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Abstract 28 
 29 
Boreal forest acts as a carbon sink and contributes to the formation of secondary organic 30 
aerosols via emission of aerosol precursor compounds. However, these influences on the 31 
climate system are poorly quantified. Here we show direct observational evidence that 32 
aerosol emissions from the boreal forest biosphere influence warm cloud microphysics and 33 
cloud-aerosol interactions in a scale-dependent and highly dynamic manner. Analyses of 34 
in-situ and ground-based remote sensing observations from the SMEAR II station in 35 
Finland, conducted over eight months in 2014, reveal significant increases in aerosol load 36 
over the forest one to three days after aerosol-poor marine air enters the forest environment. 37 
We find that these changes are consistent with secondary organic aerosol formation and, 38 
together with water vapor emissions from evapotranspiration, are associated with changes 39 
in the radiative properties of warm, low-level clouds. The feedbacks between boreal forest 40 
emissions and aerosol-cloud interactions and the highly dynamic nature of these 41 
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interactions in air transported over the forest over timescales of several days suggest boreal 42 
forests have the potential to mitigate climate change on a continental scale. Our findings 43 
suggest that even small changes in aerosol precursor emissions, whether due to changing 44 
climatic or anthropogenic factors, may substantially modify the radiative properties of 45 
clouds in moderately polluted environments. 46 
 47 
 48 
Interactions between aerosol particles and clouds constitute a key uncertainty in our 49 
knowledge of the Earth’s energy budget and anthropogenic climate1. The aerosol-induced 50 
radiative forcing of warm clouds results from changes in the cloud droplet number 51 
concentration, cloud liquid water path and fractional cloud cover2. There is ample evidence 52 
that aerosol particles are capable of modifying cloud microphysical properties, whereas 53 
much less is known about the responses of cloud cover or liquid water path to aerosol 54 
perturbations3-11. Very little is known about how cloud properties are affected by dynamic 55 
changes in an ambient aerosol particle population over time and space. Here, we provide 56 
an observation-based estimate of the effects that emissions from a boreal forest biosphere 57 
have on the time evolution of the aerosol population, warm cloud microphysics, aerosol-58 
cloud interactions and precipitation. Our data set represents clean maritime air that is 59 
transformed into continental air, addressing the specific need to reduce the large 60 
uncertainties in the aerosol radiative forcing caused by natural aerosols12. 61 
 62 
Boreal forests, situated in a circumpolar belt in the Northern latitudes13, are among the most 63 
active areas of atmospheric new particle formation (NPF)14-16. The particles formed by NPF 64 
in this environment grow in size during atmospheric transport (Fig. 1) and, for air masses 65 
originating from clean areas outside the winter period, a vast majority of this growth can 66 
be attributed to biogenic aerosol precursor emissions from the forest, their atmospheric 67 
oxidation and consequent condensation during the air mass transport17-20. These processes 68 
produce new cloud condensation nuclei (CCN)15,21 and, via activation, these CCN form 69 
cloud droplets that can have large radiative effects22,23. Boreal forests provide, therefore, an 70 
ideal locale to investigate aerosol-cloud interactions in an evolving natural aerosol system 71 
affected to only a minor extent by anthropogenic emissions24. 72 

 73 

We conducted intensive observations with comprehensive in-situ and ground-based remote 74 
sensing instrumentation during Biogenic Aerosols – Effects on Clouds and Climate, 75 
BAECC25 campaign for over 8 months in 2014, which complemented the long-term aerosol 76 
observations at Station for Measuring Ecosystem-Atmosphere Relations (SMEAR II)26 in 77 
Hyytiälä, Finland (Fig. 1a). The in-situ aerosol and ground-based remote sensing 78 
instruments are presented in Methods section. We calculated a parameter “time over land” 79 
that is determined from back-trajectory analysis (See Methods section for details). This 80 
parameter corresponds to the exposure time of an air mass to the boreal forest environment 81 
prior to being measured at the site. We concentrated on air masses originating from the 82 
north-west direction in order to minimize the influence of anthropogenic emissions24,37, 83 
(see also the discussion in the Methods section). We calculated medians of in-situ data 84 



Petäjä et al. (2021) Influence of biogenic emissions from boreal forests on aerosol-cloud-interactions, 
Nature Geosci. (accepted) 

 

 Page 3 

measured within 1 hour of the air mass arrival time for every time over land value. After 85 
classifying the chosen data as a function of time over land, we found that the aerosol 86 
number size distribution evolves considerably during its residence time over the biosphere 87 
(Figures 1b, 1c), consistent with earlier analyses17. 88 

 89 

Time evolution of the in situ-measured aerosol population 90 

 91 

The following synthesis for the time evolution of the in situ-measured aerosol population 92 
emerges: between the 20 and 75 hours of air mass transport time over land, the aerosol 93 
mass concentration increases by a factor of 3–4 (Table 1). This mass consists largely of 94 
organic material (Fig. 2a), especially at longer transport time over land, and is dominated 95 
by oxidized organic compounds indicative of secondary organic aerosol formation28-30, see 96 
also Extended Data Fig 2). 97 

 98 

The particle number size distribution is initially dominated by nucleation mode particles 99 
(diameter <25 nm), and later by Aitken mode particles (25–100 nm) with a growing tail 100 
into the accumulation mode (>100 nm, Figure 1b). The simultaneous increase of both mass 101 
and mean size of the aerosol population makes it optically more active, which is reflected 102 
by the increasing aerosol scattering and backscatter coefficients (Fig. 2b and 2c, Table 1), 103 
both by a factor of about 5.5. The aerosol backscatter fraction decreases (Extended Data 104 
Fig. 3) with increasing time over land because, compared with smaller particles, larger 105 
particles scatter more efficiently into the forward direction. CCN concentrations (at water 106 
vapor supersaturations of 0.1–0.5 %) increase by factors of 4.0 – 4.6 between 20 and 75 107 
hours of air mass transport over land (Table 1, Fig. 3a). This increase is almost entirely due 108 
to the increasing particle size in the sub-100 size range, as the critical diameter for CCN 109 
activity at higher water vapor supersaturations changes little during the aerosol aging 110 
(Extended Data Fig. 4). 111 

 112 

Aerosol particles in the boundary layer  113 

 114 

High Spectral Resolution lidar (HSRL31) data expands in situ optical measurements 115 
vertically into the boundary layer (see Methods section). We found that the backscatter 116 
coefficient averaged for a 60 m layer (two HSRL range gates) at 200 m and at 500 m above 117 
ground level (a.g.l) increases by a factor of about 1.3 between the 20 and 75 hours of air 118 
mass transport time over land (Fig. 2d). Although based on a smaller dataset than in situ 119 
optical measurements, the increase of the backscatter coefficient aloft indicates that the 120 
changes in the time evolution of the aerosol population observed at ground level reflect 121 
those taking place throughout the lower boundary layer in air masses transported to our 122 
measurement site. 123 

 124 
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To complete the analysis, we derived cloud droplet number concentrations (CDNC) using 125 
ground-based remote sensing (see Methods section). We restricted our analysis to non-126 
precipitating, low-level liquid clouds (cloud bases below 2000 m) in order to minimize the 127 
potential effect of rain and ice-forming processes on cloud microphysics, and because such 128 
clouds are more likely to interact with boundary-layer aerosol particles than mid- or higher-129 
level clouds. For this cloud type, the median CDNC almost doubles between the 20 and 75 130 
hours of air mass transport time over land (Figure 3b, Table 1). A similar increase can be 131 
observed in the cloud liquid water path (LWP), plausibly as a result of increasing specific 132 
humidity due to evapotranspiration from the forest biosphere during air mass transport to 133 
the site (Extended Data Fig. 5). In general terms, the albedo of a cloud is closely tied with 134 
its optical thickness, τ, which can be approximated to be proportional to LWP5/6×CDNC1/3 135 
for adiabatic liquid clouds32,33. The enhancement in CDNC and LWP observed in our 136 
dataset could lead to a corresponding factor of 2 increase in τ between the 20 and 75 hours 137 
of air mass transport over land. To complement our ground-based observations, we derived 138 
CCN concentrations from satellite data34. As an example, the result of a case during August 139 
17, 2014 is presented in Figure 3c, see also Extended Data Fig 6). The spatial pattern of 140 
CCN concentrations shows that the CCN concentrations are higher in-land than they are at 141 
the coast line. This snapshot analysis is consistent with our ground-based in-situ and remote 142 
sensing data. Overall, these observations are indicative of major changes in cloud radiative 143 
properties when clean air is transported over a boreal forest and is subsequently modified 144 
by interactions with the forest biosphere. The overall radiative effect from aerosol-cloud 145 
interactions is likely to experience changes of similar magnitude, as we found no 146 
systematic change in the cloud fraction as a function of time over land (Extended Data Fig. 147 
7).  148 

 149 

Besides the influence of aerosols on clouds discussed above, clouds can influence the aging 150 
of an aerosol particle population as well. For example, non-precipitating cloud processing 151 
and associated cloud water chemistry create a bimodal particle number size distribution 152 
with a clear minimum slightly below 100 nm in remote marine air35,36. We observed signs 153 
of non-precipitating cloud processing after about 30–40 hours of time over land, and the 154 
resulting minimum in the particle number distribution was quite evident at longer air mass 155 
transport times (Fig. 1c). Precipitation scavenging is usually thought as the main removal 156 
mechanisms for atmospheric aerosol particles37, 38. In our data set, the probability and 157 
intensity of rain show considerable variability with a tendency to increase with an 158 
increasing time over land (Extended Data Fig. 7). The observed behavior of extensive 159 
aerosol properties (Figs. 1–3), CDNC (Fig. 3b) and LWP (Extended Data Fig. 5) suggests 160 
that secondary aerosol formation clearly dominates over aerosol losses by precipitation 161 
scavenging for air mass transport times of at least 70–80 hours over land.  162 

 163 

  164 



Petäjä et al. (2021) Influence of biogenic emissions from boreal forests on aerosol-cloud-interactions, 
Nature Geosci. (accepted) 

 

 Page 5 

Implications for aerosol-cloud interactions 165 

 166 

Interestingly, during the approximately 75h time period we are able to observe the whole 167 
chain of processes starting from condensable vapor production associated with emissions 168 
from the biosphere, continuing with atmospheric new particle formation and growth, and 169 
eventually leading to additional CCN and cloud droplets, with simultaneous signs of cloud 170 
processing, initiation of precipitation and precipitation scavenging of the aerosol 171 
population. Considering a typical air mass movement velocity, and distance of the 172 
observations to the coastline, the corresponding spatial scale for this chain of processes is 173 
approximately 1 million km2. This is the required temporal and spatial scale to study 174 
aerosol impacts on cloud properties and precipitation in the boreal environment. 175 
 176 

Figure 4 summarizes schematically how a boreal forest environment influences aerosols 177 
and clouds, and how the time evolution of both aerosol and cloud properties evolve 178 
together when being affected by forest biosphere emissions. Considerable changes were 179 
observed in both aerosol and cloud properties, as well as in signatures of aerosol-cloud 180 
interactions, for up to 3 days of air mass transport over the forest. The highly dynamic 181 
nature of this system has several important consequences that probably hold for many other 182 
continental environments which emit aerosol precursor vapors or primary aerosol particles. 183 
First, there is no static natural background state for continental aerosol particle populations, 184 
nor for cloud microphysical properties, unless the environmental system under 185 
consideration is large enough; in our case several hundreds of kilometers in length. Second, 186 
even small changes in aerosol precursor emissions due to changing climatic conditions3, or 187 
due to anthropogenic influences39,40, may substantially affect the radiative and precipitating 188 
properties of clouds in moderately-polluted environments. Finally, while it is generally 189 
accepted that the behavior of atmospheric cloud systems depends on a wide variety of 190 
temporal and spatial scales2,41, our results imply that such a scale-dependency is also a 191 
characteristic feature of aerosol-cloud interactions involving low clouds over moderately-192 
polluted regions affected by surface emissions. Our findings call for similar studies in other 193 
continental environments, and pose challenges not only for studies of aerosol-cloud 194 
interactions, but also when using atmospheric aerosol or cloud data for model evaluation 195 
or when investigating feedback mechanisms between the atmosphere and biosphere. 196 

 197 
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Tables: 238 
 239 
Table 1: Concentrations of aerosol total mass, organic aerosol mass and CCN, as well as 240 
the scattering and backscatter coefficient at 20 and 75 hours of air mass transport time over 241 
land, along with the enhancement factor between these two transport times. In case of the 242 
cloud droplet number concentration (CDNC), the results were averaged over transport 243 
times of 20–50 and 50–80 h over land. 244 

 245 
Type of 
observation 
 

Parameter  Transport 
time over 
land = 20 h 

Transport 
time over 
land = 75 h 

Enhancement 
factor 

Aerosol in-
situ 

Aerosol mass 
concentration (µg 
m-3) 

1.0 3.5 3.5 

Aerosol in-
situ 

Organic aerosol 
mass concentration 
(µg m-3) 

0.3 2.5 8.3 

Aerosol in-
situ 

Cloud condensation 
nuclei concentration 
at Sc = 0.1 %, 0.2 
%, 0.3 % and 0.5 % 
(cm-3) 

40  
105 
155 
840 

180 
490 
610 
980 

4.5 
4.6 
3.9 
1.2 

Aerosol in-
situ 

Scattering 
coefficient (Mm-1) 

3.1 17.4 5.6 

Aerosol in-
situ 

Backscattering 
coefficient (Mm-1) 

0.45 2.4 5.3 

Aerosol 
ground-
based remote 
sensing 

Backscattering 
coefficient at 200 m 
and 500 m a.g.l. (m 
sr-1) 

5.6 * 10-7 

5.6 * 10-7 

 

7.25 * 10-7 

7.25 * 10-7 
1.3 
1.3 

Cloud 
ground-
based remote 
sensing 

CDNC for clouds 
with cloud base 
height < 1200 m 
and < 2000 m (cm-3) 

490 
270 

650 
600 

1.3 
2.2 

 246 
  247 
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Figures and Figure Captions: 248 
 249 

 250 
 251 
Fig. 1. Time evolution of the particle number size distribution. a. Location of the 252 
SMEAR II station in Hyytiälä, Finland, and the three air mass transport sectors discussed 253 
in this paper. Most of the analysis discussed in this paper is based on air masses residing 254 
in the studied transport sector (STS, see Methods). b. Median particle number size 255 
distributions for different time-over-land classes in STS. c.  Evolution of the particle 256 
number size distribution as a function of time over land for air masses in STS. Atmospheric 257 
new particle formation (NPF) is frequent at short air mass transport times over the boreal 258 
forest region (See Fig. Extended Data Fig. 1), leading to a pronounced mode of particles 259 
in the sub-50 nm size range. Growth of pre-existing particles dominates over NPF at longer 260 
transport times over land, increasing the mean size of the particle population. At the longest 261 
transport times over land, the bimodality of the particle population and the pronounced 262 
Hoppel-minimum32 between the Aitken and accumulation mode indicate non-precipitating 263 
cloud processing. 264 
 265 
  266 
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Fig. 2 267 
Time evolution of the particle mass concentration and optical properties. a. Total 268 
aerosol mass concentration below below 450 nm estimated from the measured DMPS 269 
volume size distribution assuming an aerosol density of 1.5 g cm-3, and organic mass 270 
concentration measured with aerosol mass spectrometry. b. In-situ measured scattering 271 
coefficient. c. In-situ measured backscattering coefficient. d. Backscattering coefficient 272 
retrieved with the HSRL lidar at 200 m and 500 m above ground level. The increase in 273 
backscatter coefficient aloft is consistent with the in-situ data. Shaded areas in the panels 274 
represent 25th to 75th percentile ranges. Solid lines show weighted least-squares fit to the 275 
data up to 75 h time over land. Regression equations, correlation coefficients and p-values 276 
are shown in legends.  In summary, results are consistent with the assumption that the 277 
residence time over land affects the aerosol population throughout the lower boundary 278 
layer. 279 
 280 
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 281 
Fig. 3 Cloud-related variables. a. CCN number concentration at different water vapor 282 
supersaturations (Sc) as a function of time over land. The legend shows the regression 283 
equations of weighted least-squares fit to the data up to 75 h time over land, correlation 284 
coefficients and p-values. b. Median retrieved cloud droplet number concentration 285 
(CDNC) in liquid single-layer, non-precipitating clouds. The data were binned according 286 
to the time that an air parcel spent over land: 20–50, 50–80 and 80–96 hours. The two 287 
colors differentiate between the cases with the cloud base located below 2000 m and 1200 288 
m. c. A map of CCN concentrations determined from satellite for an exemplary case study 289 
on August 17, 2014 when the air masses arrive at Hyytiälä from the Arctic Ocean. The 290 
satellite-derived CCN concentrations show a substantial increase from the coast-line to in-291 
land.  292 
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293 
Fig. 4 Schematic representation of processes affecting aerosols and clouds during an 294 
air mass transport over boreal forests. When initially clear air enters the boreal forest 295 
environment (left part of the figure), it begins accumulating aerosol precursors together 296 
with water vapor from the forest biosphere. This leads to cloud formation, probably 297 
relatively soon after the air mass enters the forest environment45. At longer air mass 298 
transport times over the forest (right part of the figure), the accumulating water vapor 299 
makes the existing clouds optically thicker, and thereby more reflective to incoming solar 300 
radiation; eventually leading to precipitation. Atmospheric oxidation of biogenic aerosol 301 
precursors vapors initiates a sequence of processes starting from NPF and secondary 302 
aerosol formation and ending with increased CCN and cloud droplet number 303 
concentrations. This further enhances cloud reflectivity at longer air mass transport times 304 
over the forest, while at the same time delaying the onset of precipitation expected from 305 
accumulating water vapor.  306 

  307 
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Methods 453 

SMEAR II station. The Station for Measuring Ecosystem – Atmosphere Relations 454 
(SMEAR II28) station at Hyytiälä (61°51’N, 24°17’E, 180 m above sea level) has extensive 455 
facilities for measuring forest-atmosphere relations and has been active since 1996. This 456 
site is the flagship of the SMEAR network providing, for example, the longest continuous 457 
time series of sub-micron aerosol number size distribution measurements. The main 458 
research fields are: analysis of gas and particle concentrations and fluxes and their role in 459 
aerosol and cloud formation; analysis of water, carbon and nutrient budgets of the forested 460 
catchment, and analysis of environment and tree structure on gas exchange, water transport 461 
and growth of trees.  462 

http://www.atm.helsinki.fi/SMEAR/index.php/smear-ii 463 

BAECC campaign. Biogenic Aerosols – Effect on Clouds and Climate (BAECC) was an 464 
intensive 8-month campaign in Hyytiälä, Finland, where the U.S. Department of Energy 465 
(DOE)’s Atmospheric Radiation Measurement (ARM) Program deployed their Second 466 
ARM Mobile Facility (AMF2). The AMF2 was operational from February to September 467 
2014. The AMF2 included in-situ aerosol instruments as well as a suite of ground-based 468 
remote sensing instruments. The campaign aims43 and the observational capacity and initial 469 
results25 are presented elsewhere. 470 

In-situ instrumentation 471 

DMPS. The aerosol number size distribution was measured with Differential Mobility 472 
Particle Sizer (DMPS) for the size range from 3 nm to 1000 nm in electrical equivalent 473 
diameter. The DMPS is a twin-DMPS system44 with a closed loop flow arrangement45. The 474 
time resolution for a full particle size distribution scan is 10 min. The instrument was 475 
operated following guidelines46 from the Aerosols, Trace Gases, and Clouds Research 476 
Infrastructure (ACTRIS). The sample was drawn from 8 m height inside the canopy. 477 

Nephelometer. The measurements of aerosol scattering and backscattering at the ground 478 
level were conducted at three wavelengths using an integrating nephelometer (TSI model 479 
3563). The sample air is taken through a PM10 inlet (Digitel low volume inlet, 480 
DPM10/01/00/16) and alternating either directly to the instruments or via a PM1 impactor 481 
(Dekati PM impactor with a PM1 cut-off). The Nephelometer data was truncation corrected 482 
in accordance with the size cut of the impactor.47  483 

Cloud Condensation Nuclei Counter (CCNC). The concentration of aerosol particles 484 
that activate in different supersaturations (Sc = 0.1 %, 0.2 %, 0.3 %, 0.5 % and 1.03%) 485 
with respect to water vapor was determined with Droplet Measurement Technologies Inc. 486 
Cloud Condensation Nuclei Counter48. The instrument sampled from the same inlet as the 487 
DMPS that extracted the sample from 8 m height inside the canopy. 488 

Aerosol Chemical Speciation Monitor (ACSM). Submicron aerosol chemical 489 
composition was analyzed using the Aerosol Chemical Speciation Monitor49. In the ACSM, 490 
all non-refractory aerosol is vaporized and subsequently ionized using hard 70eV electron 491 
ionization (EI). A mass spectrum of the ions is then measured with a quadrupole mass 492 
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analyzer. Organic aerosol sub-species (semi-volatile and low volatile organic aerosol 493 
classes; SV-OOA and LV-OOA) were de-convolved from the data using Positive Matrix 494 
Factorization50 (PMF). 495 

High Spectral Resolution Lidar (HSRL). Vertical profiles of optical depth, backscatter 496 
cross-section, depolarization and backscattering coefficients were determined with 497 
HSRL51. As an internal calibration, molecular scattering was used as a refence at each point 498 
of the lidar profile. More details can be found from31. The instrument was operated as part 499 
of AMF2 facility52. 500 

Radiosoundings.  Meteorological radiosonde soundings53 were performed 4 times per day 501 
during the campaign. Relative humidity, air temperature and pressure readings from 502 
radiosondes were used to calculate specific humidity at the levels of 200, 500 and 1000 m 503 
above ground level. Additionally, specific humidity near the surface (4 m above ground) 504 
was estimated from near-surface measurements.  505 

Weather Sensor. Vaisala FD12P weather sensor located at 18 m height provided data on 506 
precipitation amount. The AMF2 provided additional supporting in-situ weather 507 
parameters54.  508 

Cloud observations 509 

CEILOMETER.  Vaisala CL31 was used to derive cloud base height55.  510 

MWACR. W-Band vertically pointing Doppler cloud radar operating at 95.04 GHz 511 
provided data on reflectivity that was used in the cloud properties retrieval scheme56.  512 

Microwave radiometer. Column-integrated liquid water path content was measured with 513 
a microwave radiometer (MWR57). MWR operates at two frequencies: 23.8 and 31.4 GHz. 514 
Integrated liquid water path is derived from radiance measurements with a statistical 515 
retrieval algorithm that uses monthly derived and location-dependent linear regression 516 
coefficients. MWR provides data in cm that is converted to g m-2.  517 

Cloudnet. The Cloudnet target classification product58 that provides information on cloud 518 
and hydrometeor types as well as cloud boundaries was used to select cases for CDNC 519 
retrieval. The cloud fraction product was also used in the analysis59. 520 
 521 
Satellite retrieval of Cloud Condensation Nuclei. The satellite retrieval of CCN is based 522 
on the methodology of Rosenfeld et al34. More specifically, the satellite-retrieved adiabatic 523 
cloud drop concentrations (Nd) and cloud base updraft (Wb). The peak water vapor super 524 
saturation (S) near cloud base is calculated based on Nd and Wb. Nd is then by definition 525 
the CCN(S). The retrieval of CCN and S are mapped by an automatic procedure60 for 526 
running windows of 36 x 36 km.  527 

Data analysis and processing 528 

Data coverage 529 

The SMEAR II station was operational during the whole BAECC campaign while the 530 
AMF2 instruments operated only during the campaign, active between February 1 – 531 
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September 13, 2014. To harmonize the data used in the analysis, we compiled a specific 532 
campaign data set used in the analysis described in Extended Data Table 1.  533 

Origin of measured air masses and selection of air mass transport sectors 534 

For all of the data measured at the SMEAR II station, a 27-member ensemble of 96-h 535 
backtrajectories arriving hourly at 100 m a.g.l. was computed with the HYSPLIT model61. 536 
With the model, we used meteorological data files NCEP/GDAS with horizontal resolution 537 
1°.62 Ensemble mean trajectories were calculated. Ensemble mean trajectories that spent at 538 
least 90% of their time in the selected sector qualified to be further used in time-over-land 539 
analysis. The 90% criterion is aimed to minimize effect of adjacent sectors on passing air 540 
masses.  541 

Three air mass transport sectors were considered in this work (see Fig. 1a in the main text), 542 
termed clean, studied and polluted transport sector. The clean sector is the same as that was 543 
used originally by Tunved et al.17, representing air masses with minimal anthropogenic 544 
influence during the March-September period each year. In order to increase the number 545 
of data points related to cloud measurements, we extended the clean sector slightly to the 546 
east (See Figure 1a in the main text). The risk associated with this procedure is the potential 547 
contamination of measured air by anthropogenic activities in the Kola Peninsula area, 548 
known to influence atmospheric new particle formation and growth downwind from this 549 
area63. We found little difference between the clean and studied sector in terms of how the 550 
aerosol mass concentration or sub-100 nm particle size distribution evolves as a function 551 
of time over land (Figs. 1b, 2a, Extended Data Fig 8 and 9), which justifies the use of this 552 
extended transport sector in our analyses. Contrary to these two air mass transport sectors, 553 
measured aerosol properties are very different in the polluted sector (Extended Data Figs. 554 
8-10). 555 

Overall, between February 1 to September 31, 2014, there are 224 days with a total of 5376 556 
ensemble trajectories. Out of this, there were 1342 trajectories that fulfilled the selection 557 
criteria for studied sector, 646 for the clean sector and 823 for the polluted sector. In 558 
percent, the coverage is therefore 24.9%,12.0% and 15.3%, for the studied, clean and 559 
polluted sectors, respectively.  560 

The concept “time over land” 561 

For each air mass back trajectory ensemble mean, we determined the time that this air had 562 
spent over a land area prior to its arrival at the SMEAR II station.  563 

In the case of the studied (and clean) transport sector, the “time over land” has a very simple 564 
interpretation: it is the time that air originating from either Atlantic or Arctic Ocean spends 565 
over a boreal forest region before arriving at the measurement site SMEAR II. By plotting 566 
any measured quantity as a function of time over land, we show how this quantity, having 567 
initially a value typical for relatively clean marine air, is expected to evolve in time when 568 
being exposed to various sink and source processes associated with an atmospheric 569 
boundary layer over boreal forest.  570 
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In the case of the polluted sector, the situation is more complicated: the measured quantity 571 
does not necessarily correspond to originally clean marine air, in addition to which it may 572 
have been affected by anthropogenic emissions before being measured at SMEAR II.    573 

Selection of cloud cases and Cloud Droplet Number Concentration (CDNC) 574 
retrieval 575 

The Cloudnet target classification product was used to select suitable data for the study of 576 
cloud profiles. The Cloudnet target classification algorithm59 utilizes cloud radar, lidar and 577 
microwave radiometer measurements to identify the presence and type of hydrometeors in 578 
the atmosphere. Warm non-precipitating clouds with cloud bases lower than 2000 m were 579 
selected for the analysis. A threshold of 2000 m was selected as a proxy for the mixing 580 
layer height to limit the number of cases where the cloud layer is decoupled from the 581 
surface. If drizzle / rain, the melting layer or ice crystals were present in the cloud profile, 582 
it was discarded from consideration. Multilayer cloud profiles were discarded from the 583 
analysis as well, however profiles containing ice clouds present aloft were retained if the 584 
distance between the warm cloud and the ice cloud was at least 1 km.  585 

To derive cloud droplet number concentration (CDNC) the Frisch et al.64 method was 586 
used. The method assumes the cloud droplet size distribution can be approximated by a 587 
gamma distribution with the fixed shape parameter65. It is also assumed that the CDNC is 588 
constant with height, which is one reason why our case selection was limited to non-589 
precipitating, non-drizzling clouds. The retrieval uses measurements of LWP by MWR 590 
and radar reflectivity factor as given by MWACR. One of the major sources of 591 
uncertainties is the instrument calibration. The radar was cross calibrated against other 592 
radars operating on the site66. It should also be noted that the radar calibration during 593 
BAECC was rather stable67. The LWP observations follow ARM standard practices. 594 

 595 
Data availability. 596 
 597 
Measurement data for the analysis and figures in this study are archived on the Zenodo 598 
repository (doi:10.5281/zenodo.5645340). Source data is provided with this paper.  599 
 600 
The SMEAR II data is available through avaa-portal (smear.avaa.csc.fi).  601 
 602 
The ground-based data used in this article are generated by the Atmospheric Radiation 603 
Measurement (ARM) user facility and are made available from the ARM Data Discovery 604 
website (https://adc.arm.gov/discovery/) as follows: 605 
 606 
ceilometer data (CEIL) from https://doi.org/10.5439/1181954, 607 
dual-channel microwave radiometer (MWR) from https://doi.org/10.5439/1046211, 608 
high spectral resolution lidar (HSRL) from https://doi.org/10.5439/1025200, 609 
optical rain gauge (MET) from https://doi.org/10.5439/1786358, 610 
W-band cloud radar (MWACR) from https://doi.org/10.5439/1150242. 611 
 612 
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The products derived from the ground-based remote-sensing data used in this article 613 
(target classification, cloud fraction, liquid water content) are generated by the European 614 
Research Infrastructure for the observation of Aerosol, Clouds and Trace Gases 615 
(ACTRIS) and are available from the ACTRIS Data Centre using the following link: 616 
https://hdl.handle.net/21.12132/2.c85c6a6c2bc348f8. 617 
 618 
Code availability. 619 
 620 
The codes for time over land calculations are available from the authors upon request. 621 
The CCN retrieval package can be obtained upon request from the first author of the 622 
following paper: Yue, Z., Rosenfeld, D., Liu, G., Dai, J., Yu, X., Zhu, Y., Hashimshoni, 623 
E., Xu, X., Hui, Y. and Lauer, O. (2019). Automated Mapping of Convective Clouds 624 
(AMCC) Thermodynamical, Microphysical and CCN Properties from SNPP/VIIRS 625 
Satellite Data. J. Appl. Met. Clim. https://doi.org/10.1175/JAMC-D-18-0144. 626 
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Supplementary Data Tables and Captions. 743 

 744 

Supplementary Data Table 1. Instrument specific start and end dates (dd.mm.yyyy) for 745 
the data that was included in the analysis.  746 

 747 

Instrument/dataset Start date  End date 

DMPS 01.04.2014 30.09.2014 

Nephelometer 01.04.2014 30.09.2014 

CCNC 01.04.2014 30.09.2014 

ACSM 01.04.2014 30.09.2014 

HSRL 01.04.2014 12.09.2014 

Precipitation 01.04.2014 30.09.2014 

Cloudnet target 
classification 

01.04.2014 09.09.2014 

MWACR 01.04.2014 13.09.2014 

MWR 01.04.2014 12.09.2014 

Radiosoundings 01.04.2014 12.09.2014 

Cloudnet cloud fraction 01.04.2014 31.08.2014 

 748 
  749 
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Extended Data Figures and Figure Captions. 750 

 751 

 752 
 753 
Extended Data Fig. 1. Statistics on events, non-events and undefined days as a 754 
function of time over land in the studied transport sector. Shorter air mass transport 755 
times over the boreal forest favor atmospheric new particle formation, whereas non-event 756 
days become more frequent at longer air mass transport times over land. 757 
  758 
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 759 
Extended Data Fig. 2. Organic aerosol composition as a function of time over land. A 760 
two-factor Positive Matrix Factorization (PMF50) solution performed with Source Finder 761 
(SoFi68) hints towards a large contribution of low-volatility oxygenated organic aerosol 762 
(LV-OOA) to the total organic loading. The oxidized CO2

+ fragment contributes greatly to 763 
the LV-OOA mass concentration indicating a high degree of oxidation69. The semi-764 
volatility oxygenated organic aerosol (SV-OOA) shows slightly lower loading compared 765 
to LV-OOA. We acknowledge that the PMF solution presented here only gives a rough 766 
estimate of the OA factors since also other factors, such as hydrocarbon-like organic 767 
aerosol (HOA) and biomass burning organic aerosol (BBOA) can contribute to the total 768 
organic loading. However, previous studies suggest that their contribution to the total 769 
organic aerosol is minor at SMEAR II as shown in Crippa et al70. Moreover, their finer 770 
separation would not change the LV-OOA loading due to the minor CO2

+ ion fragment 771 
contribution to the HOA and BBOA mass spectra. 772 
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 774 
 775 

Extended Data Fig. 3. Backscatter fraction as a function of time over land. The 776 
fraction of radiation scattered in the backward direction determined with the 777 
nephelometer for the in-situ aerosol decreases as a function of time over land in the 778 
studied transport sector. The figure shows that the aerosol particles grow to larger sizes 779 
and thus scatter less into the backward direction as the air masses reside longer over the 780 
boreal forest region. 781 
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 783 
Extended Data Fig. 4. In-situ determined CCN activation diameters as a function of 784 
time over land. The critical CCN activation diameters at water vapor supersaturations 785 
(Sc) of 0.1 %, 0.2 %, 0.3 %, 0.5 % and 1.0 % as a function of time over land in the 786 
studied transport sector. Compared with sub-100 nm particles, the sub-population of 787 
particles able to act as CCN at Sc = 0.1% shows a notable increase Dcr as a function of 788 
time over land. This feature can be explained by a combination of two things: 1) these 789 
particles are aged, possibly originating from anthropogenic sources, making them 790 
relatively hygroscopic when entering the boreal forest region, 2) accumulation of rather 791 
non-hygroscopic organic vapors into these particles decreases their hygroscopicity with 792 
increasing transport times over the boreal forest. 793 
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Extended Data Fig. 5. a. Specific humidity and b. cloud liquid path (LWP) as a 795 
function of time over land in the studied transport sector. The data for time over land 796 
< 75 h are used in the fitting and the two red points are removed from the fit as outliers. 797 
The shaded areas show 25th and 75th percentiles that illustrate variability of measurements 798 
contributing to the averaged LWP for a given time over land and are consistent with the 799 
approach applied to creation of all other figures in the study. 800 
 801 

 802 
 803 
Extended Data Fig. 6. Satellite derived CCN concentration along a selected trajectory. 804 
The trajectory arrived to Hyytiälä from the clean sector during August 17, 2014. 805 
 806 
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 807 
 808 
Extended Data Fig. 7. Cloud fraction and precipitation as a function of time over land. 809 
a. Mean cloud fraction as a function of time over land in the studied transport sector. b. 810 
Precipitation accumulated in the hour following trajectory arrival to the station as a 811 
function of time over land in the studied transport sector. There is an outlier at (78 h; 1 812 
mm) not shown in the figure, corresponding to a single heavy rain event. 813 
 814 

 815 

Extended Data Fig. 8. Time evolution of the total particle mass concentration and 816 
organic aerosol mass concentration in different air mass sectors. The same as Fig 2a, 817 
but  a. clean and b. polluted air mass transport sectors.  818 

 819 
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 820 
Extended Data Fig 9. Time evolution of the particle number size distribution. The 821 
same as Figure 1c, but a. the clean and b. polluted air mass transport sectors. 822 
 823 

824 
Extended Data Fig 10. Cloud-related variables. The same as Figure 3a, except for a. 825 
the clean and b. polluted air mass transport sectors. 826 


