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rates of several orders of magnitude lower, and each tree 
species has a unique �ngerprint of chemical composition. 
As a result, characterizing monoterpene emissions is 
especially challenging in tropical forests because of 
the high species diversity, complicating monoterpene 
emissions diversity at a plant species level.

4.1.2.3. Sesquiterpenes
Most boreal monoterpene emitting tree species also emit 
sesquiterpenes (Hakola et al., 2006; 2017; Haapanala et 
al., 2009; Rinne et al., 2009). During a major part of the 
growing season, their emission from coniferous trees is 
often an order of magnitude lower than monoterpenes. 
Sesquiterpene emission from coniferous tree species is 
typically highest in the late summer when it can even 
surpass the monoterpene emissions (Hakola et al., 
2006; 2017). Also, birch species may have stress-related 
sesquiterpene emission surpassing their monoterpene 
emission (Hakola et al., 2001; Haapanala et al., 2009). 
While monoterpene emission from birch responds 
rapidly to changes in light conditions, sesquiterpene 
emission is not affected (Hakola et al., 2001). This 
may indicate different emission pathways of these 
compounds, in addition to their different biosynthetic 
pathways (Jardine et al., 2014). Sesquiterpene emissions 
from tropical forests do not follow the diurnal pattern of 
isoprene and monoterpenes and instead are relatively 
constant throughout day and night and are thought 
to be dominated by emissions from soil organisms 
(Bourtsoukidis et al., 2018).

4.1.2.4. Non-terpenoids
In addition to terpenoids discussed above, the tropical 
and boreal forests also emit non-terpenoid compounds, 
especially methanol, acetone, and acetaldehyde in 
particular during the spring, at the new foliage �ushing 
and growth period (Janson et al., 1999; Rinne et al., 
2007; Rantala et al., 2015, Aalto et al. 2014, Karl et al., 
2004). Our understanding of their emission processes 
and our ability to model these emissions are lower than 
for terpenoid emissions. Also, more signi�cant aldehydes 
(C4-C10) have been measured in Norway spruce emissions 
(Hakola et al., 2017). These emissions reached the 
level of monoterpene emissions during late summer. 
Acetaldehyde and other oxygenated VOC emissions 
can be elevated in response to �ooding. As a result, 
their emissions are potentially higher in �ooded tropical 
lowlands, although it appears that plants that are 
routinely �ooded may not exhibit this emission behavior 
(Kesselmeier et al., 2009).

Virtually all vegetation emits methanol. Its emission 
can be related to growth via cell wall expansion 
(Nemecek-Marshall et al., 1995; Hüve et al., 2007, Aalto 
et al., 2014) or decay of vegetation (Warneke et al., 
2002). Methanol is also deposited on ecosystems, and 
this deposition seems to be connected to wet surfaces 

(Holst et al., 2010; Rantala et al., 2015; Schallhart et al., 
2018).

While many western hemisphere pines emit large 
amounts of 2-methyl-3-buten-2-ol (MBO), the emission 
from Scots pine, the major pine in the European boreal 
zone, is very small (Tarvainen et al., 2005; Hakola et al., 
2006).

4.1.3. VOC soil emissions
In addition to trees and other vascular vegetation, soils 
also emit VOCs. VOCs can be produced by understory 
vegetation, roots, decomposition processes, soil 
microbes, and vegetative litter concentrated in the 
organic soil layer in the soil and below-canopy layer. 
The litter decomposition strongly dominates boreal 
forest soil emissions, and thus the timing and emission 
rates correlate with the litter production of dominant 
species (Aaltonen et al., 2013). Soil emissions are often 
closely linked to soil moisture and temperature. Most 
tropical forest BVOC is primarily emitted from trees� 
foliage, but soil microbes can be a major source of some 
compounds, including sesquiterpenes (Bourtsoukidis et 
al., 2018). Methanol is often a dominant component of 
soil emissions (Penuelas et al., 2014).

4.1.4. Disturbances, land-use change, and global 
change in�uencing BVOCs
BVOC emission changes have important implications for 
global atmospheric chemistry (Weber et al., 2021). Model 
predictions of future BVOC emissions are uncertain in all 
landscapes, especially in the relatively understudied and 
highly diverse tropical forests. Plant species composition, 
total leaf area, solar radiation, temperature, soil 
moisture, and CO2 concentrations are expected to lead 
to signi�cant changes in BVOC emissions (Sindelarova et 
al., 2014). Conversion of tropical forests to pasture and 
cropland can substantially decrease emissions of isoprene 
and monoterpenes (Guenther et al., 2012). Isoprene 
responses to soil moisture and CO2 concentration have 
not yet been investigated in tropical landscapes, so 
models have assumed that tropical forests respond 
similarly to temperate vegetation (Guenther et al., 2012). 
Jardine et al. (2015a) report elevated emissions of stress-
induced BVOC, including C6 oxygenated VOC, in response 
to drought and high temperatures in the Amazon Basin. 
Relatively high emissions of ocimenes, highly reactive 
monoterpenes were also observed in response to high 
temperatures (Jardine et al., 2017). This behavior is 
not unique to tropical forests and has previously been 
observed in Mediterranean oak trees (Staudt and Bertin, 
1998). BVOC emission deviations driven by changes in 
species composition within tropical forests are likely 
to determine future BVOC. Still, there are currently no 
quantitative approaches for estimating these changes. 
Taylor et al. (2018) have recently shown that the fraction 
of isoprene emitters within a landscape is correlated with 
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average temperature and dry season length at a location 
and speculated on the ecological basis for this �nding.  
A better understanding of these relationships can 
inform how tropical forest BVOC emissions will respond 
to species composition change related to a changing 
climate (Weber et al., 2021).

It has long been known that wounding enhances 
monoterpene emission from monoterpene storing tree 
species (Juuti et al., 1990). Mechanical wounding by 
herbivorous insects leads to elevated emissions from 
monoterpene storing trees, while the effect on de novo 
emission is less clear (Ghimire et al., 2013). Physical 
disturbance of Betula pubescens leaves also causes very 
high emissions of cis-3-hexen-ol, cis-3-hexenylacetate, 
2-hexenal, and 1-hexenol (Hakola, 2001). However, 
monoterpene emissions from this de-novo monoterpene 
emitter are not affected. 

Ecosystem scale �ux data from a clear-cut commercial 
shows high monoterpene �uxes that can contribute 10% 
to the monoterpene emissions in heavily managed North 
European boreal regions (Haapanala et al., 2012). Locally, 
forestry operations can lead to enhanced monoterpene 
mixing ratios (Räisänen et al., 2008).

These studies clearly show that BVOC emissions are 
highly sensitive to land-use change, climate change, and 
other disturbances. Still, our limited understanding of 
the processes controlling the speci�c responses makes 
it dif�cult to quantitatively compare and contrast the 
response of tropical and boreal ecosystems to global 
change. The role of these disturbances in determining 
emission variations should be a priority for future research 
efforts. YÆæez-Serrano et al., 2020 show a decreasing 
trend of isoprene in Amazonia during the wet season, 
most likely due to forest biomass loss and an increasing 
trend of the sesquiterpene to isoprene ratio during the 
dry season suggest increasing temperature stress-
induced emissions due to climate change. Figure 4.1.3 
shows satellite-based isoprene �ux estimates from 

2005 to 2014 in Amazonia, derived from formaldehyde 
columns in the wet season, measured by the satellite-
borne OMI spectrometer.  It is possible to observe a 
decreasing trend of isoprene in the wet season of -0.42% 
per year. Similar results are observed from modeled 
isoprene �uxes. The decrease of isoprene �uxes during 
the wet season can be partly attributed to signi�cant and 
rapid changes in land cover (Acosta Navarro et al., 2014). 
Also, forest degradation due to deforestation (Bullock et 
al., 2020) can be associated with this effect.

4.1.5. Modeling BVOC emissions
The studies of tropical and boreal BVOC emission 
distributions and processes described in this section 
are integrated into global BVOC emission models used 
as inputs to numerical chemistry and transport models 
(Muller et al., 2008, Arneth et al., 2007, Guenther et al., 
2006). The accuracy of BVOC emission model predictions 
for boreal and tropical regions can be assessed by 
comparing the canopy, landscape, and global scale 
�eld observations. Emission models and canopy scale 
observations tend to agree within ~25% when site-
speci�c parameters are used in boreal and tropical 
landscapes (Rinne et al., 2007, Karl et al., 2007, Unger et 
al., 2013). Aircraft �ux observations, including direct eddy 
covariance measurements and indirect inverse modeling 
estimates, indicate that BVOC emission model estimates 
for boreal and tropical (Greenberg et al., 1999, Spirig et 
al., 2004, Karl et al., 2007) regions are within a factor 
of two of observations across regional scales. Satellite-
based estimates of formaldehyde distributions have 
been used to characterize regional isoprene emissions 
in tropical and boreal regions. They typically are within a 
factor of two of BVOC emission model estimates (Barkley 
et al., 2011, Stavrakou et al., 2009, Marais et al., 2012). 
Stavrakou et al. (2018) report the global distribution of 
isoprene emission trends for 2005 to 2015 and report 
that satellite-based estimates generally agree with 

Figure 4.1.3 Wet season satellite-based isoprene �ux estimates from 2005 to 2014 in Amazonia, derived from OMI formaldehyde 
columns. A decreasing trend of �0.42% per year for isoprene �uxes was observed during the wet season. Figure from YÆæez-Serrano 
et al., 2020.
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model estimates of emission responses to environmental 
change. While these results demonstrate some success in 
improving BVOC emission models during the past several 
decades, substantial uncertainties remain, especially 
for emission variability, stress-induced emissions, and 
climate and land cover changes (Weber et al., 2021).

4.2. TRACE GAS CONCENTRATIONS AND 
EMISSIONS
Forest emissions and the forest-atmosphere trace 
gas exchange in�uence the concentration of many 
atmospheric species such as CO2, CH4, CO, SO2, NOX, 
and O3. Photosynthesis and respiration control the 
concentrations and �uxes of CO2 over any forest. CH4 is 
also a critical gas because of its importance for the global 
radiation balance and its role in key processes that link 
soil-plant-atmosphere compartments. CH4 is emitted in 
large quantities in �ooded forests in Amazonia (Miller et 
al., 2007, Beck et al., 2012). Reactive trace gases such 
as NOX and O3 mediated by OH control many oxidation 
pathways in the atmosphere. O3 deposition over forests 
in an increasing global O3 concentrations framework 
affects CO2 exchange and Net Primary Productivity (NPP) 
(Ainsworth et al., 2012, Schultz et al., 2017, Paci�co 
et al., 2015, Pugh et al., 2019b). SO2 is important for 
the formation of new particles through atmospheric 
oxidation, even at very low concentrations (see sections 
3.3 and 4.4). NOX emissions and deposition affect the 
nitrogen cycle by fertilizing N-depleted ecosystems, and 
NOx is important for the isoprene oxidation pathways that 
produce signi�cant amounts of SOA in tropical forests (de 
SÆ et al., 2018, 2019, Liu et al., 2016, 2018, Yingjun et al., 
2016, 2018).

In the tropics, continuous and accurate in-situ 
concentration measurements of trace gases, such as CO2, 
CH4, CO, O3, NOX, SO2, are still scarce � foremost because 
of the complex environmental and logistical conditions 
that make the continuous operation of complex scienti�c 
equipment at a remote site challenging and expensive. 
In Amazonia, essentially all measurements done until 
a few years ago were either campaign-based or long-
term CO2 �ux measurements, providing highly relevant 
information on the amplitudes of daily and seasonal 
variations of trace gas concentrations as part of the 
�bottom-up� approach (e.g., Andreae et al., 2002; Araœjo 
et al., 2002; Querino et al., 2011; Oliveira et al., 2018; 
Saleska et al., 2003). Extending the spatial coverage 
for carbon �ux estimates, since the year 2000 and 
with some interruptions, bi-weekly to monthly airborne 
vertical pro�les were �own at heights from 300 up to 
7300 m a.g.l. at several locations throughout the Amazon 
basin (Gatti et al., 2010). Several trace gas species were 
measured, including CO2, CH4, and CO (Basso et al., 
2016; Gatti et al., 2014; Miller et al., 2007). Other large 
airborne and ground-based measurement campaigns, 
during which at least part of the abovementioned gas 

species was measured, including the 2008/2009 BARCA 
campaigns (e.g., Andreae et al., 2012; Lloyd et al., 2007, 
Beck et al., 2013), the 2014 ACRIDICON-CHUVA campaign 
(Wendisch et al., 2016, Machado et al., 2018, Schulz et 
al., 2018, Mei et al., 2020), SAMBBA (Morgan et al., 2020, 
Hodgson et al., 2017, 2018, Darbyshire et al., 2019) and 
the GoAmazon2014/5 campaign (Martin et al., 2016).

In the boreal forest region, trace gas concentrations 
are continuously measured at several sites as part of 
air quality monitoring (e.g., Anttila and Tuovinen, 2010). 
More comprehensive measurements are conducted 
in fewer locations. In Finland, measurements of trace 
gases are performed since the 1990s at two boreal forest 
sites: in Hyytiälä (Lyubovtseva et al., 2005) and Värriö in 
Finnish Lapland (Ruuskanen et al., 2003). In addition to 
ground-based measurements, airborne measurement 
campaigns have been organized to measure the vertical 
pro�les of trace gases in these locations, for instance, in 
connection with wild�re plumes (Leino et al., 2014).

The ZOTTO site (Heimann et al., 2014) is one of the 
measurement sites of the EUROSIBERIAN CARBONFLUX 
and �Terrestrial Carbon Observing Programme�Siberia 
(TCOS-Siberia)� projects (Heimann 2002). Before 
constructing the 304 m tall ZOTTO tower, most studies 
focused on eddy covariance �ux measurements (Lloyd 
et al., 2002a; Shibistova et al., 2002; Röser et al., 2002; 
Kurbatova et al., 2002). From 1998 until 2005 also regular 
vertical aircraft pro�les up to 3,000 m above the ground 
level recorded temperature, humidity, CO2 concentration, 
and stable isotopic composition, as well as concentrations 
of CH4, CO, H2, and N2O (Lloyd et al., 2002; Levin et al., 
2002) over the ZOTTO site. High-precision measurements 
of trace gases and aerosols started at the ZOTTO tower 
in 2006 (e.g., Kozlova et al., 2008; Kozlova and Manning, 
2009; Vivchar et al., 2009; Winderlich et al., 2010).

Regionally, trace gas concentration and aerosols 
measurements were conducted during ground-based 
campaigns, for example, during the �Trans-Siberian 
Observations Into the Chemistry of the Atmosphere� 
(TROICA) project in a mobile lab traveling on the Trans-
Siberian railroad (TROICA; e.g., Oberlander et al., 2002; 
Tarasova et al., 2006). Also, vertical aircraft pro�les 
were conducted either during campaigns on a regional 
scale such as YAK-AEROSIB (Paris et al., 2008, 2010) or 
locally at some of the Japan�Russia Siberian Tall Tower 
Inland Observation Network (JR-STATION) of towers (e.g., 
Sasakawa et al., 2010, 2013; Saeki et al., 2013).

4.2.1. Emissions of the trace gases CO2, CH4, and 
CO
Local and regional factors in�uence the seasonal variation 
of atmospheric trace gas concentrations by these gas 
species� ecosystem processes and their reactivity. Even 
in locations where the seasonal variations of some 
environmental drivers can be minimal (e.g., the length 
of day close to the equator), due to other factors such 
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as variations of the cloud cover intensity, frequency and 
intensity of precipitation or biomass burning events, the 
position of the ITCZ, etc., the background concentrations 
of most trace gases vary on seasonal (wet and dry 
season) and yearly scales (e.g., ENSO conditions-
dependent). As for a major part of Amazonia, the trade 
winds dominate the long-range transport of trace gases. 
It is important to note that even with its height of 325 m 
a.g.l. and its accordingly large fetch area, the ATTO tall 
tower footprint is strongly biased towards the NE-E-SE 
sectors (e.g., Pöhlker et al., 2019). No large-scale biomass 
burning, land-use change, or small cities are within the 
footprint of the ATTO tower.

In contrast to tropics, boreal regions exhibit a 
substantial seasonal variation in environmental 
variables, such as solar radiation and temperature. 
This largely determines the seasonal cycle of trace gas 
concentrations by affecting their sources and sinks, 
including emissions from vegetation, atmospheric 
oxidation, dilution due to boundary layer mixing, and wet 
and dry deposition. In addition, trace gas concentrations 
are affected by seasonal variation in the emissions from 
different pollutant sources, which are often higher in 
winter (e.g., Shtabkin et al., 2016). Furthermore, forest 
�res occurring in summer and long-range transport from 
polluted regions affect trace gas concentration levels in 
the boreal region. 

4.2.2. Concentrations of the trace gases CO2, CH4, 
and CO
The mole fraction of CO2 in boreal forests exhibits a strong 
seasonal cycle (amplitude 18�24 ppm) due to variations 
in the uptake of CO2 by the vegetation, reaching the 
highest values in midwinter and lowest in late summer 
(Kilkki et al., 2015). The diurnal variation is largest in 
summer (3�20 ppm) and smallest in winter (0�3 ppm). 
The general trend follows the global increase of CO2 of 
about 2 ppm/year. In 2017 the mole fraction in Pallas, 
northern Finland, was 415 ppm in winter and 390 ppm 
in summer. Locally the concentrations vary depending 
on local �uxes and air mass history (Kilkki et al., 2015). 
The concentration of CH4 is also increasing steadily. CH4 
concentration of 1,950 ppb was observed in Pallas in 
2017.  Forest regrowth plays an important role in global 
carbon sink dynamics. Pugh et al., 2018 found that it is 
not possible to understand the current global terrestrial 
carbon sink without accounting for the sizeable sink 
due to forest demography. They also imply that a large 
portion of the current terrestrial carbon sink is strictly 
transient. Tropical forest fragmentation results in habitat 
and biodiversity loss and increased carbon emissions 
(Hansen et al., 2020).

At ZOTTO, the CO2 seasonal cycle amplitude in the 
period from 2007�2015 was reported to be mostly 
between 25 and 30 ppm (Kozlova et al., 2008; Winderlich 
et al., 2010; Timokhina et al., 2018), which is higher than 

for many other continental sites at which the marine 
atmospheric in�uence is more pronounced (Winderlich 
et al., 2010). The annual CO2 growth rate is highly variable 
for the same period, with a mean value of 2.34 ppm/year 
(Timokhina et al., 2018). CH4 has an almost �at baseline, 
on which concentration spikes occur throughout the 
year. At the same time, in summer, they can be mostly 
attributed to biotic activity (mainly in the nearby bogs) 
and forest �res. The origin of the winter concentration 
spikes remains unclear (Winderlich et al., 2010, 2014).

In Amazonia, while the CO2 and CH4 growth rates 
at ATTO are comparable to global growth rates, the 
monthly-averaged absolute concentrations are typical 
for air masses under the in�uence of the Northern and 
Southern Hemisphere (NH and SH, respectively) that 
impacts in different seasons the air sampled at ATTO. 
The CH4 concentration is constantly about 50 ppb higher 
than for background sites in�uenced exclusively by SH air 
masses and only little (up to 20 ppb) below values of NH 
background sites. During austral summer (wet season), 
this is due to the ITCZ being at the southern border of 
Amazonia, south of ATTO, which is mostly in�uenced by 
NH air masses (see Andreae et al., 2015). In austral winter 
(dry season), when ATTO is in the SH atmosphere, the CH4 
concentrations remain high due to enhancements from 
local to regional CH4 sources: wetlands, diffusion, and 
ebullition from rivers and reservoirs (e.g., Sawakuchi et 
al., 2014; Wilson et al., 2016), sided by tree-mediated 
soil (Pangala et al., 2017) and biomass burning emissions 
(e.g., Andreae et al., 2012). For CO2, the temporal 
evolution of its concentration is in line with the NH/SH 
alternation described above and increased uptake in the 
Amazon compared to both NH and SH during the wet 
season, when the concentration at ATTO is lower than for 
both (see Andreae et al., 2015).

CO exhibits a seasonal cycle in boreal forests, with 
the highest concentrations in winter (January�February) 
and the lowest in late summer (July�August). At the 
ZOTTO site, the seasonal averages of background CO 
concentrations range from ca. 90 ppb to 160 ppb (Chi 
et al., 2013). The diurnal variation of CO concentration is 
typically weak in remote boreal forests (Chi et al., 2013). 
In Finnish boreal forests, CO concentration has decreased 
considerably during the last decades due to combustion 
emission reductions (Anttila and Tuovinen, 2010). The 
average summertime CO concentration in Hyytiälä is ca. 
120 ppb (Leino et al., 2014).

In Amazonia, the diurnal variation of CO2, CH4, and CO 
(monthly averages) is in�uenced by the air intake height, 
time of day and year, biological activity, and other 
environmental drivers. Generally, CO2 and CO accumulate 
in the nighttime with a positive gradient with height (up 
to about 100 ppm and 20 ppb, respectively). During 
the daytime, they are mainly vertically mixed (Gatti et 
al., 2021). CO displays relatively stable concentrations 
around 120 ppb in the wet season and on average about 
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50 ppb higher during the dry season; the occasional larger 
and shorter CO peaks are related to biomass burning 
and can � depending on the event�s proximity � have an 
amplitude of several 100 ppb (Andreae et al., 2012, Gatti 
et al., 2021). The diurnal variation of CH4 is similar to the 
one of CO2 but less pronounced; with up to 40 ppb, it is 
largest from August to October and lowest in the period 
November � April with up to ~ 10 ppb. In contrast to CO2, 
during the nighttime of the months� May to October, 
the CH4 pro�le displays a negative gradient with height, 
which suggests above canopy CH4 advection from most 
likely local sources (i.e., wetlands/water bodies), followed 
by homogenization by vertical mixing after sunrise (Botía 
et al., 2020).

4.2.3. Concentrations of the trace gases O3, NOx, 
and SO2

For both wet and dry seasons at the ATTO site, the 
diurnal variation of O3 concentrations shows a similar 
pattern, increasing from the morning to peak around 
14:00 LT and subsequent decrease due to deposition 
and chemical reactions. The difference is that in the 
dry season (Aug�Sep 2013), the maximum values of 
~ 12 ppb are about 4 ppb larger than those in the wet 
season (Feb 2014) (Andreae et al., 2015). A similar 
observation was made by Bela et al. (2015) when they 
measured O3 concentrations of <20 ppb to the west and 
north in both seasons and all investigated regions of the 
Amazon basin during the wet-to-dry transition season. 
In contrast, they observed elevated O3 concentrations of 
40�60 ppb to the east and south of Manaus in the dry-
to-wet transition when biomass-burning O3 precursors 
were present. Oliveira et al. (2018) have concluded that 
intermittent turbulence may produce very large �uxes 
and affect concentrations of CO2 and O3 from near the 
stable boundary layer top down to the middle of the 
canopy. Paralovo et al. (2019) report measurements 
in a semi-urban environment in the Amazon region, 
concentrations of nitrogen dioxide (NO2): 0.10�23 and 
0.30�6.1 μg m�3, sulfur dioxide (SO2): 0.12�3.7 and 
0.14�15 μg m�3, and ozone (O3) 1.4�14 and 1.0�40 μg 
m�3, during the wet (March�April 2014) and dry season 
(August�October 2014), respectively.

The concentration of O3 has a clear seasonal cycle 
in boreal forests, with the highest concentrations in 
spring (March�May) and the lowest concentrations in 
late autumn (October�November) (Lyubovtseva et al., 
2005; Chen et al., 2018). In Hyytiälä, monthly mean 
O3 concentrations range from ca. 20 ppb to 40 ppb. At 
ZOTTO, in the period 2007�2012, monthly mean O3 
concentrations range from ~ 15 to ~ 50 ppb, with the 
maximum in April and a �at minimum from September 
to January (Moiseenko et al., 2018). At many boreal 
forest sites, an increasing trend is seen in the spring-time 
maximum concentrations of O3 (Karlsson et al., 2007). 
The diurnal pattern of O3 exhibits a maximum in the late 

afternoon and a minimum in the early morning in boreal 
forests (Lyubovtseva et al., 2005).

In pristine tropical rainforests, the level of NOx (NOx 
� NO + NO2) is very low as anthropogenic sources are 
absent. Furthermore, the NO (nitric oxide) emitted by 
soils reacts with O3 to NO2 (nitrogen dioxide) inside the 
canopy, while NO2 photolysis is low due to the shading 
of the canopy. Within the high and dense rain forest 
canopy, the produced NO2 deposit on leaves, reducing 
the contribution to the nitrogen oxide levels above the 
canopy (~ 70% reduction (Jacob and Wofsy, 1990)), as 
O3 formation in remote tropical regions are generally 
NOx-limited (VOCs are not limiting factor in these 
environments). The amount of NOx escaping the canopy, 
produced by lighting, transported from anthropogenic 
sources, and biomass burning will determine the levels 
of O3 being photochemically produced. In the absence of 
strong sources, Jacob and Wofsy (1990) show that O3 is 
photochemically produced from soil NOx just above the 
canopy, but photochemical destruction in the remainder 
of the boundary layer, therefore having a minor net 
effect in pristine conditions. A  modeling study (Scott et 
al., 2018a) also show that over the pristine rainforest, 
the direct reaction of O3 with BVOCs outcompetes its 
formation involving BVOCs and NOx due to NOx-limited 
conditions. 

The NOx concentration in boreal forests has a 
maximum in winter (December�February) and a 
minimum in summer (June�August) due to the 
seasonal variation of radiation and differences in long-
range transport in different seasons. In Hyytiälä, the 
monthly means of NOx concentration vary between ca. 
0.5 and 3.5 ppb (Lyubovtseva et al., 2005). On a daily 
scale, NOx concentration is the lowest during daytime 
and the highest at night. In Finnish boreal forests, NOX 
concentrations have declined at the rate of ~3�4%/year 
during the last decades (Anttila and Tuovinen, 2010). 
Vivchar et al. (2009) report NOx concentrations at ZOTTO 
for March to August 2007 to be from <0.11 to 7.63 ppb, 
with a median value of 0.37 ppb.

SO2 is relatively low in boreal forests. The median 
concentration during 1997�2012 in Hyytiälä was 0.17 
ppb (Nieminen et al., 2014). There is a clear seasonal 
cycle with the highest concentrations in winter (January�
February) and the lowest in summer (May�October). A 
decreasing trend is seen in SO2 mixing ratios over the 
boreal forest region, mainly due to air quality measures 
(Anttila & Tuovinen, 2010). In Hyytiälä, the trend is �1.6%/
year, and an even faster decrease are observed in Värriö, 
Finnish Lapland, which is affected by Russian industrial 
activities (Kyrö et al., 2014).

H2SO4 is produced in the atmosphere by the oxidation 
of SO2. The main gas-phase oxidant is OH, although 
other oxidants, like Criegee intermediates, might also 
play a role (Mauldin et al., 2012). The long-term trends 
in H2SO4 concentrations have been investigated using an 
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H2SO4 proxy based on its sinks and sources (Petäjä et al., 
2009). The median molecular concentration of H2SO4 in 
Hyytiälä during 1997�2012 was 8.1 • 105 cm�3 (Nieminen 
et al., 2014). The H2SO4 proxy has a strong seasonal 
variation with the highest concentrations in winter (Jan�
March) and the lowest during the summer, although a 
smaller secondary maximum is observed in autumn. 
The decrease in SO2 is also re�ected in decreasing H2SO4 
concentrations of �1.4%/year (Nieminen et al., 2014).

Based on trajectory analysis, high NOx and SO2 
concentrations in Finnish boreal forests are associated 
with air arriving from Eastern Europe, especially over 
Baltic countries, and St. Petersburg, pointing towards the 
importance of long-range transport of anthropogenic 
emissions (Riuttanen et al., 2013). In addition, elevated 
trace gas concentrations are linked to forest �res. 
Eastern European wild�res have been found to increase 
CO concentration over Finland by 50�160%. Elevated 
levels of CO2, SO2, O3, and NOx have also been observed 
in wild�re plumes (Leino et al., 2014), and emissions, as 
well as air quality issues, could be expected to increase 
(Carvalho et al., 2011).

4.2.4. Land atmosphere exchange of CO2, CH4, and 
H2O in forests
Boreal forests store one-third of the global terrestrial 
carbon pool and play a signi�cant role in global carbon 
and water cycles and climate (Bonan, 2008, Savage et al., 
1997). Forests exchange large amounts of carbon dioxide 
(CO2) via photosynthesis and decomposition in the boreal 
region. Methane (CH4), as the second most important 
greenhouse gas after CO2, is emitted from methanogenic 
organisms living in soil, biomass, plant litter, and woody 

debris under anoxic conditions in boreal forests (Keppler 
et al., 2006; Mukhin and Voronin, 2008). Meanwhile, it is 
consumed by methanotrophic microbial communities 
on the forest �oor (Lohila et al., 2011). The water vapor 
(H2O) �ux from boreal forests to the atmosphere, also 
called evapotranspiration (ET), is a vital component of 
the terrestrial energy and water cycle (Jung et al., 2010). 
It is the second-largest component of the hydrological 
cycle after precipitation (Oki and Kanae, 2006; Trenberth 
et al., 2007). Several studies have shown that the impact 
of deforestation on rainfall depends on the deforested 
area (Chambers and Artaxo, 2017).

Boreal forest ecosystems have been identi�ed as a sink 
for atmospheric CO2 (Baldocchi et al., 2018; Luyssaert 
et al., 2007), with a mean (– standard deviation, SD) 
annual net ecosystem exchange (NEE) of �84 – 110 g C 
m�2 a�1 (Figure 4.2.1a). They are commonly a sink for CH4 
with the forest �oor of upland boreal forests providing a 
mean net uptake rate of about �0.27 – 0.36 g C-CH4 m

�2 

a�1 (Figure 4.2.1b) (Ni and Groffman, 2018). Meanwhile, 
boreal trees are recently identi�ed as an additional 
signi�cant but small source of CH4 corresponding to 
~1% of the forest �oor uptake (Machacova et al., 2016). 
In terms of ET magnitude, roughly two-thirds of the 
annual precipitation in boreal forests is returned to the 
atmosphere via ET, accounting for approximately 10% 
of global ET (Schlesinger and Jasechko, 2014). The 
annual amount of incoming precipitation is often more 
signi�cant than the amount of water lost via ET, resulting 
in an overall positive water balance for these ecosystems. 
The inter-annual variability of CO2, CH4, and H2O �uxes 
in the boreal forests is relatively smaller compared to 
temperate and tropical forests. It is generally attributed 

Figure 4.2.1 Histograms of annual net ecosystem exchanges of CO2 and CH4 in boreal forests from 1990 to 2015. (a) annual NEE �ux 
data collected from a literature synthesis. (b) Annual CH4 data were compiled based on Ni and Groffman (2018).
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to the variations of incoming radiation, air temperature, 
precipitation, atmospheric demand for vapor, and soil 
temperature and moisture (Baldocchi et al., 2018; Law 
et al., 2008; Sundqvist et al., 2015; Williams et al., 2012).

Tropical forests are a central component of the Earth 
system, critically regulating many processes in the global 
climate by their considerable contribution to global land 
surface ET and cycling more CO2 than any other biome 
(Gloor et al., 2012, Friedlingstein et al., 2019). It seems 
all components of the carbon balance are substantially 
larger in the tropics compared to other biomes (Malhi 
et al., 1999). Overall, tropical forests account for gross 
primary productivity (GPP) of about 41 Pg (~33% of 
the global GPP) of carbon per year (Pg C a�1), with an 
additional 31 Pg C a�1 (~25% of the global GPP) taken up 
by tropical savannas and grasslands (Beer et al., 2010). 
Above-ground carbon storage in tropical forests is about 
190 Pg (Saatchi et al., 2011), about 34% of the storage in 
terrestrial ecosystems.

Given the importance of the forests in the global 
carbon and water cycles, concerns about climate 
change and human disturbances effects in these forests 
have stimulated renewed interest in and created an 
unprecedented demand for information about their 
structure and functioning, both in pristine conditions 
and subject to disturbances such as forest management, 
deforestation, and land degradation. While intact tropical 
forests are estimated to be Earth�s largest continental 
carbon sink (Pan et al., 2011; Phillips et al., 2009, Ometto 
et al., 2005), the stability of this sink is susceptible to a 
warming climate and disturbance processes (Lenton et 
al., 2008). Recent work based on long-term biomass plot 
monitoring provides evidence that the forest carbon sink 
is declining (Brienen et al., 2015, section 4.2.6). However, 
because plot networks sample only a small fraction 
of vast regions over a limited period, disturbances at 
timescales of decades or longer may not be sampled, 
potentially leading to overestimates of biomass increase 
(Chambers et al., 2009; Davidson et al., 2012; Lloyd et 
al., 2009).

Because of the total metabolic activity and of the 
large extension of tropical and boreal forests, a small but 
systematic bias in an eddy covariance �ux estimate of 8 
g C m�2 a�1 would propagate to more than 2 Pg C a�1 at the 
global scale, which illustrates the accuracy requirements 
of �ux data for estimating global annual means (Jung et 
al., 2011). For CO2, CH4, and H2O data to be suitable for 
inverse modeling (�top-down� approach), measurements 
must be continuous and well-calibrated, representing 
part of the relatively well mixed planetary boundary layer 
conditions during daytime and the residual layer during 
nighttime. This condition can be attained with the help 
of tall towers (e.g., Winderlich et al., 2010). In the boreal 
region, such towers are available, e.g., the 150 m tall 
tower within the research infrastructure ICOS (e.g., Chi et 
al., 2019). Since 2012, continuous and vertically resolved 

measurements of O3, H2O, CO2, CH4, and CO (the latter 
three species also as high accuracy measurements) 
are available from an 80 m-tall tower at the ATTO site 
(Andreae et al., 2015 or see section 2). The 325 m-tall 
tower increases the regional representativeness of 
ATTO measurements, further closing the gap between 
ground-based and airborne in-situ and remote sensing 
observations and providing an Amazon-wide unique 
research platform (Andreae et al., 2015).

4.2.5. Geographical and seasonal variability for 
CO2, CH4, and H2O in boreal forests
The boreal biome is characterized by strong seasonality 
in incoming solar radiation with snow and soil frost during 
the winter. While the seasonal pattern of the incoming 
radiation is dependent on latitude, the seasonality in air 
temperature, snow, and soil frost varies geographically 
and temporally. Given this, CO2, CH4, and H2O �uxes in 
boreal forests have very strong seasonal variations.

During the spring and autumn transition seasons, 
speci�c weather conditions are particularly important 
in controlling the seasonal and annual carbon and 
water �uxes. More speci�cally, the boreal spring is often 
characterized by high incoming solar radiation while the 
soil still is frozen, delaying ecosystem GPP until the soil 
frost thaw and also contributing typical season pattern of 
a lagged ecosystem respiration Reco to GPP (Baldocchi et 
al., 2018). Many studies have demonstrated that earlier 
and warmer springs increased the boreal forest carbon 
sink strength signi�cantly (e.g., Barr et al., 2002; Dunn 
et al., 2007; Kljun et al., 2007; Pulliainen et al., 2017). 
In contrast, the autumn period in the boreal regions is 
characterized by diminishing incoming solar radiation 
reducing the potential for photosynthesis. At the same 
time, soil, and air temperatures above zero degrees 
promote both autotrophic and heterotrophic respiration. 
These conditions usually lead to net CO2 emissions during 
autumn periods (Öquist et al., 2014).

During the summer period, which is commonly 
characterized by suf�cient incoming radiation and 
relatively high temperature, the CO2 sink strength of 
boreal forests may be further determined by water 
availability but with varying responses across forest 
stands (e.g., Law et al., 2001). In comparison, the net CH4 
uptake rates are generally highest during the summer 
due to higher temperatures and drier soils. Forest soils 
may also periodically act as net CH4 sources, e.g., during 
water-logged conditions (Lohila et al., 2016). In addition, 
during the snow-free growing season, ET is a major water 
loss pathway in boreal forests and can often exceed the 
amount of incoming precipitation (Sarkkola et al., 2013; 
Wang et al., 2017).

During the long winters with low incoming radiation, 
frozen soils, and precipitation in the form of snow, 
ecosystems are sources of CO2 and CH4 for approximately 
four-�ve months (Nov�Feb) (Treat et al., 2015; Zona et 
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al., 2016) and have reduced tree transpiration which 
otherwise is a major �ux component of ET (Jasechko et 
al., 2013). However, the winter ecosystem respiration has 
been inferred to be declining over recent decades due 
to decreased snowpack, which might enhance the CO2 
sink strength in boreal forests (Yu et al., 2016). Despite 
reduced transpiration during the winter months, trees in 
boreal forests can intercept a large amount of snow in 
their canopies, which in turn can be directly lost back 
to the atmosphere during the process of sublimation 
and/or evaporative water losses. Previous studies in 
seasonally snow-covered ecosystems have shown that 
water losses via snow interception ranges represent, on 
average, ca. 20% of wintertime precipitation (Kozii et al., 
2017). Moreover, the boreal ecosystems are experiencing 
rapid climatic changes (Chapin et al., 2005; IPCC, 2014), 
and even slight alterations in the timing and magnitude 
of precipitation could lead to a negative water balance 
and enhanced water stress for tree growth in boreal 
forests (Barber et al., 2000; Ma et al., 2012; Peng et al., 
2011).

Besides the biophysical controls (i.e., weather 
conditions), forest management practices such as 
fertilization, drainage, and thinning/clearcutting also 
signi�cantly alter the boreal forest CO2, CH4, and H2O 
�uxes. As boreal forests are severely nutrient-limited, 
adding fertilizers can increase the CO2 uptake, i.e., 
biomass production, by up to 25�30% (Bergh et al., 
2014; Lim et al., 2015) but meanwhile suppress the CH4 
uptake rates by the forest �oor (Maljanen et al., 2006). In 
certain parts of the boreal region, drainage of wet soils 
is a common practice to enhance tree growth. There 
is still signi�cant uncertainty regarding the net effect 
on the carbon and greenhouse gases (GHG) balances 
from the increased decomposition of drained peat and 
increased carbon uptake in the vegetation (Lohila et 
al., 2011; Minkkinen et al., 2018; Sikstrom and Hokka, 
2016). Thinning and clearcutting mainly introduce 
spatial variability within the forest stands, creating 
various carbon source and sink locations following each 
harvest operation and forest regeneration sequence. 
Speci�cally, recent clear-cut areas usually act as sources 
of CO2 and CH4 (Coursolle et al., 2012; Lee et al., 2002; 
Strömgren et al., 2016; Sundqvist et al., 2015). There is 
currently a scienti�c debate on the effects on the forest 
carbon exchange from the two different forest biomass 
extraction practices, clear-cut and continuous cover 
forest, with the latter being promoted to reduce GHG 
emissions associated with clear-cutting (Lundmark et al., 
2016).

Given the important role trees play in ET (Jasechko et 
al., 2013), the continuous cover forest has been suggested 
as a way to reduce soil moisture in boreal forests to 
enhance tree growth while at the same time minimize 
the negative effects of enhancing GHG emissions as a 
result of ditching/drainage (Stenberg et al., 2018).

Natural disturbances, such as wild�res, droughts, 
and insects, are identi�ed as important drivers of the 
boreal forest carbon and water balances in some boreal 
regions, i.e., mostly North America and Siberia (e.g., 
Amiro, 2001; Williams et al., 2016). Fires cause signi�cant 
instantaneous carbon losses to the atmosphere and 
enhance water stress in the ecosystem, while the post-
�re recovery might lead to enhanced CO2 and CH4 uptake 
(Bond-Lamberty et al., 2007; Köster et al., 2017; Yue et 
al., 2016).

Boreal forests generally have a positive water balance 
and act as a net sink for atmospheric CO2 and CH4 at 
the ecosystem scale. However, their annual �uxes vary 
signi�cantly with individual forest stands depending 
on forest age, nutrient availability, and local climate 
conditions (Barber et al., 2000). Given the complexity 
and heterogeneity of boreal forests, there are still gaps 
in estimating the carbon and water budgets, especially 
upscaling to larger spatial scales. At the global scale, the 
highest rates of warming in northern latitude (IPCC, 2013) 
will result in a progressive lengthening of the growing 
season due to earlier springs and delayed autumns 
(Bunn et al., 2007; Richardson et al., 2013). Boreal forests 
may also be experiencing a wetter condition in Europe 
and Asia but drier in parts of North America (Greve et 
al., 2014). Such changes can have cascading effects 
on the carbon and water cycles in these ecosystems 
(Forkel et al., 2016), resulting in greater water limitation 
for plant growth in the dry areas (Barber et al., 2000). 
With increasing temperatures, there is a corresponding 
lengthening of the evaporative period leading to greater 
snow sublimation (Kozii et al., 2017) and, in turn, 
potentially enhanced soil water de�cit over the early 
and middle portion of the growing season (Barnett et al., 
2005; Jepsen et al., 2012), which may affect the carbon 
budget by reducing CO2 uptake. Additionally, temporal 
shifts to earlier snowmelt when evaporative demand is 
low and trees are still dormant will result in more water 
being lost as runoff, thereby reducing soil moisture in the 
later part of the growing season (Barnett et al., 2005). 
Such changes in the hydrological cycle may help explain 
the current widespread pattern of reduced productivity 
(Barber et al., 2000; Ma et al., 2012) and increased tree 
mortality (Peng et al., 2011) in North American boreal 
forests.

4.2.6. Exchange of CO2, CH4, and H2O in tropical 
forests
General questions about how tropical forests exchange 
carbon and other trace gases with the atmosphere, 
variability from seasonal to interannual scales, and how 
changes in land use affect carbon balance are currently 
being addressed for all tropical regions (Ciais et al., 
2011; Gloor et al., 2012; Grace et al., 2014; Patra et al., 
2013; Valentini et al., 2014). Most studies and efforts 
are focused on the Amazon region, largely because of 
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strong institutional developments and international 
collaboration projects stimulated during extensive 
experiments such as the LBA research program (Keller 
et al., 2004, Oliveira et al., 2007). One of the legacies of 
the LBA program was the establishment of a network of 
eddy �ux towers in the Amazon that provides important 
knowledge about the characteristics of energy, water, 
and carbon �uxes throughout the region (Araœjo et 
al., 2002; Borma et al., 2009; Saleska et al., 2003; von 
Randow et al., 2004). While terrestrial surface models 
have historically represented the Amazon ecosystem 
undergoing water stress, predicting declines in 
evapotranspiration and photosynthesis during the dry 
season, measurements in the Amazon towers seem 
to show a very little decline and even a slight increase 
in evapotranspiration and photosynthesis (related to 
greater availability of solar radiation) in the dry season 
(Restrepo-Coupe et al., 2013). However, towers in the 
southern part of the Amazon, with semi-deciduous 
forests or transition areas to the savanna and towers 
in deforested areas show evident declines in the �uxes 
during the dry season and signs of water stress, also 
related to a more intense dry season in these places (da 
Rocha et al., 2009; von Randow et al., 2004). Inundated 
tropical forests are underrepresented in analyses of the 
global carbon cycle and constitute 80% of the surface 
area of aquatic environments in the lowland Amazon 
basin. The CO2 �ux from the water in the �ooded forest 
is about half of the net primary production of the forest 
estimated from the literature (Amaral et al., 2020).

von Randow et al. (2013) analyzed general relationships 
between annual �uxes of carbon and water with climate 
variables, as measured at the Amazonian LBA forest 
towers and as an ensemble means of model simulations. 
Data from 13 site-years of Net Ecosystem Exchange 
(NEE) of carbon against annual total precipitation (P) and 

a combined dryness index (D = Rn / � P, where � = 2.45 
MJ / kg is the latent heat of vaporization and Rn is the 
net radiation), are presented in Figure 4.2.2. In general 
terms, sites with low annual rainfall have lower C uptake 
than sites with high precipitation; dry years may result 
in a carbon source to the atmosphere (Gatti et al., 2014; 
Saleska et al., 2003; Zeri et al., 2014). This results in a 
pattern of higher net uptake at sites/years with higher 
annual rainfall or less D, which is partially captured by 
the models (von Randow et al., 2013, Silva Camila et al., 
2018).

These estimates, performed at Terra Firme intact forests 
of the Brazilian Amazon, are corroborated by permanent 
plot measurements throughout the whole region, 
resulting in about 0.3 Pg C of carbon taken up per year in 
the undisturbed forest for non-drought years. Conversely, 
deforestation emitted about 0.24 Pg C per year in 2010 
(Aragªo et al., 2014). During drought years, carbon 
emissions increased by approximately twofold [0.46 Pg 
C per year], and drought-related carbon emissions from 
tree mortality and forest �res during extreme drought 
events become critically important, contributing to 48% 
of the total Brazilian Amazonia emissions. Several studies 
also show that clouds and precipitation are closely linked 
to carbon dynamics in tropical forests. Analysis of future 
warming and enhanced CO2 on the vegetation-cloud 
interaction shows high sensitivity of tropical forests to 
enhanced CO2. With elevations in CO2, plant transpiration 
is reduced due to stomatal closure, resulting in reduced 
latent�� and increased sensible heat �uxes. Elevations 
in temperature yielded opposite results with reduced 
sensible and increased latent heat �uxes, which reduced 
the turbulent kinetic energy and buoyancy rates, thereby 
negatively impacting cloud formation (Sikma et al., 2019).

 Long-term analysis of 321 plots over Amazonia 
reveals that the net aboveground biomass, productivity, 

Figure 4.2.2 Annual Net Ecosystem Exchange (NEE) of carbon measured in Amazon �ux towers at pristine forests, in the period 
1999�2006, compared to measured rainfall and dryness index. Figure adapted from von Randow et al. (2013) (minus sign represents 
net carbon uptake by the forest here).
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and mortality show clear trends (Brienen et al., 2015). 
The most important is the large increase in tree mortality 
attributed to an increase in climate extremes, particularly 
the droughts of 2005 and 2010. Rates of the net increase 
in above-ground biomass declined by one-third during 
the past decade compared to the 1990s. The observed 
decline of the Amazon sink diverges markedly from the 
recent increase in terrestrial carbon uptake at the global 
scale, driven mainly by boreal forests.

Figure 4.2.3 shows long-term (1985 to 2020) 
measurements of net biomass change, productivity, and 
biomass mortality in Amazonia. It shows remarkable 
changes in the carbon allocation in Amazonia, with an 
increase in biomass mortality, possibly by an increase in 
climate extremes or increasing temperatures (Brienen et 
al., 2015).

Hubau et al., 2020 analyzed structurally intact 
tropical forests from Africa and Amazonia from 1985 
to 2014. The carbon sink in live aboveground biomass 
in intact African tropical forests has been stable for the 
three decades to 2015, at 66 g C m�2 a�1, in contrast 
to the long-term decline in Amazonian forests. The 
difference is primarily driven by carbon losses from tree 
mortality (similar to Brienen�s analysis in Figure 4.2.3), 
with no detectable multi-decadal trend in Africa and 
a long-term increase in mortality in Amazonia. Both 
continents show increasing tree growth, consistent 
with the expected net effect of rising atmospheric CO2 
and air temperature. A model including carbon dioxide, 
temperature, drought, and forest dynamics accounting 
for the observed trends indicates a long-term future 
decline in the African sink.

Figure 4.2.3 Time series of net biomass change, productivity, and biomass mortality from 1985 to 2010 in Amazonia, showing an 
increase in tree mortality that brings the net biomass change close to zero in recent years. Shading corresponds to the number of 
plots included in the calculation of the mean, varying from 25 plots in 1983 (light grey) to a maximum of 204 plots in 2003 (dark 
grey). Figure from Brienen et al., 2015.
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In contrast to African tropical forests, the Amazonian 
sink continues to weaken rapidly (Mitchard et al., 
2018). Tree mortality is the main difference for the two 
tropical forests, with a much higher mortality increase 
in Amazonia. Given that the global terrestrial carbon 
sink is increasing in size, independent observations 
indicate greater recent carbon uptake into the Northern 
Hemisphere landmass (Friedlingstein et al., 2019). 
Mitchard, 2018 details the impact of climate change on 
the tropical forest carbon cycle and shows that in the 
near future, tropical forests are likely to become a carbon 
source, owing to continued forest loss and the effect of 
climate change on the ability of the remaining forests to 
capture excess atmospheric carbon dioxide.

Recent works using several techniques such as remote 
sensing, forest inventory plots, atmospheric inversions, 
and modeling shows that Amazonia could already be 

a carbon source, at least for parts of the basin (Gatti 
et al., 2021, Qin et al., 2021, Mitchard et al., 2018). Qin 
et al. calculates the above-ground biomass (AGB) and 
indicates that forest degradation has become the largest 
process driving carbon loss in Amazonia. They show that 
during the period 2010�2019, the Brazilian Amazon had 
a cumulative gross loss of 4.45 Pg C against a gross gain 
of 3.78 Pg C, resulting in a net AGB loss of 0.67 Pg C. Forest 
degradation (73%) contributed three times more to the 
gross AGB loss than deforestation (27%), given that the 
areal extent of degradation exceeds that of deforestation. 
Gatti et al., 2021 analyzed 590 vertical aircraft pro�les 
from 2010 to 2018 with high precision CO2 and CO 
measurements. They show that in the Eastern Amazonia 
region, the carbon lost by deforestation was 0.20 PgC y�1. 
Forest degradation lost 0.11 PgC y�1, resulting in a total 
carbon loss in the region of 0.31 PgC y�1. They explored 

Figure 4.2.4 Long-term carbon dynamics of structurally intact old-growth tropical forests in Africa and Amazonia from 1985 to 2014. 
In (a) Trends in net aboveground live biomass carbon. In (b), the carbon gains to the system from wood production. In (c), carbon 
losses from the system from tree mortality. Shading corresponds to the 95% CI, with darker shading indicating a greater number of 
plots monitored in that year (the lightest shading indicates the minimum 25 plots monitored).  Figure from Hubau et al., 2020.
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the effect of climate change and deforestation trends 
on carbon emissions and found that the intensi�cation 
of the dry season and an increase in deforestation seem 
to promote ecosystem stress, increase in �re occurrence, 
and higher carbon emissions in the Eastern Amazon. 
They also report an increase in tree mortality as a result 
of climate change, with higher temperature, increases 
in climate extremes, and lower precipitation, consistent 
with Brienen et al., 2015 and Hubau et al., 2020. This is 
consistent with the Brazilian Annual Land Use and Land 
Cover Mapping Project (MapBiomas Amazonia 2.0) and 
long-term inventories based on carbon stock estimates. 
Deforestation and climate change affect carbon sinks, 
and both vary geographically over the Amazon region.

Overall, these studies indicates that the Amazon could 
be acting as a carbon source (losses to the atmosphere) 
of 0.30 – 0.20 Pg C y�1, where mean �re emissions 
represent 0.39 – 0.20 Pg C y�1  and a mean forest uptake 
represents �0.20 – 0.15 Pg C y�1 (Gatti et al. 2014; Feng et 
al. 2017; Baccini et al. 2017; Assis et al. 2020; Gatti et al. 
2021, van der Laan-Luijkx et al. 2015; Alden et al. 2016).

Considering methane �uxes before agricultural 
intensi�cation and industrialization, wetland emissions 
likely account for most global budgets, with strong 
contributions from Amazonia. Natural wetland variability 
may control the interannual variability of CH4 �ux to the 
atmosphere (Gedney et al., 2004). Tropical wetlands, 
including areas of peat deposits with very high (and 
potentially vulnerable) carbon stocks, cover vast areas 
in tropical forest regions (Page et al., 2011). Studies of 
wetland areas during the LBA revealed that about 20% 
of the Amazon basin, especially at the end of the wet 
seasons, has wetland character and may contribute 
5% of global CH4 emissions (Hess et al., 2003; Melack 
et al., 2004). And it is important to highlight that these 
processes may still shift in response to changes in the 
water cycle and Amazonian landscape resulting from 
changes in climate and land use.

Based on satellite observations of atmospheric 
column-averaged methane for the 2010 drought and 
subsequent 2011 wet year, Saito et al. (2016) conclude 
that there are indications of an increase in atmospheric 
CH4 over the southern Amazon region during the 2010 
drought compared to the 2011 wet year. They attribute 
this increase to emissions from biomass burning driven by 
intense drought, combined with carbon monoxide, which 
shows seasonal variations corresponding to methane. 
Similarly, van der Laan-Luijkx et al. (2015) �nd by way 
of numerical analysis, combining CO2/CO aircraft vertical 
pro�le measurements, satellite observations of CO, a 
burned area, and �re hot spots, that the hydrological 
cycle will be an important driver of future changes 
in Amazonian carbon exchange. Based on 13 years 
of regularly measured CH4 aircraft pro�les above the 
eastern Brazilian Amazon, Basso et al. (2016) �nd that 
CH4 �uxes are highest at the beginning of the wet season 

and during the dry season. Using a CO:CH4 emission 
factor estimated from the pro�le data, they estimated 
a contribution of biomass burning to be around 15% to 
the total �ux in the dry season, indicating that biogenic 
emissions dominate the CH4 �ux. Considering its spatial 
heterogeneity, it is clear that more observation sites are 
needed for a better understanding of CO2 and CH4 �uxes 
over Amazonia (e.g., Molina et al., 2015).

Tropical forests also play a critical role in controlling 
the emission of nitrous oxide (N2O) and methane (CH4), 
two other key greenhouse gases, and also in�uence 
exchanges of organic compounds, including isoprene, 
monoterpenes, sesquiterpenes, and a wide range of 
oxygenated compounds collectively known as BVOCs 
(YÆæez-Serrano et al., 2020, Yee et al., 2020). These 
oxygenated compounds indirectly in�uence climate 
through atmospheric chemical reactions that generate 
or remove ozone or consume hydroxyl radical (OH), 
the main sink for CH4. Thus, the interplay between 
their atmospheric distributions determines the lifetime 
of this strong greenhouse gas. Estimates of emission 
of N2O in broadleaf forests and woody savannas are 
over 1.6 Tg of N2O, the vast majority coming from the 
tropics. This amount equals the sum of all other cover 
types combined (Zhuang et al., 2012). Forests are one 
of the largest sources of N2O emissions, with the highest 
contribution from tropical forests due to high nitrogen 
turnover. A recent systematic literature survey for Brazil 
also revealed the highest N2O �uxes for Amazonian and 
Atlantic rain forests (Meurer et al., 2016).

The above-presented observations clearly show how 
climate change and then not only temperature and 
precipitation but also periodicity strongly affect both the 
boreal and tropical forests such that not only the H2O 
�uxes but also the CO2 and CH4 �uxes are affected such 
that it can change from a sink to a source of greenhouse 
gases. 

Although the understanding of tropical forests is 
improving, their representation in Earth System Models 
lags signi�cantly behind that of temperate and boreal 
forests, as evidenced by, for example, the wide variation 
in estimates of tropical forest productivity (Beer et al., 
2010) and large uncertainty. In addition to the need to 
better understand the functioning and seasonality of 
the metabolism of tropical vegetation, there is still little 
understanding of how these processes act in an integrated 
way to affect the interannual variability of �uxes and 
how possible global environmental change will impact 
this variability. By combining information from different 
sources of data (such as �ux towers, long-term forest 
plots, and aircraft measurements) and process-based 
land biosphere models, we can improve our knowledge 
about the functioning of the ecosystems, interactions 
with the climate and identify missing mechanisms in the 
models that would improve the simulations of the Earth 
system.
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Achieving the 1.5�2.0°C temperature targets of the Paris 
climate agreement require substantial and fast reductions 
in emissions of greenhouse gases (GHGs) but also requires 
increasing removals of GHGs from the atmosphere 
(Griscom et al., 2017; Rogelj et al., 2018). Reforestation 
is a potentially large-scale method for removing CO2 and 
storing it in the biomass and soils of ecosystems. Tropical 
forests are critical to this removal of atmospheric CO2. It 
appears probable that as the intact forest sink declines in 
size, tropical forests are in the process of switching from 
being approximately neutral to be a net source of carbon 
(Mitchard, 2018). This decline is caused by the combination 
of a decrease in the area of intact forests as well as an 
increase in temperatures and drought frequencies. With 
both forest loss and climate change likely to accelerate 
over the 21st century, tropical forests are likely to release 
ever more carbon, which will make limiting global warming 
to less than 2°C above pre-industrial levels challenging (Le 
QuØrØ et al., 2016). The ecosystem services such as water 
vapor processing could also be affected.

Large scale implementation in tropical forests of 
mechanisms such as REDD+ (de�ned as �reducing 
emissions from deforestation and forest degradation, 
and the role of conservation, sustainable management 
of forests and enhancement of forest carbon stocks in 
developing countries�) can certainly play an important 
role in carbon exchange in tropical areas. However, only 
if the �nancial mechanisms to support REDD+ are set in 
place.

4.3. PROCESSES AFFECTING TRACE GAS AND 
AEROSOL CONCENTRATIONS
Terrestrial ecosystems are linked to the atmosphere via 
vertical momentum �uxes, sensible and latent heat, and 
�uxes of atmospheric constituents (Ramsay et al., 2020, 
2021). The forest canopy is an essential feature of the 
biosphere-atmosphere interactions in tropical rainforests 
(Blundo et al., 2021). As the canopy bottom is mainly 
decoupled from the air aloft, the dense and tall rainforest 
can exert control on the residence times and turbulent 
transport of how plant emitted gases are released above 
the forest canopy (Bakwin et al., 1990; Fitzjarrald et al., 
1988; Gerken et al., 2017; Santana et al., 2018). The 
whole canopy is predominantly decoupled from the air 
aloft during the nighttime, except for periods with bursts 
of intermittent turbulence (Freire et al., 2017). In this way, 
BVOCs are trapped within the canopy, and only a minor 
amount can escape to the free atmosphere, enhancing 
the within canopy reactions. For instance, 50�70% loss 
of O3 within-canopy is attributed to the ozonolysis of 
highly reactive sesquiterpenes (Bourtsoukidis et al., 2018; 
Jardine et al., 2011b; Yee et al., 2018). Similarly, forest 
vegetation is a signi�cant source of BVOC over boreal 
forests, where the forest �oor adds importance to BVOC 
exchange in the biosphere-atmosphere interface (Zhou 
et al., 2017).

4.3.1. Atmospheric reactivity and oxidation 
capacity
The tropical atmosphere is considered a strong photo-
reactor due to the high insolation, strong BVOC emissions, 
high ambient temperatures, and relative humidity, which 
favor oxidation processes (Andreae, 2001a). In boreal 
forests, chemical reactions are primarily driven by a 
strong seasonality due to substantial temperature and 
solar radiation among seasons. 

The major oxidants in the atmosphere are the OH 
(during daytime) and NO3 (during nighttime) radicals, as 
well as O3 (daytime and nighttime). The intense sunlight 
and high humidity levels persisting in tropical regions 
result in the rapid production of OH from the reaction of 
O(1D) atoms (originating from O3 photolysis) with water 
vapor. The OH radical is closely related to hydroperoxy 
radicals (HO2) formed from the reaction of the OH radical 
and VOCs. Some of the BVOCs are exceptionally reactive 
with these radicals (e.g., isoprene dominates vegetation 
emission and is highly reactive towards OH (Nölscher et 
al., 2016)), monoterpenes and sesquiterpenes are highly 
reactive towards O3 (Jardine et al., 2015b, 2011b; YÆæez-
Serrano et al., 2018a, 2018b; Yee et al., 2018), leading 
to large amounts of oxidation products contributing to 
SOA formation. Particularly in Amazonia, it has been 
estimated that isoprene oxidation contributes 50% to 
biogenic SOA (Shrivastava et al., 2019). The contribution 
from other BVOCs to aerosol loading in the tropical 
rainforest is more dif�cult to estimate. Still, it has been 
suggested that monoterpenes contribute 45% to 
biogenic SOA, and sesquiterpenes (SQTs) contribute 0.4�
5% to biogenic SOA (Shrivastava et al., 2019; Yee et al., 
2018, 2020). In contrast, monoterpene emissions, which 
dominate in the boreal forest (Hakola et al., 2012), have 
been major SOA formation players. Monoterpenes can 
be rapidly oxidized, e.g., via autoxidation, to form highly 
oxygenated molecules (HOM), the low volatility of which 
is crucial for new particle formation and growth of new 
particles in the boreal forest (Bianchi et al., 2019, Mohr 
et al., 2017).

The atmospheric reactivity can be accessed via OH 
reactivity, a measured parameter that expresses the 
amount of atmospherically present reactants towards 
OH. The reactants toward OH (i.e., BVOCs, NOx, CH4, 
etc.) are usually measured independently, and the OH 
reactivity can be theoretically calculated by summing 
up the individual reaction rates. Due to the short lifetime 
of these radicals, measurements, and comprehensive 
understanding of OH production and consumption 
in forests are still scarce and potentially prone to 
interferences. The difference in the values between 
the directly measured and calculated OH reactivity 
is termed �missing OH reactivity� and expresses the 
unknown reactants in the atmosphere. The missing OH 
reactivity in tropical and boreal forests is several tens of 
percent, depending on seasons (Yang et al., 2016). The 
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characteristics of OH reactivity is different for the different 
forest types. In tropical forests, total OH reactivity was 
up to 2 times higher than in the boreal forest (Yang et 
al., 2016), mainly due to the higher amounts of BVOCs 
emitted by the vegetation. 

In central Amazon, total OH reactivity is highly variable 
with the time of day (maximum during noon due to 
strong biogenic emissions) and along the seasons, being 
lower during the wet season (10 s�1; missing OH reactivity 
from 5 to 15%) and higher during the dry season (62 s�1; 
missing OH reactivity up to 79%). Overall, the less oxidative 
atmosphere, the relatively high deposition of oxidation 
products on wet surfaces, and possible enhanced leaf 
surface microbial could explain the missing reactivity in 
the wet season. During the dry season, there are higher 
oxidant concentrations and a higher impact of transport 
from polluted areas, which increase the reactivity and 
oxidation capacity of the atmosphere, as seen in the 
isoprene-to-isoprene oxidation products ratio (YÆæez-
Serrano et al., 2015). However, the increased missing 
OH reactivity during this season indicates a hitherto gap 
of knowledge on trace gas reactivity towards OH during 
the dry season (Nölscher et al., 2016). As an outlook, 
diterpenes are pointed out to possibly be unmeasured 
compounds that could be of importance both in the 
tropics and in the boreal forest (Yee et al., 2018, Yaæez-
Serrano et al., 2018a). Nonetheless, the OH and HO2 
radicals in Guyana and Borneo tropical atmosphere have 
been measured to be much higher than predicted by box 
models (MacKenzie et al., 2011; Martinez et al., 2010), 
as HO2 with isoprene peroxy radicals were able to recycle 
OH, sustaining the oxidative capacity of the atmosphere 
(Lelieveld et al., 2008; Stickler et al., 2007).

In boreal forests, OH reactivity is lower than in the 
tropics and mainly driven by monoterpene emissions 
instead of isoprene (Hakola et al., 2012, Yang et al., 2016). 
As a consequence, less distinct diurnal patterns are 
observed. To our knowledge, there is a lack of wintertime 
OH reactivity measurements from the boreal forest. 
Presumably, it will be to the lowest limit due to the much 
lower BVOC emissions following the lower atmospheric 
temperatures (Hakola et al., 2012). However, similar 
to Amazonia during the wet season, the missing OH 
reactivity is exceptionally high, with percentages of up 
to ~60% (Yang et al., 2016, Praplan et al., 2019). This 
indicates that better identi�cation of oxidized BVOC and 
reactive compounds from emissions sources other than 
vegetation (e.g., soil) is needed. 

The ratio of VOC to NOx highly affects the 
photochemistry of any forested atmosphere (MacKenzie 
et al., 2011) as the HO2 and NO pathways for oxidation 
depend on this ratio (Liu et al., 2016). In general, 
atmospheric oxidation processes of BVOC proceed via 
the attack of an oxidant (O3, OH, or NO3 radicals), which 
leads to the formation of peroxyradicals. These can 
react with themselves, which leads to stable products 

and the termination of the reaction chain, or with NO, 
which recycles radicals. Within these reaction cycles, 
products of different volatilities are formed, thus largely 
in�uencing SOA production. One important example is 
isoprene. When reacting with OH, it produces isoprene 
peroxy radicals (ISOPOO). These radicals can further 
react with HO2 forming isoprene hydroxyhydroperoxides 
(ISOPOOH), or they can react with NO to largely produce 
methyl vinyl ketone and methacrolein (Liu et al., 2016). 
This has further effects on SOA production as increased 
NOx concentrations suppress isoprene epoxydiols-derived 
secondary organic aerosol (IEPOX-SOA) production (de 
SÆ et al., 2017; Schulz et al., 2018). 

The VOC/NOx ratio in the boreal forest is determinant 
for forming new particles and their growth. It has been 
shown that NPF can largely be suppressed at high NOx 
conditions due to the reduced formation of HOM, which 
are key parameters in NPF (Lehtipalo et al., 2018). At 
the same time, NOx leads to the formation of a large 
fraction of highly functionalized organonitrates, which 
can contribute to high mass concentrations and are thus 
of increased importance for SOA production (Kortelainen 
et al., 2017).

4.3.2. Ozone in the forest atmosphere and 
canopies
Above the pristine tropical rainforest, ozone budgets 
are mainly controlled by transport from aloft and 
deposition to the canopy with little net in�uence from 
photochemistry (Jacob and Wofsy, 1990). Therefore, 
strong sources of surface ozone are downdrafts of 
convective storms (Dias-Junior et al., 2017; Gerken et al., 
2016). The transport of ozone and ozone precursors (i.e., 
NOx and VOCs) from polluted areas and biomass burning 
regions is especially important during the dry season 
(Pope et al., 2020, Kuhn et al., 2010, Longo et al., 1999, 
Bela et al., 2015; Paci�co et al., 2015) and signi�cantly 
alters the oxidation capacity of the atmosphere (Wei et 
al., 2019; Yee et al., 2018, 2020) For the European boreal 
forests, polluted regions act as a sink for O3 in winter, 
and as a source in spring when photochemical activities 
start to become important (Kulmala et al., 2000). Given 
the importance of O3 in BVOC oxidation, HOM formation, 
and subsequent new particle formation, changes in O3 
concentration will have large in�uences on the fate of 
BVOC emissions in the boreal forest. 

Ozone provides physiological and biochemical damages 
to plants (Fuhrer et al., 1997, Schultz et al., 2017). Plant 
damage due to O3 is widely assessed using an empirical 
concentration approach based on the accumulated O3 
exposure above a threshold concentration, typically 40 
ppb, as a metric for O3 dose. Inside the leaf, ozone can 
damage the lipid membranes of the cells and increases 
the production of reactive oxidative species (ROS) (Pinto 
et al., 2010; Scandalios, 1993). As such, ozone can also 
trigger BVOC emissions due to plant stress. For instance, 
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enhanced sesquiterpene emissions are reported after 
ozone stress for Brazilian tropical tree species Croton 
�oribundus when exposed to high ozone levels (Bison 
et al., 2018), while the same observation with the same 
40 ppb of O3 threshold has been reported for Norway 
Spruce (Picea abies), which is highly abundant in boreal 
forests (Bourtsoukidis et al., 2012). For the Amazon, 
further investigations are essential to evaluate better the 
impact of ozone exposure on species that are acclimated 
to small O3 concentrations.  The production of this 
phytotoxic compound is increased during the burning 
season (Andreae et al., 2015; Paci�co et al., 2015; 
Rummel et al., 2007) and within urban plumes (Wei et al., 
2019). In addition, ozone damage or oxidative stress can 
decrease net primary productivity (Paci�co et al., 2015) 
and alter the carbon cycle. The ozone damage is species-
dependent. In a highly biodiverse ecosystem, it is dif�cult 
to quantify the total effect of the high O3 exposure and 
the potential impact on plant species competition.

4.3.3. In�uence of atmospheric transport on trace 
gas processing
The atmospheric processing in tropical rainforests is 
in�uenced by the seasonal movements in the ITCZ and 
trade winds (see section 2.1). These are the effects of 
the large-scale circulation in the tropics. During the wet 
season of the Amazon rainforest, air arrive predominantly 
from the northeast over a clean fetch region covered 
with pristine rain forest (Pöhlker et al., 2019). During this 
period, long-range transport from the Atlantic and Africa 
brings episodes of marine aerosol, Saharan dust, and 
smoke from �res in West Africa (Formenti et al., 2001, 
2008, Holanda et al., 2020), and possibly even pollution 
from North America and Europe, but frequent rain events 
also contribute to the cleaning of the air. On the other 
hand, wind directions change to easterly and south-
easterly fetch regions during the dry season, receiving 
considerable pollution from biomass burning regions and 
human activities in North-eastern Brazil (Andreae et al., 
2015, Pöhlker et al., 2019).

The boreal forest in�uences mesoscale weather 
systems: Pielke and Vidale (1995) show that the position 
of the boreal forest in�uences the position of the polar 
front (which since the 1960s was believed to be vice 
versa) due to weaker albedo compared to the tundra. 
Whereas the strong seasonal variation in temperature 
largely governs BVOC emissions and reactivity in the 
boreal forest, solar radiation, and snow cover (Hakola et 
al., 2003), the transport of air plays an important role in 
the atmospheric processing of trace gases. Kulmala et al. 
(2000) identi�ed 5 major air mass sectors for the boreal 
forest in Finland based on back trajectory calculations: 
the Arctic Ocean, Russia northeast, Russia southeast, 
the Kola peninsula, and Central Europe (including Great 
Britain). In winter and summer, air masses are coming 
most frequently from the Central European sector while 

in spring from the Arctic sector. The cleanliness of Arctic 
air in�uences the high frequency of NPF events in the 
boundary layer in spring in Fennoscandia (Kulmala et 
al., 2000) and thus plays an essential role in the fate of 
oxygenated BVOC (Lutz et al., 2019). Like the Eurasian 
continent, the boreal forest on the American continent 
can be in�uenced by marine and continental air (Gibson 
et al., 2013). 

Besides the contribution of mesoscale transport, 
vertical transport in the planetary boundary layer 
additionally contributes to physical-chemical processes 
(Andreae et al., 2001). In the tropical forest, the BVOC 
species brought up by deep convection are converted into 
condensable species in the upper troposphere, resulting 
in newly formed aerosol particles. As such, downward 
mixing and transport from the upper troposphere can be 
a source of aerosol particles and CCN to the planetary 
boundary layer (Andreae et al., 2018). For instance, in the 
case of isoprene, it has been shown that signi�cant SOA 
formation by isoprene oxidation products occurs in the 
upper troposphere (Schulz et al., 2018).

4.3.4. Trace gas deposition processes
Sink processes for trace gases comprise wet deposition 
and dry deposition (removal at surfaces), stomatal 
uptake, and, for VOCs, atmospheric oxidation until CO2 is 
released as an end product. Oxidation generally increases 
water solubility and, therefore, removal by rain or by 
wet surfaces. The relative importance of dry versus wet 
deposition also depends on the amount and frequency 
of rain. Therefore, this process is of special importance 
during the wet season and rain events, as observed in 
a general decrease in trace gas concentrations (YÆæez-
Serrano et al., 2020). Dry deposition depends on 
turbulent transport, the species� chemical properties, 
and the nature of the surface itself. The dry deposition 
of several VOCs may be underestimated in the tropical 
rainforest (Karl et al., 2004). Vegetation can also be a sink 
of trace gases via stomata uptake. For some compounds, 
particularly oxygenated BVOC, this process can be bi-
directional. It depends on the gradient of the compound 
between the inside of the leaf and the ambient air 
concentration. The ambient concentration at which the 
�ux is reversed is the so-called compensation point. In 
the tropics, this has been demonstrated for aldehydes 
(such as acetaldehyde (Rottenberger et al., 2004)) and 
acids that include formic and acetic acid (Jardine et al., 
2011a). For the boreal forests, it has been shown that 
the majority of the emitted gases are transported out 
of the canopy and removed by chemical reactions and 
that bi-directional exchange can play an important role 
for in-canopy concentrations of smaller molecules such 
as acetaldehyde, methanol, acetone, or formaldehyde 
(Zhou et al., 2017). Production and transport from above 
the canopy generally compensate for dry deposition in 
the boreal forest.
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4.3.5. Aerosol �uxes over forests
Two components are important in aerosol �uxes over 
forests: primary biogenic aerosol particles (PBAP) and 
secondary organic aerosol (SOA). Some observations of 
upward �uxes of submicron particles from forests have 
hinted that biogenic SOA may be formed quickly in forest 
canopies. Therefore, forests occasionally act as a net 
particle source (Buzorius et al., 1998). The dry deposition 
velocity of aerosol particles depends on particle size, 
friction velocity, and stability parameters. Buzorius et 
al., 1998 have done measurements over boreal forests 
(Hyytiälä) and derived deposition velocities from �15 
to 10 mm s�1. Usually, the �uxes were downwards, but 
episodes with �ux directed upward were registered too.

In Amazonia, total particle �ux and chemically 
resolved aerosol particle �ux measurements were done 
in detail for �ne mode particles in size range of 70�800 
nm measured with AMS (Farmer et al., 2013, Ahlm et 
al., 2009, 2010, Nemitz et al., 2013). In the wet season, 
60% of the particle �uxes pointed downward, which is a 
similar fraction to what has been observed over boreal 
forests. The net deposition �ux prevailed even in the 
absolute cleanest atmospheric conditions during the 
campaign. Upward particle �uxes often appeared in 
the morning hours and seem largely to be an effect of 
entrainment �uxes into a growing mixed layer rather 
than primary aerosol emissions. In general, the number 
of primary aerosol particles within the footprint area 
of the measurements was small, possibly because the 
measured particle number �uxes mostly re�ect particles 
less than approximately 200 nm (Ahlm et al., 2009). These 
are particle number �uxes, so as the PBAP are mostly in 
the coarse mode, they can contribute signi�cantly to the 
mass �ux, although they are not important in terms of 
number �uxes (Ahlm et al., 2009). In the Amazonian 
dry season, early in the morning, there was an upward 
particle �ux peak associated with the emission of primary 
biogenic particles from the rain forest. Emitted particles 
may be stored within the canopy during stable conditions 
at nighttime, similarly to CO2, and be released from the 
canopy when conditions become more turbulent in the 
morning (Ahlm et al., 2010). Particle transfer velocities 
peak around noon or in the early afternoon at values of 
1�2 mm s�1, both in the dry and wet seasons.

Chemically resolved particle �uxes were determined 
by eddy covariance analysis using an Aerodyne High-
Resolution Aerosol Mass Spectrometer (HR-AMS) (Farmer 
et al., 2013). Biosphere�atmosphere �uxes of different 
chemical components are affected by within-canopy 
chemistry, vertical gradients in gas-particle partitioning 
due to canopy temperature gradients, emission of 
primary biological aerosol particles, and wet and dry 
deposition. The oxygenated organic components 
representing regionally aged aerosol are deposited, 
while components of fresh SOA are emitted. The wet 
deposition was estimated to be an order of magnitude 

larger than dry deposition during AMAZE-08 (Farmer et 
al., 2013). Inorganic trace species �uxes were determined 
in Amazonia at the ATTO tower, including NH3, SO2, NO3

�, 
Cl�, SO4

2�, NH4
+ and they show high deposition rates for 

NO3 and Cl�, while aerosol components show average 
surface deposition rates of 2.8 mm s�1 for SO4

2� and NH4
+ 

(Ramsay et al., 2020, 2021).
Over boreal forests, Buzorius et al., 2000 measured in 

general downward �uxes, with typical normalized �ux 
values in the range of 0.1�10 mm s�1. When nucleation 
occurs, high values of deposition velocities of up to 40 
mm s�1 were observed. Occasional upward �uxes are 
associated with new particle formation. 

4.4. NEW PARTICLE FORMATION OVER FORESTS
The boreal forest environment was the �rst place where 
the large-scale formation of new atmospheric aerosol 
particles and subsequent growth of these particles 
to larger sizes, often termed regional new particle 
formation (NPF), was observed, and reported in the 
scienti�c literature (Mäkelä et al., 1997). During the past 
couple of decades, atmospheric NPF was measured at 
more than 10 ground-level sites in the boreal forest zone 
(see Kerminen et al., 2018, and references therein). The 
average particle formation rates associated with the 
observed NPF events are found to vary between about 
0.1 and 1 cm�3 s�1 among the different sites, and the 
corresponding particle growth rates vary from about 0.5 
to 5 nm h�1. The annual frequency of NPF events varies 
between about 10 and 30%. The lowest frequencies are 
seen typically at the northern edge of the boreal forest 
zone and in the Siberian part of this region. A very high 
NPF frequency (25 events in 22 days) was observed in 
June 2019 at two remote forest sites in the temperate/
boreal transition zone in western Canada (Andreae 
et al., 2019). In contrast, exceptionally low NPF event 
frequencies (<2%) and associated particle growth rates 
(<0.1 cm�3 s�1) are reported in central Siberia based on 
long-term measurements conducted at the ZOTTO tower 
(Wiedensohler et al., 2019). The NPF event frequency 
tends to have a spring maximum, sometimes another 
maximum in late summer or autumn, while being 
typically very low during the wintertime (Dal Maso et al., 
2007, 2008; Dal Maso and Sogacheva, 2007; Kristensson 
et al., 2008; Asmi et al., 2011; Nieminen et al., 2014; Kyrö 
et al., 2014).

Relatively little is known about the vertical pro�le 
of NPF over boreal forests. Aircraft measurements 
conducted around the SMEAR II station at Hyytiälä, 
Finland, show that NPF occurs throughout the mixed 
boundary layer during the daytime in this environment 
(O�Dowd et al., 2009; Schobesberger et al., 2013). Later 
measurements around the same site support this view 
and indicate occasional NPF in the free troposphere 
(Leino et al., 2019). When regional NPF is detected at 
the ground level, the largest concentrations of sub-3 
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nm particles are observed just above the forest canopy, 
which suggests that emissions from the forest itself are 
central to the occurrence of NPF in this region (Leino et 
al., 2019). Consistent with the �ndings around the SMEAR 
II station, the measurements made at the ZOTTO Tower 
in Siberia found, on average, slightly higher particle 
number concentration at the 50-m height compared 
with the 300-m height, while the shape of the particle 
number size distributions was very similar between these 
two heights (Heintzenberg et al., 2011).

Unlike at many other terrestrial locations around the 
globe, particles around 3 nm and their continuous growth 
to larger diameters have hardly ever been observed 
in the Amazon basin under natural or near-natural 
conditions, suggesting new particle formation is very rare 
in the Amazonian boundary layer (Andreae et al., 2015; 
Martin et al., 2010; Rizzo et al., 2013, 2018; Wimmer et 
al., 2018). The smallest particles observed usually have 
diameters ranging from 10 to 20 nm. Due to the scarcity 
of continuous particle growth, very few studies have 
been on particle growth rates. During an investigation 
in central Amazonia, limited measurements indicate a 
growth rate of 5 nm h�1 for the Aitken mode particles 
(Zhou et al., 2002). Wimmer et al. (2018) reported 8 NPF 
and growth events during the dry season of 2014 at 
an open pasture site regularly in�uenced by a Manaus 
pollution plume. They found that the growth rate of 
newly formed particles increased with increasing particle 
size, varying between 3 and 20 nm h�1 in the 7�20 nm 
size range.

In contrast to ground sites, airborne observations 
over the Amazon Basin showed high aerosol particle 
concentrations in the upper troposphere (UT) between 
the 8 and 15-km altitudes, with particle number 
densities frequently exceeding those in the boundary 
layer by 1 or 2 orders of magnitude (Andreae et al., 
2018) (see section 6). These particles are attributed to 
new particle formation from ground-based emissions 
of VOCs transported aloft by convection and producing 
new particles at high concentrations. Aerosol mass 
spectrometer measurements show that these particles 
are mostly organic, with very low sulfate and nitrate 
(Schulz et a., 2018). Aircraft measurements above 
Suriname in Northern Amazonia observed enhanced 
ultra�ne number concentrations in regions of cloud 
out�ow at high altitude (Figure 4.4.1), suggesting 
nucleation (Krejci et al., 2003, 2005). These observations 
are in broad agreement with observations of cloud 
out�ow regions from other locations worldwide (Clarke 
et al., 1999; Clarke et al., 1998; Perry and Hobbs, 1994).

Several studies identify sulfuric acid (H2SO4), low-
volatile organic compounds, and bases (ammonia or 
amines) as the main gaseous precursors for atmospheric 
NPF (Kulmala et al., 2014b). In the boreal forest 
environment, NPF and subsequent particle growth are 
found to be tied strongly with both H2SO4 and low-volatile 

organic compounds, the latter becoming increasingly 
more important when the particles grow in size (Kulmala 
et al., 2013a; Ehn et al., 2014; Dada et al., 2017). The 
observed particle formation rates can be predicted 
relatively well using empirical relations where this 
formation rate is proportional to some combination of 
H2SO4 and low-volatile organic compound concentrations 
to the power 1 or 2 (Paasonen et al., 2010). Laboratory 
experiments and observations at the SMEAR II station 
suggest that not only H2SO4 and organic compounds 
but also ammonia, nitrogen oxides, and ions in�uence 
the NPF characteristics in the boreal forest environment 
(Lehtipalo et al., 2018; Yan et al., 2018). However, the 
relative roles of these constituents in NPF are likely to vary 
considerably in both time and space in this environment.

The Amazon Basin has weak sulfur sources, leading 
to SO2 concentration typically around 20�30 ppt 
(Andreae and Andreae, 1988; Andreae et al., 1990). 
In comparison, SO2 concentrations observed in the 
boreal forest environment are often several times 
higher than these values. In Hyytiälä, for example, the 
median SO2 concentration is close to 200 ppt on NPF 
event days and around 500 ppt on non-event days. The 
low SO2 concentration suggests correspondingly low 
gas�phase H2SO4 concentrations, although no direct 
measurements in the Amazon Basin have been reported. 
Model simulation suggests that H2SO4 concentrations 
in the Amazon Basin are too low for particle formation 
to occur near the surface because preexisting particles 
should scavenge any incipient molecular clusters before 
they grow into new particles (Spracklen et al., 2006). An 
alternative mechanism to the H2SO4 pathway, namely 
ion-mediated nucleation, is by modeling found to be 
an unimportant source of nuclei over the Basin (Yu et 
al., 2008). In addition to the low H2SO4 concentration, 
the absence of NPF near the surface may be related to 
biogenic emissions from the tropical rainforest.  There is 
evidence suggesting that high isoprene emissions may 
suppress NPF even when there are suf�cient amounts 
of monoterpenes (i.e., precursors of low-volatility 
organic compounds) in the air. However, the underlying 
mechanism for this suppression remains unclear 
(Kanawade et al., 2011). 

Given the low temperature and existing surface area, 
the out�ow region in the upper troposphere over the 
Amazon Basin provides an ideal environment for new 
particle formation to occur (Kulmala et al., 2006; Lee et 
al., 2004; Twohy et al., 2002). However, the mechanism 
for NPF at high altitudes is not well understood, mainly 
due to a lack of direct measurements of gas-phase 
precursors and the composition of critical clusters. 
As organic-rich boundary-layer air can be ef�ciently 
pumped into UT by convective systems, the new particles 
at high altitudes are likely formed by homogeneous 
nucleation of oxidized organic compounds (Ekman et al., 
2008; Kulmala et al., 2006; Murphy et al., 2015). Studies 

https://doi.org/10.16993/tellusb.34


91Artaxo et al. Tellus B: Chemical and Physical Meteorology DOI: 10.16993/tellusb.34

have shown that highly oxygenated organic molecules 
can nucleate to form particles even in the absence of 
H2SO4, especially in the UT (Bianchi et al., 2016; Kirkby 
et al., 2016). Co-nucleation of H2SO4 and oxidized 
organic molecules is also possible (Metzger et al., 2010; 
Riccobono et al., 2014). The importance of ions produced 
from cosmic radiation in this nucleation process remains 
unclear (Bianchi et al., 2016; Kirkby et al., 2016; Lee et al., 
2003; Yu et al., 2008).

One of the most important consequences of 
atmospheric NPF outside urban regions is its ability to 
enhance the concentrations of aerosol particles capable of 
acting as cloud condensation nuclei, CCN (e.g., Merikanto 
et al., 2009; Kerminen et al., 2012). Increased CCN 
concentrations modify cloud microphysical properties, 
including the cloud droplet number concentration and 
effective radius, cloud albedo, the vertical extent of the 
cloud, and cloud precipitation properties (e.g., Rosenfeld 

et al., 2014). Based on long-term aerosol measurements, 
the formation of CCN associated with atmospheric NPF 
has been investigated at two sites located in the boreal 
forest: the SMEAR II at Hyytiälä (Sihto et al., 2011) and 
the Pallas station located at the northern edge of the 
boreal forest zone (Asmi et al., 2011). Depending on 
the assumed water vapor supersaturation, atmospheric 
NPF was estimated to enhance, on average, CCN 
concentrations by factors of 0.7�1.1 and 1.5�3.8 at 
SMEAR II and Pallas, respectively, when comparing the 
situation before an NPF event and the situation when 
then particles formed during this event had grown to 
larger sizes (50�100 nm). Global modeling studies give 
support for an important role of NPF in affecting CCN 
concentrations over boreal forests, especially during the 
summertime when biogenic emissions from the forest 
are at their highest (e.g., Spracklen et al., 2008; Spracklen 
et al., 2010, Kulmala et al., 2011, Makkonen et al., 2012).

Figure 4.4.1 Schematic diagram showing processes producing �ne particles due to convective cloud out�ow above Suriname in 
Northern Amazonia, with enhanced ultra�ne number concentrations in regions of cloud out�ow, suggesting nucleation (Adapted 
from Krejci et al., 2003).
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Over the Amazon basin, the particles formed at high 
altitudes can grow into the Aitken mode in the upper free 
troposphere. Measurements show that the composition 
of the free-tropospheric aerosol is dominated by organic 
compounds, indicating the particle growth is mainly 
driven by the condensation of organic species (Andreae et 
al., 2018). This conclusion is also supported by modeling 
studies (Ekman et al., 2008; Murphy et al., 2015, Zhu et 
al., 2019). The grown particles are transported towards 
the lower troposphere by subsidence under the prevailing 
high pressure over the Amazon basin and downdrafts 
associated with deep convective systems. A recent study 
showed that the downdrafts could ef�ciently bring free 
troposphere air with a high concentration of Aiken mode 
particles into the boundary layer. This process represents 
a major source of particles and, therefore, CCN in the 
boundary layer under natural conditions, due to the 
absence of boundary layer new particle formation and 
anthropogenic emission (Wang et al., 2016).  In the 
boundary layer, Aitken mode particles continue to grow 
into the accumulation mode by condensation of the 
organics due to biogenic emissions and become ef�cient 
CCN (Chen et al., 2009; Pöhlker et al., 2012, 2016; Pöschl 
et al., 2010).

A few studies have estimated the radiative effects 
of secondary organic aerosol (SOA) and CCN formation 
following NPF in the western part of the boreal forest 
zone. Analyses of atmospheric observations suggest 
that the resulting direct radiative effect is unlikely to 
exceed �1 W m�2 during the summertime, whereas the 
corresponding indirect radiative effect might be as high 
as �3 to �7 W m�2 (KurtØn et al., 2003; Kerminen et al., 
2005; Lihavainen et al., 2009). A similar, relatively high 
estimate for the indirect radiative effect was obtained by 
Spracklen et al. (2008) using global model simulations. 
In a warming climate, these radiative effects might 
even be higher because both CCN and SOA formation 
associated with NPF appear to be sensitive to the extent 
of monoterpene emissions and thereby to the ambient 
temperature (Kulmala et al., 2004a; Tunved et al., 2006b, 
Liao et al., 2011, 2014). A few studies have estimated the 
corresponding feedback parameter over boreal forests, 
being close to �0.1 W m�2 K�1 for the feedback caused 
by direct radiative effect (Lihavainen et al., 2015) and 
between about �0.1 and �0.8 W m�2 K�1 for the feedback 
generated by indirect radiative effect (Paasonen et al., 
2013).

4.5. BIOMASS BURNING EMISSIONS AND 
AEROSOL OPTICAL PROPERTIES
Biomass burning is one of the main drivers in the changes 
in atmospheric composition (Jia et al., 2019, Darbyshire 
et al., 2019). Fires have been a natural component of 
ecosystem functioning, especially in savannah in Africa 
and Cerrado in Central Brazil (Bowman et al., 2011a, 
Scott, 2000). Presently, a signi�cant 3% of the Earth�s 

land surface burns annually, affecting both energy and 
matter exchanges between the land and atmosphere. 
Climate is a major determinant of �re regimes through its 
control of �re weather, as well as through its interaction 
with fuel availability and �ammability (Archibald et 
al., 2013) at the global (Krawchuk and Moritz, 2011), 
regional (Pausas and Paula, 2012) and local landscape 
(Mondal and Sukumar, 2016) scales. Humans are the 
main cause of �re ignition, with lightning playing a 
secondary role globally (Bowman et al., 2011; Harrison 
et al., 2010), although lightning has been responsible 
for large �res in boreal forests (Veraverbeke et al., 
2017). Humans also in�uence �res by land-use change 
in tropical regions and increased �re risk in temperate 
zones. Climate change is also increasing in determining 
wild�re regimes, with future climate variability expected 
to enhance the risk and severity of wild�res in many 
biomes, and it is possible to observe that �re seasons 
are lengthening for temperate and boreal regions, and 
this trend should continue in a warmer world (Flannigan 
et al., 2009, Wotton et al., 2017). Fire weather seasons 
have lengthened globally between 1979 and 2013. While 
drought remains the dominant driver of �re emissions, 
there has recently been increased �re activity in some 
tropical and temperate regions during regular to wetter 
than average years due to warmer temperatures that 
increase vegetation �ammability. The boreal zone is also 
experiencing more extensive and more frequent �res, 
increasing under a warmer climate.

Climate variability and extreme climatic events such as 
severe drought, especially those associated with the El Niæo 
Southern Oscillation (ENSO), play a major role in the �re 
upsurges in the Asian tropical forests (Huijnen et al., 2016) 
as well as in the Amazon. Fire emissions in tropical forests 
increased signi�cantly during El Niæo years compared 
to La Niæa years due to reductions in precipitation and 
terrestrial water storage (Chen et al., 2017). The expansion 
of agriculture and deforestation in the humid tropics has 
also made these regions more vulnerable to drought-
driven �res (Davidson et al., 2012; Brando et al., 2014, 
Andreae et al., 2002). Even when deforestation rates were 
overall declining, as in the Brazilian Amazon during 2003�
2015, �re incidence increased by 36% during the 2015 
drought (Aragªo et al., 2018).

Tropical forest degradation can be an important 
component of CO2 emissions (Assis et al., 2020). Forest 
degradation is widespread worldwide due to multiple 
factors such as unsustainable logging, agriculture, 
invasive species, �re, fuelwood gathering, and livestock 
grazing. Several recent works show that tropical forest 
edges are important for carbon emissions and critical for 
forest degradation (Silva Junior et al., 2021). Nearly 20% 
of tropical forests are within 100 m of a non-forest edge 
due to rapid deforestation for agriculture. The Malaysian 
Borneo observed declines in carbon, averaging 22% 
along forest edges (Ordway and Asner, 2020).
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Figure 4.5.1 shows the tropical primary forest loss from 
2002 to 2020. It is possible to observe a sharp increase in 
2016 and 2017. Countries that are responsible for most 
of the humid tropical primary forest loss are Brazil, the 
Democratic Republic of Congo, Bolivia, Indonesia, Peru, 
and Colombia. Important to emphasize that only 6 
countries are responsible for more than 75% of tropical 
deforestation. Commodity-driven deforestation was 
the leading cause of tree cover loss (in primary and 
secondary forests) in Latin America and Southeast Asia 
while shifting agriculture dominates in tropical Africa. 
The resulting carbon emissions from this primary forest 
loss are calculated as 2.64 Gt CO2 (World Resources 
Institute, WRI, 2021) (https://research.wri.org/gfr/forest-

pulse).
Emissions from wild�res and biomass burning are a 

signi�cant source of greenhouse gases (CO2, CH4, N2O), 
carbon monoxide (CO), carbonaceous aerosols, and an 
array of other gases, including non-methane volatile 
organic compounds (NMVOC) (Akagi et al., 2011; Van Der 
Werf et al., 2010). In terms of CO2 emissions, the whole 
Agriculture, Forestry, and Other Land Use (AFOLU) sector 
was a net emission of 5.5 – 2.6 Pg CO2 a

�1 for 2008�2017, 
approximately 14% of total anthropogenic CO2 emissions 
(Le QuØrØ et al., 2018). Satellite-based estimates of CO2 
emissions from loss of tropical forests during 2000�
2010 agree with the modeled emissions: 4.8 Pg CO2 
a�1 (Tyukavina et al., 2015), 3.0 Pg CO2 a

�1 (Harris et al., 
2015), 3.2 Pg CO2 a

�1 (Achard et al., 2014) and 1.6 Pg CO2 
a�1 (Baccini et al., 2017). Biomass burning is responsible 
for approximately 0.7 Tg N2O-N a�1 (0.5�1.7 Tg N2O-N a�1) 
or 11% of total gross anthropogenic emissions due to the 
release of N2O from the oxidation of organic nitrogen in 

biomass (van der Werf et al., 2010). The largest global 
source of BC aerosols is the open burning of forests, 
savannah, and agricultural lands with emissions of 
about 2.7 Tg a�1 in the year 2000 (Bond et al., 2013). Fire 
emissions during 1997�2016 are dominated by savanna 
(65.3%), followed by tropical forest (15.1%), boreal forest 
(7.4%), temperate forest (2.3%), peatland (3.7%), and 
agricultural waste burning (6.3%) (van der Werf et al., 
2017).

In terms of emissions, biomass burning is a major global 
source of carbonaceous aerosols (Bowman et al., 2011; 
Roos et al., 2014, Harrison et al., 2010; Reddington et al., 
2016, 2019; Artaxo et al., 2013, Mahowald et al., 2005). 
Biomass burning is responsible for very high ground-
based aerosol concentrations in Amazonia (de Oliveira 
et al., 2020, Gonçalves et al., 2018, PalÆcios et al., 2020) 
that has signi�cant health effects (de Oliveira et al., 2018, 
2020, Butt et al., 2020). Knowledge of past �re dynamics 
has improved through new satellite observations, new 
�re proxies� datasets (Marlon et al., 2016; van Marle et al., 
2017). A new historic biomass burning emissions dataset 
from 1750 has been developed, with a revised version 
of OC emissions (Van Marle et al., 2017), and it shows, 
in general, reduced trends compared to the emissions 
derived by (Lamarque et al., 2010) for the Coupled Model 
Intercomparison Project version 5 (CMIP5). Recent global 
emissions pathways (Hoesly et al., 2018) estimate global 
BC emissions in 2015 at 9.8 Tg BC a�1, while global OC 
emissions are 35 Tg OC a�1.

Compared with the past two millennia, there was a 
decrease in biomass burning during the 20th century, as 
inferred from charcoal sedimentary records (Doerr and 
Santín 2016). However, it has increased in the last 4�5 

Figure 4.5.1 Tropical primary forest loss 2002�2020 in million hectares per year. The countries responsible for most tropical 
deforestation is Brazil, the Democratic Republic of Congo, Bolivia, Indonesia, Peru, and Colombia. Data source: World Resources 
Institute, WRI 2021, (https://research.wri.org/gfr/forest-pulse).
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decades (Marlon et al., 2016). Trends in the land area 
burnt do vary regionally (Giglio et al., 2013). Northern 
Hemisphere Africa has experienced a decrease in �res 
since 2000, while Southern Hemisphere Africa has 
increased during the same period. Australia experienced a 
decline of about 5.5 • 104 km2 a�1 (�10.7% a�1) during 2001�
2011, followed by an upsurge in 2011 that exceeded the 
annual area burned in the previous 14 years. An analysis 
using the Global Fire Emissions Database v.4 (GFED4s) 
(Randerson et al., 2015) concludes that the net reduction 
in the land area burnt globally during 1998�2015 is �24.3 
– 8.8% (�1.35 – 0.49% a�1) (Andela et al., 2017). However, 
most declines have come from grasslands, savannas, and 
other non-forest land cover types (Andela et al., 2017). 
Signi�cant increases in forest area burned are observed 
in boreal North America (Abatzoglou and Williams 2016; 
Ansmann et al., 2018) and boreal Siberia (Ponomarev 
et al., 2016) in recent years. The 2017 and 2018 �res in 
British Columbia, Canada, are the largest ever recorded 
since the 1950s, with 1.2 • 104 km2 and 1.4 • 104 km2 of 
forest burnt, respectively (Hanes et al., 2019). The 2019 
�res in Amazonia are the most substantial in the last ten 
years, with an increase of 69% over 2018, mainly in Brazil 
and Bolivia.

There is emerging evidence that recent regional surges 
in wildland �res are driven by changing weather extremes, 
indicating geographical shifts in �re proneness (Jolly et 
al., 2015). Fire weather season is already lengthened by 
18.7% globally between 1979 and 2013, with statistically 
signi�cant increases across 25.3% but decreases only 
across 10.7% of Earth�s land surface covered with 
vegetation; even sharper changes have been observed 
during the second half of this period (Jolly et al., 2015). 
Correspondingly, the global area experiencing a long 
�re weather season has increased by 3.1% per annum 
or 108% over the period 1979�2013. Fire frequencies 
projected for 2050 conditions increase globally, relative 
to 2000 levels, where changes in �re meteorology play 
the most important role in the enhanced global wild�res, 
followed by land cover changes, lightning activities, and 
land use, while changes in population density exhibit the 
opposite effects (IPCC SRCCL 2019).

However, the climate is only one driver of a complex 
set of environmental, ecological, and human factors 
in�uencing �re regimes (Bowman et al., 2011). While 
these factors lead to complex projections of future burnt 
area and �re emissions, human exposure to wildland 
�res could still increase because of population expansion 
into areas already at high risk of �res (Knorr et al., 2016). 
Climate change and land-use change play an increasing 
role in determining wild�re regimes, with future climate 
variability expected to enhance the risk and severity of 
wild�res in tropical rainforests and boreal forests (IPCC 
SRCCL, section 2, 2019). The global land area burned has 
declined in recent decades, mainly due to less burning in 
grasslands and savannas.

Regional biomass burning aerosols can be transported 
over long distances, in�uencing atmospheric conditions 
even in the most remote regions. Synoptic scenarios 
impact the intensity of biomass burning activities, 
causing the large observed interannual variability on 
AOPs. For example, Saturno et al. (2018a) reported higher 
scattering and absorption coef�cients in Amazonia during 
El Niæo events, associated with precipitation anomalies 
and increased biomass burning emissions.

One way to express the absorption of solar radiation by 
the aerosol column is through Absorption Aerosol Optical 
Depth (AAOD), which is now a regular AERONET product 
(Wang et al., 2016). The aerosol loading expressed as 
AOD and AAOD correlate well with the number of �res 
and deforestation (Morgan et al., 2019, 2020). The 
drastically increased number of �res during the drought 
spells 2010 and 2012 shows a similar increase in AOD 
and AAOD these years.

Time series of satellite retrieved AOD (at 550 nm) 
over Alaska from 1995 to 2011 are shown in Figure 4.5.2. 
The AOD was retrieved using the Aerosol Dual-View 
retrieval algorithm (Kolmonen et al., 2016; Sogacheva 
et al., 2017) with the entire mission data (1995�2011) 
from the European Space Agency Along-Track Scanning 
Radiometers ATSR-2 and AATSR (together ATSR). 
Figure 4.5.2 shows the time series of the monthly mean 
AOD for each of the months, May-September. Also 
shown are monthly sums of ATSR-derived �re counts 
(Mota et al., 2006; available from http://due.esrin.esa.int/

page_wfa.php) and forest �re aerosol emissions inverted 
from MODIS data using the System for Integrated 
modeling of atmospheric composition, SILAM (So�ev et 
al., 2009; Soares et al., 2015; available from http://silam.

fmi.�/thredds/catalog_IS4FIRES.html). Figure 4.5.2 shows the 
substantial variation of the AOD over Alaska with year-to-
year variations each month, tracing both the �re counts 
and forest �re aerosol emissions. The �re counts and 
emissions are obtained using methods independent from 
the AOD retrieval. Note that MODIS data and thus forest 
�re aerosol emissions with this platform are available 
from 2000. Figure 4.5.2 shows AOD smaller than 0.05 
occurring in September and peak AOD occurring during 
the summer months coinciding with forest �res and 
associated biomass burning aerosol emissions. These 
peak AOD values do not exceed 0.4, close to the lower 
AOD values in dry season Amazonia. However, it should 
be kept in mind that these are monthly mean values, 
i.e., daily peaks as observed from AERONET may be 
substantially higher. Comparison with the yearly AOD550 
shows that the AOD over Alaska in the summer months 
is low compared to Amazonia. However, it is important to 
note that forest �res, natural and anthropogenic, are the 
dominating source of aerosols during the dry summer 
period in both the tropics and the boreal regions. They 
act together with the enhanced BVOC emissions during 
summer, with both increasing concentrations of organic 
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aerosols. BVOC dominates in periods of low biomass 
burning, but when the �res start, they dominate the 
aerosol population.

Submicron aerosol particles from biomass burning 
are signi�cantly dominated by the carbonaceous 
fraction (Fuzzi et al., 2007; Decesari et al., 2006). Among 
the organic compounds, the anhydrosugars, such as 
galactosan, mannosan, and levoglucosan, are commonly 
used as tracers for biomass burning emission (Simoneit 
et al., 1999). Measurements in the west and the central 
Amazonian basin indicate that levoglucosan is the 
dominant anhydrosugar (88�96%) (Decesari et al., 2006; 
Graham et al., 2003b). Decesari et al. (2006) identi�ed 
a class of organic compounds composed mainly of 
aromatic acids, aldehydes, and anhydrosugars during the 
dry season. They related it to the pyrogenic origin, which 
accounted for 55% of the total speciated compounds. 
Moreover, in the central Amazonian Basin, Gilardoni et 
al. (2011) identi�ed that 44% of the �ne total carbon 
mass was assigned to biomass burning emissions in the 
dry season. Other well-known biomass burning tracers, 
such as potassium-to-ammonium ratio and oxalic acid, 
have been found and associated with biomass burning 
in the �ne mode during the dry season (Falkovich et al., 
2005; Graham et al., 2002). Phosphorus, a key nutrient 
in tropical forests, can also be mobilized by biomass 
burning (Mahowald et al., 2005, Okin et al., 2004). In 
addition, malic acid was shown to track levoglucosan 
mass concentrations closely during the dry season in the 

�ne aerosol mode. This fact suggests a similar aerosol 
formation process for both tracers. This happens through 
condensation of low-volatile organic gases emitted 
during deforestation �res or formed by photooxidation of 
biogenic emissions (Claeys et al., 2010).

In Hyytiälä, at the SMEAR II station, long-range 
transport of biomass burning aerosol contributes to 
summertime aerosols during hot and dry summers 
(Corrigan et al., 2013; Heikkinen et al., 2020). Evidence 
of such is visualized in Figure 3.1.4b, where eBC and 
CO concentrations are elevated when the ambient 
temperature is at the highest (daily mean above 20°C). 
Airborne biomass-burning organic aerosol (BBOA) 
measurements from Canadian boreal forest �res reveal 
highly contrasting properties for plumes of different 
ages (Jolleys et al., 2015). The aging of BBOA is analyzed 
using AMS, looking at the ratio of f44/f60. In general, f60 is 
considered a fragment of levoglucosan and f44 a tracer 
for aged organic aerosols. Fires in Finland were analyzed 
by Corrigan et al., 2013, showing the impact of 4�5 days 
of transport from �res in Russia and Ukraine where the 
biomass burning factor contributed to a high 25% of OM 
on average, and up to 62% of OM during three periods 
of transported biomass burning emission. Large-scale 
aircraft observations on the biomass burning aerosol in 
the boreal environment were analyzed in several studies 
showing a high impact of biomass burning in the boreal 
summer (Leino et al., 2014; Pirjola et al., 2015, Virkkula 
2014a; Virkkula et al., 2014b).

Figure 4.5.2 Time series of monthly mean AOD at 550 nm over Alaska retrieved from ATSR data using FMI�s ADV v2.31 aerosol 
retrieval algorithm (blue, right axis)). The data are grouped for each month (May-September), showing the AOD variation for each of 
these months from 1995 until 2011. Also shown are the coincident monthly sums (left axis) of the ATSR-derived �re counts (red) and 
the �re emissions (green). 
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4.6. DIRECT AEROSOL RADIATIVE EFFECT AND 
IMPACTS ON THE ECOSYSTEM
The high loading of aerosols from biomass burning 
impacts the aerosol direct radiative effect (DRE) over large 
areas in tropical and boreal forests (PalÆcios et al., 2020, 
Liu et al., 2020, Procópio et al., 2003, Eck et al., 2003). 
The geographical distribution of DRE follows the sources 
and transport of biomass burning aerosols, as shown in 
Figure 4.6.1. Some areas in Amazonia have a high average 
top of the atmosphere (TOA) aerosol radiative effect of 
�12 w/m‡, i.e., a strong cooling effect induced over the 
Amazonia due to increased biomass burning aerosol 
loading. Note that the effect is negative, so the cooling 
effect from organic scattering aerosols dominates over 
black carbon.

The aerosol loading changes the radiation balance at 
TOA, at the surface (SUR), and in the atmosphere (ATM). 
Figure 4.6.2 shows the monthly mean variation of short-
wave aerosol radiative forcing (SWARF) averaged for 24 h 
at TOA (green), SUR (blue), and ATM (red) for the period 
2011�2017 for the AERONET Manaus/Embrapa site, 
at (2.8942 °S, 59.9718 °W). The AOD components and 
aerosol microphysical properties derived from AERONET 
were used in a radiative transfer code to derive the 
different radiative effect components. It is possible to 
observe that the average monthly surface radiative effect 
(SUR 24 h) can be as high as �36 Wm�2 in the dry season, 
showing substantial effects of biomass burning aerosols 
on cooling the surface and heating the atmosphere 
(ATM) (PalÆcios et al., 2020).

Clouds and aerosols in�uence the �ux of 
photosynthetic active radiation (PAR) that is critical for 

the photosynthetic process and carbon assimilation 
by the forests, as well as the ratio of diffuse to direct 
radiation (Rap et al., 2015, Procópio et al., 2004, Liu et 
al., 2020).

Park et al., 2018 analyzing ZOTTO data, showed 
that the diffuse radiation fertilization effect caused 
by smoke from wild�res and clouds enhanced net 
ecosystem productivity by less than 10% in boreal 
forests. Light intensity, canopy structure, and leaf area 
index determine the strength of the diffuse radiation 
fertilization effect.  This effect is more substantial in 
tropical forests compared to boreal because the leaf area 
index is much higher, and tropical forests have a more 
closed canopy, in addition to stronger light intensity.

On the other hand, in Amazonia, a more signi�cant 
effect of aerosols can be observed on the Net Ecosystem 
Exchange (NEE) that expresses the net carbon �ux to 
the ecosystem (Malavelle et al., 2019). Analysis was 
performed continuously from 1999 to 2009 in Manaus 
and from 1999 to 2002 in Rondônia. In Rondônia (Jarœ 
Biological Reserve), a 29% increase in carbon uptake 
(NEE) was observed when the AOD ranged from 0.10 to 
1.5 at 550 nm. In Manaus (LBA ZF2 tower), the aerosol 
effect on NEE accounted for a signi�cant 20% increase 
in NEE. High aerosol loading (AOD above 3 at 550 nm) 
or high cloud cover leads to reductions in solar �ux 
and substantial decreases in photosynthesis until NEE 
approaches zero for AOD above 3�4 (Cirino et al., 2014). 

Figure 4.6.3 shows the effect of aerosols on NEE for dry 
and wet seasons in Rondônia, where NEE is calculated 
as a function of the Relative Irradiance (RI) (Cirino et al., 
2014). A clean atmosphere is associated with a RI of 

Figure 4.6.1 Average spatial distribution of the direct radiative forcing (DRF) of biomass burning aerosols in Amazonia during the 
dry season of 2010. Radiation �ux at the TOA was measured by the CERES (Clouds and the Earth�s Radiant Energy System) sensor, 
and aerosol was determined using the MODIS sensor. The average forcing is negative, so the cooling effect from organic scattering 
aerosols dominates over the warming from black carbon emissions.
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Figure 4.6.2 Monthly mean variation of short-wave aerosol radiative forcing (SWARF ) averaged over 24 h at the top of the 
atmosphere TOA (green), surface SUR (blue), and within the atmosphere ATM (red) for the period 2011�2017 in Central Amazonia. 
Data from the Manaus/EMBRAPA AERONET site (PalÆcios et al., 2020).

Figure 4.6.3 Effects of aerosols on carbon uptake by the Amazonian Forest expressed as NEE for dry and wet seasons in an LBA 
tower in Rondônia (Rebio Jarœ). A relative irradiance of 1.0 corresponds to an atmosphere with background aerosols (AOD = 0.05). At 
increasing biomass burning aerosol loadings, the relative irradiance decreases. Analysis from Cirino et al., 2014.
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1, which corresponds to AOD = 0.05 at 500 nm. As we 
increase the atmospheric aerosol loading, RI decreases. 
A RI of about 0.7 corresponds to an AOD at 500 nm 
of about 1.1. That is where the increase in NEE due to 
increasing diffuse to direct radiation starts to saturate. 
As the total radiation �ux decrease with an increased 
aerosol concentration cause an increase in diffuse 
radiation the NEE decreases. It will reach values close to 
zero for high amounts of aerosols in the atmosphere.

Large-scale modeling studies show similar results 
in terms of strong aerosol effects on carbon uptake for 
Amazonia. Simulations with 3 times the BB (3xBBA) 
aerosol emissions of 2012 (Figure 4.6.4) show large-
scale increases of 20�40% in diffuse radiation, gross 
and net primary production (GPP and NPP), especially 
in the August peak of the biomass burning season. This 
phenomenon is attributed to the increase in diffuse 
radiation by the aerosol loading and consequent more 
extensive radiation penetration into the forest canopy 
(Rap et al., 2015).

A signi�cant number of studies on aerosol radiative 
effects from biomass burning in Africa focus on 
savannah �res, and only a few include measurements 
from tropical African forests.  A modeling study used 
the Atmosphere Model version 5 (CAM5) and showed an 
average radiative forcing (RF) of �2 Wm�† and a single 
scattering albedo at the wavelength 550 nm (SSA550) 
of 0.92 in tropical Africa (Brown et al., 2021). Several 
AERONET sites in tropical and subtropical Africa reports 
large increases in AOD as a result of biomass burning 
emissions in Africa (Adesina et al., 2015, Boiyo et al., 
2018, 2019). Long-term AOD500 measurements show 
an annual average of 0.23, with a mixture of sources 
(desert dust, biomass burning, and urban-industrial) 
(Boiyo et al., 2018). They also measured an average 
SSA440 of 0.89 and an average TOA aerosol radiative 
effect of �21.3 Wm�† during the biomass burning season 
in July and �8.01 Wm�† in November (Boiyo et al., 2018). 
Simeon et al., 2021 reports satellite observations and 
numerical simulations on the Southeast Atlantic region 

Figure 4.6.4 Modeled 1998�2007 mean percentage changes in (d, e, f) diffuse radiation, (g, h, i) GPP, and (j, k, l) NPP during the wet 
(de�ned here as of December to May) season, dry (June to November) season and August due to biomass burning aerosol (BBA) 
emissions. For details, see Rap et al., 2015.
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in�uenced by African biomass burning. They observed 
some contribution from BrC, on the order of 3%, and an 
SSA550 of 0.84, a pretty absorbing aerosol. SSA retrieved 
from POLDER-3 shows an SSA of 0.85 at 565 nm. The BC/
OC mass ratio in�uences SSA. African BBA plumes� values 
depend on the different types of burned vegetation in 
Africa (extratropical forests, tropical forests, savannahs, 
grasslands, or crop residues). These carbonaceous 
aerosol mixing ratios can be highly variable, ranging 
from 0.06 to 0.33 for BBA plumes (Simeon et al., 2021), 
affecting the aerosol radiative effect. Abel et al., 2005 
using data collected by CIMEL sunphotometers from 
the NASA AERONET network and global climate models 
(GCM), showed that the net regional direct effect of 
the biomass smoke is �3.1 to �3.6 Wm�2 at the top 
of the atmosphere, and �14.4 to �17.0 Wm�2 at the 
surface, a strong effect. Aerosols from African biomass 
burning pollute the tropical South Atlantic signi�cantly. 
Measurements made by the US Department of Energy 
Atmospheric Radiation Measurement (DoE ARM) Mobile 
Facility at Ascension Island showed an SSA500 of 0.78 to 
0.83. An AOD500 of 0.4�0.7 when aerosol from biomass 
burning emissions in Africa impacted Ascension Island in 
June�October 2016�2017 (Zuidema et al., 2018). 

A few studies analyze the radiative effect of aerosols 
emitted by North America and Northeast Asia boreal 
forests (Stocks et al., 1998, Spracklen et al., 2008). 
Randerson et al. (2006) used observations of the radiation 
balance over a chronosequence of forest �re burn scars 
combined with climate model analysis indicating that 
the radiative effect of mature boreal forest compared 
with the forest over an 80-year �re cycle was a warming 
of 2.3Wm�2.

In addition to the direct radiative effect analyzed 
in this section, aerosol-cloud interactions are very 
important for tropical and boreal forests. Both are the 
main uncertainties in the global radiative effect and 
have important impacts on future climate predictions 
(Boucher et al., 2013).

5. AEROSOL-CLOUD-PRECIPITATION 
INTERACTIONS

Aerosol-cloud interactions remain the most signi�cant 
uncertainty in understanding anthropogenic 
perturbations to the climate system (Boucher et al., 
2013). In this section, aerosol-cloud interactions will be 
reviewed, focusing on tropical and boreal forests. We will 
follow a process-based approach, tracing aerosol-cloud 
interactions from the micro- to the mesoscale. Forested 
areas are often characterized by distinct aerosol regimes: 
a clean regime dominated by a low concentration of 
organic aerosols forming from natural biogenic emissions 
and a polluted regime associated with aerosol emissions 
from wild�res and anthropogenic pollution. Perturbations 

to the global radiation balance are strongly associated 
with �re emissions (see sections 4.5�4.6). 

5.1. THE COMPLEX MECHANISMS OF CLOUD-
AEROSOL-PRECIPITATION-RADIATION 
INTERACTIONS
Many aerosol-cloud radiation interactions are nonlinear 
and critically important to climate. Aerosol particles 
scatter and absorb solar radiation and therefore reduce 
the incoming solar radiation at the surface (�dimming�) 
(Ramanathan et al., 2001; Stephens et al., 2012, Liu 
et al., 2021). In addition, absorbing aerosols, notably 
black carbon from �re emissions, provides a diabatic 
heating term that increases atmospheric temperature 
and, therefore, reduces relative humidity as given by 
the Clausius-Clapeiron relationship. These �semi-direct� 
aerosol effects have been hypothesized to reduce cloud 
amount (Ackerman et al., 2000; Hansen et al., 1997; 
Koren et al., 2004). However, the associated modulation 
of temperature and humidity pro�les also affects 
atmospheric stability and is sensitive to the height of the 
layer of absorbing aerosol (Koch and Del Genio, 2010, 
Hodgson et al., 2017). Absorbing aerosol layers above sub-
tropical subsidence regions can also sharpen the inversion 
strength and increase the cover of stratocumulus clouds 
(Brioude et al., 2009; Johnson et al., 2004). This topic is 
also closely associated with carbon stocks in tropical 
forests due to the high sensitivity of the carbon cycle with 
temperature, clouds, and precipitation (Sikma et al., 2019).

5.2. AEROSOL-CLOUD INTERACTIONS 
MEDIATED VIA CHANGES IN CCN
Aerosols of suitable size and composition act as CCN at 
a given supersaturation SS (%). The number of CCN that 
is activated into cloud droplets is primarily determined 
by the number of CCN (condensation on CCN acts as a 
sink of supersaturation) as well as the updraft velocity 
(associated cooling reduces the saturation vapor 
pressure and therefore increases supersaturation) 
(McFiggans et al., 2006). Cloud droplet number 
concentrations in forested areas vary considerably 
between pristine, biogenically dominated, and polluted, 
�re-dominated conditions (Andreae et al., 2004; Roberts 
et al., 2001, Martins et al., 2011). There exists robust 
evidence that forest �res increase CCN and the number 
of activated cloud droplets (Andreae et al., 2004). The 
propagation of this perturbation in droplet numbers at 
cloud formation through cloud microphysical processes 
is more challenging to assess and, therefore, less certain. 
For the assumption of constant liquid water content, 
increased droplet numbers will directly translate into 
reducing cloud droplet radii, increasing cloud albedo, 
and exerting a negative (cooling) radiative effect on 
the top-of-atmosphere radiation balance (Twomey, 
1974). Enhanced numbers of droplets with reduced size 
reduce the ef�ciency of droplets to grow to precipitable 
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size, which has been hypothesized to increase global 
cloud amount (Albrecht, 1989). This suppression of the 
warm rain formation mechanism via auto-conversion 
is also con�rmed by theory (Khairoutdinov and Kogan, 
2000), observations (Andreae et al., 2004), and modeling 
(Heikenfeld et al., 2019). However, it should be noted 
that reductions in droplet size also affect evaporation-
entrainment feedbacks (Jiang et al., 2006), which could 
buffer the overall effect (Stevens and Feingold, 2009) so 
that the overall impact on precipitation could be small 
(Seifert et al., 2015, Toll et al., 2019). Although CCN 
affects the formation of liquid droplets, the associated 
perturbations also propagate to the mixed-phase 
convective clouds and ice cloud microphysics, affecting 
ice crystal number, mass, and morphology (Heikenfeld et 
al., 2019; White et al., 2017, Khain et al., 2005, Lynn et 
al., 2005, Figure 5.1).

For deep convective clouds, if warm-phase 
precipitation is delayed until the freezing level, it has 
been hypothesized that the additional release of the 
latent heat of freezing leads to �convective invigoration� 
(Andreae et al., 2004, Rosenfeld, 2008). However, 
the importance of this mechanism is not entirely 
undisputed (e.g., Grant and van den Heever, 2015). 
Purely microphysical effects through an increase in 
the lifetime of anvil-cloud ice due to a larger number, 
smaller freezing droplets leading to smaller ice crystals 
with lower fall velocities could provide a complementary 
explanation for the �convective invigoration� (Fan et al., 
2013; Grabowski, 2015; Grabowski and Morrison, 2016).

Observations from the recent ACRIDICON-CHUVA 
campaign in Amazonia provide evidence for aerosol 
effects on convective cloud microphysics. There exists 
a strong seasonal variability in tropical forests, with a 
distinct monsoon type rainy season and a dry season 
with more isolated and intense rainfall, as discussed in 
section 2. The monsoon type has a larger contribution 
of warm rain and deep convective clouds with moderate 
vertical velocity. The dry season has very intense deep 
convective clouds, more lighting, and graupel-hail 

particles (Machado et al., 2018; Ribaud et al., 2019). It is 
undoubtedly very different for the wet season due to the 
high amount of speci�c humidity (about 20 g/kg) and the 
typical ocean droplet size distribution behavior (the so-
called green ocean). These features associated with the 
nearly pristine condition favor the development of warm 
rain with a short life cycle. Machado et al. (2018) show 
signi�cantly different aerosol number concentrations 
between the seasons in Amazonas. The dry season 
has nearly three times more aerosols than the wet 
season (see section 3.3). Of course, the thermodynamic 
environment is also very different, resulting in very 
different cloud types and complicating the causal 
attribution of observed cloud variations to aerosol 
effects. For the wet season and low rain rates, primarily 
associated with warm cloud processes, the cleaner cases 
have a larger mean raindrop diameter than the most 
polluted events. For high rain rates, mostly related to 
deep convection, larger mean raindrop diameters are 
observed for the most polluted events, agreeing with the 
proposed cloud invigoration mechanism (Machado et al., 
2018). Fan et al. (2018) suggest (based on the analysis of 
17 convective events and cloud-resolving modeling) that 
the depletion of cloud water through precipitation in low 
aerosol environments can lead to high supersaturations 
and subsequent activation of small aerosol particles 
into cloud droplets (Ekman et al., 2011). This enhances 
condensation and latent heat release with the subsequent 
invigoration of convection. Cecchini et al. (2017) compare 
aircraft measurements of hydrometeor�s shape (ice or 
liquid) for growing convective cumulus in polluted and 
pristine environments in Amazonia. They �nd a rapid 
increase in the fraction of ice particles above the melting 
layer for pristine clouds, while for polluted clouds, 
signi�cant fractions of liquid droplets existed until �18°C. 
Another difference among cloud droplets from pristine 
and polluted environments is the vertical distribution 
of the cloud droplet number concentration. Wendisch 
et al. (2016) show a homogeneous cloud number 
concentration distribution with height in a polluted 

Figure 5.1 Illustration of the propagation of aerosol perturbations (idealized through prescribed cloud droplet number concentrations 
of 50 cm�3, 250 cm�3, and 2500 cm�3) through mixed-phase cloud microphysics in a single-supercell convective cloud. With increasing 
droplet number concentrations, the warm rain formation is shut down while the freezing level increases (Heikenfeld et al., 2019).
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environment and a signi�cant decrease in cloud droplet 
number concentration for pristine clouds, consistent with 
the onset of collision/coalescence processes.

However, it should be noted that the uncertainties 
associated with mixed- and ice-cloud microphysics 
remain signi�cant and can easily exceed the magnitude 
of model-simulated effects (White et al., 2017). There 
exists a need for robust observational constraints on the 
underlying microphysical processes. Another important 
factor to consider is that aerosol-cloud interactions are 
two-way interactions: not only do aerosols affect clouds, 
clouds and precipitation are also critical regulators of 
aerosols. Convective up and downdrafts are a key source 
of aerosol (precursors) (Krejci et al., 2003). Wang et al. 
(2016) show an increase of nanoparticles just after the 
onset of rain. Gerken et al. (2016) �nd a large increase 
in ozone concentration during convective raining 
events. They suggest that convective clouds bring gas 
and ultra�ne aerosols from the upper troposphere by 
the downdrafts. Andreae et al. (2018) �nd a very high 
concentration of these ultra�ne aerosols (up to 66000 
cm�3) around 8�12 km (see 4.4 and 6). They suggest 
a conceptual model where new aerosol particles are 
formed by biogenic volatile organic material brought 
up by the convective updrafts. Subsequently, these 
aerosols are transported by downdrafts of convective 
clouds to the surface and increased by the condensation 
of biogenic volatile organic compound oxidation 
products. At the same time, precipitation is also the 
main removal mechanism for aerosols, particularly for 
soluble aerosols suitable to act as CCN (Textor et al., 
2006). This strong coupling between observable aerosol, 
cloud, and precipitation properties and the existence of 
many confounding factors makes it dif�cult to establish 
causality from purely observational studies (Gryspeerdt 
et al., 2014, 2015, Toledo Machado et al., 2021).

5.3. AEROSOL-CLOUD INTERACTIONS 
MEDIATED VIA CHANGES IN ICE NUCLEI 
PARTICLES (INP)
In addition to CCN, ice-nucleating particles (INP) can 
perturb cloud microphysics (Schrod et al., 2020). Both 
locally bioaerosol emitted (e.g., fungal spores, bacteria, 
plant fragments) and advected (e.g., soil dust) aerosols 
contribute to the forest budget of INP (Prenni et al., 
2009). While global measurements seem to indicate 
a limited contribution of biogenic aerosols to the 
overall abundance of INP, they can be of much greater 
importance in source regions with large biological 
activity. However, the availability of measurements 
of INP is limited, so that is not yet possible to quantify 
their relative contributions. Model simulations suggest a 
limited role of INP on convective dynamics but highlight 
their role in regulating ice concentrations in convective 
anvils (Fan et al., 2010, Philips et al., 2005).

Recent �eld campaigns in Amazon provide detailed 

measurements of cloud microphysics. Using HALO aircraft 
measurements based on a stereoscopic particle imager, 
Wendisch et al. (2016) show different ice particle habits of 
cold cloud tops for in situ cirrus and an anvil out�ow over 
the Amazon. In situ cirrus is typically composed of small 
ice particles, bullet rosettes, and bullet rosette aggregates; 
contrarily, anvil out�ows were mainly composed of plates 
and aggregates. These cloud-top features represented 
the Amazonian deep convective cloud during polluted 
conditions. These differences in observed ice crystal 
habits are probably related to the different formation 
altitudes, microphysical processes, and strong vertical 
transport. Wendisch et al. (2016) suggest that these 
plate-like ice crystals, found in the cirrus out�ow, were 
formed, and grown by heterogeneous nucleation on 
solid aerosol particles and grown in the warmer parts of 
the cloud. Ribaud et al. (2019) describe the convective 
and stratiform clouds ice microphysical properties over 
Brazil using a dual-polarization radar. Stratiform clouds 
typically have ice crystals, wet snow, aggregates, and 
clouds in the dry and wet seasons with very similar ice 
classi�cation. The only observed difference is related 
to the higher levels of wet snow and aggregates found 
during the dry season. For the convective clouds, some 
differences were observed between dry and wet season 
clouds. The wet season convective clouds are composed 
of ice crystals, low-density graupel, and aggregates. The 
dry season has an additional ice spice, the high-density 
graupel. Those differences are related to the more intense 
convective clouds and the CCN concentration during the 
dry season. Jäkel et al. (2017) employed an imaging 
spectroradiometer during ACRIDICON-CHUVA to measure 
the side spectral re�ectivity of deep convective clouds to 
assess the cloud phase. They found different mixed-phase 
upper (glaciation layer) and lower boundaries between 
moderate and polluted atmospheric conditions. Polluted 
clouds have a higher upper and lower boundary of the 
mixed-phase layer when compared with the moderate 
clouds. Albrecht et al. (2011) used the ground lightning 
network and radar data to discuss the deep convective 
cloud�s behavior in Amazonas during the TRMM-LBA �eld 
campaign. They found no signi�cant difference between 
thunderstorms and showers in terms of atmospheric 
pollution during the dry season. However, during the wet 
season, cloud-to-ground lightning is predominant during 
periods of higher aerosol concentration.

Due to the dif�culty of observing ice cloud microphysics 
in convective clouds and the strong co-variability of CCN 
and INP that complicate the attribution, there is limited 
observational evidence on the effect of INP on convective 
cloud microphysics.

5.4. CLIMATE EFFECTS OF AEROSOL-CLOUD 
INTERACTIONS
Currently, there exists a disconnect between primarily 
processed-based and limited area studies of the impact 
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of forest aerosols on convective clouds and the regional 
and larger-scale climate impacts. A key reason is the 
current global and regional climate models that, due to 
limitations in the parameterization of convective clouds, 
do not typically include convective cloud microphysics 
and hence lack the ability to represent the majority of 
the effects proposed to be of importance for the impact 
of forest aerosols on clouds and climate. However, 
both recent development of advanced aerosol-aware 
convection parameterizations (Gettelman et al., 2015; 
Kipling et al., 2017; Labbouz et al., 2018), as well as the 
increasing availability of (near) global cloud-resolving 
modeling (Satoh et al., 2008), will help to close this gap 
in a medium to long-term perspective. Meanwhile, it is 
worth reiterating the importance of scales for aerosol-
cloud interactions. While many process-based studies 
focus on a single or a limited number of clouds, for 
which limited budgetary constraints exist, it is not clear 
that the results from such studies apply to a cloud-
�eld, on a regional or even on a global scale, for which 
moisture and energy budgets are of crucial importance 
(Allen and Ingram, 2002; Muller and O�Gorman, 2011). 
Such budgetary constraints may be the underlying 
mechanism of the concept of �buffering� (Stevens and 
Feingold, 2009). It is important for the global radiation 
balance to recall that the cooling/warming direct 
radiative effects of scattering/absorption from biomass 
burning aerosol approximately cancel each other (Myhre 
et al., 2013; Stocker et al., 2013). However, because both 
scattering and absorbing forest aerosols can act as CCN, 
and because the net aerosol effective radiative forcing 
from aerosol-cloud interactions is negative (Boucher 
et al., 2013), the net radiative effect of forest aerosol 
on the global radiation balance is likely to be negative 
but highly uncertain due to the above-mentioned 
limitations in global climate models used to quantify 
these effects. Future work should employ large-domain 
and global Large Eddy Simulation/Cloud Resolving 
Models (LES/CRM) simulations with prognostic aerosol 
parameters to facilitate comparison with observations 
and facilitate the interpretation of observed aerosol-
cloud relationships, and ultimately provide more robust 
assessments of the effect of forest aerosols on clouds 
and climate.

From several studies, it is possible to observe that 
aerosol-cloud interactions (ACI) tend to saturate 
at high aerosol loading. In contrast, the strength of 
aerosol-radiation interaction (ARI) increases and plays 
a more important role in highly polluted episodes 
and regions. This should hold not only for biomass-
burning aerosols over the Amazon but also for other 
light-absorbing aerosols. The importance of ARI at 
high aerosol loading highlights the need for accurately 
characterizing aerosol optical properties to investigate 
aerosol effects on clouds, precipitation, and climate 
(Liu et al., 2020, Gouveia et al., 2017).

6. ECOSYSTEM-ATMOSPHERE 
FEEDBACKS AND DRIVERS OF 
CHANGES

The preceding sections clearly show that tropical and 
boreal forests play a major role in key biogeochemical, 
atmospheric, and climatic issues up to the planetary 
scale. Tropical forests are one of the largest carbon 
reservoirs among terrestrial ecosystems. The forest 
ecosystems work through a complex nonlinear network 
of many different processes, with positive and negative 
feedbacks. For instance, deforestation is linked to reduced 
evaporation and increasing local temperatures, and these 
effects induce a further increase in land use, increasing 
forest degradation. Forest cover loss�if suf�ciently 
extensive�can result in changes in local climate that, in 
turn, can degrade the forest and turn it more susceptible 
to �res (Feng et al., 2021, Junior et al., 2021). Degraded 
forests in Amazonia currently occupy an area larger than 
that which has been deforested (Matricard et al., 2020, 
Vancutsem et al., 2021), and this is important feedback 
(Malhi et al., 2009)

Several recent studies show that carbon cycling is 
changing in Amazonia (Brienen et al., 2015, Brando et 
al., 2019, 2015, Saatchi et al., 2021. A few decades ago, 
Amazonia was removing carbon from the atmosphere at 
a rate of about 50 g m�2 a�1 (Ometto et al., 2005, Araujo 
et al., 2002, Chambers et al., 2001). Recent works show 
that the intensi�cation in tree mortality due to increased 
frequency and intensity of droughts brought the carbon 
balance of undisturbed forests close to neutral (Brienen 
et al., 2015, see also section 4.2.6). Future temperature 
and precipitation changes, in addition to increases in 
climate extremes, will bring additional stress (Lovejoy 
and Nobre, 2018, 2019, Nobre et al., 2019, Aguiar et 
al., 2016). This will most likely change the emissions 
and atmospheric processes that have been discussed 
in previous sections, especially if global climate change 
is aggravated regionally by deforestation (Hoffmann et 
al., 2003). Biomass-burning emissions can also change 
with new governmental policies in many countries and 
are major drivers for boreal and tropical atmospheric 
composition (Andreae, 1991, see also section 4.5). 
Higher temperatures for boreal forests could mean more 
insect infestations, changing albedo during wintertime, 
and produce other biophysical and climatic effects 
(Lappalainen et al., 2016). The boreal forest faces other 
challenges, with changing practices in forestry, changing 
climate resulting in changing temperature, growing 
season, precipitation, and changing biodiversity, which 
in turn changes the feedback processes. Climate change 
and rising CO2 are altering the behavior of land plants in 
ways that in�uence how much biomass they produce 
relative to how much water they need for growth (Brando 
et al., 2019, Brienen et al., 2015, Saatchi et al., 2021). 
Plants have also become substantially more ef�cient 
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at �xing carbon per unit of water lost, which is possible 
because of the bene�cial effects of elevated atmospheric 
CO2. This result implies that, on a global scale, land plants 
have regulated their stomatal conductance to allow 
the CO2 partial pressure within stomatal cavities and 
their intrinsic water use ef�ciency to increase in nearly 
constant proportion to the rise in atmospheric CO2 
concentration (Keeling et al., 2017). 

In addition to the effects of climate change in tropical 
regions, land-use change, and urbanization are rapidly 
increasing, generating strong impacts in the ecosystem 
processes. Climate change in the tropics is expected to 
not only increase temperatures but also further alter 
precipitation patterns, as more frequent and intense 
droughts are combined with elevated temperatures that 
are already being observed (Stark et al., 2020, Aragªo et 
al., 2018; Feldpausch et al., 2016; Li et al., 2008; Marengo 
et al., 2016). Such conditions can lead to increased 
tree mortality, reduced net primary productivity, and 
decreased trace gas emissions such as VOCs due to 
biomass reduction (Aleixo et al., 2019, Yanez Serrano et al., 
2020). Spatial and temporal rainfall patterns are governed 
by complex interactions between climate and landscape 
perturbations, including deforestation, �re, and drought 
(Haghtalab et al., 2020). These changes can have profound 
effects on the dry season length, which affects the 
atmospheric chemistry above the rainforest (MacKenzie 
et al., 2011). There is signi�cant uncertainty regarding 
the effects of CO2 increase and CO2 fertilization, and 
measurements are currently taking place to investigate 
this critical issue (Lapola, 2018). If global warming is kept 
below 2°C, less than 2% of assemblages globally are 

projected to undergo abrupt exposure events of more 
than 20% of their constituent species; however, the risk 
accelerates with the magnitude of warming, threatening 
15% of assemblages at 4°C, with similar levels of risk in 
protected and unprotected areas (Trisos et al., 2020).

Increases in forest areas are being discussed as one 
of the strategies to mitigate climate change. This would 
involve reforestation, forest restoration, afforestation, or 
capturing CO2 from the atmosphere via BECCS (bioenergy 
with carbon capture and storage) (IPCC SRCCL, 2019, IPCC 
SR1.5, 2018, Bastin et al., 2019). Bastin et al. (2019) propose 
an extra forest coverage of 9 • 106 km2 as a global tree 
restoration potential that could store 205 Pg of carbon in 
the long-term perspective. They estimate this signi�cant 
potential increase from their estimate of the total forest 
area of 28 • 106 km2, differing from the estimate of 40 • 106 
km2 by Pan et al., 2011. Bastin et al. claim that the extra 
9 • 106 km2 will not impact urban or cropland, while IPCC 
SRCCL, 2019, state a need to increase crop area to provide 
food security for our increasing population. BECCS is being 
analyzed as a mitigation strategy that could remove CO2 
from the atmosphere at a scale of up to 11.3 Pg CO2 
a�„ in 2050, doubling the present CO2 removal by global 
forests. For such a large-scale BECCS deployment, many 
technological issues must be worked out. In addition, 
these policies of large-scale BECCS implementation will 
need careful management between reducing tropical 
deforestation, increase in food production areas, and 
bioenergy production (Fuss et al., 2018).

Tropical and boreal forests have quite different 
feedback mechanisms and different sensitivity to 
warming or change in precipitation. Figure 6.1 shows a 

Figure 6.1 Schematic illustration of the processes through which the effects of global warming in the a) Amazon (left panel, blue 
boxes, and arrows) and b) boreal regions (right panel, red boxes, and arrows) feedback on the regional climate change (Jia et al., 
2019, IPCC SRCCL, 2019).
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