loop near the coast of Asia is of particular interest since fresh pollution 

from this heavily populated area can be injected into the free troposphere by warm 

conveyor belts (WCBs) associated with mid-latitude cyclones (Stohl, 2001; Cooper et al., 

2001; Hannan et al., 2003; Kiley et al., 2006). Some aged tropical marine boundary layer 

air moves westward before re-curving back eastward toward the DC-8. Although air 

parcels originate over three different regions, they appear to merge into one air mass 

before being sampled by the DC-8. 
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Figure 19. a) Flight tracks of both aircraft on April 25 (DC-8, southwest track) and April 

28 (C-130, northeast track), together with the q-L backward trajectories connecting them. 

Pressure levels of the aircraft are shown by the colors. The numbers along the trajectories 

indicate the number of days of transport. The q-L connection occurs at ~950 to ~700 hPa 

on the DC-8 flight and ~600 to ~400 hPa on the C-130. b) Cross section of both flight 

tracks together with q-L trajectories. The cross section is viewed from the south, looking 

northward, with the DC-8 track on the left and C-130 track on the right. The image is 

created when the first backward trajectory encounters the q-L box surrounding the 1 min 

DC-8 flight segments. Some trajectories represent the expanded C-130 q-L segment and 

therefore do not come within range of the q-L box in this image. 
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Figure 20. a) Ten day backward trajectories from the q-L sampling segments of the April 

25 DC-8 flight. The numbers along the trajectories indicate the number of days of 

transport. b) Cross section of the DC-8 flight track together with backward trajectories. 

The cross section is viewed from the south, looking northward. The (x) indicates the air 

parcel‘s location 10 days prior to DC-8 sampling. 

 

3.3.1   Meteorological Overview 

            NCEP reanalyses on April 26 at 0000 UTC (Fig. 21a) show two low pressure 

centers--one northwest, and the other northeast of the DC-8 flight track. The low to the 

northeast produces southwest flow across the region of the DC-8 q-L sampling. Between 

sampling periods the air parcels experience cyclonic, ascending flow (Fig. 19), rising ~4 

km during the 69 h period. The ascending flow is located in the vicinity of the surface 

low (Figs. 21a and 21c).The C-130 approaches the low pressure system and samples the 

ascended air parcels on April 28 at ~1800 UTC (Fig. 21b). Water vapor imagery (Figs. 

22b, 23b) indicates deep layer moisture (white and blue colors) during both sampling 
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periods. Visible satellite imagery clearly depicts the cyclone‘s center near the Aleutian 

Chain on April 25 (Fig. 22a). The DC-8 q-L segment occurs in a region of dense clouds 

just behind an eastward advancing frontal zone (Fig. 22a), while the C-130 q-L period, 

also behind the front, is very near the low center (Fig. 23a). The low pressure is located at 

the base of an upper level trough (Fig. 21d). The low appears to be mature, as indicated 

by the low level clouds in the visible images (Figs. 22a, 23a) being co-located beneath 

deep layer moisture associated with the upper level low depicted in water vapor imagery 

(Figs. 22b, 23b). Therefore, this low likely is occluded, with ascent occurring in the post 

frontal regions, in the location of the q-L segments. 

Figure 21. Mean sea level pressure (hPa) from NCEP re-analyses on a) April 26 at 0000 

UTC and b) April 28 at 1800 UTC, with the DC-8 and C-130 flight tracks overlain. Q-L 

segments are circled in yellow. Also shown are c) vertical velocity (Pa s
-1

) at 600 hPa on 

April 27 at 0600 UTC and d) 500 hPa geopotential heights (m) at the same time. The low 

pressure area located between the two flights produces southwesterly flow and ascent 

between sampling periods.       
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Figure 22. a) GOES West visible and b) 6.7 µm water vapor imagery on April 25 at 2000 

UTC.  The DC-8 flight track is overlain in red. Q-L segments are circled in yellow. Low 

pressure is located to the north of the DC-8 flight track, producing southwesterly flow 

across the q-L segment.          
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Figure 23. a) GOES West visible and b) 6.7 µm water vapor imagery on April 28 at 2000 

UTC. Q-L segments are circled in yellow. The C-130 flight track is overlain in red. Low 

pressure is located near the q-L segment of the C-130 flight track. 
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3.3.2   Chemical Overview 

            CO concentrations exceeding 200 ppbv are sampled during the DC-8‘s descent 

and ascent into and out of the marine boundary layer (Fig. 24a). Except at the highest 

altitudes, the C-130 time series (Fig. 24b) indicates CO values remaining at ~140 ppbv 

during the second half of the flight. Consistent CO concentrations at multiple altitudes 

can indicate a vertically mixed air mass. 

            The original DC-8 q-L segment only included the descent into the boundary layer 

(Fig. 24a). CO concentrations along this segment are between ~185 and ~205 ppbv. 

However, similar chemical characteristics are seen during ascent out of the boundary 

layer. Therefore, we also included the ascending segment in our DC-8 q-L period. The 

original C-130 segments (Fig. 24b) were expanded to encompass those nearby flight 

minutes at corresponding altitudes having similar CO concentrations.  

3.3.3   Chemical Changes between Aircraft Sampling 

            Concentrations of hydrocarbons and CO decrease between the q-L sampling 

periods (Table 4). Since the estimated lifetime of CO in the mid-latitudes is several 

months, the sampled CO decreases > 40 ppbv between aircraft are due to factors in 

addition to photochemical processes. Decreases associated with increasing altitude 

usually can be attributed with a vertical stratification of pollutants. However, the large 

CO concentrations of ~145 ppbv sampled by the C-130 at altitudes exceeding 6.0 km are 

unusual. During INTEX-B, CO concentrations greater than 145 ppbv between 6.0 and 7.0 

km are at the 85
th

 percentile of observations, an enhancement much greater than the 

background. Concentrations of Ethane, Ethyne, and Benzene along the q-L segment are 

at the 93
rd

, 81
st
, and 82

nd
 percentiles, respectively. These large values suggest that the 

chemical changes occurring between aircraft are not due only to increasing altitude. 

Instead, the C-130 appears to be sampling a polluted air mass that has been lifted to this 

altitude by ascent associated with the cyclone (Fig. 21c). 
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Figure 24. Time series of aircraft altitude (red) and in-situ CO (ppbv) (green) sampled by 

the a) DC-8 and b) C-130. The q-L segments along each time series are highlighted in 

black.  
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       The decreasing chemical concentrations between aircraft likely are due to large scale 

mixing with cleaner air while influenced by the cyclone. The enhancement sampled by 

the DC-8 (Fig. 24a) appears to be surrounded by segments of much cleaner air (CO ~140 

ppbv). Therefore, the cyclone likely is mixing these cleaner layers with the polluted layer, 

before being sampled by the C-130. The photochemical box model was not used for this 

case.  This was due the variable nature of the humidity field that would introduce 

calculation errors. In addition, the lack of sufficient information on the cloud 

environment during the period of ascent severely complicates the calculation of 

photolysis rates critical to photochemical calculations. 

 

Table 4. Calculated ratios (Eq. 2) of in-situ sampled chemical species along the q-L 

plume segments of the April 25 DC-8 and April 28 C-130 flights. 

Species DC-8 (avg) C-130 (avg) Sampled Ratio 

CO (ppbv) 192.7 149.0 0.77 

Ethane (pptv) 1766.1 1571.8 0.89 

Ethyne (pptv) 473.8 307.8 0.65 

 

CO patterns at 800 hPa from the AIRS satellite (Fig. 25a) indicate a plume that is 

oriented southwest-northeast and then extends west across the northern edge of the  

DC-8 flight track. The GEOS-Chem CO analysis (Fig. 25b) shows a somewhat different 

plume orientation, but with concentrations of ~180 ppbv near the flight track. Backward 

trajectories from the C-130 intersect the plume at the northern tip of the DC-8‘s flight 

track (Fig. 19). The lower altitude C-130 trajectories that remain east of the DC-8 flight 

track (Fig. 19) also are within regions of enhanced CO. Therefore, all trajectories arrive 

inside the same plume feature.  



50 

 

   
Figure 25. a) AIRS time-averaged CO mixing ratios (ppmv) at 800 hPa from April 25 at 

0000 UTC to April 26 at 0000 UTC. b) GEOS-Chem simulated CO (ppbv) at 790 hPa at 

April 26 0000 UTC. Q-L segments are circled in yellow. 

 

Time averaged AIRS CO retrievals at 407 hPa (Fig. 26) indicate that the air first 

sampled by the DC-8 is being lofted into the upper troposphere, agreeing with the 

previously described trajectories (Fig. 19). CO values near the C-130 q-L segments the 

day prior to sampling (Fig. 26a) are much smaller than on the day of the flight (Fig. 26b). 
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There are no distinct enhancements except over the Alaskan coast on April 25 and 26, but 

on April 27 and 28 (Fig. 26b), the cyclone has lifted the polluted parcels to the altitude of 

the C-130 (indicated by warmer colors). These patterns are consistent with those 

produced by a WCB. 

In summary, the parcels sampled during this case are influenced by an occluded 

cyclone and experience considerable ascent between the two aircraft. This complicates 

the q-L sampling compared to the previous cases due to the variety of meteorological 

conditions occurring during the period. Polluted air sampled by the DC-8 is lifted into the 

upper troposphere before being sampled by the C-130. Vertical mixing associated with 

the cyclone causes some cleaner air to dilute the polluted air before sampling by the C-

130. This produces the greater than expected decreases of CO, Ethane, and Ethyne. 

However, the chemical species‘ high percentile concentration rankings for this altitude (~ 

6 km), combined with the meteorological analyses, AIRS CO, and GEOS-Chem CO, all 

indicate a polluted air mass that is being lifted as it moves toward the C-130.  
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Figure 26. a) AIRS time-averaged CO mixing ratios (ppmv) at 407 hPa between April 25 

at 0000 UTC and April 26 at 0000 UTC, and b) between April 27 at 0000 UTC and April 

28 at 0000 UTC. Q-L segments are circled in yellow. 
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3.4   April 23 DC-8 and April 28 C-130 Chemical Aging 

            Five days (April 23 to 28) is the longest q-L time separation that we examined 

during INTEX-B. The DC-8 departs Hilo, HI on April 23, and at the time of the q-L 

connection is ascending out of a boundary layer run at pressure levels ranging from ~850 

to ~600 hPa and is about to begin a staircase ascent (Fig. 27). Just offshore of the Pacific 

Coast of North America on April 28, the C-130 samples the same air parcels that had 

now descended below ~800 hPa.  

            Ten days prior to being sampled by the DC-8, the air was located over two areas 

of Asia (Fig. 28). The parcels that arrive at the DC-8 in the boundary layer travel 

southeast across northern Russia and then over the Pacific. Once over the Pacific, they 

move slowly southeastward over a several day period.  Parcels that arrive at the DC-8 at 

higher pressure levels (~800 to ~600 hPa) follow a more southerly path, experiencing 

gradual descent as they travel eastward from western Asia and then offshore near 

northeastern China. Fifteen day back trajectories (not shown) show the northern cluster of 

parcels crossing the North Pole and then passing over extreme Northern Siberia, 

Scandinavia, and Iceland. The southern trajectory cluster represents air that originates 

over northern Europe fifteen days earlier. 

 

3.4.1   Meteorological Overview 

            Q-L sampling by the DC-8 on April 24 at ~0000 UTC occurs at relatively low 

latitudes (~32
o
 N) compared to our previous cases. On April 24 the subtropical high 

pressure system (Fig. 29a) through which the DC-8 passes produces light winds, 

subsidence, and mostly clear skies. A mature low is over the Gulf of Alaska, and a 

developing cyclone is located northwest of the flight track, with southwest flow ahead as 

it propagates eastward toward the mature system. By mid-day April 26 (Fig. 29b), the 

subtropical high has shifted eastward, and southwest flow begins to transport air toward 

North America. 
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Figure 27. a) Flight tracks of both aircraft on April 23 (DC-8, southwest track) and April 

28 (C-130, northeast track), together with the q-L backward trajectories connecting them. 

Pressure levels of the aircraft are shown by the colors. The numbers along the trajectories 

indicate the number of days of transport. The DC-8‘s q-L connection occurs between 

~600 and ~850 hPa. The C-130 q-L connection occurs at altitudes below 800 hPa. b) 

Cross section of both flight tracks together with q-L trajectories. The cross section is 

viewed from the south, looking north, with the DC-8 track on the left and C-130 track on 

the right.  The image is created when the first backward trajectory encounters the q-L box 

surrounding the 1 min DC-8 flight segments. As explained earlier, some trajectories 

represent the expanded C-130 q-L segment and therefore do not come within range of the 

q-L box in this image. 

 

 



55 

 

        
Figure 28. a) Ten day back trajectories from the q-L segment of the April 23 DC-8 flight. 

The numbers along trajectories indicate the number of days of transport. b) Cross section 

of the DC-8 flight track together with backward trajectories. The cross section is viewed 

from the south, looking north. The (x) indicates the air parcel‘s location 10 days prior to 
DC-8 sampling. 

 

       Subsidence associated with the high dominates the q-L trajectories (Figs. 27 and 

30a). The high pressure covers a deep layer, as seen in the 500 hPa geopotential height 

field (Fig. 30b). The parcels reach the C-130 on April 28 at ~1800 UTC (Fig. 29d). The 

high is southwest of the C-130 flight path, while the merged low pressure area is located 

to the northwest. Cloud cover near the C-130 flight track is increasing due to the low 

pressure area. Visible satellite imagery (Fig. 31a) shows isolated clouds in the vicinity of 

the DC-8, while water vapor imagery (Fig. 31b) indicates drier air in the mid-to upper 

troposphere of the q-L segment (darker shades). Cloud cover has increased near the C-

130 q-L segment on April 28 (Fig. 32a), while water vapor has increased in the mid to 

upper troposphere (Fig. 32b). 
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Figure 29. Mean sea level pressure (hPa) from NCEP re-analyses on a) April 24 at 0000 

UTC, b) April 26 at 1800 UTC, c) April 27 at 1800 UTC, and d) April 28 at 1800 UTC, 

with the DC-8 and C-130 flight tracks overlain in a) and d). Q-L segments in a) and d) 

are circled in yellow. 

 

 
Figure 30. NCEP re-analyses on April 27 at 0600 UTC of a) 925 hPa vertical velocity (Pa 

s
-1

) and b) 500 hPa geopotential heights (m).  Subsiding air and mid tropospheric high 

pressure are located in the region of the q-L sampled air.  
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Figure 31. a) GOES West visible and b) 6.7 µm water vapor imagery on April 23 at 2000 

UTC. Q-L segments are circled in yellow. The DC-8 flight track is overlain in red. The q-

L segment is in a relatively cloud free area near the subtropical high pressure. 
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Figure 32. a) GOES West visible and b) 6.7 µm water vapor imagery on April 28 at 2000 

UTC. Q-L segments are circled in yellow. The C-130 flight track is overlain in red. Low 

pressure is located northwest of the q-L segment of the C-130 flight track. 

 

3.4.2   Chemical Overview 

            Time series of altitude and in situ CO for the DC-8 (Fig. 33a) show that enhanced 

CO is sampled during the original q-L segment at altitudes ranging from ~1.5 to ~3.0 km.  
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The C-130 samples similar CO enhancements when it descends below ~1.5 km during its 

q-L connection (Fig. 33b). The DC-8‘s q-L connection occurs during ascent out of the 

boundary layer. The C-130‘s q-L connection occurs during the middle of a boundary 

layer run. 

 

                
Figure 33. Time series of aircraft altitude (red) and in-situ CO (ppbv) (green) sampled by 

a) the DC-8 and b) the C-130 b). The q-L segments along each time series are highlighted 

in black. Note that the q-L segments occur during periods of enhanced CO.  
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            We expanded the meteorologically-based C-130 q-L segment to include the entire 

boundary layer run at altitudes < 1.5 km. This expansion is justified based on the 

relatively uniform CO values between ~127 and ~138 ppbv, indicating the sampling of a 

relatively homogenous air mass. We also included the entire DC-8 boundary layer run 

below ~2.0 km based on the CO trends seen in its time series and the similarity of the CO 

enhancements sampled by the C-130. To confirm whether the DC-8 q-L segment should 

be expanded to include the boundary layer, we ran backward trajectories from a diamond 

cluster surrounding each flight minute of the expanded C-130 q-L segment bounded by ± 

0.5
o 
(latitude/longitude) and ± 50 hPa (above/below). The objective was to determine 

whether any of the air arriving near the C-130 q-L segment originated from the boundary 

layer near the DC-8 q-L segment. The resulting trajectory data (not shown) reveals a 

boundary layer connection near the DC-8 q-L segment. Trajectories that were run 

backward from 50 hPa below the C-130 q-L segment were near the boundary layer while 

in the vicinity of the DC-8. Due to uncertainties in trajectory calculations over a 5 day 

time period it is reasonable to assume that these trajectories represent the air sampled by 

both the C-130 and DC-8, thereby supporting the expansion of the DC-8 q-L segment to 

include the boundary layer. 

3.4.3   Chemical Changes between Aircraft Sampling 

            When results from the box model calculations are compared with in-situ sampling 

(Table 5), several species exhibit near the expected aging ratios. In-situ and model-

derived ratios of Ethyne, i-Butane, and n-Butane are so similar that chemistry alone 

appears to explain the different concentrations observed by the two aircraft. Although the 

modeled decrease in CO agrees well with the observed loss (ratio of 0.87 vs. 0.86), the 

decrease actually should have been ~5 ppbv less (i.e., the C-130 CO concentration should 

be 136.5 ppbv instead of 131.5 ppbv) due to the oxidation of methane that is not 

considered. 

            The difference between in-situ and model ratios of Ethane is too large to be 

attributed to chemistry alone. However, the difference is small enough that chemistry 

must be a major factor. For Benzene, the sampled ratio (0.66) is less than the model‘s 
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ratio (0.50), indicating that photochemistry explains much of the change between aircraft, 

but with other factors such as mixing possibly contributing to the slower than expected 

decay rate. Assuming a decrease of 2.3 ppbv per day, the expected O3 loss of -11.5 ppbv 

agrees well with the observed loss of -13.6.  However, this may be fortuitous since 

surface deposition of O3 and mixing from above have not been included.  In addition, 

PAN (not shown) should have been depleted within 2 days of the DC-8 flight, further 

suggesting some mixing from above. 

 

Table 5. Average DC-8 and C-130 concentrations and aging ratios during the q-L 

sampling periods. Box model-derived aging ratios and lifetimes in days also are shown. 

Chemical loss is estimated using a daily diurnally averaged OH value of 1.35×10
3
 ppbv 

over 5 days. Lifetimes and modeled ratios were unavailable for O3. 

Species DC-8 (avg) C-130 (avg) Sampled Ratio Lifetime (days) Model Ratio 

CO (ppbv) 152.3 131.5 0.86 36.9 0.87 

Ethane (pptv) 1574.8 1278.3 0.81 40.5 0.88 

Ethyne (pptv) 315.5 203.3 0.64 11.4 0.64 

i-Butane (pptv) 27.9 9.3 0.33 4.1 0.29 

n-Butane (pptv) 47.6 13.3 0.28 3.7 0.26 

Benzene (pptv) 68.1 45.0 0.66 7.2 0.50 

O3 (pptv) 56.7 43.1 0.76 N/A N/A 

  

            GEOS-Chem simulations at 930 hPa (Fig. 34a) show a strong north to south CO 

gradient near the DC-8‘s q-L segment. As time progresses (Figs. 34b-c), part of this 

region becomes influenced by the nearby subtropical high pressure system (Fig. 29). The 

high shifts eastward later in the period sending parcels east and then northeast (see Fig. 

27). Concentrations of CO in the area of high pressure appear to slowly decrease with 

time (Fig. 34b-d). The C-130 samples CO on the northern periphery of the high pressure, 

obtaining concentrations that are ~20 ppbv less than those at the DC-8. AIRS retrievals 

indicate generally enhanced CO south of Alaska (Fig. 35), generally confirming the 

features seen in GEOS-Chem. 

           To summarize, the five day transit period allowed us to make effective chemical 

comparisons between in-situ and modeled changes in chemical concentrations. These 

comparisons show that much of the changes in chemical concentrations between aircraft 
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sampling periods are due to photochemical aging. However, species such as PAN and CO 

suggest that mixing also is occurring during transit. Of our four cases, this period appears 

to have the best characteristics of q-L sampling.  

 

Figure 34. GEOS-Chem simulated CO (ppbv) at 930 hPa on a) April 24 at 0000 UTC, b) 

1200 UTC April 25, c) April 27 at 0000 UTC, and d) April 28 at 2100 UTC. Q-L 

segments in a) and d) are circled in yellow. 
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Figure 35. a) AIRS time-averaged CO mixing ratios (ppmv) at 905 hPa between April 23 

at 0000 UTC and April 24 at 0000 UTC, and b) from April 27 at 0000 UTC to April 28 at 

0000 UTC. Q-L segments are circled in yellow. 
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4.   CONCLUSIONS AND REMARKS 

            The goal of this research was to document that quasi-Lagrangian (q-L) sampling 

occurred during INTEX-B, and specifically that Asian pollution being transported toward 

North America was sampled by both aircraft at intervals ranging from one to seven days. 

Both meteorological and chemical data were examined to determine if the two aircraft 

had achieved q-L sampling. Remotely sensed and chemical transport model data also 

were useful in this endeavor.  

We ran backward trajectories from each flight minute of all C-130 flights from 

Seattle, WA. If a backward trajectory reached the q-L ―box‖ along any minute of the DC-

8 flight track originating from Hilo, HA or Anchorage, AK, then that one-minute flight 

segment along the DC-8 and C-130 flight tracks, as well as the trajectory linking them, 

were flagged as q-L. NCEP reanalyses and GOES satellite imagery were used to show 

meteorological features during each case study and to verify the trajectory calculations. 

In addition, we examined trajectory errors derived from q-L segments in each case study 

to quantify uncertainty in our trajectory calculations. Each flagged trajectory and flight 

segment was compared to locations of anthropogenic sources to determine if fresh 

pollution sources were encountered. If so, the flight segment and associated trajectories 

were removed from further study.  

In-situ chemical and altitude data were used to justify expanding the 

meteorologically-derived q-L segments. GEOS-Chem model simulations and AIRS CO 

retrievals confirmed the locations of chemical plumes and aided in determining the 

sampling periods. 

A photochemical box model was used to determine the expected chemical aging 

between aircraft samples. These results were compared with in-situ sampling data. The 

comparisons suggested whether chemical changes between sampling periods were due to 

mixing, chemical oxidation, photochemical aging, or a combination of these. 

Four case studies demonstrated that q-L sampling occurred during the second 

phase of INTEX-B. Two q-L connections occurred during the May 4 DC-8 and May 5  
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C-130 flights—one while sampling in the boundary layer and the other while sampling 

altitudes ranging from ~1.5 to ~4.0 km.  

A robust connection lasting several minutes occurred during the boundary layer 

case of May 4 - 5. Meteorological features depicted by both reanalysis maps and GOES 

imagery confirmed the air movement between the DC-8 and C-130 aircraft that was 

indicated by backward trajectories. Time series of aircraft sampled water vapor and 

potential temperature confirmed that the aircraft were in the boundary layer during q-L 

sampling. Time series of CO justified expanding the q-L segments to include the entire 

boundary layer, including ascent into and descent out of the layer. GEOS-Chem 

simulations depicted the location of CO enhancements as the air was transported from the 

DC-8 to the C-130. The time between sampling was too short to allow meaningful 

comparisons between in situ and box model calculations. Specifically, model-derived 

chemical changes for most species were less than the onboard instruments‘ limit of 

detection (LOD). The chemical changes between aircraft samples likely were due to 

subsidence-induced mixing of cleaner air from above during transit. Prior to arriving at 

the DC-8, the air mass originated from two regions. Air at the lowest sampling altitudes 

originated over eastern Asia. Parcels sampled just above the boundary layer had passed 

over the North Pole and Alaska and then merged with the Asian parcels prior to arriving 

at the DC-8. 

The q-L connection at higher altitudes of the May 4 - 5 pairing indicated that air 

again was transported southeast from the DC-8 flight path toward the C-130. We 

expanded the number of q-L segments to include several periods of similar altitudes and 

in-situ CO concentrations. The expansion was justified by both CO time series and the 

large horizontal extent of the plume seen in the GEOS-Chem simulations. Box model 

calculations could not be used due to the level of detection issues over the short 1 day 

transit period. The chemical changes between sampling periods likely were due to mixing 

of slightly cleaner air from above and below the layer of enhancement. Trajectories run 

from ~2.5 to ~3.5 km along the q-L DC-8 segment showed air originating over eastern 

Asia 10 days prior to being sampled. Air sampled by the DC-8 at altitudes > ~3.5 km 
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originated over western Asia and Europe in the mid to upper troposphere. These two 

clusters of parcels merged into one air mass prior to sampling by the DC-8. 

A ~3 day separation between sampling periods occurred on April 25 and April 28. 

The Hawaii based DC-8 sampled the same air parcels as the C-130 flight from Seattle. 

During the q-L connection the DC-8 was at the northernmost extent of its flight. The  

C-130‘s q-L sampling was offshore British Columbia, Canada. Trajectories, NCEP 

reanalyses, and GOES satellite imagery all indicated that the parcels were influenced by a 

low pressure system between aircraft samples. Air parcels ascended nearly 4.0 km over a 

short time period. Chemical data during the C-130‘s q-L sampling showed concentrations 

of CO, Ethane, Ethyne, and Benzene at the 85
th

, 93
rd

, 81
st
, and 82

nd
 percentiles, 

respectively. These enhancements, as well as enhancements seen in AIRS CO, suggested 

that pollution was being lofted into the upper level troposphere by the low pressure 

system. Vertical mixing associated with the cyclone also appeared to cause cleaner air to 

dilute the polluted air before sampling by the C-130. This produced larger than expected 

losses of CO, Ethane, and Ethyne. The photochemical box model could not be utilized 

due to the highly variable moisture content of the atmosphere during transit from the DC-

8 to the C-130. The majority of the polluted air mass originated from eastern Asia 10 

days prior to being sampled by the DC-8. A cyclonic signature in the trajectories over 

heavily populated eastern China suggested a possible injection of pollution by the warm 

conveyor belt associated with a low pressure system. A few trajectories representing the 

lowest levels of q-L DC-8 sampling indicated that some air originated from across the 

North Pole.  

Chemical aging calculations from the photochemical box model were best 

compared during a ~5 day separation provided by the pairing of the April 23 DC-8 and 

April 28 C-130 flights. The C-130 q-L segment was expanded to include its descent into 

and ascent out of the boundary layer. This expansion was justified based on similar 

chemical characteristics seen in C-130 CO time series. The DC-8 segment was expanded 

to include the marine boundary layer based on a special set of trajectories that showed 

that the DC-8 boundary layer run connected with the C-130 q-L segment. The 
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photochemical box model revealed that changes in the concentrations of Ethane, i-

Butane, and n-Butane between aircraft could be attributed to chemistry alone, since the 

in-situ-derived and model-derived aging ratios were nearly identical. The observed 

changes in O3 appear to be due to a combination of surface deposition and mixing. 

Methane oxidation should have slowed the aging rate of CO between aircraft. Therefore, 

the CO changes must have been due in part to mixing. PAN should have been completely 

depleted from the sampled layer during the 5 day transit period. Therefore, its existence 

at the C-130 q-L segment suggests mixing from above the boundary layer. AIRS CO 

generally confirmed GEOS-Chem‘s placement of the plume, showing an area of 

enhanced CO in transit to the C-130. The large spatial coverage of the air mass, 

combined with trajectory and box model data, indicated sampling of the same air mass by 

both aircraft. 

Documenting q-L sampling by the two aircraft was more difficult than 

anticipated. Many factors can influence parcels between sampling periods. Factors such 

as vertical mixing, dilution, surface deposition, chemical oxidation, and divergence can 

impact air parcels. Successful q-L sampling requires an understanding of each factor 

during a parcel‘s transit between aircraft. The best opportunity for q-L sampling occurs 

during clear skies, several days of transit in the mid-levels, and subsidence. These three 

key factors would reduce mixing, allow photochemical box model results to be compared 

with in-situ data, and permit satellite verification. Finally, q-L opportunities must be 

planned carefully in advance. This was not done rigorously during INTEX-B. For 

example, forward trajectories could have been run from the DC-8 flight track to 

determine the ideal locations for the C-130 to later sample the same air mass. 
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