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Abstract. The history of air masses is often investigated us- The cluster-visualization tool used here reveals that most
ing backward trajectories to gain knowledge about processeBT back trajectories with pollution signatures measured in
along the air parcel path as well as possible source regionghe central equatorial Pacific reach back to sources on the
Here, we describe a refined approach that incorporates ailsouth American continent over 10 000 km away and 12 days
borne gas, aerosol, and environmental data into back trajedack in time, e.g., the Amazonian basin. We also demonstrate
tories and show how this technique allows for simultaneousthe distinctions in air mass properties between these and tra-
evaluation of air mass history and back trajectory reliability jectories that penetrate deep convection in the Inter-Tropical
without the need to calculate trajectory errors. Convergence Zone. Additionally, for the first time we show
We use the HYbrid Single-Particle Lagrangian Inte- consistency of modeled precipitation along back trajectories
grated Trajectory (HYSPLIT) model and add a simple semi-with scavenging signatures in the aerosol measured for these
automated computing routine to facilitate high-frequencytrajectories.
coverage of back trajectories initiated along free tropospheric
(FT) flight tracks and profiles every 10s. We integrate our
in situ physiochemical data by color-coding each of thesel Introduction
trajectories with its corresponding in situ tracer values mea-
sured at the back trajectory start points along the flight pathpetermination of the history of air masses sampled dur-
The unique color for each trajectory aids assessment of trarng airborne field campaigns has become an important part
jectory reliability through the visual clustering of air mass o cyrrent atmospheric research (e.Biab et al, 2003
pathways of similar coloration. Moreover, marked changes inFuererg et a).2003 Lawrence et a).2003 Methven et al.
trajectories associated with marked changes evident in Me&003 Weber et al. 2003 Bertschi et al. 2004 Tu et al,
sured physiochemical or thermodynamic properties of an air2004 Taubman et a) 2006 Barletta et al.2009 Ding et al,
mass add credence to trajectories. This is particularly tru&00g Tilmes et al, 2011 O’'Shea et al. 2013 facilitated
when these air.m'ass propert?es are linked to trajectory feaby the rapid improvement of transport models. However,
tures characteristic of recognized sources or processes. Thigjiability of backward trajectories computed starting along
visual clustering of air mass pathways is of particular valuefjignt tracks is often assumed without estimating their uncer-

for large-scale 3-D flight tracks common to aircraft experi- tainty because assessment of total trajectory errors is time-
ments where air mass features of interest are often Spat'a”léonsuming and in some cases inconclusive.

distributed and temporally separated.
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108 S. Freitag et al.: Combining in situ measurements with HYSPLIT

An earlier review of publications on trajectory reliability connection is established between measurements and trajec-
(Stohl 1998 found trajectory deviations from the actual air tories during computation, resulting ensembles can overlap.
mass path to accumulate to about 20 % of the traveled disHence, these ensembles may not be as instructive as clusters
tance (total trajectory length) on average. Although this mayderived from the combined dat&éthven et al.2003. The
support the utility of general trajectory analysis, a back tra-latter can be accomplished numerically but may not be suit-
jectory could exhibit a deviation up to 100 % if the actual able for an “off-the-shelf” air history analysis.
measured air mass encounters atmospheric flow patterns not As an alternative, simultaneous consideration of both data
resolved by the transport model (e.§tohl et al, 2002. sets can also be achieved by color-coding trajectories with in
These include subgrid-scale processes as turbulent mixingitu tracers to visually study variability in both data sets and
and convection but may also involve synoptic-scale featuress such air mass history (e.&arrish et a].2000 Methven
(i.e., wind shear). This is because the latter pattern could deet al, 2003 O’Shea et al.2013. Although these studies
form the measured air volume, while a single back trajectoryuse trajectory ensembles to help assess possible distortions
represents the path of a particle or an infinitesimally smallof an air parcel during transport, only tiMethven et al.
air parcel, which cannot be stretched. Consequently, the aq2003 study considers high-frequency coverage by initial-
tual air mass path should rather be considered as an air masgng back trajectories in 10s intervals along flight tracks.
corridor. However, both trajectory information and in situ observa-

We note that Lagrangian particle dispersion modelstions were merged to air mass averages (e.g., stratospheric
(LPDMs) are designed to handle turbulent mixing and con-air) for interpretation using kernel density estimates. While
vection stochastically and via parameterization (eSgohl this is suitable for research flights designed to measure the
et al, 2002, respectively, and hence are considered superiosame air mass over an extended period of time, flight paths
to traditional back trajectory analysis but that these modelften only intersect an air mass of interest for short time peri-
still require larger computational resources and might hencends, particularly during research flight profiles. Hence, both
not be appropriate for a rapid “off-the-shelf” air history anal- in situ fluctuations within an air mass and observations made
ysis as discussed below. in transition regions between two distinct air mass features

Computing numerous back trajectories by slightly varying would be masked. Such measurements, however, can become
initial starting conditions in space and time can aid in assessimportant over the narrow range of a research flight profile if
ing wind shear-induced deformatioMérrill etal,, 1985 and  changes evident in in situ tracers are reflected in trajectory
increase the likelihood of a correct path if the average pathfeatures characteristic of recognized sources or processes;
is taken. This so-called ensemble method is typically usedhis will add credibility to the trajectory ensemble for that
for back trajectories starting at a fixed point on Earth’s sur-profile.
face (e.g.Cape et a].200Q Wehner et a].2008 Davis et al, Our approach assesses trajectory consistency through vi-
2010 Makra et al, 201Q Lu et al, 2012, but has also been sually identifying trajectory ensembles associated with any
applied to airborne measurements. For the latter, no addiassimilated in situ physiochemical observation when color-
tional position errors are introduced if back trajectories startcoded onto the trajectory. The high number of back trajec-
directly along the flight track. Hence, one goal of this study tories needed for this approach is calculated using NOAAs
is to further evaluate the utility of large numbers of trajecto- HYSPLIT (National Oceanic and Atmospheric Administra-
ries initialized along flight tracks as a means to add credencdion’s HYbrid Single Particle Lagrangian Integrated Trajec-
to modeled air mass history. tory) model Draxler and Hessl997, 1998 Draxler, 1999.

Previous studies (e.gTaubman et al.200§ have uti- Back trajectories are initiated along the flight track ev-
lized large numbers of trajectories starting along flight tracks.ery 10s Methven et al.2003 Lewis et al, 2007 to study
They combined similar trajectories with the help of humer- synoptic-scale features possibly deforming the measured air
ical cluster techniques to create ensembles based on homeelume as discussed above but also to account for the vertical
geneity of complete pathways over longitude, latitude, andextent of tropospheric layers as observed during the Pacific
altitude. These trajectory ensembles were then compared tAtmospheric Sulfur Experiment (PASE) in the central equa-
in situ data. A similar method was also studied (eljab torial Pacific. Such tropospheric layers have distinct aerosol
et al, 2003 Lewis et al, 2007 clustering airborne in situ and gas signatures but are often only a few hundred me-
measurements based on distinct features and modeling traers thick Gtoller et al, 1999 Newell et al, 1999. Hence,
jectories for each in situ data cluster. However, employingbecause PASE flight climb and descent rates were around
numerical clustering techniques is time-consuming and carB00 m mirr%, the resulting 50 m resolution provides a min-
induce additional uncertainties related to the chosen clusteimum needed to resolve such layers with several trajectories
method. A detailed review of these and analogous method$or our cluster-visualization approach.
to establish links between back trajectories and in situ mea- Newell et al. (1999 examined numerous flight profiles
surements can be found fleming et al(2011). from around the world and showed that these tropospheric

An additional difficulty exists in choosing to cluster either layers are quasi-horizontal and almost ubiquitous in space
in situ observations or back trajectories. Because no direcand time. The same group of research&tsier et al, 1999
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S. Freitag et al.: Combining in situ measurements with HYSPLIT 109

also identified various types of such layers (e.g., pollution(2001) showed that Amazonian biomass burning emissions
and deep convective signatures) over the Pacific studying thevhen lifted to higher altitudes by deep convection, up to
behavior of ozone (g), carbon monoxide (CO), and water 10km and beyond, could lose 80-95 % of their accumulated
vapor mixing ratio (MR). Their findings are of particular in- mode aerosol concentration due to precipitation scavenging.
terest for our study since measurements employed were sanidence, continental pollution when observed over the Pacific
pled in the central equatorial Pacific. Hence, we will briefly typically exhibits much lower aerosol concentrations relative
summarize results from literature below regarding generato CO compared to those measured at the source due to pre-
characteristics associated with the formation of these layersipitation scavenging but also due to dilution through mixing

as observed in this regiostoller et al, 1999 Clarke et al.  with cleaner air during transport.
2013. This will help to understand the behavior of aerosol Precipitation scavenging of polluted air masses by con-
and gas tracers to be selected later for these features. tinental deep convection can also yield recently nucleated

Large convective systems, as found in the Inter-Tropicalparticles and provides a difficulty for discriminating such
Convergence Zone (ITCZ), can be sources of volatile aerosoleatures from recent cloud outflow from the ITCZ based
number concentration through new particle formation in on volatility alone. However, for observations in the central
cloud outflow. This is commonly associated with the cloud equatorial Pacific, pollution features are expected to gener-
anvil as earlier measurements over the Pacific have revealeally retain higher @ and CO values compared to lower con-
(Clarke et al. 1998 1999. Here, conditions for heteroge- centrations of these gas tracers present in clean remote MBL
neous nucleation are favorable because pre-existing aerosalr lofted in the deep ITCZ convection. Additionally, obser-
surface area concentration is low due to effective aerosolations show$toller et al, 1999 that MR values within pol-
scavenging by precipitation in these cloud@arke et al. lution layers are generally lower in comparison to the adja-
2013. High humidity and enhanced ultraviolet (UV) fluxes cent FT environment because these features originate from
in the anvil region further favor formation of sulfuric acid the continental boundary layer whereas increased MR for
and nucleation of sulfate particles linked to ocean-releasedresh convective outflow is linked to the MBL.
dimethylsulfide (DMS) and sulfur dioxide (SPlofted in The next section provides an overview of the measurement
the clouds from the marine boundary layer (MBlHegg campaign and prevailing synoptic patterns observed. We will
199Q Clarke 1993 Clarke et al. 1999 Hoppel et al. 1994 also describe instrumentation aboard the aircraft and in situ
Perry and Hobhsl994. DMS is a typical precursor of MBL  aerosol and gas data utilized here. Section 3 explains our ap-
SO, which is converted to sulfate (30) via aqueous phase proach and outlines the preparation of aircraft data for incor-
reactions in cloud droplets (e.g=aloona et aJ.2009 and  poration into HYSPLIT followed by an evaluation of HYS-
references therein). PLIT performance during PASE. This includes a review of

Since the latter reaction can consume, @his provides trajectory errors and their behavior for distinct synoptic flow
an explanation for lower @concentrations frequently ob- situations observed during PASE. Results from this evalu-
served in recent convective cloud outflow signatures alongation are utilized in Sect. 4 to study both the clustering of
with pumping of lower @ containing MBL air into the anvils  trajectories and in situ data in order to test the significance
of these clouds. For the same reason, fresh outflow layersf air mass distinctions visually derived from the combined
typically contain higher MR in comparison to adjacent free data. Our cluster-visualization approach is then demonstrated
troposphere (FT) air. CO, on the other hand, does not changand discussed for two case studies in Sect. 5 followed by a
during cloud passage because it has a lifetime of almost Zummary and conclusions in Sect. 6.
months in the central PacifiS{audt et a.2001 Allen et al,

2004. However, CO values in cloud outflow layers could
drop in comparison to adjacent FT air if remote MBL air 2 The PASE campaign
with low CO is lofted by clouds.

Combustion layers typically include large amounts of PASE took place in August/September 20Baiidy et al.
non-volatile aerosol (e.g., soot and non-volatile organics) in2012 over the equatorial Pacific near Christmas IslaridN2
addition to volatile particlesQlarke and Kapustin201Q 157 W). During the five-week campaign sulfur chemistry
Thornberry et al. 2010, whereas trace gases such ag O (Conley et al. 2009 Faloona et a.2009 and its role in
and CO commonly trend with aerosol signatures in the ab-aerosol formation and evolution was measured including po-
sence of cloud passage (and precipitation scavenging). Sudential influences on cloud condensation nud®atke et al.
aerosol and gas fluctuations over the Pacific have been pre2013. These data were obtained during a series of 14 nine-
viously associated with biomass-burning events over Soutthour research flights in the National Center of Atmospheric
America Kim and Newchurch1996, which are known to  Research (NCAR) C-130 aircraft.
be a major source of atmospheric trace gaseszaan@ CO, Most of the time was spent in the MBL to determine
and volatile and non-volatile particleSiutzen and Andreae  ocean-released DMS fluxes and the presence of resultant re-
199Q Martin et al, 2010 Gunthe et al.2009 Artaxo et al, duced sulfur components-gloona et a).2009 but a few
1998 Andreae and Merle2001). However,Andreae et al.  flight legs and profiles into the FT up to 6000 m were also
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110 S. Freitag et al.: Combining in situ measurements with HYSPLIT

included to complete sulfur flux calculations and to provide the ridge portion of the wavdPgtersen et gl2003 for flight
a larger-scale context to the MBL measurements. These Fplanning.
excursions offered means to improve our understanding of The prevalence of the southeast trade wind regime and the
aerosol entrained into the MBL and their potential role in overlying flow field at higher altitudes provide an ideal sys-
influencing MBL cloud condensation nuclei (CCN) concen- tem for investigating air mass back trajectories. Nonetheless,
tration (Clarke et al.2013. during the end of August 2007 a tropical depression asso-

Earlier surface measurements on Christmas Isl@fatke  ciated with widespread deep convection developed west of
et al, 1996 and other aircraft studieC(arke et al. 1998 the study area, which affected FT trajectories starting along
1999 over the Pacific suggested entrainment was a majoflight profiles during research flight 12 (2/3 September). Al-
source of aerosol number in the MBL and that many of though HYSPLIT generally captures the development of the
these aerosols originated through convective cloud outflowdepression, increased tropical wave activity represents a lim-
Preliminary exploration of HYSPLIT trajectories extending itation to air mass history analysis during PASE. The model
back 12 days, however, suggested a possible link betweeperformance for this research flight is discussed in Sect. 3.2.
measured CO and sources of combustion aerosol over South We note that trajectories below the TWI are not consid-
America located approximately 10000 km upwind. Trajec- ered here because entrainment of FT air into the MBL is not
tories over this extended time are often considered suspectesolved by the grid resolution of the underlying meteorolog-
but because of the potential significance of such transporical model. Moreover, the in situ tracers used for this analysis
over the equatorial zone and potential links to boundary layebecome mixed with other MBL air once entrained and hence
aerosol and CCN, a closer examination of HYSPLIT trajec-their “signature” is lost. Consequently, any entrained FT air
tory performance was undertaken. would obscure in situ tracer visualizations on MBL trajecto-

ries, even when these are correctly modeled.
2.1 Meteorological environment
2.2 Instrumentation

The study area around Christmas Island is typically embed-
ded in southern hemispheric southeast trade wind flow crossBasic mission support instrumentation (at 1 Hz) as the un-
ing the Equator because the ITCZ is located to the north ofheated Rosemount temperature sensor aboard the C-130 was
the island around/N throughout most of the year. This low- provided by NCAR. We also utilize their thermoelectric dew
level trade wind regime and its northeastern equivalent in thegoint sensors but because responses can be delayed for rapid
Northern HemisphereT¢enberth 1997) are associated with  profiles (around 300 m mitt), such as descents from colder
transport from the descending branch of the Hadley circula-and dryer altitudes into the MBL and transitions from the
tion in the subtropics. Although descent is strongest in thewarm and moist marine boundary layer into dry air aloft,
subtropics, subsiding air is also encountered above Christmeasurements can be higher upon descent below the inver-
mas Island.Gage et al.(199]) frequently observed nega- sion and lower when ascending into the FT. Such dew point
tive vertical velocities around 0.7 cmin the FT between data and uncertainties in wind gust measurements during pro-
4 and 15km during wind profiler measurements on Christ-files for data below 4 ms" are excluded from the final data
mas Island. This leads to a weak trade wind inversion (TWI)set.
observed during PASE between 1100 and 170@aidona CO and Q mixing ratios were also sampled by NCAR to
et al, 2009 and attributed to smaller convective clouds with provide high-frequency information (25Hz) about two im-
lower outflow altitudes present both north and south of theportant trace gases (see discussion in Sect. 2.3). The CO
deepest ITCZ convection. measurements are based on a response fluorescence sam-

During August and September the ITCZ reaches its mospling technique (commercial Aero-Laser VUV CO monitor),
northerly position resulting in a minimum in cloudiness and which is described in detail bgerbig et al.(1996. Ozone
precipitation near Christmas Island. This was desired duringvas sampled with a Thermo Environmental Instrumentals
PASE to better study sulfur chemistry in the remote MBL. unit utilizing a fast chemiluminescence method by measur-
In the absence of clouds, actinic fluxes needed to drive DM3ng emitted light that emerges from the reaction of nitric ox-
production in the ocean increase and subsequently providale with ambient @ (Ridley et al, 1992. A second ozone
favorable conditions for studying the marine sulfur cycle. monitor (TECO model 49PS, UV based method) was oper-
At the same time, decreased precipitation reduces scavengted as reference and backup instrument for data evaluation
ing of aerosol in the MBL. In addition, the limited vari- during flights 3, 10 and 11, when the fast ozone unit failed.
ation in the overlying flow field above the inversion sup- In addition to NCAR data, aerosol physiochemistry mea-
ported the choice of Christmas Island as base for the camsurements provided by the Hawaiian Group for Environmen-
paign because Rossby-gravity waves traveling eastward atal Aerosol Research (HIGEAR) are used for our approach
approximately 8-10 nTs" along the Equator generally con- and discussed here. Aerosol was brought into the aircraft
trol clouds and precipitation away from the ITCHAdlton, through the University of Hawaii solid diffuser inlet. It has
20049). This facilitates choosing a cloud-free environment in been shown previouslyMcNaughton et a).2007) that this
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inlet and the used tubing setup measure particles with an ef- 3

ficiency close to 100 % in the submicron range (<1 um) and v)/‘_/,/r"”’:‘
as such provide effective sampling of aerosol properties dis- 2 —

cussed in Sect. 2.3. All measurements are synchronized fol 5 ' e

variable transport times between the inlet and instruments.

Measurement of total aerosol concentration was done us- s | 5
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ambient CN (CNcold), while the second instrument was pre- % 100 200 300 400 500
pared with a heater in front to heat the aerosol up to°860 CN (#/ec)

The heating removes such volatile CN (CNvol) components 3
as sulfuric acid, some nitrates, ammonium sulfate, and or-
ganic carbonClarke 1990 and samples CN concentrations 2.5
defined here as non-volatile or heated CN (CNhot).

When heated up to 36, residual aerosol mostly in-
cludes light-absorbing soot, sodium sulfate, and non-volatile
organics below 1um, while the coarse components typi-
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cally consist of dust or sea saltlarke et al. 1997). How- i Y ‘:

ever, residual particles from larger sulfates that do not fully ! CO (ppbv) )

volatilize during the heating of CNcold to 36Q can also 0.5f —e—Ozone (ppbv)

contribute. For example, a 200 nm particle that loses 99.9 % * MR (gkg) b)

of its mass upon heating can still be detected asa20nmpar ~ §; 10 20 30 20 30 50 70
ticle. Trace Gases & MR

Both CN counters performed well during the campaign ex- _ ] ) )
{:lg. 1. Ascent around 19:00UTC, 10 August, illustrating typical

cept for research flight seven on 23 August 2007 (instrumen X .

. . o extent and strength of pollution (orange shading) and cloud outflow
failure) and during cloud passage or precipitation events, be- ) )

. . (cyan) layers above the TWI (grey line) for various tracers.

cause cloud and rain droplets tend to break into smaller par-
ticles when striking the sampling inletMeber et al. 1998.
Along with aerosol size distribution measurements discussed
elsewhere Clarke et al. 2013 and other relevant parame- 10 August around 19:00UTC (Fig. 1). A convective cloud
ters, these extensive in situ data enable us to describe sizeutflow layer is marked in cyan shading between approxi-
resolved aerosol volatility, chemistry, and mixing state to mately 2400 and 3000 m and two pollution layers between

explore variability in observed aerosol properties over the1500 and 2000 m are shaded in orange, while the TWI height

PASE profiles and flight legs. located at about 1385m for this research flightlpona
et al, 2009 is shown as a solid grey line. Similar pollu-
2.3 Classification of in situ tracers tion and cloud outflow layers were commonly observed in the

FT during PASE and are discussed elsewh&larke et al.

We have selected observable gas and aerosol features in 02013.
measurements that provide independent tools to challenge Our five observed aerosol and gas tracers of choice for this
the reliability of trajectories and gauge their performance.research are CNhot, CNvol, COz(and MR. Other choices
For instance, trajectories starting along portions of PASEare possible depending upon measurements available and/or
flight tracks revealing pollution signatures could be expectedobjectives. We further extend this analysis by discussing ex-
to approach a continent, while those back trajectories startingpected precipitation occurrence since we will examine later
along flight portions revealing recent cloud outflow may be whether precipitation along trajectories (provided by the cho-
expected to reach back to deep convection as observed in tteen meteorological data set) is generally consistent with vari-
ITCZ. Before we can test this assumption, criteria for traceations in measurements and hence could be utilized to gain
gas and aerosol behavior relevant to pollution and outflowconfidence on modeled air mass pathways.
layers must be defined. We will also include stratospheric We begin our discussion with observations made between
features in our discussion since these were, although rarelypughly 2400 and 3000 m. Figure 1a shows total CN concen-
observed during PASE. tration or CNcold number (blue line) peaks at 450¢mear

Trace gas and aerosol behavior for different layers are dis2900 m, while CNhot concentration (red line) decreases to 10
cussed using an example profile from research flight 2 orcm™2 at this elevation. Hence, much of the CNcold number
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112 S. Freitag et al.: Combining in situ measurements with HYSPLIT

Table 1. Behavior of selected aerosol and gas tracers plus GDAS Modeled precipitation is also indicated in Table 1 and nat-
precipitation when traversing FT features/layers. Increase/decreasgrally expected to be larger for trajectories that include flight
of tracer concentrations is indicated in comparison to FT EHVirOn-pathS with aerosol and gas features representative of cloud
ment. outflow regimes. Whether the meteorological model success-
fully predicts precipitation tendencies for cloud outflow fea-
tures will be examined in Sect. 5.

Event @ CO CNhot CNvol MR Rain We continue the discussion with two observed layers be-
Convective | l l 0 0 0 tween approximately 1500 and 2000 m (orange shading).
outflow Figure 1a shows CNhot peaks in both layers around 76¢m

Pollution + 1 4 ¢ l 4 which is almost five times as much as observed outside
Stratospheric 1 | s + these layers. Wg mentioned earlier that dust and combustlon
intrusion aerosol are typical components of FT CNhot. In this case,

however, we attribute increased CNhot to continental pollu-
tion sources because aerosol size distributions (not shown)
indicate few larger particles and hence dust contributions to
is CNvol (green line) mainly consisting of sulfuric acid or total number will be smallGlarke et al. 2004. Moreover,
sulfate, which decompose before reaching 36({Sect. 2.2, CNhot clearly trends with trace gases as commonly observed
CNvol = CNcold-CNhot). The observed increase in CNvol for pollution events Crutzen and Andreael99Q Martin
accompanied by decreasing CNhot is an indicator of cloudet al, 201Q Gunthe et al.2009 Artaxo et al, 1998 An-
outflow in FT layers because upper portions of deep con-dreae and MerleR001). This is illustrated in Fig. 1b showing
vective clouds in the ITCZ favor formation of fresh sulfate CO and Q increases by 10 and 15 ppbv compared to outside
particles (see introduction). One reason for this is effectivethese layers, respectively.

aerosol scavenging by precipitation from these clouds, which The two layers also exhibit elevated CNvol, a typical com-
is reflected in low CNhot concentratiorGléarke et al.2013. ponent of pollution, although their contribution to the total

Additionally, compared to adjacent FT air between 2000 CN number is usually smaller in such layers. Hence, because
and 2400 m, reduction of £by 2—3 ppbv (Fig. 1b) for most CNhot concentrations are also lower than expec@drke
of this layer is consistent with cloud pumping of loweg-O et al, 2004 2007, part of the CNvol concentration could be
containing MBL air into the FT. @can also be consumed via a result from continental cloud passage, to be discussed later,
agueous phase reactions in droplets convertingtS(SOf[. and subsequent cloud outflow.

Cloud outflow layers with high CNvol concentration also  Although pollution aerosol may have traversed clouds dur-
typically contain higher MR values (blue line in Fig. 1b) in ing transport, such air is expected to generally retain higher
comparison to neighboring FT air due to pumping of moist Oz and CO values compared to recent outflow from ITCZ
MBL air through clouds. However, relative changes in MR deep convection. This is due to lower concentrations of these
vary in response to the strength of precipitation during deepas tracers present in clean remote MBL air lofted in ITCZ
convective passage, which may explain the observed declouds as discussed earlier. In fact, a comparison of trace
crease of MR between 2400 and 2800 m. On the other handjas concentrations (Fig. 1b) between outflow aloft and the
MR increases above 2800 m until the top of the profile con-pollution layers below reveals thats&nd CO are 60 and
current with CNvol behavior, which reaches its maximum 14 % lower in the fresh outflow feature, respectively. Addi-
concentration of around 440 c at this altitude. Tenden- tionally, MR values drop by almost 60 % in both pollution
cies of the above-described aerosol and gas tracers in cloddyers compared to neighboring FT air consistent with conti-
outflow regimes are summarized in Table 1 indicating in- nental boundary layer origin.
crease/decrease of tracer concentrations in comparison to ad- Similar pollution and cloud outflow layers were com-
jacent FT air above or below. monly observed when profiling into the FT, while strato-

Here, we also include CO, although CO has a lifetime of spheric features were rare. The latter air mass is typically
almost 2 months in the equatorial atmosph&ta(dt et al.  well aged and highly scavenged. As such, it often only con-
2001, Allen et al, 2004 and hence does not change during tains small amounts of fine volatile and non-volatile aerosol,
cloud passage. However, CO values in cloud outflow couldvery low MR, and low CO (see Table 1), while ozone is el-
drop if clean remote MBL air is lifted aloft by clouds. This evated. Nonetheless, in the absence of volatile organic com-
appears consistent with the cloud outflow layer in Fig. 1bpound (VOC) measurements, such as methane, no allocation
where CO values (magenta line) are similar to those foundwith regard to air mass origin can be made with absolute cer-
below the TWI. Note that CO measurements are missing betainty since @ can also be produced in the FT via VOC or
low roughly 800 m for this profile due to instrument calibra- CO oxidation.
tion.
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Table 2. The 95 and 50 % percentiles of numerical (columns 3, 4) and total errors (column 6) from 6084 FT back trajectories for various
trajectory timescales between 5 and 20 days. Relative numerical errors are provided in parentheses where these are equal or higher than 1
of the total trajectory travel distance (column 5).

Days Percentile Numerical Errorin  Numerical Errorin  Horiz. Travel  Total Error as 20% of
Horiz. Plane (km)  in Vert. Plane (m) Distance (km) Horiz. Travel Distance (km)

20 95 % 1800 (8%) 1400 22000 4400
50 % 50 60 13500 2700

15 95 % 400 (3%) 300 15000 3000
50 % 15 15 10500 2100

12 95% 170 (1%) 170 12500 2500
50 % 5 5 8500 1700

10 95 % 50 55 10000 2000
50 % <5 <5 7500 1500

5 95 % <5 <5 5500 1100
50 % <5 <5 4200 800

3 Methodology and model performance dataset initially provided at 1 Hz but averaged to 10 s resolu-

tion. The resulting merged files link our in situ observations
Here, we explain our approach and data preparation. We furto the trajectories allowing variations in measurements to be
ther describe common error sources of back trajectories irvisually coordinated with variations in trajectory features.
Sect. 3.2 and discuss their characteristics in distinct synoptic
flow situations. .

3.2 General trajectory model performance
3.1 Data preparation

Computed trajectories typically deviate from the actual air
We employ the HYSPLIT modeling system (version 4.9, mass corridor that describes the history of an air volume.
January 2010) on a Windows-based PC version with meHow much depends on numerical errors resulting from in-
teorological output fields from the National Center for En- terpolation/truncation in space and time and uncertainties in
vironmental Prediction (NCEP) Global Data Assimilation wind field measurements carried over from employed me-
System (GDAS; http://www.ready.noaa.gov/archives.php teorological data into HYSPLIT (in this case GDAS data).
These data are provided on@alatitude—longitude grid (360  These wind field uncertainties, hereafter referred to as me-
by 181) and are used here to calculate 3-D back trajecto-teorological errors, are typically the largest source of error
ries (horizontal wind field plus vertical wind). The archived and commonly originate from missing satellite and/or sparse
GDAS data are provided every 3h (analysis plus forecastradiosonde information (e.g., over the Pacific) or generally
runs) and are converted by NCEP from 64 sigma levels to 23rom the coarse resolution of the chosen wind field. Addi-
pressure levels starting at 1000 hPa (1000—900 hPa in 25 hR@nally, deformation as well as subgrid-scale processes as
increments, 900-50 hPa in 50 hPa increments) with the togurbulent mixing and convection (see introduction) add to the
level at 20 hPa. total deviation from the actual air mass corridor since these

In order to handle the resulting large amount of data forprocesses are not represented by the trajectory model. The
trajectories initiated every 10s along flight tracks, a sim-next paragraphs discuss the general characteristics of these
ple semi-automated routine was added to accelerate in- andrror sources during PASE and aspects relevant to approx-
output into and from HYSPLIT. The complete MATLAB imate a reasonable length of PASE trajectories (between 5
(MathsWorks Inc.) code plus selected flight data to illustrateand 20 days).
example trajectories can be found in the supplementary ma- Numerical errors can be calculated by performing a so-
terial to this paper. called forward/backward (F/B) tesE(elberg et a).1996.
HYSPLIT text files contain back trajectory information for This test compares start points of backward trajectories

a predefined length in time (e.g., 5/10/12/15/20 days back{along research flight tracks) and ends of forward trajecto-
ward) on an hourly basis together with computed meteoro+ies, computed from the end of the backward trajectories.
logical information along each trajectory (e.g., rain, humid- Thus, each F/B calculation yields a horizontal displacement
ity, potential temperature). These output files were processedrising from interpolation/truncation in space and time over
with MATLAB and combined with our measured in situ the complete length of back plus forward trajectory. Since

www.atmos-meas-tech.net/7/107/2014/ Atmos. Meas. Tech., 7, 1128-2014


http://www.ready.noaa.gov/archives.php

114 S. Freitag et al.: Combining in situ measurements with HYSPLIT

Total Travel Distance (10> km)
Total Travel Distance (10> km)

a)
1 10 100 1000 1 10 100 1000
Vert. Numerical Error (m) Vert. Numerical Error (m)

Fig. 2. Relationships between total travel distances accumulated over 12 days and corresponding numerical errors in the vertical plane from
F/B tests for(a) a selected set of back trajectories approaching South Americéb@adgroup of trajectories traversing the ITCZ. Median
values are marked as green dots.

we wish to obtain the numerical error for the back trajectory limited by the abundance of stable and quasi-horizontal tro-
exclusively, this horizontal distance has to be divided by two.pospheric layersNewell et al, 1999. However, vertical nu-
Results from F/B computations are presented in Table 2merical errors for trajectories approaching 15 days increase
column 3, for various back trajectory timescales between Sbeyond those values considered acceptable to reliably resolve
and 20 days. For each timescale, we present 95 and 50 %bserved pollution and recent cloud outflow features (com-
(median) percentiles of these numerical errors in the horipare with typical layer extent in Fig. 1) because these are
zontal plane for our set of 6084 FT back trajectories, whereabften only a few hundred meters thickigwell et al, 1999
all results are rounded for transparency. We use percentileStoller et al, 1999. Hence, without accounting for other
to illustrate errors in Table 2 because distributions of trajec-error sources we limit our maximum trajectory length to
tory errors typically contain a large number of extreme val- around 12 days.
ues (distribution skewed to the right) attributed to deviations Numerical error analysis also provides insights into trajec-
from the median trajectory distance. We also note that tratory performance in distinct synoptic flow regimes, as Fig. 2
jectory errors are typically discussed in relation to trajectorysuggests. Here, we illustrate relationships between horizon-
length defined as the complete extent of the curved path iral travel distances of the back trajectories accumulated over
the horizontal plane since this eases comparison of trajector2 days and corresponding numerical errors in the vertical
errors to those derived in different studies. plane. Each small dot represents a result from a single trajec-
Numerical errors in the horizontal plane are about twotory computation, while the green dot in each plot provides
orders of magnitude smaller for 5-12 day trajectories forthe median value. We use our computed FT back trajectories
both percentile ranges compared to corresponding trajectorgnd sort out two groups based on the following criteria. The
length (column 5). This relation changes for 15 and 20 dayfirst group (black dots, plot a) consists of back trajectories
trajectories. Here, we observe that the 50 % percentile rangeaching South America and not traversing any ITCZ deep
still give a numerical error an order of magnitude smaller convection, while the second group (red dots, plot b) includes
than the total trajectory distance, while the 95 % percentilesonly those trajectories traversing ITCZ convection but not
reveal numerical errors of about 3 % and 8 % of the travel dis—+eaching the continent. Here, we define the ITCZ as a rectan-
tance for 15 and 20 day trajectories, respectively. While thisgle between 100-15® and 5-18 N (compare with Fig. 5)
shows horizontal numerical errors are negligible compared tattributed to the region of heaviest deep convection during
travel distance for the majority of trajectories up to 20 days,PASE as observed utilizing Geostationary Operational Envi-
our set of FT trajectories is computed starting mostly alongronmental Satellite (GOES) infrared (IR) imagery. Partition-
research flight profiles. Hence, we must discuss numericaing trajectories into these two groups allows us to study the
error behavior in the vertical plane as this affects our ability general influence of the ITCZ flow pattern on trajectory per-
to resolve relations between trajectories and in situ measurgormance.
ments. Our results indicate ITCZ trajectories have a median nu-
Results from F/B tests in the vertical for various trajec- merical error of around 9 m in the vertical, three times larger
tory lengths are summarized in Table 2, column 4. Thesethan the median numerical error of trajectories reaching back
calculations reveal that about 50 % of all 12 day trajectoriesto South America in 12 days without ITCZ passage. Al-
have numerical errors in the vertical plane smaller than 5 mthough both errors are negligible, this is a notable find-
while 95 % of the computed pathways are accurate to withining knowing that the numerical error increases with travel
170 m. This reflects the fact that vertical motion is generallydistance (via interpolation/truncation) but that the median
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Fig. 3. Modeled data vs. in situ measurements along FT flight track¢afoMR, (b) 6, (c) wind direction andd) wind velocity for all
research flights. The grey dashed linegdpand(d) mark the 1: 1 relationship. Anomalous FT data from research flight 12 are highlighted
in red in the lower row. See Sect. 3 for discussion.

total travel distance of the ITCZ trajectory group is actu- to 10 s resolution; see Sect. 3.1) are smoothed for these com-
ally 30 % smaller compared to the South American trajec-parisons utilizing a 31 pt Gaussian filter to account for much
tory set, which reveals a median travel distance of 11 000 kmlower resolution of modeled data in time and space. Based on
We hypothesize that this difference is due to amplificationsPASE flight climb and descent rates (around 300 mithin
of numerical errors as expected when linear interpolation ofthis 31 pt Gaussian filter corresponds to effective smoothing
wind vectors is performed between grid points in strongly (20') over roughly 750 m.
curved and vertically oriented flow in the ITCZ. Conse- The GDAS model generally represents atmospheric con-
quently, this analysis could provide an indirect measure ofditions above 3000 m very well as MR af@dcomparisons
trajectories susceptible to turbulent mixing and convectionreveal. Modeled values above that altitude are within 1 K
since these subgrid-scale processes, which cannot be motb observedd behavior, while modeled MR values accu-
eled with HYSPLIT, are typically associated with ITCZ syn- rately represent the observed MR bifurcation. However, be-
optic pattern. low 3000 m down to about 1500 m modeled MR is higher
Research flights over large horizontal and vertical scaleshan measured values by up to 5gkgwhile modeledd
also offer a direct tool to investigate the potential impor- is 2—3 K lower than observations. Below 1500 m, modeled
tance of subgrid-scale processes during air mass transport tMR agrees with observations, while modeleédis 1-2K
comparing in situ meteorological data with GDAS features. higher than measurements. Based on thesbservations,
This is shown in Fig. 3a and b for MR and potential tem- the GDAS model generally seems to have trouble reproduc-
perature ) over altitude, respectively. Measurements for all ing the height and strength of the TWI, which was located
fourteen research flights are illustrated by the dashed blacketween 1100 and 1700 nrdloona et a).2009 with an
lines, while modeled data are presented in red dashed linesverage strength of 7K during PASE. In comparison, mod-
Comparisons of wind field relations in terms of direction eledd profiles illustrate the average modeled TWI height at
(plot c) and velocity (in d) are also shown and are split into around 500 m with a mean strength of 3K likely related to
MBL and FT data marked in black and blue dots, respec-the old convection and MBL scheme employed before 2010,
tively. We include MBL data here, although MBL back tra- which tended to underestimate turbulent diffusion in cumu-
jectories are not investigated (see Sect. 2.1), for clarity andus clouds Han and Paj2011). Consequently, this provides
significance of these comparisons. All in situ data (averagednother reason for exclusion of MBL back trajectories.
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As mentioned in Sect. 2.1 computed back trajectories starttrajectory travel distance depending on the meteorological
ing along FT profiles during research flight 12 (2/3 Septem-model employed. While these deviations are above the com-
ber) involved strong deep convection and cyclonic circulationmonly used average of 20 % of the traveled distargteH|,
associated with a tropical depression. While MR armbm- 1998, it should be noted that thRriddle et al.(200§ study
parisons for these FT profiles are consistent with those diswas conducted in more complex midlatitude flow and that
cussed above, larger discrepancies are observed for wintajectories involved interactions with an approaching cold
field relationships. The apparent offset during this flight front and a low-level jet at times. Nonetheless, this study
which is highlighted in red dots in Fig. 3c and d, could have again nicely points out how the magnitude of the meteoro-
been caused by misplacement of the center of the depressidagical error varies greatly depending on whether the general
and as such the route for these trajectories since measurdhbw depends on synoptic-scale or subgrid-scale features.
wind direction indicates southerly winds, while the model  Since our analyses only provides qualitative estimates of
predicts northeasterlies. the total deviation from the actual air mass corridor, we will

For all other flights during PASE, wind field data scatter assume a total error of 20 % based on previous literature as a
closely around the 11 line (grey dashed lines in Fig. 3c and “rule-of-thumb” measure for all FT back trajectories start-
d). Model winds exhibit somewhat higher accuracy at lowering along profiles during PASE as shown in Table 2, col-
altitudes as revealed by root mean square errors (RMSE) ofimn 6. For instance, 50 % of the 5 day back trajectories
modeled wind speed in the MBL of 1.13m%and in the  travel 4200 km or less and hence would have a maximum
FT of 2.61ms!. The wind field evaluation also shows mod- total deviation of 800 km in the horizontal plane (20 % of to-
eled wind direction is less variable than measurements. Fotal distance). At the same time, 45% of 5 day trajectories
instance, horizontal lines of wind direction data on a randomtravel between 4200 and 5500 km and hence have a maxi-
flight leg can be seen to change between 90 and,MBile mum “rule-of-thumb” total error of 1100 km. Further, since
modeled wind direction is constantly 100rhis behavior is  travel distance and total error are coupled the latter exhibit
likely due to the coarse horizontal resolution of the GDAS an upper limit of 2500 km for 95 % of the 12 day trajectories,
model and subsequently its inability to represent subgrid-which traveled about 12 500 km. Hence, if we wish to inves-
scale wind field fluctuations. Even so, overall consistencytigate, the source of measured pollution aerosol with associ-
between modeled wind fields, and MR implies the com- ated back trajectories ending over a continent approximately
bined impact of the meteorological error and subgrid-scalel2 500 km away and 12 days back in time (e.g., South Amer-
phenomenais smallin this study region and as such for shortica), a nominal 2500 km radius of source uncertainty would
range back trajectories. Larger deviations from the actual aibe implied in the horizontal plane. Even for this uncertainty
mass corridor, however, should be expected for our 12 dayver these distances, this should allow for reasonable sepa-
back trajectories but also in more complex midlatitude flow ration of cloud outflow from either ITCZ or continental deep
than for the generally homogeneous equatorial flow observedonvection.
during PASE. We have established criteria in this section assisting us

While the presented analyses (Figs. 2, 3) provide a sensi choosing a feasible length of back trajectories (12 days)
of how susceptible back trajectories are to deviations fromand in interpreting trajectory errors in distinct synoptic flow
the actual air mass corridor due to meteorological errors andegimes. We further provided rough error estimates for PASE
subgrid-scale phenomena as turbulent mixing and convectrajectories. Based on these findings, we will discuss advan-
tion, they cannot replace quantitative estimates. Such estitages in examining trajectories in groups over single trajec-
mates can be obtained by validating the trajectory model intory evaluation next.
its entirety, for instance, by comparing multiple back trajec-
tory runs each utilizing a different meteorological model in-
put (Gebhart et a).2005 Harris et al, 2009. Applying this 4 Cluster approach
method Harris et al (2005 showed that transport models are
highly sensitive to the choice of meteorological input and thatTo test the general utility of data clusters, we may employ
back trajectory end points for different data sets differ by upour set of 12 day FT back trajectories (referred to here as
to 40 % of the averaged travel distance after 96 h. Note, howdata set T) to sort out two groups based on the pathway cri-
ever, that this analysis only describes the sensitivity to me4eria defined in Sect. 3.2 for Fig. 2. There, we classified one
teorological errors but does not provide actual estimates ofjroup as a bundle of all back trajectories traversing the ITCZ
these and that the investigated meteorological models werdeep convection but not reaching South America (referred to
of a much coarser resolution (2.§rid) than used here. here as group T1; 3321 trajectories), while the second group

Riddle et al.(2006 estimated the impact of meteorologi- included only those trajectories reaching South America and
cal errors and subgrid-scale phenomena by measuring transtot traversing any ITCZ convection (group T2; 1117 trajec-
port model deviations from the actual air mass corridor with tories). Note, the ITCZ was defined as a rectangle between
the help of air mass tracking altitude-controlled balloons.100-150 W and 5-18N based on the region of heaviest
They found average deviations between 26 and 36 % of theleep convection during PASE (e.g., compare with magenta
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Fig. 4. Histograms and corresponding CDFs of measured CO (upper row) and CNhot (lower row) as obtained by classifying all back
trajectories (data set T, column 1) and in situ observations (data set M, column 2) into two distinct air mass groups. ITCZ and South
American air masses are marked in red and black color, respectively. See Sect. 4 for additional information.

rectangle in Fig. 5). Since our set of back trajectories are In order to relate these results, solely based on trajectory
merged with in situ data, we can immediately sort any PASEpath classifications, to observed air mass features, we may
measurements based on these group criteria. also sort distinct groups based on our in situ measurements
This is exemplified for CO and CNhot observations illus- (data set M) as discussed in Sect. 2.3. There, we defined dis-
trated in Fig. 4a and c, respectively, for the defined groupdinct air mass layers based on the behavior of our selected
T1 (red histograms) and T2 (black). These histograms andracers as CO, CNhot, CNvol,sr MR in comparison to
their corresponding cumulative distribution functions (CDFs; adjacent FT environments (Table 1). Using these criteria we
dashed lines) reveal distinct differences. While about 65 %found several features including convective cloud outflow
of the CO measurements associated with group T1 are befrom the ITCZ (referred to here as group M1) and continen-
low 60 ppbv, group T2 exhibits about 65 % above that value.tal pollution (group M2). To ensure two distinct groups for
Similarly, the median CNhot concentration around 75ém  our analysis, we select cases with features clearly identified
is lower for group T1 compared to T2 exhibiting a median relative to the adjacent FT environment as exemplified in the
around 115 cm?3. Because CO measurements in MBL air profile illustrated in Fig. 1 (e.g., core of pollution features
for PASE research flight 4 in the vicinity of the ITCZ are be- marked in orange shading). Hence, data volumes are reduced
low 60—63 ppbv Clarke et al.2013, we conclude that much to 440 and 990 data points for groups M1 and M2, respec-
of the CO measurements from group T1 are consistent withively, but are still considered representative as both groups
the ITCZ trajectory behavior (pristine MBL air with low CO include profile portions from all but four research flights (4,
gets lifted in deep convection and subsides into the PASE5, 7, and 12).
study area; see Sect. 2.3). At the same time, elevated CO and In situ observations of CO and CNhot related to groups
CNhot concentrations for continental trajectories (group T2)M1 (red histograms) and M2 (black) are illustrated in Fig. 4b
appear reasonable because of the variety of CO and CNhatnd d, respectively. Over 90 % of the CO values associated
sources present there (Sect. 2.3). However, both CO and CNe cloud outflow are below 62 ppbv, whereas over 90 % of
hot histograms show some overlap suggesting some of théthe CO relating to continental pollution is found above that
trajectories in both groups contain in situ values not repre-value. Hence, 62 ppbv represents an approximate threshold
sentative of the primary trajectory cluster. for distinction between the two air masses during PASE.
Its equivalent for CNhot can also be estimated to around
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30 i . . . . (orange cluster) formed by the majority of the trajectories for
over almost 10 000 km.

As discussed in the introduction, air history analysis may
be more revealing if air mass clusters are established simulta-
neously from measurements and back trajectoféstlfven
et al, 2003. This was not considered in the above evalua-
tions intended to reveal general consistency between trajec-
tory features and measurements but will be illustrated in the
next section.

20"
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3060 -140 -120 -100 -80 -60 -40 5 Cluster-visualization approach

Longitude
30 In this section, we discuss our trajectory-visualization ap-

proach for two research flight profiles representative of
the generally homogeneous equatorial flow observed during
PASE. We will examine its applicability for rapid air mass
history analysis under commonly observed research flight
conditions by addressing the following questions. Do tra-
jectories exhibiting similar aerosol physiochemistry reveal
similar characteristics of recognized sources or processes?
Are back trajectories consistent over the temporal extent of
a research flight when the flight is conducted such that sim-
ilar air mass features are encountered multiple times during
3060 140 120 100 80 50 40 the flight? Are transition areas between two distinct aerosol
Longitude regimes represented adequately by trajectories?

Latitude

Fig. 5. Back trajectories associated with distinct air mass features5.1  Ascent around 19:00 UTC, 10 August
observed during PASE fde) convective cloud outflow angb) pol-
lution. The magenta rectangle identifies the region of heaviest deefThis ascent flown during research flight two was discussed
convection (ITCZ) during PASE. Trajectories marked in blue passi, gect, 2.3. There, we identified one cloud outflow feature
:E;o‘ﬁggg:ebg(agenta rectangle, while those colored orange bypasgayeen approximately 2400 and 3000m (cyan shading in
' Fig. 1) and two pollution layers between 1500 and 2000 m
(orange shading in Fig. 1). As described earlier, we will focus
110cn13. As such, both thresholds correspond closely toon FT back trajectories and only examine air masses above
those estimated from data set T (60 ppbv; 95 €malthough  the TWI located at 1385 m for this flight (solid grey line in
the latter exhibit greater uncertainty. The general agreemeriig. 1). Our combined trajectory and in situ data set allows us
in these classifications where trajectory and measured dat color-code these FT back trajectories with any measured
sets, T1 and M1, both describe cloud outflow, while T2 andaerosol and gas tracers, but we will focus on those essential to
M2 illustrate continental pollution, argues for overall trajec- distinguish between cloud outflow and pollution features as
tory reliability during PASE. illustrated in Table 1. Additionally, we will investigate mod-
Back trajectories related to the in situ data groups M1 andeled precipitation (from GDAS data) along each trajectory to
M2 are illustrated in Fig. 5a and b, respectively. As expectedevaluate any consistency with observed features. Note that
most of the modeled pathways associated with group M1these precipitation amounts are not exact but may be utilized
(blue lines in Fig. 5a; 92 % of all trajectories) traverse the to determine precipitation tendencies (i.e., does it occur and
ITCZ region, identified here by a magenta rectangle mark-if so where).
ing the region of heaviest deep convection during PASE. The 12 day FT back trajectories for this profile are illus-
However, only 53 % of the back trajectories (orange lines intrated in Fig. 6a—c color-coded with aircraft altitude (Start
Fig. 5b) related to pollution group M2 reach back to South Altitude) using colors scaled between dark blue and dark red
Americain 12 days without passing through the “ITCZ” box, for altitudes between 1385 and 3000 m. For instance, trajec-
while the remainder traverses the ITCZ region (blue lines intories associated with the cloud outflow feature between ap-
Fig. 5b). Consequently, the latter trajectories may not be reproximately 2400 and 3000 m have colors ranging from or-
liable because pollution aerosol is expected to be scavengeange to dark red. In plot a, back trajectories are illustrated
in ITCZ deep convection (Sect. 2.3). Nevertheless, overallover longitude, latitude, and altitude to provide a spatial view,
consistency of M2 trajectories is suggested in the tight bandvhile the same paths are shown in 2-D in plot b. Figure 6c

Atmos. Meas. Tech., 7, 107:28 2014 www.atmos-meas-tech.net/7/107/2014/



S. Freitag et al.: Combining in situ measurements with HYSPLIT 119

2.8 2.8
6
26 _ 26 _
—_ £ - =)
£ 4 242 : = | hal
= Q 5} %)
3 4 g 2
E 22 5‘5‘ £ 22 %
E2 = = =
= < = <
< 2 e 2 =
0 3 3
1.8 20 1.8
1.6 1.6
. 20 -160 ) 2160 -140 -120 -100 -80
Latitude ’ Longitude Longitude
6 6
2.8 80
st st .
26 _ =
~4f g ~at 60 3
24 242 =4 g
2 v < E
< b= = 50
83 22 2 3 £
£ , < £ 40 B
<2 5 <2r 303
Z B
1.8 =
1t 1+ 20
1.6 10
-?60 -140 -120 -100 -80 -?60 -140 -120 -100 -80
Longitude Longitude
6 70 6
62
5r 60 5
4 4 60
~4f 50 o 24
k 403 K 88
£ = £ o
< 2t 30 o < 2 56 ©
1r 20 1 54
—?60 -140 -120 -100 -80 —?60 -140 -120 -100 -80
Longitude Longitude
6 6
30
o 400 )
5 5
350 25
b 300 & b )
<3 = <3 e
2 s = 2
= z = R
<ot 250 o <, 20 8
. 200 '
15
| f 4 | 150 | f ‘ |
-?60 -140 -120 -100 -80 -?60 -140 -120 -100 -80
Longitude Longitude

Fig. 6. Case study | around 19:00 UTC during research flight 2 on 10 August. The 12 day back trajectories are color-cqded)sttrt
altitude,(d) total modeled precipitation along the patd) CNhot, (f) CO, (g) CNvol and(h) Os.

provides another view of these trajectories over longitudeaccumulated over the length of 12 days for each trajectory,
and altitude. This projection provides a clear illustration while plots e—h demonstrate CNhot, CO, CNvol, ando0l-

of vertical structure for PASE back trajectories. Hence, all orations, respectively.

tracer and precipitation colorations are shown over longitude The back trajectories for the two pollution layers are col-
and altitude. Plot d illustrates modeled GDAS precipitation ored blue in Fig. 6a—c and extend back to abouitWWs5° N
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consistency is enforced since modeled precipitation accumu-
lated along each trajectory path is highest at this elevation
08/08 5 (70-80 mm/12 days).

In Fig. 6e, f and h showing CNhot, CO, and,Qespec-
tively, we can see that layers near 1500 and 2000 m reveal
similarly elevated values for these tracers (compare with
Fig. 1), suggesting pollution of similar origin for both (Ta-
08/02 ' ble 1). These layers are divided by a smaller feature at ap-

proximately 1750 m with decreased CNhot, CO, angb®
07731 45cnm3, 8 ppbv, and 13 ppbv compared to pollution layer
3050 40 120 700 30 values, respectively. Since MR values increase by 6¢kg
Longitude (Fig. 1b; coloration not shown) in this feature, compared
to about 4 gkg?! for both pollution layers, this could sug-

ime (UTC

Latitude

=)
=
®
(=)
=
Trajectory T

Fig. 7. Back trajectories from case study | overlaid on a GOES est cloud passage. This is further supborted by elevated
IR image from 6 August, 23:59 UTC. Trajectories are color-coded 9 P ge. pp y

with time, while marker size reflects modeled precipitation along CNvol concentration (Figs. 1a, 69) f_or this feature. HEI_’ICE,
the path. The blue circles in the lower left corner exemplify precip- because elevated CNvol concentrations are observed in the

itation intensities of 1/5/10 mm. lower pollution layer as well, this suggests both pollution
layers and the small outflow feature at 1750 m are coupled.
In fact, modeled precipitation tendencies (Fig. 6d) indicate
ending at 3-5 km. This puts them over the Andes in Ecuadoelevated amounts for the small scavenged pollution feature
and Colombia where rising motion is evident. As the mod- near 1750 m (55 mm/12 days) in comparison to the pollution
eled air parcels travel west they gradually subside (Fig. 6c)ayers (30 mm/12 days). Additionally, at the end of our dis-
from this altitude into the study region. Hence, measuredcussion in Sect. 2.3 we concluded that scavenged pollution
pollution aerosol could originate from Amazonian biomass air masses would generally retain higher CO andv@lues
burning that can be readily observed in Moderate Resolucompared to lower tracer amounts present in clean air lofted
tion Imaging Spectroradiometer (MODI®({tp://earthdata. from the MBL in ITCZ convection over the Pacific. This can
nasa.gov/data/nrt-data/rapid-respgniseagery for this pe- be clearly seen in Fig. 6f and h.
riod (not shown). We further examine temporally resolved GDAS precipita-
In contrast to pollution trajectories, convective cloud out- tion along each path as shown in Fig. 7. Here, back trajec-
flow pathways in these plots behave differently. Trajectoriestories are color-coded with time beginning along the flight
above 2400 m (colored yellow to dark red) show two com- track (dark red), while increased precipitation is expressed in
mon outflow signatures. Plots b and c reveal that the modincreased marker size. The increasing sizes of blue circles in
eled air was lifted by roughly 2000 (dark red) and 4000 m the lower left corner indicate modeled precipitation intensi-
(orange) near 120N, 9°N. In plot b, we also observe tiesofl1,5,and 10 mm per hour, respectively. The plot reveals
that lifting was associated with looping of these trajecto- one center of heavier precipitation within the ITCZ associ-
ries. This suggests measurements are consistent with moated with the outflow layer between 2400 and 3000 m (com-
eled paths, although those portions of back trajectories reprepare with Fig. 6b, d). Its location near 12, 9° N, agrees
senting the lower-level inflow into the ITCZ should be taken remarkably well with observed deep convection as evident in
with caution because various error sources (see discussion itme underlying GOES IR satellite image from 6 August 2007
Sect. 3.2) complicate accurate representation of (backward?3:59 UTC, corresponding to when the trajectories were in
transport through deep convective clouds. Consequently, it ishis location.
not certain whether these cloud outflow air masses, which The second precipitation field associated with pollution
likely passed ITCZ convection, were originally advected trajectories is less intense and scattered betweeh\WWCihd
with southeasterly MBL winds from the southeast Pacific asthe Andes. This may conflict with our initial assumption that
shown in plots a and b. We will now challenge trajectories air masses from the Amazon basin have to pass the Andes,
and modeled precipitation with our in situ tracers. often associated with deep convection forming on their east-
It was recognized in Sect. 2.3 that the increase in CNvolern slopes as result of liftingAhdreae and Merlet2007).
(Figs. 6g, 1a) with simultaneous decrease in CNhot (plot e)However, careful evaluation shows this precipitation away
in FT layers is indicative of cloud outflow as observed be-from the Andes is associated to those trajectories starting
tween approximately 2400 and 3000 m. Further, it was ar-along the transition region (2000-2400 m) between ITCZ
gued that simultaneous reductions of CO (plot f) angl O outflow and pollution but also cloud outflow trajectories of
(plot h) as illustrated here suggest deep convective cloudvhich some show secondary lifting between 80 and®380
outflow from the ITCZ because clean remote MBL air is (e.g., Fig. 6c).
lifted aloft by these clouds. Hence, trajectories between 2400 This transition region needs to be examined more care-
and 3000 m are consistent with in situ data. Moreover, thisfully given our estimated model altitude uncertainties after
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- Vertica Feature Mask UTC: 2007-07:29 06:28:33.4 to 2007-07:29 06:42:02.0 Verslon: 301 Nominal Nighttme aerosol phySIOChemIStl’y COI"ISIStent Wlth those sources and
g K with supplementary satellite observations. We further com-
] : d pared this profile with another one conducted at the end of

this research flight and both show good agreement in reflect-
, ing similar HYSPLIT flow regimes for pollution and outflow
layers (not shown). In spite of a temporal difference of about
: 8 h between the profiles, trajectory consistency was evident.

@
L

Altitude, km
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180135 TH

1 , ' Moreover, since marked changes in trajectories correspond to
et Mt ' variations in the measurements over a single research profile
R N . DU SRR WU SN SO .. and are linked to air mass origins, a single profile can char-

acterize layers with different air mass history for this flight.
Fig. 8. CALIOP feature mask for case study | from 29 July,

06:30 UTC, highlighting pollution and cloud features in orange and5 2  pDescent around 21:30 UTC. 6 September
cyan, respectively. The region of pollution trajectory ends is circled '

red. The profile was conducted during research flight 14, the

last flight of the campaign. This descent around 21:30 UTC
on 6 September seems similar to the profile discussed be-

thousands of kilometers (Table 2). While the decrease in CNfore with modeled air parcels just above the inversion (near
hot and @ values, as shown in Fig. 6e and h, reveals out-1100 m) gradually subsiding toward the study region from
flow features (scavenging and low MBLsJ) CNvol also de-  South America (Fig. 9a—c), while some of the modeled air
creases (Fig. 6g). At the same time, CO values (Fig. 6f) areparcels arriving at higher altitudes (green-yellow) reveal lift-
around 56 ppbv (cyan color) similar to those observed in theing and looping near 120V, 11° N. However, in situ tracers
scavenged pollution layer near 1750 m. Hence, estimation o§how a more structured view.
trajectory consistency within this layer is inconclusive and Our chosen tracers CNhot and CO color-coded on trajec-
back trajectories should be interpreted with caution. tories in Fig. 9e and f, respectively, illustrate six layers of

Another independent data set shown in Fig. 8 can fur-varying depth. The first layer situated right above the inver-
ther be employed to check trajectory consistency. This fig-sion extends up to 1200 m and contains the highest CNhot
ure illustrates Cloud Aerosol Lidar with Orthogonal Polar- and CO values of the profile of 320 crhand 94 ppbv (both
ization (CALIOP) satellite informationhttp://www-calipso.  in dark red colors), respectively. This small layer is followed
larc.nasa.gov/products/lidar/browse_images/produgtidn/ by a feature extending up to 1700 m revealing decreased CN-
shows a satellite overpass from 29 July 2007, chosen to cotot and CO of 40 cm?® (dark blue) and 67 ppbv (light blue),
respond to the approximate arrival time and location (redrespectively. Above that layer between 1700 and 2400 m, an-
oval) of back trajectories over South America. The associatewther feature is evident marked by increases in both tracers
CALIOP aerosol product (orange mask) reveals an enhancetboth in yellow—green colors). However, both tracer values
aerosol layer extending up to 3km and scattered aerosol agre about 30 % smaller compared to the layer right above the
sociated with deep convection up to 8 km over the Amazoninversion. The fourth feature with the largest depth in this
basin. profile is located between around 2400 and 3200 m (green—

CALIOP data also reveal a layer spreading west nearyellow color in Fig. 9a—c) and reveals decreased CNhot and
mountain chain tops at around 4 km associated with cloud€CO of around 40 cm? and 60 ppbv (both in dark blue), re-
(cyan mask). Note that the latter observation suggesting polspectively. Above this, a feature located between 3200 and
lution transport over the Andes and as such over the Pa3600 m exhibiting increasing CNhot and CO values up to
cific was observed near 79V, 13° S, while back trajecto- 150 cnm 2 (light green) and 69 ppbv (cyan), respectively. The
ries end near 7N, 5° N. Nevertheless, we expect similar layer situated at the top of this profile between 3600 and
deep convection near 78V, 5° N, which is supported by ad- 3900 m reveals a CNhot increase up to 220 értyellow),
ditional overpasses around 29 July 2007 (not shown). Overwhile CO decreases down to 58 ppbv (dark blue).
all, CALIOP data and MODIS imagery (not shown) for this  The uppermost layer between 3600 and 3900 m with an
date indicate the source to be slash-and-burn aerosol frorimverse relation between CNhot and CO indicates a feature
Amazonian rainforest, although our 12 day back trajectoriesother than pollution or recent ITCZ cloud outflow (Table 1).
do not extend far enough back in time to actually show aSince 12 day back trajectories in Fig. 9a and b (dark red)
clear ascent of the modeled air parcels out of the Amazoneveal this layer subsided from 10km into the study area,
basin (only suggested in Fig. 6¢). this suggests stratospheric air mixed into the troposphere by

This discussion reveals that our cluster-visualization ap-deep convection indicated via looping of these trajectories
proach is applicable for this profile. We color-coded in situ near 120 W, 5° N. This is further supported by very low MR
tracers onto back trajectories and demonstrated that two dis/alues dropping to 1 gkg (not shown) and @increasing
tinct trajectory clusters with different source regions exhibit to around 47 pbbv (Fig. 9h, red coloration).

www.atmos-meas-tech.net/7/107/2014/ Atmos. Meas. Tech., 7, 11P8-2014


http://www-calipso.larc.nasa.gov/products/lidar/browse_images/production/
http://www-calipso.larc.nasa.gov/products/lidar/browse_images/production/

122 S. Freitag et al.: Combining in situ measurements with HYSPLIT

0

(=2
)

I3
W
Start Altitude (km)

el

Altitude (km)
S~

S}

“100 80

_—N:N:F
W W [
Start Altitude (km)

Latitude

)

.

-120

-140 M0 140 120 100 80 60 40

Longitude

Latitude 20 -160 Longitude

Altitude (km)

HE & = e HE = e
i (3] I\) [% .bJ
W W wn
Start Altitude (km)
Altitude (km)

[ e o0 5
[5%] - [ —
[=} [=} [=} [=3

(=]
Model Precip. (mm/12d)

-?60 -140 -120 -100 -80 -60 -40 -?60 -140 -120 -100 -80 -60 -40
Longitude Longitude
10
© 300 %
8
250 85
E B B =
Z 6 200 2 2 80%
5} > P &
k=l = k=l R
2 2 2 53
= 4 150 z = Qo
< o < 70
5 100 65
50 60
—?60 -140 -120 -100 -80 -60 -40 —?60 -140 -120 -100 -80 -60 -40
Longitude Longitude
101
600
sl 45
~~ —_ ~~ 40 o
E 500 § E 6 ’é_
b E Py S
o — =
E 400 2 E P
= o < S
: 30
300 ot
3 25
(f‘ . it ' . . 8200 ? - - " . . )
-160 -140 -120 -100 -80 -60 -40 -160 -140 -120 -100 -80 -60 -40
Longitude Longitude

Fig. 9. As Fig. 6 but for case study Il around 21:30 UTC during research flight 14 on 6 September.

For the remaining five layers below the stratospheric fea-cluster-visualization approach. Instead of analyzing trajecto-
ture it is not immediately clear which of these layers is aries utilizing in situ data as done for the first case study, we
pollution feature or an ITCZ cloud outflow layer because ac-assume the modeled pathways to be correct for now and try
cumulated precipitation illustrated in plot d is increased for to interpret in situ observations based on this assumption and
three of the five layers. Hence, we will try to use the conjunc-then examine any inconsistencies over the profile.
tion of in situ measurements and trajectory information in our
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Fig. 10.As Fig. 7 but for case study Il. Trajectories are overlaid on

a GOES IR image from 28 August, 23:54 UTC.

pollution air masses generally retain higher CO values com-
pared to lower values of this tracer present in air lofted from

We begin our discussion assuming the largest layer bethe remote MBL in ITCZ convection over the Pacific. How-
tween 2400 and 3200 m to be recent cloud outflow from theever, although tracers for these features suggest consistency
ITCZ because most back trajectories in green to yellow col-with trajectories, modeled precipitation values appear too
oration in Fig. 9a—c show a change in altitude by almost 6 kmlow for scavenged pollution (around 10 mm), while modeled
and looping near 10N, 11° N. At the same time, modeled precipitation seems too high (hear 65 mm) in the lowermost
precipitation is around 70-120 mm. Since CNhot and CO re-pollution layer with the strongest pollution signal.
duction (see above) are connected with CNvol increasing to These data can be compared with CALIOP satellite infor-
620 cnt 3, while Oz drops to 22 ppbv, consistent with recent mation corresponding to the approximate arrival time (com-
ITCZ cloud outflow (Table 1), we conclude back trajectories pare with Fig. 10) and location (red oval) of back trajecto-
are reliable for this layer. ries over South America (28 August 2007) as illustrated in

Illustrations of 12 day trajectories for this profile in Fig. 10 Fig. 11. The associated aerosol product (orange) and cloud
overlaid on a GOES IR image from 23:59 UTC on 28 Au- mask (cyan) reveal heavy deep convection extending up to
gust 2007 also strengthen this case. These back trajectorid$ km connected to aerosol in higher altitudes, which sug-
are color-coded with time (light blue color corresponds to gests lifting of slash-and-burn aerosol from Amazonian rain-
record time of IR image), while marker size increases withforest as previously showrAfdreae et a).2001; Andreae
increasing intensity of precipitation along the path. As in and Merlef 2001). Additionally, the vertical scale of ob-
the earlier profile (compare with Fig. 7), we observe consis-served heavy deep convection corresponds with the arrival
tency of observed deep convection with the modeled centealtitudes of these pollution trajectories (also compare with
of heaviest precipitation and lifting in the ITCZ near 210, lower cloud tops in Fig. 8 and lower arrival altitudes of back
11°N. trajectories in Fig. 6¢), although in this case precipitation ten-

We continue our assessment for those trajectories reachindencies are weakly modeled for the lower pollution features.
back to the Amazon basin. These are the three lower layers The highest apparent pollution layer (3200-3600 m) evi-
marked in dark blue to cyan coloration (Fig. 9a—c). Modeleddent between recent ITCZ outflow and the previously men-
pathways for the upper two layers (blue—cyan) end over thdioned stratospheric feature is marked in red in Fig. 9a—c. Fig-
Amazon basin at altitudes between 4 and 8 km, while theure 9b shows its location 12 days earlier near PananfaA80

lowermost trajectories (dark blue) arrive near Vg 5° N. 9° N). At this location, plot ¢ shows lifting from 3 to 6 km,
At this location marked changes of 2—4 km are shown corre-while plot d illustrates elevated modeled precipitation peak-
sponding to lifting on the eastern slopes of the Andes. ing around 50 mm. Since Fig. 10 suggests the majority of pre-

We discussed CO and CNhot concentrations for these layeipitation to occur over the ocean near Panama, this indicates
ers at the beginning of this section and found these to be elpotential scavenging of pollution near the source. This is sup-
evated between 1100-1200 m and 1700-2400 m. Similar bgported by increased CNvol concentrations around 320%cm
havior is observed for @suggesting a pollution source con- and also elevated CNhot, CO, and,@hich are above those
sistent with the trajectories. The layer embedded in betweefiound in ITCZ outflow between 2400 and 3200 m. Even so,
these pollution layers reveals decreasing CNhot apdoO  considering our nominal total error estimate of 2500 km for
40 cnt 2 and 22 pbbyv, respectively, while CNvol increases to 12 day back trajectories (Table 2) needed to reliably separate
670 cnt3. Although this marks the highest CNvol concen- convective cloud outflow from continental pollution, no dis-
tration of the profile, this layer is indicative of precipitation tinction can be made here between the Amazonian biomass
scavenging of pollution rather than ITCZ outflow. Scavengedand coastal pollution
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The above discussion reveals that the cluster-visualizatiorthat precipitation events are linked to scavenging of aerosol
approach can be used to describe potential sources for in sitin both ITCZ and continental clouds.
observations made during this profile. Although precipitation  Although back trajectories are a valuable tool for an “off-
tendencies are weakly modeled for the lower pollution fea-the-shelf” air history analysis, it is important to be familiar
tures, we showed overall back trajectory consistency for sixwith the limitations of trajectory modeling as reviewed in this
layers over a vertical range of 2800 m representing four disstudy. Despite the fact that back trajectories typically show
tinct air mass features (stratospheric air, ITCZ outflow, pol-good agreement with the actual air mass corridor in synoptic-
lution, scavenged pollution). Comparison of this profile with scale flow and in the free troposphere, modeled pathways
two other profiles from the same research flight indicate sim-will likely disagree if the measured air mass history is gov-
ilar HYSPLIT flow regimes for these layers (not shown) in erned by turbulent mixing and/or convection as commonly
spite of temporal differences of a couple of hours and a spaebserved in the boundary layer. Nevertheless, the cloud pa-
tial separation of about 100 km between the three profiles. rameterization technique and resolution of the GDAS mete-
orological model utilized for this analysis was found to be
sufficient to detect transport through deep convection (e.g.,
6 Summary and conclusions ITCZ). However, because this technique is likely to fail for
localized cellular convection, MBL trajectories are not con-
The work presented here discusses the visualization of irsidered in this study.
situ tracers superimposed upon FT back trajectories initiated This work also discussed several methods that could pro-
along flight tracks and profiles every 10s for an “off-the- vide a sense of how susceptible back trajectories are to devia-
shelf” air history analysis. A simultaneous evaluation of air tions from the actual air mass corridor due to meteorological
mass history and back trajectory consistency can be carriedrrors and also subgrid-scale phenomena such as turbulent
out by interpreting the conjunction of these high-frequencymixing and convection. This was done by evaluating the be-
trajectory and tracer data sets. This procedure can be of pahavior of numerical errors in distinct synoptic flow regimes
ticular value for rapid assessment of data being collected durTable 2, Fig. 2). We further investigated the contribution of
ing intense airborne campaigns and is summarized below. wind field uncertainties to the trajectory deviation from the
First, the high number of back trajectories used enhancesctual air mass corridor by comparing modeled data with our
assessment of trajectory reliability because clusters of aiin situ observations (Fig. 3). Even so, these analyses cannot
mass pathways with spatially consistent patterns of in situreplace quantitative estimates obtained by validating the tra-
tracer values are statistically and visually more representajectory model in its entirety, for instance, with the help of air
tive than a single trajectory. As a result, a maximum lengthmass tracking balloons.
of back trajectories can be estimated by examining whether As such, researchers often have to rely on quantitative
the majority of trajectories form a tight band. This interpre- approximations from previous studies. While such approx-
tation can be more suspect at points where the clusters dismations emerge as a useful guideline they may not always
integrate into single trajectories or become irregular. Thisbe appropriate since meteorological errors and subgrid-scale
is illustrated in Fig. 5b where the tight band of trajecto- phenomena vary greatly both geographically and seasonally.
ries (orange lines) with similar pollution signatures breaksHence, we suggest combining the aforementioned analyses
into smaller ensembles near South America of which thregogether with the visualization of in situ tracers superim-
stronger bands reach the Amazon basin and a weaker orgosed upon back trajectories. Such information can then fa-
Panama and Colombia. Further, illustrating these trajectocilitate subsequent flight planning for targeted objectives. In
ries over 15 days (not shown) reveals complete disintegratiomddition, time and space limitations only allowed us to in-
of these bands. Nonetheless, 12 day trajectories suggest tldude a few gas and aerosol indicators as example “tracers.”
Amazon to be the most likely source region because thre@\dditional constraints and understanding will be enhanced
tighter clusters end there. through similar visualizations of supplementary gas, aerosol,
Second, when marked changes in trajectories are assdhermodynamic, and microphysical measurements.
ciated with marked visual changes in measured physical, Following the outlined procedure, we demonstrated con-
chemical, or thermodynamic properties then trajectory relia-sistency between our measurements and HYSPLIT trajec-
bility is reinforced. This is particularly true when these prop- tories that extend back to sources over 10000 km away on
erties are associated with trajectory paths characteristic ofhe South American continent. We attribute this to the well-
recognized sources or processes. As demonstrated in Sect.&nstrained flow and low synoptic variability in this equato-
such combined information can be a useful tool for estima-rial region during PASE. Similar evaluations may vyield dif-
tion of likely origins of pollution and cloud outflow features ferent conclusions for other more varied regions.
for portions of the flight track.
Third, utilizing the high density of meteorological model
data we demonstrated modeled precipitation tendencies can
be employed to better interpret measurements. We showed

Atmos. Meas. Tech., 7, 107:28 2014 www.atmos-meas-tech.net/7/107/2014/



S. Freitag et al.: Combining in situ measurements with HYSPLIT 125

Supplementary material related to this article is
available online athttp://www.atmos-meas-tech.net/7/
107/2014/amt-7-107-2014-supplement.zip

Siberian boreal fire emissions, J. Geophys. Res., 109, D23S12,
doi:10.1029/2003JD004322004.

Cape, J. N., Methven, J., and Hudson, L. E.: The use of tra-
jectory cluster analysis to interpret trace gas measurements
at Mace Head, Ireland, Atmos. Environ., 34, 3651-3663,
doi:10.1016/s1352-2310(00)000982000.

Clarke, A. D.: A thermo-optic technique for in situ analysis of size-

) ) resolved aerosol physicochemistry, Atmos. Environ., 25, 635—
AcknowledgementsThe authors thank the National Science Foun- 644, doi10.1016/0960-1686(91)90061-B990.

dation for financial support under grant #AGS-0628202. Without cj5ke A, D.: Atmospheric Nuclei in the Pacific Midtroposphere:
the sustained efforts of the late Alan Bandy (Drexel U.), both the  1qif Nature, Concentration, and Evolution, J. Geophys. Res.,
PASE experiment and this work would not have been possible. We 98, 20633—20647, ddi0.1029/93JD00797.993.

would also like to acknowledge the support and dedication eXhib'CIarke, A. D. and Kapustin, V. N.: Hemispheric Aerosol Vertical
ited by the pilots, managers, and support staff of NCAR's Research p,qgiles: Anthropogenic Impacts on Optical Depth and Cloud
Aviation Facility and we thank Yi-Leng Chen for helpful comments. Nuclei, Science, 329, 1488—1492, ddl:1126/science.1188838

2010.

Clarke, A. D., Li, Z., and Litchy, M.: Aerosol dynamics in the
equatorial Pacific marine boundary layer: Microphysics, diur-
nal cycles and entrainment, Geophys. Res. Lett., 23, 733-736,
doi:10.1029/96GL00778L996.

Clarke, A. D., Uehara, T., and Porter, J. N.: Atmospheric nuclei

Allen, D., Pickering, K., and Fox-Rabinovitz, M.: Evaluation of pol- and related aerosol fields over the Atlantic: Clean subsiding air
lutant outflow and CO sources during TRACE-P using model-  and continental pollution during ASTEX, J. Geophys. Res., 102,
calculated, aircraft-based, and Measurements of Pollution in the 25281-25292, dal0.1029/97JD01558.997.

Troposphere (MOPITT)-derived CO concentrations, J. GeophysClarke, A. D., Varner, J. L., Eisele, F., Mauldin, R. L., Tanner, D.,
Res., 109, D15S03, ddi0.1029/2003JD00425@004. and Litchy, M.: Particle production in the remote marine atmo-
Andreae, M. and Merlet, P.: Emission of Trace Gases and Aerosols sphere: Cloud outflow and subsidence during ACE 1, J. Geophys.

From Biomass Burning, Global Biogeochem. Cy., 15, 955-966, Res., 103, 16397—16409, db@.1029/97JD02987.998.
doi:10.1029/2000GB001382001. Clarke, A. D., Eisele, F., Kapustin, V. N., Moore, K., Tanner, D.,

Andreae, M. O., Artaxo, P., Fischer, H., Freitas, S. R., Grégoire, Mauldin, L., Litchy, M., Lienert, B., Carroll, M. A., and Alber-

J. M., Hansel, A., Hoor, P., Kormann, R., Krejci, R., Lange, L.,  cook, G.: Nucleation in the equatorial free troposphere: Favor-
Lelieveld, J., Lindinger, W., Longo, K., Peters, W., de Reus, M.,  able environments during PEM-Tropics, J. Geophys. Res., 104,
Scheeren, B., Silva Dias, M. A. F., Strom, J., van Velthofen, P. 5735-5744, doi0.1029/98JD02303999.

F.J., and Williams, J.: Transport of biomass burning smoke to theClarke, A. D., Shinozuka, Y., Kapustin, V. N., Howell, S. G., Hue-
upper troposphere by deep convection in the equatorial region, bert, B., Doherty, S., Anderson, T., Covert, D., Anderson, J., Hua,
Geophys. Res. Lett., 28, 951-954, d6i:1029/2000GL012391 X., Moore Il, K. G., McNaughton, C., Carmichael, G., and We-
2001. ber, R.: Size distributions and mixtures of dust and black carbon

Artaxo, P., Fernandas, E. T., Martins, J. V., Yamasoe, M. A., Hobbs, aerosol in Asian outflow: Physiochemistry and optical properties,
P. V., Maenhaut, W,, Longo, K. M., and Castanho, A.: Large- J. Geophys. Res., 109, D15S09, d6i1029/2003JD004378
scale aerosol source apportionment in Amazonia, J. Geophys. 2004.

Res., 103, 31837-31847, db®.1029/98JD02346.998. Clarke, A. D., McNaughton, C., Kapustin, V. N., Shinozuka, Y.,

Bandy, A., Faloona, I. C., Blomquist, B. W., Huebert, B. J., Clarke, Howell, S. G., Dibb, J., Zhou, J., Anderson, B., Brekhovskikh,
A. D., Howell, S. G., Mauldin, R. L., Cantrell, C. A., Hud- V., Turner, H., and Pinkerton, M.: Biomass burning and pollution
son, J. G., Heikes, B. G., Merrill, J. T., Wang, Y., O'Sullivan,  aerosol over North America: Organic components and their influ-
D. W,, Nadler, W., and Davis, D. D.: Pacific Atmospheric Sul-  ence on spectral optical properties and humidification response,
fur Experiment (PASE): Dynamics and chemistry of the South  J. Geophys. Res., 112, D12S18, d6i1029/2006JD007777

Edited by: A. Richter

References

Pacific tropical trade wind regime, J. Atmos. Chem., 68, 5-25,
d0i:10.1007/s10874-012-9215-8012.

Barletta, B., Meinardi, S., Simpson, I. J., Atlas, E. L., Beyersdorf, A.
J., Baker, A. K., Blake, N. J., Yang, M., Midyett, J. R., Novak, B.

J., McKeachie, R. J., Fuelberg, H. E., Sachse, G. W., Avery, M.

A., Campos, T., Weinheimer, A. J., Rowland, F. S., and Blake,
D. R.: Characterization of volatile organic compounds (VOCs)

2007.

Clarke, A. D., Freitag, S., Simpson, R. M. C., Hudson, J. G.,

Howell, S. G., Brekhovskikh, V. L., Campos, T., Kapustin,
V. N., and Zhou, J.: Free troposphere as a major source of
CCN for the equatorial pacific boundary layer: long-range trans-
port and teleconnections, Atmos. Chem. Phys., 13, 7511-7529,
doi:10.5194/acp-13-7511-20123013.

in Asian and north American pollution plumes during INTEX-B: Conley, S. A., Faloona, I., Miller, G. H., Lenschow, D. H.,
identification of specific Chinese air mass tracers, Atmos. Chem. Blomquist, B., and Bandy, A.: Closing the dimethyl sulfide bud-

Phys., 9, 5371-5388, d&i.5194/acp-9-5371-20020009.
Bertschi, I. T., Jaffe, D. A., Jaeglé, L., Price, H. U., and Dennison,
J. B.: PHOBEA/ITCT 2002 airborne observations of transpacific

transport of ozone, CO, volatile organic compounds, and aerosols
to the northeast Pacific: Impacts of Asian anthropogenic and

www.atmos-meas-tech.net/7/107/2014/

get in the tropical marine boundary layer during the Pacific At-
mospheric Sulfur Experiment, Atmos. Chem. Phys., 9, 8745—
8756, d0i10.5194/acp-9-8745-2002009.

Atmos. Meas. Tech., 7, 1128-2014


http://www.atmos-meas-tech.net/7/107/2014/amt-7-107-2014-supplement.zip
http://www.atmos-meas-tech.net/7/107/2014/amt-7-107-2014-supplement.zip
http://dx.doi.org/10.1029/2003JD004250
http://dx.doi.org/10.1029/2000GB001382
http://dx.doi.org/10.1029/2000GL012391
http://dx.doi.org/10.1029/98JD02346
http://dx.doi.org/10.1007/s10874-012-9215-8
http://dx.doi.org/10.5194/acp-9-5371-2009
http://dx.doi.org/10.1029/2003JD004328
http://dx.doi.org/10.1016/s1352-2310(00)00098-4
http://dx.doi.org/10.1016/0960-1686(91)90061-B
http://dx.doi.org/10.1029/93JD00797
http://dx.doi.org/10.1126/science.1188838
http://dx.doi.org/10.1029/96GL00778
http://dx.doi.org/10.1029/97JD01555
http://dx.doi.org/10.1029/97JD02987
http://dx.doi.org/10.1029/98JD02303
http://dx.doi.org/10.1029/2003JD004378
http://dx.doi.org/10.1029/2006JD007777
http://dx.doi.org/10.5194/acp-13-7511-2013
http://dx.doi.org/10.5194/acp-9-8745-2009

126

S. Freitag et al.: Combining in situ measurements with HYSPLIT

Crutzen, P. J. and Andreae, M. O.: Biomass Burning in the Tropics:Gerbig, C., Kley, D., Wolz-Thomas, A., Kent, J., Dewey, K.,

Impact on Atmospheric Chemistry and Biogeochemical Cycles,

Science, 250, 1669-1678, dH).1126/science.250.4988.1669
1990.
Davis, R. E., Normile, C. P., Sitka, L., Hondula, D. M., Knight,

and McKenna, D. S.: Fast response resonance fluorescence
CO measurements aboard the C-130: Instrument character-
ization and measurements made during North Atlantic Re-

gional Experiment 1993, J. Geophys. Res., 101, 29229-29238,

D.B., Gawtry, S. P, and Stenger, P. J.: A comparison of trajectory  doi:10.1029/95JD03272.996.
and air mass approaches to examine ozone variability, AtmosGunthe, S. S., King, S. M., Rose, D., Chen, Q., Roldin, P., Farmer,

Environ., 44, 64-74, ddi0.1016/j.atmosenv.2009.09.02010.
Diab, R. D., Raghunandan, A., Thompson, A. M., and Thouret, V.:

D. K., Jimenez, J. L., Artaxo, P., Andreae, M. O., Martin, S.
T., and Pdschl, U.: Cloud condensation nuclei in pristine tropi-

Classification of tropospheric ozone profiles over Johannesburg cal rainforest air of Amazonia: size-resolved measurements and
based on mozaic aircraft data, Atmos. Chem. Phys., 3, 713-723, modeling of atmospheric aerosol composition and CCN activity,

doi:10.5194/acp-3-713-2002003.
Ding, A., Wang, T., Xue, L., Gao, J., Stohl, A,, Lei, H., Jin, D., Ren,

Atmos. Chem. Phys., 9, 7551-7575, d6i:;5194/acp-9-7551-
2009 2009.

Y., Wang, X., Wei, X., Qi, Y., Liu, J., and Zhang, X.: Transport Han, J. and Pan, H. L.: Revision of Convection and Vertical Dif-

of north China air pollution by midlatitude cyclones: Case study

fusion Schemes in the NCEP Global Forecast System, Weather

of aircraft measurements in summer 2007, J. Geophys. Res., 114, Forecast., 26, 520-533, db@.1175/WAF-D-10-05038,2011.

D08304, doi10.1029/2008JD011022009.

Draxler, R. R.: HYSPLIT4 user's guide, NOAA Tech. Memo
ERL ARL-230, NOAA Air Resources Laboratory, Silver Spring,
MD, 209 pp., available athttp://www.arl.noaa.gov/documents/
reports/hysplit_user_guide.pdf999.

Draxler, R. R. and Hess, G. D.: Description of the HYSPLIT_4
modeling system, NOAA Tech. Memo ERL ARL-224, NOAA

Harris, J. M., Draxler, R. R., and Oltmans, S. J.: Trajec-

tory model sensitivity to differences in input data and ver-
tical transport method, J. Geophys. Res., 110, D14109,
doi:10.1029/2004JD00575@005.

Hegg, D. A.: Heterogeneous production of cloud condensation nu-

clei in the marine atmosphere, Geophys. Res. Lett., 17, 2165—
2168, doi10.1029/GL017i012p02163.990.

Air Resources Laboratory, Silver Spring, MD, 27 pp., avail- Holton, J. R.: An introduction to dynamic meteorology, Interna-

able at:http://www.arl.noaa.gov/documents/reports/arl-224.pdf
1997.

tional Geophysics Series, Vol. 88, Academic Press, Fourth Edi-
tion, 535 pp., 2004.

Draxler, R. R. and Hess, G. D.: An overview of the HYSPLIT_4 Hoppel, W. A., Frick, G. M., Fitzgerald, J. W., and Larson,

modeling system of trajectories, dispersion, and deposition,

Aust. Meteor. Mag., 47, 295-308, 1998.
Faloona, I., Conley, S. A., Blomquist, B., Clarke, A. D., Kapustin,
V. N., Howell, S. G., Lenschow, D. H., and Bandy, A. R.: Sul-

R. E.: Marine boundary layer measurements of new parti-
cle formation and the effects nonprecipitating clouds have on
aerosol size distribution, J. Geophys. Res., 99, 14443-14459,
doi:10.1029/94JD00797994.

fur dioxide in the tropical marine boundary layer: dry deposi- Kim, J. H. and Newchurch, M. J.: Climatology and trends of tro-
tion and heterogeneous oxidation observed during the Pacific pospheric ozone over the eastern Pacific Ocean: The influences
Atmospheric Sulfur Experiment, J. Atmos. Chem., 63, 13-32, of biomass burning and tropospheric dynamics, Geophys. Res.
doi:10.1007/s10874-010-9155-P009. Lett., 23, 3723-3726, ddi0.1029/96GL0361,51996.

Fleming, Z. L., Monks, P. S., and Manning, A. J.: Review: Un- Lawrence, M. G., Rasch, P. J., von Kuhimann, R., Williams, J., Fis-

tangling the influence of air-mass history in interpreting ob-

served atmospheric composition, Atmos. Res., 104-105, 1-39,

doi:10.1016/j.atmosres.2011.09.0@911.

Fuelberg, H. E., Loring, R. O., Watson, M. V., Sinha, M. C., Pick-
ering, K. E., Thompson, A. M., Sachse, G. W., Blake, D. R.,
and Schoeber, M. R.: TRACE A Trajectory intercomparison 2.

cher, H., de Reus, M., Lelieveld, J., Crutzen, P. J., Schultz, M.,
Stier, P., Huntrieser, H., Heland, J., Stohl, A., Forster, C., Elbern,
H., Jakobs, H., and Dickerson, R. R.: Global chemical weather
forecasts for field campaign planning: predictions and observa-
tions of large-scale features during MINOS, CONTRACE, and
INDOEX, Atmos. Chem. Phys., 3, 267—289, ddi:5194/acp-3-

Isentropic and kinematic methods, J. Geophys. Res. Atmos., 101, 267-20032003.

23927-23939, dal0.1029/95JD02122996. Lewis, A. C., Evans, M. J., Methven, J., Watson, N., Lee, J. D.,
Fuelberg, H. E., Kiley, C. M., Hannan, J. R., Westberg, D. J., Avery, Hopkins, J. R., Purvis, R. M., Arnold, S. R., McQuaid, J. B.,

M. A., and Newell, R. E.: Meteorological conditions and trans-  Whalley, L. K., Pilling, M. J., Heard, D. E., Monks, P. S., Parker,

port pathways during the Transport and Chemical Evolution over A.E., Reeves, C. E., Oram, D. E., Mills, G., Bandy, B. J., Stewart,

the Pacific (TRACE-P) experiment, J. Geophys. Res., 108, 8782, D., Coe, H., Williams, P., and Crosier, J.: Chemical composition

doi:10.1029/2002JD003092003. observed over the mid-Atlantic and the detection of pollution sig-
Gage, K. S., McAfee, J. R., Carter, D. A., Ecklund, W. L., natures far from source regions, J. Geophys. Res., 112, D10S39,

Riddle, A. C., Reid, G. C., and Balsley, B. B.: Long- d0i:10.1029/2006JD007582007.

Term Mean Vertical Motion over the Tropical Pacific: Wind- Lu, Z., Streets, D. G., Zhang, Q., and Wang, S.: A novel back-

Profiling Doppler Radar Measurements, Science, 254, 1771— trajectory analysis of the origin of black carbon transported to

1773, doi10.1126/science.254.5039.1771991. the Himalayas and Tibetan Plateau during 1996—2010, Geophys.
Gebhart, K. A., Schichtel, B. A., and Barna, M. G.: Di- Res. Lett., 39, L01809, ddi0.1029/2011GL049902012.

rectional biases in back trajectories caused by model and

input data, J. Air Waste Manage. As., 55, 1649-1662,

doi:10.1080/10473289.2005.1046472805.

Atmos. Meas. Tech., 7, 107:28 2014 www.atmos-meas-tech.net/7/107/2014/


http://dx.doi.org/10.1126/science.250.4988.1669
http://dx.doi.org/10.1016/j.atmosenv.2009.09.038
http://dx.doi.org/10.5194/acp-3-713-2003
http://dx.doi.org/10.1029/2008JD011023
http://www.arl.noaa.gov/documents/reports/hysplit_user_guide.pdf
http://www.arl.noaa.gov/documents/reports/hysplit_user_guide.pdf
http://www.arl.noaa.gov/documents/reports/arl-224.pdf
http://dx.doi.org/10.1007/s10874-010-9155-0
http://dx.doi.org/10.1016/j.atmosres.2011.09.009
http://dx.doi.org/10.1029/95JD02122
http://dx.doi.org/10.1029/2002JD003092
http://dx.doi.org/10.1126/science.254.5039.1771
http://dx.doi.org/10.1080/10473289.2005.10464758
http://dx.doi.org/10.1029/95JD03272
http://dx.doi.org/10.5194/acp-9-7551-2009
http://dx.doi.org/10.5194/acp-9-7551-2009
http://dx.doi.org/10.1175/WAF-D-10-05038.1
http://dx.doi.org/10.1029/2004JD005750
http://dx.doi.org/10.1029/GL017i012p02165
http://dx.doi.org/10.1029/94JD00797
http://dx.doi.org/10.1029/96GL03615
http://dx.doi.org/10.5194/acp-3-267-2003
http://dx.doi.org/10.5194/acp-3-267-2003
http://dx.doi.org/10.1029/2006JD007584
http://dx.doi.org/10.1029/2011GL049903

S. Freitag et al.: Combining in situ measurements with HYSPLIT

127

Makra, L., Santa, T., Matyasovszky, |., Damialis, A., Karatzas, K., Ridley, B. A., Madronich, S., Chatfield, R. B., Walega, J. G.,

Bergmann, K. C., and Vokou, D.: Airborne pollen in three Euro-
pean cities: Detection of atmospheric circulation pathways by ap-
plying three-dimensional clustering of backward trajectories, J.
Geophys. Res., 115, D24220, dd):1029/2010JD014743010.
Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H.,
Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A., Gunthe,

Shetter, R. E., Carroll, M. A., and Montzka, D. D.: Mea-
surements and Model Simulations of the Photostationary State
During the Mauna Loa Observatory Photochemistry Experi-
ment: Implications for Radical Concentrations and Ozone Pro-
duction and Loss Rates, J. Geophys. Res., 97, 10375-10388,
doi:10.1029/91JD022871.992.

S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A., Miller, T., Staudt, A. C., Jacob, D. J., Logan, J. A., Bachiochi, D., Kr-

Pauliquevis, T., Petters, M. D., Prenni, A. J., Pdschl, U., Rizzo,
L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang,
J., Wiedensohler, A., and Zorn, S. R.: An overview of the Ama-
zonian Aerosol Characterization Experiment 2008 (AMAZE-
08), Atmos. Chem. Phys., 10, 11415-11438, Hab194/acp-
10-11415-20102010.

McNaughton, C. S., Clarke, A. D., Howell, S. G., Pinkerton, M.,

ishnamurti, T. N., and Sachse, G. W.: Continental sources,
transoceanic transport, and interhemispheric exchange of carbon
monoxide over the Pacific, J. Geophys. Res., 106, 32571-32589,
doi:10.1029/2001JD900072001.

Stohl, A.: Computation, accuracy and applications of trajectories

— A review and bibliography, Atmos. Environ., 32, 947-966,
doi:10.1016/S1352-2310(97)004574998.

Anderson, B., Thornhill, L., Hudgins, C., Winstead, E., Dibb, Stohl, A., Eckhardt, S., Forster, C., James, P., Spichtinger, N., and

J. E., Scheuer, E., and Maring, H.: Results from the DC-8 Inlet
Characterization Experiment (DICE): Airborne Versus Surface
Sampling of Mineral Dust and Sea Salt Aerosols, Aerosol Sci.
Technol., 41, 136-159, ddi0.1080/0278682060111840807.

Seibert, P.: A replacement for simple back trajectory calculations
in the interpretation of atmospheric trace substance measure-
ments, Atmos. Environ., 36, 4635-4648, d6i.1016/S1352-
2310(02)00416-82002.

Merrill, J. T., Bleck, R., and Avila, L.: Modeling atmospheric trans- Stoller, P., Cho, J. Y. N., Newell, R. E., Thouret, V., Zhu, Y., Car-

port to the Marshall Islands, J. Geophys. Res., 90, 12927-12936,
doi:10.1029/JD090iD07p12927985.

Methven, J., Arnold, S. R., O’Connor, F. M., Barjat, H.,
Dewey, K., Kent, J., and Brough, N.: Estimating photo-
chemically produced ozone throughout a domain using flight

data and a Lagrangian model, J. Geophys. Res., 108, 4271,
Taubman, B. F., Hains, J. C., Thompson, A. M., Marufu, L. T,

d0i:10.1029/2002JD002952003.

Newell, R. E., Thouret, V., Cho, J. Y. N., Stoller, P., Marenco, A.,
and Smit, H. G.: Ubiquity of quasi-horizontal layers in the tropo-
sphere, Nature, 398, 316—-319, d6i:1038/186421999.

O’'Shea, S. J., Allen, G., Gallagher, M. W., Bauguitte, S. J.-B.,
lllingworth, S. M., Le Breton, M., Muller, J. B. A, Percival, C. J.,

roll, M. A., Albercook, G. M., Anderson, B. E., Barrick, J. D. W.,
Browell, E. V., Gregory, G. L., Sachse, G. W., Vay, S., Bradshaw,
J. D., and Sandholm, S.: Measurements of atmospheric layers
from the NASA DC-8 and P-3B aircraft during PEM-Tropics
A, J. Geophys. Res., 104, 5745-5764, §0i1029/98JD02717
1999.

Doddridge, B. G., Stehr, J. W., Piety, C. A., and Dickerson,
R. R.: Aircraft vertical profiles of trace gas and aerosol pol-
lution over the mid-Atlantic United States: Statistics and me-
teorological cluster analysis, J. Geophys. Res., 111, D10S07,
doi:10.1029/2005JD006198006.

Archibald, A. T., Oram, D. E., Parrington, M., Palmer, P. I., and Thornberry, T., Froyd, K. D., Murphy, D. M., Thomson, D. S., An-

Lewis, A. C.: Airborne observations of trace gases over boreal
Canada during BORTAS: campaign climatology, airmass anal-

ysis and enhancement ratios, Atmos. Chem. Phys. Discuss., 13,

14069-14114, ddi0.5194/acpd-13-14069-2013013.

derson, B. E., Thornhill, K. L., and Winstead, E. L.: Persistence
of organic carbon in heated aerosol residuals measured during
Tropical Composition Cloud and Climate Coupling (TC4), J.
Geophys. Res., 115, D00J02, ddi:1029/2009JD012722010.

Parrish, D. D., Holloway, J. S., Jakoubek, R., Trainer, M., Ry- Tilmes, S., Emmons, L. K., Law, K. S., Ancellet, G., Schlager,

erson, T. B., Hibler, G., Fehsenfeld, F. C., Moody, J. L.,
and Cooper, O. R.: Mixing of anthropogenic pollution with
stratospheric ozone: A case study from the North Atlantic

wintertime troposphere, J. Geophys. Res., 105, 24363-24374,

doi:10.1029/2000JD900292000.

Perry, K. D. and Hobbs, P. V.: Further evidence for particle nucle-
ation in clear air adjacent to marine cumulus clouds, J. Geophys.
Res., 99, 22803-22818, db0.1029/94JD01926.994.

H., Paris, J.-D., Fuelberg, H. E., Streets, D. G., Wiedinmyer,
C., Diskin, G. S., Kondo, Y., Holloway, J., Schwarz, J. P.,
Spackman, J. R., Campos, T., Nédélec, P., and Panchenko,
M. V.: Source contributions to Northern Hemisphere CO and
black carbon during spring and summer 2008 from POLARCAT
and STARTO08/preHIPPO observations and MOZART-4, Atmos.
Chem. Phys. Discuss., 11, 5935-5983, Hois194/acpd-11-
5935-20112011.

Petersen, W. A., Cifelli, R., Boccippio, D. J., Rutledge, S. A., Trenberth, K. E.: General characteristics of El Nino-southern os-

and Fairall, C.: Convection and Easterly Wave Structures
Observed in the Eastern Pacific Warm Pool during EPIC-
2001, J. Atmos. Sci., 60, 1754-1773, d€i:1175/1520-
0469(2003)060<1754:CAEWS0>2.0.COZD03.

Riddle, E. E., Voss, P. B., Stohl, A., Holcomb, D., Maczka, D.,
Washburn, K., and Talbot, R. W.: Trajectory model validation
using newly developed altitude-controlled balloons during the

cillation, Teleconnections linking worldwide climate anomalies,
edited by: Glantz, R. M., Katz, R., and Nicholls, N., Cambridge
University Press, 13-42, 1991.

Tu, F. H., Thornton, D. C., Bandy, A. R., Carmichael, G. R., Tang,

Y., Thornhill, K. L., Sachse, G. W., and Blake, D. R.: Long-range
transport of sulfur dioxide in the central Pacific, J. Geophys. Res.,
109, D15S08, doi:0.1029/2003JD004302004.

International Consortium for Atmospheric Research on Trans-Weber, R. J., Clarke, A. D., Litchy, M., Li, J., Kok, G., Schillawski,

port and Transformations 2004 campaign, J. Geophys. Res., 111,

D23S57, doil0.1029/2006JD007458006.

www.atmos-meas-tech.net/7/107/2014/

R. D., and McMurry, P. H.: Spurious aerosol measurements when
sampling from aircraft in the vicinity of clouds, J. Geophys. Res.,
103, 28337-28346, ddi0.1029/98JD0208d.998.

Atmos. Meas. Tech., 7, 1128-2014


http://dx.doi.org/10.1029/2010JD014743
http://dx.doi.org/10.5194/acp-10-11415-2010
http://dx.doi.org/10.5194/acp-10-11415-2010
http://dx.doi.org/10.1080/02786820601118406
http://dx.doi.org/10.1029/JD090iD07p12927
http://dx.doi.org/10.1029/2002JD002955
http://dx.doi.org/10.1038/18642
http://dx.doi.org/10.5194/acpd-13-14069-2013
http://dx.doi.org/10.1029/2000JD900291
http://dx.doi.org/10.1029/94JD01926
http://dx.doi.org/10.1175/1520-0469(2003)060%3C1754:CAEWSO%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2003)060%3C1754:CAEWSO%3E2.0.CO;2
http://dx.doi.org/10.1029/2006JD007456
http://dx.doi.org/10.1029/91JD02287
http://dx.doi.org/10.1029/2001JD900078
http://dx.doi.org/10.1016/S1352-2310(97)00457-3
http://dx.doi.org/10.1016/S1352-2310(02)00416-8
http://dx.doi.org/10.1016/S1352-2310(02)00416-8
http://dx.doi.org/10.1029/98JD02717
http://dx.doi.org/10.1029/2005JD006196
http://dx.doi.org/10.1029/2009JD012721
http://dx.doi.org/10.5194/acpd-11-5935-2011
http://dx.doi.org/10.5194/acpd-11-5935-2011
http://dx.doi.org/10.1029/2003JD004309
http://dx.doi.org/10.1029/98JD02086

128 S. Freitag et al.: Combining in situ measurements with HYSPLIT

Weber, R. J., Lee, S., Chen, G., Wang, B., Kapustin, V. N., Moore,Wehner, B., Birmili, W., Ditas, F., Wu, Z., Hu, M., Liu, X., Mao,
K., Clarke, A. D., Mauldin, L., Kosciuch, E., Cantrell, C., Eisele, J., Sugimoto, N., and Wiedensohler, A.: Relationships between
F., Thornton, D. C., Bandy, A. R., Sachse, G. W,, and Fuelberg, submicrometer particulate air pollution and air mass history in
H. E.: New particle formation in anthropogenic plumes advect-  Beijing, China, 2004-2006, Atmos. Chem. Phys., 8, 6155-6168,
ing from Asia observed during TRACE-P, J. Geophys. Res., 108, doi:10.5194/acp-8-6155-2008008.

8814, d0i10.1029/2002JD003112003.

Atmos. Meas. Tech., 7, 107:28 2014 www.atmos-meas-tech.net/7/107/2014/


http://dx.doi.org/10.1029/2002JD003112
http://dx.doi.org/10.5194/acp-8-6155-2008

