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Perfluoroalkoxy alkane (PFA) Teflon tubing has been widely used to draw air samples for analyzing

atmospheric trace gases. However, impacts of long tubing on measurements of atmospheric trace gases

have rarely been reported so far, especially for various organic trace gases. In this study, interactions

between long tubing and various trace gases were assessed using a combination of laboratory tests, field

experiments, and modeling techniques. A tower-based observation system of trace gases was also

established using long tubes. The results show that measured concentrations of organic compounds

required varying amounts of time (e.g., 10–474 s for a 400 m-long tubing at a flow rate of 13 standard

liters per minute) to stabilize after traversing the tubing. Tubing delays of organic compounds were

highly dependent on their saturation concentrations and the residence time in the tubing. In laboratory

tests, there are no detectable losses of the targeted chemical species after traversing the 400 m-long

tubing. In real applications, concentrations of nitric oxide (NO) cannot be well measured through long

tubes in the daytime due to its low ambient concentrations and rapid consumption by ozone. Negligible

losses were observed for most of the other targeted species when measured using long tubes.

Measurements of various trace gases made by the vertical observation system can well characterize their

concentrations and vertical distributions. However, the measurements of a trace gas made by the

vertical observation system at each altitude cannot be used to interpret its temporal variability at time

scales lower than its tubing delay. In addition to their usage on tall towers, long PFA Teflon tubes can be

also used on mobile platforms (e.g., tethered balloons) for vertical measurements of atmospheric trace

gases or to surveil emissions of targeted chemical species at multiple sites.
Environmental signicance

Long tubing has been widely used as inlets for measurements of atmospheric trace gases in certain circumstances, e.g. tall towers, balloons, or unmanned aerial
vehicles. However, interactions between various trace gases and the long tubing remain unclear so far, which highly limits the development of vertical
observations of atmospheric trace gases to a large extent. To address this concern, we systematically investigated the impacts of long tubing onmeasurements of
various trace gases, namely O3, NOx, and a set of organic compounds, using a combination of laboratory tests, eld experiments, and modeling techniques. The
ndings presented here could provide a solid theoretical basis and guidance for the usage of long tubing in analyzing atmospheric trace gases in the future.
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enzhen 518040, China
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506–520
1. Introduction

Greenhouse gases, gaseous pollutants, and precursors of
secondary pollutants have notable impacts on both regional air
quality and climate change, thus as important trace gases in the
lower troposphere.1–3 Concentrations of these trace gases along
with their spatio-temporal variability at ground level have been
well characterized so far.4–6 However, their vertical variations
and inuential factors are rarely reported due to the difficulty in
obtaining direct observations. Knowing vertical structures and
key drivers of these trace gases is important for elucidating their
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
source emission characteristics and roles in regulating climate
change and air quality at both regional and global scales.7–10

Vertical measurements of atmospheric trace gases in the
lower troposphere have been made by a variety of approaches,
e.g., sounding and tethered balloons,11–15 unmanned aerial
vehicles (UAVs),16–18 towers,19–24 remote sensing techniques,25–27

and aircra.28–32 The advantages and disadvantages of these
approaches have been discussed in the literature.33,34 In
summary, towers could provide an economic and exible way to
regularly perform vertical gradient measurements of trace
gases, particularly in urban and suburban environments.

Direct deployment of instruments at multiple altitudes of
a tower (in situ observations) is the most popular way to make
regular observations of targeted species.7,21,35 However, more
instruments will be deployed if concentrations of targeted
species at more heights are required to be measured simulta-
neously. The economic costs of the initial establishment and
subsequent maintenance of such a tower-based platform are
very huge. In addition, some instruments (e.g., many mass
spectrometers) are very bulky and may not be directly deployed
on a tower, largely limiting the number of gaseous species that
could be routinely measured. Instead of in situ observations, air
samples at multiple heights of a tower could be drawn by long
tubes and sequentially analyzed using only one set of instru-
ments deployed at a certain level (most frequently on the
ground).36–39 The most concerning question for this approach
was measurement uncertainties of trace gas concentrations,
particularly for various organic compounds, caused by the
usage of long tubing.

Tubes made of peruoroalkoxy alkane (PFA), polytetra-
uoroethylene (PTFE), and uorinated ethylene propylene are
widely recommended for analyzing organic and inorganic
species due to their excellent chemically inert properties.15,40–43

Previous studies found that the inner walls of these tubing types
can interact with air samples by the absorption/desorption of
trace gases,40,44 namely gas–surface interactions. Certain
amounts of time are required to reach an equilibrium between
the adsorption and desorption, leading to time delays (usually
recognized as tubing delays) in measured concentrations of
trace gases aer traversing the tubing. In addition, molecular
diffusion and dispersion (Taylor dispersion) can also induce
tubing delays of various trace species.45 Chemical reactions of
reactive trace gases that may occur during the course of trans-
port further increase their measurement uncertainties.15 For
most organic compounds, tubing delays are dependent on their
saturation concentration (C*), tubing size, and tubing ow rate
but are independent of species concentration and humidity. For
some small polar molecules, tubing delays are dependent on
humidity and their Henry's law coefficient. Tubing delays of
various organic compounds and inorganic species in these
tubing types with short lengths (several or dozens of meters)
have been investigated.40,41,46 Assessment of the long tubing
(<200 m) in measuring ambient concentrations of ozone, NOx,
and a small set of non-methane hydrocarbons (including seven
alkanes and two aromatics) has been also performed in the
literature.14,15,43 However, interactions between much longer
tubes (e.g., several hundreds of meters) and more trace gases
© 2023 The Author(s). Published by the Royal Society of Chemistry
(particularly for various organic trace gases) should be also
systematically investigated.

In this study, the combination of laboratory tests, model
simulations, and eld validations was used to systematically
assess the impacts of long PFA Teon tubes on measurements
of different trace gases. In addition, a tower-based system was
established using long PFA Teon tubes to make vertical
gradient measurements of atmospheric trace gases with high
time resolutions. Lastly, the results of a eld campaign were
discussed to preliminarily reveal the vertical distributions of
some typical species.
2. Methods and materials
2.1. Tubing selection and instruments

The residence time of sample gas (Fig. S1†) in a section of the
tube, which is dened as the ratio of the tubing length to the
inside ow velocity, is inversely proportional to the ow rate.
The decrease in residence time could reduce the impacts of the
tubing on measurements of trace gases.44 However, the increase
in ow rate can rapidly increase the pressure drop of sample gas
(Fig. S2†), which is unfavorable for instruments to draw
subsamples from the tubing. Therefore, thick PFA Teon tubing
with an outer diameter (OD) of 1/2′′ and an inner diameter (ID)
of 0.374′′ was used to balance the ow rate, pressure drop, and
economic cost. According to the results of our tests, the
instruments used in this study can normally work when the ow
rate of the sample gas stream in a 400 m long tubing (the
longest tube used in this work) was lower than 20 standard liters
per minute (SLPM).

The instruments used in this study all have fast response
times to capture changes in concentrations of targeted trace
gases. Measurements of organic compounds were made using
a high time-resolution proton-transfer-reaction quadrupole
interface time-of-ight mass spectrometer (PTR-ToF-MS) (Ion-
icon Analytik, Innsbruck, Austria) that has both the hydronium
ion (H3O

+) and nitric oxide ion (NO+) chemistry. The PTR-ToF-
MS was operated at an E/N ratio of ∼120 Td. Other settings and
parameters of the PTR-ToF-MS have been described in our
previous studies.46–48 Ozone was measured using the ultraviolet
photometry method (49i, Thermo Fisher Scientic Inc., USA;
405, 2B Tech, USA), NOx was measured using the chem-
iluminescence method (42i, Thermo Fisher Scientic Inc., USA)
and the UV absorption method (205, 2B Tech, USA), and H2O
and CO2 were measured using the nondispersive infrared
method (Li-840A, Licor Inc., USA).
2.2. Laboratory tests

Laboratory tests were performed to investigate interactions
between long tubes and various trace gases. In brief, themixture
of gas standards (namely ozone, NO, NO2, CO2, and a set of
organic compounds in Tables S1 and S2†) and zero air (O2 + N2

$ 99.9995%) (Fig. S3–S7†) were added to the tubing at xed ow
rates (6–18 SLPM). Other detailed information on the instru-
ments and the experimental setup is provided in the ESI.†
Impacts of long tubing on measurements of trace gases can be
Environ. Sci.: Atmos., 2023, 3, 506–520 | 507
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quantitatively assessed according to changes in their concen-
trations measured at the two ends of the tubing. In this study,
scatter plots and linear ttings (y = kx + b; k is the slope and b is
the intercept) were mainly used to perform the comparison
Fig. 1 (a) Passivation and (b) depassivation curves of four selected ion
signals measured by PTR-ToF-MS for the 400 m long tubing at a flow
rate of 13 SLPM. Ion signals were normalized to those measured at the
start time of the step-function change; Grey solid lines in panel (b) are
double exponential fittings. (c) Depassivation curves of isoprene for the
400 m long tubing at different flow rates.

508 | Environ. Sci.: Atmos., 2023, 3, 506–520
analysis. The coefficient of determination, denoted by R2, was
used to evaluate the goodness of t. Inorganic species, namely
ozone, NOx, and CO2, have small tubing delays (only several
seconds) even in a 400m long tube and thus were not discussed.
As validated in previous studies, tubing delays of most organic
compounds are independent of concentration and
humidity,49,50 but dependent on C* and tubing size.40,41,44

Tubing delays of some small polar molecules (e.g., HCl and
PAN) are dependent on humidity and Henry's law coefficient.41

In this study, only tubing delays of the organic compounds
measured by PTR-ToF-MS were discussed.

In this study, tubing delays of organic compounds were
dened and computed using the same methods in previous
studies.40,41,44 Briey, the tubing delay of a trace gas is dened as
the amount of time required to reach 90% of the change in its
concentration before entering the tubing.40,41,44 It should be noted
that the tubing delay is distinct from the residence time as dis-
cussed in Section 2.1. For tubing with a xed length and inside
ow rate, all the chemical species have the same residence time
but have differentiated tubing delays. Tubing delays of organic
compounds were calculated according to the depassivation curves
of their ion signalsmeasured at the outlet end of the tubing (Fig. 1
and S8–S10†). Ion signals of organic compounds were rst
normalized to those measured at the start time of the step-func-
tion change at the outlet end of the tubing. Then, the normalized
depassivation curves were tted using the double exponential
method, as formulated in eqn (1), to reduce the impacts of the
noise in measured ion signals of trace gases. The tubing delay of
an organic compound is determined as the time when its double
exponential tting line declined to 0.1, as shown in Fig. 1(b). As
shown in Fig. 1(c), the inner parts of the instruments and auxiliary
tubes (these tubes have ODs of 1/4′′ and 1/8′′ and were used to
connect instruments and long tubes) used in laboratory tests can
also cause delay times for the measurements of organic
compounds and should be excluded in the analysis. However, the
measured delay times caused by the instruments and auxiliary
tubes weremuch lower than those caused by long tubes, as shown
in Fig. S11.† Therefore, the delay times of targeted organic
compounds caused by the instruments and auxiliary tubes were
directly subtracted from those measured for long tubes.

y ¼ y0 þ A1 exp

��ðx� x0Þ
s1

�
þ A2 exp

��ðx� x0Þ
s2

�
(1)
2.3. Field validations

Field validations of long PFA Teon tubes in measuring
concentrations of targeted trace gases were conducted at the
base of the Shiyan Meteorology Tower (SMT) in Shenzhen,
China.35,51 The SMT is 365 m high (Fig. S12†) and is located ∼20
km to the northwest of downtown Shenzhen and ∼80 km to the
southeast of downtown Guangzhou in the Pearl River Delta
region. A vertical observation system was established using PFA
Teon tubes (OD: 1/2′′) based on the SMT. Five heights, namely
40, 70, 120, 220, and 335m, on the SMT (Fig. S13†) were selected
to mount inlets of the tubes (Table S5†). At each inlet height,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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two tubes were installed with one for backup. Filters (47 mm
PFA lter holder; 2 mm PTFE lter membrane) were installed
downstream of the tubing inlets (Fig. S12†) to remove ne
particles. The inlet ends of the tubes were mounted downward
to prevent contamination from precipitation. To prevent
photochemical consumption/formation of trace gases, all the
tubes were installed inside an iron box and were wrapped with
black plastic bellows on the tower to avoid exposure to sunlight.
The mixture of zero air and gas standards can be delivered to
the inlet height of 120 m using the backup tube, aiming to
dynamically assess the impacts of the tubing on measurements
of targeted trace gases during eld campaigns. An additional
inlet, ∼5 m above ground level, was mounted on the rooop of
an observation room at the base of the SMT.

All six tubes of the vertical observation system were continu-
ously drawn using a rotary vane vacuum pump during a eld
campaign. Critical orices (orice diameter: 0.063′′) were used to
control the ow rate of the air sample stream in each tube
(Fig. S13†). The six tubes were drawn simultaneously rather than
being sequentially drawn so that they can be kept ushing with
ambient air to reduce tubing delays of the organic compounds.
Subsamples were sequentially drawn by instruments from the six
tubes through a Teon solenoid valve group, which can perform
the switch of air sample ow at designated time intervals. As
a result, ow rates of air sample streams for the six tubes varied
between 12.0 and 15.0 SLPM (Table S5†) without subsampling
and were lower than 20 SLPM with subsampling.

A eld campaign was conducted in January 2021, during
which vertical gradient measurements of various trace gases
were made by the vertical observation system. The measure-
ments of organic compounds and CO2 had time resolutions of 5
s. The PTR-ToF-MS was operated with the rst 44 min in the
H3O

+mode (including three H3O
+modes: 16-14-14min) and the

remaining 16 min in the NO+ mode in one hour. Background
measurements of the PTR-ToF-MS were automatically per-
formed in the last 2 min of each mode by passing ambient air
through a platinum catalyst to remove organic compounds.52

The platinum catalyst is immediately in front of the inlet of the
PTR-ToF-MS and has no impact on measurements of the other
instruments. Automated calibrations with certied gas stan-
dards were performed three times daily in the H3O

+ mode
(Table S1†) and twice daily in the NO+ mode (Table S2†). The
measurements of other trace gases, namely ozone, NO/NO2/
NOx, and CO2, had time resolutions of 10 s during the
campaign. In addition to PTR-ToF-MS, background measure-
ments of the other instruments were made once daily using zero
air. These instruments were calibrated in our laboratory using
a mixture of zero air and respective gas standards before and
aer the campaign.

As introduced above, all the tubes were continuously ushed
with ambient air to minimize the effects of the delay time from
the long inlets. Therefore, the selection of switching intervals
between the inlet heights should follow two principles: (i)
obtaining as many effective samples as possible at each height;
(ii) performing as many vertical measurement cycles as possible
in a certain amount of time. According to our tests, the
measurements of all trace gases made in the rst 30 s and the
© 2023 The Author(s). Published by the Royal Society of Chemistry
last 10 s of a switch should be discarded to remove cross
interferences from different inlet heights. In this study, the
solenoid valve group was set to switch to a new inlet height every
two minutes during the eld campaign.

In addition to the vertical observation system established by
our group, the Shenzhen Environmental Monitoring Center has
directly deployed ozone monitors at 60, 110, 210, and 325 m and
NOx (NOx and NO) monitors at 70, 120, 220, and 335 m on the
SMT.35 Therefore, the gradient measurements of ozone and NOx
made by the observation system can be assessed by comparisons
with those directly made on the SMT. As suggested in previous
studies,15,43 ambient air samples were also alternatively measured
by using a 5 m and a 400 m long PFA Teon tube (OD: 1/2′′) to
further assess the impacts of long tubing on measurements of
various trace gases in real environments. This eld validation
experiment was conducted at the SMT base from LT 17:30 on
January 29 to LT 12:30 on January 30, 2021, covering both dark
and daylight times. The two tubes were run side by side on the
rooop of the observation room and their switch was performed
using a solenoid valve group at time intervals of 4 min.
2.4. Box model simulations

In addition to gas–surface interactions, concentrations of
reactive gaseous species (e.g., ozone, NO, and unsaturated
hydrocarbons) may change to some extent aer traversing the
tubing due to chemical formation/consumption. Therefore,
a zero-dimensional box model (F0AM) coupled with the Master
Chemical Mechanism (v3.3.1)53,54 was used to assess the
impacts of chemical reactions on measurements of targeted
trace gases aer traversing the tubing.

To investigate the maximum potential losses of targeted
gaseous species aer traversing the 400 m long tubing,
a moment with strong solar radiation and high ozone concen-
tration at LT 14:00 was selected to perform the simulation. The
input data of meteorological parameters used the measure-
ments made at an urban site in Guangzhou (23.15° N, 113.36°
E), China on October 1, 2018.46,48 Other settings and parameters
of the box model are summarized in Table S6.† A spin-up of 3 h
(LT 11:00–14:00) was used to minimize the inuences of initial
conditions on simulation results. The model was run without
inputting data of organic compounds during the spin-up time.
At LT 14:00, the mixing ratios of a set of organic compounds
(Table S6†) were set to 2 ppb, and the solar radiation was set to
zero to reproduce the chemical reactions of various species in
the absence of sunlight (Fig. S14†). As shown in Fig. S1,† the
residence time of sample gas in the 400 m long tubing is less
than 180 s at a ow rate of 13 SLPM. Therefore, chemical losses
of targeted chemical species could be characterized by the
changes in their concentrations between LT 14:00 and 14:03.
3. Results and discussion
3.1. Tubing delays of various organic compounds

As shown in Fig. 1, concentrations of organic compounds have
signicant but differentiated delay times aer traversing the
400 m long tubing at the ow rate of 13 SLPM. In addition to
Environ. Sci.: Atmos., 2023, 3, 506–520 | 509
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gas–surface interactions, the longitudinal mixing of trace gases,
caused by molecular diffusion and dispersion,45 can also have
effects on their concentrations aer traversing long tubing.
According to the method (see details in the ESI†) used in the
literature,45 the inuence times of molecular diffusion and
dispersion, denoted by tm, on measurements of organic
compounds aer traversing a tubing can be estimated. Taking
isoprene (C* = 2.0 × 109 mg m−3) and chlorobenzene (C* = 6.6
× 107 mg m−3) as examples, the two organic compounds have
very signicant differences in both saturation concentrations
and measured tubing delays, as summarized in Tables S3 and
S4.† However, the estimated tm for isoprene and chlorobenzene
has minor differences and all slowly decrease with the increase
in ow rate. This is slightly different from the observed results
that the measured tubing delays of organic compounds rapidly
decrease with the increase in ow rate, as shown in Fig. 1(c). In
Fig. 2 Tubing delays of various organic compounds as a function of (a) C
is the abbreviation for higher alkanes that were measured by PTR-ToF-M
line indicates the potential maximum tm for an organic compound with l
rate of 13 SLPM. In panels (b and c), tubing delays of organic compounds w
rate of 6 SLPM. In panel (d), tubing delays were normalized to thosemeasu
circles are color coded by C*.

510 | Environ. Sci.: Atmos., 2023, 3, 506–520
addition, the estimated tm for chlorobenzene (Table S4†) is
much smaller than its measured tubing delay. By contrast, the
estimated tm for isoprene (Table S3†) is comparable to its
measured tubing delays at different ow rates. These results
indicate that gas–surface interactions play predominant roles in
determining the tubing delays of organic compounds, particu-
larly for the species with smaller C* values associated with
tubing delays much larger than several seconds. The effects of
molecular diffusion and dispersion become more important for
the species with larger C* values associated with tubing delay in
the range of several seconds.

Fig. 2 shows tubing delays of organic compounds as a func-
tion of C*, residence time, tubing length, and ow rate. Tubing
delays of organic compounds with different tubing lengths and
ow rates all exhibit exponential decreases with the increase in
C*, as shown in Fig. 2(a). This is consistent with the work
*, (b) residence time, (c) tubing length, and (d) flow rate; In panel (a), HA
S in NO+ mode; the solid lines indicate power fittings; the black dashed
arge molecular weight after traversing the 400 m long tubing at a flow
ere normalized to thosemeasured for the 400m long tubing at a flow
red for the 400m long tubing at a flow rate of 13 SLPM. In panels (b–d),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reported in ref. 44. Tubing delays of the organic compounds
with small C* values (e.g., C* < 5.0 × 106 mg m−3) are much
higher than those of the species with large C* values. In addi-
tion to higher alkanes (HA), tubing delays of the majority of the
organic compounds with C* greater than 5.0 × 106 mg m−3 in
the 400 m long tubing are lower than 200 s at the ow rate of 13
SLPM. For organic compounds with C* between 1.0 × 106 and
5.0 × 106 mg m−3, their tubing delays are generally lower than
600 s. As the result, the time scales for averaging concentrations
of these organic compounds should be greater than their tubing
delays. For example, 10 min (or more) mean concentrations of
the organic compounds with C* between 1.0 × 106 and 5.0 ×

106 mg m−3 made by the 400 m long tubing at the ow rate of 13
SLPM are more reliable for subsequent analysis.

As discussed above, the tubing delay of an organic
compound is closely associated with the residence time of the
air sample stream in the tubing. As shown in Fig. 2(b), tubing
delays of organic compounds increase rapidly with the increase
in residence time. The residence time of the air sample stream
in a tubing is mainly determined by the tubing length and ow
rate. Therefore, we further investigate responses of tubing
delays of targeted organic compounds to changes in tubing
length and ow rate in this study, as shown in Fig. 2(c) and (d).
Fig. 3 Intercomparison of species signals/mixing ratios measured with a
Calibration of the organic compounds measured by PTR-ToF-MS in H3O
signals of three typical organic compounds with large tubing delays mea
and CO2. Solid lines in panels (a) and (c) are linear fittings (y = kx + b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Tubing delays of organic compounds increase rapidly with
the decrease in ow rate. The increase in the ow rate of the air
sample stream can also enhance the molecular diffusion/
dispersion of trace gases in the radial direction of the tubing,45

leading to a decline in the time required for achieving the
absorption–desorption equilibriums of various trace gases.
Under these conditions, the ow rate of the air sample stream in
long tubing should be as large as possible if instrument
congurations are allowed. For a xed ow rate of 13 SLPM,
tubing delays of organic compounds also increase rapidly with
the increase in tubing length. However, the tubing delays of
organic compounds exhibit slight non-linear responses to
changes in both tubing length and ow rate. These results are
slightly different from those reported by the previous work44

that delay times of organic compounds are proportional to
tubing length and are inversely proportional to ow rate.
Previous work44 mainly focused on tubing delays of the organic
compounds that have small C* values in tubes with short
lengths (<3 m), small ODs (#1/4′′) and ow rates (#3 SLPM,
laminar ow). Reynolds numbers of sample gas streams in the
tubing (OD: 1/2′′) used in this study are generally larger (∼900–
2700) than those used in the literature (#1000).40,41,44 Therefore,
the air sample streams in long tubes in this study are close to
nd without the 400 m long tubing at a flow rate of 13 SLPM. (a and b)
and NO modes, respectively; markers are color coded by C*. (c) Ion

sured by PTR-ToF-MS in H3O mode. (d) Mixing ratios of NO, NO2, O3,
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the transition between the laminar and turbulent ow. In
addition, the increase in tubing length and ow rate will non-
linearly enhance the impacts from molecular diffusion and
dispersion on measured concentrations of trace gases aer
traversing the tubing. These are the two most likely reasons for
the slight non-linear responses of tubing delays of organic
compounds to changes in tubing length and ow rate.
Fig. 4 Time series of concentrations of various chemical species since
setting solar irradiation as zero (entering the tubing, t = 0) in the box
model when the initial mixing ratio of ozone was set as 100 ppb.
Concentrations of the chemical species were normalized to those at t
= 0 s.
3.2. Interactions between tubing and various trace gases

In this study, the impacts of long tubing on changes in
measured concentrations of targeted trace gases were mainly
assessed using a 400 m long tube, as detailed in the ESI.† The
assessment was rst performed in the laboratory by measuring
known concentrations of targeted trace gases with and without
the tubing. The duration time of each concentration step is∼30
min for PTR-ToF-MS in H3O

+ mode and ∼50 min for PTR-ToF-
MS in NO+ mode (Fig. S4†). For the organic compounds that
have tubing delays smaller than the time between concentra-
tion steps, their ion signals measured at both ends of the tubing
agreed well within 20%, as shown in Fig. 3. By contrast, ion
signals of the organic compounds measured at the two ends of
the tubing will signicantly deviate if their tubing delays are
larger or comparable to the time between concentration steps.
For example, ion signals of the species with small C* values,
namely naphthalene, 1,3,5-trichlorobenzene, tridecane, octane,
octylcyclohexane, and nonane, measured with the tubing were
11–50% lower than those measured without the tubing. As
introduced in Section 2.2, the tubing delay of a trace gas is
dened as the amount of time required to reach 90% of the
total change in its concentration and thus more time will be
required for the last 10% of the change (Fig. S9 and S10†).
However, concentrations of an organic compound measured
with and without the tubing do not have detectable differences
when its tubing delay is much smaller than the time between
concentration steps. In contrast to organic compounds,
concentrations of NO, NO2, O3, and CO2 measured at both ends
of the 400 m long tubing agreed well within 5%, as shown in
Fig. 3(d).

Measurement uncertainties of various organic compounds
in the 400 m long tubing (two 200 m long tubes at 120 m height
of the SMT) during the eld campaign were also assessed by
adding the mixture of gas standards and zero air to the inlet end
at the ground. As shown in Fig. S15,† ion signals measured with
and without the 400 m long tubing also agreed well (k= 0.85, R2

= 0.88). These results further conrm the effectiveness of the
observations made by the vertical observation system developed
in this study.

In addition to the impacts from tubing delays, many trace
gases may be chemically consumed/formed to varying degrees
when traversing the tubing. The tubes were mounted in dark
environments to prevent photochemical reactions of reactive
trace gases. Chemical reactions had minor impacts on
measurements of trace gases made in the nighttime due to the
absence of sunlight outside. By contrast, this is highly impor-
tant for measurements of reactive species in the daytime when
they are drawn into the tubing (the absence of sunlight) from
512 | Environ. Sci.: Atmos., 2023, 3, 506–520
ambient air (the presence of sunlight). According to the box
model results (Fig. 4), concentrations of the hydroxyl radical
(OH) decrease by 55% while concentrations of the nitrate
radical (NO3) increase bymore than a factor of 3 in the following
180 s (Fig. S14†) aer setting solar radiation to zero (entering
the tubing) when the ambient ozone mixing ratio was 100 ppb.
NO will be completely consumed in less than 100 s, accompa-
nied by an increase of 4.2% in NO2 and a decrease of 1.8% in
ozone. As a result, accurate measurements of NOx and Ox can
be made by using long PFA Teon tubes in both the daytime
and nighttime, while concentrations of ozone and NO can be
well measured only at night.

In the absence of sunlight, the primary degradation path-
ways of hydrocarbons (e.g., NO3- and ozone-initiated reactions)
are quite different from those in the daytime due to the rapid
decline in concentrations of OH radicals. Therefore, the loss
amount of an organic compound aer traversing long tubing is
mainly dependent on its reaction rate constant to the NO3

radical (kNO3
). As indicated in the literature,55,56 kNO3

values for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Time series of ozone and NO2 mixing ratios along with the photolysis rate of NO2, denoted by jNO2, measured at ground level at the
SMT site. (b–d) Intercomparisons of species mixing ratios that were averaged in time intervals of 10 min. (e) Intercomparison of mixing ratios of
various organic compounds that were averaged over the whole measurement period.
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most alkenes, particularly for monoterpenes, are greater than
those for alkanes, aromatics, and oxygenated VOCs. Therefore,
the decrease in concentrations of a-pinene (16.5%, kNO3

= 6.16
× 10−12 cm3 molec.−1 s−1 at 298 K here and aerwards) is the
most signicant in the following 180 s aer entering the tubing,
followed by b-pinene (4.15%, kNO3

= 2.51 × 10−12 cm3 molec.−1
© 2023 The Author(s). Published by the Royal Society of Chemistry
s−1), styrene (4.4%, kNO3
= 1.5 × 10−12 cm3 molec.−1 s−1), and

isoprene (2.9%, kNO3
= 7.0 × 10−13 cm3 molec.−1 s−1). As for

other alkene and alkane species with smaller kNO3
values (<10−14

cm3 molec.−1 s−1) and were predominantly emitted by anthro-
pogenic sources, negligible decreases in their concentrations
(<1%) were estimated. As shown in Fig. S16,† smaller decreases
Environ. Sci.: Atmos., 2023, 3, 506–520 | 513
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in concentrations of these reactive VOCs were estimated aer
traversing the tubing when ambient ozone was only 50 ppb in
comparison to those calculated for ambient ozone of 100 ppb
(Fig. 4).

To further assess the impacts of long tubing on measure-
ments of trace gases in real environments, ambient concen-
trations of O3, NOx, and a large set of organic compounds were
alternatively measured by using a 5 m and a 400 m long tubing,
as shown in Fig. 5. Concentrations of Ox (k = 1.01, R2 = 0.97)
and NOx (k = 0.98, R2 = 0.95) measured by using the two tubes
agreed well within 2%. As expected, concentrations of O3 and
NO measured using the two tubes agreed well at nighttime. By
contrast, concentrations of O3 and NO measured using the 400
m long tubing in daylight (LT 07:00–13:00) decreased on average
by 18% and 53%, respectively, in comparison to those made
using the 5 m long tubing (Fig. S17†).

For organic compounds with low NO3 reactivities, taking
toluene as an example, their concentrations agreed quite well
when measured using the two tubes with different lengths.
The most concerned organic compounds are monoterpenes
due to their large NO3 reactivities and notable potential losses
aer traversing the 400 m long tubing in the daytime.
However, insignicant discrepancies in concentrations of
monoterpenes measured using the two tubes were observed in
both the daytime and nighttime, as shown in Fig. 5(d). The
maximum ozone concentration at ground level before LT
13:00 on January 30, 2021 was only 55.1 ppb, resulting in lower
mixing ratios of NO3 radicals and smaller losses of reactive
monoterpene species in the tubing (Fig. S16†) than those
when ambient ozone concentration was 100 ppb (Fig. 4). It
should be noted that the box model results only estimated the
potential maximum changes in concentrations of the targeted
species aer traversing the tubing. In real environments, the
situation is much more complicated than the settings of
model simulations. The expected changes in concentrations of
the targeted trace gases may be lower than those predicted by
the model results. In addition, ambient concentrations of
monoterpenes were relatively low (∼0.1 ppb) in the daytime
and changed over time. As a result, the small losses of
monoterpenes concentrations (only several ppt) aer
traversing the tubing cannot be well identied by comparisons
of their ambient measurements.

In addition to the organic compounds contained in the gas
standard, we also compared the mean mixing ratios of 207
species measured by PTR-ToF-MS using the two different tubes.
Concentrations of these species were calculated using the
method based on the reaction kinetics of the PTR-ToF-MS, as
detailed in our previous studies.46,47,57 As shown in Fig. 5(e), the
mixing ratios of the selected species, averaged over the whole
period, agreed well (k = 0.91, R2 = 0.99) when measured using
the 5 m and the 400 m long tubes.

Lastly, an intercomparison of ozone, Ox, NO, and NOx
measurements made by the vertical observation system
(observations by tubing) and different tower platforms (in situ
observations) was conducted from January 8 to 26, 2021. As
shown in Fig. 6(a) and (b), mixing ratios of NOx (k = 0.89, R2 =

0.92) and Ox (k = 0.97, R2 = 0.92) measured by the vertical
514 | Environ. Sci.: Atmos., 2023, 3, 506–520
observation system agreed well with in situ observations. Owing
to the absence of sunlight in both the tubing and ambient air at
night, reliable measurements of ozone and NO could be made
by the vertical observation system (low ozone but high NO
concentrations, as shown in Fig. 6, S18 and S19†). In contrast to
NO, we also believe that the ozone measurements made by long
tubes in the daytime can be used to characterize its vertical
distributions (Fig. S19†) due to the fact that NO concentrations
in the daytime (high ozone concentrations) were generally very
low and decreased with height (Fig. S20†). For example, the
mean NOmixing ratio at 335 m between LT 11:00 and 16:00 over
the period of January 8 to 25, 2021 was only 5.3± 3.5 ppb, which
was much lower than that of ozone (53.1± 18.5 ppb). Therefore,
the amount of ozone consumed by NO in the daytime when
traversing the tubing was very limited. In addition, we also
compared the mean vertical proles of NOx and Ox mixing
ratios made by the two approaches in the nighttime (LT 0:00–
06:00) from January 13 to 15, 2021, as shown in Fig. 6(e) and (f).
The nighttime data were used due to the fact that the vertical
gradients of NOx and Ox mixing ratios were more pronounced
in the nighttime than in the daytime (Fig. S21†). The vertical
proles of NOx (r = 0.99) and Ox (r = 0.67) made by the two
approaches are also well correlated.
3.3. Vertical observations of atmospheric trace gases

A eld campaign was conducted at the SMT in January 2021 to
make vertical gradient measurements of trace gases using the
vertical observation system established in this study. Fig. 7
shows the time series of mixing ratios of ve selected species,
namely NOx, Ox, CO2, toluene, and acetone, during LT 0:00–
1:00 on January 16 along with their vertical proles averaged
over the period of January 14 to 29, 2021. The vertical observa-
tion system can obtain stable measurements of these chemical
species aer the switch of the inlet heights and can also well
characterize their vertical distributions.

Vertical proles of NOx, toluene, and acetone exhibited weak
gradients in the daytime due to strong atmospheric vertical
mixing, which was consistent with the results reported in the
literature.58–60 In the nighttime, mixing ratios of NOx, toluene,
and acetone below 120 m were markedly higher than those
alo, predominantly attributed to the combined effect of strong
source emissions (e.g., vehicular exhausts) and suppressed
vertical mixing.61,62 Ox is a conserved metric to characterize the
spatio-temporal variability of ozone by removing the NO titra-
tion effect.4,63 The positive gradients in Ox proles in both the
daytime and nighttime were predominantly caused by surface
dry deposition and chemical removal.64,65 Mixing ratios of CO2

in daytime exhibited positive gradients below 120 m due to the
photosynthetic consumption of vegetation. In the nighttime,
CO2 mixing ratios rapidly decreased from the surface to 120 m
due to the combined effect of enhanced source emissions (e.g.,
biological respiration and fossil fuel combustion) and sup-
pressed vertical mixing. By contrast, CO2 mixing ratios were well
mixed above 120 m in both the daytime and nighttime owing to
its stable chemical properties. In addition to the chemical
species that have small tubing delays (Fig. 7), the vertical
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a–d) Intercomparisons of NOx, Ox, NO, and O3 mixing ratios (hourly averages) measured by the vertical observation system (long tubing)
and tower platforms (in situ observations) from January 8 to January 26, 2021; Solid lines are linear fittings (y = kx + b). (e and f) Intercomparison
of mean vertical profiles of NOx and Ox mixing ratios in the nighttime (LT 0:00–06:00) from January 13 to 15, 2021; r is Pearson's correlation
coefficient.
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observation system can also well capture vertical variations in
concentrations of the organic compounds with small C* values
(e.g., phenol, furfural, guaiacol, and naphthalene), as shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. S22.† More results and analysis about the gradient
measurements of the trace gases will be presented and dis-
cussed in our future studies.
Environ. Sci.: Atmos., 2023, 3, 506–520 | 515
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Fig. 7 (a–e) Time series of mixing ratios of the selected chemical species measured by the vertical observation system at the SMT site. (f–j) Mean
vertical profiles of the selected chemical species (mean ± 0.5 standard deviations) for the daytime (LT 10:00–16:00) and nighttime (LT 22:00–
05:00) from January 16 to 29, 2021.
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4. Conclusions

In summary, long PFA Teon tubes performed well in sampling
ambient air for analyzing concentrations and spatio-temporal
variations of atmospheric trace gases. To reduce tubing delays
of the organic compounds with small C* values, PFA Teon
tubes with larger inner diameters and ow rates are recom-
mended if instruments allow. Apart from NO in the daytime,
insignicant losses were observed for concentrations of most of
the atmospheric trace gases in both the daytime and nighttime.
Field observations also conrmed that concentrations of many
trace gases could be well measured by the vertical observation
system developed in this study.

In addition to tall towers or high-rise buildings, PFA Teon
tubes can also be used to establish vertical observation systems
of atmospheric trace gases based on mobile platforms, such as
tethered balloons15,43 and UAVs. In addition, a similar method
using PFA Teon tubes can be developed to surveil emissions of
targeted chemical species at multiple locations, such as
distributed industrial parks.66 The results of this study could
provide a solid theoretical basis for the utilization of long PFA
Teon tubes in these applications and provide better guidance
in the assessment of their data quality.
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