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A B S T R A C T

Aerosols produced by wildfires are a common phenomenon in boreal regions. For the Siberian taiga, it is still an
open question if the effects of aerosols on atmospheric conditions increase net CO2 uptake or photosynthesis. We
investigated the factors controlling forest net ecosystem productivity (NEP) and explored how clouds and smoke
modulate radiation as a major factor controlling NEP during fire events in the years 2012 and 2013. To char-
acterize the underlying mechanisms of the NEP response to environmental drivers, Artificial Neural Networks
(ANNs) were trained by eddy covariance flux measurements nearby the Zotino Tall Tower Observatory (ZOTTO).
Total photosynthetically active radiation, vapour pressure deficit, and diffuse fraction explain at about 54–58%
of NEP variability. NEP shows a strong negative sensitivity to VPD, and a small positive to fdif. A strong diffuse
radiation fertilization effect does not exist at ZOTTO forest due to the combined effects of low light intensity,
sparse canopy and low leaf area index. Results suggests that light intensity and canopy structure are important
factors of the overall diffuse radiation fertilization effect.

1. Introduction

The high northern latitudes (> 55°N) are one of the largest carbon
sink regions and have become warmer and drier due in recent decades
to rising temperatures (Forkel et al., 2016). Moreover, boreal forests in
Russia, so-called “taiga”, comprise about 21% of the world’s forest area
(Tishkov, 2002). Despite its importance to the terrestrial carbon cycle,
this area is one of the most data-deficient regions because of its re-
moteness. One of the critical disturbance factors in the taiga are large
wildfires induced by a combination of human activity and climate
change (Achard et al., 2008; Vasileva et al., 2011; Tautenhahn et al.,
2016; Tchebakova et al., 2009; Furyaev et al., 2001). Since 1996 a
significant increase in the number and frequency of wildfires, as well as
burned areas, has been observed (Ponomarev et al., 2016;
Antamoshkina and Korets, 2015). For instance, heavy smoke from
wildfires covered central Siberia in the summers of 2012 and 2013

(Ponomarev, 2013). This heavy smoke resulted in reduced incoming
solar radiation and caused changes in the surface radiation balance
(Schafer et al., 2002a,b).

Solar radiation, in particular photosynthetically active radiation
(PAR: 400–700 nm), controls canopy processes related to photosynth-
esis such as gross primary productivity (GPP), net ecosystem exchange
of CO2 (NEE), and light use efficiency (LUE). Determining the biophy-
sical and physiological mechanisms influencing canopy photosynthesis
under cloudy and smoky conditions has been difficult due to the in-
teraction among multiple environmental factors such as incoming ra-
diation, diffuse radiation or diffuse fraction, leaf temperature, air hu-
midity, and/or surface wetness (Dengel and Grace, 2010; Doughty
et al., 2010; Gu et al., 2002, 1999; Hollinger et al., 1994; Knohl and
Baldocchi, 2008; Misson et al., 2005; Rocha et al., 2004). Under cloudy,
overcast or high fire-related aerosol load conditions, the total radiation
reaching the canopy is reduced, typically resulting in a reduction in
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photosynthesis (Cirino et al., 2014; Yamasoe et al., 2006).
The diffuse radiation fertilization (DRF) effect is an increase in

photosynthesis that results from a trade-off between decreased solar
radiation and increased light scattering, both caused by clouds or
smoke (Mercado et al., 2009; Rap et al., 2015; Roderick et al., 2001).
Diffuse radiation enhances photosynthesis because diffuse light can
more effectively penetrate the canopy (Dengel et al., 2015; Doughty
et al., 2010; Knohl and Baldocchi, 2008; Urban et al., 2007; Yamasoe
et al., 2006). This effect, however, depends on properties of vegetation
structure properties, such as canopy architecture, leaf area index (LAI),
and plant functional type (PFT) (Alton et al., 2007; Kanniah et al.,
2012; Knohl and Baldocchi, 2008; Niyogi et al., 2004). Under diffuse
light conditions, the efficiency of canopy photosynthesis increased
substantially for both crops and forests (Choudhury, 2001; Gu et al.,
2002; Niyogi et al., 2004), but not in wetlands due to their low canopy
height and low LAI (Letts et al., 2005). Synthetic and data-based
modelling studies have also shown that results differ significantly for
the same PFT, which may be explained by differing model assumptions,
treatment of radiation, and the complexity level of each model (Alton,
2008; Alton et al., 2007; Knohl and Baldocchi, 2008; Matsui et al.,
2008; Mercado et al., 2009; Rap et al., 2015; Still et al., 2009).
Therefore, it is still an open question how forest ecosystems respond to
various light regimes (Cheng et al., 2015; Dengel and Grace, 2010;
Kanniah et al., 2012; Misson et al., 2005; Oliphant et al., 2011; Strada
et al., 2015).

Aerosol particles have a significant influence on photosynthesis by
increasing diffuse radiation, exhibiting favorable conditions for photo-
synthesis similar to those created by cloudy conditions (Gu et al., 2003;
Niyogi et al., 2004; Rap et al., 2015). The aerosol scattering effect may
increase the amount of diffuse light, enhancing the CO2 uptake of for-
ests at midday by up to 8%, without reducing incoming solar radiation
(Misson et al., 2005). This effect is more pronounced in forests and
croplands than in grasslands (Jing et al., 2010; Niyogi et al., 2004).
Another study in grassland did not find significant increases of CO2

uptake due to aerosol loading (Kanniah et al., 2010). In tropical forests,
an increase of aerosol optical depth (AOD) results in an increase of CO2

uptake, particularly in the sub-canopy (Doughty et al., 2010; Yamasoe
et al., 2006). However, if AOD is very high (> 2) or cloud cover is thick,
CO2 uptake decreases due to the reduction of incoming radiation
(Cirino et al., 2014; Oliveira et al., 2007; Yamasoe et al., 2006). This
suggests that moderate aerosol concentrations increase CO2 uptake at
ecosystem scales because of the DRF effect, whereas high levels of
aerosols reduce CO2 uptake by blocking solar radiation (Kanniah et al.,
2012; Strada and Unger, 2016).

In this study, we use flux measurements obtained by the eddy
covariance (EC) technique at the ZOtino Tall Tower Observatory
(ZOTTO) site in central Siberia (Heimann et al., 2014; Kozlova et al.,
2008; Winderlich et al., 2010) to understand the underlying processes
of the DRF effect in a boreal forest during wildfire events. To our
knowledge, no other study has investigated the effect of smoke and
clouds on NEP at an ecosystem scale in central Siberia.

The objectives of this study are: (1) to characterize the environ-
mental controls of Net Ecosystem Productivity (NEP) and (2) to ex-
amine the impact of clouds and smoke on radiation partitioning and its
influence on NEP. To address these objectives we first identified the
environmental drivers of NEP using an Artificial Neural Networks
(ANNs) model (Moffat et al., 2010). We then tested the hypothesis that
different levels of smoke particles influence NEP, enhancing it at in-
termediate levels and decreasing it at higher smoke levels.

2. Materials and methods

2.1. Study site

The research area is situated on the western side of the Yenisei river
basin in the middle taiga subzone (Heimann et al., 2014; Kozlova et al.,

2008; Winderlich et al., 2010; Fig. 1 bottom). Long-term energy and
mass exchange measurements based on the EC technique in this region
were performed quasi-continuously from 1998 to 2000 and 2002 to
2005 (Arneth et al., 2006; Kelliher et al., 1999; Lloyd et al., 2002;
Schulze et al., 2002; Tchebakova et al., 2015). A new flux tower
(60°48′25′′N, 89°21′27′′E, 180m a.s.l.) was erected at a distance of
900m from the tall tower site in mid-June 2012 (Winderlich et al.,
2014; Fig. 1 top). This station is located in a homogeneous Scots pine
(Pinus sylvestrisis L.) forest, with an average canopy height of 20 m, si-
milar to the former site. However, the average tree age is estimated to
be more than 100 years younger compared to the old site (82–107 and
230 years, respectively). The forest around Zotino is an open stand with
sparse understory and a lichen-dominated ground cover (Wirth et al.,
1999). The estimated stand density is 448 ± 88 trees ha−1 (mean ±
standard deviation). The LAI value was not available during the mea-
surement period, however, it may be the value in the range reported at
the old station (1.3 m2m−2 for minimum and 3.5 m2m−2 for max-
imum) due to the sparse canopy structure (Alton et al., 2005; Los et al.,
2000; Shibistova et al., 2002; Wirth et al., 1999). The forest is located
on alluvial sandy mineral soil with no underlying permafrost (Kelliher
et al., 1999; Lloyd et al., 2002).

2.2. Measurement systems

2.2.1. Eddy covariance flux measurements
The EC system consists of a three-axis ultrasonic anemometer USA-1

(METEK GmbH, Elmshorn, Germany) to measure three wind compo-
nents as well as sonic temperature, and a closed-path infrared gas
analyzer LI-7200 (LI-COR Biosciences, Lincoln, NE, USA) to measure
CO2 and H2O concentrations. The sampling intake line consists of a 1m
stainless steel tube with an inner diameter of 7.7 mm (a 3/8′′ tube). The
flow rate inside the sampling line was 15 Lmin−1, which should pro-
vide turbulent airflow inside the tubing to minimize frequency losses.
The horizontal and vertical sensor separations were 25 cm and 5 cm,
respectively. The voltage signals for CO2 and H2O concentrations (dry
mole fractions) of the gas analyzer were connected to the analog input
channels of the sonic anemometer. After the analog-to-digital conver-
sion by the converter inside the anemometer, these signals were added
to the digital data stream sent from the sonic anemometer to the
computer via serial data transmission at a sampling rate of 20 Hz.
Storage of the raw data was managed by the program EddyMeas as part
of the EddySoft package (Kolle and Rebmann, 2007). Additionally the
LI-7200 was directly connected to the computer via RS-232 and the
program LI7200Log collected all status information and measured data
from the gas analyzer at a rate of 1 Hz and stored them as 30min
averages.

In order to determine the CO2 storage flux below the EC measure-
ment height, ambient CO2 concentrations were measured at nine
heights (0.1, 0.3, 1, 2, 5, 9, 15, 22, 29.2m) with a GMP343 probe
(Vaisala, Helsinki, Finland). A CR10X data logger (Campbell Scientific,
Logan, UT, USA) was used to control the gas-switching unit and to
collect the data from the probe. Air was drawn through equal length
tubes at a rate of 7 Lmin−1, with each height being sampled for 1min
(the lowest level was sampled for 2min). Readings were taken at a rate
of 1 Hz over the last 50 s (110 s for lowest level) of sampling at each
height and then averaged for each 10min cycle before being stored.
Storage fluxes of CO2 below the flux measurement level were de-
termined as the time change of an integrated spline function through
the CO2 profile measurements. Manual calibration of the LI-7200 and
replacement of new filters were performed periodically (April, June,
and September) in each measurement year.

2.2.2. Auxiliary measurements
Along with the flux measurements, meteorological data were col-

lected. Air temperature (Ta) and relative humidity (RH) were measured
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Fig. 1. Land cover (top) and geographical location (bottom) of the ZOTTO site. Land cover map is derived from 30-m Landsat-8 imagery. Round circle and triangle shapes indicate the
forest eddy covariance flux tower and the tall tower sites.
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at a height of 29.7m a.g.l. with a KPK1/6-ME-H38 sensor (MELA
Sensortechnik GmbH, Galltec, Germany). Atmospheric pressure was
measured with a barometric pressure sensor (61302 V – RM Young Co.,
Traverse City, MI, USA) both above the canopy and inside of the
measurement cabin. The atmospheric vapor pressure deficit (VPD) was
calculated as the difference between the saturation and actual vapor
pressure. Average wind velocity and wind direction were recorded
using the sonic anemometer of the EC system mounted at the top of the
tower. The short- and longwave radiation components were measured
with a CNR1 net radiometer (Kipp & Zonen, Delft, The Netherlands)
above the canopy. Up- and downward PAR were measured using a
quantum sensor PQS1 (Kipp & Zonen, Delft, Netherlands). Diffuse and
total PAR at 2m height was measured using a BF-3 (Delta-T Devices
Ltd., Cambridge, UK) at the tall tower station (Fig. 1 top) since 2009
(Winderlich et al., 2010).

Soil temperature was measured with PT100 probes (Jumo GmbH,
Germany) at six depths (0.02, 0.04, 0.08, 0.16, 0.32, and 0.64m). Soil
moisture probes (ML-2x, DeltaT Devices, Cambridge, UK) were installed
at depths of 0.08 (two replicates), 0.16, 0.32, and 0.64m. Ground heat
fluxes were measured using five heat flux plates, (HF3/CN3, McVan
Instruments, Australia) installed at a depth of 0.03m. Precipitation was
collected by a heated tipping-bucket rain gauge (5.4032.35.009, Adolf
Thies GmbH, Germany) at a height of 1.5 m above the ground. All
ancillary measurements were collected every 10 s and then averaged
every 10min using a CR3000 data logger (Campbell Scientific, Logan,
UT, USA).

For the daily AOD at 550 nm, we used the MODIS Level 2
(MOD08_D3.051) data containing the ZOTTO site from 2007 to 2013,
which has a spatial resolution of 1° by 1° (http://giovanni.gsfc.nasa.
gov/).

2.3. Data processing and quality control

EC data were post-processed with the EddyUH software
(Mammarella et al., 2016). Data processing and flux calculations were
performed in a similar manner to Mammarella et al. (2015). The high
frequency CO2 and H2O concentration data were de-spiked by com-
paring two adjacent data points: if their differences were larger than
5 ppm and 10mmol mol−1, the following point was replaced with the
same value as in the previous point. A double rotation method was
performed during the half-hourly averaging period. A cross-wind cor-
rection was applied point by point to the sonic temperature data (Liu
et al., 2001). A primary value for the time lag between the vertical wind
velocity and scalar measurements was estimated for each 30min
averaging period by maximizing the covariance. The obtained values
were later fine-tuned using the time lag optimizer (Mammarella et al.,
2016). Fluxes were corrected for high- and low- frequency losses due to
the limited frequency responses of the EC system. The response times
used in correcting fluxes for low-pass filtering with a transfer function
are described by Horst (1997). The transfer function of the high-pass
filtering was performed as described in Rannik and Vesala (1999). The
transfer function for H2O was calculated from different classes of re-
lative humidity (Mammarella et al., 2009).

The flux data were screened to remove erroneous values, which did
not fulfil the theoretical requirements of the EC method. Half-hourly
flux data were flagged as low quality if the absolute values of the
skewness of the related concentration or vertical wind velocity were
outside of the range (−2, 2), or if the kurtosis was outside of the range
(1, 8) (Vickers and Mahrt, 1997). Furthermore, the non-steady state and
the integral turbulent characteristics tests were applied following Foken
and Wichura (1996). To avoid erroneous data due to malfunction of the
gas analyzer, mole fractions of CO2 and H2O were taken in the range of
[370, 450 ppmv] and [0,30mmol mol−1], respectively. In addition to

these criteria, the LI-7200 data were screened based on the diagnostic
values provided by the instrument. Periods were excluded if 1) the half-
hourly mean values for the diagnosis of the chopper and the detector of
the gas analyzer were not zero, 2) the signal strength was detected for
less than 50% of the time, 3) the signal strength deteriorated with time,
or 4) the signal strength was unstable. A threshold of 0.2 m s−1 for
friction velocity (u*) was determined based on the summer period of the
first year using the algorithm described in Papale et al. (2006) and
implemented in REddyProc package in R (ver. 3.2.3: R Core Team,
2016), then applied to the entire dataset. In this study we did not apply
gap-filling and only used good quality measured data. The dataset
contained on average 55% high quality CO2 flux measurements.

Net ecosystem productivity (NEP) was used to describe the negative
sign of measured NEE (Kirschbaum et al., 2001; Lovett et al., 2006).
Positive values indicate CO2 uptake by forests whereas negative values
indicate CO2 released to the atmosphere. In order to avoid additional
uncertainty introduced by flux partitioning based on night-time eco-
system respiration, we used direct measurements of NEP instead of
GPP.

2.4. Data selection

Data analysis was focused on daylight hours (potential global ra-
diation, Rpot > 20Wm−2) during the summer of 2012 and 2013. The
data covered a measurement period from June 19 to September 30,
2012 and from June 1 to September 4, 2013. PARt measurements at EC
tower and tall tower sites are very similar (R2 of 0.97) during daylight
hours, however we used the EC site PAR measurements which has less
scattered data. Diffuse fraction (fdif) is the fractional ratio of the diffuse
PAR to the total PAR (Dengel and Grace, 2010; Niyogi et al., 2004;
Roderick et al., 2001). The diffuse PAR sensor at the tall tower had
offsets of about 3 μmol photon m−2 s−1; however, we used the original
data without calibration. We replaced fdif with 1 if it exceeded 1. Data
points with missing Ta and VPD were discarded. A clearness index (CI)
was computed as the ratio between actual global radiation (Rg) and
Rpot. In this study, CI is the same concept as atmospheric transmittance
(Knohl and Baldocchi, 2008) and relative irradiance (Cirino et al.,
2014; Oliveira et al., 2007). CI was used to determine the reduction of
total incident PAR due to clouds and/or smoke particles.

2.5. Artificial Neural Networks

To characterize the environmental drivers of NEP, we used a
methodology based on Artificial Neural Networks (ANNs) developed for
ecological datasets (Moffat et al., 2010). ANNs are a data-driven ap-
proach just like machine-learning techniques. The hierarchy of en-
vironmental controls and functional relationships are identified directly
from the half-hourly measurements. During the training process, the
correlations and relationships of environmental drivers with the eco-
system response are mapped onto the ANNs.

Fourteen environmental drivers were used as input variables
(Table 1) to model the NEP response. The ANNs requires a complete set
of input and output drivers. In total, 2542 half-hourly data points were
used for ANN training (1089 for 2012, 1453 for 2013).

The ANNs training scenarios consisted of different sets of input
variables. First, the ANNs were trained with all fourteen drivers and the
potential model performance with all available input drivers was used
as a benchmark. Then, the ANNs were trained with one input driver at a
time to determine the primary drivers. Finally, the ANNs were trained
with the dominant primary driver plus each of other input variables as
secondary drivers. Tertiary drivers were identified by fixing both the
primary and the secondary drivers. A detailed example of this proce-
dure can be found in Moffat (2012).
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In the next step, the functional relationships of the three most im-
portant drivers (PARt, VPD, fdif) were extracted from the ANNs. The
ANNs trained on the summer data represent a model of the dependence
of mean ecosystem behaviour on these three drivers. The sensitivity of
the NEP to changes in these environmental drivers under different AOD
values was investigated using this the ANNs.

3. Results

3.1. Meteorological conditions and NEP

Mean daily Ta ranged between 8.1 and 27.1 °C in 2012, and between
4.4 and 26.9 °C in 2013 (Fig. 2a). For the periods between June 19 and
June 23, the mean daily Ta was about 17.5 °C in both years. During this
period, the maximum temperature in 2012 was reached 4 days later
than in 2013. Ta for June 2012 (18.1 °C) was warmer and drier than the
same period in 2013. Ta reached its peak towards the end of July.
Maximum values of VPD (25.3 hPa on 22 July 2012; 22.7 hPa on 17
July 2013) were observed at the same time as the maxima of Ta

(Fig. 2a). In both years, both Ta and VPD started to decrease in the
middle of August.

From mid-July to the end of August the total rainfall was 28.1mm
in 2012 and about five times higher in 2013 (139.3mm; Fig. 2b). In the
time before the installation of the EC tower in 2012, precipitation was
very low as recorded at the neighboring tall tower site with similar soil
characteristics resulting in very dry soil conditions compared to 2013.
The precipitation average of 5mm in July 2012 was not enough to
increase the low soil moisture contents. Maximum soil water content
(SWC) at a depth of 0.32m was two times higher in 2013 (15.5%) than
in 2012 (8.6%).

Mean daily PARt in 2012 (350.0 μmol m−2 s−1) was about
50 μmolm−2 s−1 lower than in 2013 (400.3 μmolm−2 s−1), whereas
the maximum value of about 625 μmolm−2 s−1 in 2013 was

Table 1
List of environmental variables used for the ANNs trainings.

NEP Net ecosystem productivity (μmol CO2 m−2 s−1)

PARt Downward total photosynthetically active radiation (μmol photon
m−2 s−1)

PARdir Direct PAR (μmol photon m−2 s−1)
PARdif Diffuse PAR (μmol photon m−2 s−1)
Rg Global radiation (Wm−2)
VPD Vapor pressure deficit (hPa)
RH Relative humidity (%)
SWC Soil water content at 0.32m depth (%)
Ta Air temperature (°C)
Ts1, Ts2 Soil temperature at 0.04m and 0.32m depth (°C)
G Ground heat flux (Wm−2)
WD Wind direction (°)
WS Horizontal wind speed (m s−1)
u* Friction velocity (m s−1)
fdif Diffuse fraction

Fig. 2. Time series of daily observation at ZOTTO. (a) Air temperature (Ta, black), vapor pressure deficit (VPD, blue), (b) total precipitation (Prcp, black), soil moisture at 0.32m (SWC,
blue), (c) total incident photosynthetic active radiation (PARt), (d) diffuse fraction (fdif, black), clearness index (CI, blue), (e) net ecosystem productivity (NEP, red), and (f) AOD from
June 19 to September 4, 2012 (left) and June 1 to September 4, 2013 (right). Only fdif and CI are averaged in daylight hours (Rpot > 20Wm−2). The horizontal grey dashed line of (f) is
the mean background AOD value of 0.18 during June–August in Siberia (Remer et al., 2008). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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25.4 μmol m−2 s−1 higher than in 2012 (600 μmol m−2 s−1). The
averaged maximum daily PARt in both years was similar at about
700 μmol m−2 s−1. A daily averaged CI of 0.42 during daylight hours
indicates that the conditions at the study site were mostly cloudy or
overcast in both years.

Daily NEP varied between −7.00 and 3.38 μmol CO2 m−2 s−1 in
2012, whereas it fell between −3.68 and 8.38 μmol CO2 m−2 s−1 in
2013. The daily averaged NEP reached a minimum of 3.54 μmol CO2

m−2 s−1 on the 25th of June 2012. Monthly averaged NEP was
−0.55 μmol CO2 m−2 s−1 in July of 2012 and 1.88 μmol CO2 m−2 s−1 in
July of 2013. The situation for August was the opposite, with NEP of
0.66 μmol CO2 m−2 s−1 in 2012 and −0.44 μmol CO2 m−2 s−1 in 2013.

3.2. Wildfire

In general, fires in central Siberia occur between July and late
August (Valendik et al., 2014). However, in 2012 they started already
in late June and lasted until the first week of August. Summer of 2012

was recorded as a mega-fire in Siberia due to a stable anticyclone that
result in high temperatures and low precipitation (Zhuravleva et al.,
2017). In 2012, about 83% of the surface area (7111 km2) in a 100 km
radius around ZOTTO burned (Antamoshkina and Korets, 2015).
During the 2000–2014 period, the highest fire occurrences (33 fire
events) were in lichen forests within a 100 km radius around the
ZOTTO site. Conversely, in 2013, the burnt area was the 5th largest
(237 km2) fire in this period, and the fire season was less active (8 fire
events) than in 2012.

We used AOD as a smoke aerosol proxy, which revealed that the
aerosol particle number concentrations increased along with the atmo-
spheric carbon monoxide (CO) concentration, in agreement with pre-
vious observations (Chi et al., 2013). We observed overall phasing and
similar amplitudes of AOD and CO mixing ratio (not shown) similar to
those observed by Konovalov et al. (2014), suggesting that our use of
AOD is an appropriate indicator of fire emissions during these periods.
Hence, we assumed that AOD is mainly driven by smoke from fire. At
ZOTTO, for the period from June to August in 2012 and 2013, the daily

Fig. 3. Results of the ANN benchmarked with all
fourteen environmental drivers: (a) Measured
(black) and modelled (red) daytime NEP response
projected onto PARt. (b) Scatterplot of measured
versus modelled daytime NEP. The linear regression
fit (blue solid line) is close to the 1:1 line (grey
dashed line). Positive NEP values indicate CO2 up-
take by forests whereas negative values indicate
CO2 released to the atmosphere. See Table 1 for
details on the environmental drivers. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 4. Performance (R2) of the ANNs trained with
14 input drivers: (a) with a single (primary) driver at
a time, (b) with PARt plus a secondary driver, and (c)
with PARt and VPD plus a tertiary driver. The per-
formance improvement (red) indicates the relevance
of the secondary and tertiary drivers. The horizontal
dotted line is the benchmark performance with all 14
drivers. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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MODIS AOD was available in total for 85 days. The maximum baseline
AOD (2007–2011) was 0.95 and the present AOD in 2012–2013 was 3.5.

3.3. Drivers of NEP

The benchmark ANN trained with all 14 drivers indicated that mod-
elled NEP generally agrees well with observation, but with lower variability
(Fig. 3a). The coefficient of determination (R2) was 0.64 with a standard
deviation of the model residuals of ± 2.58 μmol CO2 m−2 s−1 (Fig. 3b).

The analysis of the hierarchy of the environmental drivers identified
PARt as the dominant primary driver, VPD as the main secondary
driver, and soil temperatures at 0.08 and 0.32m depth (Ts1 and Ts2) or
fdif as tertiary drivers (Fig. 4). For ANNs trained with single drivers
(Fig. 4a), PARt had a higher model performance (R2 of 0.54) than any of
the other radiative drivers (e.g., R2 of 0.53 for Rg, 0.32 for PARdir, and
0.49 for PARdif). Adding VPD explained an additional ∼4% of the
variability (R2 of 0.59, Fig. 4b). VPD is calculated from RH and Ta,
which have similar relevance as secondary drivers. Including fdif as a
tertiary driver explains about 2% of the additional variability of NEP
(R2 of 0.60), and allows us to approach the benchmark of 0.64 (Fig. 4c).
The importance of Ts1 and Ts2 is similar to that of fdif. All other en-
vironmental variables showed smaller improvements as tertiary drivers.
The influence of the micrometeorological variables (WS, WD, and u*)
was only marginal, which is expected for a cleaned dataset.

The ANNs trained with the three main drivers (PARt, VPD and fdif)
can be used to analyze the functional relationships between these drivers
and NEP. Light response shows the expected behaviour (Fig. 5a): for low
light, the partial derivative of NEP with PARt (i.e., LUE), is constantly
around 0.015 μmol CO2/μmol photons, translating to an almost linear
slope in the beginning at low values of PARt. NEP values are negative
(indicating respiration) around −3 μmol CO2 m−2 s−1. At higher levels
of PARt, the NEP response levels off, saturating with the derivative ap-
proaching zero and optimum NEP values around +6 μmol CO2 m−2 s−1.

The NEP response exhibits a decrease (negative derivative) with
increasing air dryness over the entire range of VPD (Fig. 5b). The partial
derivative of NEP with fdif is positive over the full range of fdif values,
indicating a positive effect of diffuse light on NEP (Fig. 5c).

3.4. How do clouds and smoke affect the partitioning of PAR?

Both fdif and CI describe the behaviour of the light intensity due to
clouds and smoke particles (Fig. 6a). Overall, 75.4% of half-hourly data
where fdif > 0.3 are influenced by clouds and smoke particles. A linear
negative relationship between CI and fdif exists for fdif values lower than
0.95. If CI is lower than 0.5, fdif saturates to 1, indicating a reduction of
incoming PAR due to thick clouds (overcast conditions) or very thick
smoke. Incoming PAR shows a strong and significant (p < 0.001) ne-
gative correlation with fdif, indicating an increase PARt with clearer
skies (Fig. 6b). The relationship between PARdif and fdif is nonlinear;
PARdif increases with fdif, reaching its maximum at around fdif = 0.9,
then decreases at higher values of fdif.

We observed a significant reduction of incoming PAR due to AOD,
whereas PARdif first increases up to a critical value due to the aerosol
scattering effect, then decreases at high levels of smoke intensity due to
reduced PARt (Fig. 7a). The relationships between PARt and fdif and
between PARt and AOD are strong and significant. In general, fdif in-
crease with AOD, but it saturates to 1 at values of AOD greater than 2
(Fig. 7b). Overall, AOD explains about 76% of variability in fdif, but
with large scatter at low AOD, indicating an additional influence of
clouds. Values of fdif > 0.3 are seen on cloudy or overcast days,
showing the influence of clouds at low smoke conditions.

3.5. How relevant is the effect of smoke on NEP?

We performed a sensitivity analysis to predict the normalized
midday mean NEP during summer using data on changes in meteor-
ological drivers (Table 2). Overall, reductions in PARt have a much
greater impact on NEP than increases in fdif. Reductions of 10–30% in
PARt decreased normalized midday mean NEP compared with the
measured NEP. Increases in NEP are also caused by fdif but only if PARt

reduction is not more than 20%.
An increase in fdif of 150% increases NEP ∼20%, whereas a re-

duction in PARt of 60% decreases NEP ∼24%. No scenarios that we
tested (increases in fdif up to 150%) increased NEP when PARt was
reduced by 30% or more.

Theoretically, without reduction in PARt, NEP increases from 4 to

Fig. 5. Daytime NEP response (upper panel) and partial derivatives (lower panel) modelled with three drivers PARt (a), VPD (b), and fdif (c). The modelled (red circles) and measured
(black circles) NEP values are shown in gradient colours from light to dark denoting low to high PARt. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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37% due to the fdif enhancement (up to 400%). Conversely, NEP would
decrease from 6 to 83% due to reductions in PARt ∼60%. However, ac-
tual NEP responds differently due to the compensation of PARt for fdif and
vice versa For instance, a forest experiencing a 10% reduction in PARt and
a 50% increase in fdif is predicted to be 2% less productive compared with
the measured NEP. However a forest experiencing the same reduction in
PARt and 100–400% increase in fdif is predicted to be 2–33% more pro-
ductive compared with the measured NEP. When PARt is reduced by 15%,
NEP enhancement requires an increase in fdif greater than 150%. When
PARt is reduced by 40%, NEP enhancement requires an increase in fdif
greater than 350% (corresponding to PARt=959.6 μmol photon m−2 s−1

and fdif of 0.9). When PARt is reduced by 50%, no increase in fdif is suf-
ficient to sustain forest productivity.

Overall, the decrease in PARt overwhelms the increase in fdif caused by
high AOD during fires. At low to moderate levels of AOD (0.3–1), forests
experiencing a 7–11% reduction in PARt and a 41–67% increase in fdif
resulting in a 1.45% increase in NEP. However, at higher levels of AOD
(2–3.5), NEP decreases about 7% due to a 28% reduction in PARt and
despite a 132% increase in fdif. This is most pronounced at the maximum
AOD of 3.5 during fires, which results in a∼42% reduction in NEP due to
a 52% reduction in PARt and despite an increase in fdif up to 158%.

4. Discussion

4.1. Environmental drivers of NEP identified by the ANNs

We can explain 60% of the benchmark of 64% variation in NEP

using data on PARt, VPD, and fdif or soil temperatures. Light intensity,
VPD, and Ta are known to be key controls of photosynthesis (Goulden
et al., 1997; Jarvis et al., 1997; Chen et al., 2002). A wide range of VPD
implies that water vapor quickly evaporates due to the strong influence
of air dryness (Figs. 2 and 5b). With the optimum temperature range for
evergreen coniferous trees of 10–25 °C (Larcher, 2003), an increase in
VPD at water-limited sites causes a reduction in productivity because of
the closing of stomata to prevent water loss (Fig. 5b, Dengel and Grace,
2010; Kelliher et al., 1997; Lloyd et al., 2002; Shibistova et al., 2002).
At VPD above 10 hPa, the stomata begin to close, thus reducing pho-
tosynthesis and transpiration rates in boreal trees (Dang et al., 1997;
Hogg and Hurdle, 1997).

In general, temperature controls the distinct seasonality of pho-
tosynthesis and respiration rates (Lloyd et al., 2002). Due to the tight
coupling between temperature and humidity, temperature sensitivity
may have similar down-regulating effects as VPD. Similar to Alton
et al. (2007), stomata might not be fully open at high humidity
conditions (low VPD) if the light intensity is too low for photo-
synthesis.

When light is saturated, NEP can be interpreted as a proxy for, but
not equal to, the ecosystem photosynthetic capacity (Musavi et al.,
2016; Reichstein et al., 2014). Light responses (Fig. 3b) show that an
ecosystem at high northern latitudes quickly reaches the light satura-
tion point. For instance, NEP in tropical forests reaches its maximum
saturation when PARt is around 1550–1870 μmol m−2 s−1 (Cirino et al.,
2014), whereas in the ZOTTO forest, the maximum NEP is reached
when PARt is around 700–900 μmol m−2 s−1.

Fig. 6. (a) Relationship between proportion of diffuse to total PAR (fdif) and clearness
index (CI) at midday (11:00-15:00) in summer (Linear fit [red dashed line] of fdif < 0.95;
CI= 0.82 − 0.46*fdif, R2= 0.70, p < 0.001, n= 539), and (b) between fdif and total
(black circles) and diffuse (blue triangles) PAR. Linear fit (red dashed line) of total PAR
(PARt= 1652.11–1154.17 *fdif, R2= 0.75, p-value < 0.001) and 3rd polynomial fit
(black dashed line) of PARdif (PARdif = 172.99+ 44.74 *fdif + 2637.56
*(fdif)2− 2502.92*(fdif)3, R2= 0.56, p < 0.001, n= 730). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. (a) Relationship between daily AOD and PAR components and (b) between a
fraction of diffuse PAR at midday (11:00-15:00) in summer. Black circles and blue triangles
denote PARt and PARdif, respectively. The linear fit of PARt (red dashed line) of (a) is
PARt=1345.92–209.89*AOD, R2=0.64, p-value < 0.001, the 2nd polynomial fit of
PARdif= 275.53+433.05*AOD− 112.74*(AOD)2, R2=0.71, p-value < 0.001. The 2nd

polynomial fit of fdif and AOD is fdif= 0.23+0.43*(AOD)− 0.07*(AOD)2, R2

=0.76, p-value < 0.001). The total sample size is 72. The grey dashed line at fdif= 0.3
indicates a threshold of clear sky conditions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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4.2. Effects of clouds and smoke on radiation

Incoming PAR decreases significantly at very high levels of fdif and
AOD (Figs. 6 and 7). A similar correlation between fdif and CI (Fig. 6a) is
also found at other sites (Knohl and Baldocchi, 2008; Roderick et al.,
2001), although the ZOTTO site has a higher CI regime (∼0.45) com-
pared to other sites (∼0.2). Diffuse PAR and fdif are values defined at
wavelengths relevant for photosynthesis, whereas the definition of CI
includes a wider range of wavelengths. Using CI may have more con-
founding effects or overestimate the influence of clouds and aerosols on
ecosystem responses (Cohan et al., 2002; Kanniah et al., 2010; Letts
et al., 2005).

Clouds play a more significant role in determining PARt than AOD
(Figs. 6b, 7a), as found in modelling studies (Min, 2005; Schafer et al.,
2002b). However, the separation of a reduction in PARt caused by
aerosol effect and that caused by clouds is not possible (Cirino et al.,
2014).

An increase of PARdif and fdif with increase in AOD up to ∼2, and a
decrease of both parameters at higher AOD values (Fig. 7) are con-
sistent with previous studies (Cirino et al., 2014; Jing et al., 2010;
Kanniah et al., 2010; Min, 2005; Moon et al., 2009; Oliphant et al.,
2011; Oliveira et al., 2007; Schafer et al., 2002b; Steiner et al., 2013;
Strada et al., 2015). The peak of PARdif at values of fdif around 0.9
(Fig. 6b) may be due to the fact that on overcast days more light is
scattered than on days with more patchy cloud cover (Cohan et al.,
2002; Min, 2005). Large scatter of fdif during low smoke (AOD<0.3)
conditions implies that cloud effects on fdif may play a role in the DRF
effect (Fig. 7b). Previous studies have shown that a moderate level of
fdif is predominately caused by aerosols or thin clouds, although the
effects of the two are confounded (Min, 2005; Oliphant et al., 2011).

The size distribution and concentration of water vapor droplets in
clouds depends on the types of aerosols present, changing cloud mi-
crophysics and radiative fluxes. For instance, clouds induced by smoke
particles embrace more and smaller size water droplets compared to
smoke-free clouds under the same conditions, leading to an increase in
cloud cover of up to 5% (Kaufman and Koren, 2006). Also, MODIS AOD
is known to be overestimated at 550 nm (Levy et al., 2010). Several

studies have shown that fine resolution ground-based aerosol mea-
surements (e.g., size distribution, light scattering coefficients, AOD)
help to understand the role of smoke particles on clouds and the ra-
diation budget (Oliphant et al., 2011; Yamasoe et al., 2006). However,
the influence of AOD on incoming radiation may not be as pronounced
as that of clouds because it responds indirectly to photosynthesis
(Figs. 6 and 7). An insignificant relationship between NEP and AOD
supports this hypothesis (not shown). In other words: as shown by
ANNs analysis, the environmental drivers PARt, VPD, and fdif play a
more important role than AOD in explaining NEP (Fig. 4). Therefore,
the predicting NEP without AOD as a training driver of ANNs is ap-
propriate.

Maximum NEP enhancement occurs when PARdif reaches its max-
imum (638.2 μmol photon m−2 s−1) at fdif of 0.7. However, at this light
level, PARt is 844.2 μmol photon m−2 s−1 lower than the maximum
value with no cloud cover (Figs. 7b and 4a). The forest ecosystem is still
productive under low light conditions, because of the NEP increase
caused by increasing fdif (Fig. 4c); however, the relative change in NEP
is less than∼10% (Table 2). Moreover, at very large AOD values (> 2),
we found that NEP is reduced by 50% due to the strong reduction of
PARt although separating the effect of clouds and smoke on this re-
duction is not possible (Cirino et al., 2014).

4.3. Requirements of the diffuse radiation fertilization (DRF) effect

Our sensitivity analysis showed that a DRF effect in the ZOTTO
forest is theoretically possible, but that it is not often observed due to
the overall strong reduction in PARt by clouds and smoke (Table 2). One
possible explanation of why the DRF effect at our site is not as pro-
nounced as in other forests (Doughty et al., 2010; Knohl and Baldocchi,
2008; Mercado et al., 2009; Niyogi et al., 2004; Oliveira et al., 2007;
Rap et al., 2015; Still et al., 2009; Yamasoe et al., 2006) might be the
sparse canopy and the low LAI. Our results also provide evidence that
within the same PFT, the DRF effect is not as pronounced in forests with
lower LAI (Gu et al., 2002).

Kanniah et al. (2012) concluded that ecosystems with low LAI may
not experience positive effects of diffuse light on vegetation

Table 2
Midday (11:00–15:00) normalized mean NEP during summer was estimated by considering the percentage decreases and increases in PARt and fdif. VPD variation is fixed. All values are
percentage changes in NEP relative to our measured midday mean NEP during summer. Zero is the measured NEP with no change in meteorology. We simulated 10–60% decreases in
PARt by increasing fdif from 50 to 400%. Corresponding PARt values for the relative changes decrease 10–60% from 1400 to 600 μmol photon m−2 s−1 at a rate of 100 μmol photon
m−2 s−1 (Fig. 6b). In the same manner, relative increases from 0.2 to 1 in fdif range from 50 to 400% in increments of 0.1. The first column indicates NEP considering the reduction of
PARt, while the first row indicates NEP only considering the fdif increase. Increasing AOD from 0.3 to 0.7, 1, 1.5, 2, and 3.5, the relative changes in PARt decrease by about 7, 11.5, 19.6,
27.8, and 52.4%, respectively (Fig. 7a). Similarly, the relative increases in fdif from 50 to 200% with AOD are 41, 67.5, 104.5, 132, 158.3%, respectively (Fig. 7b). The thick bold line
indicates the line between negative and positive effects due to PARt and fdif changes.

Values are obtained from Fig. 7.
1): NEP where AOD increases from 0.3 to 0.7, decreasing PARt 7% (1198.0 μmol photon m−2 s−1) and increasing fdif 41% (0.49).
2): NEP where AOD increases from 0.3 to 1, decreasing PARt 11.5% (1136.03 μmol photon m−2 s−1) and increasing fdif 67.5% (0.59).
3): NEP where AOD increases from 0.3 to 1.5, decreasing PARt 19.6% (1031.09 μmol photon m−2 s−1) and increasing fdif 104.5% (0.72).
4): NEP where AOD increases from 0.3 to 2, decreasing PARt 27.8% (926.14 μmol photon m−2 s−1) and increasing fdif 132% (0.81).
5): NEP where AOD increases from 0.3 to 3.5, decreasing PARt 52.40% (611.31 μmol photon m−2 s−1) and increasing fdif 158.37% (0.91).
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productivity. This is particularly true in open canopy ecosystems, such
as grasslands (Niyogi et al., 2004; Wohlfahrt et al., 2008) and wetlands
(Letts et al., 2005). A simulation using a multi-layer canopy model
showed that the DRF effect decreases with decreasing LAI and it also
depends on leaf clumping and leaf angle (Knohl and Baldocchi, 2008).
However, substantial increase of CO2 uptake due to thick clouds were
found in a grassland with very low LAI (∼ 0.37; Jing et al., 2010) as
well as in some forests with low LAI (∼ 2; Migliavacca et al., 2009;
Misson et al., 2005). Observations in multi-layered arctic shrub eco-
systems with low LAI (∼1.5) support our argument that the importance
of canopy structure on DRF effects is independent from of LAI (Williams
et al., 2014). Therefore, we argue that canopy structure may be a more
crucial factor than LAI in determining DRF effects.

In our Siberian forest at very high levels of AOD (> 3), both PARt

and PARdif are ∼700 μmol photon m−2 s−1 and fdif is high (> 0.6;
Fig. 7). High fdif can be caused by both overcast conditions (thick
clouds) or by the presence of smoke (Figs. 6b, 7b). Although it is not
possible to separate smoke from cloud effects, higher aerosol loading
and thick cloud cover have a large impact on forest NEP by changing
the amount of incoming PAR reaching the surface (Oliveria et al., 2007;
Cirino et al., 2014). A possible explanation for a strong reduction of
PARt may be to the fact that smoke absorbs solar radiation and sup-
presses the formation of clouds (Andreae et al., 2004; Koren et al.,
2004). Our results support those of Alton (2008), namely that increases
ecosystem productivity due to diffuse radiation are less than 10%.

5. Conclusion

Due to increased drying and warming, the Siberian taiga is in-
creasingly exposed to fires. However, the ecosystem NEP response may
be non-linear depending on the complex interaction among clouds and
aerosol types, canopy structure, the magnitude of fires, and associated
meteorological conditions. Here, we combine eddy covariance flux
measurements and data-driven modelling in order to understand the
environmental drivers of forest NEP and investigate the impact of
smoke and clouds on diffuse and direct components of radiation par-
titioning.

The ANNs analysis suggest that the fdif did increase NEP, however, it
was more sensitive to a strong reduction of PARt than to diffuse light
enrichment due to clouds or high smoke. The overall effect of a po-
tential increase in NEP due to thick clouds or high aerosol loading
minimized by the low light intensity, sparse canopy structure and low
LAI. The ANNs have the benefit of quantifying the impact of diffuse
radiation on NEP without additional canopy structure parameters. This
represents an important advance in understanding ecosystem functional
properties and their effects on photosynthesis. Moving forward, our
results suggest that, in the particular case of sparse canopies with low
LAI (e.g., grasslands and wetlands), the DRF effect should be included
in biogeochemical models and coupled Earth System models in order to
better describe net ecosystem productivity.
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