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INTRODUCTION 
 
Biological sources of VOCs in aquatic ecosystems are related to algal and microbial functions, which have 
been reported to produce significant quantities of volatile compounds, e.g. dimethyl sulphide, isoprene and 
monoterpenes (Colomb et al., 2008; Yassaa et al., 2008) especially during the algal bloom periods. 
Oceans have proven to be significant sources of aerosol precursor gases, but in inland lakes also algae and 
bacteria may produce VOCs in quantities comparable to those of terrestrial soil and forest floor vegetation 
(Bäck et al., manuscript in preparation). The diurnal pattern observed in freshwater VOC emissions 
suggests a significant contribution of biological (both bacterial and algae) processes on the production of 
VOCs.  
 
Aquatic VOC emissions have mostly been measured during the ice-free period when the biological 
activity is greatest. However, the ice cover does not inhibit bacterial metabolism, which is independent on 
light. Since also algal photosynthesis begins already below the ice cover after snow has disappeared and 
saturates at very low PAR levels (Tulonen et al., 1994; Ojala, pers. comm.), it is anticipated that 
biologically produced VOCs could accumulate beneath the ice cover, and released to the air during the ice 
melt period. In freezing marine ecosystems the VOCs may also be accumulated in the brine pockets. 
In this project we conducted springtime VOC measurements on boreal lakes hypothesizing that: 
1) ice cover does not restrain VOC production in boreal lakes, and 
2) melting of ice may lead to a burst of accumulated VOCs from the top layers of the water column 

 
METHODS 

 
The springtime emissions of terpenoids were measured from two boreal lakes: on the Lake Kuivajärvi, in 
southern Finland and on Lake Erssjön, in southern Sweden (Figure 1). Measurements were conducted with 
floating flow-through chambers and the samples were taken from air entering and leaving the enclosure to 
adsorbent tubes (Tenax TA-Carbopack B). Samplings were performed with three campaigns, starting at 
the time of ice melt. Earlier at the winter, background samples were taken from a chamber placed above a 
small hole in the ice cover. Terpenoid analyses from adsorbent tubes were performed at the Finnish 
Meteorological Institute with thermodesorption-gas chromatograph-mass spectrometer (TD-GC-MS). 
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Figure 1. Map of the measurement lakes in Sweden and Finland. 
 
 
In addition to the VOC emission measurements, terpenoid and short-chained hydrocarbon concentrations 
were measured parallel on the Lake Kuivajärvi with on-line TD-GC-MS, and these measurements are still 
on-going. The concentrations were measured about 50 cm above water surface and the sampling inlet was 
coupled with 3D ultrasonic anemometer. 
 
The VOC emission measurements were combined with those of air temperature, solar radiation, 
chlorophyll, and phytoplankton populations. Phytoplankton samples will be analysed later in the 
laboratory under microscope as well as phytobiomass using chlorophyll determination with a 
spectrophotometer. At the Lake Kuivajärvi, measurement raft provides plenty of data about physical 
parameters and gas concentrations (O2, CO2, CH4) in the lake and gas fluxes from the lake. In both the 
lakes, water balance as well as carbon input and output were continuously monitored. 
 

RESULTS AND CONCLUSIONS 
 
The preliminary data shows measurable terpenoid emissions from boreal lakes and the emissions consist 
on several mono- and sesquiterpenes. However, the absolute springtime emissions seem to be quite low in 
both the lakes, and a burst in the emission during/after ice melt was not observable. The emissions seem to 
increase during the spring with higher temperatures. The data on terpenoid and short-chained carbohydrate 
concentrations from the Lake Kuivajärvi are not yet available. 
 
The three most abundant compounds in aquatic terpenoid �H�P�L�V�V�L�R�Q�V���Z�H�U�H���P�R�Q�R�W�H�U�S�H�Q�H�V���.-�S�L�Q�H�Q�H�����û3-
�F�D�U�H�Q�H���D�Q�G����-pinene, same compounds that are abundant also in VOC fluxes from boreal forest floor 
(Aaltonen et al., 2011). Several sesquiterpenes (most abundantly longifolene) were also seen in the 
emissions, although generally their emission rates were very low. The oxygenated terpenoids linalool and 
bornyl acetate were emitted in notable amounts. 
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INTRODUCTION 

 
Boreal peatlands are known to be a massive storage of soil carbon, making up to about 20% of the world 
terrestrial carbon reserves. The carbon storage in peatlands has played a crucial role in the climate 
development since the last glacial period. Nowadays, however, the changing climate has been exerting a 
pressure on boreal peatlands under which their carbon reserves are becoming unstable. Massive evidence 
suggests that the expected climate shifts may destabilize the peatlands enough for the major fraction of their 
organic carbon to be emitted into the atmosphere in the form of greenhouse gases, mainly as CO2 and CH4. 
At the same time, the peat accumulation zone may progress northwards as the arctic climate changes 
(Charman et al., 2013). 
 
Besides that, however, peatlands have the potential to alter the climate through the energy exchange with the 
atmosphere. This process bears importance on many scales. At the scale of 1 to 10 m2, it is responsible for 
the heating of peat, which directly controls the production of GHG; at the scale of 10 to 100 km2, the Bowen 
ratio largely determines the local and regional climate. On an even larger scale, the conversion between the 
open peatlands and forested areas, occurring both naturally and through management, feeds back to the 
global climate.  
 
Specific features of boreal climate have led the peatlands to develop distinctive microtopography with the 
associated differences in the vegetation communities, peat characteristics and hydraulics (Bridgham et al., 
1996). Those differences have been shown to create steep gradients in the mass and energy exchange in 
wetlands. This implies that ecosystem-scale exchange processes at wetlands cannot be modelled correctly 
without account of the differences in microsite dynamics. 
 
Siikaneva, the biggest wetland to remain in its natural state in Southern Finland, is a perfect polygon for the 
examination of the peatland microsite heterogeneity. This important aspect of the wetland biogeochemistry is 
addressed at the bog part of the wetland, the site known as Siikaneva-2. 
 

METHODS AND AIMS 
 
The bog area of Siikaneva has been the site of various multi-scale experiments brought out by the 
collaboration of the University of Helsinki, University if Eastern Finland and the Finnish Meteorological 
Institute. The work that has been brought out at the site during the three field seasons of 2011-2013 and is to 
be continued includes: 
 

1) Eddy-covariance measurements. The EC setup in Siikaneva-2 provides the ecosystem-scale 
estimates of CO2, CH4, sensible and latent heat fluxes. The the EC-derived wetland-atmosphere 
exchange rates provide twofold information that may be hard to interpret because of the source 
heterogeneity. In the first few tens of meters near the EC mast, the primary source area of the 
turbulent fluxes may have the size comparable with the sizes of individual microsites. Farther away, 
the microsite mosaic is less important, since the turbulent fluxes effectively become spatially 
averaged at larger distances from the EC sensor. 
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  2) Manual chamber measurements. The chamber measurements are performed at 6 microsites; each 
microsite is sampled 3 times for better representativeness. The microforms currently measured are: 
high hummock, hummock, high lawn, lawn, hollow and mud bottom. Additionally, floating 
chambers are used to estimate the ebullition flux from mud bottoms / pond surfaces. 

 
3) Gas concentration sampling. Dissolved gas collection points are equipped with the tubes reaching 

down to 2m depths in all representative microsites. Through these measurements, we hope to obtain 
new evidence of the greenhouse gas production across the bog microtopography gradient. 

 
4) Vegetation sampling. Examination of the vegetation composition has been brought out within the 

99% contribution area of EC fluxes (200m radius around the EC mast). A total of 354 plots have 
been sampled, with the additional sampling in the maximum EC contribution zone to follow. 
Derived quantities include leaf area index, biomass and species composition. 

 
5) LIDAR and aerial photography. Completed in spring 2013, these remote sensing campaign has 

provided a high-resolution view of the area around the site, which will be used to construct the 
source mosaic map, in coordination with the vegetation map. 

 
6) Net radiation and temperature monitoring. 4 pairs of Rnet sensors and Tpeat profiles (down to 0.3m 

depth) have been installed at representative microsites, since we expect different with respect to the 
net radiation flux and the soil heat conduction. These are tightly linked with e.g. microsite-specific 
surface cover, peat structure and water content. 

 
7) Collection of peat cores and peat depth measurements along transects. Done throughout the extent of 

the wetland, these data will help reconstruct the peatland development in the past and may be used to 
forecast the state of the wetland under future climate conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Organization of measurements and campaigns at the Siikaneva-2 site. Due to the larger spatial 
scale of the work, the peat cores are not included. Vegetation sampling points are uniformly distributed over 
the footprint zone. 
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  Our ultimate purpose is to draw clear distinction between the responses of different microsites to the main 
environmental drivers such as interannual weather fluctuations or peatland management, and their individual 
contributions to the local and regional carbon and energy balances. 
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INTRODUCTION 
 
Atmospheric New particle formation events (NPF), i.e. nucleation and the growth of the newly formed 
particles have been well documented in many different environments all around the world (Kulmala et al., 
2004 and references therein). Many studies have been done to find out the important variables causing and 
preventing the NPF events. Hyvönen et al. (2005) showed that low relative humidity and condensation 
sink are the key factors for occurrence of a NPF event in Hyytiälä, Finland. Boy and Kulmala (2002), on 
the other hand, suggested that low atmosphere water content, low condensation sink, and high solar 
radiation, in particular the UV-A component, create favorable circumstances for NPF. They showed that 
appearance of clouds during the events did sometimes stop the nucleation, and sometimes nucleation 
continued after the disappearance of clouds. Moreover, they concluded that the radiation level required for 
the appearance of the smallest detectable 3 nm particles is more than one third of daily maximum radiation 
and that nucleation stops when the radiation decreases below the same value. The importance of solar 
radiation as a driver of new particle formation has been firmly confirmed in the literature. However, 
seasonal cloud effects on NPF-events and radiation levels during nucleation have not been systematically 
investigated. In this research, we study these cloud effects on NPF using a relative radiation intensity 
parameter as an indicator of cloudiness level.  
 

SITE DESCRIPTION 
 
This research has been done using data obtained at the SMEAR II station characterized by boreal 
coniferous forest, located in Hyytiälä (61º�����•�� �1���� ����º�����•�� �(���� �������� �P�� �D�V�O������ �6�R�X�W�K�H�U�Q�� �)�L�Q�O�D�Q�G���� �7�K�H�� �V�W�D�W�L�R�Q�� �L�V��
affected by pollution coming from Tampere city (60 km) and also the buildings (0.5 km) near to 
instruments (Boy and Kulmula, 2002). The particle size distribution measurements in diameter size ranges 
3-500 nm is carried out by Twin Differential Mobility Particle Sizer (TDMPS) system. 
 

METHODS 
 
We calculated the relative radiation intensity (hereafter ratio) defined as the ratio of measured global-
radiation I (w/m2) at a given time divided by the clear-sky global radiation Imax (w/m2) at the same time 
for all days during 2002-2012. However, we only analysed the ratio I/Imax for the duration between 
nucleation start and end times (i.e. the times when 3nm particle production starts and ends, respectively -
hereafter 3nm-time-window) for NPF event days,  and from one hour after sunrise until noon for Non-
events and undefined days. The 3nm-time-window was defined visually from the so called banana plots. 
The global radiation (I) data are actual measurement data collected from SMEAR II station in half-hour 
average resolution during 2002-2012. The Imax data are modelled clear sky data downloaded from the 
AERONET website (http://aeronet.gsfc.nasa.gov/). We classified the NPF-eve�Q�W�� �G�D�\�V�� �D�V�� �³�T�X�D�Q�W�L�I�L�D�E�O�H�´��
�D�Q�G���³�Qon-�T�X�D�Q�W�L�I�L�D�E�O�H�´���D�F�F�R�U�G�L�Q�J���W�K�H���Friterion introduced by Dal Maso et al (2005) which is whether the 
event is homogeneous enough to quantify the basic characteristics such as formation rate and growth rate 
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or not. We left out the days where the DMPS instrument had broken resulting in No-data days and Bad-
days of size distribution. Therefore, our data pool consists of event, non-event and undefined days, the 
latter being days during which the evolution of the size distribution is too unclear for definitive 
determination of whether or not NPF has been occurring. 

 
RESULTS AND DISCUSSION 

 
 Statistical analysis: 

 
Figure 1 shows the fraction (%) of days (Event+Non-event+undefined) which are event or non-event in a 
given range of the ratio I/I max, provided that values of I/Imax have stayed in the given range for a continuous 
time of at least one hour. The width of the interval (0.2) and the spacing (0.05) are set so as to preserve as 
much as possible of the data. As can be seen from the figure, the higher (lower) the I/Imax values, the more 
(less) event (non-event) days, so that 55% of days are NPF-event, 10 % non-event and the rest are 
undefined in highest range 0.8-1. Note that undefined days and different time windows for events (3nm 
duration) and non-events (one hour after sunrise until noon) in which I/Imax is analysed, can bias the 
fraction values of figure 1. Few event days having low ratio ranges (i.e. cloudy sky) can be seen. For 
example about 10 % of days in range 0.3-0.5 are event days. This means that cloudy sky condition could 
be dominated either sometime within or during whole 3nm-time-window of event. In addition, Figure 1 
shows that non-events can also occur despite of high relative radiation intensity radiation, meaning that 
clear sky is not a sufficient condition for a nucleation event occurrence. A surprising result is that the 
percentage of both event and non-event days seem to plateau in the I/I max range 0.55-0.85.  
 

 
Figure 1. Event and Non-event fraction (%) in different ratio I/Imax ranges in Hyytiälä during period 2002-2012.  

 
To investigate seasonal cloud effects on NPF-events, the same fraction as figure 1 has been extracted but 
for different seasons separately (see Figure 2). The fraction of event days in the I/I max range 0.8-1 is 50%, 
73%, 33% and 61% in winter, spring, summer and autumn respectively. For non-event days, the 
corresponding percentages are 20%, 4%, 19% and 8%. This means that event occurrence at clear sky 
conditions is much more probable in the other seasons than summer. The same holds for the statistics in 
the other high I/Imax ranges 0.75-0.95 and 0.7-0.9. Generally speaking, an increasing trend of event fraction 
values with increasing ratio ranges can be seen in all seasons. The plateaus seen in Fig. 1 at the I/I max 
ranges 0.55-0.85 are clearly mostly caused by the springtime data. However, the actual reason for the 
plateaus is unknown at the present.  
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Figure 2. Seasonal event and Non-event fraction in different ratio I/I max ranges in Hyytiälä during period 2002-2012. 
 
 
Investigation of anomalous days: 
 
NPF event days in which clouds are present during the whole or a substantial part of the 3nm-time-
window have been considered as anomalous days. We found about 130 event days in Hyytiälä in which 
cloudy conditions (I/I max < 0.5)  occurred during a substantial time (i.e. at least during one hour) within the 
3nm-time-window. We have looked into the auxiliary parameters including Condensation Sink (CS), 
Relative Humidity (RH), SO2, and temperature to get insight into atmospheric conditions which could 
favour NPF despite cloudiness.  The results show that in most of the mentioned days (about 100 out of 
134) the  I/I max values have been higher than 0.5 before appearance of cloud (I/Imax <0.5). The anomalous 
event days can be categorized to 3 types as follows:  
 
Type 1: Event days with initially clear sky, followed by appearance of clouds has for a while. Appearance 
of clouds has mostly stopped the generation of 3 nm particles (e.g. 24-Apr-2003, 26 Apr 2004). Type 1 
anomalous events are characterized by low condensation sink and low relative humidity as the parameters 
favouring the NPF. 
Type 2:  A few event days (about 10 days) in which clouds are present during the whole 3nm-time- 
window. All of these events are weak (i.e. non-quantifiable). Figure 3 (bottom-left) shows an example of 
this type of event on 6 Oct 2002. The CS values are low, however, the relative humidity is rapidly 
increasing during the 3nm-time-window. 
Type 3: The event days which start under cloudy conditions: Figure 3 (Top-right) shows a clear event day 
on 8 Apr 2003 in which clouds are present at the start of the event and for about two hours subsequently, 
after which the sky clears for the rest of the time window. As can be seen condensation sink is very low 
during the cloudy hours.  
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Figure 3. Two anomalous events on 8 April 2003 (Top) with appearance of cloud at start time of event and a weak 
event on 6 October 2002(bottom) with appearance of clouds during whole 3nm-time-window, along with their 
bananas (Bottom). 
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Abstract  

We analyse data from measurements and mesoscale meteorological modelling for periods in summer 2011 
and winter 2011/2012 to elucidate the boundary-layer features at Station Nord situated in Northern 
Greenland (81.6N, 16.7W). A major challenge for modelling is to connect local-scale observations with 
larger scales modelling of the atmosphere. In particular, in summer, bare soil in the vicinity of the station 
may not be present in the global boundary and surface conditions. Thus, in summer the deviations of 
modeled from measured values of temperature and humidity near the surface are larger compared to 
winter. We found that the underestimation of temperature near the ground is larger at clear sky compared 
to cloudy conditions; and the underestimation reached up to height 1-1.5 km at clear sky and up to the first 
100 m for the cloudy days. The measured wind speed profiles showed high variability, while the modeled 
were smoothed. During summer the modeled wind speed was close to or larger than the measured without 
clear indication for the role of clouds. In winter, the over-estimation of wind speed was more pronounced. 

Mesoscale modeling results 

Mesoscale modelling was performed with the Weather Research Forecasting model (with ARW core) 
WRF, v.3.3.1 (Skamarock et al, 2008). The domain and physics used for the simulations are shown in 
Figure 1. WRF was initialized with the US National Center for Environmental Prediction Global Analyses 
data (FNL), with space resolution 1x1 degree and time resolution of 6 hours. WRF was run with two-way 
nesting on 3 domains with horizontal grid resolution 36, 12, and 4 km, on 26 vertical levels up to 50 hPa 
(13 of them are below 2000 m). Land use categories of USGS 24-category data were used. The snow free 
surroundings of the Station Nord in summer are likely not accounted for in the surface conditions and 
poorly resolved with resolution of 4 km. WRF model temperature profiles are in general close to the 
observed temperature profiles. The model temperature near the ground is lower in summer with bigger 
difference at clear sky compared to cloudy conditions; and is closer to measurements in winter. The 
temperature under estimation reaches height of 1-1,5 km in clear skies and is within the first 100 m for the 
cloudy days, Figure 2 (upper panels). The measured wind speed profiles show high variability, while the 
modeled are smoothed; the wind modeled speed near the ground was close to or larger than the measured 
one without clear indication for the role of clouds. Larger discrepancies were found in winter, compared to 
summer, Figure 2 (lower panels). 
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Process WRF parameter 
Mycrophysics  8 (D3) = Thompson 

graupel;  
4 (D1&D2)=WSM 5-class  

Longwave radiation 1 = RRTM 
Shortwave radiation 2 = Goddard  
Surface layer 2 = Eta similarity  
Land surface  Noah LSM 
ABL 2 = Mellor-Yamada-Janjic  
Cumulus 
parametrization 

5 = New Grell scheme 
(D1&D2) 

 

 
Figure 1. Model domains and physics options used. 

 
 

   

   

Figure 2. Comparison of modeled and measured profiles 
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INTRODUCTION 
 
The melting of sea ice in the Arctic opens up for new shipping routes between Europe and Asia. As this 
route is considerably shorter than the traditional route through the Suez canal, there is a potential for 
reduced fuel use and thus reduced CO2 emissions by using the northern sea route. However, shipping 
leads to emissions of non-CO2 components that also have a climate impact. The main components are 
NOx, SO2 and black carbon aerosols (BC). NOx leads to formation of ozone and enhancement of OH 
which increases the oxidation capacity of the atmosphere (and thus reduced methane concentrations and 
enhanced SO2 oxidation rates) and possibly enhanced levels of nitrate aerosols. Ozone and methane are 
both greenhouse gases, while nitrate aerosols are primarily scattering, so emissions of NOx have both 
warming and cooling effects. The SO2 emissions lead to enhanced levels of sulphate aerosols which cool 
the climate through scattering of solar radiation. The BC aerosols absorb solar radiation either in the 
atmosphere (the direct effect) or after the aerosols have been deposited on the snow (snow albedo effect). 
The magnitude of the radiative forcing all these non-CO2 effects are determined by short-lived 
components and by the physical conditions where the emissions occur. Thus, the net climate impact of the 
two shipping routes may be quite different than the CO2-only effect.   
 
 

METHODS 
 
In this study we use future predictions of emissions from bulk carriers developed by the Norwegian 
Veritas, taking into account projected sea ice cover in 2030 and 2050. 
(www.dnv.com/binaries/shipping%20across%20the%20arctic%20ocean%20position%20paper_tcm4-
434419.pdf). Equal amounts of cargo are assumed to be transported each of the two routes. We use these 
emission estimates as input to our global CTM, OsloCTM2 (Dals¿ren et al., 2013 and references therin) to 
calculate the impact on all major non-CO2 climate compounds (ozone, methane, sulphate, nitrate, OC and 
BC aerosols).  Based on these calculated concentration fields the radiative forcings are calculated using a 
radiative transfer model (Myhre et al., 2007). The impact on global CO2 concentrations are calculated 
using an impulse response function from Joos et al. (2013), and the corresponding radiative forcing is 
estimated using the standard IPCC formula (IPCC, 2001).   
 
The climate impacts of the SLCF and CO2 have very different time constants. Thus, the net difference 
between the two routes depends on for how long the emissions are sustained. To analyse this the radiative 
forcings are used as input to a simple analytical climate model (Berntsen and Fuglestvedt, 2008) and the 
impacts on global mean temperatures of sustained ship transport through the two routes are estimated. 
 

 
CONCLUSIONS 

 
 

Below are some preliminary results from the simulations. Figure 1 shows the calculated impacts on 
burdens of sulphate and BC aerosols for emissions along the two routes. The reduction in the sulphate 



column burden over Siberia is likely a result of enhanced oxidation rates of SO2 due to the emissions of 
NOx from the shipping. However, some more analysis and sensitivity simulations are needed to confirm 
this.    

 

  

  
Figure 1. Calculated annual mean burden change of sulphate and BC aerosols for the Northern route (left) 

and the Sues route (right). 
 
 
Figure 2 shows the resulting change in global temperatures (again preliminary results) following a 
sustained ship transport along the two routes.  
 

  
 Figure 2. Calculated annual and global mean temperature change (K) the Northern route (left) and the 

Suez route (right). The x-axis is years after start of emissions. 
 
 

The preliminary results indicate that the net impact of ship emissions following the two routes is actually 
the emissions along the shorter northern route lead to higher contribution to global warming even if the 
fuel use and thus the CO2 emissions are lower. This is mainly due to the different sign of the contribution 
by the sulphate perturbation which is a combination of SO2 emissions, changes in oxidation capacity and 
difference in clouds and surface albedo for the two regions. 
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INTRODUCTION 

 
�6�Q�R�Z���F�D�Q���F�R�Y�H�U���H�[�W�H�Q�V�L�Y�H���S�D�U�W�V���R�I���W�K�H���Q�R�U�W�K�H�U�Q���K�H�P�L�V�S�K�H�U�H�¶�V���O�D�Q�G���P�D�V�V�H�V���D�Q�G���E�\���W�K�L�V�����V�H�W���W�K�H���F�R�Q�G�L�W�L�R�Q���I�R�U��
the terrestrial life in the north. The snow cover also acts as a large reservoir for atmospheric nutrients, such 
as the reactive nitrogen compounds: nitrate (NO3

-) and ammonium (NH4
+), on their transit into terrestrial 

systems. The NO3
- found in snow and ice originates from atmospheric nitric acid (HNO3), or particle 

bound nitrate (p-NO3
-), which dissolves upon contact with snow. The HNO3 in turn is belived to be the 

main sink of a range of atmospheric reactive nitrogen compounds (as nitric oxide, nitrogen dioxide and 
peroxyacyl nitrates) and where the deposition rate of HNO3 is important for the overall atmospheric life 
�W�L�P�H���R�I���W�K�H�V�H���R�[�L�G�L�]�H�G���Q�L�W�U�R�J�H�Q�¶�V�����+�R�Z�H�Y�H�U�����W�K�H���V�Q�R�Z�S�D�F�N���1�23

- reservoir has proved to not be an ultimate 
sink. Before its release to downstream ecosystems during snow melt, the snowpack NO3

- is involved in an 
active atmospheric cycling. The understanding of NO3

- depositional, post-depositional, and melt processes 
are therefore of importance when investigating; the nutrient availability in the Arctic, interpreting ice core 
records, and assessing the chemistry of the Arctic atmospheric boundary layer. 
 
 
 

CONCLUSIONS 
 
For Ny-Ålesund snow the NO3

- deposition was found to be dominated by the incorporation and 
scavenging of HNO3 and p-NO3 during precipitation, and where this wet deposition shows large inter-
annual variations due to sporadic events with high NO3

- delivery. Similar events of enhanced deposition 
were also evident for nitrate dry deposition due to elevated atmospheric HNO3 and p-NO3

- concentrations 
and favourable boundary layer stabilities. Compared to wet deposition the dry deposition was found to be 
modest and only contributed to around 14% of the total NO3

- winter deposition. However, this dry 
deposition outnumbered any post-depositional loss of nitrate (as NO3

- photolysis or HNO3 evaporation) 
during a surface snow spring campaign. Furthermore, the porous snow allows atmospheric processes to 
occur within its intra pore space, leading to a rapid re-deposition of oxidized nitrogen released from 
deeper buried snow layers or the soil below. Apart from wet and dry deposition, the only other process 
relevant for the overall NO3

- budget was found to be the final release of ions during snowmelt, which leads 
to a near complete removal of snow derived NO3

- from the small glaciers around Ny-Ålesund. 
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Figure 1.Nitrate processes important for Ny-Ålesund snow. 
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INTRODUCTION 

Compared to warmer regions, the boreal ecosystems are relatively inefficient as volatile organic compound 
(VOC) sources. However, due to their large aerial coverage, their contributions are both regionally and 
globally important. The strong seasonality, characteristic for boreal regions, is reflected in the physiological 
changes in important vegetation processes, such as growth, photosynthesis and transpiration, and has 
significant consequences for the role of these ecosystems as sources for precursors to atmospheric reactions.  

METHODS 

At the SMEAR stations, one of our main goals is to understand how vegetation processes control the carbon 
and water fluxes, including those of reactive precursor gases. Field measurements on VOC exchange 
between ecosystems and atmosphere at the SMEAR II site in Hyytiälä Forest Research Station, southern 
Finland, have been conducted for over 10 years with both campaign-wise and continuous measurements. The 
online analysis of emissions with PTR-MS (proton transfer reaction mass spectrometer) and dynamic 
enclosures (Fig 1) has proven to be an efficient tool for detecting functional relationships between 
environmental factors (e.g. temperature, irradiation) and vegetation processes occurring at timescales of a 
few seconds, such as photosynthesis, transpiration and emissions of VOCs. The GC-MS (gas 
chromatograph-mass spectrometer) allows detailed speciation of compounds and thus offers means to reveal 
the concentrations of different terpenoids that influence the air reactivity.  

  

Figure 1. Dynamic enclosures for VOC emission measurements. (a) two branch enclosures, (b) a stem 
enclosure, (c) a floating enclosure over a lake. 

a b c 
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  We have determined the accuracy of the dynamic chamber systems for measuring VOC emissions by 
creating a known source of different VOCs inside the chamber and measuring the concentration dynamics in 
the chamber (Kolari et al., 2012). The concentrations are underestimated by 5-30%, depending on enclosure 
type, measured compound and humidity inside the enclosure. However, by optimizing the measurement 
conditions we are able to obtain good repeatability and reduce the bias in the flux determination. More 
detailed descriptions of methods are presented in Aaltonen et al. (2012a), Tarvainen et al. (2005) and 
Vanhatalo et al. (ms in preparation). 

 

RESULTS AND DISCUSSION 

Terpenoids (isoprene, monoterpenes and sesquiterpenes), methanol and acetone are the main biogenic 
emissions, constituting also the vast majority of all emitted compounds in boreal regions (Guenther et al., 
2012, Oderbolz et al., 2013). In short term, and especially during non-stressed mid-summer conditions, the 
emissions of monoterpenes from trees show clear temperature dependence, owing to the exponential 
relationship between compound volatility and temperature (e.g. Guenther et al., 1993, Tarvainen et al., 
2005). Isoprene emissions are also closely connected to irradiance, as a result of the direct link between 
isoprene emission and synthesis from photosynthetic products. Under periodic stresses, e.g., drought, 
emissions from forest can change considerably (Fig. 2.). 

 

Figure 2. Temperature vs. monoterpene emission 
rate (calculated with the Guenther type 

exponential relationship) from Scots pine 
branches in summer 2010. The emissions were 

affected by the extremely hot and dry latter part of 
July.

In addition to the short term drivers, VOC emissions are responsive to medium-term changes in 
environmental conditions, which may affect the emission capacity, storage pools, shape of the light response 
as well as the temperature optimum of emissions (Guenther et al., 2006, Arneth et al., 2008, Lappalainen et 
al., 2012). Our observations show that large seasonal variability in monoterpene-producing enzyme activities 
�U�H�I�O�H�F�W�V���W�K�H���S�O�D�Q�W�¶�V���G�\�Q�D�P�L�F�����L�Q�K�H�U�H�Q�W���H�P�L�V�V�L�R�Q���F�D�S�D�F�L�W�\���D�Q�G��storage pool sizes (Fig. 3, Vanhatalo et al., 
manuscript in preparation). 

�)�L�J�X�U�H���������.-pinene emissions and synthase activities 
in needles of a Scots pine. Emissions are fairly 

stable over the year, although synthase activities 
vary a lot. 
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  While the main source of VOCs is the foliage, significant quantities of VOCs are also originating from other 
sources in boreal ecosystems. The below-canopy compartment, i.e., tree trunks, ground vegetation, decaying 
litter, and soil processes, are important as sources of VOCs in particular during spring and fall, when fresh 
litter is creating a large source in the field layer (Aaltonen et al., 2011, 2012b). The tree stems can also form 
an important source of mono- and sesquiterpenes in the subcanopy air. Our first measurements indicate that 
in the transition time in early spring, high emission peaks may be connected to stem water transport capacity 
and potentially indicate freeze-thaw related changes in membrane permeability (Fig. 4, Vanhatalo et al., 
manuscript in preparation). Specifically, high sesquiterpene emissions were detected from the stem. 

 

 

 

Figure 4. Stem and shoot monoterpene emission rates (a) and the diameter change in stem (b) in April  2012. 
Rapid change in phloem diameter coincides with a burst in emissions from the stem. 

 
The forest floor plays a substantial role (from a few per cents to several tens of per cents, depending on the 
season) in the total VOC emissions of the boreal forest ecosystem. Highest emissions are measured in fall, 
due to the decaying litter (Aaltonen et al., 2011). Somewhat surprisingly, the wintertime fluxes within the 
snowpack can be equal to those from the soil during warmer periods, and soil seems to be an active source 
for VOCs even in winter. After winter storms when large amounts of litter are accumulating in the snow, 
concentrations may exceed the average concentrations manifold (Fig. 5, Aaltonen et al., 2012a).  

 

a 

b 
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Figure 5. Mono- and sesquiterpene concentrations inside snowpack at three heights from the ground surface 
(0 cm = closest to ground) in two winters (a, c: 2008-2009, b, d: 2010). In February 2010, abundant litterfall 

due to heavy snow damage caused extremely high concentrations to accumulate inside the snow. 

 
Our recent studies show that the lake water can also be a substantial source for many VOCs. In several 
campaigns at the lake-SMEAR (lake Kuivajärvi), a humic lake nearby the SMEAR II forest, we discovered 
that the chemical composition of emissions and also the flux rates are rather similar to those measured from 
the forest floor (Sjöblom 2012, Aaltonen et al., 2011). We also discovered that the aquatic fluxes were 
largest during night-time, indicating either a specific nocturnal source for VOCs or an effect of transport 
phenomena between the lake and the boundary layer above (Fig. 6, Bäck et al., manuscript in preparation).  

 

Figure 6. Emissions of mono- and sesquiterpenes, measured from the floating chamber at the lake Kuivajärvi 
in August 17-26, 2011 
































































































































































































































































































































