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Organic nitrates (ON) are known to be present in secondary organic aerosol and act as a 
reservoir of nitrogen oxides, regulating the local and regional ozone and hydroxyl radical 
budgets. This work reports observations of particulate ON in Finnish remote boreal forest 
at a site with dominant emissions from biogenic volatile organic compounds. High Reso-
lution-Aerosol Mass Spectrometer data were analysed in a unique way to characterize the 
sources of inorganic and organic nitrates. ON were found to be related to local sources with 
semi-volatile properties. Also they were implying a nocturnal formation mechanism. Occa-
sionally, local sawmill emissions contributed greatly to the organic nitrates. The observa-
tions indicated that in the remote boreal forest area the NO3 radicals are oxidizing biogenic 
VOCs producing ON. This work demonstrates the significant impact of anthropogenic-bio-
genic emissions interaction on the atmospheric organic nitrate aerosol mass concentration.

Introduction

Atmospheric aerosol particles affect climate 
directly by scattering and absorbing solar radia-
tion and indirectly by forming cloud condensa-
tion nuclei (e.g. IPCC 2013). A better under-
standing of their atmospheric sources is impor-
tant for assessing their atmospheric influence 
and reducing the uncertainties in model simula-
tion of climate change.

Organic nitrates (ON) are known to be pre-
sent in atmospheric aerosol but are not explored 
well in spite of their high importance to atmos-
pheric chemistry. Model simulations and experi-
ments both show that ON from oxidation of 
biogenic volatile organic compounds (VOCs) 
are a significant contributor to the aerosol in 
anthropogenically-affected areas (e.g. Pye et al. 
2010, Rollins et al. 2012). The formation of ON 
in the atmosphere can be achieved via a reaction 
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of peroxy radicals (RO2) with NO in the photo-
chemistry:

 RO2 + NO → RO + NO2 (1)
 RO2 + NO → RONO2(ON) (2)

Photolysis of the major reaction channel 1, 
lead to ozone formation via a NOx cycle (Atkin-
son 2000). Channel 2 is a minor pathway that 
forms ON. ON are also formed from oxidation 
of VOCs by NO3 radicals in the nocturnal chem-
istry:

 NO2 + O3 → NO3 (3)
 NO3 + VOC → ON (4)

Hence ON act as a sink or reservoir of atmos-
pheric NOx (NO and NO2) species. Some ON 
molecules have lifetimes that are long enough 
for a regional transport. The importance of ON 
in regulating the atmospheric ozone and OH 
budgets locally and regionally has been recog-
nized (Seinfeld and Pandis 2006).

In the last decade, studies of ON forma-
tion were conducted both in the laboratory and 
field. Chamber experiments showed that organic 
nitrate yields from isoprene oxidation by NO3 
vary from 4.3% to 23.8% (Ng et al. 2008), while 
the ON production from β-pinene and limonene 
reactions with NO3 reach mass yields of 50% 
and 30%, respectively (Fry et al. 2009, 2011). 
However, ON from NO3 oxidation of α-pinene 
lead to zero aerosol formation under dark chem-
istry (Fry et al. 2013), in contrast to a yield 
of 26% from photochemistry (Rindelaub et al. 
2014). These results show that the ON forma-
tion depends on the VOC precursors, and most 
probably on the size and structure of these com-
pounds. In ambient environments, particulate 
organic nitrates are widely detected by thermal 
dissociation-laser induced fluorescence (TD-
LIF) (Day et al. 2002) and Fourier transform 
infrared spectroscopy (Garnes and Allen 2002), 
both in remote forested and urban areas. The 
daily variations of ON are strongly controlled by 
the ambient NOx level (e.g. Browne 2013), day 
and night chemistry (e.g. Fry et al. 2013, Day 
et al. 2009), temperature (e.g. Day et al. 2008) 
and loss from deposition, hydrolysis and further 
oxidation (Liu et al. 2012).

Although a number of ambient measurements 
of ON have been carried out, their detailed for-
mation mechanisms and sources are still poorly 
understood. In this study, we present the meas-
urement results of particulate organic nitrate 
aerosols from Hyytiälä, Finland. The campaign 
site is representative of a remote boreal forest 
environment dominated by biogenic emissions, 
and relatively low aerosol mass loadings and 
NOx concentrations. New-particle formation and 
growth are frequently observed at the site (Kul-
mala 2003, Kulmala et al. 2004). In recent years, 
a few studies focused on real-time particulate 
chemical composition observations and ON were 
only briefly mentioned. For example, Allan et al. 
(2006) found high m/z 30 peak occasionally in 
AMS-derived mass spectra of the Aitken mode 
at the site in Hyytiälä, which was suggested to be 
possible fragmentation of organic nitrates (NO+) 
or amines (e.g. CH2NH2

+). However, they were 
not able to confirm the finding due to the low 
mass resolution of the instrument. Raatikainen et 
al. (2010) applied PMF analysis to Q-AMS obser-
vations, revealing organic factors and their prop-
erties. They found aged, long-range-transported 
and highly-oxidized OOA1 (Oxidized Organic 
Aerosol, also referred to as LV-OOA) factor being 
less volatile, and a more hygroscopic and less oxi-
dized OOA2 factor (similar to SV-OOA) that is 
more volatile, representing local and non-hygro-
scopic aerosol. Similar factors were found by 
Finessi et al. (2012): OOA1 was found to be asso-
ciated with polluted continental air masses and 
OOA2 with air masses from north-to-west wind 
directions from Atlantic Ocean and crossing into 
Scandinavia. In this study, we used a High resolu-
tion Time of Flight Aerosol Mass Spectrometer 
(HR-TOF-AMS) and PMF analysis by integrating 
organics and nitrate species for the first time and 
discovered that at the study site the ON formation 
was strongly affected by the anthropogenic activ-
ity and nighttime chemistry.

Methods

Measurement site

The measurements were conducted in southern 
Finland at the SMEAR II (Station for Measuring 
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Forest Ecosystem-Aerosol Relations) Hyytiälä 
station (61°51´N, 24°17´E) (Hari and Kulmala 
2005) during the early spring of the year 2011 
between 15 Mar. and 20 Apr. The site is located 
on a hill (180 m a.s.l.) surrounded by boreal 
forest, mainly consisting of Scots pine, Norway 
spruce, birch and aspen. In addition, there is 
agriculture in the vicinity of the site and the vil-
lage of Juupajoki (population < 2000) is located 
6 km SE of the site. The densely-populated city 
of Tampere lies approx. 50 km SW of the site.

AMS operation and data processing

During the campaign, the size-resolved non-
refractory chemical composition of aerosol par-
ticles with vacuum aerodynamic diameter of 
50–1000 nm was measured by an Aerodyne HR-
TOF-AMS. Detailed descriptions of the instru-
ment, measurement and data processing are 
given in Jayne et al. 2000, Jimenez et al. 2003 
and DeCarlo et al. 2006. The HR-TOF-AMS 
was operated alternating V and W modes for the 
ion quantification, with V mode providing better 
sensitivity and W mode better mass resolution. 
In front of the AMS inlet, the aerosol samples 
were dried by a Permapure Nafion® dryer to 
eliminate the possible effect of water content on 
the aerosol mass quantification.

The AMS data were processed using SQUIR-
REL Tof-AMS Data Analysis Toolkit ver. 1.5 
and PIKA Tof-AMS HR Analysis ver. 1.1H. In 
addition, an elemental analysis was processed 
using APES ver. 1.06 (available from http://cires.
colorado.edu/jimenez-group/ToFAMSResources/
ToFSoftware/index.html) within the Igor Pro soft-
ware. In the elemental analysis, the O:C ratio was 
calculated by considering the CHO+ ion correc-
tion (Canagaratna et al. 2015). For the calculation 
of aerosol mass concentration, a constant collec-
tion efficiency (CE) of 0.5 was applied to account 
for the particle loss in the aerodynamic transmis-
sion lens and heat vaporizer. The default value of 
CE was chosen according to comparison of AMS 
vs. DMPS (Differential Mobility Particle Sizer) 
volume and relatively low amount of inorganic 
nitrate (Middlebrook et al. 2012). The size range 
of DMPS for the volume calculation was chosen 
according to detectable size range of AMS. The 

densities of the AMS-derived non-refractory com-
pounds were 1.4 g m–3 for LV-OOA, 1.2 g m–3 for 
SV-OOA, 1.725 g m–3 for NH4NO3, 1.769 g m–3 
for (NH4)2SO4 (Zhang et al. 2005b) and 2.0 g m–3 
for black carbon. The elative ionization efficien-
cies were the default values for organics (1.4), 
nitrate (1.1), sulphate (1.2) and chloride (1.3), and 
for ammonium a value of 2.28 was determined 
from the calculation of ionization efficiency (IE) 
calibration procedure.

The data analysis was further performed by 
applying Positive Matrix Factorization (PMF) 
technique to the high-resolution mass spectra 
(Paatero and Tapper 1994, Paatero 1997, Ulbrich 
et al. 2009). In this study, PMF analysis was con-
ducted in a way that organic and error matrices 
of high-resolution mass spectra were generated 
in PIKA. The time series and errors of NO+ and 
NO2

+ ions were also integrated into the organic 
and error matrices for PMF analysis. The com-
bined organic and inorganic matrices were then 
fitted using the PMF evaluation tool. By using this 
method, we expected to quantity the formation of 
particulate organic nitrate in a boreal forest area.

The PMF was evaluated with 1 to 10 factors 
and Fpeak was varied from –1 to 1. Knowledge of 
formerly reported mass spectra profiles and sup-
porting measurement data from other instruments 
and campaigns were used to assist the interpreta-
tion of the PMF results. The number of factors 
was chosen to be three because additional factors 
did not give extra information for the analysis and 
because this number explained well enough the 
outcome and the residuals were low according 
to the Q value of 3.97. The coefficient of deter-
minations (R2) for Fpeak value of 1 indicated the 
best correlations between the factors and studied 
tracers in the chosen Fpeak range (see Table 1). 
Hence, the Fpeak value of 1 was chosen for the 
final solution.

Other supporting measurements

The aerosol number concentration and size dis-
tributions in a size range of 10–800 nm were 
measured by a Differential Mobility Particle Sizer 
(DMPS). The DMPS shared a same sampling line 
with AMS part of the campaign at a sampling 
flowrate of 1 l min–1. The rest of the campaign 
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the DMPS was removed and AMS had exter-
nal pump to keep the sampling flow rate at the 
same level. Trace gas constituents (O3, NOx, SO2, 
CO, CO2) and meteorological parameters (wind 
speed, wind direction, precipitation, temperature 
and relative humidity) were measured continu-
ously at the site and saved in the data archive of 
the University of Helsinki’s Smart-SMEAR data 
repository (Junninen et al. 2009). When the data 
were available, the averaging time for meteoro-
logical parameters and trace gases was chosen to 
be 1 h and sampling height was 4 m. The relative 
humidity was measured by an RH sensor (model 
MP102H, Rotronic, Switzerland) and precipita-
tion (liquid water equivalent) was recorded as 
1-min accumulations. Shortwave solar radiation 
was measured by a pyranometer (model SK08, 
Middleton, Australia) in a wavelength range of 
0.3–4.8 µm. Black carbon (BC) was measured 
by an aethalometer (model AE-16, Magee Scien-
tific, Berkeley, CA) that used light-emitting diode 
at λ = 880 nm (Virkkula et al. 2007). CO2 was 
measured by an infrared light absorption analyser 
(LI-840 model, Li-Cor, Nebraska, USA), CO 
by an infrared light absorption analyser (Horiba 
APMA model, Horiba ltd., Japan), O3 by an 
ultraviolet absorption analyser (TEI 49 C), NOx 
by a chemiluminescence analyser (TEI 42 CTL, 
Thermo Fisher Scientific, MA, USA) with photol-
ytic converter and SO2 by a fluorescence analyser 
(TEI 43 CTL, Thermo Fisher Scientific, MA, 
USA). Air trajectories were computed using the 
HYSPLIT Trajectory Model (Draxler et al. 2013, 
Rolph et al. 2013).

Deriving inorganic molecules

The AMS measures non-refractory organic and 
inorganic species, such as organics, sulphate 

(SO4
2–), nitrate (NO3

–), ammonium (NH4
+) and 

chloride (Cl–). Based on the principles of aerosol 
neutralization and molecular thermodynamics, we 
were able to reconstruct the molecular composi-
tion from the ions (McMurry et al. 1983). Several 
neutral molecules such as (NH4)2SO4, NH4HSO4, 
H2SO4, NH4NO3, NH4Cl and other possible non-
refractory molecular species that evaporate at 
600 °C were reconstructed from the AMS data 
for the comparisons with the PMF results. Sev-
eral rules were used for the calculations. The 
back-calculations of molecular compounds were 
estimated according to the ammonium-to-sulphate 
molar ratio in a way that all ammonium reacts 
first with sulphate (McMurry et al. 1983, Du et 
al. 2010). First, if 0 < ratio < 1, NH4 exists as the 
chemical forms of H2SO4 and NH4HSO4. Second, 
if 1 < ratio < 2, NH4 exists as (NH4)2SO4 and 
NH4HSO4. Third, if ratio > 2, then the fraction 
NH4 corresponding to twice the amount of SO4 
exists as (NH4)2SO4 and the remaining fraction of 
NH4 is associated with NO3 and Cl. Fourth, the 
rest of NO3, which is not neutralized by NH4 is 
from NaNO3 or organic nitrate.

Results and discussion

Overview

The meteorological parameters (T, RH, precipi-
tation, WD and WS) and the time series of indi-
vidual AMS species varied greatly during the 
campaign (Fig. 1). Generally, the total volume 
concentration measured by AMS was in good 
agreement with the collocated measurements of 
DMPS, with a ratio of the AMS volume to 
the DMPS volume concentration being 0.778. 
The mean ± SD total mass concentration was 
1.8 ± 1.7 µg m–3 which was close to the values 
measured earlier in Hyytiälä using a similar 
instrument (Allan et al. 2006, Raatikainen et al. 
2010). Organics accounted for 49%, sulphate 
22%, ammonium 10%, nitrate 7%, black carbon 
11% and chloride < 1% of the particle mass over 
the campaign period.

The time series of mass concentrations of 
individual chemical species also varied consider-
ably, especially nitrate and organics which were 
the main focus of this study. Nitrate and organ-

Table 1. R 2 values for the Fpeak values of –1, 0, 1 for 
comparison of species.

	 –1	 0	 1

R 2 (LV-OOA vs. CO2
+)	 0.94	 0.95	 0.98

R 2 (LV-OOA vs.
      estimated (NH4)2SO4	 0.52	 0.53	 0.60
R 2 (SV-OOA vs. Organic NO3)	 0.92	 0.99	 0.99
R 2 (NO-factor vs. est. NH4NO3)	 0.94	 0.94	 0.94
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ics peaked in the direction of 120°–150° which 
indicated emissions to the southeast (Fig. 2). 
The direction 120°–150° was consistent with the 
location of the neighbouring Juupajoki village 
and especially the local sawmill, which is rec-
ognized as an anthropogenic emission sources 
close to Hyytiälä (Liao et al. 2011, Hakola et al. 
2012, Corrigan et al. 2013). Hence, in the fol-
lowing sections, the data are interpreted as with 
and without the influence of sawmill emissions, 
which may be representative of an environment 
in a boreal forest with and without the effect of 
local anthropogenic activities.

PMF analysis: Anthropogenic and 
biogenic sources of organic nitrate

PMF results

As mentioned in the prior section, wind from the 

direction of 120°–150° brought high amounts 
of fine particles and other emissions originating 
from the sawmill to the measurement site during 
this campaign. By performing PMF analysis on 
the combined high-resolution organic spectra 
together with NO+ and NO2

+ ions for the whole 
measurement campaign, we identified three fac-
tors: SV-OOA, LV-OOA and NO-factor (Fig. 3). 
Generally, LV-OOA consisted of 54% of the 
fitted aerosol mass, SV-OOA of 36% and the 
NO-factor of 10%.

First of all, PMF split the NO+ and NO2
+ ion 

fragments into organic and inorganic mass spec-
tra. A separate NO-factor was extracted, which 
was dominated by the inorganic NO+ and NO2

+ 
ions, comprising 88% of the mass of the factor 
with the remaining species being from organic 
fragments. The ratio of NO+/NO2

+ ions in this 
factor is 2.4, identical to the value for NH4NO3 
determined in the AMS ionization efficiency (IE) 
calibration procedure. Meanwhile, the time series 

Fig. 1. Relative humidity 
(RH), precipitation, tem-
perature (T), wind direc-
tion (WD), wind speed 
(WS), volume concentra-
tion and mass loadings 
of organics (Org), nitrate 
(NO3), sulphate (SO4), 
ammonium (NH4), chloride 
(Chl) and black carbon 
(BC) during the spring 
campaign in 2011.
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of this factor was consistent with that of the esti-
mated NH4NO3 species and, as a consequence, 
this factor was primarily recognized as a NH4NO3 
inorganic factor. The rest of NO+ and NO2

+ signal 
was split into other organic factors in the PMF.

The mass spectral patterns of LV-OOA and 
SV-OOA were similar to OOA1 and OOA2 com-
ponents determined by the PMF for the same 
measurement site (Raatikainen et al. 2010) and 
also resembled the features of LV- and SV-OOA 
at a global scale (Ng et al. 2010). The mass 
spectrum of SV-OOA was characterized by the 
prominent peak at m/z 43 (C2H3O

+). The oxida-
tion level of SV-OOA was represented by an O:C 
of 0.44. For LV-OOA, it corresponded to more 
oxidized compounds with a much higher O:C 
ratio of 0.87. Its mass spectrum was dominated 
by the peak at m/z 44 (CO2

+) and m/z 28 (CO+), 
comprising 31% of the particulate mass in this 
factor. As per the chemical composition, the 
majority of SV-OOA component was roughly 
comprised of 44% CHO family ions and 45% 

CH ions by mass. By contrast, the CHO-family 
ions made up greater contribution to LV-OOA 
component (approximately 65% by mass). The 
time series of LV-OOA showed a good correla-
tion with ammonium sulphate (R2 = 0.6; Fig. 3) 
and its major sources were the long-ranged trans-
ported aerosol from the southern sector, mainly 
from southern Finland and central Europe based 
on the wind-rose (Fig. 4) and back-trajectory 
analyses (Hao et al. 2014). For the SV-OOA 
component, we observed several high mass con-
centration peaks in the time series. The wind 
rose showed that these plumes originated from 
the southeast, where the previously-mentioned 
sawmill is located. The sawmill has been found 
to be a significant emission source of anthropo-
genic monoterpenes at the site (Liao et al. 2011, 
Corrigan et al. 2013). Therefore, we hypothesize 
that the secondary conversation of sawmill emis-
sions was an important anthropogenic source 
that contributed greatly to the observed SV-OOA 
component during this study.
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Determination of particulate organic nitrate

The NO+ and NO2
+ ions were assigned to dif-

ferent PMF factors due to the different phys-
icochemical properties of nitrate components. 
Besides the observation of NOx

+ (NO+ and 
NO2

+) ions dominating in NO-factor, we also 
saw their presence in the organic factors. On 
average, 65% of the NOx

+ family ions were 
present in the NO-factor, while nearly 30% was 
from SV-OOA factor and the rest from LV-OOA 
(Fig. 3). The fact that the assignment of NOx

+ 
ions is split between the inorganic and organic 
factors implies that nitrate had both organic and 
inorganic chemical forms. Based on this, we 
could evaluate the organic nitrates and inorganic 
nitrates: the NOx

+ ions in the NO-factor were 
used to derive the inorganic nitrate and those 
in organic factors (SV-OOA and LV-OOA) for 
determining the organic nitrates.

Total nitrates (NO3
–) were calculated as a 

sum of ion fragments of N+, NO+ and NO2
+ in 

AMS. The mass fraction of N+ was found to be 
negligible (approximately 4%), and hence the 
ratio (NO+ + NO2

+)/(N+ + NO+ + NO2
+) was 0.96. 

Because of its relatively low abundance in total 
nitrate, N+ was not used in the PMF analysis 
but it was used as a coefficient for calculation 
of final absolute values of organic and inorganic 
nitrates. The calculations of organic and inor-
ganic nitrates were performed as follows:

 NO+
Org = NO+

SV-OOA + NO+
LV-OOA (5)

 NO2
+

Org = NO2
+

SV-OOA + NO2
+

LV-OOA (6)
 NO+

Inorg = NO+
NO-factor (7)

 NO2
+

Inorg = NO2
+

NO-factor (8)
 NO3,Org = (NO+

Org + NO2
+

Org)/0.96 (9)
 NO3,Inorg = (NO+

Inorg + NO2
+

Inorg)/0.96 (10)

where NO3,Org and NO3,Inorg are the organic and 
inorganic nitrate masses, respectively. NO+

Org 
and NO2

+
Org are the mass concentrations of NO+ 

and NO2
+ ions, respectively, in the SV-OOA and 

LV-OOA factors, while NO+
Inorg and NO2

+
Inorg are 

the corresponding ions in the NO-factor. The 
four remaining variables can be obtained directly 
from the PMF results.

In the calculation, particulate organic nitrates 
refer to the nitrate functional groups (–ONO2) 
in this study, which exist in organic molecular 
forms. The terminology of organic nitrates same 
as in several previous studies (Day et al. 2010, 
Fry et al. 2009, 2011), but different from the 
one used in some other studies, where organic 
nitrates refer to the molecules in form of peroxy
nitrates (RO2–NO2) or alkyl nitrates (RO–NO2) 
(e.g. Beaver et al. 2012). The relative ionization 
efficiency of organic nitrate species was set to 
1.1, assuming that they are ionized at the same 
efficiency as NH4NO3 (Fry et al. 2011, Hao et 
al. 2014).

The mean ± SD mass concentration of 
organic nitrates was 0.033 ± 0.057 µg m–3. Of 
the total organic nitrate mass loading, 77.7% was 
assigned to the SV-OOA component, suggesting 
its semi-volatile nature. This was in line with the 
results presented by Fry et al. (2009) and Hao et 
al. (2014) who studied the organic nitrate spe-
cies formed from β-pinene oxidation with nitrate 
radicals in a chamber experiment, and particulate 
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organic nitrates in a field experiment, respec-
tively. Meanwhile, we also observed that 22.3% 
of the organic nitrates were associated with 
LV-OOA. A wind rose showed a much higher 
mass concentration of ON in the direction of the 
sawmill in Juupajoki, matching well with the 
rose pattern of NOx gas species (Fig. 5). The ON 
also display a pronounced diurnal cycle that was 
characterized by a peak at 05:00 and a minimum 
at 16:00 (Fig. 6). The average mass concentra-
tion during the nighttime was roughly double 
that during the day, suggesting the nocturnal 
formation as a major source for ON. Hence, we 

concluded that the major formation pathways of 
ON in Hyytiälä was from the reaction between 
the monoterpene compounds emitted from the 
sawmill (Liao et al. 2011) and the anthropogenic 
NO3 radical (as the results of the reaction of 
NO2 and O3). In general, 88% of the observed 
particulate nitrate compounds from the sawmill 
were composed of organic nitrate, highlight-
ing the importance of anthropogenic activities 
to the atmospheric nitrate formation. Since the 
nitrate aerosol in this direction was dominated 
by organic nitrate, the size distribution of nitrate 
can well present the distribution of organic 
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nitrate. The organic and organic nitrate aerosols 
exhibited a wide size distribution ranging from 
30 nm to around 1000 nm of the vacuum aero-
dynamic diameter with a mode diameter peaking 
roughly at 100 nm (Fig. 7). The similarity in the 
size distributions suggests the same origin of two 
components.

PMF analysis: Biogenic sources of organic 
nitrate

Based on the wind rose analysis, it was obvious 
that the SV-OOA and NO factors were greatly 
affected by the sawmill emissions. To exclude 
this anthropogenic source from the analysis, we 
excluded the wind directions from the sector of 
120°–150°.

After excluding the sawmill plumes from the 
data set, we obtained a three-factor solution in 
the PMF analysis (Fig. 8). The PMF extracted 
one separate NO-factor and two organic fac-
tors, SV-OOA and LV-OOA. The mass spec-
tra of the three factors were very similar to 
those with the sawmill plumes were included. 
The NO-factor mass concentration was consist-
ent with the calculated NH4NO3 compounds in 
the time series and thus was recognized as a 
NO-factor with a NO+/NO2

+ ratio of 2.4. We 
observed much lower mass concentration for 
the NO-factor and SV-OOA without the sawmill 
contribution, but their time series in two cases 
followed nicely each other with the exception 
of few plumes. These results again are consist-
ent with our hypothesis that sawmill emissions 

are an important, local anthropogenic source 
that contributes notably to the secondary aero-
sol formation in Hyytiälä. In contrast, the mass 
concentrations of LV-OOA component in these 
two cases were similar, suggesting that LV-OOA 
is not affected by the local anthropogenic emis-
sions and is originated from regional-transported 
biogenic species.

Quantification of the ON species without 
the sawmill emissions was conducted by using 
the method described earlier. The ON mass 
concentration varied notably in time (Fig. 9). 
The mean ± SD mass concentration of ON 
was 0.027 ± 0.028 µg m–3, which represents a 
background concentration of ON in the boreal 
forest in Hyytiälä. The ON mass concentration 
was slightly lower than the one with the saw-
mill plumes taken into account (0.033 ± 0.057 
µg m–3). Generally, 95% of the ON mass concen-
tration was associated with SV-OOA, implying 
a dominant secondary formation mechanism for 
the observed ON in this study. Meanwhile, we 
saw 5% ON existing in the LV-OOA factor, indi-
cating some ON species have lifetime that are 
long enough to be transported regionally to the 
Hyytiälä area.

The diurnal pattern of ON without the sawmill 
plumes was studied in detail (Fig. 6). We used 
the measured gaseous CO2 as a tracer to indicate 
the variation of boundary layer depth. Generally, 
the change of CO2 concentration caused by the 
boundary layer mixing was only around 1%, even 
though we cannot rule out other possible effects 
on its concentration. The ON cycle showed a 
maximum at 02:00 and a minimum in the after-
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noon. The difference (by a factor of 1.6) in the 
mass concentrations between the day and night 
values cannot be interpreted only by the mixing 

layer change. Temperature can be another expla-
nation because ON in this study were mainly 
semi-volatile in nature. Condensation of organic 
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nitrate compounds from the gas phase may be 
enhanced after sunset and particulate ON may 
evaporate during the day. However, by taking 
into account a very slight change in temperature 
(roughly 6 °C) in Hyytiälä, it was still unlikely 
that temperature played a key role in the ON vari-
ation. Thereby, we can expect that ON were pro-
duced via a nocturnal chemistry mechanism due 
to the observation of a much higher mass concen-
tration during the nighttime, as Raatikainen et al. 
(2010) and Allan et al. (2006) report the major 
production of semi-volatile aerosol during the 
nighttime in Hyytiälä area.

Based on the analysis, we hypothesize that 
the ON formation in Hyytiälä was an outcome of 
the oxidation of biogenic VOC emissions from 
the boreal forest with anthropogenic oxidants 
(e.g. NO3 radical). Notable particulate organic 
nitrate formation from nocturnal oxidation was 
observed in several studies, e.g., in Puijo, which 
is located in Finland 210 km from SMEAR II 
(Hao et al. 2014), in the Colorado Rocky Moun-
tains (Fry et al. 2013), and other remote/rural 
sites (Rollins et al. 2012, Murphy et al. 2006). 
The formation of particulate organic nitrates 
from NO3 radicals during the day is minor due 
to the rapid decomposition of NO3 radical under 
UV irradiation. However, its formation may be 
possible from NO termination by peroxy radicals 
(RO2) under photochemistry. On one hand, ON 
observed during the day comes as a residual of 
prior night products. On the other hand, we are 
unable to rule out the simultaneous formation of 
ON compounds during the day via a photochem-
istry in Hyytiälä.

NO+/NO2
+ ratio

The difference in the ratios of NO+/NO2
+ ions 

has been reported for different nitrate species. 
In this study, we found that the NO-factor rep-
resented mainly ammonium nitrate. The NO+/
NO2

+ ratio in this factor was 2.4 (Fig. 10) and 
depended on instrument settings, which is con-
sistent with the recent studies reporting the ratios 
in the range 2–3 (Alfarra et al. 2006, Fry et al. 
2009, Liu et al. 2012). The NO+/NO2

+ ratio of 
organic nitrates was 8.5, close to the values of 
laboratory-produced organic nitrates (Fry et al. 
2009, Farmer et al. 2010, Bruns et al. 2010) and 
measured in the field (Farmer et al. 2010, Hao 
et al. 2014). Thereby, the NO+/NO2

+ ratio can be 
used to estimate the chemical form of nitrate in 
ambient air. Note that the other forms of nitrate 
such as sodium nitrate (NaNO3) produces a high 
NO+/NO2

+ ratio of 80 in the AMS mass spectrum 
(Liu et al. 2012), which can interfere with the 
differentiation of nitrate species. Thus a specific 
attention should be paid to the nitrate sources 
at different measurement sites when using the 
above method.

Conclusions

Here characterised atmospheric particulate 
organic nitrate components at a boreal-forest 
site in Hyytiälä, Finland. The PMF analysis 
of the unified organic matrices with NOx

+ ions 
was successful in distinguishing the organic 
and inorganic factors in this study. Of the total 
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particulate organic nitrates, 77.7% were resid-
ing in the SV-OOA factor, suggesting that they 
were mainly formed from local sources and 
were semi-volatile in nature. The sawmill, as 
a local anthropogenic source nearby the meas-
urement site, affected greatly the SV-OOA and 
organic nitrate formation. After excluding the 
sawmill plumes, the average mass concentration 
of organic nitrates was 0.027 µg m–3. In condi-
tions typical for a boreal forest environment (i.e. 
sawmill plumes excluded from the analysis), 
the amount of organic nitrates during the night 
was approximately 1.6 times higher than during 
the day. Based on these results, we conclude 
that the organic nitrate formation during our 
campaign was mainly from the nocturnal oxida-
tion of VOC (either biogenic VOCs from forest 
emissions or anthropogenic VOCs from saw-
mill) with anthropogenic oxidant, nitrate radical. 
This work demonstrates the significant effect 
of anthropogenic-biogenic emissions interaction 
on the atmospheric organic nitrate aerosol mass 
concentration.
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