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Aerosols can affect photosynthesis through radiative perturbations such as scattering
and absorbing solar radiation. This biophysical impact has been widely studied using
field measurements, but the sign and magnitude at continental scales remain uncer-
tain. Solar-induced fluorescence (SIF), emitted by chlorophyll, strongly correlates with
photosynthesis. With recent advancements in Earth observation satellites, we leverage
SIF observations from the Tropospheric Monitoring Instrument (TROPOMI) with
unprecedented spatial resolution and near-daily global coverage, to investigate the impact
of aerosols on photosynthesis. Our analysis reveals that on weekends when there is more
plant-available sunlight due to less particulate pollution, 64% of regions across Europe
show increased SIF, indicating more photosynthesis. Moreover, we find a widespread
negative relationship between SIF and aerosol loading across Europe. This suggests the
possible reduction in photosynthesis as aerosol levels increase, particularly in ecosystems
limited by light availability. By considering two plausible scenarios of improved air
quality—reducing aerosol levels to the weekly minimum 3-d values and levels observed
during the COVID-19 period—we estimate a potential of 41 to 50 Mt net additional
annual CO, uptake by terrestrial ecosystems in Europe. This work assesses human
impacts on photosynthesis via aerosol pollution at continental scales using satellite
observations. Our results highlight i) the use of spatiotemporal variations in satellite
SIF to estimate the human impacts on photosynthesis and ii) the potential of reducing
particulate pollution to enhance ecosystem productivity.

photosynthesis | aerosol | climate mitigation | satellite remote sensing | ecosystem productivity

Efforts to increase ecosystem productivity, with increased CO, uptake by plants through
photosynthesis, are needed in the coming decades to achieve the goal of net-zero CO,
emissions later this century (1). Improving air quality is one potential strategy to enhance
ecosystem productivity, though its primary motivation is human health benefits.
Atmospheric aerosols (also known as particulate matter) are one of the main air pollutants,
which originate from both natural sources such as dust, pollen, and sea spray, as well as
human activities like industrial emissions, transportation, and agriculture (2). Observations
at plot or site scale have identified that two major effects of aerosols on ecosystem pro-
ductivity are the reduction of total solar radiation reaching the ground for plant photo-
synthesis and the increase in diffuse radiation and light use efficiency (3—5). However, the
potential benefit of the latter is often offset or even reversed by the reduction in total
radiation, especially under high acrosol loading (6-12). Meanwhile, acrosols can affect
ecosystem productivity through changes in air temperature (Tair), vapor pressure deficit
(VPD), soil moisture (SM), etc. (13—18). In some cases, levels of acrosols can suppress
crop yields by as much as 30% (12, 19-22) and negatively affect grassland productivity,
while their influence on forest productivity varies depending on factors such as plant
species, aerosol types, and cloud conditions (4, 10, 11, 23-25). Though these studies have
provided valuable insights (8, 9, 26-31), they are often affected by large uncertainties
associated with extrapolating the results beyond the experimental conditions. Some studies
have used Earth system models but these models may not well represent aerosol-induced
climate feedback (6, 10, 32, 33). Therefore, there is a pressing need for large-scale obser-
vational studies to comprehensively understand the effects of aerosols on ecosystem
productivity.

Recent advancements in satellite technology have greatly improved our ability to con-
tinuously track ecosystem productivity on a global scale. The TROPOspheric Monitoring
Instrument (TROPOMI), launched in 2017, is particularly noteworthy for its ability to
retrieve solar-induced fluorescence (SIF) at a daily frequency and high spatial resolution of
7 x 3.5 km (34). SIF emissions, which are emitted by chlorophyll molecules, exhibit a
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The impact of particulate pollution
on photosynthesis at continental
scales remains uncertain. We
report evidence of a widespread
negative relationship between
photosynthesis and aerosol
loading across Europe using
space-based observations of
solar-induced fluorescence (SIF)
that are mechanistically linked to
plant photosynthesis. Specifically,
we find that 64% of regions in
Europe show increased SIF on
weekends, when there is more
plant-available sunlight due to
reduced particulate pollution.
Using satellite observational
datasets, our findings provide
compelling evidence that reducing
particulate pollution has the
potential to enhance ecosystem
productivity by absorbing carbon
from the atmosphere.
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stronger correlation with plant photosynthesis, as estimated by gross
primary productivity (GPP), compared to reflectance-based green-
ness indices (35—42). Furthermore, SIF emissions at near-infrared
bands are hardly affected by high levels of aerosols, which makes
SIF retrievals less susceptible to aerosol interference (43). In con-
trast, high aerosol loading has a larger impact on the reflectance of
the red band than the near-infrared band, making greenness indices
sensitive to the presence of aerosols (44). Therefore, TROPOMI
SIF provides a unique opportunity to capture nearly daily variations
in photosynthesis in response to acrosol changes across space.

Satellite measurements provide a practical and reliable method
to assess acrosol exposure at a spatiotemporal resolution consistent
with SIF observations. Our preferred aerosol index, aerosol optical
depth (AOD), measures the amount of sunlight blocked from
reaching the surface due to the presence of aerosols in the atmos-
phere. Here, we use Visible Infrared Imaging Radiometer Suite
(VIIRS) AOD at 550 nm, particularly focusing on the weekly
cycle, to distinguish between anthropogenic and natural aerosols.
Anthropogenic aerosols, which are associated with human activ-
ities, are expected to exhibit different patterns on weekends versus
weekdays. By adopting this approach, we aim to investigate the
impact of human-related aerosols on ecosystem productivity.

Here, we investigate the potential of reducing aerosol pollution
to increase ecosystem productivity in Europe. We focus on Europe
mainly for three reasons. First, consistent patterns of human activity
throughout the week are observed in Europe, as evidenced by lower
satellite nitrogen dioxide (NO,) measurements and human mobi-
lity during weekends than on weekdays (SI Appendix, Figs. S1-S4).
This consistency allows us to use the contrasts of satellite AOD
and SIF observations between weekdays and weekends to esti-
mate the sensitivity of ecosystem productivity to aerosol loading.
Second, terrestrial ecosystems in Europe are facing significant
changes due to global warming (45). However, limited studies
have investigated the relationship between air quality and ecosys-
tem productivity in these areas (46). Last, Europe has set an
ambitious goal to achieve net-zero CO, by 2050 by reducing
emissions and offsetting any remaining emissions through carbon
sequestration (47). Hence, our findings will have significant
policy implications, as we seek to assess how improving air quality
can enhance ecosystem productivity.

This study aims to address the following three questions. First,
is there a strong negative correlation between SIF and AOD, indi-
cating that aerosol loading plays a significant role in plant photo-
synthesis? Second, how does the effect of AOD on SIF vary across
different regions? Third, how much is the potential increase in net
ecosystem productivity (NEP) that could be achieved if AOD
levels were reduced? Here, NEP is defined as the difference between
ecosystem carbon uptake through GPP and carbon release through
ecosystem respiration with certain processes like volatiles, exudates,
symbioses, and herbivory excluded from consideration.

To answer these questions, we devise the following strategy.
First, we leverage satellite AOD to identify a widespread weekly
pattern across Europe, with lower levels on weekends compared
to weekdays, presumably due to reduced industrial and transport
activities. We also observe higher SIE a proxy for plant photo-
synthesis (or GPP), on weekends compared to weekdays. Second,
using these weekly pattern signals, we assess the sensitivity of SIF
to ambient AOD changes, accounting for regional variations in
vegetation coverage and climate factors. Third, we determine the
sensitivity of GPP to AOD changes for major land cover types
in Europe using biome-specific calibration coefficients for
GPP-SIE We also estimate the corresponding changes in NEP
to changes in AOD based on the observed proportional relation-
ship between NEP and GPP for each biome. Finally, we estimate
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the potential NEP increase under two plausible AOD reductions
scenarios, including i) the difference in AOD between the 3-d
minimum and the average levels observed in a week, and ii) the
difference in AOD between the COVID-19 pandemic year and
the preceding or following years when human activities returned
to normal. It should be noted that the calculated NEP enhance-
ment reflects the possible short-term gains in ecosystem produc-
tivity from hypothetical air-quality improvement, while assuming
the absence of significant physiological or ecological shifts within
the ecosystem and no longer-term adjustments in carbon alloca-
tion or ecosystem properties. We validate our findings using data
from 29 eddy covariance sites across Europe, which confirm
increased GPP on weekends compared to weekdays and a strong
correlation between satellite SIF and eddy covariance GPP.
Opverall, our findings provide a continent-scale estimate of mar-
ginal increases in NEP and GPP achievable through reductions
in aerosol pollutants.

Results

Widespread SIF Enhancement during Weekends across
Europe. We observed widespread enhancement of SIE during
the weekends in 64% of European regions (Fig. 14). The variation
of SIF was linked to changes in atmospheric aerosol loadings over
the course of the week. We observed a decrease in AOD during
the weekend in most regions of Europe (Fig. 1B). This confirms
previous studies that reported reductions in AOD on weekends in
Central Europe using ground or satellite measurements (48-50).
We also observed that NO, measured by TROPOMI (SI Appendix,
Fig. S7) decreased in parallel with the decrease in AOD as expected
if both were due to fewer human activities such as less industrial
and transportation emissions on weekends. In some regions, such
as Eastern Europe, AOD exhibited irregular fluctuations on a
weekly cycle, which might be attributed to natural processes such
as wildfires, dust storms, and the transport of aerosols (48, 50).
Opverall, the predominant decreases in AOD during the weekends
led to a net increase in the amount of sunlight reaching the surface
of the Earth, which resulted in an enhancement of absorbed
photosynthetically active radiation (APAR) (Fig. 1C). Here, APAR
was derived from moderate-resolution imaging spectroradiometer
(MODIS) satellite data (Methods). An increase in APAR, which
represents the portion of sunlight absorbed by plants for
photosynthesis, would stimulate photosynthesis below the light
saturation point. We also investigated the impact of clouds on
APAR but found no consistent pattern of cloud optical thickness
at the weekly scale (S7 Appendix, Fig. S8). In addition, we used
the fifth-generation European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERA5) climate data and found a
general increase in air temperature and VPD when AOD is lower

on weekends, while SM tends to decrease (S Appendix, Fig. S9).

Mechanism of Photosynthesis Enhancement over Weekends.
The influence of the difference between less polluted and polluted
air, which underlies the observed changes in SIE is illustrated
in Fig. 2A4. We used a structural equation model (SEM) (51) to
analyze causal relationships between aerosols, climate factors, and
SIF on a weekly scale (Fig. 2B). In the model, we hypothesized that
aerosols have a direct effect on the amount of sunlight absorbed
by plants, thus affecting SIE Additionally, aerosol can alter the
energy balance at the surface, thereby affecting air temperature.
Changes in air temperature can further impose direct or indirect
effects on other factors, such as VPD and SM. A set of multiple
linear regression models was constructed based on these variables
and connections identified. The partial regression coefficients,
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Fig. 1. Weekend minus weekday SIF, AOD, and APAR. The maps show the difference of satellite observed (A) SIF, (B) AOD, and (C) APAR between weekend and
weekday in Europe during 2018, 2019, and 2021. We excluded the year 2020 because human activities were greatly affected by the COVID-19 pandemic, leading
to a less pronounced or even reversed weekly pattern shown in S/ Appendix, Fig. S5. The insert histogram shows the distribution of the corresponding variable,
with the black dahsed line representing the median. The percent changes of each variable are shown in S/ Appendix, Fig. S6. To determine the difference between
weekends and weekdays for a specific variable each week, we calculated the difference between the average values during weekends (Saturday and Sunday)
and weekdays (Monday-Friday). We then aggregated these weekly differences into an average pattern during 2018, 2019, and 2021 (Methods).

referred to as path values (PV), were determined based on SEM
to indicate the causative strength of each connection.

Using SEM, we found a strong negative effect (PV = -0.52) of
AOD on APAR (Fig. 2B). On a weekly scale, the variations in SIF
are mainly explained by variations in APAR (PV = 0.31) (Fig. 2B).
While other climate factors, e.g., air temperature, VPD, and SM
might also affect photosynthesis, their effects on SIF were less
significant. Our SEM analysis suggests that SIF is highly sensitive
to variations in AOD. Generally, on weekends, a decrease in AOD
leads to an increase in the amount of light reaching the plants,
resulting in an enhancement of SIF, particularly when the ecosys-
tem is below the light saturation point.

Sensitivity of SIF to Aerosol Loadings Based on Weekly Pattern
Signals. We derived the spatially explicit pattern of the sensitivity
of SIF to AOD. Multilinear regression was employed to model
the relationship between SIF and various independent variables
including AOD, air temperature, VPD, SM, and vegetation
fraction (Methods). The analysis was based on weekly pattern
signals, which means that all variables are represented as the
difference between weekends and weekdays. Using this weekly
pattern signals approach, we minimized the impact of climate
variables and better isolated the effect of aerosol pollution on
photosynthesis.

We found a widespread negative response of SIF to AOD across
Europe (Fig. 3). This suggests that an increase in AOD generally
leads to a decrease in SIF. It should be noted that the sensitivity
of SIF to AOD is generally not significant for most grid cells in
high latitudes (e.g., >65°N) due to less vegetation coverage and
noise in SIF signals. The diverse responses of SIF to AOD that we
observed suggest varying impacts of aerosols on photosynthesis.
This impact, known as the diffuse fertilization effect, is influenced
by factors such as radiation level and aerosol loading (6). The
benefits of diffuse radiation become more pronounced with higher
radiation levels (52) but could potentially constrain photosynthesis
in high-latitude ecosystems which are usually light limited (53).
Previous studies have found that there is an optimal threshold of
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AQOD, represented by a “bell curve” pattern, where increases in
AOD would enhance photosynthesis below the optimal point, but
have a negative effect above this point (8, 10). Moreover, the influ-
ence of diffuse fertilization varies across leaf area index and plant
species (52). For example, closed canopies with clustered leaves,
such as temperate broadleaf forests, tend to respond positively to
an increase in diffuse radiation (25), whereas boreal needleleaf
forests and open canopies, such as grasslands, may not respond or
even respond negatively (11, 26, 53). To unravel the complex
mechanisms behind the SIF-AOD relationship, future studies
could employ higher-frequency SIF signals from ground-based

measurements or geostationary satellite observations.

Reducing Aerosol Pollution Promotes Photosynthetic Carbon
Uptake. The above findings of widespread enhancement of SIF
on weekends and negative response of SIF to AOD suggest that
reducing aerosol pollution could lead to increased photosynthesis.
While there may be nonlinearity between SIF and photosynthesis
at fine or short timescales due to the decoupling of fluorescence
from photosynthetic carbon uptake, satellite SIF is generally linearly
correlated with photosynthesis due to the integration of canopy
processes at large scales (54, 55). Based on the analysis of 29 eddy
covariance sites, we found a robust linear correlation between daily
TROPOMI SIF and eddy covariance photosynthesis estimates across
a range of biomes (S/ Appendix, Fig. S12). Notably, the magnitude
of the GPP-SIF slope in the range of 9 to 13 was consistent with
recent findings (56, 57). Additionally, we observed that eddy
covariance photosynthesis estimates exhibit comparable weekly
patterns with SIE e.g., with around 5% weekend enhancement
over central Europe (S Appendix, Fig. S13). These findings support
the use of the observed relationship between SIF and AOD as a
proxy for the relationship between photosynthesis and AOD. This
surrogate relationship can be employed to provide insights into the
possible short-term benefits of NEP resulting from air pollution
mitigation.

We then estimated the increase of NEP at the country level in
Europe based on the observed sensitivity of SIF to AOD in Fig. 3,
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Fig.2. The aerosol-solarinduced fluorescence feedback on a weekly scale. We show (A) the schematic depiction of aerosol effects on SIF and (B) SEM representing
the effects of aerosol on solar induced fluorescence through its influences on APAR, Tair, VPD, and SM. The difference of each variable between weekend and
weekday is calculated and then normalized by subtracting the mean and dividing by the SD. The solid lines represent significant relationships (P-value <0.01). PV
are shown alongside each arrow, indicating the causative power of each connection, with 1 and -1 indicating the maximum and minimum influence, respectively.
Arrow widths are proportional to the PV. Red represents positive path correlation, whereas blue represents negative path correlation.

along with biome-specific calibration coefficients for SIF, GPP,
and NEP (Methods). For each country, we assessed the net pho-
tosynthetic carbon uptake, which was calculated as 3.67 times
NEP to convert units of carbon to units of CO,, in three major
biome groups in Europe including forests, grasslands/savannas/
shrublands, and cropland.

Two clean-air scenarios are considered in the study. In the first
scenario (scenario 1), the aerosol level is reduced to the weekly
minimum 3-day at each pixel. This represents a hypothetical sce-
nario in which aerosol pollution is reduced to the lowest levels
observed over a week. In the second scenario (scenario 2), the
aerosol level is reduced to the level seen during the COVID-19
period in 2020. This scenario represents the lower level of aerosols
due to decreased human activities, such as industrial and transpor-
tation activities, caused by the pandemic and related policies (58).

As shown in Fig. 4, Europe has the potential of an annual total
of 49.7 (90% confidence interval: 44.9 to 52.8) and 40.9 (CI:
37.3-40.0) Megatons (Mt) additional net CO, uptake by ecosys-
tems in scenario 1 and scenario 2, respectively. We found that
forests, grasslands/savannas/shrublands, and croplands have a
similar potential for increased carbon uptake, contributing 34%,
38%, and 28%, respectively (Fig. 4). In scenario 1, the country
with the largest potential is France, with 5.2 (CI: 4.9-5.5) Mt
additional CO, uptake per year. In France, grasslands/savannas/
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shrublands contribute the most with 52%, while croplands and
forests contribute 30% and 18%, respectively. Other countries
with notable potential include Ukraine, Spain, and Italy, with
potentials of 4.2 (CI: 3.1-5.2), 3.7 (CI: 3.3-4.0), and 3.5 (CI:
3.2-3.8) Mt annual total additional CO, uptake per year, respec-
tively. When normalized by the country’s total area, Croatia,
Slovenia, and Bulgaria are the top three countries with potential
(Fig. 4). In scenario 2, France still has the largest potential with
5.2 (ClI: 4.9-5.5) Mt additional CO, uptake per year. Other coun-
tries with notable potential include Germany, Poland, and Italy,
with potentials of 4.1 (CI: 3.8-4.4), 3.5 (CI: 3.1-3.8), and 2.7
(CI: 2.4-3.0) Mt annual total additional CO, uptake per year,
respectively. When normalized by country’s total area, Croatia,
Slovenia, and Bosnia and Herzegovina are the top three countries
with potential. We also assessed the potential for ecosystems to
absorb an additional annual total of 176 (CI: 148—165) and 138
(CI: 125-146) Mt CO, in scenarios 1 and 2, respectively, if res-
piration were excluded (87 Appendix, Fig. S14).

Discussion

In this study, we used satellite remote sensing measurements to
investigate the effects of aerosols on photosynthesis (or GPP)
across Europe. Then, we employed modeling to estimate possible
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Fig. 3. Sensitivity of solar induced fluorescence to aerosols. Spatial map
of the sensitivity of solar induced fluorescence to 1 unit increase in AOD
in Europe derived from weekly patterns, which refers to weekend minus
weekday signals, during 2018, 2019, and 2021. The grids marked with black
dots indicate that the regression coefficient is significant with P-value < 0.05.
The histogram shows the distribution of the derived sensitivity. The estimated
standard error (SE) of the sensitivity is shown in S/ Appendix, Fig. S10, which
is used in uncertainty analysis afterwards. Relative changes of solar induced
fluorescence (unit: %) responding to AOD is shown in S/ Appendix, Fig. S11.

short-term effects on NEP. We found that there is a widespread
SIF enhancement during weekends in Europe. This enhancement
is associated with a decrease in AOD, which is likely due to fewer
human activities such as industrial and transportation emissions
on weekends. The decrease in AOD leads to an increase in the
amount of sunlight reaching the surface of the Earth, which results
in an enhancement of plant-available photosynthetically active
radiation. Such increased radiation is particularly beneficial for
plants in light-limited regions, such as high-latitude ecosystems,
to enhance their photosynthesis. By leveraging the temporal gra-
dient between weekends and weekdays, we minimized the influ-
ence of climate variations and isolated the sensitivity of SIF to
AOD. Our findings reveal that most regions exhibit negative
responses, suggesting that reducing aerosol pollution caused by
human activities could enhance photosynthetic carbon gain in
light-limited ecosystems. We further estimated that Europe has
the potential for an annual total of net 50 and 41 Mt additional
CO, uptake by ecosystems if aerosol levels are reduced to the
weekly minimum 3 d at each pixel or to the level seen during the
COVID-19 period in 2020, respectively. Our results highlight
that reducing aerosol pollution could have a significant positive
impact on ecosystem productivity and carbon sequestration.
Our findings have significant implications for crop productivity.
We show substantial potential for cropland carbon uptake in

PNAS 2023 Vol.120 No.49 e2306507120

countries such as France, Ukraine, Poland, and Germany, as shown
in Fig. 4. Additionally, we observed a 2.4% decrease in SIF over
cropland with an increase of 0.1 unit in AOD, as shown in
SI Appendix, Fig. S11, which is consistent with the magnitude
estimated by 2-6% crop yield reduction responding to a 0.1
increase of AOD in China (21). Meanwhile, other studies have
shown that aerosols have negatively impacted 11-23% of soybean
and maize from 1980 to 2019 in the United States (22) and 6%
from 1980 to 2010 for rain-fed rice in India (19).

Our findings have implications for carbon sequestration, par-
ticularly considering the European Union’s commitment to reach
net-zero CO, emissions by 2050 (47). The European Union is
planning to set up a certification system for carbon removals and
aims to capture ~500 Mt of CO, from the atmosphere annually
through methods such as direct air capture, bioenergy with carbon
capture and storage (BECCS), and carbon sequestration in forests,
soil, and wetlands. Recent studies have estimated that agricultural
residues and waste biomass throughout Europe could capture up
to 250 Mt of CO, per year through BECCS technologies (59, 60).
Our study finds that improved air quality could lead to the removal
of 41 to 50 Mt CO, per year through increased photosynthesis.
However, it is important to note that this atmospheric carbon
removal may not be permanent, as it can be released through events
such as fires, pests, windstorms, and deforestation (61). To ensure
long-term carbon sequestration, the captured carbon in crops and
forests can be utilized as a feedstock for BECCS, enabling perma-
nent sequestration in suitable geological formations (61). Enhancing
biomass availability, supported by improved air quality, plays a cru-
cial role in achieving net-zero emissions through BECCS and facil-
itates the decarbonization of hard-to-abate industries such as the
chemical industry and aviation (62, 63). Therefore, up to 300 Mt
of CO, per year (or 60%) of carbon dioxide removal needs could
be used to mitigate hard-to-abate emissions in Europe if there is
a permanent storage of biogenic CO,. It is also important to note
that while reducing aerosol pollution has the potential of negative
radiative forcing through photosynthetic carbon gain, however, in
the short term, this effect may be counteracted by the increase in
air temperature resulting from changes in the surface radiation
budget. For example, we observe a regional average warming of
0.02 K over the weekend with less aerosol pollution as shown in
SI Appendix, Fig. S9.

Our results suggest some opposing effects of geoengineering
strategies. Injecting aerosols into the atmosphere has emerged as
a proposed geoengineering strategy aimed at mitigating the rise
in global temperatures by reducing incoming solar radiation (64).
This approach involves releasing fine particles into the atmosphere
to create a temporary shield that reflects sunlight back into space.
While this method has the potential to curb the increase in global
temperature, it also raises significant concerns (14). Our findings
suggested that increased aerosol concentrations may result in
adverse consequences such as decreased crop yields and reduced
carbon uptake by terrestrial ecosystems in mid-high latitude
regions. These unforeseen results underscore the intricate nature
and inherent uncertainties associated with manipulating the Earth
system on a large scale, highlighting the need for cautious and
comprehensive evaluations when considering geoengineering as a
potential solution to global climate challenges.

Our proposed approach by comparing satellite-observed
plant-emitted signals on clean versus polluted days offers a unique
and useful framework to understand the impact of aerosols on
ecosystem productivity. This method can be adapted in regions
with a less regular weekly cycle of air pollution or human activities
(SI Appendix, Fig. S1) due to the atmospheric transport of aerosols
or irregular industrial, commercial, and leisure activities over the
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A Scenario 1: Aerosol level reduced to the
average of weekly minimum 3-days
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reduced to COVID-19 period

European Total ﬁ' o |
0

10 20 30 40 50

United Kingdom

Serbia

Bosnia and Herzegovina
Greece

Czech Republic
Lithuania
Slovenia
Slovakia
Norway
Belgium

Latvia
Netherlands
Denmark
Switzerland
Ireland

Estonia
Albania

North Macedonia
Moldova
Montenegro
Luxembourg
Portugal
Andorra t

——

——

1 2 3 4 5 6 6_.;0 2030
Mt CO, g CO; m™2

Annual Potential Carbon Uptake

Fig. 4. Annual net photosynthetic carbon gain through aerosol pollution reduction in two pollution mitigation scenarios. The increase in country-level annual
net carbon uptake under pollution mitigation scenarios in Europe, with aerosol level reduced to (A) the average of weekly minimum 3 d and (B) COVID-19
period, represented by year 2020. Green, blue, and yellow bars represent the increase of annual carbon uptake by forest, grasslands/savannas/shrublands
and cropland, respectively. To estimate the range of estimated values, we consider the uncertainties associated with SIF sensitivities to AOD, the conversion
factor of SIF to GPP, the conversion factor of GPP to NEE, and the definition of the growing season based on the fraction of photosynthetically active radiation
(fPAR). We employed a bootstrap approach, resampling the data 1,000 times. The central estimates are represented by the median, while the upper and lower
bounds correspond to the 95th and 5th percentiles, respectively (Methods). The corresponding annual total photosynthesis increases through aerosol pollution

reduction in two pollution mitigation scenarios is shown in S/ Appendix, Fig. S14.

course of the week. In such cases, we could use alternative reference
points by using air-quality data or national holidays to distinguish
between clean and polluted days. Recent efforts have been made
to use the year 2020, during the COVID-19 pandemic, as a ref-
erence to observe that China and India appear greener in 2020
due to decreased AOD, though separating meteorological effects
can be challenging (65, 66). By understanding the complex rela-
tionships between human activity, air quality, and ecosystem
productivity, we can develop more effective policies and practices
to mitigate the negative effects of air pollution and enhance
ecosystem productivity.

While we conduct a rigorous uncertainty analysis (Methods) to
determine the confidence interval of our estimates of photosyn-
thetic carbon gain (Fig. 4), there are three major factors that have
not been fully considered in the above analyses. First, while we
can estimate GPP using SIF observations, the modeling of NEP
remains subject to uncertainties due to the limitations of satellite
measurements in tracking ecosystem respiration. For example, the
reduced aerosol pollution could potentially increase temperature,
thereby enhancing ecosystem respiration. At the flux tower scale,
we observe an increase in both GPP and ecosystem respiration
during weekends compared to weekdays for most of the sites
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(SI Appendix, Fig. S15). However, the magnitude of the increase
in GPP is generally larger than that of ecosystem respiration,
resulting in a net increase in NEP (87 Appendix, Fig. S15). At the
continental scale, since remote sensing techniques only capture
GPP and not ecosystem respiration, we approximate the change
in ecosystem respiration due to increased temperature using a
simplified model (S Appendix, Supplementary Texr SI). Never-
theless, the modeled changes in ecosystem respiration are relatively
minor compared to the observed increase in SIF during weekends.
Further research could explore a more comprehensive analysis of
the effects of AOD on ecosystem respiration, incorporating addi-
tional flux tower sites representing diverse plant species and cli-
mate zones. Second, the use of the minimum 3-day period within
a week as a reference clean scenario may be conservative due to
the presence of residual aerosols in the upper atmosphere. These
aerosols do not dissipate immediately and can persist for several
days. The lifetime of acrosols is subject to removal processes involv-
ing wet scavenging or gravitational settling, which are further
determined by factors such as aerosol size, composition, atmos-
pheric conditions, and the presence of precipitation. Since our
study employs AOD as a proxy for human activity intensity, the
prolonged lifespan of aerosols can result in elevated AOD values
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even during periods of reduced human activity. This may lead to
an overestimation of AOD during presumed less polluted days
within the week, leads to a potential underestimate of the actual
carbon gain when considering the minimum 3-day period as a
reference clean scenario. Third, we employ satellite-measured SIE
which captures the emitted SIF from the top of the canopy, to
investigate the relationship between photosynthesis and aerosols.
However, the effects of aerosols-induced diffuse light are known
to be more related to shaded leaves at the lower canopy levels.
Future research could explore the mechanisms underlying how
SIF responds to diffuse light using in-situ measurements.

In summary, our study demonstrates the potential of satellite
SIF as a useful tool to investigate the impacts of aerosols on pho-
tosynthesis in light-limited scenarios at the continental scale. It is
remarkable that despite the challenges posed by satellite measure-
ment noise, repeated measurements demonstrate the ability to
resolve statistically significant differences in SIF signals and pre-
sumably photosynthesis. SIF can further serve as a global “light
sensor” for estimating aerosol impacts on radiation balance and
temperature, which are important for understanding global cli-
mate change accompanied by anthropogenic activities. The con-
sistent and widespread negative impact of AOD on SIF across
diverse conditions reported here represents a significant step for-
ward in understanding the widespread impact of air pollution on
ecosystem productivity.

Methods

satellite Solar-induced Chlorophyll Fluorescence Data. We use satellite
solar-induced chlorophyll fluorescence, or SIF, as a proxy for photosynthesis
atalarge scale. The high spatial resolution (7 km x 3.5 km) and near-global
daily coverage of TROPOMI SIF allow us to study the variations of SIF at a
high spatiotemporal resolution. TROPOMI is a multiband imaging grating
spectrometer that is aboard the European Sentinel-5 Precursor satellite
launched on 13th October 2017 (34). TROPOMI covers the far-red part of
the SIF emission spectrum, specifically in the range of 743-758 nm, which
is a subset of TROPOMI's band 6 (725-775 nm). The TROPOMI instrument
provides SIF measurements at local time of 13:30. We then apply a daily
correction factor to convert the instantaneous SIF measurements into daily
averages to account for the length-of-day and the variability of the solar zenith
angle (37). Recent studies have shown strong correlation, e.g., linear relation-
ship between TROPOMI SIF and photosynthesis at canopy and regional scales
across different types of ecosystems (34, 56, 67-69). In this study, we utilize
the well-established TROPOMI SIF product developed by Kéhler et al. (34)
to investigate the relationship between aerosols and photosynthesis across
Europe. Here, we try to include as many meaningful SIF measurements as
possible by applying a filtering to include observations with cloud fractions
less than 80% (34). To test the robustness of our results, we conduct addi-
tional analysis with cloud filtering at 60% and 40%, as shown in S/ Appendix,
Fig. S16 and find that the spatial patterns of the differences in SIF during
weekends and weekdays are consistent with those in Fig. 1. Additionally, we
investigate whether these patterns are affected by variations in the phase
angle but find no consistent patterns in the patterns over the course of the
week as shown in S/ Appendix, Fig. S17.To reduce the impact of bidirectional
reflectance and aerosol-related retrieval uncertainties on the signal, we also
employ relative SIF, which refers to SIF normalized by the continuum-level
NIR-reflected radiance. Our findings in S/ Appendix, Fig. S18 reveal a similar
pattern in Fig. 1, indicating that the widespread decrease in SIF is primarily
attributed to reductions in APAR, rather than being influenced by aerosol-
induced signal attenuation. To consolidate our results, we use an alternative
SIF product derived from TROPOMI data with a different retrieval algorithm
(70), and find a consistent spatial pattern of widespread increased SIF across
Europe on weekends using TROPOSIF (S/ Appendix, Fig. S19). We aggregate
TROPOMI SIF at a daily resolution of 0.25 degrees to match the resolution of
the AOD and climate data.
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Satellite AOD Data. AOD is used as a proxy for aerosol pollution, as it measures
the extinction of light due to the presence of aerosols in the atmosphere. The VIIRS
on board the Suomi National Polar-orbiting Partnership (SNPP) s a sensor with 22
spectral bands that cover a range of wavelengths from 412 to 12,050 nanometers
with a moderate spatial resolution of 750 m for the visible and infrared bands.
We use AOD products generated using the Enterprise Processing System (EPS)
algorithm, which has made significantimprovement over the previous Interface
Data Processing Segment (IDPS) algorithm (771). We use daily AOD at 550 nm for
accurate tracking of fine particulate matter caused by human activities, which is a
key component of aerosol pollution. Previous studies have found good agreement
between VIIRS EPS AOD and ground-based measurements (71).

Climate Data. We use climate data from the fifth-generation ECMWF reanal-
ysis (ERA5), including hourly air temperature, VPD, and SM at the upper 7 cm
at 0.25 degrees. These data are aggregated to daily averages for comparison
with satellite SIF and AOD measurements. We calculate the APAR by multiply-
ing the 8-d 500-m fraction of photosynthetically active radiation (fPAR) by the
3-h 0.05-degree photosynthetic active radiation (PAR) from MODIS products.
We then aggregate APAR to 0.25 degrees to match the resolution of the other
datasets used in the study.

Eddy Covariance Flux Measurements. To investigate whether the weekend
increase in TROPOMI SIF is related to an increase in photosynthesis, we compare the
difference between weekend and weekday TROPOMI SIF with GPP estimated from
eddy covariance flux measurements. We use daily GPP from the ICOS (Integrated
Carbon Observation System) (72), which has undergone a standardized quality
control and gap-filling process using a consistent pipeline (73).The average of GPP
estimates from the night and daytime partitioning methods (GPP_DT_VUT_MEAN
and GPP_NT_VUT_MEAN)is used for the analysis. We select 29 sites representing
major ecosystems across Europe from 2018 to 2021 (SI Appendix, Table S1). We
exclude cropland sites due to different management activities, which makes it dif-
ficult for a direct comparison with satellite SIF at a coarse resolution.

Derivation of the Difference between Weekend and Weekday. To determine
the difference in SIF between weekends and weekdays, we compare the average
SIF values during weekends (Saturday and Sunday) with those during weekdays
(Monday-Friday). In each weekly cycle, we calculate weekend SIF using data from
four consecutive weekend days, whereas weekday SIF is derived from the average
SIF over the five weekdays between these two weekends. This approach allows us
to make the sample size more comparable and eliminate the effects of solar geom-
etry on SIF signals. The increase in solar angle before the summer solstice in the
Northern Hemisphere and the decrease afterward, and vice versa for the Southern
Hemisphere, can affect the amount of radiation received by vegetation and thus SIF
signals. We also use this approach to derive the difference between weekend and
weekday values for other variables, such as AOD and climate data. For regional-scale
analysis, we only include pixels for a given day where all satellite remote sensing
and climate reanalysis data are available. For the comparison of satellite SIF with
eddy covariance GPP, we use pixels atthe 0.25-degree grid cell where the flux tower
is located and keep those days when both measurements are available. For a specific
variable of a given year, there are approximately 52 wk, which results in 52 sets of
values for the comparison of weekend and weekday values.

Statistical Analysis. We use linear regression at the pixel level to assess the
spatially explicit sensitivity of SIF to aerosol. The equation used for this analysis
is as follows:

ASIF = Bgie_pop X AAOD + P _py;; X ATair + Pge_ypp
X AVPD + Bor_gy X ASM + Bor_pap X fPAR, 1]

where ASIF, AAOD, ATair, AVPD,and ASMrepresent the difference between week-
end and weekday values for SIF, AOD, Tair, VPD, and SM, respectively. fPARis included
to represent vegetation fraction in each grid cell. The growing season is considered
by including only areas where fPAR is greater than 0.2 at each week. APAR is not
included in the equation because of the strong linear relationship between AOD
and APAR. The approach of using the difference between weekends and weekdays,
instead of absolute values, helps to control for natural climate variations caused
by long-term atmospheric processes. This approach also removes the effect of air
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temperature seasonality and phenology that may occur over time. For example, the
seasonal cycle of SIFand air temperature may be similar, with both being highin the
summer. By removing these climate and phenology factors, we can more accurately
isolate the impact of AOD on SIF. The observed relatively linear relationship between
ASIF and AAOD at the continent level (S Appendix, Fig. S20) supports the validity
of our linear regression framework in this study.

Estimate of Ecosystem Productivity Increases from Aerosol Reduction. T0
estimate the increase in SIF for a counterfactual scenario of low AOD, we consider
two scenarios. In the first scenario (scenario 1), the aerosol level is reduced to the
minimum levels observed within a 3-d period in a week, representing a hypothetical
situation in which aerosol pollution is reduced to the lowest levels observed within
a week. In the second scenario (scenario 2), the aerosol level is reduced to the
level seen during the COVID-19 period in 2020, reflecting the decrease in human
activities such as industrial and transportation activities (58). These two scenarios
are considered as aggressive measures to decrease AOD and represent the upper
limit of near-term potential for reducing AOD. A more extreme scenario, in which
all locations have zero AOD, was not considered as it is not a realistic scenario due
to the presence of nonanthropogenic aerosols such as dust or sea salt aerosols.
Additionally, it would exceed the range of data used to estimate the regression.

Scenario T AODy¢ = AOD,ip59 — AOD, 4, 2]

Scenario 2 AOD ¢ = AOD;gpq — AOD,q. (3]

where AOD,,,and AOD,,;, 3 are the average level and the minimum 3-d observed
AQD values, respectively, over the study period including 2018, 2019, and 2021.
AOD,q,, represents the average AOD value during 2020 at each grid cell.

The estimated ordinary least squares (OLS) regression coefficient fg_yqp in
Eq. 1 represents the expected change in plant-emitted SIF for a unit change in
AOD. Using this coefficient, we can calculate the change in SIF under a low AOD
scenario, described as

SIFgis = Bse_nop X AODg. (4]

To estimate the impact of SIF change on ecosystem productivity, we considera
linear relationship between net ecosystem exchange (NEE), gross primary produc-
tion (GPP), and SIF, where by definition NEE is the negative of NEP. Specifically, we
assume that NEE is directly proportional to GPP, and GPP is directly proportional
to SIF, as supported by previous studies (36, 39, 74, 75). Therefore, we can write
the relationships as

NEE = Byer_cop X GPP + fo, (5]
GPP = Bpp_g X SIF, (6]

where Bye_gep and B are the slope and intercept for the linear regression between
NEE and GPP, respectively. B ;pp_gr is the scaling factor of SIF to GPP. We determine
Buee—cee and B for each land cover type using state-of-art global NEE and GPP
from FLUXCOM datasets (S Appendix, Fig. S21), which are upscaled from flux tower
observations, driven by a variety of machine learing methods and remote sensing
observations, such as NDVI and EVI(76). While FLUXCOM has been known to over-
estimate the global land carbon sink, its representation of carbon fluxes in Europe
is considered relatively reliable due to the abundance of flux towers in the region
(76). Recent studies have revealed a linear correlation between TROPOMI SIF and
flux tower GPP measurements, enabling us to infer GPP based on SIF (56, 57, 77).
The scaling factor Bgpp_ge is taken from Turner et al. (57), with a value of 9.1+0.2
for grassland and 11.0 + 0.2 for other species. The reported SIF-GPP relationships
have units of (gC m™2 d™")(mW m™2 sr™" nm™"). We use hiome dlassifications
from the MODIS MCD12Q1 V6 data product, which provides the International
Geosphere-Biosphere Program (IGBP) land cover type classification ata resolution
of 500 m. We grid it to 0.25 degrees to match the resolution with other datasets.

The difference of NEE in a counterfactual low AOD scenario at each location,
e.g., grid cell, can be expressed as

NEE s = Buge—cep X GPPyit = Buee—gep X Bopp—sir X SFgis

= Buee_cep X Beep—sir X Psir—aop X AODgy. [7]
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The unit of NEE;; is gCm™~> d™", which can then be aggregated at the country
level and converted to annual photosynthetic carbon changes, considering the
growing season length and the country area.

n
Annual Photosynthetic Carbon Gain, = —Z NEE;;; % Area; x GSL; x 3.67,
" (8]

where i represents the grid cell belonging to the country ¢, GSL represents
the number of days during the growing season which is defined as multi-
year averaged fPAR during 2018 to 2021 exceeds a threshold (denoted as
fPAR ouing ) and Area represents the grid cell area. We use 3.67 to convert
units of carbon to units of CO,, which is the commonly used unit for meas-
uring carbon emissions.

Uncertainty Analysis. We provide upperand lower bounds of annual photosyn-
thetic carbon gain by considering uncertainties associated with four parameters
ateach grid cell, including Bge_sop: Bpp—sir: Buee—cep ANA TPAR - We include
fPAR uing t0 account for the length of the growing season because reductions of
AOD during nongrowing seasons would not lead to photosynthetic carbon gain.
We conduct 1,000 bootstrap iterations to sample parameter spaces. For each

bootstrap, we perform the following sampling:
Bsie_sop ~ Normal(Bse_sop, 0 Bsir_nop),
Bopp—sir ~ Normal(Bopp_gir, & Popp_ie),
Bree—cep ~ Normal(Buec_epr O Puge_pp):

fPAR uing ~ Normal(0.2, 0.05).

Bir_nopis determined as the OLS in Eq. 1 (Fig. 3) and o B g _0p represents the
associated standard error (SE) of the coefficient (S/ Appendix, Fig. S10). According
toTurner etal.(57), Bgpp_gr are 9.1and 11.0 for grasslands and nongrasslands,
respectively, with corresponding SEs (o Bgpp_g) 0f 0.2 and 0.3, respectively.
Bree—cpp 1 determined as the OLS regression coefficient in Eq. 5 (S/ Appendix,
Table S2 and Fig. S21) and & Bgyer_gpp represents the associated SE of the coeffi-
cient (S Appendix, Table 52). When sampling fPAR ., e use the mean value
of 0.2 and the SD of 0.05, ensuring that 95% of the samples fall within the range
of 0.1 10 0.3. Based on 1,000 bootstrap samples, we calculate the median and
the 90% Cl using the 5th and 95th percentiles, as shown in Fig. 4.

Data, Materials, and Software Availability. The TROPOMI SIF product can
be accessed at https://climatesciences.jpl.nasa.gov/sif/download-data/level-2/
(34). Hourly meteorological data from ERA5 is publicly available through the
Copernicus Climate Change Service (https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels?tab=form) (78). VIIRS EPS AOD data can
be downloaded from https://www.star.nesdis.noaa.gov/pub/smcd/VIIRS_Aerosol/
viirs_aerosol_gridded_data/(79). The MODIS MCD12Q1 v006 landcover data are
available at https://Ipdaac.usgs.gov/products/med12q1v006/ (80). Additionally,
the MODIS MOD15A2H v006 fPAR data can be found at https://Ipdaac.usgs.gov/
products/mod15a2hv006/ (81). The MODIS MCD18C2 v061 PAR data are avail-
able at https://lpdaac.usgs.gov/products/mcd18c2v061/(82). FLUXCOM GPP and
NEE are available at https://www.fluxcom.org/CF-Download/ (76). TROPOMI NO,
can be downloaded from http://www.tropomi.eu/data-products/nitrogen-dioxide
(83). MODIS cloud optical thickness is available at https://ladsweb.modaps.eos-
dis.nasa.gov/missions-and-measurements/products/MCD0O6COSP_D3_MODIS
(84). The eddy covariance measurements are obtained from the 1COS (https:/
meta.icos-cp.eu/collections/-ZrCo_Cousoqvxnlvz8310K4)(72). The SEM analysis
is carried out using the "semopy” package in Python. The regression analysis is
conducted by "statsmodels” package in Python. Al other data are included in the
manuscript and/or S/ Appendix.
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