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Abstract. Biomass burning has a significant impact on the composition of the atmosphere and climate due to large emissions

of trace gases and aerosols. Previous studies have demonstrated the influence of biomass burning emissions on the spatial and

temporal variability of carbon monoxide (CO) and aerosols concentration on hemispheric scales. This study aims to examine

the correlation between fire variability andthe variability of fires and their impact on the mean and extreme values of CO

and aerosol optical depth (AOD) observed by satellite (IASI/Metop for total column CO and MODIS/Terra and Aqua for5

AOD), focusing on the extratropical Northern Hemisphere (NH) from 2008 to 2023. While biomass burning due to agricultural

practices is decreasing in many regions, boreal regions and the western United States have experienced a notable rise in burned

area, up to +37 % in recent years (2017–2023) compared to the 2008–2023 period, and fire intensity. This is consistent with an

increase in meteorological fire risk in these regions. The increase in wildfires has led to a rise in the mean and extreme values of

CO and AOD during the summer and early autumn across all NH, up to +9.3 % and +33 % for extreme values of total column10

CO and AOD in boreal regions and the western United States in recent years compared to 2008–2023. The number of days

with extreme total column CO and AOD has increased by more than 50 % in recent years during summer in North America,

the Atlantic and Europe, in comparison to the full period. A robust correlation (r=0.83) between the number of plumes and

burned areas in the extratropical northern hemisphere is obtained.
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1 Introduction

Biomass burning is a significant source of trace gases, including greenhouse gases, and aerosols (Andreae and Merlet, 2001;

Andreae, 2019), contributing to climate forcing and atmospheric pollution. On a global scale, Johnston et al. (2012) estimate

that it caused 260,000 to 600,000 premature deaths each year over the period 1997–2006. Exposure to pollution from biomass

burning leads to a significant increase in mortality, of the order of 4% (all-cause mortality, cardiovascular mortality and res-20
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piratory morbidity) for a 10µgm−3 increase in the concentration of fine particles (PM2.5, diameter ≤ 2.5µm) (Karanasiou

et al., 2021). During intense wildfires, PM2.5 concentrations can increase by several hundred µgm−3 over large areas, with a

major health impact (Xu et al., 2020; Chen et al., 2021a). Studies show that wildfires may be more harmful than other sources,

due to the toxicity of particulate matter and the cocktail effect of co-exposure to high temperatures and to other air pollutants,

including ozone (e.g. Keywood et al., 2015; Aguilera et al., 2021).25

Historical reconstructions show that fire-related carbon emissions have been stable since the pre-industrial era on a global

scale (van Marle et al., 2017). The variationsemissions are largely controlled by fires in Africa (more than half of global

emissions) and tropical regions of America an Asia (almost 25 % of emissions) (van Marle et al., 2017), where the long term

evolution of biomass burning is linked to changes in land use (Andela et al., 2017). Based on satellite observations of fire

activity, Chen et al. (2023) show that global burned area decreased by approximately 22 % between 1997 and 2020, driven by a30

decrease in tropical north Africa, northern Australia, Southern Hemisphere South America, and the Eurasian Steppe. However,

burned areas tend to increase in the mid and high latitudes of the Northern Hemisphere.

The extent of a wildfire after ignition depends on the availability of fuel and weather conditions , hot and dry conditions

being favourable to propagation(e.g., hot and dry conditions being favourable to propagation). Weather conditions drive the

inter-annual variability in burned area and season length in the Mediterranean area, the western USA and the high latitudes of35

the Northern Hemisphere (Jones et al., 2022). In these regions, fire weather indexes driven byderived from surface temperature,

relative humidity, precipitation and wind speed, have been shown to be well correlated with observed fire activity (Grillakis

et al., 2022) and are widely used to study the evolution of the vulnerability to wildfire. These studies have highlighted a

significant lengthening of fire seasons in many regions since 1979, accompanied by an increased probability of long fire seasons

(Jolly et al., 2015). An increase in extreme conditions, and extreme fire activity, is attributed to surface temperature increase40

and associated water deficit due to evaporation, rather than a decrease in precipitation (Jain et al., 2022; Jones et al., 2022).

With the increasing intensity of wildfires, the impact on regional air quality is also becoming more severe, and is projected to

increase in the context of climate change (Ford et al., 2018; Tian et al., 2023).

The anthropogenic origin of most wildfires in temperate regions – 80 % of population exposure to PM2.5 in the US

(Carter et al., 2023), 85 % of the total burned area of Europe occurs in the Mediterranean area (San-Miguel-Ayanz and Camia,45

2010) – offers potential for mitigating their effect.The anthropogenic origin of most wildfires in temperate regions offers poten-

tial for mitigating their effect. Indeed, human-initiated fires account for more than 80 % of population exposure to fire PM2.5 in

the US (Carter et al., 2023) and over 96 % of the fires in the European Union are caused by humans (San-Miguel-Ayanz et al.,

2024). In boreal regions however, a significant fraction of wildfires, more than 80 % of burned area in North American boreal

forests between 1975 and 2015, are triggered by lightning strikes (Veraverbeke et al., 2017). They often affect remote areas50

and burn for many weeks, sometimes smoldering throughout the winter (Scholten et al., 2021). Their effect on atmospheric

composition is major, and likely to intensify in coming years (Chen et al., 2021b; Hessilt et al., 2022).

In addition to local effects on air quality, the large smoke plumes emitted by the most severe wildfires may be transported

over long distances, altering air quality at continental scales, sometimes hemispheric scale. Several studies have shown that

emissions from biomass burning control the interannual variability of both carbon monoxide (CO) and aerosol concentrations55
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(e.g. Szopa et al., 2007; Spracklen et al., 2007; Jaffe et al., 2008). CO is emitted by incomplete combustion from anthropogenic

(∼ 60 % of direct emissions) and biomass burning sources. It is also produced by the oxidation of methane and volatile organic

compounds. This secondary production accounts for almost half of the CO sources (Zheng et al., 2019). Its main sink is its

oxidation by the hydroxyl radical (OH), which is larger in summer, resulting in a shorter lifetime of CO, and lower CO values.

However, its lifetime remains relatively long, several weeks during summer, which allows transport on long distances. During60

intense wildfires, large amounts of CO are emitted, resulting in large CO plumes transported over hundreds to thousands of

kilometers. The plumes having CO concentrations well above background values, CO is considered a good proxy for biomass

fire smoke plumes.The plumes exhibit CO concentrations that are well above background values. It is therefore considered a

reliable proxy of biomass fire smoke plumes.

Aerosols have a large variety of emissions and precursors, as well as a shorter lifetime (in particular due to rapid deposition)65

but combustion is also a large contribution to the total loading. Both CO and aerosol optical depth (AOD) are well observed

by satellite, allowing a monitoring of wildfire plumes transport and impact (e.g. Edwards et al., 2004; Turquety et al., 2020;

Buchholz et al., 2021; Albores et al., 2023; Ceamanos et al., 2023). On longer time scales, the availability of satellite observa-

tions of CO and AOD since the early 2000s allows the analysis of observed trends. Both AOD and surface PM concentrations

show a decrease in aerosol load since 2000 over the mid-latitudes of the Northern Hemisphere, especially over Europe, North70

America and, since 2010, over China (Intergovernmental Panel On Climate Change, 2023), that may be attributed to a decline

in anthropogenic emissions due to the implementation of air quality management policies, and better combustion efficiencies.

As for AOD, the decrease in total column CO is particularly marked over eastern Asia and the northern Pacific (Zheng et al.,

2018). Using inverse modeling, Zheng et al. (2019) attribute the decreasing trends in 2000–2017 to decreasing anthropogenic

emissions in the United States, Europe and in China, but also to decreasing biomass burning emissions, especially in equatorial75

Africa. Over areas influenced by wildfires, observations show a compensation of the general downward trend observed for CO

over the past decade, especially in late summer (Buchholz et al., 2021, 2022). Similar results are obtained for particulate matter

(O’Dell et al., 2019).

In this context, this study aims to quantify the impact of fires on the long-range transport of pollution in the Northern

Hemisphere during the period 2008-2023, and how it has changed in recent years.this study aims to examine the variability of80

fires and their impact on the atmospheric composition in the Northern Hemisphere between June and October for the 2008–

2023 period. Fire activity is characterised using fire observations by the MODIS instrument (active fires and burned area

products) in terms of both burned areas and fire intensity (using the fire radiative power as proxy). The Canadian Fire Weather

Index (FWI) is used to analyse whether the observed evolution of wildfires may be attributed to weather conditions more or

less prone to fire spread or whether it is due to human activity. The resulting wildfire plumes are identified and characterised85

using satellite observations of CO and AOD from the IASI/Metop, MODIS/Terra and MODIS/Aqua instruments during the

period 2008–2023. The study is focused on the boreal summer (June to October), which corresponds to the fire season in

the extratropical regions and minimises the long-range transport of anthropogenic pollution, more specifically the maximum

export from Asia in Spring.
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After a description of the data and methods used (section 2), the variability, trends and recent anomalies are analysed for90

fire activity and fire weather (section 3.3). The associated variations in the means and extremes of total CO and AOD are

then examined (section 4). Finally, the evolution of the impact of wildfires is characterised in terms of the number of days

with plumes of extreme values of CO and AOD over different regions of the Northern Hemisphere (sections 4.4).The data and

methods used for this study are described in section 2. After a presentation of the general characteristics of fire activity in the

Northern Hemisphere (section 3.1), the trends (section 3.2) and recent anomalies (section 3.3) in fire activity are analyzed. A95

more specific focus on the evolution of the Fire Weather Index is presented in section 3.4. The variability of the means and

extremes of total column CO and AOD is investigated in section 4.1. In a similar approach to that adopted for fire activity, the

trends (section 4.2) and recent anomalies (section 4.3) in total CO and AOD are examined. Finally, the evolution of the impact

of wildfires is characterized in terms of the number of days with plumes of extreme values of CO and AOD over different

regions of the Northern Hemisphere (sections 4.4).100

2 Observations and indicatorsData & Methods

2.1 Observations of fire activity

The analysis of fire activity is conducted using the MODIS Collection 6 databases (Giglio et al., 2018). The burned area is cal-

culated based on the MCD64A1 product, which provides the date of burning at a resolution of 500 m (Giglio et al., 2010, 2015).

The active fire products MOD14 and MYD14, based on thermal anomalies, are employed for retrieval from MODIS obser-105

vations onboard Terra (equator crossing time 10:30 LST) and Aqua (equator crossing time 13:30 LST), respectively. These

products provide the date of burning at a 1 km resolution as well as the fire radiative power (Giglio et al., 2006). The fire

radiative power represents the energy released during combustion and measures the intensity of a biomass fire (Wooster and

Zhang, 2004). A linear relationship exists between the burned area and the fire radiative power, up to a certain limit depending

on the region and vegetation burned. Beyond this limit, the burned area tends to flatten or decrease with increasing fire radiative110

power (Laurent et al., 2019).

Both burned area and active fires are processed using the APIFLAME v2.0 software (Turquety et al., 2020). If a fire is

detected at a given date, the assumed burned area is calculated as the size of the pixel, modulated by the fraction of the pixel

covered by vegetation.

In both cases, only data of the highest confidence are employed (based on quality flags). The main source of uncertainty is115

associated with cloud cover, which masks surface anomalies. The temporal resolution that can be achieved (i.e. the uncertainty

on the date of burning) is estimated to be approximately two days (Giglio et al., 2018). The horizontal resolution of the MODIS

detection is 500 m for the burned area product and 1 km for the active fires product. This may result in an overestimation of the

burned area in some cases.

In the case of active fires, false detections that may be associated with industrial activity, for instance, are also filtered using120

a statistical analysis (as described in Turquety et al., 2020). A large number of active fires remain in the Persian Gulf, and

therefore it has been deemed appropriate to mask them in order to avoid the occurrence of false positives due to oil and gas
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operations. It is important to note that the MCD64A1 product may be less effective in detecting smaller fires, which are more

easily identified by their thermal signature, resulting in an underestimation of the burned area (Randerson et al., 2012; Ramo

et al., 2021). New products based on finer-resolution satellite instruments and taking better account of small fires estimate a125

global burned area that is between 43% and 93% greater than that estimated by MCD64A1 (Chen et al., 2023; Lizundia-Loiola

et al., 2022).

The daily burned area and fire radiative power datasets derived from MODIS are gridded on a 0.5°×0.5° grid covering the

Northern Hemisphere, which facilitates the analysis.

In consideration of the fact that a fire can persist for several consecutive days, a database of detected events is constructed.130

A fire event in a grid cell is defined as one or more consecutive days with at least one fire detected in the grid cell and a

total burned area greater than 50 ha. This threshold was selected in order to focus on events that contribute significantly to the

regional burned area and to discard detections that are isolated in space and time. The aforementioned definition may result

in the splitting of long fire events into several shorter events due to the occurrence of extended cloud cover. However, the

relatively large horizontal resolution of 0.5° often results in the aggregation of several smaller events into a single one. We thus135

have chosen not to allow missing days in between events.

2.2 Satellite observations of CO

The CO observations from the IASI/Metop instrument, launched in 2006 on board Metop-A, 2012 on board Metop-B and

2018 on board Metop-C, are used. The IASI instrument measures the outgoing thermal infrared radiation in a nadir-viewing

geometry twice daily (equator crossing time 9:30 LST). The swath of 2200 km across nadir allows for global coverage twice140

daily with a pixel size of ∼ 12 km diameter at nadir (Clerbaux et al., 2009). The CO columns are obtained from the CO partial

column profiles retrieved from the IASI spectra (Hurtmans et al., 2012), reprocessed backward in time by Eumetsat (CO

CDR http://doi.org/10.15770/EUM_SAF_AC_0047) to provide a consistant climate record from 2008 to 2023. Only IASI CO

observations containing less than 25 % cloud cover are taken into account in the CO inversion for IASI CO CDR data. The

corresponding degrees of freedom for the signal, which characterise the independent information on the vertical, vary between145

0.8 and 2.4. The maximum sensitivity is observed in the free troposphere (∼ 5–7 km), while the sensitivity to the surface layers

is strongly dependent on the thermal contrast (Clerbaux et al., 2009).

The use of CO CDR data avoids introducing bias due to the use of different versions of the retrieval algorithm over time,

which would be a problem for the analysis of long term time series as shown by Barret et al. (2025).

Comparisons between IASI CO CDR L2 and NDACC FTIR data are performed for 23 stations in (Langerock, 2023).150

Relative differences are ranging between -3.75 % (-4.17 %) for Zugspitze to 15.09 % (15.01 %) for Toronto, for IASI-A (B).

The mean bias for the 23 stations is 3.89 % for IASI-A and 4.19 % for IASI-B. Barret et al. (2025) estimated, for a version of

FORLI-CO (v20151001) older than CO CDR used here, a mean bias of -6 % for IASI-A CO total column compared to IAGOS

CO total column.
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For the purposes of this study, only daytime observationstotal columns (larger degrees of freedom and sensitivity to the155

lower troposphere than night-time observations), with a general quality flag superior or equal to one are considered. Since this

work only evaluates total column CO, "total column CO" will be designated as "CO".

2.3 Satellite observations of AOD

In order to analyse aerosol plumes, the MODIS collection 6.1 Level 2 products (MOD04_L2 for Terra http://doi.org/10.5067/

MODIS/MOD04_L2.061, and MYD04_L2 for Aqua http://doi.org/10.5067/MODIS/MYD04_L2.061) are used, combining160

the dark target and deep blue data (Levy et al., 2013, 2015). More specifically, the AOD at 550 nm and 10 km horizontal

resolution, with good to very good confidence level, is used. The uncertainty is estimated to be ±(0.05+0.15 AOD) for the

dark target product, ±(0.03+0.20 AOD) for the deep blue product, and -0.01 bias for the merge product (correlation of 0.86

compared to surface remote sensing) (Sayer et al., 2014).

As for the fire products, both TCOCO and AOD products are gridded on a 0.5°×0.5° grid covering the Northern Hemisphere.165

2.4 Fire weather index

The Canadian Fire Weather Index (FWI) is computed using ERA5 high-resolution reanalysis (0.25° resolution), including

overwintering, as detailed in Van Wagner (1987); McElhinny et al. (2020). The parametric model is constrained using the

temperature, relative humidity and wind at 12:00 LST and the cumulated precipitation during the last 24 hours. Three indices

are derived to characterise fire behaviour: the initial spread index, the build-up index and the fire weather index. In this instance,170

the fire weather index is used and regridded onto the 0.5°×0.5° resolution Northern Hemispheric grid.

2.5 Extremes and plume identification

The purpose of this article is to present an analysis of the extreme values of burned area, fire weather index, CO concentrations

and AOD between 2008 and 2023 in the Northern Hemisphere.To study the impact of fires on the atmospheric composition,

this study focuses on the average and extreme values of CO and AOD between June and October for the 2008-2023 period. In175

addition, the average and extreme values of the FWI are used in the analysis of fire variability. Among the extreme values of

CO and AOD, intense plumes from forest fires are identified, thereby enabling the linkage of the variability of fire activity and

the variability of atmospheric composition.

For each variable X (i.e., CO, AOD or FWI) analyzed and each grid cell i, the extremes are quantified using the 97th

percentile (Q97,X(i)), which is calculated using the percentile of the distribution of values in the grid cell over a fire season180

(June–October) during the study period (2008–2023).

Values of total CO or/and AOD within a given region are considered to be indicative of intense plumes transported from

major wildfires when these values are extreme, i.e. well above the background level, for two consecutive days and when they

are close to a set of extreme values. This definition enables the number of false detections to be minimised by not considering

extreme values with limited spatial and temporal extents as plumes from intense fires. The selection of extreme values of total185
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Figure 1. Regions used to analyse the variability and trends in fire observations : Western Boreal North America (WBONA), Western Tem-

perate North America (WTENA), Eastern Boreal North America (EBONA), Eastern Temperate North America (ETENA), Europe (EURO),

Western Boreal Asia (WBOAS), Western Central Asia (WCEAS), Eastern Boreal Asia (EBOAS), Eastern Central Asia (ECEAS). The region

above the Atlantic (ATLAN) is used to analyse the variability and trends in total CO and AOD. The grey areas correspond to regions not

analyzed in this study.

CO and AOD is based on a percentile limit anomaly. The spatial extent of plumes is defined using boxes of size 20°×24°, with

each box containing an identical number of 0.5◦ grid cells. Consequently, if X represents the variable under consideration

(e.g. total CO or AOD) in grid cell i, a percentile limit anomaly is calculated as PLA97X(i) =X(i)−Q97,X(i). A plume is

identified if PLA97X(i)> 0 on more than 5 % of the grid cells in the box and for at least two days.Using this definition of

extreme values of CO and AOD, intense plumes transported from major wildfires can be identified based on a percentile limit190

anomaly. The spatial extent of plumes is assessed using boxes of size 20°×24°, with each box containing an identical number

of 0.5° grid cells. These boxes are arbitrarily defined beforehand, with the northern hemisphere subdivided into 60 boxes.

Consequently, if X represents the variable under consideration (e.g. CO or AOD) in grid cell i, a percentile limit anomaly is

calculated as PLA97X(i) =X(i)−Q97,X(i). A plume is identified if PLA97X(i)> 0 on more than 5 % of the grid cells in

the box and for at least two days. Therefore, values of CO or/and AOD within a given region are considered to be indicative of195

intense plumes transported from major wildfires when these values are extreme, i.e. well above the background level, for two

consecutive days and when they are close to a set of extreme values. This definition enables the number of false detections to

be minimized by not considering extreme values with limited spatial and temporal extents as plumes from intense fires.

2.6 Trends and recent evolution

This study examines the trends and recent evolution of burned area, fire weather index, CO concentrationsCO and AOD200

between 2008 and 2023 in the Northern Hemisphere.

The Mann-Kendall non-parametric trend test is employed to compute trends in the time series (Hussain and Mahmud, 2019).

A trend is considered significant when the p-value is less than 0.1. To focus on the peak of the fire seasons, trends are calculated

for the 16-year time period 2008–2023 for variables integrated over both the entire year and over the June to October period.

Trends in both mean and extreme values (97th percentile) are calculated for each 0.5° grid cell, and for the larger regions205

mapped on Fig. 1. These regions were chosen to represent the main regions prone to wildfires (see sub-section 3.1) and to

be consistent with the literature on the subject (e.g. Jones et al., 2022). In order to evaluate trends in pollution transport, an

additional region above the Atlantic Ocean is considered.
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Since 2017, wildfires in North America have been particularly intense (e.g. Parisien et al., 2023). In order to evaluate the

evolution in recent years compared to the full time-series, absolute and relative differences between the variables observed210

during the recent years (7 years, 2017–2023) and the whole time period with consistent observations (16 years, 2008–2023)

are calculated. The decision to use values averaged over the entire 2008–2023 period as reference, as opposed to the 2008–

2016 period, is motivated by the objective of employing the most extensive time series possible. Additionally, the selection of

the recent period (2017-2023) is visually determined from the temporal variation of fires in the middle and high latitudes of

the Northern Hemisphere. The selection of the 2008–2016 period for the calculation of anomalies would result in an increase215

in the bias associated with the choice of recent period. Finally, the anomalies are expected to be higher when calculated using

values averaged over the 2008–2016 period as opposed to the 2008–2023 period. For instance, the recent anomaly of the IASI

CO in Europe is 1.6 % when calculated using (X2017−2023−X2008−2023)/X2008−2023 and is 2.9 % when calculated using

(X2017−2023−X2008−2016)/X2008−2016. Consequently, our choice is a conservative one. The significance of the difference

between X2017−2023 and X2008−2023 is calculated using an unequal variances t-test. A difference is considered significant220

when the p-value is less than 0.1.

Variations in the annual total (burned area) or average (fire radiative power, fire weather index, total CO and AOD) are

calculated, as well as variations over four different time periods: June–October (firefull season), June–July (early fire season),

July–August (mid firemiddle season) and September–October (late fire season).

Subsequent analysis will demonstrate that the calculated differences are of minimal significance. This can be attributed225

to two factors: firstly, the limited time series available (16 years); and secondly, the calculation method employed, which

considers the difference between the recent years (2017–2023) and the entire time series (2008–2023). This approach reduces

the significance of the difference, as the two periods are not disjoint. Nevertheless, the examination of recent changes offers

supplementary insights to the study of trends, as it highlights the impact of recent years on the variables studied.

3 Variability and trends in fire activityResults on variability and trends in fire activity230

3.1 General characteristics

The general characteristics of fire activity differ between regions of the Northern Hemisphere. The total monthly BAburned

area in the regions of Fig. 1 is shown in Fig. A1. In most regions, the period June through October corresponds to the peak

of the wildfire season, and consequently of observed monthly BAburned area. However, in several regions (Eastern Temperate

North America ETENA, boreal Asia BOASWestern Boreal Asia WBOAS, and Eastern Central Asia ECEAS), large BA are235

also observed during springlarge burned area, frequently higher than in summer, are observed during spring. These fires will

not be taken into account in this study, which focuses on summer variability.

Figure 2 shows the total annual June-October BAburned area in the Northern Hemisphere, averaged for years 2008–2023,

as well as the total mean fire radiative power during June–October, the fraction of years when a fire was detected in each grid

cell and the mean length and size of fire events.240

Three types of region can be distinguished:
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Figure 2. (a) Total burned area during June–October derived from MODIS observations, for years 2008–2023. (b) Mean fire radiative power

(FRP) during June–October derived from MODIS observations, for years 2008–2023. (c) Number of years with at least one fire event between

June and October, for years 2008–2023. (d) June–October averaged length of fire events, for years 2008–2023. (e) June–October averaged

burned area per fire event, for years 2008–2023. (f) Relative difference between June–October burned area during recent years (2017–2023)

and the full period (2008–2023). Grid cells in green indicate areas that were affected by fires exclusively during the 2017–2023 period, while

grey cells indicate areas that were affected by fires exclusively during the 2008–2016 period. The difference is calculated as (recent-full)/full.

All variables are averaged on a 0.5°×0.5° grid. Given the considerable number of active fires associated with oil and gas operations in the

Persian Gulf, it has been deemed appropriate to mask them with a grey rectangle.

1. Human-managed fire regions : regions with high June–October total burned area, frequent fire detection (almost at least

one fire event per gridcell per year) , low mean June–October fire radiative power and small average burned area per fire

event, such as eastern Europe, western central Asia or the south-eastern United States, suggesting agricultural burning

(post-harvest crop residue burning and field clearing before planting) and/or controlled burn for land management (Hall245

et al., 2024).
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2. Wildfire regions : regions with large June–October total burned area, high frequency (more than at least one fire event

per gridcell every two years), large mean June–October fire radiative power and large average burned area per fire event,

such as California and the Iberian Peninsula, and strong inter-annual variability;

3. Remote wildfire regions : regions with low frequencies but large total burned area during June–October and large mean250

June–October fire radiative power, relatively long fire events (thus a large average burned area per fire event), suggesting

extreme events and strong inter-annual variability, such as in the high latitudes of the Northern Hemisphere.

This study is focused on regions of the Northern Hemisphere with the most intense fire activity.In order to facilitate the

reading of the manuscript, the decision was taken to concentrate on the regions where fires are most intense and where extreme

smoke plumes are most likely to originate. The Eastern Central Asia region was retained due to its significant contribution255

to the levels of pollutants in the Pacific. To simplify the analysis, regions identified as "human-initiated fire regions" where

fires do not appear to cause extreme smoke plumes as defined by our method, have been excluded. Consequently, the regions

of primary interest (Fig. 1) are Western Boreal North America, Eastern Boreal North America, Western Temperate North

America, Europe, Eastern Boreal Asia, as well as Eastern Central Asia region. Limiting the analysis to the months of June

through October should allow us to address the majority of uncontrolled fires, but it will also include the contribution from260

land management and agricultural burning in some regions.

3.2 Trends during 2008–2023Trends in fire activity during 2008–2023

Due to the large variability in the location and timing of fires, the evaluation of trends in fire activity is conducted at the regional

level (regions of Fig. 1), rather than at the grid cell level. Figure 3 illustrates the annual and seasonal variations of the burned

area in selected regions of interest and/or showing significant trend. The results are presented in Table 1 for selected regions.265

As presented in Fig. 3, a negative trend is obtained in regions where the burning is primarily associated with agricultural

practices. In Western Central Asia, a significant decrease in both the total yearly and June-October BAburned area of about -

5 %.year-1 is obtained. However, in Eastern Central Asia and Western Boreal Asia, a significant decrease is obtained only during

June-October (-7.8 %.year-1 and -4.7 %.year-1, respectively). In Europe and Eastern Boreal North America, while decreasing

trends may be obtained for specific months (-4 %.year-1 in August in Europe and -5 %.year-1 in October in Eastern Boreal270

North America), no significant trend is obtained over the full year or season.

No upward monthly or seasonal trend is observed in the selected regions. However, an upward trend of +101 %.year-1

is observed in September in Western Temperate North America. It is crucial to acknowledge the considerable interannual

variability, particularly when considering the limited number of years included in the study period (2008–2023). For example,

when the year 2023 is excluded, an increasing trend in the annual regional BAburned area of approximately +18 %.year-1 is275

observed in Western Temperate North America and Eastern Boreal Asia. This is particularly pronounced during the months of

June to October, with an increase of +23% and +25 %.year-1 during the period 2008–2022.

Our results align with the review conducted by Jones et al. (2022). In order to facilitate quantitative comparisons, the

indicator employed in the review is calculated for the period spanning from 2008 to 2023. Table A1 presents a comparison
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Figure 3. Total yearly burned area and June–October burned area from 2008 to 2023 in regions of Fig. 1, and corresponding linear regression.

Only regions with a significant trend either for total yearly burned area or total June–October burned area (p<0.1) are provided. Note the

different y-axis limits between panels.

between the results of our study and those of the review by Jones et al. (2022). Both estimates indicate a relative increase in the280

annual burned area in Western Boreal and Temperate North America, as well as in Eastern Boreal Asia and more widely across

all boreal and temperate North America. Additionally, both studies indicate a relative decrease in annual regional burned area

in Europe and Central Asia. This reduction may be attributed to a decline in agricultural burning.

3.3 Anomalies during recent yearsAnomalies in fire activity during recent years

Although no significant positive trends in regional BAburned area were obtained for the 2008-2023 period, some regions have285

experienced particularly large burning seasons in the recent years (boreal regions, Western Temperate North America), as

shown in Figure A1. To characterise this evolution, the difference in fire activity between the period 2017–2023 and the full

time period (2008–2023) is calculated, focusing on the months June to October.
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Table 1. Trends during the 2008–2023 period and evolution during recent years for key variables of fire activity and fire weather during June–

October, over selected regions of the Northern Hemisphere. Only significant trends (p<0.1) are provided. The recent evolution of a given

variable X is calculated as the difference between the values averaged over the 2017–2023 period (recent period) minus values averaged

over the 2008–2023 period (full period), so that the relative difference is defined as (Xrecent −Xfull)/Xfull. The symbol * indicates that

the trends or the absolute difference (Xrecent −Xfull) is significant (p-value<0.1)

Variable (X)
West. Boreal

North America

East. Boreal

North America

West. Temperate

North America
Europe

East. Boreal

Asia

East. Central

Asia

Burned area (BA), regional June–October total

Mean 2008–2023 (106 ha) 1.2 0.7 0.8 0.5 2.5 0.8

Trend 2008–2023 (%.year-1) 4.4 -1.5 6.9 -3.1 15.8 -7.8 *

Difference recent vs full period (%) 15.8 36.9 27.6 -13.2 28.9 -71.3 *

Fire radiative power (FRP ), regional June–October average

Mean 2008–2023 (MW ) 113 40 212 41 82 9

Trend 2008–2023 (%.year-1) 1.4 0 2.6 4.1 * 0.1 3.0

Difference recent vs full period (%) 10.8 1.4 8.1 18.0 3.2 19.0

Fire Weather Index (FWI), regional June–October average

Mean 2008–2023 3.9 3.2 31.7 8.1 3.8 13.8

Trend 2008–2023 (%.year-1) 0.7 2.9 * -0.1 0.5 * 2.4 -0.5

Difference recent vs full period (%) 2.2 11.1 0.4 2.7 7.2 -1.1

Fire Weather Index (FWI) 97th percentile, regional June–October average

Mean 2008–2023 16.2 14.9 64.3 18.9 17.9 36.0

Trend 2008–2023 (%.year-1) 0.6 3.0 * -0.1 0.1 1.0 * -0.1

Difference recent vs full period (%) -0.7 -0.4 * -0.2 3.4 2.7 0.6

Figure 2 (f) shows the relative difference in seasonal burned area. In regions identified as affected by land management and

agricultural fires (high burned area, high frequency), seasonal burned area in recent years is lower than the average over the full290

period (regionally averaged relative difference equal to -34 %, -17 % and -13 % for Western Boreal Asia, Western Central Asia,

and Eastern Temperate North America, respectively), which is consistent with the significant negative trends obtained. Regions

identified as affected by intense wildfires (Eastern Boreal Asia, Western Boreal and Temperate North America), exhibited

a more pronounced increase in seasonal burned area than the rest of the Northern Hemisphere (average regional values in

Table 1).295

The evolution of key fire characteristics at regional scale is shown in Fig. 4. These key variables are the total BAburned area,

the number of fire events with average fire radiative power ≤ 500 MW (low or moderate fire intensity) and the number of fire

events with average FRP > 500 MW (intense events). Since fire characteristics may evolve as the fire season progresses, the
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Figure 4. Relative difference between recent years (2017–2023) and the full period (2008–2023) of different fire characteristics and the re-

gions mapped in Fig. 1 during time periods June–October, June–July, July–August or September–October: average total burned area, average

number of fire events with an average fire radiative power (FRP) ≤ 500 MW, average number of fire events with an average fire radiative

power (FRP) > 500 MW. The difference is calculated as (recent-full)/full. The June–October average relative differences, represented here

as the blue diamonds, are the difference values presented in Table 1

relative difference between recent years (2017–2023) and the full period (2008–2023) is calculated for each variable consid-

ering either the full season (June–October), the early season (June–July), the middle season (July–August) or the late season300

(September–October). Using the same approach, the evolution of the total number of events, the average BAburned area per

event and the average length of events is shown in Fig. A2, and the evolution depending on the average BAburned area per

event is shown in Fig. A3.

The regions identified as affected by intense fires, namely Western and Eastern Boreal North America, Western Temperate

North America and Eastern Boreal Asia, have experienced higher regional June–October BAburned area during recent years305

(+16 %, +37 %, +28 % and +29 % respectively). The number of events has increased in all regions but also their length (and

thus the mean BAburned area per event) and the number of intense events. This suggests an increase in intense fire events in

these regions.
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In Western Temperate North America and Eastern Boreal Asia, the regional BAburned area is higher during recent years

during all periods of the fire season. In North America (boreal and temperate), the increase is particularly marked towards the310

end of the fire season and for events with BAburned area> 1 000 hectares (ha). This is attributable to both a greater average

number of fire events and longer, more intense, events. In Eastern Boreal North America, the decrease in BAburned area

towards the end of the season appears to be attributed to a reduction in low-intensity events, which was partially compensated

by an increase in intense events.

In Europe, the situation is contrasted. The average BAburned area and the number of events are both lower in recent years.315

This decline is observed across all fire radiative power classes, with the exception of intense events during the early and

mid-middle season (+40 % for June–July and +46 % for July–August). Events with a total burned area exceeding 1 000 ha

exhibit a comparatively lower decrease, and even an increase during June-July. The mean BAburned area per event and the

duration of fire events are also higher, particularly in the late season (respectively +120 % and +9 %for September–October).

This indicates an increase in intense wildfires despite a general decrease in the number of fires.320

In Eastern Central Asia, a region characterised by agricultural fires, the average BAburned area and the number of fire events

are both lower across all periods. A significant decrease (-50 % to -100 %) in burned area during June–July is observed in the

North China Plain, where farmers burn wheat stubble to fertilise the soil (Hall et al., 2024). Similarly, significant decreases are

observed in the northeastern part of China towards the end of the fire season. This coincides with corn harvesting, which is

extensively cultivated in this region. Since 2018, the extent of burned area in the region during the summer months has been325

minimal (Fig. A1). Nevertheless, the total BAburned area in the region increases in April, with a positive trend of +40 %.year-1.

Despite the implementation of policies aimed at regulating agricultural fires in China, the practice of straw burning persists

in agricultural regions. This is particularly prevalent in north-eastern China, which accounted for 56 % of agricultural fires

detected in China between 2014 and 2018 (Wang et al., 2023). The observed evolution is consistent with the findings of

Zhuang et al. (2018), who demonstrated that the number of fires in spring has consistently increased between 2003 and 2017 in330

north-eastern China, while the number of fires in summer has significantly declined between 2012 and 2017 in eastern China.

3.4 Fire weather indexFire weather index evolution

The evolution of the Fire Weather Index (FWI) is analyzed to verify whether changes in meteorological conditions over the

study period can explain the observed evolution of fire activity. The horizontal distribution of the FWI averaged over the June–

October 2008–2023 period, and of the extreme FWI (defined as the 97th percentile of the seasonal distribution in each grid335

cell) over the same period, are shown in Fig. 5 (a) and (b). Trends over the period 2008–2023 and relative differences between

recent years (2017–2023) and the whole period are also shown for the extreme seasonal FWI (similar structures are obtained

for the average FWI) in Fig. 5 (c), (d) and (e). Regional averages over selected regions of interest are provided in Table 1,

with the associated trends and anomalies. Anomalies for June–July, July–August and September–October periods are details

in Table A2.340
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Figure 5. (a) Fire weather index averaged over June–October for years 2008–2023, (b) associated 97th percentile, (c) trends in fire weather

index 97th percentile (only significant trends are plotted, with p value < 0.1), (d) difference between average fire weather index for 2017–2023

compared to 2008–2023, (e) difference between fire weather index 97th percentile for 2017–2023 compared to 2008–2023. Differences are

calculated as (recent-full)/full.

Both the mean FWI and the 97th percentile of its distribution are larger at latitudes below ∼ 50 °N (FWI& 10) than at higher

latitudes. The trends and recent anomalies show consistent patterns, although significant trends are limited to relatively small

regions.

Significant positive trends are obtained in Europe (more specifically in northern Europe) and Eastern Boreal Asia (Fig. 5

(c)). In Eastern Boreal Asia, a significant positive trend of +1.0 %.year-1 is obtained for the regionally averaged extreme FWI.345

The seasonal anomaly is higher at the end of the season (+3.6 %) for the extreme FWI, while it is higher at the beginning of the

season for the average FWI (+6.7 %). The observed change in the average FWI aligns with the increase in fire activity during

recent years. However, it does not align with the intra-seasonal variation in fire activity (maximum increase in observed burned

area during July–August).

In Eastern Boreal North America, a significant positive trend is obtained for the regional average June–October FWI350

(+2.9 %.year-1) and the extreme June–October FWI (+3.0 %.year-1). The seasonal averageextreme FWI is lower during recent

years across all periods. The greatest decrease occurred towards the end of the season, with a reduction of -4.9 %. Conversely,

15



180°W 120°W 60°W 0° 60°E 120°E

20°N

40°N

60°N

80°N

June-October average, 2008-2023a)

180°W 120°W 60°W 0° 60°E 120°E

20°N

40°N

60°N

80°N

June-October average, 2008-2023b)

180°W 120°W 60°W 0° 60°E 120°E

20°N

40°N

60°N

80°N

June-October Q97, 2008-2023c)

180°W 120°W 60°W 0° 60°E 120°E

20°N

40°N

60°N

80°N

June-October Q97, 2008-2023d)

1 2 3 4 5 6 0.1 0.5 1.0 5.0 10.0
AOD (unitless) (x1018 molecules cm 2)Total column CO

Figure 6. Left panels: total column CO observed by the IASI instrument, averaged on a 0.5°×0.5° grid for June–October 2008–2023 (top),

as well as the 97th percentile of the distributions during June–October (bottom). Right panels: Same for the AOD observed by the MODIS

instrument.

the extremeaverage value is higher during recent years, particularly towards the end of the season (+14 %). The recent increase

in fire activity and intensity during the late season may be attributed to the increase in weather conditions favorable to fire

spread.355

No significant trend is obtained for the regional averages of the FWI and extreme FWI in western boreal and western

temperate North America, and the average FWI in recent years is only slightly higher than the average over the full period. The

extreme FWI is on average lower in recent years in these regions. However, there are strong horizontal gradients, and the maps

show strong increases in some areas that are experiencing a sharp rise in fire activity (e.g. western Canada, Pacific Northwest)

(Fig. 5 (d) and (e)). Compared with the full June–October period, the extremes and anomalies of recent years are higher at the360

end of the season for both regions (not shown). The observed increase in fire risk in recent years, particularly towards the end

of the season, is consistent with the observed increase in fire activity and intensity.

According to the evolution of the FWI, fire risk decreased in eastern North America, which explains the absence of a

significant trend in fire activity in this region. In eastern Europe, Ukraine and Western Central Asia, no clear downward trend

or negative anomaly in FWI is obtained, suggesting that the observed decline in fire activity is more likely attributable to human365

intervention than to a change in fire risk.
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4 Variability and trends in total CO and AODResults on variability and trends in CO and AOD

4.1 Variability of total CO and AOD during 2008–2023

The horizontal distribution of average and extreme total columns of CO (designated as CO) and AOD during June–October

2008–2023 are shown on Fig. 6. Extreme values are defined as the 97th percentile of the distributions of total CO and AOD in370

each grid cell.

The lowest total CO is observed above high altitude surfaces and reliefs, while the highest total CO is observed over southern

and eastern Asia, and Africa (at the limit of the domain). Relatively large background total CO values are due to secondary

production (oxidation of methane and volatile organic compounds) as well as long-range transport. Transported plumes are

smoothed by the averaging but the influence of long-range transport is still discernible over the Pacific and Atlantic Oceans.375

Larger spatial variability is obtained for the extreme total CO. Particularly high values are observed above Siberia, Western

Boreal North America and much of the western United States. As shown in the previous section, these regions correspond to

areas prone to intense fire activity in the summer (see Fig. 2). Extreme total CO is also elevated over the northern Pacific and

Atlantic, highlighting the transport of CO plumes resulting from extreme fires in North America and Siberia.

Despite substantial fire activity, centralWestern Central Asia does not exhibit a level of extreme total CO values compara-380

ble to those observed in the aforementioned regions. This is likely attributable to a combination of factors, including lower

emissions and a reduced influence from long-range transport. This suggests that fires in centralWestern Central Asia, although

frequent, are less intense and emit less CO than the extreme fires in boreal regions or the western United States. This may

also partly reflect CO concentrations that remain at low altitude (boundary layer), where the sensitivity of the IASI instru-

ment decreases (Clerbaux et al., 2009). Over southern and easternSouthern and Eastern Central Asia, large extreme total CO385

is observed despite low fire activity, probably due to the impact of anthropogenic emissions (Boynard et al., 2014). Zheng

et al. (2019) estimate that biomass burning emissions of CO in China in 2000–2017 represent only about 2% of anthropogenic

emissions. In contrast, they estimate that biomass burning emissions are 50% larger than anthropogenic emissions in Canada.

Similar features are observed for AOD (Fig. 6 )(b) and (d)), but with lower background values than for total CO due to shorter

lifetimes. It is worth noting that high AOD values are also observed over the Middle East, North Africa and the southern part390

of the North Atlantic (∼ 20 °N) due to dust emissions and transport. A simultaneous increase in AOD and CO can be used to

distinguish the signature of combustion plumes from that of dust transport.

Both total CO and AOD are characterised by marked seasonal cycles. For total CO, it is strongly linked to the CO lifetime

with respect to oxidation by OH, that is maximum during winter (minimum OH) and minimum during summer (e.g. Edwards

et al., 2004; Buchholz et al., 2021). The accumulation of CO during winter explains the maximum total CO observed in395

spring in most regions. Similarly, higher reactivity during summer leads to minimum total CO in September–October. The

temporal variations are also influenced by the seasonal variations in emissions (both anthropogenic and biomass burning) and

the associated transport pathways.

The variability of AOD in each region is greater than that of total CO. Aerosols having a shorter lifetime than CO, their

background concentration is also lower so that the spatial variability in AOD is strongly impacted by the horizontal and400
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temporal variability of regional sources (anthropogenic emissions, dust uplift, fires, marine sources, and secondary production).

A maximum in AOD from April to August and a minimum in December in most regions are observed (Edwards et al., 2004;

Buchholz et al., 2021).

The correlation coefficient between the June–October and the July–August annual regional average total CO and AOD is

calculated for the June–October period and the July–August period (Table A3). A strong correlation (r > 0.7) is found for the405

July–August period in Western North America and Eastern Boreal Asia, which is consistent with fire activity in these regions

leading to peaks in AOD and CO. In some regions, CO peaks are observed without an associated AOD peak which illustrates

the longer-range transport of CO. However, large CO and AOD plumes can be transported simultaneously at intercontinental

scale in the case of large wildfires, as suggested by the significant correlations obtained above the Atlantic Ocean, and as further

discussed in section 4.4.410

The link between fire activity and the observed variations of total CO and AOD is analyzed using the Pearson correlation

coefficients between the total June–October burned area for latitudes greater than 30 °N, excluding the agricultural regions of

Western Asia (Western Boreal and Western Central Asia), and total CO (Table A3).

For average total CO observed in June–October, the correlation coefficient is larger than∼0.7 for all regions, which confirms

that biomass burning is a strong driver of temporal variability. A significant correlation (p-value < 0.1) between the average415

total CO observed in June–October and in December is also obtained in Western and Eastern Boreal North America and Eastern

Central Asia. The correlation coefficient is also significant between the average total CO in December and the June–October

regional burned area during the previous years for all regions (Table A3). This reflects the accumulation of CO due to summer

emissions from biomass burning, in agreement with previous studies (Edwards et al., 2004). Although focusing on the June–

October period allows us to analyze the temporal evolution of total CO and AOD, when the relative contribution of forest fires420

is at its maximum, intense forest fires will not only have an impact on CO concentrations during the summer, but also during

the autumn and winter that follow.

4.2 Trends during 2008–2023Trends in CO and AOD during 2008–2023

Figure 7 shows the horizontal distribution of the 2008–2023 trends of the June–October average total CO and extreme total

CO (97th percentile). The regional mean of significant trends is shown for each study region, and summarised in Table 2.425

While past studies show that the annual total CO in the Northern Hemisphere decreases due to decreasing anthropogenic

emissions (Zheng et al., 2018; Buchholz et al., 2021), we find that, when focusing solely on the months of June to October,

the extent of the significant downward trends is relatively limited and is concentrated in mid-latitude regions of eastern Asiain

regions of Eastern Central Asia, the northern Pacific Ocean and western North Americaand western Temperate North America

(Fig. 7 (a)). Positive mean trends of +0.5 to +0.7 %.year-1 are obtained for Western Boreal North America, borealEastern Boreal430

Asia, the Atlantic and Europe, although with a relatively small number of significant trends.

June–October extreme total CO show more pronounced trends (Fig. 7 (b)). The observed changes are significant and

positive over the majority of the Northern Hemisphere (+1.3 to +2.6 %.year-1 in North America, Europe and borealEastern

Boreal Asia), with the exception of Asia and the northern Pacific (1.3 %.year-1 in eastern Asia). Trends increase as the season
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Figure 7. Trends in IASI total CO during 2008–2023 for (a) the June–October mean total CO, and (b) the June–October 97th percentile of

total CO. Only significant trends (p < 0.1) are shown. "nan" in (a) indicates that no significant trend is observed in the study region.

progresses and, while some trends are negative in June–July in several regions, they are all positive at the end of the season435

(September–October). This indicates an increase in emissions, long-range transport and a buildup of CO over the summer. The

regions exhibiting the most pronounced positive trends correspond to those experiencing increasingly severe fire seasons in

recent years, namely Eastern Boreal Asia and Western Boreal North America (see sect.3.2-3.4). However, it is also notable that

regions situated downwind of these areas (eastern North America, the Atlantic, Europe) also demonstrate a positive trend.

Using satellite observations of total CO from another instrument (MOPITT/TERRA), Buchholz et al. (2022) also found an440

increase in total CO over North America for the period 2002–2018 in August (significant positive trends at gridcell scale up

to +1.5 %.year-1 in the Pacific Northwest), while concentrations tend to decrease during other months. Our study confirms

increasing trends during 2008–2023 over this region, and demonstrates that wildfires in Eastern Boreal Asia and Western

Boreal and Temperate North America may also affect trends in the Atlantic and Europe throughout the fire season, and not

only in August. Indeed, positive trends in regional average total CO are observed in the Atlantic in August (+1.2 %.year-1), in445

September (+1.8 %.year-1) and in October (+0.98 %.year-1) as well as in Europe in September (+1.4 %.year-1) and in October

(+0.7 %.year-1).

Figure 8 illustrates the significant trends in AOD. The horizontal structures observed in the June-October average and the

June-October extremes are comparable. Negative trends are observed in easternEastern Central Asia and the Pacific Ocean

for both the average and the extreme AOD, in agreement with the results obtained for total CO. In the boreal regions, the450
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Table 2. Trends and evolution during recent years for key variables X of total column CO and AOD during June–October. The recent

evolution of a given variable X is calculated as the difference between the values averaged over the 2017–2023 period (recent period) minus

values averaged over the 2008–2023 period (full period), so that the relative difference is defined as (Xrecent−Xfull)/Xfull. Mean trend∗

X corresponds to the regional mean of significant trends at the grid cell scale. Only significant trends (p<0.1) are provided. The symbol *

indicates that the trends or the absolute difference (Xrecent −Xfull) is significant (p-value<0.1)

Variable (X)
West. Boreal

North

America

East. Boreal

North

America

West.

Temperate

North America

Atlantic Europe

East.

Boreal

Asia

East.

Central

Asia

total column CO, June–October regional average

Mean 2008–2023

(× 1018 molecules.cm-2)
2.1 2.1 1.8 2.0 2.0 2.2 2.4

Trend 2008–2023 (%.year-1) 0.1 0.2 0.1 0.5 0.2 0.1 -0.4 *

Mean trend∗ 2008–2023 (%.year-1) 0.7 − -0.5 0.7 0.5 0.7 -0.7

Difference recent vs full period (%) 1.1 1.3 0 2.6 1.6 0.8 -2.7

total column CO 97th percentile, June–October regional average

Mean 2008–2023

(× 1018 molecules.cm-2)
3.4 3.5 2.6 3.0 2.7 3.5 3.7

Trend 2008–2023 (%.year-1) 1.0 2.0 0.1 0.8 0.5 0.4 -0.96 *

Mean trend∗ 2008–2023 ( %.year-1) 2.3 2.6 1.5 1.7 1.3 2.0 -1.3

Difference recent vs full period (%) 8.0 9.3 5.8 7.3 5.4 3.0 -4.9

AOD, June–October regional average

Mean 2008–2023 0.2 0.2 0.1 0.1 0.2 0.3 0.2

Trend 2008–2023 (%.year-1) 2.4 * 2.7 2.0 1.1 -0.5 0.6 -2.1 *

Mean trend∗ 2008–2023 ( %.year-1) 7.6 6.9 4.1 2.4 -1.1 8.5 -2.4

Difference recent vs full period (%) 13 9.2 15 7.1 -0.6 27 -12 *

AOD 97th percentile, June–October regional average

Mean 2008–2023 0.7 0.7 0.5 0.4 0.5 1.2 0.7

Trend 2008–2023 (%.year-1) 7.8 * 11.3 7.1 2.2 * 0.0 2.8 -3.2 *

Mean trend∗ 2008–2023 ( %.year-1) 36 17 15 4.5 1.7 223 -2.6

Difference recent vs full period (%) 22 10 33 13 -0.9 16 -15 *

regional mean trends in June–October AOD are positive regardless of the studied period (+7.6 %.year-1 in Western Boreal

North America, +8.5 %.year-1 in Eastern Boreal Asia). It can be observed that regions affected by intense wildfires exhibit

strong and significant positive trends, with larger trends for extreme AOD than for the average AOD. The average increase in
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Figure 8. Same as Fig. 7 but for the AOD observed by the MODIS instrument.

extreme AOD over the entire fire season is +36.3 %.year-1 for Western Boreal North America and +223 %.year-1 for Eastern

Boreal Asia.455

In Western Temperate North America, the average trend is negative at the beginning of the season (-1.8 %.year-1) and in the

mid-season (-0.7 %.year-1), and positive at the end of the season and on average over June-October (+4.1 %.year-1) (Fig. 8 (a)).

This is consistent with the findings of Buchholz et al. (2022), who find a trend of +8 %.year-1 in AOD in the Pacific Northwest

for the period 2002-2018. With regard to extreme values, the greatest increase is observed during the mid-season, with an

annual increase of +273 %.year-1 (Fig. 8 (b)).460

Over the Atlantic, the regional mean of significant trends is positive for all periods, with an increase of 5.4 %.year-1 for

mean June–October AOD and 18.1 %.year-1 for June–October extreme values. The highest increase is observed during the

mid-season.

In Europe and Eastern Central Asia, a negative trend is observed for the June–October mean AOD. A minimum is observed

in Europe at the end of the season, with a decrease of -1.5 %.year-1, while a minimum is observed in Eastern Central Asia in465

the mid-season, with a decrease of -2.9 %.year-1 (Fig. 8 (a)). In Western Europe, there is a significant positive trend in extreme

values (Fig. 8 (b)). This indicates that the impact of strong local emissions and of the long-range transport of wildfire plumes

over the Atlantic Ocean is increasing, offsetting the otherwise negative trends in AOD.

In regions prone to intense wildfires, the impact of wildfires on local AOD is greater than that of CO, due to the shorter

lifetime of aerosols. However, our study shows that the Atlantic and western Europe are also significantly affected by an470
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Figure 9. Relative difference between June–October (a) average total CO during recent years (2017–2023) and the full period (2008–2023)

and (b) average AOD during recent years (2017–2023) and the full period (2008–2023). The symbol * indicates that the absolute difference

(Xrecent −Xfull) is significant (p-value<0.1)

increase in AOD. The significant impact of wildfires on extreme values demonstrates that large-scale wildfire events can offset

a general decline in AOD throughout the year.

At lower latitudes, a considerable positive trend is discernible for both total CO and AOD over India, mostly located over the

continent for AOD. Positive trend in total CO are also observed over Africa and the tropical Atlantic Ocean, but they are not

accompanied by a positive trend in AOD. This discrepancy may be attributed to a lower contribution of combustion to AOD in475

this region, in comparison to the substantial influence of mineral dust. These features warrant further investigation, although

this is beyond the scope of this study, which primarily aims to understand the evolution in extratropical regions of the Northern

Hemisphere during summer.

4.3 Anomalies during recent yearsAnomalies in CO and AOD during recent years

As shown in Section 3, the analysis of burned area does not show significant increasing trends in the regions considered, but the480

anomalies during recent years (2017–2023) compared to the whole period (2008–2023) are strongly positive in borealEastern

Boreal Asia and Western North America. Using the same approach, relative differences for the mean June–October total CO

and AOD are shown in Fig. 9. Regional mean anomalies are also indicated (summarised in Table 2 for some key regions).

The structures are consistently aligned with the significant trends observed from June to October (Fig. 7 and 8), which

confirms the results obtained in the previous section on areas rather limited by the trend significance test. Regions with signif-485

icant negative trends show a negative anomaly during recent 7 years (Eastern Central Asia and the northern Pacific, -2.7 % for
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total CO and -11.8 % for AOD), and regions with significant positive trends show a positive anomaly in recent years (further

discussed below). Anomalies and trends are both larger for AOD than for total CO, except above Europe.

Regions that have experienced more wildfires in recent years show positive anomalies. All regions experience lower average

anomaly in total CO at the beginning of the season, and larger average anomaly in total CO at the end of the season, again490

showing the accumulation as the fire season progresses (Fig. 9 (a)).

In this subsection, the results are examined region by region in relation to the evolution of fire activity, although a given

region is not only influenced by regional biomass burning emissions but by a combination of various local emission sources,

chemical evolution and long-range transport. The total hemispheric burned area will be used to study the evolution of the

number of plumes of extreme values in section 4.4.495

Eastern Boreal Asia encompasses areas with positive and negative anomalies for both total CO and AOD. Negative anomalies

are linked to the decreasing Asian outflow. However, the average anomalies remain positive: +0.8 % for June–October total

CO, increasing during the season to +5.3 % in September–October, and +26.8 % for AOD, with a maximum in July to August.

Analysis of fire activity (section 3, Table 1) indicates that, in this region, the burned area for the period June to October has

increased in recent years by +29 %, with an increase in the number of events, their duration and their intensity, accompanied500

by an increase in the extreme values of fire risk. The regional burned area anomaly in Eastern Boreal Asia is largest during

mid-season, in agreement with a particularly large increase in AOD. Within the region, the maximum anomalies are obtained

above eastern Siberia, in agreement with a large increase over this region for burned area (Table A1), and extends towards the

Arctic. However, the observations at high latitudes (> 70 °N) are more noisy and may be less reliable (especially for AOD).

In Western and Eastern Boreal North America, positive anomalies are observed for both the June–October average total CO505

(∼+1 %) and AOD (+13.2 % in Western and +9.2 % in Eastern Boreal North America). For total CO, the anomaly is negative in

June–July but positive later in the season, with a maximum in September–October (+3.4 % and +5.1 % for Western and Eastern

Boreal North America, respectively). The anomaly in AOD is positive during the whole summer, and maximum in July–August

in Western Boreal North America and in September–October in Eastern Boreal North America. These results are consistent

with the evolution of fire activity, which showed an increase in fire risk, in burned area (+16 % in Western and +37 % in Eastern510

Boreal North America for June–October), and in intense events, particularly at the end of the fire season (+87 % in Western

and +92 % in Eastern Boreal North America for events with a mean fire radiative power > 500 MW for September–October). In

Eastern Boreal North America, it seems that the increase in intense events towards the end of the season and transport from the

west have a greater impact on AOD and total CO than the decline in total regional burned area (-3 % in September–October).

In Western Temperate North America, the average total CO has remained relatively stable during the fire season, due to lower515

concentrations in the Pacific and larger concentrations in coastal areas (Fig. 9 (a)). The anomaly is negative in the months of

June to August, but positive in the months of September to October (+2.8 %). The regional AOD, less influenced by long range

transport, shows a positive anomaly (+14.8 % from June to October), with a peak at +21.2 % at the end of the season (Fig. 9

(b)). It is also possible to relate these results to the occurrence of strong positive anomalies in fire activity (+28 % increase in

the regional burned area, increase in fire intensity and event length) and fire risk (+2 % increase in extreme fire weather index),520

which are particularly large at the end of the season.
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Figure 10. Number of days with a plume detected during June-October 2008-2023. The data bars in red correspond to the number of days

from June to October with CO plumes, while the data bars in blue correspond to the number of days from June to October with simultaneous

total CO and aerosol detected plumes.

For both total CO and AOD, the positive anomalies extend downwind, encompassing the eastern United States, the northern

Atlantic, and western Europe in particular.

Eastern Temperate North America was not identified as a region with increasing fire activity. Nevertheless, both the observed

trends and the recent anomalies are positive for total CO and AOD, particularly over the northern half of the region. A consistent525

increase in total CO and AOD over this region was also obtained at different periods by Buchholz et al. (2022) and linked to

an increasing influence of long-range transport from fire plumes.

Both total CO and AOD anomalies are positive above the northern Atlantic region, with a maximum in September–October

for total CO (+5.7 %) and in July–August for AOD (+8 %). The regional AOD anomaly above the Atlantic peaks at the same

time as the regional AOD anomaly and fire activity above Western Temperate North America. Above Europe, the regional total530

CO anomaly is positive over most of the region (+1.6 %), although there are negative anomalies during June–July. In contrast,

the regional AOD anomaly is positive only over parts of western, northern Europe and the Mediterranean, which is consistent

with the significant trends. The anomalies exhibit an increase during the summer months, reaching their maximum in June–

October (+5 % and +0.5 % for regional total CO and AOD anomalies, respectively). This indicates an increase in the influence

of long-range transport of wildfire plumes during the summer, which compensates for an otherwise negative anomaly.535
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Table 3. Trends and evolution during recent years for the number of days with a total CO plumes and with a total CO and AOD plumes

during June–October. Only significant trends (p<0.1) are provided. The recent evolution of a given variable X is calculated as the difference

between the values averaged over the 2017–2023 period (recent period) minus values averaged over the 2008–2023 period (full period),

so that the relative difference is defined as (Xrecent −Xfull)/Xfull. The symbol * indicates that the trends or the absolute difference

(Xrecent −Xfull) is significant (p-value<0.1)

Variable (X)
West. Boreal

North

America

East. Boreal

North

America

West.

Temperate

North America

Atlantic Europe

East.

Boreal

Asia

East.

Central

Asia

Number of days with a CO plume in the region during June–October

Mean 2008–2023 (days.year-1) 21 16 13 17 22 28 19

Trend 2008–2023 (%.year-1) 76.4 * 120.0 29.6 100.0 15.4 3.2 -2.8 *

Difference recent vs full period (%) 49.0 59.1 62.8 79.6 64.1 0.4 -33.6

Number of days with a CO and AOD plume in the region during June–October

Mean 2008–2023 (days.year−1) 9 5 6 4 6 12 5

Trend 2008–2023 (%.year-1) 100 * 266.7 28.1 22.2 * 95.4 1.5 -8 *

Difference recent vs full period (%) 73.5 50.6 86 103.2 64.7 -8.3 -58.7 *

4.4 Plumes of extreme total CO and AOD and link with wildfires

The evolution of extreme concentrations of CO and aerosols is further analysed in terms of the number of days affected by

extreme pollution plumes during June–October. A pollution plume is identified using the extreme values in either total CO

alone or total CO and AOD combined, as detailed in section 2.5. The latter will be indicative of fresher plumes, and allows the

identification of aerosol plumes that are linked to a strong combustion source. Figure 10 illustrates the number of days from540

June to October in which a CO plume is detected, as well as instances where both CO and aerosol plumes are simultaneously

present in each region of interest. The mean values for the full 2008–2023 period, as well as the recent anomalies, are presented

in Table 3.

As anticipated, the number of days affected by extreme plumes of CO and AOD combined is lower than the number of days

affected by extreme plumes of CO alone. The difference is particularly large above regions that are predominantly influenced545

by long-range transport (the Atlantic and Europe). Furthermore, a significant interannual variability is observed, which may be

linked to the variability in fire activity.

Table A3 presents the Pearson correlation coefficient between the monthly number of days with a detected CO plume and

the burned area in various regions. BABurned area in Eastern Boreal Asia are positively correlated with plumes in Eastern

Boreal Asia and Western Boreal and Temperate North America. The number of days with a detected plume in Eastern Boreal550

Asia, Western Boreal and Temperate North America, the Atlantic and Europe is positively correlated (r > 0.5) with BAburned

area in Western Temperate North America. The impact of fires on the number of plumes in the Eastern Central Asia region
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Figure 11. Number of days with a detected CO plume in seven regions (Western and Eastern Boreal North America, Western Temperate

North America, the Atlantic, Europe, Eastern Boreal Asia and Eastern Central Asia) between June and October and total burned area in the

Northern Hemisphere mid and high latitudes (≥ 30 °N), excluding the Western Central and Boreal AsiaWestern Central Asia and Western

Boreal Asia regions, during the same period. The number of days represents the sum of days with a detected plume in each region, which

means that a specific day may be counted multiple times. The diameter of each data point corresponds to the average summer total CO of the

six study regions. The graph also displays the distribution of June–October burned area by region within each data point. This distribution

is computed using the total burned area in the Northern Hemisphere mid and high latitudes (≥ 30 °N). The category ’Other’ is employed to

denote all lands situated within the mid and high latitudes of the Northern Hemisphere (≥ 30 °N) that do not fall within the regions of Western

and Eastern Boreal North America, Western Temperate North America, the Atlantic, Europe, Eastern Boreal Asia and Eastern Central Asia.

appears to be minimal. The total monthly BAburned area in all grid cells located above 30 °N shows a correlation above 0.5

with plumes in regions Eastern Boreal Asia and Western temperate North America. If BAburned area is calculated without the

contribution from Western Central and Boreal AsiaWestern Central Asia and Western Boreal Asia, where the burning is mainly555

linked to agricultural practices, the correlation increases across all regions. This indicates that agricultural burning contributes

less to the total CO observed by IASI in the Northern Hemisphere than wildfires. As previously stated, this may be attributed

to a combination of lower emissions and a lower altitude of the resulting plumes.

Figure 11 illustrates the number of days with total CO plumes in relation to the total June–October burned area above 30 °N,

excluding the Western Central and Boreal Asia regions.Figure 11 illustrates the cumulative number of days with CO plumes560

(i.e., the sum of days with a detected plume in each of the following region: Western and Eastern Boreal North America,

Western Temperate North America, the Atlantic, Europe, Eastern Boreal and Eastern Central Asia) and the total burned area

for June–October of every year in the study period (2008–2023). The total burned area is calculated for the latitude range above

30 °N, excluding the Western Central and Western Boreal Asia regions. The figure also depicts the relative contribution from
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each region to the total June–October burned area. The number of days with a plume observed increases significantly with565

the severity of the fire season across mid- and high-latitudes of the Northern Hemisphere. The highest number of plumes was

observed during the years 2021 and 2023, with 364 and 462 days, respectively. In contrast, 2022 exhibited the second lowest

number of plumes (30 days) and the lowest burned area (4.1×106 ha).

A significant correlation is found between the total number of days with a detected CO plume in June–October and the total

burned area above 30 °N, excluding the Western Central and Boreal AsiaWestern Central Asia and Western Boreal Asia regions570

(r = 0.83, p-value = 7.5×10−5). This suggests that plumes in the Northern Hemisphere are mostly linked to intense wildfires.

From 2017 onwards, the proportion of burned area due to wildfires in the Eastern Central Asia region is very low. Con-

sequently, the variability of fires in that region no longer has an impact on the number of days with a CO plume. Indeed, in

accordance with prevailing trends and recent anomalies in total CO and AOD, a significant negative trend is observed in the

number of days affected by plumes in Eastern Central Asia: -2.9 %.year-1 for days with extreme CO plume and -8 %.year-1 for575

simultaneous extreme CO and AOD.

Therefore, since 2017, the interannual variability of the total burned area in latitudes≥ 30 °N, excluding the Western Central

and Boreal AsiaWestern Central Asia and Western Boreal Asia regions, appears to be dependent solely on the boreal regions

(Eastern Boreal Asia, Western and Eastern Boreal North America) and Western Temperate North America. A large significant

positive trend in the number of days with a plume is observed in Western Boreal and Eastern Temperate North America:580

+72.5 %.year-1 and +47.6 %.year-1 for CO plumes, and +100 %.year-1 and +31.3 %.year-1 for simultaneous CO and aerosol

plumes. An increase is obtained in the outflow over the Atlantic for simultaneous CO and AOD extremes (+22.2 %.year-1).

The trends in Eastern Temperate North America and the Atlantic corroborate the impact of transport on total CO and AOD,

as developed in sections 4.2 and 4.3. An increase by '50 to 100 % in the number of days with extreme pollution plumes

during June–October is also obtained using the difference between 7 recent years (2017-2023) and the whole period studied585

(2008–2023) in Western and Eastern Boreal North America, Western and Eastern Temperate North America, the Atlantic and

Europe (Table 3). It is, however, important to note that in Eastern Boreal Asia, the identification of plumes using extreme values

appears to be less reliable, given that there has been a decrease of -1 % and -8.3 % in the number of days with CO plumes and

with simultaneous total CO and aerosol plumes, respectively. Nevertheless, no significant negative trend was identified. This

could be attributed to either the impact of reduced transport from Asia in the region, or to a less reliable plume identification590

due to the high 97th percentile in this region for both total CO and AOD.

A pattern is emerging, with alternating years of intense fires in the aforementioned regions and a high number of plumes

(2021, 2023) and years of low fire activity and a low number of plumes (2022). Further updates will be required to confirm the

veracity of this pattern.

5 Conclusions595

This study examines the relationship between fire activity, total CO, and AOD, during summer (June–October) in the Northern

Hemisphere using 16 years of satellite observations from 2008 to 2023. The results show that intense wildfires have a significant
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impact on the extreme values of total CO and AOD over most of the Northern Hemisphere. The main conclusions for selected

regions are summarised in the following.

1. Eastern Central Asia: This region has a high level of fire activity, with large burned area and very frequent fires, suggest-600

ing agricultural fires. There is a significant downward trend in the burned area between June and October (-7.8 %.year-1).

The burned area during that season has decreased in recent years (-71 % for June–October), but the number of intense

events is increasing. The observed decrease appears to be due to human intervention rather than a reduction in fire

weather risks. There are no summer peaks in total CO in this region, indicating a low contribution from fires during that

time period. Additionally, a significant and negative trend is observed for June–October mean total CO (-0.3 %.year-1)605

as well as for the AOD (-2.1 %.year-1). Recent anomalies in total CO and AOD are consistently negative, as well as the

number of days with a plume. The observed decrease may be explained by a decrease in anthropogenic emissions (in-

cluding agricultural fires). The negative trends and anomalies in total CO and AOD observed during the summer months

extend over the majority of the northern mid-latitude Pacific Ocean.

2. Eastern Boreal Asia: The region has experienced a high level of fire activity, resulting in extensive burned areas and610

intense fires. The extent of burned area during the summer months has increased in recent years, with a +29 % increase

observed between June and October. This increase was particularly pronounced during the mid-season, with a +34 %

increase observed between July and August. This increase can be attributed to an increase in fire risks, particularly in

extreme fire risk, as this region has a positive regional fire weather index 97th percentile trend (+1.0 %.year-1). A strong

correlation is observed between the mean total CO from June to October and the burned area in latitudes ≥ 30 °N, with615

the exclusion of the agricultural regions Western Central and Boreal AsiaWestern Central Asia and Western Boreal Asia

(r = 0.88). A similarly strong correlation is observed between AOD and total CO for the months of July and August (r =

0.83). Significant positive trends were observed for both mean and extreme values of total CO and AOD at the grid cell

scale. Despite the presence of considerable anomalies in extreme values, the number of days with CO plumes and CO

combined with aerosol plumes has decreased by -1 % and -8.3 % in Eastern Boreal Asia, respectively. This suggests that620

the plume detection method may not be entirely reliable for this region.

3. Western Boreal North America, Western Temperate North America: These regions are prone to the occurrence of intense

fires, which result in large burned areas. The extent of burned area during the summer months has increased in recent

years, with the greatest increase occurring towards the end of the season. For instance, the burned area during June–

October has increased by 16 % and 28 %, respectively, while the burned area during September–October has increased625

by 84 % and 60 %, respectively. This increase can be attributed to a rise in the average and extreme fire risks, particularly

towards the end of the season. A positive trend is observed in the regional mean AOD for the June-October period

(+2.4 %.year-1) and for both mean and extreme values of total CO and AOD at the grid cell scale in Western Boreal

North America. In contrast, a negative trend was observed for both mean and extreme values of total CO at the gridcell

scale in Western Temperate North America. These negative trends are likely due to the reduction in long-range transport630

of CO from Asia, which is attributed to a decrease in anthropogenic emissions in eastern Asia. In contrast, for aerosols
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with a shorter lifetime, the reduction in long-range transport from eastern Asia is offset by an increase in regional fire

activity. For both regions, a strong correlation between AOD and total CO is observed for the months of July–August

(r = 0.72 and r = 0.85, respectively). The positive total CO and AOD anomalies are consistent with the trend in fire

activity, which is confirmed by the strong correlation (r = 0.84 and r = 0.75 respectively) between the June–October635

mean total CO and the burned area in latitudes ≥ 30 °N, excluding the agricultural regions Western Central and Boreal

AsiaWestern Central Asia and Western Boreal Asia. These anomalies spread downwind towards the eastern United States

and Canada, the Atlantic Ocean, and Europe. In Western Boreal North America, a positive trend in the number of CO

plumes (+72.5 %.year-1) and CO combined with aerosol plumes (+100 %.year-1) is observed. Over the past seven years,

the number of days with CO plumes has increased by +51 % and +65.4 % in Western Boreal and Western Temperate640

North America, respectively. Furthermore, the number of days with CO combined with aerosol plumes has increased by

+73.5 % and +86 %, respectively. These two regions are prone to intense wildfires, which are increasing due to larger

fire risk, leading to an increase in the extreme values of total CO and AOD.

4. Atlantic, Europe: With the exception of the Mediterranean region and Portugal, Europe experiences relatively low levels

of fire activity. Over the region, the area burned during the fire season has decreased in recent years, with a reduction of645

28 % for the period from June to October. Nevertheless, the number of intense fire events has increased. The observed

rise in the frequency of extreme fires is associated with an increase in the probability of extreme fire weather events.

This is evidenced by the regional June-October fire weather index, which exhibited a +0.5 % annual increase in trend.

Furthermore, these regions are situated in the downwind direction of areas that have experienced an increase in the

intensity of wildfires. The rise in extreme values of total CO and AOD in these regions, particularly in North America,650

has led to an increase in extreme values in the Atlantic and in Europe. The June–October mean total CO is found to be

highly correlated with the burned area in latitudes of 30 °N and above, with the exception of the agricultural regions of

Western Central and Boreal AsiaWestern Central Asia and Western Boreal Asia (r = 0.85 for the Atlantic, r = 0.75 for

Europe). The correlation between AOD and total CO in July–August is only weakly positive for both regions (r = 0.49

for both), which can be explained by the shorter lifetime of aerosols compared to CO. This results in some CO plumes655

not being concomitant with aerosol plumes. In the Atlantic, a positive trend in the number of combined CO and aerosol

plumes is observed, with an increase of 22 %.year-1. Over the past seven years, the number of days with CO plumes

has increased by +82 % and +64 % in the Atlantic and Europe, respectively. The increase in the number of days with

combined CO and aerosol plumes is even more pronounced, with an increase of +103 % and +65 %, respectively.

5. AgriculturalHuman-managed fire regions (Western Boreal and Western Central Asia, Eastern Temperate North America):660

In agricultural regions, fires are primarily associated with farming practices, are relatively frequent, and exhibit low in-

tensity. The areas affected by these fires have decreased in recent years (see section 3). Consequently, it is anticipated

that these fires will contribute a relatively minor impact to the extremes of total CO and AOD (see section 4.4). Indeed,

due to the relatively long lifetime of CO, the observed variability in total CO throughout the Northern Hemisphere is

probably a combination of the impact of increasing fire activity in the different regions. For a more precise analysis of665
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relative contributions, a chemistry-transport model isolating the influence from each region would be necessary. Land

cover changes have the potential to modify the CO emissions intensity from fires and the ratios of CO emissions to the

burned area in the regions under study. Wang et al. (2020) estimate that in the case of the RCP4.5 scenario, forest areas

could increase by up to 20 % in Western Boreal and Western Central Asia and Eastern Temperate North America in 2050

compared with 2000. These regions, which are designated as ’human-managed fire regions’ in this study, characterised670

by less intense fires compared to other study regions, are susceptible to the emergence of extreme forest fires.

This study demonstrates that extreme concentrations of CO and AOD have increased during summer and early fall over

most of the Northern Hemisphere due to an increase in intense wildfires in boreal regions and the western United States. For

CO, background values also increase during winter. Due to the impact of CO on OH levels, this increase in CO may influence

more broadly the oxidizing capacity of the troposphere. The co-emission of methane and other volatile organic compounds by675

wildfires may also accentuate this effect by decreasing OH (thus increase CO lifetime).

The present study has demonstrated the importance of the impact of recent years on the variables studied. It is important

to monitor future years to see if significant trends emerge and if the differences between recent years and the whole period

become more pronounced.

The observed increased number of extremes during summer may alter air quality significantly over large areas and offset or680

slow down the effect of a reduction in anthropogenic emissions. To fully quantify the impact on surface atmospheric pollution,

further studies are necessary to characterise the altitude of the observed plumes. Modeling studies would also be required

to quantify the production of secondary pollutants within the plumes, their influence on background levels of key pollutants

(surface aerosols, ozone) as well as their influence on the oxidizing capacity of the troposphere.

Code availability. TEXT685

Data availability. The IASI L2 Carbon Monoxide (CO) Climate Data Record (CDR) data are distributed by EUMETSAT through the EU-

METSAT Data Store (http://doi.org/10.15770/EUM_SAF_AC_0047, last access: 7 October 2024). The analysis of fire activity is conducted

using MODIS MCD64 and MOD14 products. MCD64A1.061 product is used for burned area, MOD14A1.061 and MYD14A1.061 for active

fires. The MODIS MCD64 and MOD14 products were retrieved from the NASA EOSDIS Land Processes Distributed Active Archive Center

(LP DAAC), USGS Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota (https://lpdaac.usgs.gov/products/690

mcd64a1v061/, last access: 7 October 2024, and https://lpdaac.usgs.gov/products/mod14v061/, last access: 7 October 2024). The analysis of

aerosol plumes is conducted using MODIS aerosol optical depth products. The MODIS MOD04_L2 and MYD04_L2 products were retrieved

from the NASA EOSDIS Level-1 and Atmosphere Archive & Distribution System Distributed Active Archive Center (LAADS DAAC), God-

dard Space Flight Center, Greenbelt, Maryland (https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MOD04_L2,

last access: 7 October 2024, and https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MYD04_L2, last access: 7695

October 2024). The ERA5 dataset used to compute the fire weather index is the fifth generation atmospheric reanalysis of the global cli-
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Figure A1. Regional monthly burned area derived from MODIS for years 2008–2022, for regions mapped in Fig. 1. Note the different y-axis

limits between panels.

mate produced by the Copernicus Climate Change Service (C3S) at ECMWF and is distributed via the Copernicus Climate Data Store

(https://cds.climate.copernicus.eu/datasets/reanalysis-era5-complete?tab=overview, last access: 7 October 2024).
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Appendix A: Additional figures
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Table A1. Relative difference in burned area (%) reported by Jones et al. (2022) for time period 2001–2019 and obtained in this study for

2008–2023. The relative difference is calculated by dividing the absolute difference by the annual mean burned area. The absolute difference

in yearly mean regional burned area is calculated by multiplying the yearly mean regional burned area trend (in 1 000 km2·year−2) by the

number of years in the study period (2001-2019 in Jones et al. (2022), 2008-2023 here). Eco-regions Pacific Canadian Forest, Pacific US

Forest and East Siberian Forest used by Jones et al. (2022) are compared to Western Boreal North America, Western Temperate North

America and Eastern Boreal Asia. ∗ highlights relative differences computed with a significant trends (p<0.05).

Jones et al. (2022) This study

2001-2019 2008-2023

Pacific Canadian Forest 63 45

Pacific US Forest 49 38

East Siberian Forest 93 69

Boreal North America 14 31

Temperate North America 42 15

Europe -62∗ -46

Boreal Asia 0.4 -34

Central Asia -76∗ -97∗

Table A2. Evolution during recent years for key variables of fire weather during time periods June–July, July–August or September–October,

over selected regions of the northern hemisphere. The recent evolution of a given variable X is calculated as the difference between the values

averaged over the 2017–2023 period (recent period) minus values averaged over the 2008–2023 period (full period), so that the relative

difference is defined as (Xrecent −Xfull)/Xfull. The symbol * indicates that the absolute difference (Xrecent −Xfull) is significant

(p-value<0.1)

Variable (X)
West. Boreal

North America

East. Boreal

North America

West. Temperate

North America
Europe

East. Boreal

Asia

East. Central

Asia

Difference recent vs full period for regional June–October average of Fire Weather Index (FWI)

June–July (%) 1.8 11.4 1.6 4.3 6.7 2.6

July–August (%) 3.1 9.4 -0.2 1.4 5.2 -7.3

September–October (%) 4.3 14.4 1.3 3.2 4.8 1.0

Difference recent vs full period for regional June–October average of Fire Weather Index (FWI) 97th percentile

June–July (%) -1.8 -0.9 -0.5 3.4 1.1 1.3

July–August (%) 0.9 -0.5 * 0.1 2.8 -0.1 -4.1

September–October (%) 1.2 -4.9 2.2 -0.4 3.6 0.6
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Figure A2. Relative difference of the number of events detected in each class of FRP (MW) during recent years (2017–2023) compared

to the full period (2008–2023) for the regions mapped in Fig. 1 during time periods June–October, June–July, July–August or September–

October. The difference is calculated as (recent-full)/full.
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Figure A3. Relative difference between recent years (2017–2023) and the full period (2008–2023) of the regional BA, depending on the

range of BAburned area during the fire events (using BAe) during time periods June-October, June-July, July-August or September-October.

The difference is calculated as (recent-full)/full.
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Table A3. Pearson correlation coefficient between different key variables, averaged in selected regions: total CO, AOD and total June–

October burned area (BA). The total BA corresponds to BA observed above ≥ 30 °N, excluding the Western Central Asia and Western

Boreal Asia regions, unless otherwise specified. Only significant correlations (p<0.1) are provided.

Variable
West. Boreal

North

America

East. Boreal

North

America

West.

Temperate

North America

Atlantic Europe

East.

Boreal

Asia

East.

Central

Asia

Correlation between July-August mean total CO and:

July-August mean AOD 0.72 0.81 0.85 0.49 0.49 0.83 0.56

Correlation between June–October mean total CO and:

Total burned area 0.79 0.81 0.71 0.87 0.83 0.83 0.63

Correlation between December mean total CO and:

June–October mean total CO 0.43 0.72 − − − − 0.52

Correlation between December mean total CO and:

Total burned area 0.57 0.73 0.48 0.57 0.53 0.48 0.44

Correlation between June–October monthly number of days with a CO plume per month and:

Monthly total burned area

in Western Boreal North America
0.63 0.77 0.21 0.63 0.54 0.38 0.28

Monthly total burned area

in Western Temperate North America
0.31 0.29 0.74 0.22 0.27 0.40 −

Monthly total burned area

in Eastern Boreal Asia
0.66 0.45 0.55 0.31 0.25 0.75 0.29

Monthly total burned area

in Eastern Central Asia
-0.25 -0.21 -0.2 − − -0.22 0.35

Monthly total burned area

in Northern Hemisphere > 30 °N
0.55 0.46 0.38 0.3 0.27 0.57 0.45

Monthly total burned area

in Northern Hemisphere > 30 °N

without Western Boreal and Central Asia

0.69 0.67 0.52 0.55 0.49 0.66 0.49
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