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Abstract. The emission and fate of reactive volatile organic
compounds (VOCs) is of inherent interest to those study-
ing chemical biosphere–atmosphere interactions. In-canopy
VOC observations are obtainable using tower-based sam-
plers, but the lack of suitable sampling systems for the full
boundary layer has limited the availability of data character-
izing the vertical structure of such gases above the canopy
height and still in the boundary layer. This is an important
region where many reactive VOCs are oxidized or otherwise
removed. Here we describe an airborne sampling system de-
signed to collect a vertical profile of air into a 3/8 in. OD
(outer diameter) tube 150 m in length. The inlet ram air pres-
sure is used to flow sampled air through the tube, which re-
sults in a varying flow rate based on aircraft speed and al-
titude. Since aircraft velocity decreases during ascent, it is
necessary to account for the variable flow rate into the tube.
This is accomplished using a reference gas that is pulsed into
the air stream so that the precise altitude of the collected air
can be reconstructed post-collection. The pulsed injections
are also used to determine any significant effect from diffu-
sion/mixing within the sampling tube, either during collec-
tion or subsequent extraction for gas analysis. This system
has been successfully deployed, and we show some mea-
sured vertical profiles of isoprene and its oxidation products
methacrolein and methyl vinyl ketone from a mixed canopy
near Columbia, Missouri.

1 Introduction

Volatile organic compounds (VOCs) are emitted from al-
most all plant species (Fuentes et al., 2000; Kesselmeier
and Staudt, 1999; Laothawornkitkul et al., 2009). These bio-
genic emissions can dominate regional atmospheric chem-
istry (Atkinson and Arey, 2003; Guenther et al., 2000). As a
result, numerous field studies designed to quantify biogenic
VOC (BVOC) emissions have been executed (Karl et al.,
2007; Bouvier-Brown et al., 2009; Kim et al., 2010; DiGangi
et al., 2011), and future campaigns are imminent.

One of the goals in these field campaigns is to determine
the flux of VOCs from the forest canopy. Typically a tower is
erected at a forest site and sampling lines are installed at var-
ious elevations. Measurements from multiple heights along
the tower can characterize the structure of the vertical pro-
file of VOCs. Direct flux measurements can also be used, if
one has a fast response trace gas measurement system. In this
case an eddy covariance (EC) sampling line is used for real-
time measurements of VOC concentrations that are then cor-
related with vertical wind speed,w, as measured by a sonic
anemometer located on the same tower (Müller et al., 2010;
DiGangi et al., 2011). From this information, along with
measurements of other atmospheric constituents, researchers
can determine emissions rates and describe chemistry and
transport within the forest canopy.

Ground-based measurements are very useful for quantify-
ing chemical and physical processes that are occurring within
the forest canopy (Karl et al., 2007; Kim et al., 2010). There
are few measurements, however, of VOC concentrations
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Fig. 1. Schematic drawing of the long-EZ aircraft and WASP. V1
and V2 are solenoid valves, V3 and V4 are ball valves.

above the forest canopy. As can be imagined, measurements
above the tower height within a forest are difficult to make.
To date the most common approach to obtain vertical profiles
of VOCs has been from a balloon platform (Greenberg et al.,
1999). Balloons fitted with three to four small air samplers
(pumps) are flown to a height of perhaps a few hundred me-
ters above ground and suspended for a certain length of time,
usually 20 minutes to one hour, after which collected air
samples are retrieved and analyzed. While useful, balloons
have several limitations: they can only be flown in clearings,
and not within a forest canopy; a small number of samplers
means that the vertical resolution is poor; maximum sam-
pling altitude above ground is relatively low, and is usually
not sufficient to reach the top of the mixed boundary layer;
and the height of a balloon can vary significantly during sam-
ple collection, because of changes in wind strength.

Another method for determining trace gas fluxes is to
use an aircraft outfitted with a fast response analyzer and
a wind measurement system. This approach has been used
successfully to determine the fluxes of VOCs such as iso-
prene and is the most direct technique for measuring trace gas
fluxes. However, only two studies have used this technique:
the 2006 MIRAGE study (Karl et al., 2007), and the 2011
CABERNET study (Karl et al., 2013). Other direct airborne
VOCs measurements were also carried out by using PTR-MS
(de Gouw and Warneke, 2007; Warneke et al., 2010). The
reason for this is simply the cost; one needs a dedicated
analytical instrument, and more importantly, one needs an
aircraft large enough and sophisticated enough to make the
wind measurements. The aircraft cost is therefore often pro-
hibitive, except for a few large field campaigns. Thus there
is a need for a more affordable, simpler method to obtain the
information on VOC profiles above canopy height.

Here we describe an air sampling system that can be de-
ployed on a small single engine aircraft and used to collect
vertical profiles of air. We also show some initial results
for vertical profiles of isoprene and its oxidation products
methyl vinyl ketone (MVK) and methacrolein (MACR) over
a forest canopy.

2 Experimental methods

2.1 Description of WASP

The aircraft used to collect the profiles presented here is a
long-EZ with a single rear engine (Fig.1). The cruise speed
(true air speed) of the aircraft is 30–100 ms−1. The air sam-
pling inlet (1/2 in. OD (outer diameter) stainless steel tubing)
is installed at the front of the aircraft. The inlet is connected
to a 1/2 in. ID (inner diameter) perfluoroalkoxy (PFA) tube
and connected to the coiled tube located in the rear of the
aircraft cockpit (Fig.1). The WASP (Whole Air Sample Pro-
filer) was used to collect air in the boundary layer above a
forest canopy, the air samples were analyzed offline by us-
ing a PTR-TOF-MS (proton-transfer-reaction time-of-flight
mass spectrometer) operated in the laboratory (see Sect.2.3).

The working principle behind the WASP is straightfor-
ward. Air from outside of the aircraft flows into a long
(150 m) tube during flight, using the ram air pressure re-
sulting from the aircraft’s speed. An automated ball valve,
placed at the back end of the tube and controlled by the pilot,
is opened a few moments before sampling, to flush the tub-
ing. Sample collection proceeds when the aircraft begins to
climb, and stops when the valve is closed by the pilot, which
is at a time calculated to be the sample fill time, or about
2 min, depending on aircraft speed and altitude. The aircraft
used here has an average climb rate of about 500 mmin−1,
so a 2 min collection time results in a vertical profile of
about 1000 m. The aircraft speed and ascent rate is greater
at the beginning of the climb, as it is usually preferable to
get the tallest vertical profile possible. However, the chang-
ing aircraft speed results in a reduced ram pressure and thus
a changing velocity through the sample tube. We wish to
know precisely the altitude at which the sample is collected
throughout the length of the tube, so we use a chemical tracer
to “mark” the air sample at discrete intervals. The chemi-
cal tracer (in this case, propene, 1 ppmv) is pulsed into the
airstream at fixed intervals; we found that a 0.2 s pulse every
5–10 s resulted in well resolved peaks, but expect this will be
dependent upon the specifics of the air sample flow rate and
chemical tracer. The tracer pulses are analyzed, in this case
by PTR-TOF-MS (along with the rest of the air sample) post-
collection and then reconstructed and correlated with the fast
GPS altitude system installed in the aircraft. This approach
allows the calculation of the altitude of the sample air within
the tube to within a few meters. The tracer pulses are also
used to characterize the degree of mixing and/or smearing
due to either diffusion or Poiseuille flow during extraction of
air from the tube for analysis.

The 150 m tube used here is 3/8 in. OD 304 stainless steel
with 0.02 in. wall thickness, in sections of 30 m. The entire
tube is coiled to a diameter of about 24 in. Ball valves are fit-
ted onto each end, and on the back of the tubing, a solenoid
valve (ASCO Valve, Inc.) is installed for automated closing
during flight. The stainless steel was cleaned with reagent
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grade ethanol and rinsed multiple times with DI (deionized)
water, then heated for 24 h to 60◦C under a low flow of
zero air generated by a catalytic converter (Pt wool heated
to 350◦C).

The aircraft-based sampling system consists of two sep-
arate components: (1) the air sampling component called
WASP, presented here; and (2) the onboard meteorologi-
cal data monitoring system (the Aircraft-Integrated Meteo-
rological Measurement System (AIMMS-20), Aventech Re-
search Inc.). The latter provides GPS positioning and real-
time winds in three dimensions at a frequency of 20 Hz and
has been evaluated previously (Beswick et al., 2008).

The WASP has three sampling modes: inactive, flushing
and sampling. In inactive mode, typically, before the aircraft
reaches the desired sampling altitude, the WASP is isolated.
Both valve V1 and V2 are closed while V3 and V4 are open
(Fig. 1), and no ambient air is drawn into the coiled tube.
In flushing mode, typically starting a few minutes before the
aircraft reaches the sampling location, valve V2 is opened by
the pilot, and ambient air is flushed into the coiled tube. In
sampling mode, once the aircraft reaches the sampling loca-
tion, the pulsed injection system is initiated (again by the pi-
lot). At this point, a tracer gas is injected into the air stream
at discrete intervals, by the automated cycling of valve V1.
The ambient meteorological data (e.g., temperature, relative
humidity, wind direction and speed) are monitored by the on-
board AIMMS-20 system. The latitude, longitude and alti-
tude are also logged simultaneously by using the integrated
GPS antenna (Fig.1). The controlling and data logging of
WASP and AIMMS-20 are accomplished by using an on-
board PC running LabVIEW. After one sampling flight is
finished, the WASP is switched back to inactive mode with
V1 and V2 closed. After the aircraft lands, the coiled tube
containing the air sample is sealed by manually closing ball
valves V3 and V4 and transported to the lab for analysis (by
using PTR-TOF-MS; see Sect.2.3for analytical description).

2.2 Characterization of WASP

2.2.1 Turbulent versus laminar flow during sample
collection

It is ideal to collect an air sample under turbulent flow con-
ditions. This minimizes the effect of molecular diffusion and
Poiseuille flow, and results in a well mixed sample. Thus,
the flow rate within the tube needs to be high enough to
induce turbulence. Thus a high flow rate is needed to en-
sure turbulent flow, but it is also desirable to collect the
tallest/longest vertical profile possible; and with increasing
tube length, flow rate decreases at constant inlet pressure.
Thus ideally one would want a large diameter, long tube. For
a straight tube, turbulent flow is typically characterized by a
Reynolds number (Re) greater than about 4000; for a 3/8 in.
OD tube this corresponds to a flow rate of about 4–5 ms−1.
For a 150 m length tube, this means a collection time of about

CO2 Analyzer

CO2 Analyzer

PTR-TOF-MSRoom air

(a)
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2
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Fig. 2. The schematic drawings of the diffusion test system. 1: N2;
2: 10 % v / v CO2 or 1 ppmv propene gas; 3: ball valve; 4: pressure
gauge; 5: two-way valve; 6: 3/8 in. OD coiled tube (150 m length).
(a) CO2-spiked N2 gas flows through the WASP tube into the CO2
analyzer;(b) CO2 spiked N2 gas goes directly into the CO2 ana-
lyzer; (c) after the propene-spiked N2 gas fills the WASP tube, the
gas is analyzed with PTR-TOF-MS under a lower withdrawal flow
rate.

30 s, which would result in a vertical profile of no more than
400 m. This is much less than a typical summertime bound-
ary layer height, and ideally, one would want a vertical profile
from canopy height to the top of the mixed layer. The capa-
bility to obtain a vertical profile extending 1000 m above the
canopy would be preferable.

Excessive weight and size makes the use of longer tube
lengths impractical and so, despite its limitations, the 150 m
length (3/8 in. OD) tubing was deemed acceptable for our
purposes.Re of 4000 may be a very conservative minimum
for our application, for two reasons: transient flow, which
is nonlaminar, occurs in straight tube flow atRe as low as
2300; and our flow is through a tightly wound tube, not a
straight tube, thus the airflow is subject to a constant accel-
eration. Thus we assume that turbulent flow for the WASP
will be at a significantly lower flow rate than that calculated
atRe = 4000.

Laboratory studies were conducted in order to determine
whether air will be collected under a sufficiently turbulent
flow regime during realistic aircraft sampling conditions.
First, the ram pressure at the sample inlet of the aircraft was
measured during flight at cruising speed. The observed ram
pressure was measured to be about 110 mbar (near sea level),
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Fig. 3. Comparison of CO2 signals between pumping CO2-spiked
N2 gas through the WASP tube (blue line) and pumping CO2-spiked
N2 gas directly into the LI-COR CO2 analyzer (red line) under
flow rates of:(a) 14 L min−1, (b) 7.7 L min−1, (c) 6.6 L min−1, (d)
5.4 L min−1, and (e) 3.9 L min−1, which correspond to a ram air
pressure of 110, 50, 40, 30, and 20 mbar in front of the WASP tube,
respectively.

which corresponds to a flow rate of 14 liters per minute
(L min−1) through the tubing. Then, in the laboratory, CO2
in air (10 % v / v CO2 gas) was pulse injected into the en-
tire length of tube under various flow rates. Each CO2 in-
jection lasted for 0.2 s, the time interval between two injec-
tions was set to 9.8 s. A component of the gas exiting the tube
flowed into a LI-COR CO2 non-dispersive infrared (NDIR)
analyzer (model LI-6252). The experiment setup is shown in
Fig. 2. A series of experiments were carried out by using N2
gas flow rates of 14, 7.7, 6.6, 5.4, and 3.9 L min−1, which
correspond to ram pressures of 110 mbar, 50 mbar, 40 mbar,
30 mbar, and 20 mbar in front of the WASP tube, respec-
tively. The peak shapes are shown in Fig.3. The full width at
half maximum (FWHM) of the CO2 peaks traversing the en-
tire length of tubing was then compared with direct injection
of CO2 peaks into a flow of N2 gas (at the same flow rate) but
not going through the WASP tube (Fig.4). The FWHM of
the CO2 peaks that went through the WASP tube (hereafter
FWHM-WASP) are significantly different from that of the
CO2 peaks directly injected into the CO2 analyzer (hereafter
FWHM-direct) under all the flow rate conditions (pairedt

test, 5 % significance level). The FWHM-direct values (0.84–
1.2 s) are smaller than the FWHM-WASP values (1.5–4.4 s)
and remain relatively constant. The FWHM-WASP with a
flow rate of 14 L min−1 (1.5 s) is very close to the FWHM-
direct values even though they are statistically different from
each other.
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Fig. 4.The full width at half maximum (FWHM) of the CO2 peaks
as shown in Fig.3. Each data point corresponds to the mean FWHM
value of the five CO2 peaks under each condition. Error bars indi-
cate one standard deviation.

2.2.2 Diffusion effects under different storage times

Once a sample is collected, it must be transported from the
airport to the laboratory. During this storage time, molecu-
lar diffusion will occur, although that effect is expected to
be small, since the transport time is relatively short (typi-
cally less than an hour) and concentration gradients for the
species of interest should be small. We performed labora-
tory tests to determine the effect of sample storage. WASP
samples injected with pulses of propene were stored for
different times, from several minutes up to 14 h, and then
analyzed by PTR-TOF-MS (Fig.5). The FWHM for the
propene peaks are 5.1± 0.40 s (mean± 1 standard deviation,
n = 6), 4.8± 0.21 s, 4.8± 0.38 s, 5.0± 0.40 s, 5.2± 0.38 s,
and 5.7± 0.30 s, respectively, with increasing storage time
as shown in Fig.5. There are no significant differences when
comparing the FWHM of 30 min to 5 h storage times with
1 min storage time (pairedt test, 5 % significance level).
However, for storage time of 14 h 35 min, the FWHMs are
significantly different from the 1 min storage time. It is ev-
ident that peak smearing resulting from molecular diffusion
of propene is small for storage times of less than 5 h. Since
analyses typically will be within 1 h of sample collection, we
find this effect to be negligible, especially when consider-
ing the diffusion rate is determined primarily by the second
derivative of the concentration gradient, and measured con-
centration gradients in vertical profiles will be many times
smaller than the several percent propene gradient used here.
Thus we consider the results here as upper limits. In any case,
if significant molecular diffusion in a WASP sample did oc-
cur, it would be noticeable by the increasing peak width of
the pulsed tracer within that sample. The coiled tube was
not heated during sample collection, because no significant

Atmos. Meas. Tech., 6, 2703–2712, 2013 www.atmos-meas-tech.net/6/2703/2013/



J. E. Mak et al.: A novel Whole Air Sample Profiler 2707

2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

 

 
Sig

na
l in

ten
sity

 (a
.u.

)

S a m p l i n g  t i m e  ( s )

S t o r a g e  t i m e
 1  m i n
 3 0  m i n
 1  h
 2  h
 5  h
 1 4  h  3 5  m i n

Fig. 5.The intensity of propene signals as a function of sample stor-
age time. Each propene injection lasted for 0.2 s, the time interval
between two injections was set to 19.8 s.

differences occurred when running calibration gas mixture
through the tube under room temperature. The calibration gas
contained chemical species of interest, including isoprene
(1 ppmv) and MVK (1 ppmv).

2.2.3 Peak shape under lower withdrawal flow rate

After a sample arrives at the laboratory, the front end of the
tube is connected to the sample inlet of the PTR-TOF-MS
(Sect.2.3). At the back end of the tubing is a supply of zero
air. The PTR-TOF-MS draws in sample air at a set flow rate;
in this case an inlet flow rate of 500 sccm is used (this is
the maximum). This flow rate corresponds to a velocity of
0.16 ms−1 through the WASP tube, which is significantly
lower than that during sample collection, and well below the
threshold for turbulent flow. The low flow rate during sample
extraction is expected to have the largest impact on sample
integrity resulting from laminar and Poiseuille flow.

To quantify this effect we filled the tube with propene
pulse injections into a pure N2 gas stream at mass flow rate of
3.9 L min−1. Propene was pulse injected into the N2 stream
entering the tube every 9.8 s, each injection lasted for 0.2 s.
After the coiled tube was filled with the propene-spiked N2
gas, the valves on both ends of the WASP are closed. The
PTR-TOF-MS inlet was then connected to the back end of
the coiled tube with both valves opened and the samples were
analyzed under a withdrawal flow rate of 500 sccm. We then
repeated the above experiment, but this time the PTR-TOF-
MS inlet was connected to the front end of the coiled tube
and the withdrawal flow direction was reversed as compared
to the flow direction of the N2 gas stream. The experimental
setup is shown in Fig.2c.

The experiment’s results are shown in Fig.6. The propene
signals obtained under different withdrawal flow directions
are aligned together along the same coiled tube setup. Since
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Fig. 6. The intensity of propene signals under different withdrawal
flow directions. The blue line indicates that the inlet of PTR-TOF-
MS is connected to the back end of the WASP tube, the red line
indicates that the inlet of PTR-TOF-MS is connected to the front
end of the WASP tube. The color of thex axis labels correspond to
the withdrawal flow directions. The coiled tube setup is shown on
the top of the figure.

the withdrawal flow direction was reversed for the red line,
from left to right of thex axis, the last peak is the first peak
eluted from the coiled tube, while for the blue line, the first
peak is the first peak eluted from the coiled tube. It is evi-
dent that when the withdrawal flow direction is the same as
the N2 gas flow direction, the peak height and width remain
relatively uniform throughout the entire coiled tube. When
the withdrawal flow direction was reversed, the peak height
decreases as a function of the sampling time while the peak
width increases at the same time. The total sampling time
of the PTR-TOF-MS during each experiment is less than
20 min, the instrument sensitivity is stable during this time
period, thus the different peak shapes under those two ex-
periments are due to the diffusion of propene under different
travel distances inside the coiled tube. When the withdrawal
flow direction is the same as the N2 gas flow direction, all
the propene peaks travel the same distance, i.e., the entire
length of the coiled tube. When the withdrawal flow direc-
tion is reversed, the first eluted peak traveled the shortest dis-
tance inside the coiled tube, while the last eluted peak had to
travel almost twice the length of the coiled tube and experi-
ence the longest residence time. During the field campaign
(discussed in the next section), the withdrawal flow direc-
tion was reversed as compared to the WASP sampling direc-
tion due to logistic setups. However, in future campaigns, the
PTR-TOF-MS withdrawal flow direction should be the same
as the WASP sampling flow direction.

Aside from 304 stainless steel tubing, PTFE tubing and
silco-treated stainless steel tubing were also tested both in

www.atmos-meas-tech.net/6/2703/2013/ Atmos. Meas. Tech., 6, 2703–2712, 2013
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the laboratory and during previous field campaigns. For the
PTFE tubing, the propene peak centers shifted away from
each other after the transportation from the airport to the
ground laboratory, i.e., the distance between two adjacent
peaks were significantly different from each other. This could
be due to the low friction of PTFE material, therefore, for
this reason, it was not used during this campaign. For silco-
treated stainless steel tubing, wall loss of VOC species (e.g.,
isoprene, MVK) were generally lower than 304 stainless
steel (data not shown here), both materials did not cause un-
even distances between two adjacent propene peaks. How-
ever, long enough (150 m length) silco-treated stainless steel
tubing was not available during the PINOT-NOIR campaign,
thus we chose to use the 304 stainless steel tubing since the
wall loss of target chemical species (e.g., isoprene, MVK) is
still within tolerance, even though slightly more than silco-
treated stainless steel tubing.

2.3 Application of WASP during the PINOT-NOIR
campaign

The LI-COR CO2 NDIR analyzer was used for many of
the diagnostic experiments, because of its portability and
ease of use. However the WASP was really designed for
the quantification of reactive gases. Specifically we are in-
terested in measuring the vertical profiles of gases such as
isoprene, MVK, MACR, monoterpenes, acetaldehyde, and
other reactive species.

In situ collection of ambient air samples were carried out
on 9 and 10 August 2012 during the intensive field cam-
paign Particle Investigations at a Northern Ozarks Tower
– NOx, Oxidants, Isoprene Research (PINOT-NOIR). The
sampling site was located at the Baskett Research and Edu-
cation Area (BREA, 38◦44′24′′ N, 92◦12′0′′ W), which is an
oak-dominated forest managed by the University of Missouri
(http://aes.missouri.edu/baskett/). The study involved mea-
surements using a high resolution time of flight mass spec-
trometer (HTOF-MS, Tofwerks, Switzerland).de Gouw and
Warneke(2007) reviewed the operational mode for H3O+

chemistry using the PTR-MS technique in detail. Briefly,
measurements were performed using a PTR-TOF-MS 8000
apparatus from Ionicon Analytik GmbH, Innsbruck (Austria)
(Jordan et al., 2009), where the ionization conditions in the
drift tube were controlled by drift voltage (530 V), drift tem-
perature (60◦C) and drift pressure (2.3 mbar) resulting in an
E/N of about 115 Td. A capillary inlet heated to 60◦C was
used as a transfer line, which was flushed at a flow rate of
250 sccm. The transfer line was connected to an unheated
1/8 in. OD Teflon® line (∼ 5 m length), which was connected
to the 150 m WASP coiled tube. The signal onm/z = 43+

was used to monitor propene pulses that allowed correla-
tion with the GPS altitude signal and was used to recon-
struct the air mass history as a function of position in the
coiled tube. A custom built calibration system was used to di-
lute a gravimetrically prepared VOC standard that included
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Fig. 7. The flight track of flight 5 conducted on 10 August 2012.
The satellite map is obtained from Google Earth.

isoprene. The gas standard was gravimetrically prepared in
house and contained isoprene (7.25 ppmv) and camphene
(4.87 ppmv). The dynamically diluted standard gas was di-
rectly sampled by the PTR-TOF-MS inlet, the WASP sys-
tem was not included as part of the calibration experiment.
The limits of detection (3σ uncertainty of zero air back-
ground measurement) for isoprene and camphene were cal-
culated to be< 0.055 ppbv and< 0.020 ppbv, respectively
(1 min integration time). The total uncertainty of the sensi-
tivity calibration was estimated to be within±15 %.

A representative flight track is shown in Fig.7. The aircraft
took off at the Columbia Regional Airport (∼ 10 km to the
north of the BREA). For each flight the air sampling usually
started at∼ 30 m above the canopy top, climbing to a max-
imum altitude of 1000–1200 m above the ground. The time
interval between two tracer gas injections was set to 9.6 s and
each injection lasted for 0.2 s. A total of 13 tracer gas peaks
were injected into the air stream and the total collection time
was∼ 2 min. After this point the WASP was switched back to
inactive mode and the aircraft started to descend and return
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Fig. 8. The concurrent mixing ratio of isoprene with the count rate
of propene. The GPS altitude is interpolated based on the peak posi-
tion of propene. Data shown here are for flight 4 during the PINOT-
NOIR campaign. See text for detailed explanation.

to the airport. The total time for each flight was∼ 13 min.
After each flight, the coiled tube was transported from the
airport to the BREA flux tower field laboratory where the
samples were analyzed by the PTR-TOF-MS. The time for
the transportation between the airport and the field labora-
tory was∼ 40 min. The time interval between two flights
was∼ 2.5 h. A total of 8 flights were conducted, which re-
trieved 8 profiles: three on 9 August and five on 10 August.
Here we discuss the vertical profiles obtained on 10 August
(flights 4–8).

3 Results and discussion

3.1 Reconstructing altitude profiles for WASP samples

During sampling, the altitude information of the ambient air
is preserved by pulsing timed tracer gas peaks into the air
sample stream right before it enters the coiled tube. The GPS
time, altitude, and meteorological data are recorded together
by the AIMMS-20 system. After each flight, the air sample
inside the coiled tube is measured by using the PTR-TOF-
MS and the counts rate of the tracer gas as well as the VOC
species are recorded simultaneously. Figure8 shows the pro-
file of tracer gas (propene) and mixing ratios of isoprene from
flight 4 of the PINOT-NOIR campaign. To obtain the GPS
altitude for each VOC mixing ratio data point in Fig.8, the
sampling time of the first injected tracer gas peak (the first
peak shown in Fig.8) is synchronized with the correspond-
ing GPS time from the AIMMS-20 system. Then the sam-
pling time of all the tracer peaks are calculated according
to the known time sequence. The sampling time for all the
VOC mixing ratio data points between two tracer gas peaks
are calculated by interpolation. The GPS altitudes of all the
VOC mixing ratio data points are then calculated by inter-
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Fig. 9. The integrated peak areas of the propene peaks as shown in
Fig. 8. Also shown is the FWHM of all the corresponding peaks.
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Fig. 10. The mean mixing ratios of isoprene and MVK + MACR
during flights 4–8 conducted on 10 August 2012. The error bars
indicate 1 standard deviation for each flight.

polating the calculated sampling time on the GPS time and
a typical output is shown in Fig.8. The meteorological data
are obtained at the same time.

The smearing of the propene peaks is significant espe-
cially for the earlier injected peaks at lower sampling alti-
tude. This effect is demonstrated in Sect.2.2.3 by pulling
propene-spiked N2 gas at the same withdrawal flow rate as
the field campaign. To quantify this effect during the field
sampling and measurement, the areas and FWHM are cal-
culated for all the propene peaks (Fig.9). Except for the first
injected peak, the FWHM keep decreasing as the peak height
increases. The peak areas are not significantly different from
the mean value (one samplet test, 5 % significance level).
The deviation of the first injected peak may be due to the
disturbance from ambient room air during measurement.
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Fig. 11.The vertical profiles of(a) isoprene and(b) MVK + MACR
on 10 August 2012. The sampling times indicate the beginning of
each flight in local time. Altitude is given in meters above mean sea
level; elevation of Columbia is 200 m MSL.

3.2 VOC mixing ratios during PINOT-NOIR

Isoprene (C5H8) is the dominant BVOC species emitted from
an oak-dominated forest. The mean mixing ratios of isoprene
and its major photooxidation products, MVK + MACR, for
flights 4–8 are shown in Fig.10. The mean mixing ratio
of isoprene is lowest in the early morning and builds up to
reach a maximum value of 0.88± 0.22 (mean± 1 standard
deviation) ppbv at 16:07 in the afternoon. After this point the
mixing ratio of isoprene drops slightly to 0.76± 0.38 ppbv at
18:06 CST. Figure10 shows that the photooxidation prod-
ucts, MVK + MACR, also have a low mean mixing ratio
in the early morning. However, the mean mixing ratio of
MVK + MACR remained relatively stable throughout the af-
ternoon. The variability of the isoprene mixing ratio is rela-
tively large especially for the three flights carried out in the
afternoon when the isoprene mean mixing ratios are higher.
In contrast, the variability of MVK + MACR is relatively low
and remains relatively consistent among all the flights.

The vertical profiles of isoprene (Fig.11) reveal some in-
teresting features of its distribution throughout the air col-
umn from above the forest canopy up to∼ 1800 m (mean sea
level, MSL; the site elevation is about 200 m). At the begin-
ning of the day the mixing ratios of isoprene are low, in some
cases below the detection limit of the PTR-TOF-MS, and
there is no obvious vertical variation. In the early afternoon at
13:45, the isoprene mixing ratios increased to 1.0–1.5 ppbv
between the altitudes of 300 and 600 m. The mixing ratios
drop significantly above 600 m and increase slightly at the
top of this flight (∼ 1200 m). For the flight taken at 16:07, the
isoprene mixing ratio remains relatively stable at∼ 1.0 ppbv
at altitudes of 600–1200 m and then drops sharply to 0.50–
0.70 ppbv above 1300 m. The vertical profile of isoprene
from the last flight shows two distinct peaks at∼ 550 and∼
850 m, respectively. The vertical profiles of MVK + MACR
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Fig. 12. The vertical profiles of(a) ambient air temperature and
(b) relative humidity on 10 August 2012. The sampling time indi-
cates the beginning of each flight in local time. Altitude is given in
meters above mean sea level; elevation of Columbia is 200 m MSL.

do not show significant variations throughout the air column.
The largest variation occurs at early afternoon.

The vertical profiles of isoprene and MVK + MACR are
affected by factors including surface emission and deposi-
tion, vertical turbulent transportation within the boundary
layer, entrainment from the free troposphere and chemical
losses. The biogenic emission of isoprene is light-dependent,
resulting in low mixing ratios in the early morning immedi-
ately after sunrise. During the rest of the day, the isoprene
mixing ratios build up. The increasing isoprene emission
source is somewhat balanced by the mixing ratio decrease
due to higher vertical transport and chemical losses. Another
factor that can contribute to the variation of the vertical pro-
files of isoprene is transportation from other regions. At a
sampling height of∼ 1000 m, the footprint size is on the or-
der of 104 m, which means the isoprene sampled over the
BREA area could be transported from other areas with either
higher or lower isoprene emissions. On the other hand, the
mixing ratios of MVK + MACR are controlled mainly by in
situ photooxidation of isoprene, thus the vertical structures
are relatively uniform throughout the vertical column.

3.3 Footprint of the emission sources

The airborne sampling and subsequent analysis can deter-
mine the VOC’s mixing ratios above the forest canopy to a
higher altitude than any ground-based tower measurement.
Meanwhile, it is necessary to estimate the upwind “source
areas" that contribute to those measured VOC concentra-
tions or fluxes at a higher altitude. The footprint size and
location is dependent on the measurement height, the at-
mospheric stability conditions within the planetary bound-
ary layer (PBL), and the roughness of the surface (Kljun
et al., 2004; Horst, 1999; Baldocchi, 1997; Kaharabata
et al., 1999). For this campaign, the top sampling altitude
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is ∼ 1000 m, much higher than tower measurements, which
are typically< 100 m and are at most∼ 300 m. By using a
footprint function facilitated with a scaling approach (Kljun
et al., 2004), we are able to obtain the estimated footprint
size for the aircraft-based measurements. As indicated by the
vertical temperature and relative humidity profiles (Fig.12),
the PBL height during the sampling period on 10 August was
> 1500 m. The estimated peak values of the footprint varied
by two orders of magnitude (102–104 m, data not shown),
depending on different sampling heights.

A more comprehensive analysis of the vertical profiles and
the associated fluxes can be accomplished using the horizon-
tal wind speeds and turbulence at different altitudes, which
are available from the on-board AIMMS-20 system, as well
as other constraints.

4 Conclusions

The WASP system successfully collected highly resolved
vertical profiles of air from near the surface to a height of
1000–1500 m. The aircraft sampling conditions used for this
collection ensures that the results are not affected signifi-
cantly by molecular diffusion or laminar flow characteris-
tics. A unique component of the WASP is the pulse injec-
tion tracer system that allows us to chemically timestamp the
air sample throughout the tube length. Using the GPS data
from the AIMMS-20 system, we can reconstruct the position
of the sampled air to within a few meters’ altitude (this is
dependent upon the type of post-collection analysis; in our
case the sample frequency of the PTR-TOF-MS allows for
high resolution vertical positioning). The pulse injection sys-
tem also allows us to confirm the degree of smearing that may
take place during air sample handling. We find that extraction
of the air sample post-collection has the greatest impact on
the “smearing” of the collected profiles; however the effect
is small, and does not take away from the usefulness of such
observations. The WASP fills a gap that extends above tower-
based vertical profiling systems that are typically limited to
the lowest 100 m and at most 300 m. Tethered balloon sam-
pling systems can probe higher but do not provide the verti-
cal resolution of the WASP or the capability for easy move-
ment to different locations. The WASP offers many advan-
tages over these alternatives and will be deployed in future
campaigns that focus on trace gas emissions.
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