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Abstract

Measurements of total peroxy nitrates (2XRO,NO,, ZPNs), total alkyl nitrates (XRONO,,
2ANs) and nitrogen dioxide (NO,) were made above the surface of a Malaysian tropi-
cal rain forest in Borneo, using a laser-induced fluorescence instrument developed at
the University of LAquila (Italy). This new instrument uses the direct excitation of NO,
at 532 nm in order to measure its concentrations detecting by the NO, fluorescence at
wavelengths longer than 610nm. XPNs and >ANs are indirectly measured after their
thermal dissociation into NO,. Observations showed enhanced levels of NO, during
nighttime, an increase of 2PNs during the afternoon and almost no evident diurnal cy-
cle of 2ANs. The diurnal maximums of 200 pptv for 2PNs and 2ANs are well below the
peaks reported in other forest sites. A box model constrained with measured species,
reproduces well the observed 2PNs, but overestimates 2ANs concentrations. The rea-
son of this model-observation discrepancy could be a wrong parameterization in the
isoprene nitrates (INs) chemistry mechanism. Sensitivity tests show that: (1) reducing
the yield of INs from the reaction of peroxy nitrates with NO to almost the lowest values
reported in literature (5 %), (2) reducing the INs recycling to 70 % and (3) keeping the
INs dry deposition at 4cm s, improve the agreement between modelled and mea-
sured >ANs of 20 % on average. These results imply that in the tropical rain forest,
even if 2PNs and 2ANs concentrations are lower than those observed in other North
American forests, the yield and dry deposition of INs are similar. Another comparable
result is that in the INs oxidation its recycling dominates with only a 30 % release of
NO,, which has implications on tropospheric ozone production and aerosol budget.

1 Introduction

Nitrogen oxides (NO, = NO + NO,) and total reactive oxidized nitrogen species (NO,
= NO, + 2RO,NO,+ 2RONO, + HONO + NO3; + N,O5 + ...) play important roles in
the chemistry of the troposphere, controlling the rate of ozone (O3) production (Jacob,
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1999) and are core components of the tropospheric photochemical system. NO, and
Oj are air pollutants and can cause damage to vegetation, ecosystems and the human
health (EEA, 2005). In the troposphere, nitrogen oxide reservoirs (NO, = NO,-NO,)
are temporary sources and sinks for NO, and their concentrations can determine the
spatial extent of the O3 production resulting from emissions of NO,. For example,
the main sink for NO, is the oxidation of NO, carried out by OH producing nitric acid
(HNOg), which is water soluble and rapidly lost by wet deposition. In contrast, the
formation of peroxyacetyl nitrate (PAN), which has a relative long lifetime, can affect
the abundance of NO, on global scale since it can be transported over long distances
before it thermally decomposes (Crutzen, 1979; Hudman et al., 2004).

Various techniques are available to quantify the concentrations of nitrogen oxide
reservoirs, the most common method is Photo-Fragmentation Chemi-Luminescence
(PF-CL) (Fehsenfeld et al., 1987; Fahey, 1991; Williams et al., 1998). PF-CL instru-
ments do not detect each NO, individually, because they provide a total concentra-
tion, however, the speciation of the various components of NO, is very important to
understand chemical processes in the atmosphere. The concentrations of distinct
NO, like PNs and ANs are generally measured using different techniques like: (1)
gas chromatography followed by electron capture detection (GC-ECD) (e.g. Roberts
et al., 1998a; Atlas et al., 1993; Bertman et al., 1995; Flocke et al., 2005; Mills et al.,
2007); (2) chemical amplification gas chromatography (CA-GC), which converts PAN to
NO, and then uses luminol-based chemiluminescence to detect the latter (Blanchard
et al., 1993); (3) ANs is also measured with gas-chromatography/mass spectrometry
technique (GC/MS) (Reeves et al., 2007).

In the last decade a thermal dissociation system, followed by a laser-induced flu-
orescence (TD-LIF), has been used in several field campaigns for the concentration
measurements of some NO, types and, due to the TD-LIF fast response, for the quan-
tification their fluxes, by using the Eddy Covariance technique (Day et al., 2002; Farmer
et al., 2006). The TD-LIF is based on the heating of the air sample at different tem-
peratures, in order to thermally dissociate three distinct NO, types (2PNs, 2ANs and
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HNOj3) in turn to form NO,, which is then measured by the LIF. Each NO, compound
has a characteristic dissociation temperature, due to different strengths of the X-NO,
bond. Therefore ZPNs, ZANs and HNO;, thermally dissociate into NO, at about 200 °C,
400°C and 650 °C, respectively (Day et al., 2002). Secondary chemistry may have an
impact on the observed NO, concentrations through the following three classes of reac-
tions: (1) oxidation of ambient NO into NO,; (2) reduction of NO, to NO and (3) oxida-
tion of NO, (Day et al., 2002). Day et al’s observations demonstrated that these inter-
ference processes can cause, at most, an error of 5% in the measurements of 2PNs,
2ANs and HNOj. TD-LIF has become a well characterised technique for the mea-
surement of NO, (particularly at low mixing ratios), 2PNs, and 2ZANs, and it can yield
information important for the interpretation of atmospheric photochemistry. Wooldridge
et al. (2010) reported a summary of the comparisons between TD-LIF observations
of 2PNs and individual PANs observed during several campaigns with different tech-
niques. 2PNs observed with TD-LIF agree to within 10 % with the summed individual
PANs species and suggest that unmeasured PAN-type compounds are not evident in
the atmosphere, as suggested by some photochemical mechanisms (Wooldridge et
al., 2010).

Many experiments have investigated the NO, budget, often in an attempt to find
the “missing NO,” (an unbalance between direct measurements of NO, and the sum
of the measured components) (Fahey et al., 1986; Ridley et al., 1990; Buhr et al.,
1990; Trainer et al., 1991; Parrish et al., 1993; Williams et al., 1997). Using TD-LIF
observations, Cohen’s group found that 2ANs represent a large fraction of NO, and
their concentrations are enough to close the NO, budget, at least in some sites (Day et
al., 2003). In details: (1) at the Blodgett Forest Research Station (UC-BFRS), California
(rural environment), Cohen’s group found that 2ANs are 10-50 % of the total NO, and
about the amount of the “missing NO,”; (2) at Granite Bay, California (suburban) and
(3) La Porte, Texas (urban), where 2ANs represent 10—20 % and 8—20 % of the total
NO,, respectively (Day et al., 2003).
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The pool of volatile organic compounds (VOCs) emitted by vegetation is globally
dominated by isoprene with estimated emissions of 440-660 Tg yr'1 (Guenther et al.,
2006). The oxidation of isoprene is efficiently initiated by OH, NO; and Og, and the
products of its oxidation chains impact NO, budget, tropospheric O3 and secondary
organic aerosol (SOA) (Atkinson et al., 1983; von Kuhimann et al., 2004; Fiore et al.,
2005; Horowitz et al., 2007; Ito et al., 2007). Even if most of the products of the iso-
prene oxidation chains are known, the formation rate and fate of isoprene nitrates (INs)
are still uncertain (Barnes et al., 1990; Horowitz et al., 2007; Paulot et al., 2009; Perring
et al., 2009a; Rollins et al., 2009). INs are some of the minor channels of the isoprene
oxidation chains but play a significant role in the level of tropospheric O3, because of
the NO, sequestration associated with the INs formation, and on the aerosol budget,
due to alkyl and multifunctional nitrates observed in the aerosol phase (Kroll et al.,
2006; Day et al., 2008; Rollins et al., 2009). The yield of INs originated from the reac-
tion of isoprene hydroxyperoxy radicals (some of the isoprene oxidation products) with
NO may range between 4.4 % and 12 % (Horowitz et al., 2007; Perring et al., 2009a;
Paulot et al., 2009). Other uncertainties are related with INs wet and dry deposition
that are permanent sinks for NO,. INs dry deposition used in different models varies
between 0.4 and 5cms™" (Giacopelli et al., 2005; Rosen et al., 2004). Another fac-
tor that influences the INs chemistry is the recycling of INs when INs react with OH
or Oz. Recent field campaigns and model simulations have put some constraints on
the yield, recycling and dry deposition of INs: (1) Horowitz et al. (2007), using aircraft
observations during the ICARITT campaign (USA), found that the best agreement be-
tween observed and modelled 3 ANs (that includes also INs) is achieved using the
following parameters: INs yield of 4%, 50 % of INs recycling and a dry deposition of
INs close to that of HNO5 (4-5cm s‘1); (2) Perring et al. (2009a), analysing aircraft
observations taken over the US during the INTEX-NA campaign, almost confirmed
Horowitz et al. (2007) results, stating that a low INs yield (4.4 %), a fast dry deposition
(4-5cms™') and a recycling efficiency of 67 % are the parameters by which the best
agreement between observed and modelled > ANs is obtained. Perring et al. (2009a)
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also pointed out that > ANs (that include also INs) have a longer lifetime than single IN,
which suggests a possible second oxidation cycle of organic nitrates.

In this paper we describe the enhancement of an existing NO,-LIF instrument devel-
oped at University of LAquila (Italy). The TD-LIF is a system for continuous measure-
ments of NO,, 2PNs and ZANs with high frequency sampling (10 Hz) and a detection
limit of 3.6 pptv, 11.2pptv and 13.1 pptv for NO,, 2PNs and >ANs, respectively. The
TD-LIF instrument was deployed during the July 2008 OP3 (Oxidant and Particle Pho-
tochemical Processes above a South-East Asian tropical rain forest) campaign in the
Borneo rainforest (Malaysia) with the aim of investigating the role of isoprene oxidation
products in the > ANs budget. The Dynamically Simple Model of Atmospheric Chem-
ical Complexity (DSMACC) (Emmerson et al., 2009), developed at the University of
Leeds, is used to model 2PNs and >ANs. Observed LIF data are compared with the
model outputs to estimate the INs yield from isoprene hydroxyperoxy radicals reaction
with NO, which in some aircraft campaigns seems to be close to 4.4 %, but in experi-
ments that use a controlled reaction chamber, it is estimated to be up to 12 % (Paulot
et al., 2009). Constraints on the dry deposition of INs and the INs recycling when INs
react with OH and O are discussed using results and sensitivity tests of the DSMACC
model.

2 Site description and instrumentation

The measurements reported in this work were carried out in July 2008 during the third
international OP3 campaign on the 100 m tall tower of the Bukit Atur World Meteorolog-
ical Organisation/Global Atmospheric Watch station (4° 58'49.33" N, 117° 50'39.05" E,
426 ma.s.l.) (http://gaw.empa.ch/gawsis/) in south-east Sabah, Malaysia. The Bukit
Atur Global Atmospheric Watch (GAW) site chosen for the OP3 sampling is situated
at an altitude of 437 m above mean sea-level, on a small hill approximately 260m
above the surrounding valley floor. Bukit Atur is within the Permanent Forest Estate
(PFE) Production Forest of the Ulu Segama — Malua Forest Reserve, but is less than
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5km east of the 438 km? area of PFE Protection Forest, known as the Danum Valley
Conservation Area (DVCA). It is approximately 70 km inland from the town of Lahad
Datu on Sabah’s east coast. The DVCA covers 43 800 hectares and comprises almost
entirely lowland dipterocarp forest; it represents the largest expanse of pristine forest
of this type remaining in Sabah. This region has an equatorial climate with a mean
annual temperature of 26.8 °C (mean monthly temperatures range from 25.8 °C in Jan-
uary and 27.6°C in April) and a mean relative humidity of 78 % (14:00 LT) and 95 %
(08:00 LT). The mean annual rainfall (1985—2006) is 2825 mm. More details on the site
and measurements made during OP3 can be found in Hewitt et al. (2010). The gen-
eral purpose of the OP3 project was to understand the mechanisms of reactive gases
emissions from a tropical rainforest and how they affect the production and the chem-
istry of oxidants and particles in the local and global troposphere. A full description
of the project objectives and an overview of the main results are reported in Hewitt et
al. (2010).

The TD-LIF instrument of the University of LAquila (Italy) was operated during the
period 1-23 July 2008, to measure NO,, >PNs and >ANs at about 8 m above the
ground level at a rate of 1 Hz. The NO, mixing ratio was also measured at 75 m with a
detection rate of 10 Hz in order to calculate NO,, fluxes (Fowler et al., 2011). The NO,
measurements at 75 m were made by switching the ZANs detection cell to sample NO,
at 75m for 25 min and 2ANs for 3 min. In the OP3 configuration, the relative detection
limits of for NO,, 2PNs and 2ANs were 3.6 pptv, 11.2pptv and 13.1 pptv (60-s time
averaging), respectively.

The TD-LIF system is an evolution of the NO,-LIF instrument developed at the Uni-
versity of LAquila (Italy) and described in details elsewhere (Dari Salisburgo et al.,

2008). Briefly, it consists of: (1) a light source (Q-switched Laser, NavigatorTM I
Spectra-Physics, at 532nm; 3.8 W of power, 15kHz of repetition rate and 20 ns of
pulse-width); (2) detection cells; (3) a vacuum system; (4) an inlet box that includes
the dissociation system and (5) a control system. To operate in the tropics, the system
was installed in an air conditioned laboratory. The laser beam is steered by two high
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reflectivity mirrors (99 % at 532 nm and 45 degree) before entering the first detection
cell through a 5cm diameter window, and leaves the other side of the cell through an-
other antireflection window. In this configuration the laser radiation is sent sequentially
through three cells: after each cell the beam is steered into the subsequent cell us-
ing high reflectivity mirrors. The laser power is monitored before and after each cell
by four photodiode detectors (UDT55) to compensate the fluorescence counts for the
laser power changes. More information about the LIF system, its controller and the
calibration system can be found in Dari Salisburgo et al. (2008). Here the new compo-
nents (the inlet and the dissociation system) are discussed. The dissociation system
is used to thermally convert the ZPNs and the 2ANs into NO,. ambient air is sampled
through an inlet (a PFA tube, 56 cm long, 6.4 mm OD and 3.8 mm ID) (Fig. 1) and,
subsequently, it is split into 3 equal flows to pass through three quartz tubes (120cm
long, 6.0mm OD and 3.8 mm ID). The first quartz tube is not heated; the second and
third ones are heated for the first 15cm with a coiled nichrome wire (28 AWG, 13
ohmsm™', ~60 ohms) to which 220 V AC is applied through a power controller (STOM
1, United Automation) in order to heat the inflowing ambient air. The temperatures
are measured by thermocouples and controlled using a proportional-integral-derivative
technique that modulates the current of the STOM. The thermocouples are fixed on
the external surface of the quartz tube and are used to provide the feedback to the
heater controller. Since the measured temperature is always lower than the effective
temperature of the flow, the temperature intervals for the complete thermal dissociation
of ZPNs and ZANs compounds (200 °C and 400 °C, respectively), are determined by
injecting known amounts of these species into the system and looking at the relative
temperature of dissociation. The unheated first tube is used to measure the ambient
NO, concentration; the second and the third tubes are heated at about 200°C and
400 °C, respectively in order to dissociate ZPNs and ZANs compounds into NO, (Day
et al., 2002). The heated gas sample is cooled along the remaining quartz tube until
it reaches a PFA Swagelok connector that reduces the air pressure. The sample air
reaches a stainless steel nozzle in the detection cell, after passing through 10 m of
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1/4" PFA tube. In order to test the dissociation temperatures, several qualitative and
quantitative laboratory tests were carried out. For example, in one of the quantitative
tests, known concentrations of n-propylnitrate (one of the ZANSs) diluted in ultrahigh
purity zero air were sampled by the instrument inlet. Figure 2 shows the result of
this laboratory experiment: the instrument cells were kept at ~7.5 Torr pressure with
a sensitivity of 40.14 Counts/(s ppb) and a mean error of ~23.3%. A standard cylin-
der of n-propylnitrate (0.997 ppm (£5 %)) was diluted in zero air to sample ~2.3 ppb of
n-propylnitrate. Figure 2 shows the concentrations of n-propylnitrate sampled with rela-
tive errors (calculated by propagating the contribution of each error), and the detected
NO, produced by the TD-LIF thermal dissociation system with relative errors versus
the heater temperature. The agreement between the amount of n-propylnitrate sam-
pled and the NO,, detected after the thermal dissociation of the former, proves the con-
version efficiency of the system for this AN. The small concentration of NO, measured
below 250°C is due to some residual NO, present in the cylinder of n-propylinitrate.
Several laboratory tests were made in order to verify that both the zero air signal and
calibration constant values do not change when ambient air is heated; in this way it
has been possible to demonstrate that thermal dissociation is a selective method for
the exclusive dissociation of the compounds of interest (2PNs, ZANs and HNO;). An
intercomparison between the LIF and chemiluminescent analyzer for NO, has already
been described in details (Dari-Salisburgo et al., 2008), here we focus on the inter-
comparison between TD-LIF and a chemiluminescent analyzer for NO, (CHEM-NO,)
based on the measurements carried out in summer 2008 during the OP3 campaign.
In the CHEM-NO, all the NO, species are converted into NO by catalytic reduction
using a CON 765Y NO, converter. The converter contains a solid gold tube which is
heated at 300°C and housed in a section of a glass tubing. A low concentration of
CO gas is mixed with the sample gas which flows through the glass tubing and over
the gold surface where the wanted reduction is achieved. The produced NO is then
measured by an Ecophysics CLD 780 TR chemiluminescence detector. The NO, is
measured by a second Ecophysics CLD 780 TR connected to an Ecophysics PLC 762
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NO, photolytic converter. NO, concentration is usually calculated from the difference
between NO, and NO, concentrations, but it can also be calculated using the single
species measured by the TD-LIF:

NO, = NO, —NO, = 3PNs + ZANs + HNOj (1)

Figure 3 shows the scatter plot between the NO, obtained using NO, and NO, concen-
trations, measured by the CHEM-NO,, and the NO, calculated as the sum of 2PNs and
2ANs, measured by the TD-LIF. In order to compare the data measured by different in-
struments, the analysis procedures required some manipulations of the raw data: the
shown CHEM-NO, data are the 10-min median of the measured raw data, which were
therefore compared with 10-min median TD-LIF data. The measurements used for the
intercomparison in Fig. 3 were observed during the period 19-23 July 2008. A linear
regression analysis between the NO, measured by CHEM-NO, and TD-LIF shows that
the two sets of measurements have a correlation (R) of ~0.64 and a slope of ~0.99.
Unfortunately, during OP3, speciated PANs measurements to be compared with TD-
LIF 2PNs were not available, and the NO, observed by the TD-LIF missed HNO,,
NO3; and HONO. Therefore the low correlation between CHEM-NO, and TD-LIF is the
combination of the low selectivity of the CHEM-NO, system and the missing species
observed by the TD-LIF, in the OP3 configuration. Even if the correlation and slope
between the chemiluminescence system and the TD-LIF observations are somehow
encouraging, a more selective intercomparison has been planned, to test the reported
good agreement (within 10 %) of the Berkeley TD-LIF measurements of 2PNs and total
speciated PANs species (Wooldridge et al., 2010).

3 Results and discussion

Figure 4 shows the diurnal cycle of NO,, 2PNs, 2ANs, O; and isoprene measured at
8 m from the surface at the Bukit Atur tower. This altitude has been selected because
previous observations suggested that the Bukit Atur measurements made at 5m and
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above are representative of the daytime mixed layer, hypothesis confirmed by the ob-
servations during OP3 (Pugh et al., 2010; Hewitt et al., 2009). At night, the hilltop
of Bukit Atur was typically situated in a stable atmospheric layer decoupled from a
lower fog-filled stable layer that filled the surrounding valleys (MacKenzie et al., 2011;
Pearson et al., 2010). NO, concentration decreases during the day, with minimum
values at around 0.2 ppbv between 12:00 LT and 16:00 LT and starts to increase in
the late afternoon until it reaches maximum values of ~0.58 ppbv at around 22:00 LT
(Fig. 4). Nocturnal concentrations of NO, and O in this site are driven by a small (about
2.8 x 10° molecules cm™2 3'1) local NO, source from soil, a modest (about 1 mm s'1)
deposition of O3 on the forest leaf surfaces, and a strongly reduced vertical mixing in
the stable nocturnal air on the surface (Pugh et al., 2011). During the day, the photo-
oxidation of biogenic VOCs, in particular isoprene, in a well-mixed boundary layer about
800 m deep, is also important (Pugh et al., 2010). The absence of anthropogenic NO,
sources, suggests an almost constant daytime NO, emission with a predominant loss
during the day due to photochemistry, evident from the increase of O3. The nighttime
increase of NO, concentrations and the persistent relatively high concentrations of O
after dusk can be explained with ozone deposition and soil emission of NO into a noc-
turnal atmosphere that is strongly stable in the first 20m or so (Pugh et al., 2011).
The isoprene flux is triggered by temperature and sunlight variation (Guenther et al.,
2006), therefore isoprene concentration starts to increase after the sunrise and keeps
rising up to more than 2 ppbv (after 15:00 LT), and then it declines when temperature
and sunlight drop (Fig. 4). The diurnal evolution of 2PNs is similar to the isoprene
one with a small temporal shift but both species reach the highest concentrations at
the same time (Fig. 4). The similarity between the diurnal cycles of 2PNs and iso-
prene is a qualitative confirmation that most of the 2PNs compounds are produced
from the oxidation of isoprene intermediates like methacrolein (MACR) and methylvinyl
ketone (MVK) (LaFranchi et al., 2009). 2ANs diurnal cycle is less evident compared to
those of 2PNs and isoprene, and the nighttime >ANs high concentrations can be ex-
plained through the high efficiency of isoprene nitrates production due to the reaction
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of isoprene with NO4 (yield of about 65 %) that is abundant during the night (Perring et
al., 2009b).

Observed data are analysed using a tropospheric chemistry box model called DS-
MACC (Emmerson et al., 2009; Stone et al., 2010) designed to study the composition
of the troposphere and it can be used to calculate the expected concentrations of at-
mospheric species. The model uses the Kinetic Pre-Processor (KPP) (Damian et al.,
2002), which is a software tool that assists the computer simulation of chemical kinetic
systems. The Tropospheric Ultraviolet and Visible radiation model (TUV) (Madronich,
1987) provides the calculations of the photolysis rate. The chemical scheme of the
DSMACC can be easily changed, for this reason it is possible to use it to compare
different chemistry schemes. The DSMACC can be used both for free running and
for constrained simulations. In the first case the concentrations of the species can
vary freely from their initial conditions; in the second case it is possible to choose the
species to be constrained in the model. The chemistry scheme used in the simu-
lations reported here is the Master Chemical Mechanism (MCM) v3.2 (Jenkin et al.,
2003; Saunders et al., 2003; Archibald et al., 2010; http://mcm.leeds.ac.uk), which is
a near-explicit chemical mechanism describing the degradation of isoprene and other
biogenic VOCs in details. The MCM describes the degradation of 135 primary VOCs,
including isoprene and other biogenic VOCs. Isoprene accounts for 80 % (as carbon)
of the measured emissions of reactive carbon fluxes from the forest (Langford et al.,
2010). This scheme contains approximately 5600 species and 13 500 reactions which
are defined on the basis of predefined protocols.

The constrained version of the model was used to simulate the average daytime
trends of 2PNs and 2ANs. Simulating the nighttime chemistry is complicated by the
boundary layer dynamics (Pugh et al., 2010). The simulated time period ranging from
08:00 to 18:00 was divided into 20 steps of 30 min each. Each point is characterized by
several parameters which represent the initial conditions. The parameters used in the
simulations are: temperature, latitude, longitude, day of the year, atmospheric pres-
sure, photo-dissociation of ozone (J-values), JO1D, and the concentrations of some
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species: CO, H,0, O3 and some VOCs (Hopkins et al., 2003; Jones et al., 2011).
The values of the parameters above are mean data, calculated for every step using
the values measured during the OP3 campaign. Table 1 summarizes the input data.
The concentration of CH, was set to 1770 ppm and the concentration of H, was set to
550 ppm since they do not change during the simulation. As regard the concentration of
NO,, for every step the model corrects the total concentration to ensure that it remains
constant, whereas the concentration of other species can vary. At the end of each day
the calculated concentration of NO, is compared to the measured NO, concentration,
and the concentrations of all NO, species are fractionally increased or decreased so
that the measured and the modelled concentrations match. Unmeasured species are
initially set at zero. The J-values used are calculated by the TUV model, assuming
a constant ozone column of 260 Dobson units and an albedo of 0.1, and scaled ac-
cording to the measured JO'D. The model is integrated forward in time until a diurnal
steady state is reached, this occurs when the daily mean fractional difference of the
concentration of each unconstrained species and the daily mean fractional difference
of the sum of all the species concentrations between a day and the previous are less
than 0.01. Full details can be found in Stone et al. (2011). All the species in the model
include a loss which can be considered like a continuous deposition process, such as
dry deposition or mixing at zero concentration background. The height of the boundary
layer we consider is 800 m (Pugh et al., 2010). For >PNs we use a deposition velocity
of 4cms™ that equals a loss rate of 5 x 10™°s™". The ZANs dry deposition is set as
that of 2PNs, which is consistent with the daytime values reported elsewhere (Munger
et al., 1996; Farmer et al., 2008). The dry deposition velocity of the INs is as that of
2ANs (4cm 3'1). The first-order loss rates of the other species are set at 1 x 107°s™!
(Stone et al., 2010).

The model simulations, carried out using the parameters above plus recycling of INs
of 100 % (meaning negligible NO, production from INs reaction with OH, O3 and NO3)
and 10 % of INs yield from the reaction of isoprene hydroxyperoxy radicals with NO,
can be considered the “base” simulations because they use the default parameters of
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the MCM. The processes that control the production and loss of 2PNs during daytime,
using the “base” simulations, are reported in the upper panel of Fig. 5. The main sink
of 2PNs is their thermal decomposition, whereas the reaction of NO, with acyl peroxy
radicals is the main ZPNs source. The lower panel of Fig. 5 shows the processes con-
trolling the production and loss of 2ANs during daytime. The main XZANSs loss is the
dry deposition (labelled as “DUMMY” in Fig. 5, according to the KPP labels, Damian
et al., 2002). The reactions between isoprene peroxy radicals (ISOPAO2, ISOPBO2,
ISOPCO2 and ISOPDO2) and NO are the main sources of 2ANs. Figure 6a shows the
diurnal cycle of the 2PNs, calculated by the model using default parameters (labelled
as “base”) and measured by the TD-LIF. Daytime concentrations of 2PNs calculated
by the model are in good agreement with the measured values between 12:00 and
16:00, with overestimations before and after this period. Figure 6b shows the diurnal
cycle of 2ANs calculated by the model, using default parameters (as “base”) and mea-
sured by TD-LIF. The model underestimates the observed ZANs for the first two hours
of the simulation, whereas systematically overestimates them after 10:00 LT. From the
processes that control the production and loss of 2ANs (Fig. 5) it is possible to sup-
pose that the uncertainties in the dry deposition, the yield of INs from the reaction of
peroxy radical with NO and INs recycling are the reasons for the modelled-observed
2ANs disagreement. To find the parameters that have an impact on the INs chemistry,
sensitivity tests were performed changing the dry deposition, recycling and yield of INs
and comparing how the agreement between measured and modelled 2ANs changed.
The starting point was the model output using the default parameters of the MCM for
INs (dry deposition: 4cm s, recycling: 100 %, and yield from peroxy nitrates reaction
with NO: 10 %), which had a sum of the squared differences (SSD) between modelled
and measured 2ANs of 0.15. Reducing the recycling to 70 % the SSD did not change
significantly dropping only to 0.14; halving the INs dry deposition the SSD became
worse (0.22), whereas halving the INs yield to 5% the SSD achieved the best value
(0.12). These tests suggest that the INs yield of 5 %, its recycling of 70 % and its dry
deposition of 4cm s™'is the set of parameters that gives the best agreement between
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measured and modelled 2ANs, as shown in Fig. 6b (line labelled “yield 5% and recy-
cle 70 %”). Changes in the recycling and deposition of INs do not impact the modelled
2PNs that for both give the same SSD as the “base” simulation (0.09), only halving the
INs yield to 5 % impacts a bit the SSD of 2PNs that rises to 0.10 as shown in Fig. 6a
(line labelled “yield 5 % and recycle 70 %”). These results confirm the results reported
by Perring et al. (2009a) where they find the best agreement between measured and
modelled 2ANs when recycling of INs is 67 %, its yield 4.4 % and its dry deposition
between 4 and 5¢cms™ .

Another indirect test to check the reliability of the above set of parameters comes
from the comparison of simulated daytime NO, speciation using these new parame-
ters (Fig. 7a) and the NO, speciation calculated from the measured species (Fig. 7b).
NO, is the major component of NO, followed by 2PNs and HNOg; in general the model
underestimates the contribution of the NO, and the ZANs derived from isoprene, over-
estimates the contribution of 2PNs and HNOg, whereas the role of the 2ANs derived
from other species is well reproduced by the model. In any case, the modelled NO,
speciation reported in Fig. 7a is systematically in better agreement with the measured
NO, speciation compared with the results of the model using the “base” parameters
that are: NO, =38.51%; HNO3; =23.25%, 2PNs = 22.86 %, 2ANs from isoprene =
10.26 % and 2PNs from other species = 5.12 %.

4 Conclusions

A new instrument capable of measuring tropospheric 2PNs and 2ANs concentrations
with laser-induced fluorescence at low pressure has been developed and deployed
for the first time during the OPS3 field campaign. Although experimental conditions
were difficult in the tropical forest environment, the instrument performance was stable
and reliable during the entire campaign and 2PNs and >ANs have been successfully
measured for the first time in such environment. Several tests, performed to check
the selectivity of the system, confirmed that the TD-LIF performs well. During the
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OP3 field campaign, maximum and median 2PNs and 2ANs concentrations were lower
than observed in other forest campaigns. Model simulations showed good agreement
between measured and modelled 2PNs, but overestimations of the observed ZANs. A
series of sensitivity tests show that the isoprene nitrates chemistry of the MCM model
may be the reason for the model overestimation of ZANs. The best agreement between
measured and modelled 2ANs can be achieved reducing the isoprene recycling from
100% to 70% and the isoprene nitrates yield, coming from the reaction of peroxy
nitrates with NO, from 10% to 5%. The optimal isoprene nitrates dry deposition is
4cms”'. These results suggest an important role of the isoprene nitrates chemistry
in the ozone production and aerosol budget in a tropical rain forest similar to what
observed in airborne campaigns in other completely different forests in North America.
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Table 1. Summary of data inputs of the model.

Compounds Median Mean Standard Range

(ppt) (ppt) deviation (ppt)  (ppt)
Ozone 5.7x10° 5.9x10° 0.8x10° 4.9x10° t0 8.0x10°
Carbon monoxide 87.5x10° 88.8x10° 5.3x10° 81.3x10°% t0 97.2x10°
Water 25538.0x10° 25535.2x10° 457.4x10° 24215x10° to 26 272x10°
Nitrogen dioxide 204.0 208.1 26.7 173.7 t0 261.2
Ethane 240.2 241.0 5.1 234.3 t0 252.0
Propane 459.7 476.5 149.7 184.310673.9
Isobutane 352.4 430.8 181.3 270.7 to 906.1
n-Butane 176.6.3 202.3 62.3 133.210 373.0
2-Methylbutane 13.9 14.9 4.6 9.31t025.0
n-Pentane 15.9 16.0 2.0 13.31t0 19.8
Ethene 58.9 56.7 6.6 47.310 65.5
Propene 34.2 731 97.3 22.0t0 375.6
But-1-ene 121.3 119.4 7.2 106.6 to 131.3
Methanol 2161.4 2134.5 261.3 1738.1 to 2698.8
Acetaldehyde 65.9 63.4 6.2 49.3t0 68.6
Propan-2-one 389.4 380.0 29.0 298.1to 412.2
2-Methylbuta-1,3-diene  1371.3 1398.5 630.8 493.6 to 2450.8
a-Pinene 21.5 20.5 2.6 15.5 t0 23.1
Acetylene 90.1 89.0 9.6 76.6 to 108.8
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Fig. 2. Laboratory TD-LIF test: known amounts of synthetic N-Propilnitrate sampled by the ! !
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Fig. 3. Intercomparison between NO, measured by the Chemiluniscence and NO, (2PNs +

2ANs) measured by TD-LIF.
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Fig. 4. Diurnal mean of NO,, 2Pns, ZAns, O5 and isoprene observed at the Bukit Atur tower (8
m above the surface) during OP3 campaign.
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Production and loss of ZPNs

MPAN --> DUMM

PPN --> DUMM

PHAN --> DUMM

C5PAN17 --> HC4ACO3 + NO:
C5PAN19 --> HC4CCO3 + NI

MPAN --> MACO3 +
PHAN --> HOCH2CO3 +

bther

|C96CO3 + NO2 --> C10PAN2
JHCOCO3 + NO2 --> GLYPAN
JHMACO3 + NO2 --> HMPAN
JC2H5C03 + NO2 --> PPN
JHC4ACO3 + NO2 --> C5PAN17
JHC4CCO3 + NO2 --> C5PAN19
-)3 +NO2 --> MPAN
JHOGH2C03 + NO2 --> PHAN
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Fig. 5. Upper panel: processes controlling the diurnal production and loss of ZPNs. Lower
panel: as for the upper panel but for >ANs. The names of the compounds are specified in the

MCM (http://mcm.leeds.ac.uk).

[Offier
JAPINBO2 + NO > APINBNO3
JHMVKAO2 + NO --> HMVKANO3

INBUTOLAO2 + NO --> NBUTOLANO3 I

JAPINAOZ + NO > APINANO3
J852402 + NO --> C524NO3

JISOPCO2 + NO —> ISOPCNO3
JISOPAGZEINO --> ISOPANO3
[ISOPBO2 + NO --> ISOPBNO3

]
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Fig. 6. (A) Time series of measured (plus) and modelled > PNs using the MCM default pa-
rameters labelled as “base” (triangles) and using a reduced yield (5 %) and INs recycling of

70 %(squares). (B) as for (A) but for 3 ANs.
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A)

HNO3 (25.05 %)

NOx (40.95 %)
ZANs from other species (3.21 %)

ZANs from isoprene (5.48 %)

SPNs (25.31 %)

B)

HNO3 (21.36 %)

NOy (45.63 %) ZANs from other species (3.30 %)

ZANs from isoprene (9.59 %)

SPNs (20.12 %)

Fig. 7. (A) Daytime simulated NO, speciation. (B) As for (A) but using observed NO, species.
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