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Organic aerosol enhances boreal forest
photosynthesis under cumulus clouds
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Boreal forest is an important source of atmospheric aerosol particles,making cloudsmore reflective in
a warmer climate. However, little is known about the aerosol effect on the scattering of radiation under
a cloudy sky, which can have a cooling effect by enhancing the carbon uptake of boreal ecosystems.
Here we show observational evidence that higher natural aerosol loadings associated with warmer
conditions increase diffuse radiation in the presence of cumulus clouds and further invigorate
photosynthesis in the boreal forest. The enhancement of photosynthesis occurs in the morning and
evening or under clouds with cloud fraction 0.4–0.8, when moderate vapor pressure deficit keeps
stomata in foliage open and the diffuse fertilization effect is maximized. The total effect of high aerosol
loading is a further increase of the daily carbon uptake under cumulus clouds by 12% of the possible
diffuse fertilization enhancement in the ecosystem. Our results provide observational support for the
atmosphere-biosphere photosynthesis-based feedback, not only under clear sky but also under
cumulus clouds frequently observed over boreal forest in summer.

Boreal forests occupy 14% of the land area globally and play an important
role in regional and global climate. The impact of boreal forests on the
atmosphere is multifaceted and includes, besides carbon sequestration
and storage, effects on the surface energy balance via albedo and surface
roughness changes1,2, on the water cycle via evapotranspiration3,4, and on
the aerosol population5–7. Forest is a source of primary aerosol and volatile
organic compounds participating in the formation and growth of sec-
ondary organic aerosol (OA) particles4,8. Primary aerosol particles were
estimated to contribute only about 10–20%of climatically relevant aerosol
population in boreal forest9. Dominating secondary aerosol is tightly
linked to temperature-dependentmonoterpene emissions especially from
coniferous forest species7,8. Aerosol particles, water vapor, and turbulence
are major factors controlling clouds’ formation and dynamics. While the
forests’ impacts on clouds, including higher cloud fraction over forests
compared to grassland10–12, and increase in cloud condensation nuclei and
clouds’ albedo in response to aerosol loading13,14 were reported in satellite-
based studies and studies utilizing global models15–17, the observed
regional albedo effect was not reproduced by global models18. In addition
to reflecting, clouds scatter radiation andmay increase its diffuse fraction.
The enhancing effects of diffuse radiation on forest photosynthesis have
been reported in many observational and modeling studies19–23. For
example, Ezhova et al. found that the largest increase in photosynthesis of

several forest ecosystems occurs under cloudy skies19. They also quantified
the effect of aerosol loading on radiation and photosynthesis under clear
sky; however, they did not separate between types of clouds, and did not
consider the effect of aerosol loading under cloudy sky. In addition, up to
date, there have beenonly fewEarth SystemModel -based studies focusing
on the effect of temperature increase on aerosol population and further on
clouds, diffuse radiation, and photosynthesis24,25, and these studies
reported contrasting results. Here we provide the first fully observational
evidence of the aerosol-driven enhancement of diffuse radiation under
cloudy sky, and further quantify the effect on boreal forest photosynthesis
using a long-term data set. Furthermore, we estimate the strength of the
negative climate feedback due to aerosol-radiation-photosynthesis
interactions in a warming climate26–28.

The in-situ data set is from the flagship station SMEAR II (Station for
Measuring Earth surface- Atmosphere Relations29) at Hyytiälä in southern
Finland. Here we worked with 1-h average values of different in-situ
parameters (Methods) focusing on clouds’ and aerosol particles’ effect on
solar radiation and boreal ecosystem photosynthesis during the summer
months July-August. Aerosol particles affect diffuse radiation in two ways,
directly affecting the radiative transfer and indirectly by modifying the
optical properties of clouds, and here we consider cloudy sky,meaning both
these effects in action. First, we studied how aerosol loading influences
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diffuse radiation under a cloudy sky, and second, what effect the change in
diffuse radiation has on ecosystem photosynthesis.

As different weather systems, each with its own dynamics, favor dif-
ferent clouds, we separated the data by cloud type30 and focused only on
cumulus clouds. Cumulus clouds were chosen because they are known to
enhance photosynthesis21 and because they are frequent during the growing
season inboreal region30,31. At SMEAR II, cumulus clouds represent 20–30%
of all sky conditions during summer daytime, being the second dominating
type of clouds after stratus with 25–30%30. In addition, continental cumulus
clouds follow a typical diurnal development cycle, directly interacting with
the underlying surface via an air mass in which they form. Furthermore, as
wewere interested in aerosol-driven change indiffuse radiation,we followed
Yli-Juuti et al. approach13 and separated twodistinct caseswith low andhigh
OA loading (Methods), with the low-aerosol case corresponding to the OA
mass loading below 1.59 µgm−3 (the lowest 33 percentile values) and high
aerosol case to the loading above 3.02 µgm−3 (the highest 33 percentile
values). The choice of OAmass as the variable linked to radiation scattering
at SMEAR II site is justified by several previous studies. Heikkinen et al32.
showed that during summer months, particulate matter smaller than
1 micron, PM1, is clearly dominated by organics (>80% in total PM1),
whereas Petäjä et al. demonstrated an increase of OA mass in summer
linked to a simultaneous increase of in-situ and above-ground measured
scattering and backscattering coefficients14. Biogenic origin of OA at
SMEAR II is confirmed in previous studies by correlations of OAmass with
temperature and aerosol yields frommonoterpene emissions along airmass
trajectories8,13. Data analyses are described in detail in Methods.

Results and discussion
Aerosol and clouds effect on diffuse radiation
As expected, the level of diffuse radiation increased when cloud fraction
(CF) increased (Fig. 1a) because cumulus clouds scatter radiation
efficiently21, and larger CF indicates more clouds. However, this general
increase is modulated by aerosol loading as shown in Fig. 1a. At the lowest
CF, median diffuse radiation was ~50% higher for large OA than for low
OA. Interestingly, the aerosol effect remains noticeable even under larger
CF, although decreasing from 50% to about 15% under the almost overcast
sky (Fig. 1a).

A similar effect was observed if binning was done using the time of the
day (Fig. 1b). The general pattern was that diffuse radiation increases
towards the middle of the day, remaining low in the morning and evening

hours33. In the early morning and late afternoon, the difference in diffuse
radiation between low and high OA is not statistically significant. However,
at 8:00–10:00 local time (LT) this difference becomes large (90W/m2, i.e.,
50% larger underhigh thanunder lowaerosol load) and remains statistically
significant throughout the day. The substantial morning difference in dif-
fuse radiation can be important for photosynthesis because atmospheric
humidity, which might be a limiting factor in the afternoon on a warm
summer day, is sufficient in the morning.

The diffuse radiation difference between the high and low aerosol
conditions in Fig. 1a could be related to the diurnal pattern of the solar
zenith angle, whereas the corresponding difference in Fig. 1b could be
associatedwith different cloud fractions. Supplementary Fig. 1 shows zenith
angle distributions corresponding to the bins in Fig. 1a andCF distributions
related to Fig. 1b. According to Supplementary Fig. 1a, high aerosol con-
ditions have in general lower solar zenith angles. This is the consequence of
sampling (Supplementary Fig. 2): high OA is typically observed on warm
days, and it is in general warmer in July than in August. Thus, high aerosol
conditions are overrepresented in July compared toAugust.Hence, we need
to introduce corrections to the radiation difference associated with the
zenith angle. We used a simple clear sky model of diffuse radiation33

(Methods) and Supplementary Fig. 3, to show that the corrections for the
lowest CF bin do not exceed 25%. Note that the model uses aerosol optical
depth (AOD675) as aerosol-related variable, and Supplementary Fig. 3a
shows a statistically significant moderate correlation between OAmass and
AOD675. Interestingly, the clear sky model gives median value of diffuse
radiation close to 84W/m2 under low aerosol conditions and 135W/m2

under high aerosol conditions (Supplementary Fig. 3b). This is about
30–40W/m2 less than the median values in Fig. 1a (115 and 175W/m2,
respectively), thus 25–30%of diffuse radiation at the lowest CF could be due
to clouds. However, the difference between the two values, modeled
(135–84) W/m2 and measured (175–115) W/m2, is almost the same sug-
gesting that direct aerosol effect could be a viable explanation for the dif-
ferences at least at the lowest CF.

The difference inCFbetween the low and high aerosol conditions does
not show any consistent diurnal pattern (Supplementary Fig. 1b), andmost
often is not statistically significant, so CF cannot be responsible for the
significant differences found in the diffuse radiation levels between the low
and high aerosol loads. However, there is also a difference in solar zenith
angles (Supplementary Fig. 4a), which are again lower for the higher aerosol
conditions, meaning higher top-of-atmosphere radiation, and hence,

Fig. 1 | Effect of aerosol and clouds on diffuse radiation. Diffuse radiation as a
function of cloud fraction (a) and time of the day (b). Blue notched boxes show
median values and interquartile ranges (IQR, 25–75 percentile) of diffuse radiation
under low organic aerosol (OA) loading, and red notched boxes - under high OA
loading. Whiskers denote 1.5 IQR range, and the remaining points are ‘outliers’.
Black crosses show mean values. Results testing the difference in diffuse radiation
between the low and high OA loading cases (p-values, Wilcoxon rank sum test) at

each cloud fraction bin or time of the day, as well as the number of points for low and
high aerosol cases (N(l) andN(h), respectively) are shown above the figures. In panel
(a), low and high OA observations are statistically significantly different from each
other in all the bins (p < 0.05), and the same is true for the panel (b), except for the
earliest and latest hour bins (6:00–8:00 and 16:00–18:00 LT), where the difference is
not statistically significant.
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possibly higher global and diffuse radiation. Also in this case, however, the
corrections on the zenith angle cannot explainmore than 15%of the diffuse
radiation difference (Supplementary Fig. 3).

Related to scattering, it can also be insightful to look at the diffuse
fraction, i.e., the ratio of diffuse to global radiation. Supplementary Fig. 5a
shows that the median diffuse fraction increases with an increasing CF, as
expected, from 0.2 under low CF to about 0.7 under high CF. Interestingly,
the diffuse fraction is about 0.1 larger for high aerosol conditions at all CFs
except for the highest one, confirming that high aerosol conditions induce
more scattering. Looking at the diurnal cycle, especially for 08:00–10:00 LT,
it follows fromSupplementaryFig. 5b that thediffuse fraction is larger under
high OA, about 0.5 compared to 0.4 for low OA. After 10:00 LT, the dif-
ference in the diffuse fraction is not statistically significant. Note that the
median levels of the diffuse fraction are close to 0.4–0.5 all day, which has
shown to be the optimum for boreal forest ecosystems’ photosynthesis19,34.

Sowhy does higher aerosol loading inducehigher diffuse radiation? To
elucidate the mechanisms behind the difference observed in Fig. 1, we note
that aerosol particles can influence diffuse radiation either via direct scat-
tering of solar radiation or indirectly, via interaction with clouds. The effect
of larger aerosol loading on diffuse radiation, i.e., direct effect, is important
under low CF but can be expected to be diminishing or negligible in the
presence of cumulus clouds. The indirect effect of aerosol loading over
forests on clouds and further on diffuse radiation has not been quantified,
although globally indirect effect is estimated to be stronger than direct one35.
Ourfinding that higherOA increases diffuse radiation for all cloud fractions
emphasizes the role of aerosol particles for enhancement of diffuse radiation
not only under clear sky (direct effect) but also under clouds (direct and
indirect effects).

Aerosol and clouds effect on photosynthesis
Sufficient global radiation, accompanied by enhanced diffuse radiation
cause higher light use efficiency at the ecosystem level and boost
photosynthesis19–23. For this reason, cumulus clouds with transmittance of
about 80%30 and yet high diffuse radiation level, are considered favorable for
photosynthesis21. Here we study what effect cumulus clouds and different
aerosol loadings, associated with the radiation regimes discussed in the
previous section (Fig. 1, Supplementary Fig. 5), have on the ecosystem
photosynthesis represented by gross primary production (GPP).

With the threshold value36 of about 350W/m2, the level of global
radiation is not limiting for photosynthesis at CF from 0.0 to 0.8 (Supple-
mentary Fig. 6a), and during the day from 8:00 to 16:00 LT (Supplementary

Fig. 6b); thus, GPP can be enhanced if the diffuse radiation level is suffi-
ciently high. To quantify GPP enhancement, we take 15.8 µmolm−2 s−1 as a
reference value (corresponding to themeanmiddayGPPvalue at SMEAR II
under clear sky and low OA19). In Fig. 2a, we can see that the median GPP
value at the low OA is close to this reference value for all CF. However, for
high OA and CF between 0.4–0.8, even 25th percentile is higher than
15.8 µmol m−2 s−1, indicating enhanced photosynthesis. Related to the
diurnal cycle, at low OA, photosynthesis is higher than the mean midday
value under clear sky from 8:00 to 14:00 LT and at high OA, from 8:00 to
16:00 LT (Fig. 2b).

Comparing low and high aerosol cases aroundmidday, we see that the
GPP difference is not statistically significant (Fig. 2b). It is significant,
remarkably, only between 8:00–10:00 and 14:00–16:00 LT, which corre-
spond also to the largest diffuse radiation differences (Fig. 1b). Especially in
themorning, themedian GPP value is 20 µmolm−2 s−1, which is about 30%
higher than the reference value. In the afternoon, median GPP values fall
below the reference level under lowOA but are still near the reference value
under high OA.

Non-significant GPP differences between low and highOA conditions
in themiddle of the day and at the lowest CF suggest that factors other than
the radiation alone are important. In summer, vapor pressure deficit (VPD)
influences photosynthesis via stomatal control36,37. Therefore, we compare
temperature and VPD between low and high OA conditions (Supplemen-
tary Figs. 7, 8). Air temperature is higher under high OA for all CF, but
especially for lowCF (6–7 °C difference between the low and highOA cases
for CF 0.0–0.4 vs 3–4 °C for CF 0.6–0.8). Also, under low CF and high OA
conditions, the median temperatures that are reached are about 23–24 °C,
whereas upper 1.5 IQR value approaches 30 °C. The median temperatures
under lowaerosol conditions aremuchmilder,fluctuating at about 17 °C for
all but the highest CF. It is therefore possible that the effect of higher diffuse
radiation at highOAand lowCF is compensatedby the stomatal response to
high temperatures. At SMEAR II, the value of VPD when GPP starts to
decrease is about 1 kPa36. From Supplementary Fig. 8a, 75% of VPD values
under high OA are larger than 1 kPa for CF between 0.0 and 0.6, implying
that GPP can indeed be reduced due to the VPD effect in these conditions.
At lower OA, most of the VPD values are lower than 1 kPa, meaning that
VPDshouldnot be limitingphotosynthesis during lowOA.As expected, the
highest values of VPD irrespective of aerosol loading are reached at the
lowest cloud fractions.

When looking at the diurnal cycle (Supplementary Figs. 7b, 8b), we see
a similar pattern: the temperature andVPDare significantly higher for large

Fig. 2 | Effect of aerosol and clouds on photosynthesis.GPP as a function of cloud
fraction (a) and time of the day (b). Blue notched boxes show median values and
interquartile ranges (IQR, 25–75 percentile) of GPP under low OA loading, and red
notched boxes - under high OA loading. Whiskers denote 1.5 IQR range, and the
remaining points are ‘outliers’. Black crosses show mean values. The dashed lines
mark mean GPP on a clear sky day with low aerosol loading. Results testing the

difference in GPP between the low and high aerosol load cases (p-values, Wilcoxon
rank sum test) at each cloud fraction bin or time of the day, as well as the number of
points for low and high aerosol cases (N(l) and N(h), respectively) are shown above
the figures. In the left panel, only the GPP difference at CF 0.4–0.8 is statistically
significant, and in the right panel, only theGPP difference at hours at 8:00–10:00 and
14:00–16:00 LT is statistically significant.

https://doi.org/10.1038/s43247-025-02539-z Article

Communications Earth & Environment |           (2025) 6:576 3

www.nature.com/commsenv


OAduringdaytimewith especially largeVPDdifference from12:00 to 14:00
LT. The VPD difference is not statistically significant in the morning nor in
the afternoon when the difference in the diffuse radiation is high and when
GPP difference is significant. Especially in the morning, VPD for both high
and low OA conditions is mostly below 1 kPa, making this time especially
favorable for photosynthesis.

Part of the observedGPPdifference betweenhigh and lowOAcould be
due to the sampling: high OA was observed more often in July than in
August, which could affect photosynthesis. To approximate a seasonal
change of GPP, we used median GPP values during each day and fitted a
curve to their median interannual values. We found that GPP decreased
aroundmid-August (Supplementary Fig. 2). Our estimates point that about
1.2 µmol m−2 s−1, i.e. close to half of the largest differences in GPP shown in
Fig. 2 could be due to this seasonality effect, which is most likely the con-
sequence of the change in leaf area index (Methods).

Figure 2 suggests larger enhancement of photosynthesis related to
increase in diffuse radiation above 200W/m2 both for CF and diurnal cycle.
Previous analysis suggests that the absolute amount of diffuse radiation
describes best the enhancement of photosynthesis, whichwas demonstrated
for ecosystem, shoot and forest floor vegetation levels at SMEAR II23. Under
low and high OA, the amounts of diffuse radiation are clearly different.
Under low OA, an increase in absolute diffuse radiation when CF changes
from 0.2–0.4 to 0.4–0.6 is from 130–170W/m2 to 160–210W/m2; whereas
under high OA, it is from 170–225W/m2 to 200–270W/m2, and it remains
similarly high at CF 0.6–0.8. So an increase of diffuse radiation within
130–200W/m2 seems not so beneficial for photosynthesis as conditions
with diffuse radiation above 200W/m2, confirming that absolute amount of
diffuse radiation is a relevant factor for photosynthesis in this ecosystem(see
also Supplementary Fig. 9).

All in all, our analysis shows that high OA contributes to enhance-
ment of photosynthesis under cloudy conditions, especially in the
morning hours, 8:00–10:00 LT. Considering the cloud fraction, the best
conditions for the photosynthesis are found under highOA and in the CF
interval from0.4 to 0.8. This is due to the combination of several factors: 1)
high enough global radiation; 2) enhanced diffuse radiation, and 3)
moderate vaporpressure deficit.Under these optimal conditions,GPPcan
be enhanced by up to 20% compared to the reference daytime GPP level
under clear sky and low aerosol loading when seasonal effect due to
sampling is accounted for.

Conclusions
We showed that higher aerosol loading under cumulus clouds leads to
higherdiffuse radiation (Fig. 3) but at the same time is associatedwithhigher

vapor pressure deficit. Therefore, the enhancement in photosynthesis due to
aerosol loading is observed in the morning and evening hours or at higher
cloud fractions,whenVPDeffect ismoderate. Themorning enhancement is
about 20% if compared to the mean GPP under clear sky and low aerosol
loading, close to the highest (mean plus standard deviation) possible GPP
values for this ecosystem19, and in line with the Large Eddy Simulations of a
canopy with different leaf area indices21 finding a similar increase in carbon
uptake in the morning hours compared to the clear sky values.

In addition to the enhancement of photosynthesis, ourfindings are in
line with results, suggesting more reflective clouds under high aerosol
conditions13,15. Indeed, despite the large statistically significant difference
in radiation at the top of the atmosphere between the cases with low and
high aerosol loadings, the difference in global radiation at the surface is
almost always insignificant, emphasizing the cooling role of aerosol
particles.

Our results suggest an increase of photosynthesis under cumulus
clouds when high aerosol loading is compared to low aerosol loading:
about 6% in the morning and afternoon hours, and 1.2% over the whole
day (Methods). These are non-negligible numbers for this ecosystem: the
daily photosynthesis increase due to high aerosol loading under cumulus
clouds is therefore at 12% of its maximum possible increase (Methods).
Accounting for previous results, in a warmer climate, on clear days and
days with cumulus clouds, boreal forest photosynthesis will be enhanced
due to aerosol particles for the ecosystems with closed canopy similar to
SMEAR II. The enhancement is 1.2–6.0% compared to respective pho-
tosynthesis values under low aerosol loading (6% is the clear sky value19)
or 12–55% of the possible average photosynthesis increase due to diffuse
fertilization. Our results support the concepts of COntinental Biosphere-
Aerosol-Cloud-Climate feedback loop26–28 and CarbonSink+38: an
enhancement of photosynthesis as a result of higher temperature causing
increase in organic aerosol population. Estimates of the feedback, how-
ever, suggest that the negative radiative feedback due to photosynthesis
enhancement under high aerosol loading is an order of magnitude
weaker that the feedback due to clouds brightening13 (−0.01 vs
−0.1Wm−2 °C−1, see Methods). Furthermore, they provide support to
the modeling results of biological volatile organic compounds (BVOC)-
based atmosphere-biosphere feedback25 and an increase in the GPP
under cumulus clouds is similar to the numbers reported in the modeling
study for boreal ecosystems (Methods). At the same time, our findings
suggest that some Earth SystemModels are likely not sensitive enough to
simulate this feedback24.

Finally, it remains to be noted that the forest ecosystem at SMEAR II
showed the smallest increase in GPP due to the diffuse radiation effect
among thefive stations considered in the previous study, whereas the largest
increase was about 30% at hemiboreal sites in Estonia and Siberia19.
Therefore, hemiboreal forest might be more sensitive to changes in aerosol
loading potentially having a stronger increase in carbon uptake. These
features need to be explored inmore detail for a complete assessment of the
feedback strength in different boreal ecosystems.

Methods
Site description and data sets
We used data from the SMEAR II station located at the Hyytiälä Forestry
Field Station in southern Finland (61°50´N, 24°17´E). The station is sur-
rounded by a boreal coniferous forest dominated by 60-year-old Scots pine
(Pinus sylvestris L.) trees of ~20m height29. The forest has a closed canopy.

Atmospheric observations from SMEAR II included data from
seven summers for June-August of 2012–2018. The variables used
included gross primary production (GPP), air temperature (T), relative
humidity (RH), cloud base height (CBH), as well as global and diffuse
radiation. Global and diffuse radiation were calculated from photo-
synthetically active radiation (PAR) and diffuse photosynthetically
active radiation (diffPAR) by dividing these values by 2.06 (PAR
quantum efficiency, as in Ezhova et al.19). Additionally, vapor pressure
deficit (VPD) values were calculated using T and RH values in the

Volatile
organic

compounds

OA
loading

Cloud optical thickness
Aerosol optical depth

Photosynthesis

Diffuse
radiation

Fig. 3 | Linking forests and clouds. Big green arrow shows the direction of inter-
actions, and smaller gray arrows indicate direction of the change in the variables due
to the interactions. In a warmer climate, an increase in temperature leads to an
increase in volatile organic compound emissions and organic aerosol loading, as well
as an increase in aerosol optical depth. Aerosol particles and cumulus clouds
enhance diffuse radiation and boost photosynthesis (green arrow); however, in
water-limited conditions, this effect is less pronounced and can even be reversed
(orange arrows in both directions).
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following way:

VPD ¼ vps� vpa; ð1Þ

where vps ¼ 611 � exp 17:27�T
237:7þT

� �
is the saturationwater vapor pressure, and

vpa ¼ RH
100 � vps is the actual water vapor pressure. We also used lifting

condensation level calculated using the algorithm provided in Romps39.
All the aforementioned variables were downloaded from SmartS-

MEAR website (https://smear.avaa.csc.fi/, last access 20.06.2024) with a
temporal resolution of one minute, except for GPP, which had a temporal
resolution of 30min. Eddy-covariance method was used for measure-
ments, and partitioning method of NEE to GPP and R, which is a
combination of daytime and nighttime methods40. Eddy-covariance
based GPP require developed turbulence, so low-turbulence data are
filtered out41. Besides uncertainties related to filtered data and parti-
tioning, complex terrain and quickly changing meteorological conditions
may cause changes in the fluxes, which cannot be attributed to any biotic
or abiotic factors. All variables were averaged hourly, centered around
exact hours.

Solar zenith angle was calculated using Matlab code implementing
NREL solar position algorithm42. AOD675 was downloaded from AERO-
NET, siteHyytiälä43. Cloud fractionwas calculated from the ceilometer data
as the number of minutes per hour when cloud base was detected
divided by 60.

Organic aerosol data was directly downloaded from Supplementary
Material to Yli-Juuti et al.13 and the reader is referred to the above-
mentioned study for measurements detail.

Cloud type classification
To differentiate between cloud types, we used the cloud classification
algorithm by Ylivinkka et al.30, which uses cloud base height and radiation-
derived parameters transmittance (TR) and patchiness (PA) to classify
clouds into seven different categories. Of these categories, we focused here
on cumulus (Cu) clouds, as well as Clear sky+Cirrus. The temporal reso-
lution of this data set was one minute, and we used it to find the prevailing
cloud type for each hour. This was done by identifying the clouds which
were present for at least 30 of the 60 classifications obtained during each
hour. If Cu clouds were detected formore than 30min during the hour, this
hour was classified as Cu-dominated.

Splitting the data set into high and low aerosol loading cases
Thedata setwas separated into dayswithhigh and loworganic aerosol (OA)
loading using the data provided in Yli-Juuti et al.13, whereOA < 1.59 µgm−3

were considered low and OA> 3.02 µgm−3 were considered high, separa-
tionmade using 33rd and 66th percentiles of the data, respectively. TheOA
data is composed of measurements taken in July and August over seven
years, from 2012 to 2018.

TheOA data was given in daily medians, whichwe used to distinguish
betweendayswithhigh and lowOAloadings at SMEAR II. This data setwas
then restricted to cumulus clouds only. Furthermore, only the points for
which the difference between lifting condensation level and cloud base
height was less than 600m were included to limit the data set to cumulus
clouds which are coupled with the boundary layer.

Data binning by cloud fraction and diurnal cycle
To study the effect ofOAmass loading on diffuse and global radiation,GPP,
and VPD, the data was divided into bins corresponding to distinct values of
cloud fraction (CF) andhours.Thevalues ofCFweredivided intofive evenly
spaced intervals ranging between 0 and 1, whereas hours were divided into
intervals of twohours between6:00 and18:00 local time.TheWilcoxon rank
sum test was then used to look for statistically significant differences for the
different variables in these intervals for days with high versus low OAmass
loadings.

Estimates of diffuse radiation based on Solis model
According to the Solis model developed by Ineichen33, the diffuse radiation
can be modeled as follows:

Idh ¼ I00 exp � τd
cosdðSZAÞ

� �
; ð2Þ

where I00 is the enhanced solar radiation (a function of aerosol optical depth
at 700 nm,AOD700, precipitablewaterw in [cm] andatmosphericpressure),

I00 ¼ I0 I02AOD
2
700 þ I01AOD700 þ I00 þ 0:071ln

p
p0

� �� �
; ð3Þ

with I00 ¼ 1:08w0:0051, I01 ¼ 0:97w0:032, I02 ¼ 0:12w0:56, I0 – solar con-
stant, p0 – atmospheric pressure at sea level;

τd ¼ td4 � AOD4
700 þ td3 � AOD3

700 þ td2 � AOD2
700

þ td1 � AOD700 þ td0 þ tdp � lnðp=p0Þ
ð4Þ

is the total diffuse optical depth and

d ¼ 0:116þ 0:63AOD700 � 0:337AOD2
700 þ dplnðp=p0Þ ð5Þ

is the power of the cosine function, SZA is the solar zenith angle. As dp is on
the order of 0.01 at SMEAR II, and the level above sea is about 200m, the
pressure term is negligible.

The coefficients for τd are:for AOD700 < 0:05:

td4 ¼ 86 � w� 13800 ð6Þ

td3 ¼ �3:11 � wþ 79:4 ð7Þ

td2 ¼ �0:23 � wþ 74:8 ð8Þ

td1 ¼ 0:092 � w� 8:86 ð9Þ

td0 ¼ 0:0042 � wþ 3:12 ð10Þ

tdp ¼ �0:83 � ð1þ AOD700Þ�17:2 ð11Þ

and for AOD700 ≥ 0:05:

td4 ¼ �0:21 � wþ 11:6 ð12Þ

td3 ¼ 0:27 � w� 20:7 ð13Þ

td2 ¼ �0:134 � wþ 15:5 ð14Þ

td1 ¼ 0:0554 � w� 5:71 ð15Þ

td0 ¼ 0:0057 � wþ 2:94 ð16Þ

tdp ¼ �0:71 � ð1þ AOD700Þ�15:0: ð17Þ

For calculations, we take AERONET values of AOD675 instead of
AOD700 followingEzhova et al.

19, andmodel diffuse radiation in the rangeof
AOD675 0.01–0.20, which are close to high and low values at SMEAR II
station, see Supplementary Fig. 3a; and SZA within 40°–65°, following
typical values in Supplementary Figs. 1, 4.

We estimate the relative contributions of SZA and AOD from the
contour plot (Supplementary Fig. 3b) using a linear approximation of the
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function:

f SZA;AODð Þ ¼ f SZA0;AOD0

� 	þ ∂f
∂SZA

SZA0;AOD0

� 	
ΔSZA

þ ∂f
∂AOD

SZA0;AOD0

� 	
ΔAOD:

ð18Þ

The contributions of SZA and AOD can be estimated from Supple-
mentary Fig. 3b as ~10W/m2 and 30W/m2 respectively, leading to an
estimate of 25% for the SZA contribution.

Effect of low-high OA sampling on photosynthesis
To estimate the effect of differential sampling on photosynthesis (Supple-
mentary Fig. 2), we calculated weighted values of GPP for low and high
aerosol:

GPPw;lðhÞ ¼
P62

i¼1GPPi Ni;lðhÞP62
i¼1Ni;lðhÞ

; ð19Þ

where GPPw;lðhÞ is the weighted value of maximum GPP for low (high)
aerosol loading,GPPi is the value ofGPPon a givenday (estimated from the
curve), and Ni;lðhÞ is the number of days with low (high) aerosol loading.

From this simple estimate, we can calculate GPPw;l ¼
16:9 µmol s−1 m−2, and GPPw;h ¼ 18:1 µmol s−1 m−2. Therefore, the dif-
ference in sampling and seasonal change in photosynthesis can explain
about (18.1–16.9) = 1.2 µmol s−1 m−2 out of obtained differences at low and
highaerosol load,which is about 50%of thedifference betweenmedianGPP
values at CF 0.4–0.8 or morning (08:00–10:00). Indeed, at low aerosol
loading, the morning median GPP value is 17.7 µmol s−1 m−2, and at high
aerosol loading, it is 20.0 µmol s−1 m−2. The difference is 2.3 µmol s−1 m−2,
and the above-calculated value of 1.2 µmol s−1m−2 is about half of this value.

Daily mean estimates of GPP under cloudy sky
For future use and comparison, it is convenient to get the estimates of the
mean daily GPP corrected to all summer season, June-August. Considering
also June GPP, we got an estimate ofmean value ofmedian GPP during the
day of 16.8 µmol s−1 m−2. Considering that under low aerosol loading
GPPw;l ¼ 16:9 µmol s−1 m−2, and under high aerosol loading, GPPw;h ¼
18:1 µmol s−1 m−2, the values of GPP for low aerosol have to be corrected by
16.8–16.9 =−0.1 µmol s−1 m−2 and for high aerosol – by
16.8–18.1 =−1.3 µmol s−1 m−2 in order to be compared with the values for
the full summer period.

We proceed with making estimates of GPP on cloudy days
using Fig. 2b:

Time interval 8:00–16:00:
1. low aerosol loading, mean diurnal value:

(17.7+ 17.9+ 16.8+ 13.5)/4 = 16.5 µmol s−1 m−2.
Correcting to the whole summer mean values gives
16.5–0.1 = 16.4 µmol s−1 m−2.

2. high aerosol loading, mean diurnal value: (20.0+ 18.7+ 17.2+ 15.5)/
4 = 17.9 µmol s−1 m−2.
Correcting to the whole summer mean values gives

17.9–1.3 = 16.6 µmol s−1 m−2.
Thus, the difference between mean diurnal values is 0.2/

16.4 = 0.012 ≈ 1.2%, which could be expected, as statistically significant
difference inGPPof about 6% is there during two time slots, and part of that
difference is compensated by the seasonal processes in the ecosystem.

The total GPP increase due to diffuse radiation effect in this
ecosystem19 is 11%of the clear skymean value or 1.7 µmol s−1 m−2. Then a
daily mean GPP increase found for high aerosol under cloudy sky con-
stitute 0.2/1.7 ≈ 12% of the total average increase of photosynthesis pos-
sible for this ecosystem due to diffuse fertilization.

Estimates of the BVOC-photosynthesis feedback in boreal zone
To compare our photosynthesis results to those within the feedback
simulated by Rap et al.25, we first compare an increase in GPP. The increase
in boreal zone simulated in this study in boreal zonewas about 0.02–0.06 gC
day−1 m−2

We first estimate an increase in GPP from our study in the same units
as in Rap et al.25:

0:2
μmolCO2

m2s
¼ 0:2 � 10�6 mol CO2

m2s
¼ 0:2 � 12 � 10�6 gC

m2s

¼ 0:2 � 12 � 60 � 60 � 24 � 10�6 gC
m2day

� 0:2
gC

m2day
:

So our value is several times larger compared to that in Rap et al.25.
Note, however, that they reported an increase in GPP in response to 10%
increase of BVOC emissions. Let’s assume that 10% increase of emissions
will lead to about 10% increase of BVOC concentration. Based on the
median temperatures at low (ca 16 °C) and high (ca 22 °C) aerosol loading
(Supplementary Fig. 7b), we can use Paasonen et al.7 monoterpene (MT)
concentrations (their Supplementary Fig. 5b) to find how large increase we
can get at these temperature difference:

MT½ �22
MT½ �16

¼ exp 0:09ð22� 16Þð Þ ¼ 1:7 ð20Þ

This corresponds to increase inMTconcentration of 70% compared to
estimated 10% in Rap et al.25 and suggests that if we want to compare
increase inGPP inour system to themodeling study,weneed todecrease it 7
times to get 0.2/7 = 0.03 gC day−1 m−2, within the range reported in this
study (0.02–0.06 gC day−1 m−2).

The latter estimate was obtained as follows. Note that cited study25

quantified changes of different variables, not their absolute values. So we
have to also quantify the change in GPP between the conditions with low
and high aerosol loading to compare our results to that study. From our
measurements-based estimates, we get:

BVOC ¼ BVOC0 þ ΔBVOC ¼ 1:7BVOC0; ð21Þ

GPP ¼ GPP0 þ ΔGPP ¼ GPP0 þ ð0:2 gC day�1m�2Þ: ð22Þ

Let GPP be a function of BVOC and other variables, so GPP = f
(BVOC, …). We assume that at least for the considered range of BVOC-
GPP, a response of GPP to BVOC increase is linear, so that:

GPP ¼ f BVOC; . . .ð Þ ¼ f BVOC0; . . .
� 	

þ ∂f
∂BVOC






BVOC0

ΔBVOC ¼ GPP0 þ ΔGPP:
ð23Þ

Then, as GPP0 ¼ f BVOC0; . . .
� 	

and ∂f
∂BVOC





BVOC0

= const = α, for all
the other parameters fixed:

ΔGPP ¼ αΔBVOC: ð24Þ

From the latest equation, if we have results for 70% increase in BVOC
and want to estimate an increase in photosynthesis for 10% increase in
BVOC, then:

0:2 gC day�1 m�2 ¼ α 0:7BVOC0; ð25Þ

x gC day�1 m�2 ¼ α 0:1BVOC0 ð26Þ

Then x ¼ 0:2 gC day�1 m�2: α 0:1BVOC0

α 0:7BVOC0;
¼ 0:2 gC day�1 m�2

7
: ð27Þ
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Further, we estimate the annual radiative effect due to increased
photosynthesis uptake on the following assumptions:

25–50% of the days in summer are clear sky or cumulus clouds30:
20–30% Cu clouds, 10–20% clear sky days, which would provide us the
following minimum (maximum) annual uptake estimate:

minimum:

0:2
gC

m2day
� 90 days � 0:2þ 0:9

gC
m2day

� 90 days � 0:1

¼ 3:6þ 8:1 ¼ 11:7
gC
m2yr

;

maximum:

0:2
gC

m2day
� 90 days � 0:3þ 0:9

gC
m2day

� 90 days � 0:2

¼ 5:4þ 16:2 ¼ 21:6
gC
m2yr

:

Then, following Joos et al.44 andBright et al.45 we recalculate this annual
carbon uptake into radiative effect (converting gC to gCO2, 1 gC = 3.67
gCO2):

RF ¼ E � A � kCO2
¼ � 11:7� 21:6ð Þ � 3:67 � 10�3 kg CO2

m2

� 0:5 � 1015m2 � 1:76 � 10�15 W
m2kgCO2

¼ � 37:8� 69:7ð Þ � 10�3 W
m2

� �ð0:04� 0:07Þ W
m2

;

ð28Þ
whereE is local annualCO2-equivalent effect in [kgCO2 m

−2],A is the Earth
surface area (=4π (6.4)2 1012 m2 = 0.5 1015 m2) and kCO2

¼ 1:76 × 10�15 W
m−2 kg-CO2

−1 is the radiative efficiency of CO2.
The feedback strength can be obtained if we divide this radiative effect

by 6.3 °C difference (Yli-Juuti et al.13), giving small negative feedback of
−(0.04–0.07) W

m2/6.3 °C =−(0.006–0.011) W
m2 �C, much smaller by absolute

value than �0:14 W
m2 �C reported by Yli-Juuti et al13.

Data availability
Variables used in this study (listed in Table 1) are openly available at https://
smear.avaa.csc.fi/download (under same names and measurement heights
as in the table) besides organic aerosol mass, which was retrieved from the
Source Data to Yli-Juuti et al.13 study. AERONET data (AOD675) are
available at https://aeronet.gsfc.nasa.gov/. The Source data for Figs. 1 and 2
is available from Zenodo repository: https://doi.org/10.5281/zenodo.
15745011.

Code availability
The codes to make Figs. 1 and 2 from the Source data and to model diffuse
radiation are available from Zenodo repository: https://doi.org/10.5281/
zenodo.15745011.
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