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Abstract. Ambient measurements of nitryl chloride (ClNO2) were performed at a rural site in Germany, cov-
ering three periods in winter, summer, and autumn 2019, as part of the JULIAC campaign (Jülich Atmospheric
Chemistry Project) that aimed to understand the photochemical processes in air masses typical of midwestern
Europe. Measurements were conducted at 50 m aboveground, which was mainly located in the nocturnal bound-
ary layer and thus uncoupled from local surface emissions. ClNO2 is produced at night by the heterogeneous
reaction of dinitrogen pentoxide (N2O5) on chloride (Cl−) that contains aerosol. Its photolysis during the day is
of general interest, as it produces chlorine (Cl) atoms that react with different atmospheric trace gases to form
radicals. The highest-observed ClNO2 mixing ratio was 1.6 ppbv (parts per billion by volume; 15 min average)
during the night of 20 September. Air masses reaching the measurement site either originated from long-range
transport from the southwest and had an oceanic influence or circulated in the nearby region and were influenced
by anthropogenic activities. Nocturnal maximum ClNO2 mixing ratios were around 0.2 ppbv if originating from
long-range transport in nearly all seasons, while the values were higher, ranging from 0.4 to 0.6 ppbv for re-
gionally influenced air. The chemical composition of long-range transported air was similar in all investigated
seasons, while the regional air exhibited larger differences between the seasons. The N2O5 necessary for ClNO2
formation comes from the reaction of nitrate radicals (NO3) with nitrogen dioxide (NO2), where NO3 itself is
formed by a reaction of NO2 with ozone (O3). Measured concentrations of ClNO2, NO2, and O3 were used
to quantify ClNO2 production efficiencies, i.e., the yield of ClNO2 formation per NO3 radical formed, and a
box model was used to examine the idealized dependence of ClNO2 on the observed nocturnal O3 and NO2
concentrations. Results indicate that ClNO2 production efficiency was most sensitive to the availability of NO2
rather than that of O3 and increased with decreasing temperature. The average ClNO2 production efficiency
was highest in February and September, with values of 18 %, and was lowest in December, with values of 3 %.
The average ClNO2 production efficiencies were in the range of 3 % and 6 % from August to November for air
masses originating from long-range transportation. These numbers are at the high end of values reported in the
literature, indicating the importance of ClNO2 chemistry in rural environments in midwestern Europe.
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1 Introduction

Nitryl chloride (ClNO2) is an important nocturnal reservoir
for nitrogen oxides (Brown and Stutz, 2012) because it accu-
mulates during the night and photolyzes to nitrogen dioxide
(NO2) and a chlorine atom (Cl) after sunrise in the morning
(Reaction R1).

ClNO2+hv→ NO2+Cl. (R1)

Chlorine atoms are a highly reactive oxidant in the atmo-
sphere, initiating, for example, the degradation of volatile
organic compounds (VOCs) and thereby contributing to the
formation of ozone (O3) and other pollutants (Simpson et al.,
2015; Thornton et al., 2010; Mielke et al., 2011; Young et
al., 2012). In some studies, ClNO2 was shown to increase
the daily ozone production from sub-parts per billion by vol-
ume (ppbv) levels to mixing ratios of up to 10 ppbv, so that
ClNO2 chemistry contributed substantially to photochemical
ozone production (Osthoff et al., 2008; Wang et al., 2016;
Sommariva et al., 2021).

ClNO2 formation is initiated by the heterogeneous reac-
tion of dinitrogen pentoxide (N2O5) on aqueous surfaces that
contain chloride (Cl−; Roberts et al., 2009; George and Ab-
batt, 2010; Osthoff et al., 2008; Thornton et al., 2010). The
entire chemical reaction chain is described in McDuffie et
al. (2018a) as follows:

NO2+O3→ NO3+O2, (R2)

NO3+NO2→ N2O5 (R3a)
N2O5→ NO3+NO2, (R3b)
N2O5(g)+ aerosol(aq,Cl−)→

ϕ×
(
ClNO2(g)+HNO3(aq)

)
+ (1−ϕ)× 2HNO3(aq), (R4)

where ϕ is the yield (0≤ ϕ ≤ 1) of gaseous ClNO2 when
N2O5 is taken up by aerosol.

NO3+VOCs→ prod. (R5)

At night, nitrate radicals (NO3) are produced by the reaction
of NO2 with O3 (Reaction R2), which then reacts with an-
other NO2 to form N2O5 (Reaction R3a). N2O5 decomposes
thermally back to NO2 and NO3 (Reaction R3b). The for-
ward and back reactions constitute a fast thermal equilibrium
between NO3 and N2O5 that is established quickly at tem-
peratures typically found in the lower troposphere (Brown
and Stutz, 2012). Uptake of N2O5 on aqueous aerosol pro-
duces ClNO2 when the particulate phase of the aerosol
contains dissolved chloride. The yield (ϕ) of ClNO2 is a
complex function of various parameters such as tempera-
ture, aerosol water content, and chemical composition of the
aerosol that influences both the uptake of N2O5 into the par-
ticles (McDuffie et al., 2018a) and the subsequent aqueous-
phase chemistry leading to the formation of ClNO2 (Mc-
Duffie et al., 2018a). The uptake of N2O5 (Reaction R4) and

the reaction of NO3 with VOCs (Reaction R5) constitute an
overall loss term for the sum of NO3 and N2O5 because of
the fast equilibrium between NO3 and N2O5. HNO3 forma-
tion by Reaction (R4) is an important atmospheric sink for at-
mospheric nitrogen oxides in the lower atmosphere because
HNO3 photolysis is slow, so most of the produced HNO3
does not reform NO2 but is removed from the atmosphere
by deposition (Brown and Stutz, 2012). During the daytime,
NO3 is destroyed by photolysis or by reaction with nitric ox-
ide (NO). The thermal equilibrium between NO3 and N2O5
thus leads to a rapid depletion of N2O5 during the day. There-
fore, significant concentrations of N2O5 (the precursor of
ClNO2) are usually only present at night.

Previous studies reporting on ClNO2 measurements in
North America (Osthoff et al., 2008; Thornton et al., 2010;
Mielke et al., 2011; Wagner et al., 2012; Young et al., 2012;
Mielke et al., 2013; Riedel et al., 2013; McDuffie et al.,
2018b; McNamara et al., 2020), Asia (Tham et al., 2016;
Wang et al., 2016; Liu et al., 2017; X. Wang et al., 2017;
Z. Wang et al., 2017; Le Breton et al., 2018; Yun et al., 2018;
Zhou et al., 2018; Yan et al., 2019; Jeong et al., 2019; Lou
et al., 2022), and Europe (Phillips et al., 2012; Bannan et al.,
2015; Priestley et al., 2018; Sommariva et al., 2018) have
shown that ClNO2 is present in various environments, even
at a distance from the coast, indicating that sources of chlo-
ride other than sea spray contribute to the availability of chlo-
rine for the formation of ClNO2. Observed mixing ratios of
ClNO2 in the atmosphere range from a few hundred parts per
trillion by volume (pptv) to several ppbv, exhibiting signifi-
cant spatial and temporal variations.

Despite the large variation in ClNO2 concentrations and
its potentially important contribution to photochemistry, sys-
tematic investigations of seasonal differences in ClNO2 con-
centrations are sparse because ClNO2 is not regularly mea-
sured at monitoring stations but rather during intensive field
campaigns which typically only last a few weeks. Sommariva
et al. (2018) reported ClNO2 measurements at three differ-
ent locations in the United Kingdom in all four seasons and
showed a clear seasonal variation with maximum concen-
trations in spring and winter. Another study by Mielke et
al. (2016), reporting on the seasonal behavior of ClNO2 in
Calgary, Canada, also showed maximum mixing ratios of
ClNO2 of up to 330 pptv in winter and spring.

The large variability in ClNO2 concentrations in the atmo-
sphere is due to the complexity of its formation mechanism
(Reactions R2–R5) and the variability in its precursor con-
centrations. Assuming a steady state for the sum of NO3 and
N2O5 concentrations, the following relationship holds:

d[NO3+N2O5]
dt

∼= 0

= k2[NO2][O3] − kNO3 [NO3] − k4[N2O5], (1)
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where kNO3 represents the pseudo first-order rate con-
stant for NO3 loss mainly dominated by reactions with
atmospheric VOCs (Reaction R5) at night with no fresh
NO emissions. Considering the thermal equilibrium be-
tween NO3 and N2O5, the [NO3] can be replaced by
[N2O5]/(Keq(T )[NO2]), where Keq(T ) is temperature de-
pendent and equals to the ratio of the reaction rate constants
of the thermal equilibrium, i.e., k3a to k3b (Reactions R3a and
R3b). Equation (1) can be solved for the following:

[N2O5] =
Keq(T ) [NO2]

kNO3 +Keq(T ) [NO2]k4
· k2[NO2][O3]. (2)

The production rate of ClNO2 is then

PClNO2= ϕ · k4 · [N2O5]

= ϕ ·

(
Keq(T ) [NO2]k4

kNO3 +Keq(T ) [NO2]k4

)
· k2[NO2][O3]. (3)

A production efficiency ε for ClNO2 can be defined from this
relationship as follows:

εClNO2 =
PClNO2

k2[NO2][O3]

= ϕ

(
Keq(T ) [NO2]k4

kNO3 +Keq(T ) [NO2]k4

)
. (4)

It represents the formation rate of ClNO2 from the aerosol
per NO3 produced by the reaction of NO2 with O3 in the
gas phase. Equations (3) and (4) describe the expected influ-
ences on the ClNO2 formation by its precursors NO2 and O3,
by temperature and NO2 controlling the equilibrium between
NO3 and N2O5, and by the competing loss reactions of NO3
and N2O5 via Reactions (R5) and (R4), respectively. ϕ is an
additional variable depending on the properties of the aerosol
and specifically on its chloride content, as mentioned above.

This study presents ClNO2 measurements performed dur-
ing the Jülich Atmospheric Chemistry Project (JULIAC)
campaign in three seasons (i.e., winter, summer, and autumn
2019). The JULIAC campaign aimed to investigate the sea-
sonal and diurnal variations in the atmospheric oxidation ca-
pacity at a rural site that is typical of midwestern Europe. To
minimize the impact of the emissions from local sources, the
air was drawn from 50 m aboveground, to ensure that the air
is sampled from above the surface layer during the night, and
flowed through the large environmental chamber, SAPHIR,
at Forschungszentrum Jülich, Germany. In this work, the sea-
sonal variation in ClNO2 concentrations and its formation
are investigated. As mentioned above, previous studies have
demonstrated that ClNO2 concentrations show significant
seasonal variations (Mielke et al., 2016; Sommariva et al.,
2018). However, intensive seasonal measurements in central
Europe, to our knowledge, have not been performed so far.
Given the ubiquitous nature of ClNO2 and its importance in
the enhancement of atmospheric oxidation processes, more

detailed studies are needed to broaden our knowledge of at-
mospheric ClNO2 levels, its seasonal behavior, and its distri-
bution in environments with different chemical conditions. In
addition, this work presents empirical production efficiencies
of ClNO2 determined from the nighttime measurements of
ClNO2, NO2, and O3 which are analyzed for their seasonal
variations and the origin of air masses. This is a prerequi-
site for understanding the contribution of ClNO2 to radical
photochemistry under the chemical and meteorological con-
ditions encountered in this campaign. Finally, a chemical box
model is used here to understand the dependence of ClNO2
formation and production efficiency on the observed noc-
turnal O3 and NO2 concentrations. The measurements and
analysis presented in this paper help to illustrate the seasonal
variability in ClNO2 concentrations and shed light on the fac-
tors that control its production in different seasons.

2 Methods

2.1 The JULIAC campaign

The JULIAC campaign was conducted in 2019 in the at-
mospheric simulation chamber SAPHIR on the campus of
Forschungszentrum Jülich, which is located at a rural site in
Germany (50.91◦ N, 6.40◦ E). The SAPHIR chamber con-
sists of a double-wall Teflon film (volume of 277± 3 m3;
Bohn et al., 2005; Rohrer et al., 2005). Its high volume to
surface ratio (1 m2 m−3) minimizes air–surface interactions
within the chamber. The timescale of mixing is about 1 min
and is ensured by two fans that are operated inside the cham-
ber.

During this study, ambient air was drawn from 50 m height
aboveground into the chamber (Fig. S1 in the Supplement).
At this height, the air is expected to be decoupled from the
surface layer during the night, so that the air composition is
not directly impacted by sources at the ground or from the
deposition of trace gases to the Earth’s surface (Sect. 3.3).
The inlet line (SilcoNert®-coated stainless steel with an in-
ner diameter of 104 mm) was mounted at a tower (JULIAC
tower) next to the chamber. A fast flow rate of 660 m3 h−1

resulted in a residence time of the air inside the inlet line of
approximately 4 s. The short residence time and the inertness
of the SilcoNert® coating of the inlet line minimized loss
and chemical changes in the air before entering the SAPHIR
chamber. The potential loss of trace gases in the inlet line
was tested for O3, NO, NO2, and CO and was found to be
less than 5 %.

Instruments could either sample air directly from the inlet
line or the chamber volume. In the latter case, part of the to-
tal air drawn through the inlet at the JULIAC tower flowed
through the SAPHIR chamber with a flow rate of 250 m3 h−1

that was controlled by a three-way valve right upstream of
the injection point into the chamber. The remaining part was
vented. The residence time of the sampled ambient air inside
the SAPHIR chamber was 1.1 h and calculated from the mea-

https://doi.org/10.5194/acp-22-13137-2022 Atmos. Chem. Phys., 22, 13137–13152, 2022



13140 Z. Tan et al.: Seasonal variation in ClNO2 during JULIAC

sured flow rate and the chamber volume. Sampling air from
the large volume of the SAPHIR chamber has the advantage
that short-term variations in trace gas concentrations flowed
into the chamber due to local emissions or fast changes in air
masses, for example, are smoothed.

The JULIAC campaign consisted of four intensive mea-
surement periods in winter (14 January to 10 February 2019),
spring (8 April to 5 May 2019), summer (5 August to
1 September 2019), and autumn (28 October to 24 Novem-
ber 2019). During these parts of the campaign, a large set of
instruments sampled air from the chamber. In addition, be-
tween each intensive measurement period, a limited set of
instruments for the detection of ClNO2, O3, NO, NO2, OH
reactivity, and VOCs continued measuring directly from the
inlet line at the JULIAC tower (Fig. S1).

2.2 Instrumentation

A large set of instruments was deployed during the JULIAC
campaign. In this work, the focus is on measurements that
are relevant for studying the chemistry of ClNO2.

ClNO2 was measured by a chemical ionization mass
spectrometry (CIMS) instrument from Leicester University
(THS Instruments LLC, GA, USA) that was operated in
the negative ion mode using iodide (I−) as a reagent ion.
ClNO2 was detected at the mass-to-charge ratios (m/z) of
208 and 210 amu, corresponding to the two isotopes of
the [I qClNO2]− ion clusters as described in Sommariva et
al. (2018).

The CIMS instrument was calibrated by standard additions
of ClNO2 generated by flowing humidified air containing Cl2
(from a cylinder containing a mixture of 5 ppmv, parts per
million by volume, or±5 % Cl2 in N2; Linde AG) over a salt
bath containing a 1 : 1 mixture of NaCl and NaNO2 (Som-
mariva et al., 2018). The resulting ClNO2 concentration in
the air was determined by measuring the NO2 concentration
after thermally decomposing ClNO2 to Cl and NO2 in a glass
tube heated to a temperature of 400 ◦C. The NO2 concen-
trations were measured using a commercial NO2 analyzer
that makes use of the cavity-attenuated phase shift method
(CAPS; T500U, Teledyne API). The accuracy of the NO2
measurements by this analyzer is ±5 %. The overall accu-
racy of the ClNO2 calibration is ±17 %; the precision of the
ClNO2 measurements is 13 %, with a 2σ detection limit of
5.6 pptv at a 1 min time resolution.

The CIMS detection sensitivity depends on humidity be-
cause iodide ions form clusters with water (I q(H2O)−). The
water–iodine cluster is a more efficient reagent ion for pro-
ducing I q(ClNO2)− clusters than the I− ion (Kercher et al.,
2009). The dependence of the sensitivity on humidity was
characterized with calibration experiments by varying the
mixing ratios of water vapor. These experiments show that
the sensitivity of the instrument for the detection of ClNO2
decreases by 19 % per 1 % water vapor mixing ratio (Fig. S2)
when the signal is normalized to the I q(H2O)− cluster sig-

nal (m/z= 145). Calibrations of the instrument were per-
formed during each measurement period by using compa-
rable average humidity to that of the ambient air. The vari-
ability in the sensitivity due to the changes in humidity in
each 4-week-long measurement period was less than ±5 %.
This is within the range of reproducibility of calibration mea-
surements. Therefore, the sensitivity was not corrected for
the humidity effect for individual data points, but an average
sensitivity value was applied to all data from the entire mea-
surement period. The uncertainty due to the humidity depen-
dence of the sensitivity and the reproducibility of the calibra-
tion adds to the overall accuracy of ClNO2 measurements,
increasing the value to ±27 %.

Photolysis frequencies inside the SAPHIR chamber were
calculated from the actinic flux measured outside the cham-
ber and corrected for the reduction in radiation by the shad-
ing effects and the transmission of the Teflon film (Bohn
et al., 2005). Ozone was detected by a UV photometer
(model O342M, Ansyco). Nitric oxide (NO) was measured
by a chemiluminescence instrument (780 TR, Eco Physics)
that was also used to detect NO2 by the conversion of
NO2 to NO in a blue light photolytic converter upstream
of the NO analyzer. For the period after 1 December 2019,
NO2 was measured by an instrument using the iterative
cavity-enhanced differential optical absorption spectroscopy
method (ICAD1005, AirYX). The NO2 measurements from
the two instruments agreed well within 5 % when both in-
struments measured concurrently. Water vapor and carbon
monoxide (CO) concentrations were measured by a cavity
ring-down instrument (G2401, Picarro). NO3 and N2O5 were
measured by a custom-built cavity ring-down instrument that
is similar to the one described in Wagner et al. (2011).

Particle number concentration (for particles with a diam-
eter > 5 nm) and size distribution (for particles with a diam-
eter between 10 and 1000 nm) were measured by a conden-
sation particle counter (model 3787, TSI Incorporated) and
a scanning mobility particle sizer (model 3080, TSI Incorpo-
rated), respectively. The aerosol surface area (Sa) was calcu-
lated based on the particle number and geometric diameter
in each size bin. The chemical composition of particles was
analyzed by an aerosol mass spectrometer (HR-TOF-AMS,
Aerodyne Research Inc.).

The temperature and pressure of the ambient air were mea-
sured inside the chamber and also outside the chamber at
different heights (2, 20, 30, 50, 80, and 120 m) by sensors
mounted at a meteorological tower located approximately
200 m away from the SAPHIR chamber.

2.3 Comparability of measurements from the chamber
and the inlet line

Air was sampled from 50 m above the ground from the top
of the JULIAC tower at all times of the campaign (Fig. S1).
However, ClNO2 concentrations were determined in the air
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from either one of the two sampling points during the differ-
ent periods of the campaign.

During the intensive measurement periods (i.e., in Febru-
ary, August, and November), air was directly sampled from
the SAPHIR chamber. During other times, air was sampled
from the inlet system of the chamber at the JULIAC tower.
In both cases, the measured concentrations are representa-
tive of the air from 50 m height. In the case of sampling from
the chamber, concentrations are averaged due to the 1 h resi-
dence time of air in the chamber.

To make the data derived from both sampling points com-
parable, ClNO2 concentrations measured inside the chamber
(Cchamber) were converted to equivalent concentrations at the
tip of the JULIAC inlet system (C50 m). This can be achieved
from the differential equation of concentrations, taking into
account dilution with the flow rate (kflow) and loss (Lchamber)
and production (Pchamber) inside the chamber, as follows:

dCchamber

dt
= kflow (C50 m−Cchamber)+Pchamber

−Lchamber. (5)

The concentration in the incoming air can be iteratively de-
termined from the time series of measured concentrations
inside the chamber if loss and production processes can be
quantified. The other species used in this work (O3, NOx ,
etc.) were measured both at the tip of the JULIAC inlet and
inside SAPHIR. Unless otherwise specified, the measure-
ments presented in this work were either taken at the tip of
the JULIAC inlet or corrected using Eq. (5).

The production of ClNO2 from the heterogeneous reac-
tion of N2O5 on particles is expected to be negligible on
the timescale of the residence time of air in the chamber
for conditions of the JULIAC campaign. Chamber wall in-
teraction could be relevant because the surface area of the
Teflon film is 106 µm2 cm−3, i.e., several orders of magnitude
larger than the surface area of ambient aerosol experienced in
this campaign, which were of the order of tens to hundreds
of micrometers squared per cubic centimeter (µm2 cm−3).
To quantify potential chamber-related loss and production
processes, chamber characterization experiments were con-
ducted (Sect. 3.1). They were analyzed by using a chemical
box model in which loss and production rates were adjusted
to reproduce measured ClNO2 concentrations during these
experiments. Temperature, relative humidity, pressure, pho-
tolysis frequencies, and dilution rates determined from the air
replenishment flow rate were constrained to measurements in
the model. The conversion of N2O5 to ClNO2 via surface re-
actions (Reaction R6) and the loss reactions of ClNO2 on
the chamber wall (Reaction R7) were included in the model,
assuming pseudo-first-order processes, as follows:

N2O5+wall→ ClNO2 (R6)
ClNO2+wall→ products. (R7)

In addition, the chemical loss of ClNO2 via photolysis (Re-
action R1) was considered. The results of these experiments
and the model analysis are discussed in Sect. 3.1.

3 Results and discussion

3.1 Chamber effects on measured ClNO2
concentrations

Two types of experiments were performed to characterize the
chamber properties with respect to the wall interaction of
NO3, N2O5, and ClNO2. In these chamber characterization
experiments, only a small replenishment flow of pure syn-
thetic air compensated for leakages and extraction of air by
instruments. This led to a low dilution of trace gases with a
rate that is equivalent to a lifetime of 17 h and is in contrast
with the 1 h lifetime during the operation of the chamber in
the JULIAC campaign.

Three experiments were conducted (5, 6, and 7 February
2019) to test whether ClNO2 was exclusively lost by pho-
tolysis in the chamber or whether other processes, such as
wall loss, contributed to the ClNO2 removal. These experi-
ments started with flowing ambient air through the SAPHIR
chamber during the night, as in the operational mode of the
JULIAC campaign (Sect. 2.1). The high flow was stopped
before sunrise (around 06:00 UTC), and the small replenish-
ment flow was started. The evolution of trace gas concen-
trations was observed until around 12:00 UTC while the air
was exposed to sunlight. The N2O5 concentration decreased
rapidly to zero after sunrise, and thus no further ClNO2 could
be produced from the N2O5 conversion, and ClNO2 concen-
trations also decayed during the morning.

Measured concentrations are compared to the calculation
using a chemical box model (Sect. 2.3) considering losses
of ClNO2 by dilution, photolysis, and potential wall loss.
Whereas loss rates for dilution and photolysis are constrained
to measurements, the wall loss rate constant is adjusted to
match the observed ClNO2 concentrations. This results in
a wall loss rate constant for ClNO2 of 2.1× 10−5 s−1. This
value is of the same order of magnitude as the loss rate con-
stant of ClNO2 due to photolysis (4.1× 10−5 s−1 at noon)
and dilution (1.5× 10−5 s−1) for the experimental conditions
of the characterization experiments. Due to the higher cham-
ber flow rate used during the JULIAC campaign, the dilution
rate is an order of magnitude higher (2.5× 10−4 s−1) than
during the characterization experiments. Therefore, the wall
loss rate is only 8 % of the dilution rate and thus can be ne-
glected in the further data analysis.

An additional three experiments were performed to char-
acterize the potential ClNO2 formation from heterogeneous
reactions of N2O5 on the chamber wall. In these experiments
(18 September, 18 October, and 19 November in 2019), NO2
and O3 were added into the dark chamber filled with pure,
dry, or humidified synthetic air. These experiments lasted for
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Figure 1. Chamber experiment to characterize ClNO2 produc-
tion from N2O5 conversion on the chamber wall in the dark on
19 November 2019. ClNO2 concentrations are compared to model
calculations and take conversion from N2O5 to ClNO2 (Reac-
tion R6) into account. A reaction rate constant of 8.2× 10−6 s−1

is required to reproduce measured ClNO2 concentrations.

about 10 h in order to observe the decay of NO2 and O3 con-
centrations and the accumulation of ClNO2.

Figure 1 shows the measured concentrations for the ex-
periments performed on 19 November. In this experiment,
the chamber air was humidified (RH= 60 %) and 28 ppbv of
NO2 and 80 ppbv of O3 were injected to produce NO3 and
N2O5. NO3 mixing ratios were below the limit of detection
(about a few pptv) of the cavity ring-down instrument.

N2O5 measurements reached maximum mixing ratios of
0.17 ppbv shortly after the O3 injection and decreased after-
ward (Fig. 1). Also, ClNO2 production was observed shortly
after the ozone addition when N2O5 was present. Because the
air was particle-free, one possible explanation for the forma-
tion of ClNO2 is the heterogeneous reaction of N2O5 on the
chamber wall that may contain chloride, which could have
been deposited, for example, during previous experiments
with ambient air.

The values of the conversion rates from N2O5 to
ClNO2 (Reaction R6) that are required to match the mea-
sured ClNO2 concentrations in the model calculations are
kR6= 4.0× 10−6, 2.0× 10−6, and 8.2× 10−6 s−1 for the ex-
periments on 18 September, 18 October and 19 November in
2019, respectively.

During the JULIAC campaign, however, the potential con-
tribution of ClNO2 formation from N2O5 conversion on the
chamber film was negligible. Taking the typical nocturnal
N2O5 mixing ratio of about 50 pptv, the expected ClNO2
production rate from N2O5 conversion on the chamber wall
was about 1.5 pptv h−1, using the upper limit value of k6 de-
rived from the characterization experiments. This is less than
1 % of the ambient ClNO2 mixing ratio of up to several hun-
dred pptv in the ambient air that is flowed into the chamber.

Therefore, no corrections are needed for the interpretation of
ClNO2 measurements in the chamber.

Overall, the results of the characterization experiments al-
low us to simplify the back-calculation of the ClNO2 concen-
trations in the sampled air from measured concentrations in
the chamber (Eq. 5). The chemical production rates and the
deposition rates for ClNO2 and N2O5 on the chamber walls
can be neglected, and only photolysis needs to be considered
to be a destruction process for ClNO2 during the daytime.
For nighttime conditions, ClNO2 concentrations in the in-
coming air can be determined solely from the flow rate and
the measured ClNO2 concentration inside the chamber.

3.2 Overview of measurements

In order to determine the origin of air masses sampled at
the measurement site, back-trajectories were calculated us-
ing the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory model (HYSPLIT; Stein et al., 2015) for every second
hour. They were calculated for a height of 50 m above the
ground and started 48 h earlier before the air arrived at the
measurement site. Calculations for different heights (500 and
1000 m) gave similar results to the trajectories calculated for
a height of 50 m. To extract information about the relation
between the source of air masses and the measurements, the
cluster analysis tool of the HYSPLIT model was used, which
classified the trajectories into two groups (Fig. 2).

Trajectories most often showed the prevailing long-
distance transport of air masses from the southwest that
traveled hundreds of kilometers from the Atlantic Ocean
(approximately 1000 km away from the measurement site)
within 48 h. These air masses were likely influenced by ma-
rine and continental emissions as they crossed over northern
France and Belgium. They are referred to hereafter as be-
longing to the long-range transport group. The other group
of trajectories did not show a prevalent direction but shared
the common feature that these air masses circulated over the
cities nearby the measurement site, e.g., Cologne, Düssel-
dorf, and Frankfurt (Fig. 2). These air masses are therefore
influenced by regional emission sources and are referred in
the following to belong to the regional transport group.

Figure 3 shows the mean diurnal profiles of ClNO2, NO2,
and O3 concentrations and the photolysis frequencies of
ClNO2 in February, August, September, November, and De-
cember 2019 if the measurements are split into two groups,
depending on the type of back trajectory associated with the
measurement at that time. The complete time series of mea-
surements used for the analysis in this work is shown in
Figs. S3–S7.

In all cases, the diurnal profiles of ClNO2 showed an in-
crease in concentration after sunset, as can be expected from
its chemical production during the night. Maximum concen-
trations were reached around midnight, and ClNO2 concen-
trations remained relatively constant until sunrise when they
started to decrease due to its photolysis.
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Figure 2. Results of the HYSPLIT cluster analysis of 48 h back-trajectories for the different measurement periods. (a) Trajectories from
air masses originating from long-range transport for each period. (b) Trajectories from air masses from regional transport. © Google Maps
2022.

Figure 3. Mean diurnal profiles of ClNO2, NO2, and O3 concentrations and ClNO2 photolysis frequencies. Trace gas concentrations were
measured in the inflowing air or values measured inside the chamber were used to back-calculate the concentrations in the inflowing air. Data
are 1 h average values, with error bars denoting 1σ standard deviations.

The reaction chain to produce ClNO2 at night starts with
the reaction of NO2 and O3. The median observed O3 showed
little diurnal variation in the cold seasons (February, Novem-
ber, and December; Fig. 3). At this time of the year, the
O3 level was generally higher in long-range transported air
(30–40 ppbv O3) compared to regionally influenced air (15–
20 ppbv O3), for which ozone depletion by urban NO emis-
sions was likely more important due to fresh emissions. Dur-
ing summer, when photochemistry was most active (August
and September), the median O3 concentrations were consid-

erably higher in regionally influenced air. Ozone mixing ra-
tios in summer showed distinct diurnal profiles with noon-
time maxima of 80 ppbv in August and 40 ppbv in Septem-
ber and nighttime values between 20 and 30 ppbv. In contrast,
long-range transported air exhibited a less pronounced diur-
nal variation in the O3 concentration, and mixing ratios were
often only between 20 and 40 ppbv. The high summertime
ozone concentrations in regionally transported air is likely
due to the fresh emissions of NO and VOCs, which are pho-
tochemically converted to O3.
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The influence of fresh emissions from nearby sources is
also visible in the measured NO2 concentrations, which were
higher in regional air masses compared to concentrations in
long-range transport air masses during the entire year. For re-
gionally transported air masses, average nocturnal NO2 mix-
ing ratios were around 10 ppbv in all measurement periods,
except in December, when mixing ratios were lower, with
values of about 5 ppbv. At night, median NO2 concentrations
in long-range transported air masses were generally lower
than 5 ppbv in all seasons.

The age of the air mass could play a role in the observed
levels of ClNO2 due to the impact on NO2 and O3 concen-
trations and, hence, on ClNO2. As shown in Fig. 2, region-
ally transported air masses spend more time over urban ar-
eas picking up anthropogenic emissions (indicated by high
NO2 mixing ratios). They also have more time for the pho-
tochemical processing of pollutants compared to the long-
range transported air masses. In the cold months (February,
November, and December), long reaction times would lead
to lower O3 concentrations for the regional air masses due
to the titration by anthropogenically emitted NO compared
to conditions in August and September when photochemical
ozone production is more efficient than the titration effect.

The nocturnal ClNO2 concentrations were consistently
lower in air masses from long-range transported air com-
pared to regional transported air in nearly all seasons ex-
cept, again, in December. The maximum median nighttime
values were around 0.2 ppbv in long-range transported air
and around 0.5 ppbv in air masses from regional transport
(Fig. 3). Only in December was no significant dependence
of the ClNO2 concentration on the origin of air masses ob-
served.

Maximum ClNO2 mixing ratios of 1.6 ppbv (15 min aver-
age), which were observed at 03:00 UTC on 15 September
in the JULIAC campaign (Fig. S5), are comparable to ob-
servations in other field campaigns. In Europe, high ClNO2
mixing ratios have also been observed during summer in sev-
eral field campaigns, in which ClNO2 was measured, includ-
ing 0.8 ppbv near Frankfurt, Germany (Phillips et al., 2012),
0.8 ppbv in London, UK (Bannan et al., 2015), and 1.1 ppbv
in Weybourne, UK (180 km northeast of London; Sommariva
et al., 2018).

The seasonally varying photolysis frequencies of ClNO2
showed a diurnal noontime maxima of 0.4× 10−4 s−1 in
winter and 2.5× 10−4 s−1 in summer. Sunlight lasted the
longest in summer, and photolysis frequencies were suffi-
ciently high to destroy all ClNO2 before midday. In contrast,
daytime ClNO2 concentrations remained significantly above
zero (around 30 pptv) in the cold seasons because the maxi-
mum photolysis frequencies were a least a factor of 2 lower
than in summer, and the duration of the daylight was not long
enough to deplete all ClNO2. Similar results were observed
in the wintertime measurements of ClNO2 by Sommariva et
al. (2021).

Seasonal differences in ClNO2 concentration observations
in this work can be compared to the seasonal variations re-
ported for measurements performed in Leicester, UK (Som-
mariva et al., 2018). In Leicester, the highest ClNO2 mixing
ratio of 0.73 ppbv was observed in February when NO2 mix-
ing ratios were also the highest, with values of 43 ppbv. The
seasonality of ClNO2, NO2, and O3 observed during the JU-
LIAC campaign was different from the seasonality observed
in Leicester. In this work, the highest ClNO2 concentrations
were experienced in summer when the air was influenced by
emissions from nearby cities (regional transport), resulting
in high NO2 and O3 concentrations. The different seasonal
behavior in Jülich and Leicester suggests that the controlling
factor for the production of ClNO2 could have been different
in the two locations (Sect. 3.5).

3.3 Influence of the nocturnal vertical stratification of air
on ClNO2 concentrations

The ClNO2 measurements presented in this work were ob-
tained in air sampled at a height of 50 m aboveground
(Sect. 2). While there is a well-mixed layer due to convec-
tion during the day, the cooling of the ground results in weak
convection of air after sunset, leading to stratification of the
air at night.

In general, layers can be identified by the vertical profile
of the potential temperature. At night, a stable surface layer
(typically < 20 m height) is expected to be formed in which
emissions from the ground are trapped. A weakly stable noc-
turnal boundary layer is on top of the surface layer (NBL;
typically in the height range between 20 and 200 m) and a
residual layer that is fully decoupled from the ground (typical
height > 200 m; Brown et al., 2007). Because the tip of the
inlet of the SAPHIR-JULIAC inlet system was 50 m above
the ground, it was most often located within the nocturnal
boundary layer, and thus the impact of surface emissions in
the sampled air is expected to be small.

This was particularly the case in the cold seasons (Febru-
ary, November, and December), suggesting that most of the
nighttime measurements presented in this work are represen-
tative of conditions in the NBL. Similar conditions were en-
countered in the summer during nights with low wind speed
and cloudless conditions. However, in 8 out of 30 nights from
20 August to 20 September, the sampled air at 50 m height
was temporarily influenced by surface air. Indicators were,
for example, observed enhancements of the NO and CO con-
centrations and reduced mixing ratios of ClNO2.

An example of such an event is shown in Fig. 4, which
presents measurements from the night of 21 to 22 August
2019. After sunset (around 19:00 UTC), a stable surface layer
was formed, as indicated by a positive vertical temperature
gradient in the lowest 20 m (Fig. 4a). Until 22:00 UTC, the
surface layer height increased and developed a strong tem-
perature inversion at 30 m height. Above the surface layer,
the temperature gradient was slightly positive up to a height
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of 80 m. It is expected that, for the conditions until about
22:00 UTC, the measured air at 50 m height was not influ-
enced by surface emissions. During this time, ClNO2 mix-
ing ratios increased continuously to 1.5 ppbv due to chemical
production. After 22:30 UTC, ClNO2 decreased to 0.5 ppbv
until 00:00 UTC. The decrease coincided with an increase
in wind speed from below 2 m s−1 at 23:00 UTC to about
4 m s−1 at 00:00 UTC. This might be related to the phe-
nomenon of nocturnal jets that can produce high wind speeds
at low altitudes in a range of 50 m. The elevated wind speed
and change in wind direction indicate that air mass came
down the Ruhr valley from Düren, a small city 10 km away
from the site. At the same time, the steep temperature gra-
dient of the inversion at 30 m disappeared and most likely
facilitated entrainment of surface air with lower ClNO2 con-
centration. This assumption is supported by an enhanced
NO mixing ratio of 0.2 ppbv observed shortly before mid-
night, indicating the presence of ground emissions (Fig. 4b).
At the same time, the NO2 mixing ratio increased, and the
O3 mixing ratio decreased by a similar amount (10 ppbv),
likely due to the chemical titration of O3 by freshly emit-
ted NO (Fig. 4c). The drop in ClNO2 may have been caused
by the lower ClNO2 production in the surface layer because
N2O5 concentrations were low due to N2O5 and NO3 loss
on surfaces and chemical loss in reactions with NO and or-
ganic compounds that have emission sources on the ground.
At later times on this night, ClNO2 mixing ratios increased
again to a value of 1.3 ppbv at 01:00 UTC (Fig. 4b), when
the air was again sampled from within the nocturnal bound-
ary layer, where loss processes are expected to be smaller
compared to the surface layer.

The median diurnal profiles presented in Sect. 3.2 include
all measurements. The different behavior observed during the
night, when air was temporarily impacted by surface inter-
action, only constitute a small fraction of the measurement
time. To quantify the influence of surface interactions, ele-
vated NO concentrations at the sampling point can be used.
For more than 90 % of the time, measured NO mixing ra-
tios are lower than 0.1 ppbv (Fig. S8), indicating that air
masses were typically little influenced by the surface emis-
sions. Therefore, it can be assumed that the sampling point
was most often located in the nocturnal boundary layer. Me-
dian values further analyzed in this work are representative
of conditions in the nocturnal boundary layer.

3.4 ClNO2 production efficiency

The ClNO2 production efficiency (ε) defined in Eq. (4) is
affected by (1) the thermal equilibrium between NO3 and
N2O5, (2) the loss of NO3+N2O5 by the reaction of NO3
with VOCs and the heterogeneous uptake of N2O5 on the
aerosol surface, and (3) the yield of ClNO2 from the het-
erogeneous reaction of N2O5. The value of the production
efficiency cannot be simply calculated because the required
parameters along the trajectory of the studied air mass are

Figure 4. Impact of the vertical structure of air masses during the
night from 21 to 22 August on observed trace gas concentrations.
(a) Vertical profiles of the potential temperature derived from tem-
perature measurements at different heights (2, 10, 20, 30, 50, 80,
100, and 120 m). (b–d) ClNO2, NO, NO2, O3, and CO mixing ra-
tios sampled at 50 m height with the JULIAC-SAPHIR inlet system.
CO mixing ratios were also measured at a height of 2 m. Colors of
the vertical lines correspond to colors of the vertical profiles of the
potential temperature.

not known. Instead, a mean value of ε is estimated empir-
ically from the observed nocturnal increase in the ClNO2
concentration at the measurement site and the correspond-
ing integrated NO3 production rate. This approach assumes
that there are no significant nocturnal ClNO2 losses in the
studied air.

εt =

(
[ClNO2]t − [ClNO2]t0

)∫ t
t0
P (NO3)(t)dt

. (6)

For the calculation of the efficiency (Eq. 6) from the mea-
sured ClNO2 concentrations, the ClNO2 concentration at
sunset ([ClNO2]t0 ) is subtracted because this fraction of
ClNO2 can be assumed to be produced during the previous
night. This correction is important, especially for conditions
in winter and late autumn, when tens of pptv of ClNO2 were
observed before sunset because of the long chemical lifetime
of ClNO2 under these conditions (Fig. 3).

An accurate calculation of the integrated NO3 production
rate would require knowledge of the NO2 and O3 concentra-
tions while the air mass is being transported, but the exact
concentrations are only known at the location of the JULIAC
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tower. Therefore, it is necessary to make assumptions about
the history of the air mass. For simplification, it is here as-
sumed that the air mass arriving at the JULIAC site is ho-
mogeneous along the trajectory after sunset. This assump-
tion requires that the consumption of NO2 by a reaction with
O3 is small over the integration time and that the chemical
composition of the studied air remains undisturbed by mix-
ing with air masses containing different trace gas concentra-
tions. The latter assumption seems reasonable when the air is
sampled above the nocturnal surface layer, which was largely
the case during the JULIAC campaign (Sect. 3.3). For these
assumptions, the integrated NO3 radical production P (NO3)
can be calculated from the measured NO2 and O3 concentra-
tions at the measurement site and the reaction rate constant
(k2) of their reaction. The value of the reaction rate constant
is taken from recommendations by the International Union of
Pure and Applied Chemistry (IUPAC; Atkinson et al., 2004).
Therefore, the production rate of the NO3 radical can be sub-
stituted by the reaction rate of NO2 and O3, and Eq. (6) is
rewritten as follows:

εt =
[ClNO2]t − [ClNO2]t0∫ t
t0
k2[NO2]t [O3]tdt

. (7)

t0 can be set to the time of sunset, and the time t is step-
wise increased by intervals of 5 min (time resolution of the
dataset) to calculate the time series of the production effi-
ciency in 1 night. For further analysis, the first 4 h after sun-
set is averaged for each night because ClNO2 increased to its
maximum concentration on most of the nights of this cam-
paign during this time. This suggests that chloride is not a
limiting factor for ClNO2 production. Mean values of the
ClNO2 production efficiency in each season can then be com-
pared.

The ClNO2 production efficiency does not show a clear
seasonal behavior, but the values are larger in the regional
transported air masses than in long-range transported air
masses (Fig. 5). Mean values exhibit a similar pattern if the
values are taken from the entire night or a period in the sec-
ond half of the night (Fig. S9).

For the air masses from regional transportation, the high-
est mean ClNO2 production efficiency of 18± 9 % was ob-
served in February. This is consistent with a high NO3 pro-
duction rate due to high NO2 concentrations (Fig. 3) and the
low temperatures in February which favor the formation of
N2O5. Similar ClNO2 production efficiency was observed in
September, although NO2 concentrations were low. This sug-
gests that other factors, besides the ones included in Eq. (4),
contributed to the efficient production of ClNO2 in regional
air masses in September.

The ClNO2 production efficiencies obtained in December
are similar, with values of 3± 3 % for both regional and long-
range transportation air masses. This is consistent with obser-
vations of ClNO2, NO2, and O3 concentrations, which were
also similar regardless of the origin of air masses in Decem-
ber (Fig. 3). In the other seasons, however, the ClNO2 pro-

Figure 5. Mean ClNO2 production efficiency for each measure-
ment period for 4 h average values starting after sunset. Values are
calculated for air masses originating either from regional or long-
range transportation. The vertical bars denote 1σ standard devia-
tions.

duction efficiencies were 30 % to 50 % lower in air masses
from long-range transportation compared to values obtained
for regional air masses. This can be explained by elevated
NO2 concentrations in regional air masses, which shifts the
equilibrium between NO3 and N2O5 to the side of N2O5 and
N2O5 and therefore facilitates the production of ClNO2.

It should be mentioned that the production of ClNO2
also requires the availability of particulate chloride (Re-
action R4). During the JULIAC campaign, particulate
chloride concentrations were measured by an aerosol
mass spectrometry (AMS) instrument giving average con-
centrations of 0.15± 0.08, 0.07± 0.03, 0.07± 0.06, and
0.09± 0.04 µg m−3 for measurements in February, August,
September, and November, respectively (measurements in
December were not available; see Table S2 in the Supple-
ment). The particulate chloride measurements by the AMS
instrument are restricted to non-sea-salt aerosol because the
AMS was operated to measure the nonrefractory particulate
matters. As the measurement site is only 200 km away from
the North Sea, sea salt was likely an important source of chlo-
ride in the JULIAC campaign. Thus, there was most likely
more chlorine present than measured by the AMS, and the
observed chloride concentrations must be regarded as a lower
limit. Nevertheless, the high ClNO2 production efficiency in
the regional air masses suggests that particulate chloride was
not a limiting factor for the formation of ClNO2 at the mea-
surement site (for the period of 4 h after sunset). In the fol-
lowing analysis, it is assumed that the availability of particu-
late chloride was enough to sustain Reaction R4 during this
study, so ClNO2 production was only dependent on the avail-
ability of its gas-phase precursors (see Sect. 3.5).

Previous studies have reported similar values of ClNO2
production efficiencies. Two field studies performed in ur-
ban environments in Canada found median values of the
ClNO2 production efficiency of 1.0 % (Mielke et al., 2016)
and 0.17 % (Osthoff et al., 2018). These low values were at-
tributed to gas-phase loss reactions of NO3 competing with
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the formation of ClNO2. In addition, the authors determined
significant O3 destruction by deposition and titration in the
reaction with NO in a shallow nocturnal boundary layer,
which further limited the production of ClNO2 (Osthoff et
al., 2018). In another campaign, measurements were per-
formed on board a ship during a cruise in the Mediterranean
Sea (Eger et al., 2019). The ClNO2 production efficiency
determined from these measurements was in the range be-
tween 1 % and 5 % and attributed to the efficient gas-phase
loss of NO3 and to the high temperature (usually > 25◦) that
shifted the thermal equilibrium towards NO3 so that little
N2O5 was expected. In contrast, the ClNO2 production ef-
ficiency observed in Pasadena, U.S. (Mielke et al., 2013),
was much higher than in the field studies in Canada (me-
dian value of 9.5 %). These measurements were performed
in the coastal boundary layer, which was characterized by
high concentrations of pollutants. The authors attributed the
high ClNO2 production efficiency to the rapid N2O5 reaction
with Cl that was present in submicron aerosol particles from
the redistribution of sea salt chloride, as proposed by Osthoff
et al. (2008).

3.5 Dependence of the ClNO2 production on the
availability of NO2 and O3

Most of the measurements taken during the night from a
height of 50 m were not affected by fresh local emissions
from the ground surface, as discussed in Sect. 3.2. As a first
approximation, it can be assumed that particulate chloride is
not limiting the formation of ClNO2 (Sect. 3.4). Therefore,
the amount of ClNO2 that can be formed during the night is
a function of the amounts of NO2 and O3 available at sun-
set. The dependence of the ClNO2 production on the avail-
ability of NO2 and O3 for ambient conditions is further in-
vestigated by box model calculations. This method was pre-
viously used by Sommariva et al. (2018), and a detailed de-
scription can be found in their work. In brief, the model is ini-
tialized with a matrix of initial NO2 and O3 concentrations.
The chemical box model includes production and loss reac-
tions of ClNO2 (Reactions R1–R4; reaction rate constants
are taken from the IUPAC recommendations; Atkinson et al.,
2004). ClNO2 concentrations are calculated for each initial
NO2 and O3 concentration after 4 h. This length of the simu-
lation is chosen because observed ClNO2 concentrations typ-
ically reached their maximum values approximately 4 h after
sunset in the JULIAC campaign.

In the model, the efficiency of the conversion of N2O5 to
ClNO2 is assumed to be constant, with a value for the up-
take coefficient of N2O5 of 0.01 from Bertram and Thorn-
ton (2009) and a ClNO2 yield of 0.5 (Reaction R4) from
Roberts et al. (2009). The aerosol surface area (Sa) measured
during JULIAC was of the order of 100 µm2 cm−3 (Table S1)
and was set to this constant value in the model. Tempera-
ture was fixed at 22 ◦C to represent typical summer-like con-
ditions. Hence, the pseudo-first-order reaction rate constant

for N2O5 uptake is 6.0× 10−5 s−1. Following Sommariva
et al. (2018), a constant NO3 loss rate is used to represent
the typical loss of NO3 radicals (kNO3 ) in their reactions
with organic compounds (Reaction R5). The assumed value
of the NO3 loss rate, kNO3 , is adjusted so that the modeled
ClNO2 concentration agrees with the magnitude of the ob-
servations (Fig. S10), which corresponds to an NO3 reactiv-
ity of 0.004 s−1. It should be noted that the purpose of such
a simplified model is to examine the idealized dependence of
ClNO2 on the chemical conditions and not to reproduce the
measurements.

Figure 6a shows the modeled ClNO2 mixing ratios as a
function of the initial NO2 and O3 concentrations at sun-
set. Given the chemical conditions of long-range transported
air masses in summer (25 to 35 ppbv O3 and 4 to 5 ppbv of
NO2), the model predicts ClNO2 mixing ratios in the range
of 0.1 to 0.16 ppbv. Because of the simplifications adopted
in the modeling approach, calculated ClNO2 mixing ratios
tend to underestimate the measurements the measurements,
which are around 0.2–0.3 ppbv (Fig. S10). For regional air
masses containing higher NO2 mixing ratios (6 to 10 ppbv
of NO2), the NO3 production rates, and therefore the calcu-
lated ClNO2 mixing ratios, are also higher (between 0.2 and
0.4 ppbv, Fig. 6a). Given the position of each measurement
period in the isopleth plot, it can be concluded that all long-
range transported air masses tend to be NO2 limited while
the regional transported air masses tend to be NO2 limited in
summer/autumn and O3 limited in winter.

To further interpret the controlling factors of ClNO2 pro-
duction, the dependence of ClNO2 production efficiency ε
on NO2 and O3 is presented in Fig. 6c. The modeled ClNO2
production efficiency increases with increasing mixing ratios
of NO2 but not with increasing O3 (Fig. 6c), as expected
from Eq. (4), which shows that the ClNO2 production effi-
ciency is a function of multiple parameters but not of the O3
mixing ratio. In general, the model reproduces the experi-
mentally determined ClNO2 production efficiency (as shown
in Fig. 5) within the uncertainty in the calculation (30 %
to 40 %), which is mainly due to the assumptions concern-
ing the history of air masses (Sect. 3.4). However, the rel-
atively high ClNO2 production efficiency found in August
and September in the regional air masses (Fig. 5) is signif-
icantly underestimated by the model. The discrepancy sug-
gests that other processes facilitate the conversion from NO3
to ClNO2 in the regional air masses for summer-like condi-
tions. Though the purpose of this model calculation is not to
reproduce the observations, it is critical to address the related
uncertainties/limitations due to the assumptions in the sim-
plified model. The key parameters affecting the formation of
ClNO2 concentrations are temperature, NO3 loss, and N2O5
loss. Their impact on the model results is discussed below.

Figure 6b shows the dependence of modeled ClNO2 on
the temperature and NO2 concentrations investigated by the
same model approach for which the O3 concentration is fixed
to 30 ppbv (representing the typical O3 level of long-range
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Figure 6. Isopleth plot of modeled (a, b) ClNO2 mixing ratios that
accumulate during the night and (c, d) the ClNO2 production ef-
ficiency depending on (a, c) the initial O3 and NO2 mixing ratios
and (b, d) the temperature and initial NO2 mixing ratios. Values are
taken 4 h after sunset, when maximum ClNO2 concentrations were
observed. Symbols mark calculated ClNO2 mixing ratios for aver-
age values of NO2 and O3 mixing ratios measured in each period of
the JULIAC campaign if the air masses originated either from long-
range (L.-R.) or regional (R.) transportation. For comparison, values
are also shown for measurements during the PARADE campaign in
summer in Germany (Phillips et al., 2012). The dashed line (a) sep-
arates the regimes for which ClNO2 production is more sensitive to
the change in O3 (a) and NO2 (d).

transported air). In this case, the modeled ClNO2 concen-
trations reach maximum values at temperatures of 5 ◦C. For
these winter-like conditions, the low temperature shifts the
equilibrium between NO3 and N2O5 to the side of N2O5.
In contrast, the conversion of NO2 to ClNO2 is suppressed
at high temperatures (T > 15◦) under typical conditions in
August and September. Temperature also plays an important
role for the value of the ClNO2 production efficiency due
to the shift in the equilibrium between NO3 and N2O5. The
significantly higher ClNO2 production efficiency observed in
February compared to the other seasons could be largely at-
tributed to the low temperature at that time (Fig. 6d).

Sensitivity tests demonstrate that decreasing the rate of the
chemical loss of NO3 to organic compounds (Fig. S11) only
has a small impact, while the seasonal variation in chemi-
cal loss of NO3 peaks in summer-like conditions due to the
intense biogenic emission. The higher production efficiency
could be attributed to faster-than-assumed conversion from
N2O5 to ClNO2, which can bring modeled and measured val-
ued into agreement. This can be either achieved by increas-
ing the value of the N2O5 uptake coefficient (Fig. S12) or the

yield of ClNO2 in the process of the heterogeneous uptake of
N2O5 on aerosol (Fig. S13).

As mentioned above, the NO3 reactivity is assumed to be
0.004 s−1 to match the observations, which is comparable to
the NO3 reactivity observed at a mountainous site in south-
ern Germany, with a campaign-averaged value of 0.01 s−1

for nighttime conditions (Liebmann et al., 2018). As shown
in the sensitivity test, a higher NO3 reactivity leads to lower
modeled ClNO2 concentrations. Therefore, the low NO3 re-
activity in the model could be regarded as a lower limit given
the similar biogenic-influenced environments.

In this model calculation, the aerosol surface area Sa is
held constant instead of using the value measured inside the
chamber, which was likely impacted by the sampling system,
but cannot be corrected for ambient measurement (Sect. 2.3).
Nevertheless, the measured Sa gives some confidence that the
model is not using an unrealistic lower limit.

The aerosol chemical composition also plays a role in
determining the production efficiency. The yield of ClNO2
from the N2O5 heterogenous reaction (ϕ(ClNO2)) can be ex-
pressed by assuming that the production of ClNO2 results
from the competition between Cl− and H2O reacting with
the H2ONO+2 intermediate formed from the N2O5 uptake on
aerosol (Bertram and Thornton, 2009; Mielke et al., 2013;
McDuffie et al., 2018b).

ϕ(ClNO2)par =

(
1+
[H2O]

50[Cl−]

)−1

. (8)

The value of the ClNO2 yield is different in the periods of the
campaign showing maximum values of 0.6 to 0.8 in February
(Fig. S14). This is consistent with the relatively high ClNO2
production efficiency derived from the integrated production
rate of NO3 (Eq. 7). However, the calculated ClNO2 yield de-
creases below 0.4 in August and September, which could be
attributed to the higher aerosol liquid water content in these
two periods compared to the value seen in other periods (Ta-
ble S1). The calculated ClNO2 yield is also higher for the
long-range transported air masses than those for the regional
one (Fig. S14). The relatively high ClNO2 production effi-
ciencies found in the regional air masses, which are in con-
trast with their relatively low calculated ϕ(ClNO2), suggest
that other factors play an important role in determining the
ClNO2 production, such as a larger-than-assumed uptake co-
efficient for N2O5 and/or aerosol surface area.

For comparison, the observation from another field cam-
paign conducted in a similar rural environment in Germany
is marked in the isopleth diagram (Fig. 6). The PARADE
campaign took place in the Taunus Observatory of the Uni-
versity of Frankfurt, which is located 170 km southeast of
the JULIAC measurement site (Phillips et al., 2012). The
maximum observed ClNO2 mixing ratio was 0.8 ppbv when
the measurement site was influenced by air masses from the
UK/North Sea. This value is lower than the results of the
model calculations using the median NO2 and O3 observed
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in that campaign, which is consistent with the general under-
prediction for summer-like conditions for the JULIAC cam-
paign and suggests that the conversion from NO3 to ClNO2
is more efficient than the model predicts in summer. The po-
sition in the isopleth diagram suggests that ClNO2 formation
was limited by the availability of NO2, similar to the sum-
mer period the JULIAC campaign, which is the same season
as the PARADE campaign (August).

4 Summary and conclusions

Concentrations of ClNO2 and other trace gases and the chem-
ical composition of aerosols were measured during the Jülich
Atmospheric Chemistry Project (JULIAC) campaign in 2019
that was performed at a rural site in Germany. Ambient
air was sampled into the atmospheric simulation chamber
SAPHIR from a height of 50 m, which was, most of the time,
uncoupled from the surface layer during the night. Cham-
ber characterization experiments demonstrated that no signif-
icant loss or production of ClNO2 occurred inside the cham-
ber for experimental conditions of the JULIAC campaign.

In all periods, ClNO2 measurements showed a trend of
increasing mixing ratios after sunset with maximum values
were reached around midnight. This qualitative behavior is
consistent with the chemical production of ClNO2 and in-
significant losses during the night. Photolysis was the main
loss process for ClNO2 on the following day. The maximum
ClNO2 concentration in this campaign of 1.6 ppbv was ob-
served in September during the early hours of the morning
(03:00 UTC). The analysis of the origin of air masses by
calculations of back trajectories shows that mixing ratios of
ClNO2, NO2, and O3 were higher in regional air masses than
in air masses that traveled a long distance.

A case study analyzing measurements at night from 21 to
22 August 2019 shows that the stratification of layers dur-
ing the night can strongly impact observed trace gas con-
centrations, specifically when the sampling point of the inlet
system was located within a height range that was character-
ized by poor vertical mixing of the air. During most times
of the campaign, however, the sampling point was isolated
from the surface layer during the night. In this case, losses
of trace gases to the surface and reactions with fresh emis-
sions on the ground, which would typically reduce ClNO2
production, were not important.

The ClNO2 production efficiency (i.e., the number of
ClNO2 molecules formed per produced NO3 molecule) was
higher for conditions in air masses from regional areas than
from long-range transportation, mostly due to the higher
NO2 mixing ratios. The minimum average value of the pro-
duction efficiency calculated for the individual measurement
periods in the JULIAC campaign was 3 % and was experi-
enced in December for all air masses independent from their
origin. This low value can be attributed to the low NO2 mix-
ing ratios experienced in winter. For the air masses from

long-range transportation, the mean ClNO2 production effi-
ciencies were in the range of 3 % to 6 % in the period between
August and November but were as high as 12 % in February,
consistent with the seasonality of the observed ClNO2 con-
centrations. The highest mean ClNO2 production efficiency
was found in February, when values reached 18± 9 % and
NO2 concentrations were highest in the regional air masses.
High ClNO2 production efficiency was also found in Septem-
ber when NO2 concentrations were low, suggesting that other
factors including the available aerosol surface area (Sa), the
variability in the N2O5 uptake coefficient, and the yield of
ClNO2 in the heterogeneous reaction of N2O5 were favoring
the production of ClNO2.

With the help of a simple box model of nighttime chem-
istry for the NO3-N2O5-ClNO2 system, the dependence of
ClNO2 concentration on the availability of O3 and NO2 was
investigated. The purpose of such a simplified model is to
demonstrate the general feature of ClNO2 production versus
chemical conditions but not to compare with observations.
The model results suggest that ClNO2 production was more
sensitive to the availability of NO2 than that of O3, especially
for the air masses from long-range transportation. The sea-
sonal variability in ClNO2 is less pronounced compared to
the seasonal changes in NO2 and O3 concentrations because
changes in the NO2 and O3 concentrations partly compen-
sated for each other. The simple model cannot predict the
seasonal changes in the observed ClNO2 mixing ratios. This
indicates that processes other than the NO3 production rate
significantly impacted the ClNO2 mixing ratios. Neverthe-
less, this simple model approach helps us to understand the
general features of the dependence of ClNO2 concentrations
on the availability of NO2 and O3 in the JULIAC campaign.
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