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Abstract. Area burned, number of fires, seasonal fire severity, and fire season length are all expected to increase
in Canada, with largely unquantified ecosystem feedbacks. However, there are few observational studies measur-
ing ecosystem-scale biogeochemical (e.g., carbon dioxide exchanges) and biophysical (e.g., energy partitioning)
properties during smoke episodes and hence assessing responses of gross primary production (GPP) to changes
in incoming diffuse photosynthetically active radiation (PAR). In this study, we leveraged two long-term eddy
covariance measurement sites in forest and wetland ecosystems to study four smoke episodes, which happened
at different times and differed in length, over 4 different years (2015, 2017, 2018, and 2020). We found that
the highest decrease in shortwave irradiance due to smoke was about 50 % in July and August but increased
to about 90 % when the smoke arrived in September. When the smoke arrived in the later stage of summer,
impacts on sensible and latent heat fluxes were very different than the earlier ones. Smoke generally increased
the diffuse fraction (DF) from ∼ 0.30 to ∼ 0.50 and turned both sites into stronger carbon dioxide (CO2) sinks
with increased GPP up to ∼ 18 % and ∼ 7 % at the forest and wetland site, respectively. However, when DF
exceeded 0.80 as a result of dense smoke, both ecosystems became net CO2 sources as total PAR dropped to low
values. The results suggest that this kind of natural experiment is important for validating future predictions of
smoke–productivity feedbacks.

1 Introduction

Among the many ecosystem services provided by temper-
ate forests and wetlands in western North America, climate
regulation is identified as one of their most important ben-
efits to society (Millennium Ecosystem Assessment, 2005).
However, these services are being greatly altered by increas-
ing wildfire occurrences in terms of both frequency and du-
ration (Settele et al., 2015). In addition to affecting visibility
and air quality, aerosols arising from biomass burning can al-
ter the radiation budget by scattering and absorbing radiation
and hence potentially influence cloud processes (Crutzen and
Andreae, 1990). The overall effect of aerosols on climate still
remains uncertain according to the latest IPCC assessment
(IPCC, 2014). This has triggered enormous interest in the ra-

diative impacts of smoke plumes induced by biomass burn-
ing (Chubarova et al., 2012; Lasslop et al., 2019; Markowicz
et al., 2017; McKendry et al., 2019; Moreira et al., 2017;
Oris et al., 2014; Park et al., 2018; Sena et al., 2013). Heavy
smoke conditions were found to cause net surface cooling
of 3 ◦C in Amazonia (Yu et al., 2002), while some have
observed net radiative cooling at the surface and net radia-
tive warming at the top of the atmosphere in the Arctic and
southeastern United States (Markowicz et al., 2017; Taub-
man et al., 2004), resulting in enhanced atmospheric stabil-
ity. It has been estimated that aerosol emissions from boreal
fires might have a net effect of inducing a positive feedback
to global warming (Oris et al., 2014). Jacobson (2014) also
suggested a net 20-year global warming of∼ 0.4 K by includ-
ing black and brown atmospheric carbon, heat and moisture
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fluxes, and cloud absorption effects. However, other stud-
ies using atmospheric modeling found a net cooling effect
of aerosols, which can lead to a net reduction in the global
radiative forcing of fires (Landry et al., 2015; Ward et al.,
2012).

Changes in solar irradiance, in particular photosyntheti-
cally active radiation (PAR, 400–700 nm), affect plant phys-
iological mechanisms that influence photosynthesis (i.e.,
gross primary production – GPP, net ecosystem exchange
of CO2 – NEE, and light use efficiency – LUE). Sub-
canopy leaves, especially in forest ecosystems, typically re-
main under light-deficit conditions. Increasing diffuse radi-
ation makes it easier for PAR photons to penetrate deeper
into the canopy (Doughty et al., 2010; Kanniah et al., 2012;
Knohl and Baldocchi, 2008; Rap et al., 2015). Additionally,
diffuse PAR coming from different angles can increase the
efficiency of CO2 assimilated by plants because leaves are
generally at different orientations (Alton et al., 2006). This
increase in photosynthesis that results from the trade-off be-
tween decreased solar radiation and increased PAR scattering
is referred to as the diffuse radiation fertilization (DRF) ef-
fect (Moreira et al., 2017; Park et al., 2018; Rap et al., 2015).
However, DRF has not always been observed under fire
smoke conditions and appears to be ecosystem-dependent.
For instance, Ezhova et al. (2018) found that the mechanisms
causing the increases in GPP are different between the boreal
coniferous and mixed forest ecosystems. Some studies sug-
gest that DRF might depend on canopy height and the leaf
area index (LAI) (Cheng et al., 2015; Kanniah et al., 2012;
Niyogi et al., 2004). For example, Cheng et al. (2015) found
an increase in GPP due to diffuse radiation for forest sites
but not for cropland sites using AmeriFlux data from 10 tem-
perate climate ecosystems including three forests and seven
croplands. Therefore, it is still uncertain how changes in dif-
fuse radiation affect GPP, and it is also unclear how large the
effect of aerosols is on diffuse radiation.

With an area of 95 million ha (Ministry of Forests, 2003),
British Columbia (BC), Canada, is almost double the size of
California, USA. Of that area, almost 64 % is forested with
less than one-third of 1 % of BC’s forest land harvested an-
nually (Ministry of Forests, Mines and Land, 2010). Wet-
lands in BC comprise around 5.28 million ha, or approxi-
mately 5 % of the land base (Wetland Stewardship Partner-
ship, 2009). Therefore, responses of forests and wetlands to
wildfire smoke are very likely to have a significant impact on
regional carbon budgets. In western Canada, a previous study
found that a short, but severe, wildfire smoke episode in 2015
appreciably changed the energy balance and net CO2 ex-
change at wetland and forest sites in southwestern BC (McK-
endry et al., 2019). Another study investigated 2017 and 2018
smoke events in southwestern BC and found that the aerosols
from wildfires suppressed the development of deep moun-
tain convective layers and hence inhibited vertical mixing,
convection, and cloud development (Ferrara et al., 2020). It
is unclear whether the changes in NEE found by McKendry

et al. (2019) were due to changes in GPP or ecosystem res-
piration (Re). Furthermore, biogeochemical and biophysical
properties of wetland and forest ecosystems might respond
differently to smoke events with different intensities and du-
rations.

In 2015, 2017, 2018, and 2020, southwestern BC experi-
enced smoke episodes that differed in both duration and in-
tensity. In this study, we investigated the effect of those fire
events on two natural ecosystems in southwestern BC; one is
a temperate forest ecosystem (Douglas fir, Pseudotsuga men-
ziesii) and the other is a wetland ecosystem (restored peat-
land) (Fig. 1). We aim to provide a better understanding of
biogeochemical and biophysical responses to wildfire smoke
episodes in natural ecosystems in southwestern BC. Specifi-
cally, we aim to (1) evaluate smoke-induced changes in short-
wave irradiance, albedo, and energy partitioning at the two
sites, (2) assess the biogeochemical responses to smoke by
investigating changes in GPP and Re at the two sites, and
(3) estimate the maximum effect of smoke on GPP due to
changes in the ratio of diffuse to total PAR. Ultimately, we
expect to provide a firm foundation for upscaling the impacts
of wildfire smoke on the regional CO2 budget.

2 Methodology

2.1 Wildfire smoke episodes

2.1.1 Overview

In 2015, there was a series of wildfires across different
provinces in Canada. During 4–8 July 2015, smoke spread
across most of North America, and a particularly intense
event occurring in ∼ 150 km north of Vancouver seri-
ously impacted air quality and visibility in southwestern
BC. The detailed evolution and synoptic patterns asso-
ciated with this event are described in McKendry et al.
(2019). In summer 2017, a smoke haze settled over the
BC coast due to offshore winds advecting smoke from
wildfires in the BC interior. The wildfire season in 2018
eclipsed the previous year’s as the worst recorded in BC
history, with 2117 fires consuming 1 354 284 ha of land
(https://www2.gov.bc.ca/gov/content/safety/wildfire-status/
about-bcws/wildfire-history/wildfire-season-summary, last
access: 10 February 2022). Smoke covered the BC coast
area for approximately 20 d with additional plumes drifting
north from similar fires in Washington state, USA. In 2020,
BC recorded a quiet fire season with 637 wildfires burning
just over 15 000 ha of land between 1 April and 1 October.
However, southwestern BC was significantly affected by
smoke advected northward from an intense fire season
affecting Washington state, Oregon, and California, USA.
Notably, the cross-border smoke arrived in September,
somewhat later than usual.
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Figure 1. Locations of the all sites mentioned in the text. Ob-
servations of aerosol optical depth at the reference 500 nm wave-
length (AOD500) and particulate matter less than 2.5 µm in diam-
eter (PM2.5) were collected at the Saturna Island AERONET site
and Vancouver International Airport, respectively. The ground-level
ozone concentrations were measured at Vancouver International
Airport and Nanaimo Labieux Road stations. Flux and climate data
for wetland and forest ecosystems were measured at Burns Bog and
Buckley Bay, respectively.

2.1.2 AERONET and AEROCAN

The global AERONET (AErosol RObotic NETwork) has
been in operation since 1993 and is focused on measure-
ments of vertically integrated aerosol properties using the
CIMEL sun photometer and sky radiometer instrument (Hol-
ben et al., 1998). AEROCAN CIMELs (AEROCAN is the
Canadian sub-network of AERONET) include a facility on
Saturna Island, which is located 55 km to the south of the
city of Vancouver (Fig. 1). Here, solar irradiance is acquired
across eight spectral channels (340, 380, 440, 500, 670, 870,
1020, and 1640 nm) that are transformed into three process-
ing levels of aerosol optical depth (AOD): 1.0 – non-cloud-

Figure 2. (a) AOD500 at Saturna Island and (b) PM2.5 observations
at Vancouver International Airport for the 4 months with wildfire
smoke in Vancouver, British Columbia, Canada. There are different
numbers of AOD500 data points per day in panel (a) and 24 PM2.5
data points per day in panel (b).

screened; 1.5 – cloud-screened; and 2.0 – cloud-screened
and quality-assured. McKendry et al. (2011) demonstrated
the application of these data to the transport of California
wildfire plumes. In this paper, we present the level 1.5 AOD
data at the reference 500 nm wavelength (AOD500) in or-
der to compare both the magnitude and duration of the four
smoke episodes. The AOD500 ranged from 0 to 0.2 on aver-
age cloudless summer days on Saturna Island.

The monthly course of AOD500 for each of the four
episodes at Saturna Island is shown in Fig. 2a. Due to tech-
nical difficulties, numbers of AOD500 data points per day
were inconsistent. For each event there were persistent multi-
day periods when AOD500> 2 and reached or exceeded a
value of 4. The impact of smoke events on ground-level
PM2.5 (particulate matter less than 2.5 µm in diameter) con-
centrations at Vancouver International Airport is shown in
Fig. 2b, and there were 24 PM2.5 data points for each day.
From Fig. 2, it is evident that the smoke event of 2015,
although the shortest of the four events, was the most in-
tense with both AOD500> 5 and ground-level PM2.5 con-
centrations > 200 µgm−3. This is likely due to the close
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Table 1. Summaries for the four study periods.

Year Study Maximum Maximum Daily
period AOD500 PM2.5 average

(mgm−3) O3
(ppb)

2015 4–8 Jul 5.3 210 24b, 24c

2017 1–11 Aug 3.9 53 15b, 24c

2018 8–23 Aug 4.0 165 15b, 23c

2020 8–18 Sep 3.7a 178 14b, 20c

a There were no available observations during the 2020 smoke episode. The
value shown here was observed on 6 September 2020. b The measurements
were collected at Vancouver International Airport station. The monthly O3
averages were 20, 16, 15, and 15 ppb during July 2015, August 2017, August
2018, and September 2020, respectively. c The measurements were collected
at Nanaimo Labieux Road station. The monthly O3 averages were 20, 22, 21,
and 18 ppb during July 2015, August 2017, August 2018, and September
2020, respectively.

proximity of the fires in this case (McKendry et al. 2019).
The event of August 2017 was of somewhat longer dura-
tion in which AOD500 peaked at 4 but ground-level con-
centrations remained comparatively low (< 50 µgm−3), and
it showed a strong diurnal pattern associated with bound-
ary layer entrainment from elevated layers (Ferrara et al.
2020). In August 2018 the smoke was persistent and included
a double maximum. Ground-level PM2.5 concentrations ex-
ceeded 150 µgm−3 and AOD500 reached 4. Finally, the early
fall event in September 2020 was also a persistent event in
which ground-level concentrations exceeded 150 µgm−3 and
AOD500 reached 4. There was evidence in this case of two
short peaks in smoke in late September that followed the
main event. The impact of smoke events on ground-level
ozone concentrations (O3) at Vancouver International Air-
port and Nanaimo Labieux Road stations on Vancouver Is-
land is shown in Table 1. For all of the study periods, the
maximum daily average O3 was below 25 ppb. The averages
of the 4 months in the 4 years were ∼ 16 ppb.

In summary, the four events were all quite different with
respect to intensity of smoke, duration, and impact at ground
level (a function of transport height of smoke layers and
boundary layer processes). The most similar in character ap-
pear to be the 2018 and 2020 events, although it is likely that
the “age” and life history of smoke were different for these
two cases due to the different geographical sources and dis-
tances traveled.

2.1.3 Study periods

Study periods were defined using the following cri-
teria. First, days were selected with AOD500> 0.5 or
PM2.5> 50 µgm−3. Second, the Hazard Mapping System
Fire and Smoke Product from the Office of Satellite and
Product Operations at the National Oceanic and Atmospheric
Administration was used to plot smoke polygons over the re-
gion of southwestern British Columbia. In the final step, we

included a day into the study periods when the two sites were
covered by the smoke polygon classified in the medium cat-
egory. The study periods during the 4 months with wildfire
smoke and the respective maximum AOD500, PM2.5, and O3
values are summarized in Table 1. To assess how smoke al-
tered biophysical and biogeochemical properties under rep-
resentative environmental conditions in different months, we
compared the study periods with the non-smoky days, which
were the remaining days in the same month.

2.2 Radiative and turbulent flux measurements

2.2.1 Wetland site

The rewetted peatland site (AmeriFlux ID: CA-DBB,
122◦59′5.60′′W, 49◦07′45.59′′ N) (Christen and Knox,
2021) is located in the center of the Burns Bog Ecologi-
cal Conservancy Area in British Columbia, Canada (Fig. 1).
Burns Bog is recognized as the largest raised bog ecosys-
tem on the west coast of Canada (Christen et al., 2016). The
5 m tall flux tower at Burns Bog was built in 2014 and is
equipped with an eddy covariance (EC) system to continu-
ously measure turbulent fluxes of sensible heat (H ), latent
heat (LE), and carbon dioxide (FCO2 ). FCO2 and the tur-
bulent heat fluxes were computed using the 30 min covari-
ance of turbulent fluctuations in the vertical wind speed and
the scalar of interest, and standard quality control involv-
ing removing spikes was applied to half-hourly EC-measured
fluxes. We applied block averaging and time-lag removal by
covariance maximization (Moncrieff et al., 1997). Coordi-
nate rotations were performed so that mean wind speeds for
each 30 min averaging interval were zero in the cross-wind
and vertical directions. The flux data were further filtered to
exclude the errors indicated by the sonic anemometer and
gas analyzer diagnostic flags, typically attributable to heavy
rainfall or snowfall. Fluxes were also filtered for spikes in
30 min mean mixing ratios, variances, and covariances with
thresholds. FCO2 was corrected by adding the estimated rate
of change in CO2 storage in the air column below the EC sen-
sor height to obtain NEE (Hollinger et al., 1994; Morgenstern
et al., 2004). After obtaining cleaned fluxes, we filtered NEE
and heat fluxes for low friction velocity (u∗). The u∗ thresh-
old was 0.03 ms−1 determined by using the moving-point
test (Papale et al., 2006). The algorithm used for u∗ thresh-
old detection was run in R (R Core Team, 2017) by using
the REddyProc 1.2-2 R package (Wutzler et al., 2018). NEE
was partitioned into GPP and Re using a nighttime-based
partitioning method (Reichstein et al., 2005). Four compo-
nents of radiation (shortwave, longwave, incoming, and out-
going) were continuously measured by a four-component net
radiometer (CNR1, Kipp and Zonen, Delft, Holland) on the
top of the tower. The surface albedo (α) of the site, i.e., the
ratio of the reflected shortwave radiation (K↑) to the short-
wave irradiance (K↓), was estimated at noon. Total incoming
PAR (PARg) was measured using a quantum sensor (LI-190,
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LI-COR Inc., Lincoln, NE, USA) at the same height. Several
climate variables were also measured (e.g., net radiation –
Rn, relative humidity – RH, and water table level). Further
details of the site are described in Christen et al. (2016), Lee
et al. (2017), and D’Acunha et al. (2019).

2.2.2 Forest site

Buckley Bay (AmeriFlux ID: CA-Ca3) is a flux tower with
EC and radiation sensors measuring exchanges between a
coniferous forest stand (Douglas fir, planted in 1988) and the
atmosphere (Black, 2021). The site is located on the east-
ern slopes of the Vancouver Island Range, about 150 km
to the west of Vancouver (Fig. 1). A 21 m tall, 25 cm tri-
angular open-lattice flux tower was erected in 2001 and
equipped with an EC system to continuously measure H ,
LE, and FCO2 (Humphreys et al., 2006). In November 2017,
this tower was decommissioned, and in June 2017, a 33 m
tall walk-up scaffold flux tower (2 m wide× 4 m long) was
erected and equipped with an EC system to continuously
measure H , LE, and FCO2 . H , LE, and FCO2 were calcu-
lated and FCO2 was also corrected by adding the estimated
rate of change in CO2 storage in the air column below the EC
sensor height to obtain NEE (Hollinger et al., 1994; Morgen-
stern et al., 2004). Fluxes during low turbulence periods (u∗,
less than 0.16 ms−1) were rejected (Lee et al., 2020a). NEE
was partitioned into GPP and Re using a nighttime relation-
ship model following the Fluxnet-Canada Research Network
procedure (Barr et al., 2004; Chen et al., 2009). Four compo-
nents of radiation were continuously measured by a CNR1
(Kipp and Zonen) at the 32 m height facing south. α was cal-
culated asK↑/K↓ at noon as done for the wetland site. PARg
was measured using a quantum sensor (LI-190, LI-COR Inc.)
at the same height. Incoming diffuse PAR (PARd) was mea-
sured at the 32 m height facing south (Sunshine sensor type
BF3, Delta-T Devices Ltd, Cambridge, UK). Information on
the quantum sensor is described in the next section. Further
details of the site are described in Jassal et al. (2009), Krish-
nan et al. (2009), and Lee et al. (2020b).

2.3 Diffuse photosynthetically active radiation and light
use efficiency

As mentioned above, it has been found that the dependence
of GPP on the fraction of diffuse PAR (called “DF” hereafter)
is ecosystem-dependent. In this study, we estimated the max-
imum GPP increase using the relationship between LUE and
DF, as well as the relationship between total incoming PAR
and DF. First, cloudy conditions increase incoming diffuse
radiation but also decreaseK↓, which can counteract produc-
tivity increases due to diffuse radiation alone (Alton, 2008;
Letts et al., 2005; Oliphant et al., 2011). Cloudy conditions
also affect other meteorological drivers of photosynthesis
such as vapor pressure deficit (VPD) and surface temperature
that regulate stomatal conductance and can confound quan-

tification of the photosynthetic response to DF (Strada et al.,
2015). In order to exclude this, we only included the day that
was just before or just after the study periods if it was sunny.
Extraterrestrial solar radiation (Kext), the flux density of solar
radiation at the outer edge of the atmosphere, was also cal-
culated using date, time, and latitude at the sites to obtain
atmospheric bulk transmissivity (T =K↓/Kext) and hence
determine whether a day was sunny (defined as T > 0.65).

Second, as there was no diffuse PAR measurement at the
Burns Bog site, the formula (DF= 1.45–1.81T ) following
Gu et al. (2002) and Alton (2008) was used to estimate DF for
this site. Also, DF was set at 0.95 when T was less than 0.28
and at 0.10 when T was greater than 0.75. DF at the Buck-
ley Bay site in 2015 was estimated using the same method
because diffuse PAR measurement was not yet available. For
the later three episodes, DF was calculated as PARd mea-
sured by the BF3 divided by PARg measured by the quantum
sensor.

Following Cheng et al. (2016), LUE
(µmolCO2 (µmol photon)−1) was defined as the ratio
of mean daily GPP (µmolm−2 s−1) to mean daily PARg
(µmolm−2 s−1), which gives GPP=LUE×PARg. Besides
DF, air temperature (Ta) and VPD are two additional envi-
ronmental factors that can influence stomatal conductance
and photosynthesis, thus affecting GPP (Cheng et al.,
2015). To assess the impacts of changes in Ta and VPD
on GPP in addition to DF, we first followed Cheng et al.
(2015) to obtain GPP residuals (i.e., GPP changes caused
by factors other than direct PAR). The coefficients used in
the Michaelis–Menten light response function (rectangular
hyperbola) were from Lee et al. (2017) and Lee et al. (2020a)
for the wetland and forest sites, respectively. After obtaining
GPP residuals, we used Eqs. (3) and (4) in Cheng et al.
(2015) to estimate the proportions of variation in GPP
residuals explained by DF, Ta, and VPD.

3 Results

3.1 Radiative changes and biophysical responses

3.1.1 Radiation and environmental conditions

Figure 3 shows box plots for measured K↓, PARg, Ta, RH,
and soil temperature (Ts) during the smoky days (as de-
fined in Table 1) and non-smoky days (defined as all the
remaining days in the same month) over the study periods.
Tests of significance are also shown in Figs. 3 to 5 to in-
dicate when differences between the smoky and non-smoky
days are statistically significant and at what significance level
(Students t tests). During days that were not affected by
smoke, both sites experienced a smooth diurnal course of ra-
diation components consistent with typical summer clear-sky
conditions. Mean K↓ values were generally lower during the
smoke events compared to the days that were not affected
by smoke (Fig. 3), but these differences were not statistically
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Figure 3. Box plots of daily shortwave irradiance, average of total incoming photosynthetically active radiation during daytime, daily average
air temperature, daily average relative humidity, and daily average soil temperature during the smoke episodes and non-smoky days in the
month shown for 2015, 2017, 2018, and 2020 at Buckley Bay (the forest site) and at Burns Bog (the peatland site). The numbers of daily
cases (n) used in the significance tests for each period for both the forest and wetland sites are shown beneath the box plot pairs for the forest
site in panel (a). Unless otherwise shown, n is the same for all other variables and box plot pairs in the same year.

significant with the exception of the August 2017 event at
Burns Bog. The difference was much greater for the Septem-
ber 2020 case. A few low K↓ values were observed during
those non-smoky days and were likely due to the rain events
(Fig. S1 in the Supplement). On non-smoky days, mean daily
T values were approximately 70 % at the two sites except
during 2020 when it was ∼ 60 % (Fig. 4). The mean T val-
ues during the smoky days typically dropped to ∼ 60 % but
decreased to ∼ 40 % in 2020 (Fig. 4). In 2015, the most dra-
matic impact of the smoke plume onK↓ occurred on 5 July at
Buckley Bay and 6 July at Burns Bog during otherwise clear-
sky conditions (Fig. S2). Mean daily T dropped to ∼ 35 %

and ∼ 50 % at Buckley Bay and at Burns Bog, respectively
(Fig. S3). During the summer of 2017, the wetland site ex-
perienced the biggest impact of smoke on 4 August when T
decreased to ∼ 40 % (Fig. S3). On 6 August, 2 d later, the
forest site was most affected by the smoke with T reduced
to ∼ 50 % (Fig. S3). The longest-duration smoke episode of
the four occurred in 2018 and reduced T much earlier at
Buckley Bay (11 August) than at Burns Bog (19 August).
The magnitudes of the decrease in T were similar at the two
sites (dropped to ∼ 35 %) in 2018 (Fig. S3). The September
2020 case is notable for being the latest (season-wise) of the
four cases and the only case in whichK↓ was reduced below
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Figure 4. Box plots of noontime albedo, daytime average of transmissivity, daily average diffuse fraction, daily average sensible heat flux,
and daily average latent heat flux at the forest and wetland sites during the smoke events and non-smoky days in the month shown for 2015,
2017, 2018, and 2020. The numbers of daily cases (n) used in the significance tests for each period for both the forest and wetland sites are
shown beneath the box plot pairs for the forest site in panel (a). Unless otherwise shown, n is the same for all other variables and box plot
pairs in the same year.

5 MJm−2 d−1 at both sites (Fig. S2). Mean daily T values
in September were about 70 % at the two sites under sunny
days (Fig. S3). T decreased appreciably to ∼ 10 % and 20 %
at Buckley Bay and at Burns Bog, respectively, due to the
smoke. These were the lowest values among the four study
periods. Both Ta and Ts were higher during the smoky days
than non-smoky days (Fig. 2), and the differences were gen-
erally statistically significant, with Ts experiencing smaller
changes compared to Ta. RH dropped at the forest site during
the smoke events except the 2020 case. In contrast, the wet-

land site had higher RH when affected by wildfire smoke,
but the changes were not statistically significant. This par-
tially reflects the substantial difference in wetness between
the two sites.

3.1.2 Albedo and energy partitioning

Under non-smoky conditions, mean albedo values were
0.12 and 0.13 at Buckley Bay and Burns Bog, respectively
(Fig. 4). These relatively low values are expected as the forest
site has taller vegetation that will trap light more effectively,
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while the wetland site has dark water surfaces that lead to
a lower albedo. A slight increase in albedo was observed at
both sites with the arrival of smoke during the four study pe-
riods, and the increases were mostly statistically significant.
In 2015, the albedo increased more than the other 3 years,
especially at the wetland site. Excluding the 2015 case, the
increase in albedo was only ∼ 10 % at both sites.

The differences in H and LE between smoky and non-
smoky days were different every year (Fig. 4). Cloudy con-
ditions could play a role in determining magnitudes of H
and LE. Thus, the mean daytime values of H and LE are
also shown in Fig. S4. As with K↓ in 2015, the most signif-
icant impact on H was on 5 July at Buckley Bay and Burns
Bog, where H decreased to 18 % and 45 %, respectively,
of non-smoky mean daytime (PARg≥ 20 µmolm−2 s−1) val-
ues. The impacts on LE were less than for H at both sites,
with the minimum for LE occurring on 9 July. At both sites,
the Bowen ratio, β (=H/LE), was appreciably reduced on
5 July, with a greater reduction at Buckley Bay (i.e., from
3.22 to 0.84) due to the large reduction in H . In 2017,
H during the smoky days was ∼ 85 % of the non-smoky
mean daytime time value at the Buckley Bay site. However,
LE increased significantly (p< 0.05) at Buckley Bay during
the smoke period by ∼ 60 % of non-smoky mean daytime
time values. During the 2018 smoke episode, Buckley Bay
showed a similar decrease in H as 2017 but LE decreased
slightly compared to 2017. During the 2017 and 2018 smoke
events, H at Burns Bog decreased to ∼ 33 % and ∼ 27 %
of non-smoky mean daytime time values in 2017 and 2018,
respectively, while LE remained similar to the non-smoky
mean daytime values. In September 2020, the latest of the
four smoke episodes, H and LE dropped to low values at
both sites for the smoky and non-smoky days (Fig. S4).

In summary, the forest site had higher H than the wet-
land site during the smoky days, except for the 2020 case
(Fig. 4). Similarly, LE was consistently higher at the wetter
site (Burns Bog) compared to the forest site during smoky
days, except for the 2020 case. Due to the smaller changes
inH andLE, β at Burns Bog stayed near 50 % of non-smoky
mean daytime values. However, β at Buckley Bay responded
much more dramatically, and the observed range of β was
between 26 % and 90 % of non-smoky mean daytime values.
We also compared H and LE between smoky and sunny
days (Table S1 in the Supplement). The results from the
two comparisons (smoky vs. non-smoky days and smoky vs.
sunny days) mostly agreed with each other, although greater
differences were found when comparing smoky and sunny
days.

3.1.3 Diffuse radiation fraction

Figure 4 shows DF (ratio of mean daytime PARd to mean
daily PARg) during the four smoke episodes at Buckley
Bay and Burns Bog. Under non-smoky conditions over the
4 years, PARd was roughly a constant fraction of PARg (i.e.,

∼ 0.30). With the arrival of smoke in July or August, DF
increased to about 0.40. When the smoke arrived later in
the season, as in September 2020, DF increased apprecia-
bly to almost 0.80. There was another peak in DF around
23 September 2020 during daytime (Fig. S3). We attribute
this to intermittent transport events linked to the original
smoke episode. Over the four study periods, mean daily
PARg values decreased during the smoke events (Fig. 3), sug-
gesting that during heavy smoke, scattering and absorption of
incoming PARg were enhanced.

3.2 Biogeochemical responses

3.2.1 Net ecosystem exchange

Daily totals for NEE are shown in Fig. 5. Both sites became
a stronger CO2 sink when the smoke was present except
in the September 2020 case. These increases were statisti-
cally significant in the first 2 years with the exception of the
July 2015 event at Buckley Bay. The average change in daily
(24 h) totals of NEE was about−1.00 gCm−2 d−1 during the
3 years prior to 2020, with this increase in sink strength pri-
marily driven by an increase in GPP (Fig. 5). The increase
in GPP (∼ 2.00 gCm−2 d−1) was generally more prominent
than the decrease in Re (< 1.00 gCm−2 d−1). NEE during
the September 2020 case did not change because both GPP
and Re showed little response to the smoke.

Throughout the 2015 smoke period, Burns Bog remained
a CO2 sink and showed an increasingly negative trend in
NEE (stronger CO2 sink) over the duration of the smoke
episode. Before the smoke arrived at the bog, the mean daily
NEE was about −1.60 gCm−2 d−1. The peak biogeochem-
ical impact of the smoke at Burns Bog occurred on 7 July,
which led to a daily NEE of −3.64 gCm−2 d−1 (CO2 sink)
(Fig. S5). Conversely, on 5 July, when the peak reduction
of K↓ was observed, NEE at the forest site became more
positive (a stronger CO2 source). The Buckley Bay forest
site became a strong CO2 sink on 6 and 7 July (−1.35 and
−2.31 gCm−2 d−1, respectively) when the smoke had started
to disperse (Fig. S6).

In 2017, Burns Bog again became a stronger CO2 sink
(daily NEE<−2.5 gCm−2 d−1) for 3 d (4–6 August) due
to smoke (Fig. S5). The biogeochemical impacts of smoke
were somewhat different at Buckley Bay, where daily NEE
showed little change until the last day of the study period,
when NEE decreased to −5.40 gCm−2 d−1 (stronger CO2
sink; Fig. S6).

During the 2018 episode, both ecosystems became a CO2
sink for the 3 d that smoke affected the sites (13 to 15 August
at Burns Bog and 11 to 13 August at Buckley Bay) (Figs. S5
and S6). Both sites switched from being CO2-neutral to being
a moderate CO2 sink of about −2.50 gCm−2 d−1.

Throughout the 2020 smoke period, when DF was the
highest of all cases (∼ 0.60 to 0.80), appreciable im-
pacts on NEE were observed at both sites. Both became
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Figure 5. Box plots of net ecosystem exchange, gross primary production, and ecosystem respiration at the forest site during the smoke
events and non-smoky days in the month shown for 2015, 2017, 2018, and 2020. The numbers of daily cases (n) used in the significance tests
for each period for both the forest and wetland sites are shown beneath the box plot pairs for the forest site in panel (a). Unless otherwise
shown, n is the same for all other variables and box plot pairs in the same year.

stronger CO2 sinks between 11 and 12 September (go-
ing from −0.57 to −4.00 gCm−2 d−1 and from −0.40 to
−1.40 gCm−2 d−1, respectively) (Figs. S5 and S6). How-
ever, after PARg dropped to low values, both sites turned into
weak CO2 sources (2.10 and 0.37 gCm−2 d−1 for Buckley
Bay and Burns Bog, respectively).

As was done for H and LE, we compared daily averages
of NEE during smoky and sunny days (Table S1). Large dif-
ferences between smoky and sunny days were also found in
this case.

3.2.2 Gross primary production and ecosystem
respiration

Measured NEE was partitioned into GPP and Re to further
investigate the biogeochemical responses of the two sites to
smoke (Fig. 5). In general, most differences in GPP and Re
between the smoky and non-smoky days were statistically
significant. In the 2015 smoke event at Buckley Bay, daily
GPP increased by about 2 gCm−2 d−1, while daily Re in-
creased by only about 1.5 gCm−2 d−1, which resulted in the
site becoming a slightly stronger CO2 sink. At Burns Bog,
the responses were somewhat different, with the relative in-
crease in daily GPP by ∼ 1.5 gCm−2 d−1 and decrease in
daily Re by ∼ 0.2 g Cm−2 d−1.

Due to missing data, an appreciable increase in CO2 se-
questration was observed on only one day (6 August) at
Buckley Bay in 2017 (Fig. S6). This was predominantly con-
trolled by the sizable increase in daily GPP (170 %), while
the increase in daily Re was minimal at 40 %. The increase in
daily GPP also played a role in increasing CO2 sequestration
at Burns Bog; however, the increase in GPP was not as great
as at Buckley Bay. At Burns Bog the increase in daily GPP
was about 20 %, while the decrease in daily Re was 25 %.

Compared to the previous 2 years in which both sites be-
came stronger CO2 sinks from being weak CO2 sinks, the
changes in 2018 at the two sites were similar but slightly
smaller. The main reason was the weaker increase in daily
GPP. The Burns Bog site had about a 30 % higher daily
GPP during the smoke event than during non-smoky con-
ditions (Fig. S5). However, the Buckley Bay site experi-
enced about the same mean daily GPP during the smoke
event (3.1 gCm−2 d−1) as during non-smoky conditions
(3.0 gCm−2 d−1).

Throughout the 2020 smoke event, there were small in-
creases in daily GPP of about ∼ 10 % at both sites. Due to
the heavy smoke permitting only low PARg on 13 Septem-
ber, daily GPP dropped rapidly by about 70 % compared to
the previous days (Figs. S5 and S6), which resulted in the
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Figure 6. (a) Total incoming photosynthetically active radiation
(PARg) as a function of the diffuse fraction of PARg (DF). (b) Light
use efficiency (LUE) as a function of DF.

two sites switching from being CO2 sinks to CO2 sources
over the course of 1 d.

3.2.3 Relationship between smoke and gross primary
production

Figure 6a shows the dependence of mean PARg on DF for
the two sites. As expected, PARg decreases linearly as DF
increases (R2

= 0.86 and 0.80 for Buckley Bay and Burns
Bog, respectively). PARg decreased ∼ 10 % more rapidly at
the wetland site than the forest site. The relationship between
LUE and DF was also examined in order to better understand
the behavior of the dependence of GPP on DF (Fig. 6b). A
linear relationship is evident with an R2 of 0.52 and 0.34 for
Buckley Bay and Burns Bog, respectively. LUE at the forest
site increased with increasing DF by a factor of ∼ 3 more
than at the wetland site.

By conducting the simple and multiple linear regressions,
we investigated the amount of variance in GPP residuals at-
tributable to the three environmental variables (i.e., DF, Ta,
and VPD). When including the effects of Ta and VPD on GPP
residuals with DF, the amount of variation in GPP residuals
explained increased by up to an additional 38 % (at the forest
site) with an average of 24 % and 9 % at the forest and wet-

land sites, respectively (Table S2). A combination of three
variables explained more than 90 % of the variation in GPP
residuals when the smoke arrived earlier in summer (i.e., July
2017) for both sites and for the forest site in August 2018.
The only case for which Ta and VPD explained more of the
variation in GPP residuals than DF was at the forest site dur-
ing August 2017, which was the same month that the site
experienced the greatest drop in LE.

4 Discussion

4.1 Impact of smoke episodes on radiation and
biophysical properties

Over the 4 study years, significant perturbation of both
the radiation and energy budgets over the forest and wet-
land ecosystems in southwestern BC was observed when a
dense layer of wildfire smoke impacted the region. Generally,
changes were more pronounced at the Buckley Bay forest
site on Vancouver Island relative to the Burns Bog wetland
site in Metro Vancouver.

The observed decreases in K↓ at the two sites during the
four study periods were minimal when comparing smoky
and non-smoky days. In order to compare to other studies,
we also compared K↓ between smoky and sunny days (Ta-
ble 2), as was done for H , LE, and NEE. The average de-
creases in K↓ at both sites were about the same at ∼ 20 %.
These values are comparable to reported reductions in K↓
by forest fire smoke in Brazil (the Brazilian Amazon with
AOD500 peaking at 3.0) and Africa (Zambian savanna with
AOD500 peaking at 2.0) (Schafer et al., 2002). Similar agree-
ment is also apparent when compared with the 2010 fires in
central Russia that led to a reduction of K↓ of about 40 %
(Chubarova et al., 2012) or 80 Wm−2 (Péré et al., 2014) and
the 2017 Chilean mega-fires, which resulted in a decrease in
K↓ of about 100 Wm−2 (Lapere et al., 2021). The reduc-
tion in K↓ reported by Rosário et al. (2013) was smaller
at about 55 Wm−2 when AOD500 was near 2.0 during the
2002 biomass burning season in South America. Although
the AOD550 value was slightly lower than in this study, Ya-
masoe et al. (2017) reported that K↓ was reduced by about
50 Wm−2 over the spring, during the period of long-range
transport of biomass burning plumes in São Paulo, Brazil. In
our study, we found that K↓ dropped to 3 and 5 MJm−2 d−1

at the forest and wetland sites, respectively, during the smoke
episode in September 2020. This reduction was much greater
than the previous three smoke episodes (Fig. S2).

As with K↓, turbulent heat fluxes (H and LE) were ap-
preciably affected by smoke at the two sites, with a greater
impact at the Buckley Bay forest site. These results are con-
sistent in both direction and magnitude with previous stud-
ies elsewhere, where the reduction in K↓ due to aerosols in
turn impacted H and LE (Feingold et al., 2005; Jiang and
Feingold, 2006; Mallet et al., 2009; Markowicz et al., 2021;
Steiner et al., 2013). It is important to note that these results
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Table 2. Observed decreased shortwave irradiance (K↓) from this study by comparing smoky and sunny days as well as several estimates
from previously published studies.

Event AOD value Decrease in K↓ Reference

2015, BC AOD500=∼ 4.5 17 % Buckley Bay site
AOD500=∼ 3.0 11 % Burns Bog site

2017, BC AOD500=∼ 1.5 1 % Buckley Bay site
AOD500=∼ 2.5 15 % Burns Bog site

2018, BC AOD500=∼ 3.5 16 % Buckley Bay site
27 % Burns Bog site

2020, BC AOD500 not available 38 % Buckley Bay site
33 % Burns Bog site

1999, Brazil AOD500= 0.5∼ 3.0 9∼ 37 % Schafer et al. (2002)

2000, Africa AOD500= 0.5∼ 2.0 13∼ 37 % Schafer et al. (2002)

2010, central Russia AOD500= 2.5 40 % Chubarova et al. (2012)

2002, South America AOD500= 0.2∼ 2.0 10∼ 55 Wm−2 Rosário et al. (2013)

2010, central Russia AOD340= 2.0∼ 4.0 70∼ 84 Wm−2 Péré et al. (2014)

2005∼ 2015, Brazil AOD550= 0.6∼ 1.0 50 Wm−2 Yamasoe et al. (2017)

2017, Chile AOD550= 4.0 100 Wm−2 Lapere et al. (2021)

were similar despite the cited study sites being in geographi-
cal settings quite different from this study. Furthermore, they
were associated with significantly lower AOD550 values than
observed in the four BC smoke episodes.

It is important to note that energy partitioning can be very
different in different ecosystems (Steiner et al., 2013). As dis-
cussed above, H was reduced significantly in 2017, 2018,
and 2020 at the Buckley Bay forest site where canopy ef-
fects are most important. The possible mechanism could be
that the switch from high direct radiation to predominately
diffuse radiation during the smoke episodes likely caused the
reduction inH as a consequence of reduced heating of leaves
in a highly coupled forest canopy (Brümmer et al., 2012). In
this study, the wetland site offers an interesting contrast to the
Buckley Bay forest site. As McKendry et al. (2019) noted,
with standing water as a result of restoration at the wetland
site and little physiological control onLE, the impacts on the
energy partitioning were modest compared to the physiologi-
cally controlled LE at Buckley Bay. Another factor affecting
energy partitioning is accessibility to soil moisture. Our re-
sults indicate that LE at the forest site increased in 2015 and
2017 and remained about the same in 2018 during the smoke
periods. This might be because the trees were still able to
maintain transpiration by using water from deeper soil lay-
ers. Soil moisture also plays a role at the wetland site. Gener-
ally, the wetland site also had higher LE than H during the
smoke episodes except in September 2020. This was likely
because water level dropped below the rooting depth of most
bog vegetation (Lee et al., 2017). For both H and LE, when

the smoke arrived at the later stage of summer (September
2020), impacts were the most different among the four study
periods. This is likely because both sites had the lowest avail-
able energy during this period and were dry after 2 months
of low precipitation.

Only a slight increase in albedo was observed at both sites
with the arrival of smoke during the four study periods, ex-
cept July 2015 that had a much more significant increase.
This was likely due to an increase in diffuse reflection. How-
ever, Nojarov et al. (2021) found that the albedo of the under-
lying surface greatly affects the radiative effect of aerosols at
Musala (altitude 2925 m), Bulgaria. The results indicated that
the aerosol amount at the surface level had a negative radia-
tive effect when albedo values were low (< 0.4) but a positive
radiative effect when albedo values were high (> 0.4). They
explained that higher albedo can lead to larger amounts of
reflected and scattered shortwave radiation, especially close
to the Earth’s surface. At higher aerosol amounts the result
is an increase in scattered shortwave radiation, which also
increases the global solar radiation.

4.2 Effects of aerosol loading on biogeochemical
properties

The typical DF in southwestern BC under sunny condi-
tions (T > 0.65) over these 4 years was ∼ 0.30. Generally,
when DF increased to between 0.40 and 0.50 due to wildfire
smoke, the two sites became a stronger CO2 sink (i.e., NEE
became more negative). However, these responses were also
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controlled by VPD and Ta. When PARg dropped to low val-
ues, even if DF exceeded 0.80, both study sites became CO2
sources. These broad patterns are comparable to previous re-
search in different environments (Niyogi et al., 2004; Park
et al., 2018; Yamasoe et al., 2006). An observational study in
the Amazon rainforest found that, under moderate AOD500,
CO2 uptake was enhanced by the increased DF (Yamasoe
et al., 2006). Park et al. (2018) also indicated that moderate
levels of smoke resulted in small increases in CO2 seques-
tration, while extremely smoky conditions resulted in lower
CO2 sequestration as the effect of the reduction in PARg out-
weighed the DRF effect.

The changes in NEE were primarily controlled by changes
in GPP (Fig. 5). Therefore, in this study, we further investi-
gated how GPP responded to smoke using the relationship
between PARg and DF, as well as the relationship between
LUE and DF. Ezhova et al. (2018) analyzed data from five
forest sites that included two mixed forests and three Scots
pine (Pinus sylvestris L.) forests (55, 60, and 100 years old).
In that region, DF was approximately 0.11 on days char-
acterized by low aerosol loading and about 0.25 on days
with moderate aerosol loading. They also found that PARg
decreased as DF increased across the five sites. Comparing
their estimated values of PARg at zero DF, the Buckley Bay
forest and Burns Bog wetland sites had values (1399 and
1538 µmolm−2 s−1, respectively) similar to those of four of
the five forests (1480 to about 1608 µmolm−2 s−1). PARg un-
der clear-sky conditions was much lower at the 60-year-old
Scots pine site (SMEAR I, 1212 µmolm−2 s−1) compared
with the other sites, which was partly due to its high lati-
tude (Ezhova et al., 2018). Generally, the slopes of the linear
dependences in the relationship between PARg and DF were
similar in this study, which can likely be attributed to similar
cloud-attenuating properties (Ezhova et al., 2018).

The slope in the relationship between LUE and DF reflects
canopy properties such as leaf area index and thickness of the
canopy (Ezhova et al. 2018). The Buckley Bay forest site had
a slope of 0.0240 µmolCO2 (µmol photon)−1, which is about
3 times higher than the value for the Burns Bog wetland
site (0.0082 µmolCO2 (µmol photon)−1). This indicates the
ability of a forest stand to take up more CO2 in response to
an increasing DF. Ezhova et al. (2018) found that two mixed
forest sites (0.0238 to 0.0278 µmolCO2 (µmol photon)−1)
had steeper LUE slopes compared to the other three conif-
erous forest sites (about 0.015 µmolCO2 (µmol photon)−1

on average). They attributed the difference to mixed forests
having a larger potential for photosynthetic activity en-
hancement due to a larger leaf area index and a deeper
canopy. Results from mixed and broadleaf forest sites
in the USA showed that the increase in LUE was about
0.03 µmolCO2 (µmol photon)−1 (Cheng et al., 2016). Hemes
et al. (2020) analyzed the EC measurements across one corn
(C4 plant), one alfalfa (C3 plant), and two restored wetland
(C3 plants) sites during a summer 2018 smoke event in
California, USA. The slope of the relationship between LUE

and DF for the corn site (0.0190 µmolCO2 (µmol photon)−1)
was intermediate between the mature alfalfa
site (0.0270 µmolCO2 (µmol photon)−1) and
the two restored wetland sites (0.0140 and
0.0180 µmolCO2 (µmol photon)−1). This indicates that
corn is more sensitive than the wetlands but less sensitive
than alfalfa. Their restored wetland ecosystems were both
characterized by quasi-managed mixes of tule and cattail
vegetation with aboveground water levels. Thus, these two
sites had lower LUE sensitivities to DF compared to the
two crop sites. Our wetland site has even shorter vegetation
compared to theirs and thus an even lower sensitivity
(∼ 40 % lower).

Finally, based on the linear dependence of LUE on DF and
PARg on DF, we estimated how GPP changed with DF. An
increase up to ∼ 7 % in GPP was found at the Burns Bog
wetland site. GPP at the Buckley Bay forest site increased by
up to ∼ 18 %, which is slightly higher than the results from
Ezhova et al. (2018), showing an increase in GPP between
6 % and 14 % at five forest sites. Increases of 3 %–4.1 %
and 1.6 %–2.4 % in GPP due to a 1 % increase in DF were
found for tree species and non-tree species, respectively, us-
ing 200 FLUXNET sites by Zhou et al. (2021). Hemes et al.
(2020) found that the GPP enhancement was between 0.71 %
and 1.16 % at four sites for every 1 % increase in DF when
absorbed PARg was held constant. Lee et al. (2018) also
showed a comparable GPP enhancement at 0.94 % GPP us-
ing a process-based sunshade canopy model with observa-
tions from a broadleaf forest in the eastern USA.

Our results also indicated that other environmental drivers
that co-varied with DF can contribute to explaining GPP
residuals under wildfire smoke events. Generally, Ta and
VPD appeared to have small effects on GPP residuals at the
two study sites (Table S2). In only one of the study events
(Buckley Bay in 2017) did Ta and VPD account for more
variation in GPP residuals than DF itself. Cheng et al. (2015)
also observed this for mixed conifer forests, which implies
that radiation changes can have a less important role when
Ta and VPD can greatly increase stomatal conductance under
smoky conditions at conifer forests. We note that although
the empirical models based on conditional sampling in this
study are able to explain much of the variation in obser-
vations, they have limitations compared to more mechanis-
tic, process-based models (Knohl and Baldocchi, 2008; Lee
et al., 2018). On the other hand, process-based models often
require parameterizations for specific vegetation and photo-
synthetic types that introduce more complexities and hence
probably lead to higher uncertainty (Hemes et al., 2020).

4.3 Study limitations

Due to their limited spatial and temporal scale, the results
described here have limitations that restrict attempts to gen-
eralize (and easily scale up). Firstly, although the four cases
examined extend our understanding of biophysical and bio-
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geochemical impacts to a wider range of cases than McK-
endry et al. (2019), they are by no means exhaustive, nor are
they likely representative of the broad variety of forest types
across BC.

Secondly, attribution of ecosystem responses wholly to
smoke, while rigorously controlling for other environmental
variables (e.g., air quality, antecedent moisture conditions,
wind, cloudiness, RH, temperature), is challenging. Our sim-
ple tests of significance highlight the fact that whilst there is
a clear signal of biophysical and biogeochemical responses
to smoke, it is by no means consistent across all four events,
each land use type, or all variables. This suggests that each
smoke event is somewhat unique in terms of antecedent con-
ditions, present weather conditions, and the characteristics
of the smoke itself (e.g., age, elevation, composition, den-
sity). For example, in addition to the effects of DF, wildfire
smoke often incorporates a complex mixture of gases (e.g.,
CO, CH4, NOx, and O3), aerosols, and aerosol precursors
(Crutzen et al., 1979; Jaffe and Wigder, 2012; Pfister et al.,
2008). Although increased O3 and co-pollutants are often as-
sociated with wildfires (Jaffe and Wigder, 2012; Pfister et al.,
2008; Yamasoe et al., 2006), they can have an indirect im-
pact on ecosystem carbon budgets that is harder to quantify
(Malavelle et al., 2019). We did not observe an appreciable
increase in hourly ozone maxima or daily average O3 during
the four smoke episodes (Table 1). Maximum hourly values
at both sites were generally below 60 ppb, while daily aver-
age values during smoke events were within 2–3 ppb of over-
all monthly average values. On this basis and using the re-
sults of Hemes et. al. (2020), we estimated that O3 enhance-
ments in smoke would contribute to a ∼ 1 % GPP reduction
at Buckley Bay and Burns Bog.

An important note is that LUE is usually defined as GPP
per unit absorbed PARg (i.e., APAR= fAPAR×PARg), with
fAPAR as the fraction of the absorbed PARg. Generally, fA-
PAR is the LAI, the solar zenith angle, and other factors such
as leaf color (Ezhova et al., 2018). Due to the temporal and
spatial variation in these factors we chose to base the def-
inition on PARg. Typically, fAPAR for tree heights greater
than 10 m and at a moderate zenith angle (i.e., 40–60◦) can
be estimated to be between 0.8 and 0.9 (Hovi et al., 2016).

Finally, we have compared smoky and non-smoky condi-
tions exclusively during the months of these events. This is
somewhat arbitrary and by default neglects a wide range of
meteorological variability associated with each “type”. How-
ever, this simple approach serves to highlight the complex
combination of processes involved. Various combinations of
cloudiness, antecedent meteorological conditions, and wind,
among other factors, all control biophysical and biogeochem-
ical responses, with smoke being only one of the factors at
play. Isolating the individual impact of smoke is challenging.
There are, however, common elements that can be gleaned
from this intercomparison of four cases. In particular, the
presence of wildfire smoke is shown to have a statistically
significant impact on DF that has the potential to turn both

natural and managed ecosystems into a carbon sink when
smoke densities are low to moderate. In this sense, this work
is consistent with both theory and observations elsewhere
and confirms that wildfire smoke can have a significant im-
pact on regional carbon budgets.

5 Conclusions

Aerosol loading from wildfire smoke is not only becom-
ing a regular component of air quality considerations in a
warming world, but also has climate impacts and unexplored
feedbacks. Through biogeochemical and biophysical pro-
cesses, wildfire smoke influences the climate by altering both
greenhouse gas dynamics and how energy and water are ex-
changed between the ecosystem and the atmosphere. Clearly,
under conditions in which the presence of wildfire smoke is
more frequent and perhaps of longer duration, the results de-
scribed herein imply substantial impacts on the regional en-
ergy and carbon budgets.

Results from the four major smoke events in different
years are broadly consistent with those described elsewhere,
specifically for the forest and wetland sites examined.

– The maximum reduction in daily totals of K↓ due to
smoke was generally about 50 % but reached 90 % in
the September 2020 case and was near 100 % in dense
smoke.

– During smoky days, the forest site had higher H than
the wetland site and the wetland site had higher LE
than the forest site. However, when the smoke arrived
later (e.g., September 2020), both sites had similar H
and LE in smoky conditions. This was attributed to the
markedly reduced K↓ and to both sites being dry after
2 months of low precipitation.

– Under non-smoky conditions during the summer
months, DF in southwestern British Columbia is ∼
0.30. The presence of smoke generally increased it to∼
0.50, and both the forest and wetland ecosystems be-
came net CO2 sinks. However, with dense smoke in-
creasing DF to ∼ 0.95, both sites turned into net CO2
sources because total photosynthetically active radiation
dropped to low values.

– Based on our estimates, GPP can increase by up to
∼ 18 % and ∼ 7 % at the forest and wetland sites, re-
spectively, due to the direct effect of smoke particles
compared to clean atmospheric conditions.

This study confirms a clear signal of diffuse radiation fer-
tilization across four major smoke episodes, resulting in for-
est and wetland becoming enhanced carbon sinks under most
smoke conditions, with the exception of heavy smoke condi-
tions. This has implications for the regional carbon budget if

https://doi.org/10.5194/acp-22-2333-2022 Atmos. Chem. Phys., 22, 2333–2349, 2022



2346 S.-C. Lee et al.: Biogeochemical and biophysical responses to episodes of wildfire smoke from natural ecosystems

the duration and frequency of smoke events increase as a re-
sult of climate change. However, we identify significant lim-
itations in this preliminary research and identify a complex
array of processes that contribute to biophysical and biogeo-
chemical responses. Before attempting to scale up, further
research is required in different forest types across the region
to identify and control for the numerous processes and feed-
backs influencing local carbon budgets in forest and wetland
ecosystems.
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