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Climate and forests are linked to each other via sophisticated feedback mechanisms. 
Recognizing the complexity of atmosphere-biosphere interactions, here we use a 
simplified approach aiming to establish connections between the parameters char-
acterizing the boreal forest as a carbon sink and meteorological parameters using 
a two-decade data set (1996–2017) from the Station for Measuring Ecosystem — 
Atmosphere Relations (SMEAR II), Finland. First, we quantify climate changes 
in Finland using growing season length and climatic indices. Then we apply the 
indices to determine unusually cold, warm, wet, or dry years as compared with the 
typical conditions at SMEAR II. Further, we analyze the relationships between air 
temperature, precipitation, absorbed photosynthetically active radiation (PAR) and 
atmospheric CO2 concentration. Our results suggest increased photosynthesis in 
the Finnish boreal forest with warming and emphasize the importance of long-term 
measurements for integrated atmosphere-biosphere studies.

Introduction

Forests cover 30% of total land area and play 
an important role in global climate: they affect 
regional climate via surface roughness, albedo, 
and atmospheric concentration of greenhouse 
gases, most importantly carbon dioxide (CO2) 
(Bonan 2008, Findell et al. 2009, Sanderson et 

al. 2012, Arneth et al. 2016). At the same time, 
forests are vulnerable to climate change, which 
causes timberline shifts, invasion of pests etc. 
(Menzel et al. 2006, IPCC 2007, IPCC 2013, 
Matías and Jump 2014, Thom et al. 2017, IPCC 
2018, IPCC 2019a). All these processes contrib-
ute to complex atmosphere–biosphere interactions 
and feedbacks, which vary under climate change.
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ests induce aerodynamic effects: trees slow down 
the wind speed within the canopy but strengthen 
turbulence above them (Sanderson et al. 2012). 
Kulmala et al. (2020) estimated recently that in 
Northern Europe, cooling aerosol-induced effects 
of the boreal forest on clouds and carbon sink 
could compensate for the warming effect due to 
albedo. More research is needed to resolve the net 
effect of boreal forests on the climate.

Boreal forests play an important role in the 
carbon cycle acting as carbon storage and sink. In 
general, boreal ecosystems contain approximately 
27% of all carbon stored in the world's vegeta-
tion (biomass) and 50% of carbon stored in soils 
(Alonzo et al. 2018). CO2 fluxes from soils, which 
strongly depend on soil temperature, can also be 
affected by the amount of precipitation. Makhny-
kina et al. (2018) found that CO2 fluxes exhibit a 
significant exponential dependence on soil tem-
perature during growing seasons. Increase in pre-
cipitation may inhibit and intensify the rate of CO2 
fluxes from the soil during the active growing 
season when air temperature was above 10°C 
(Makhnykina et al. 2018). Related to fixation of 
CO2 into tree biomass, the rise of air and surface 
temperatures in combination with the increase 
of atmospheric CO2 concentrations influence the 
photosynthetic activity (Fernández-Martínez et al. 
2017). In addition, there is an effect of CO2 fer-
tilization, which is related to the increase in plant 
biomass or leaf area index (LAI). Bigger leaf mass 
can also decrease albedo (Palmroth 2009).

In Finland, forests cover about 75% of its land 
area with prevailing species of Scots pine, Norway 
spruce and two birch species (Majasalmi 2015). In 
some recent years, they have absorbed even more 
CO2 than emitted by the country thus compensat-
ing total CO2 emissions (OSF 2017, Björheden 
2021). Vegetation (growing) season usually begins 
when daily mean temperature exceeds +5°C and 
varies from 180 days in the south-west of Finland 
to 100–140 days in Lapland (Rousi and Heinonen 
2007; FMI). According to climate projections, 
the rise of air temperature and precipitation is 
expected especially in boreal Finland in winter 
(Kinnunen et al. 2013, Ruosteenoja et al. 2016). 
As a result, the growing season will extend by up 
to 40–50 days by 2100 (Ruosteenoja et al. 2011). 
The increase in integral parameters representing 
accumulation of heat, such as sums of air tem-

The boreal forest belt covers an area between 
50°N to 70°N, constituting 33% of the whole area 
occupied by forests on the planet (Gauthier et al. 
2015; Global forest atlas). The northern regions 
are warming twice as fast as the global average 
(IPCC 2019b). It is expected that the average air 
temperature will increase up to 2°C by the end of 
the 21st century and will cause a positive effect on 
vegetation, enhancing forest productivity in the 
northern temperate and boreal vegetation zones, 
but further warming to 3–4°C can have a negative 
effect due to e.g., increasing water deficit (D'Or-
angeville et al. 2018). Accordingly, many models 
have shown a negative correlation between air 
temperature increase and forest development in 
some regions, indicating difficulties in ecosys-
tems' adaptation (Bonan and Sirois 1992, Ruostee-
noja et al. 2016, Babst et al. 2019, Larjavaara et 
al. 2021).

Forests and climate conditions interact via 
direct and indirect complex connections. Air tem-
perature (T) is a limiting factor for forest eco-
system productivity in high latitudes influencing 
e.g., timing of different phenological stages. In 
addition, saturation vapor pressure exponentially 
depends on temperature, thus increasing T at a 
constant water vapor concentration in the air leads 
to an increase of vapor pressure deficit. Too high 
water vapor pressure deficit dampens evapo-
transpiration and photosynthesis rate (Rawson et 
al. 1977, Massmann et al. 2019). According to 
Bonan (2008), boreal evergreen forests have low 
albedo and their effect on the local temperature 
in this respect is rather warming. However, there 
are competing processes that can counteract the 
albedo effect (Kulmala et al. 2020). The forests 
have the ability to cool the climate. First, they take 
up CO2 during photosynthesis and store it in plant 
biomass and soil. Second, emissions of volatile 
organic compounds from forests lead to formation 
and growth of secondary atmospheric aerosol par-
ticles, which redistribute solar radiation and influ-
ence cloud formation and carbon sink (Arneth et 
al. 2016, Kulmala et al. 2020). Third, released 
water vapor due to transpiration from plants can 
condense and induce cloud formation and rain 
(Teuling et al. 2017, Pauli et al. 2022, Petäjä et al. 
2022, Räty et al. 2022). Clouds effectively reflect 
and scatter incoming solar radiation due to high 
albedo. Via their effects on surface roughness, for-
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2007): the mean annual temperature is +3.3°C; 
mean annual precipitation is 713 mm; date of 
snowmelt is the 30th of April; the mean length 
of growing season is 162 days. The average 
density of the forest is ca. 1170 trees ha–1 and 
basal area (in 2006) 24.3 m2 ha–1. The canopy 
is mainly formed by Pinus sylvestris (75%), 
with some subordinate Picea abies (15%) and 
broadleaf trees (10%) such as Betula pendula 
and Sorbus aucuparia. Understory vegetation 
consists of e.g., ericoid shrubs such as lingon-
berry (Vaccinium vitis-idaea L.) and bilberry 
(Vaccinium myrtillus L.), mosses such as Dicra-
num sp, and grasses such as Deschampsia flexu-
osa (Ilvesniemi et al. 2009, Mäki et al. 2019a, 
Mäki et al. 2019b). A mild forest thinning was 
done at the area of interest in 2002 (Vesala et al. 
2005). The pine foliage is located in the upper 
third of the canopy height. The measurements 
at SMEAR II include observations of different 
parameters in soil, water, vegetation, and atmos-
phere to study atmosphere-biosphere interactions 
(Hari et al. 2005; SMEAR concept).

We used hourly data from an open research 
data portal SmartSMEAR (https://smear.avaa.
csc.fi/) for all available periods of measure-
ments: air temperature at the height of 4.2 m 
from 1996–2017, photosynthetic active radiation 
(PAR) at 0.6 m (below the canopy), 18 m (at the 
top of the canopy), reflected PAR (67 m) from 
2004–2017, precipitation from 2005–2017 and 
CO2 concentration at 4.2 m from 1996–2017.  
For 1996–2004, the data was taken from Finnish 
Meteorological Institute weather station next to 
the SMEAR II. We averaged air temperature and 
PAR to get their daily values and summed up 
precipitation.

There were gaps in the air temperature data 
set (see Supplementary Information Table S1). 
Depending on the length of missing data at the 
height of 4.2 m, three methods were used for 
gap filling. The first approach applied to cases 
where missing data periods were short, from one 
to three days. We averaged the neighboring data:

  (1)

where n is the number of days with missing data 
(n = n + 1 if n is odd); Tdb and Tde are daily air 

perature (growing degree-days, depending both 
on mean temperature and length of the growing 
season) will stimulate more intensive growth and 
particularly, vegetation shift to development of 
deciduous forest (Kinnunen et al. 2013).

Despite substantial progress in understanding 
the forest-atmosphere interactions, there are many 
gaps that need to be addressed. In this study, we 
aim to investigate interactions between parameters 
characterizing boreal forest as a carbon sink and 
meteorological parameters using data sets from 
a well-equipped forestry field station, SMEAR 
II (Station for Measuring Ecosystem-Atmosphere 
Relations, Hyytiälä), in southern Finland. We use 
climatic indices to study the effect of climate 
change on boreal forests. These indices allow 
distinguishing between cold/warm and humid/
dry years, thus providing relevant information for 
analysis of the interaction between atmosphere 
and absorbed photosynthetically active radiation 
(PAR). Absorbed PAR is used as a proxy for pho-
tosynthesis and we study its relation with air tem-
perature and CO2 concentrations. In other words, 
we utilize a simplified approach to study the 
effect of climate change on photosynthesis using 
parameters that are measured in many sites or can 
be calculated based on these parameters. The aims 
of the present study are as follows: 1) quantify 
the climate change effects at SMEAR II using cli-
matic indices and explore their ability to reflect air 
temperature and precipitation variability; 2) study 
the connections between PAR and air temperature; 
3) explore relation between PAR absorbed by the 
forest canopy and atmospheric CO2 concentration; 
and 4) analyze the influence of air temperature on 
PAR absorption and atmospheric CO2 concentra-
tion.

Material and methods

Studied area and initial meteorological 
data

The SMEAR II forestry field station at Hyytiälä 
(61°51´N, 24°17´E, 180 m above sea level) 
has been operating since 1995 (Hari and Kul-
mala 2005). It is situated in southern Finland 
in the boreal zone. The typical climatic condi-
tions for this station are as follows (Kolari et al. 
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temperatures before the first (begin) and after 
the last (end) days of a gap, respectively.

In the second case, when gaps in time 
series at height of 4.2 m covered more than 
three days, we used data from another sensor 
from the height of 8.4 m. Before filling in the 
missing data, we checked their coherence by 
comparing available air temperature at both 
heights. We confirmed the consistency of the 
air temperature time series at heights of 4.2 m 
and 8.4 m as the average difference between 
them was only 0.3°C and the Pearson correla-
tion coefficient was 0.99. In the third case, 
when there was a significant data gap at 4.2 m 
(Table 1) and 8.4 m, it was replaced with sur-
face air temperature (Fig. 1). 

Indices and comprehensive indicators

There are plenty of indices that are used for 
estimates of climate-forest interactions: stable 
air temperature transitions through 0, 5, 10, 
15°C and duration of these seasons; sum of 
temperatures over 0, 5, 10, 15°C; sum of effec-
tive temperatures (0, 5, 10, 15°C); biotem-
perature (which is calculated using annual sum 
of positive mean temperatures divided into 
365 days); the sum of negative air tempera-
tures; soil frost depth; sums of precipitation; 

hydrothermal coefficients etc. (Shvidenko et 
al. 2017; Shvidenko et al. 2018). Fraction of 
Absorbed Photosynthetically Active Radiation 
(FAPAR) is included to the list of Essential 
Climate Variables for biosphere by WMO as it 
is a main driver of photosynthesis (see details 
at ).

In the present study, we use climatic indices 
related mainly to the warm season (T > 0°C). 
They are defined in Table 1. To study bio-
sphere-atmosphere interactions, we chose the 
annual cycle of absorbed PAR because it is 
connected to carbon uptake, characterized by 
gross primary production (GPP). To calculate 
PAR absorbed by the forest canopy, we used 
the following equation:

  PARabsorbed = PAR18m – PAR0.6m – PARreflected , (2)

where PAR18m is measured at the top of the 
canopy (18 m), PAR0.6m below the canopy 
(0.6 m) and PARreflected is the reflected radiation 
at 67 m (this parameter has gaps in observa-
tions from 29.08.2011 to 4.10.2017). Absorbed 
PAR is presented using both absolute values 
(μmol m−2 s−1) and as percentage of incoming 
PAR at the upper height (%). Pearson correla-
tion coefficient was used to analyze the depen-
dence between air temperature, atmospheric 
CO2 concentrations and absorbed PAR.

Fig. 1. Time series of the daily mean air temperature for 4.2 m (blue), partially recovered from the data at 8.4 m 
(red) and surface (green).
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Table 1. Climate indices used in the study period from 1996–2017

 Index Interpretation Description/Formula

1. Dates of steady air 
temperature transitions 
through 0°C, 5°C and 
10°C in spring and au-
tumn

Detection of warm season (above 0°C), 
growing season (above 5°C), and sea-
son of active vegetation (above 10°C) 
for further estimates of temperature ac-
cumulation

According to Fedorov’s method (Skrynyk 
and Snizhko 2008), the date of steady air 
temperature transition through the de-
fined temperature threshold is the day 
when the sums of positive deviations start 
to exceed the sum of negative ones as 
temperature rises (and vice versa as it 
decreases).

2. Duration of seasons 
(Ds)

Length of the warm, growing and active 
vegetation seasons
 

Ds is the number of days between autumn 
and spring days of relevant temperature 
transition below/above the temperature 
thresholds

3. Sums of growing de-
gree-days (GDD) for the 
above-mentioned sea-
sons
(Tav(>0, 5, 10°C)), also known 
as degree-days for the 
above-mentioned sea-
sons

Integrative index for determination of 
heat accumulation 

where Tav – average daily air temperature; 
n – a number of days between defined 
thresholds (0°C, 5°C, 10°C) when Tav ex-
ceeded temperature of threshold (Tthreshold)

4. Sum of precipitation 
for warm season (0°C), 
growing season (5°C), 
season of active vegeta-
tion (10°C) (RT)

Indication of dry and wet years, for fur-
ther calculation of specified indices

ΣPTav (0,5,> 10°C) , where P is daily precipita-
tion

5. Vorobyev’s hydrother-
mal coefficient (T, W)

Heat (T) and moisture (W) resources for 
tree growth 
T has 7 gradations (λ, a–f): from ex-
tremely cold (λ) to warm climate (f).
W has 6 intervals (0–5): from extremely 
dry conditions W = < –0.8 (marked 0) to 
wet climate W > 4.8 (5) 

ΣTav > 0 – sum of GDD; 30 – number of 
days in month 

where ΣPT > 0 – sum of precipitation taken 
for warm season; T – sum of monthly 
temperatures above 0°C.

6. Selyaninov’s hydro-
thermal coefficient 
(HTC)

Moisture resources for plants during ac-
tive vegetation season

The gradation of HTC is as follows 
(Čirkovs 1978):

- HTC > 2.0 – very humid;
- HTC from 1.0 to 2.0 — sufficiently hu-

mid;
- HTC < 1.0 — insufficient humidity;
- HTC from 1.0 till 0.7 — dry;
- HTC from 0.7 till 0.4  — very dry 

where ΣPT > 10 – sum (in mm) of daily pre-
cipitation for period with Tav > 10°C (sea-
son of active vegetation); ΣTTav > 10°C – the 
sum of GDD in °C. 
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Results and discussion

Air temperature, precipitation, and 
climatic indices

The calculated 22-year-long trends in the start 
dates, end dates and lengths of warm season, 
growing season and season of active vegetation 
are presented in Fig. 2. Variability in all indices 
was high, and most of the trends for the start/end 
date of the seasons were not statistically signifi-
cant (p > 0.05). Slight changes were observed for 
the warm season with an advanced start date in 
spring and a delayed end date in autumn, leading 
to lengthening of the warm season (T > 0°C) at 
a rate of 13 days/decade. This is approximately 
twice the rate estimated by Ruosteenoja et al. 
(2011), reporting the season extension up to 
40–50 days by 2100.

The only significant correlation was found 
for the earlier start of the active vegetation 
season (T > 10°C) with the trend of 7–8 days per 
decade. In comparison, Pulliainen et al. (2017) 
found that spring recovery of carbon uptake was 
advanced in 1979–2014 in a boreal region by 
2.3 days per decade. However, we found that 
the start of the vegetation season (T > 5°C) was 
shifted to later dates with a trend of about 3 days 

per decade. As a result, the period with air tem-
perature between 5°C and 10°C shrank notably, 
indicating that the most active growing season 
started earlier but the transition from the vegeta-
tion season to the most active growing season 
was faster. Note that the start of winter season 
(T < 0°C) had the highest variability with a con-
fidence interval CI = 7.3 days (Fig. 2, Table 2).

All mentioned shifts for different seasons 
increased available heat resources and affected 
the rate of heat accumulation, which might influ-
ence plants' adaptation due to changes of CO2 
absorption and photosynthesis rate.

Vertical color lines in Fig. 2 correspond to 
the lengths of periods when daily air temperature 
is higher than the defined thresholds of 0°C, 5°C 
and 10°C, giving a possibility to compare the 
season lengths. The variance of season lengths 
was rather high and sometimes led to unfa-
vorable conditions for plant growth with both 
extremely low and extremely high heat accu-
mulation. The longest warm season of 291 days 
with an average daily air temperature (Tav) > 0°C 
occurred in 2015, Tav > 5°C with 202 days in 
2011, and Tav > 10°C with 150 days in 2006. The 
shortest seasons with Tav > 0°C and Tav > 5°C 
were in 1997 with 188 and 149 days respectively 
and Tav > 10°C with 93 days in 2008 (see Supple-

Fig. 2. Start/end dates and length of 
the warm season (blue), vegetative 
season (green) and season of active 
vegetation (red) with regression equa-
tions for every set of transition dates 
over 0°C, 5°C and 10°C with respec-
tive CI 90%.
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mentary Information Table S2). 90% confidence 
intervals (CI) for air temperature transition dates 
as well as seasons' lengths are reported in Sup-
plementary Information Table S2.

Sums of daily temperatures and precipita-
tion for the studied seasons with defined tem-
perature thresholds of 0°C, 5°C and 10°C are 
presented in Supplementary Information Table 
S2. The annual sums of daily temperatures for 
different seasons presented since 1996 had a 
strong variability with CI of 60°C (T > 0°C), 
56°C (T > 5°C), and 82°C (T > 10°C) and the 
annual sums of precipitation had CI of 36.1 mm, 
33.2 mm, 27.2 mm. The hydrothermal Vorobyev 
and Selyaninov indices (see Table 1 for the 
definitions and Table 2 for results) showed that 

year 2006 was extremely dry and warm (W = 2.6 
and HTC = 1.0), whereas year 2008 was rela-
tively cold and wet (W = 8.1 and HTC = 3.4). 
The highest W = 8.3 was in 2017 due to the wet 
and coldest warm season since 1996, notwith-
standing that the length of all seasons exceeded 
their mean values. Note, that year 2011 repre-
sented rather typical meteorological conditions 
for humidity in the region with W = 5.0 and 
HTC = 2.5, but with warm conditions during the 
season with Tav > 0°C (see Supplementary Infor-
mation Table S2).

Some regularities in accumulated tempera-
ture and precipitation can be observed in Fig. 3. 
The increase and decrease of temperature varied 
from year to year at the beginning of the research 

Table 2. Vorobyev and Selyaninov hydrothermal coefficients from 1996–2017

 Year Vorobyev HC Selyaninov HTC
  Sum of GDD Index of climate humidity, W (Tav > 10°C)
  (Tav > 0°C) (Tav > 0°C) 

 1996 70cold 4.8 1.9
 1997 70cold 4.2 1.8
 1998 67cold 7.0wet 2.8wet

 1999 77 3.3dry 1.2dry

 2000 78 5.1 1.9
 2001 76 5.7 2.4
 2002 79 1.5dry 1.2dry

 2003 74 4.2 1.5
 2004 72 5.4 2.6
 2005 78 4.2 2.3
 2006 84warm 2.6dry 1.0dry

 2007 76 3.2dry 1.6dry

 2008 70cold 8.1wet 3.4wet

 2009 72 4.2 1.6
 2010 79 4.5 2.0
 2011 87warm 5.0 2.5
 2012 71 7.6wet 2.4wet

 2013 80warm 3.6dry 1.4dry

 2014 78 4.4 1.9
 2015 81warm 4.6 1.7
 2016 77 5.4 2.5
 2017 65cold 8.3wet 3.0wet

 Max 87 8.3 3.4
 Min 65 1.5 1.0
 Average 76 4.9 2.0
 CI 90% 1.9 0.6 0.2

warm - the warmest years by GDD
cold - the coldest years by GDD 
wet - the wettest years considering both W and HTC
dry - the driest years considering both W and HTC
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period, whereas later, the variation came more 
periodic with 2–3 years of high temperature 
accumulation interrupted by only one-year low 
temperature accumulation. There are no statisti-
cally significant results for the linear trends of 
growing degree days (GDD): 5.7°C per year 
with p = 0.3 for warm season, 2.9°C per year 
with p = 0.5 for vegetative season, and 11.1°C 
per year with p = 0.15 for the season of active 
vegetation.

According to Vorobyev's classification, 
the climate at SMEAR II with average values 
W = 4.9 and T = 76°C falls into gradation 
with values W between 4.8 and 6.2 (5), T from 
64–84°C (c) and belongs to areas with relatively 
cold temperate and wet climate (class 5c). Fluc-
tuations of T-index were within 65–87°C for 
1996–2017, largely within the range prescribed 
by Vorobyev for the above-mentioned type of 
climate. Index W was more fluctuating beyond 
the ranges typical to that type of climate and 
varied from 1.5 to 8.3. According to this index, 
the driest years were 2002 and 2006.

Based on the climatic indices, 2008 was char-
acterized as cold and wet, 2011 as warm and wet, 
and 2006 as extremely warm and dry. However, 

in 2006, the Vorobyev index was 2.6 indicating 
enough humidification. Note that the Vorobyev 
index is developed to classify climate based on 
the data from the warm season, when Tav > 0° C, 
but it is not able to capture conditions for a par-
ticular period within the warm season. In the 
case of summer 2006 (with extreme drought in 
many sites, see Gao et al. 2017), the Selyaninov 
coefficient (HTC) based on the data from the 
active growing season (when Tav > 10°C) showed 
better results indicating that 2006 was the driest 
in 22 years. Besides, both the HTC and Voro-
byev index selected the same years as dry or wet.

HTC was developed in the former USSR and 
applied to different climatic zones. This index 
is deemed not sensitive enough in the boreal 
zone. However, it should be noted that HTC 
successfully determined 2006 as the driest year 
in the existing data set, its value on the verge 
of sufficient humidity and dry conditions. The 
index could be applied for boreal forest after the 
modification of its thresholds for gradations of 
the local climate.

PAR and its connection to air 
temperature sums

We selected 2006 for a case study — the year 
with the driest growing and active vegetation 
seasons of the study period. The PAR for this 
year is presented in Fig. 4. We marked the dates 
of the temperature exceeding thresholds for 0, 5 
and 10°C by the vertical lines. In spring, PAR 
increased gradually but in autumn, it decreased 
sharply at air temperature threshold 10°C. The 
highest values of daily PAR at 18 m were 
observed in summer months with the maxi-
mum daily average value ~670 μmol m−2 s−1, 
PAR below canopy (0.6 m) ~180 μmol m−2 s−1, 
reflected PAR (67 m) ~40 μmol m−2 s−1, absorbed 
PAR ~490 μmol m−2 s−1. Most absorption of 
PAR was observed between the spring threshold 
0°C and the autumn threshold 10°C, which is a 
period with a long sunshine duration, increase of 
LAI (leaf area index) and more intensive process 
of photosynthesis. As absorbed PAR is depen-
dent on the canopy structure, we expected to see 
an increase in absorbed PAR during the process 
of new foliage growth starting at the threshold 
T > 5 ℃, reaching its maximum in summer and 

Fig. 3. Sum of annual air temperatures, its 5-year 
moving average (lines); and sum of annual precipita-
tion (vertical bars) for the following seasons: warm with 
Tav > 0°C (blue); growing with Tav > 5°C (green); active 
vegetation with Tav > 10°C (brown).
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declining in autumn due to the senescence of the 
oldest needles. However, the amount of PAR 
varies in time and depends on many factors, 
especially on cloudiness. The highest decrease in 
incoming PAR was observed in the end of May 
and June, the second part of August and first part 
of September, coinciding with the periods when 
precipitation was over 10 mm (see Supplemen-
tary Information Fig. S3a).

In Supplementary Information Fig. S3a–c, 
we presented daily absorbed PAR as a percent-
age of the total PAR for the selected warm 
and dry year (2006), cold and wet year (2008) 
and year with typical meteorological conditions 
(2011). Overall, the behavior of day-to-day vari-
ability of absorbed PAR remains similar for 
selected years, despite differences in the heat 
and moisture regimes indicated by climatic indi-
ces. PAR absorption was more stable within 
the interval starting when the daily temperature 
exceeds 5°C and ending when it falls below 
10°C, than it was outside of this period. Total 
variance halved as compared with cold season 
due to smaller values of incoming PAR and 

possibly higher measurement uncertainty during 
cold season. The directional uncertainties of 
the instrument (LI-190R, LI-COR Inc, USA) 
exceed 5% at solar zenith angles larger than 70° 
(directional (cosine) response). In winter, zenith 
angles are typically large at SMEAR II which 
likely caused substantial measurements errors. 
Within the warm season, daily absorbed PAR 
mostly varied within a 70–85% interval, and 
the percentage smoothly increased towards the 
temperature threshold of 10°C in the autumn. 
We hypothesize that the reason for this increase 
was the gradually increasing foliage area during 
this period, corresponding to the growing period 
of new shoots and needles (Schiestl-Aalto and 
Mäkelä 2017).

Further, we studied the relation between the 
sums of absorbed PAR and temperature. The 
average value of absorbed PAR sum reaches 
~35 000 μmol m−2 s−1 and the standard deviation 
is ~5600 μmol m−2 s−1 during the active vege-
tation season. This is consistent with the high 
variability in degree-days of active vegetation 
season with the average values of about 1600°C 

Fig. 4. Annual cycle of average PAR at 0.6 m (blue time series), 18 m (red time series), reflected at 67 m (green time 
series) and absorbed PAR (violet time series) for year 2006 and dates of air temperature thresholds (vertical lines).
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and the standard deviation of about 250°C. 
Absorbed PAR sums and temperature sums are 
linearly correlated with the correlation coeffi-
cient, r = 0.83 and p-value, p = 0.01 (Fig. 5). 
In general, both temperature and absorbed PAR 
depend on cloudiness: accumulated values sig-
nificantly increase under clear-sky conditions; 
thus, correlation can be expected. As absorbed 
PAR sums can be considered as a rough param-
eterization of forest photosynthetic activity, we 
can conclude that on an annual basis, tempera-
ture sums can also be used to characterize photo-
synthesis during active vegetation season.

Carbon dioxide concentration and its 
link to air temperature and PAR

Since the beginning of observations at 
SMEAR II in 1996, CO2 monthly mean con-
centrations measured at 4.2 m have increased 
from 360 ppm, on average, to 420 ppm (Fig. 6); 
likewise the observed CO2 concentration has 
increased over the planet (IPCC 2021). In July 
for all years studied, CO2 concentrations were 
smaller as compared with other seasons, largely 
due to high photosynthetic activity of vegetation. 
However, also the minimum summer CO2 con-
centration has a similar strong growing trend of 
over 2 ppm per year.

Annual cycles of absorbed PAR and atmos-
pheric CO2 concentrations were plotted (Fig. 7) 
for the same years 2006 (warm and dry), 2008 
(cold and wet) and 2011 (relatively warm and 
wet). Minimum values of CO2 concentration 
were observed in summer (ca. days 153–217) 

for all three years largely due to active pho-
tosynthetic uptake. Absorbed PAR increased 
simultaneously. Consistently, when temperature 
decreased below the threshold 10°C in autumn, 
the concentration of atmospheric CO2 increased. 
However, an increase in atmospheric concen-
tration of CO2 was observed already in late 
summer — early autumn (ca. days 250–260) 
2006 when wildfires in Finland and Eastern 
Europe released a large amount of burning prod-
ucts (Forest Fires 2009; Leino et al. 2014). Note, 
that the vegetation season of 2006 was character-
ized by extreme drought in many areas (Spinoni 
et al. 2015): high temperatures and lack of water 
availability promoted wildfires.

The humid and relatively warm year of 2008 
was characterized by the higher atmospheric 
concentrations of CO2 compared with 2006, 
although no significant wildfires were detected 
in Finland. However, there were fires in Estonia 
(April–July, strongest in May) and in Sweden 
(strongest in June, Forest Fires 2009). The annual 
cycle of CO2 concentrations in 2008 had similar 
variations to 2006 with minimum values in late 
summer. The concentration in 2008 varied from 
370 ppm in August to 400 ppm in December.

The warm and wet year of 2011 showed 
higher fluctuations of CO2 concentration during 
the warm season in comparison with the years 
2006 and 2008. The minimum value of 375 ppm 
was observed at the beginning of August 2011 
(day 215), and maximum of 426 ppm at the 
end of August (day 241) with a range of about 
50 ppm.

Photosynthesis intensification could be 
expected due to slight air temperature increase 

Fig. 5. Dependence of absorbed PAR sum on the degree-
days of active vegetation season (p-value < 0.01).

Fig. 6. Mean CO2 concentrations for (a) January,  
(b) April, (c) July and (d) October at 4.2 m height.
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and sustained CO2 concentration increase 
of 20–25 ppm per decade. Analysis of intra-
annual relations between air temperature and 
CO2 concentration showed strengthening in the 
last years. Overall, the correlation between daily 
values of air temperature and CO2 concentration 
for the whole period 1996–2017 was insignifi-
cant (see Supplementary Information Table S4). 
However, an interesting trend was found when 
comparing correlation coefficients between 
years. Before 2000, the correlation coefficients 
were from -0.10 to -0.43 (p-value ≈ 0.2); in 
early 2000, they varied within -0.50 to -0.60 
(p-value < 0.01); and after 2009, the correlation 
very often became strong with values of about 
-0.70 to -0.76 (p-value < 0.01). This is illustrated 
in Fig. 8. We used HTC values to show that dry 
and wet years had no effect on the connection 
between the daily air temperature and CO2 con-
centration.

Intra-annual relation between daily air tem-
perature and atmospheric CO2 concentration 
is negative (negative R-coefficients in Fig. 8), 
which means that an increase of air temperature 
results in higher absorption of CO2. The relation 
between air temperature and absorption of CO2 

could be affected by an increase in tree biomass, 
which has more than doubled over the 22 years 
due to forest growth (Ilvesniemi et al. 2009, 
Launiainen et al. 2022). There is also a feedback 
mechanism between atmospheric CO2 concen-
tration and photosynthesis. As it was recently 
revealed, an increase in LAI at SMEAR II was 
responsible for the observed increase in GPP 
in the ca. 20-year-long study period, but the 
increase in atmospheric CO2 concentration con-
tributed by 30–40% (Launiainen et al. 2022). 
Another factor that might enhance the negative 
correlation between air temperature and atmo-
spheric CO2 concentration is the boundary layer 
height, because the well-mixed boundary layer is 
typically higher during warm conditions leading 
to decreased atmospheric concentration of gases 
within the layer (Huo et al. 2021; Zhang et al. 
2013). It should be also noted that anthropogenic 
emissions together with air mass origin can 
affect the correlation between air temperature 
and atmospheric CO2 concentration, as was seen 
in 2006 and 2008 when long-range transport of 
CO2 from forest fires was observed.

Conclusions

The most significant changes were found 
towards the delayed end of the warm season 
and advanced at the start of the active vegetation 

Fig. 7. Annual cycle of daily absorbed PAR (%, yellow) 
in the layer 18-0.6 m and daily mean CO2 concentra-
tions (ppm, black) at 4.2 m for: (a) 2006; (b) 2008; and 
(c) 2011 (data gap of PAR described in Methods).

Fig. 8. Increasing negative correlation between years in 
the daily air temperature and CO2 concentration. Color 
code corresponds to wet (blue), dry (red) and normal 
(green) years in accordance with HTC.
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season (T > 10°C), totaling 7–8 days per decade. 
Slight changes were also found at the start of 
the vegetation season (T > 5°C). As a result, the 
period between 5°C and 10°C had shrunk nota-
bly. These shifts result in increasing available 
temperature resources and change of temperature 
accumulation within the seasons.

Hydrothermal Vorobyev and Selyaninov 
indices were calculated for estimating heat 
and moisture availability for vegetation, which 
showed a relatively temperate and wet climate, 
however the year 2006 was extremely warm and 
dry, and the years 2008 and 2011 were relatively 
cold and wet. The indices caught features of 
temperature and humidity distribution, however 
the existent scale, especially Selyaninov, wasn't 
sensitive enough to boreal forest in Finland and 
might need modification to humidity.

The most absorption of PAR was after 
T > 0°C and before T < 10°C, which are linked 
to long sunshine duration, increase of leaf area 
index and more intensive process of photosyn-
thesis. The fraction of absorbed PAR of total 
incoming radiation varied within 70–85% and 
had less variability in the warm season in com-
parison with the cold season. 

Analysis of atmospheric CO2 concentrations 
demonstrated a constant increase with a trend 2.0 
(October, min. value) — 2.5 ppm per year (Janu-
ary, max. value). In general, concentrations have 
risen from 360 ppm, on average, to 420 ppm in 
all seasons. Clear CO2 concentration increase 
together with small air temperature increase 
might influence photosynthetic production, cor-
relation between air temperature and CO2 con-
centration strengthened in the last years. Further 
analysis with multiple sites and multiple years 
together with ecosystem flux data is needed to 
draw more solid conclusions.

The results obtained in the study gave evi-
dence to some atmosphere-biosphere interac-
tions in boreal forests under climate change. The 
prospective of the study is to expand the research 
on other sites in boreal forests, adding new data, 
meteorological variables and analysis tools.
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