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Abstract. We show that a fire plume originating at high northern latitudes during the Canadian wildfire event in July/August

2017 reached the tropics, and subsequently the tropical stratosphere via the ascending branch of the Brewer-Dobson Circulation

(BDC). The transport from high to low latitudes in the upper troposphere and lowermost stratosphere was mediated by the

anticyclonic flow of the Asian monsoon circulation. The fire plume reached the Asian monsoon area in late August/early

September, when the Asian Monsoon Anticyclone (AMA) was still in place. While there is no evidence of mixing into the5

center of the AMA, we show that a substantial part of the fire plume is entrained into the anticyclonic flow at the AMA edge,

and is transported into the tropical Upper-Troposphere–Lower-Stratosphere (UTLS), and possibly the Southern Hemisphere

particularly following the north-south flow on the eastern side. In the tropics the fire plume is lifted by ∼1.5 km per month.

Inside the AMA we find evidence of the Asian Tropopause Aerosol Layer (ATAL) in August, doubling background aerosol

conditions with a calculated top of the atmosphere shortwave radiative forcing (RF) of -0.05 W/m2. The regional climate10

impact of the fire signal in the wider Asian monsoon area in September exceeds the impact of the ATAL by a factor of 2-4

and compares to that of a plume coming from an advected moderate volcanic eruption. The stratospheric, trans-continental

transport of this plume to the tropics and the related regional climate impact point at the importance of long-range dynamical

interconnections of pollution sources.
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1 Introduction

During the 2017 summer season, historically severe wildfires appeared in western Canada and in the north-western United

States. Strong thunderstorms (pyro-cumulonimbus activity), which developed above the fires, injected smoke particles above

western Canada into the lower extratropical stratosphere in mid-August (Khaykin et al., 2018). The fire plume was transported

through the jet stream eastward and rose 2-3 km per day within the first days after its injection into the stratosphere (Khaykin5

et al., 2018). Three days after the first appearance in the stratosphere above Canada, the plume first appeared over Europe on

August 19th. Above southern France the plume was observed at altitudes up to about 20 km (Khaykin et al., 2018). Multiple

studies have analyzed the fire plume above western/central Europe with LiDAR observations (Khaykin et al., 2018; Ansmann

et al., 2018; Peterson et al., 2018).

The Asian summer monsoon largely determines the composition of the Upper-Troposphere–Lower-Stratosphere (UTLS), es-10

pecially in the Tropical Tropopause Layer (TTL: as defined in Fueglistaler et al. (2009)). Either within the upwelling of the

Asian monsoon or through the dynamical transport around the Asian Monsoon Anticyclone (AMA), air masses are drawn up

each year between approximatively June and September into the TTL. It has been shown that most of the air entering the strato-

sphere in the tropics is transported around the AMA circulation without entering its core (Tissier and Legras, 2016). Within the

AMA, air masses of continental origin are likely trapped, due to the dynamical barrier of the surrounding jets and enhanced15

tropospheric and reduced stratospheric tracer concentrations are typically observed inside the transport barrier e.g. (Park et al.,

2008; Randel et al., 2010; Bergman et al., 2013; Santee et al., 2016). Additionally, an accumulation of aerosols has been found

inside the AMA, the Asian Tropopause Aerosol Layer (ATAL) (Vernier et al., 2011; Yu et al., 2015). The ATAL existence has

been attributed to the recent increase of Asian emissions of anthropogenic pollutants like sulphur dioxide and volatile organic

compounds (R. Neely et al., 2014; Yu et al., 2015) and sustained by the convective activity of the Asian monsoon. The com-20

position, variability, trend and budget of the ATAL are largely uncertain and are currently studied. The impact of the ATAL on

the extratropical aerosol budget in the northern hemisphere (NH) has been investigated by Khaykin et al. (2017). On average,

the geographical extent of the AMA is largest in mid-July through beginning of August, then decreases until it completely

dissipates by the end of September (Santee et al., 2016). Lagrangian transport simulations suggest that 5% of the air mass in

the tropical pipe at 460 K and 15% in the extratropical lowermost stratosphere at 380 K originate in the anticyclone over the25

course of a year (Ploeger et al., 2017)). Conditions of enhanced aerosol concentration such as volcanic eruptions can act as

tracers of AMA dynamics and troposphere-to-stratosphere transport. While for the Nabro volcano eruption the emitted aerosol

and precursors have been partly injected directly into the stratosphere (Fromm et al., 2013), a fraction has also been transported

into the stratosphere via the upwelling in the Asian monsoon (Bourassa et al., 2012; Fairlie et al., 2014; Sellitto et al., 2017).

It shows that the AMA can be a pathway for tropospheric aerosols to the TTL and the stratosphere. During the year of the30

Sarychev eruption, which occurred at the beginning of the Asian monsoon season a negative anomaly inside the AMA has

been shown, while for all other years, there is a positive aerosol anomaly (ATAL) (Vernier et al., 2011). Both observations

(for the Sarychev and Nabro eruption) support a transport barrier that separates ‘inside’ and ‘outside’. Volcanic aerosol plumes

remaining outside of the AMA (as for the Sarychev eruption) can instead be transported along the eastern flank of the AMA
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circulation into the tropics (Wu et al., 2017). The importance of the Asian monsoon circulation for the horizontal transport of

extratropical air masses into the tropics has already been shown by Konopka et al. (2010).

The Canadian fire event of July 2017 occurred during the same timeframe of the Asian monsoon season in 2017. Here, we

investigate the impact of the AMA circulation on the transport of the fire plume from the Canadian fires in 2017. In addition,

we estimate the regional climate impact of the fire plume in the Asian monsoon area and we compare this impact to the one5

of the ATAL during the monsoon season. Furthermore, the wider impact of the plume is compared with that of a moderate

volcanic eruption.

The paper is structured as follows: data sets and methods are described in Section 2. The pathway of the fire plume to the Asian

monsoon region is analysed in Section 3. The corresponding regional climate impact is estimated in Section 4.

2 Methods10

2.1 SAGE III-ISS aerosol extinction profiles

Stratospheric Aerosol and Gas Experiment (SAGE III-ISS) was launched in February 2017 and mounted aboard the Interna-

tional Space Station. Data from the instrument is available from June 2017 onwards. SAGE III uses solar and lunar occultation

and limb-scatter to infer profiles of trace gases like ozone and aerosol extinction coefficient at nine wavelengths between 384

and 1544 nm. Due to orbital considerations, SAGE III acquires 30 sets of profiles per day in two latitudes bands which span15

from roughly 60◦N to 60◦S over the course of a month with best spatial coverage in the mid-latitudes (30-60◦). The vertical

extent of the aerosol extinction coefficient profiles is from roughly 40 km down to encountering either the solid Earth or ex-

ceeding the dynamical range of the detector usually in association with an optically opaque water cloud. These profiles have a

vertical resolution of ∼1 km and are reported every 0.5 km from 0.5 to 40 km. The horizontal resolution is approximately 200

km along the line of sight between the instrument and the Sun and stretched along the direction of motion of the platform (ISS)20

by an additional 200 km. The meteorological data including the height of the tropopause are derived from the Modern-Era

Retrospective analysis for Research and Applications, Version 2 (MERRA-2). Herein, we make use of the cloud-unfiltered

version 5.1 solar occultation aerosol extinction coefficient profiles at 3 wavelengths (384, 521, 676 nm).

2.2 OMPS aerosol extinction profiles

The Ozone Mapping Profiler Suite Limb Profiler (OMPS-LP) instrument onboard Suomi National Polar-orbiting Partnership25

(Suomi NPP) images the Earth limb by pointing aft along the spacecraft flight path. The sensor employs 3 vertical slits separated

horizontally to provide near global coverage in 3-4 days. The instrument measures limb scattering radiance and solar irradiance

at the 290 – 1000 nm wavelength range and the 0-80 km altitude range with 1.6 vertical resolution. The current OMPS-LP

algorithm uses the radiance measurements at a single wavelength (675 nm) to estimate the aerosol extinction coefficient profile

(Loughman et al., 2018; Deland, 2016). In this study, we use the OMPS version 1.5 aerosol extinction data (Chen et al., 2018),30

left slit only, from May 2016 to 2018 in the area 25-38◦N and 40-95◦E. Data are provided between 10 and 40 km altitude.
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2.3 CLaMS CO simulations

The Chemical Lagrangian Model of the Stratosphere (CLaMS) is a Lagrangian Chemistry transport model. The transport is

modelled based on 3D forward trajectories and an additional parameterization of small-scale mixing (McKenna et al., 2002;

Konopka et al., 2007). For this study, the model transport is driven by ERA-Interim meteorological data (Dee et al., 2011).

Here, the CO trace gas enhancements in the AMA simulated by CLaMS are used to confirm the location and isolation of the5

anticyclone indicated by the PV field. The lower boundary condition are derived from Atmospheric Infrared Sounder (AIRS)

version 6 satellite measurements following the approach presented by Pommrich et al. (2014). Chemical loss is included in the

model based on reactions with OH (Pommrich et al., 2014). However, it has to be noted that upward transport in the troposphere

is likely too weak in ClaMS due to the lack of a convective parameterization and therefore, the simulated CO mixing ratio in

the Asian monsoon area are likely too low. However, the simulated CO indicates the isolation and position of the AMA.10

2.4 TRACZILLA back-trajectories

Back-trajectories are computed using archived horizontal winds and vertical velocities from the European Centre for Medium-

Range Weather Forecasts (ECMWF) reanalyses (Pisso and Legras, 2008). For trajectories remaining in the Asian area, ERA-5

kinematics are used for the calculation for 1-hourly time steps with a horizontal resolution of 0.125◦ x 0.125◦ and a vertical

resolution of ∼300 to 500 m. For back trajectories leaving Asia, the global Era-Interim input is used (Dee et al., 2011), with a15

vertical resolution of around 1 km at the considered altitudes and a 1◦x1◦ horizontal resolution on a global scale and 3-hourly

time steps. The time, pressure level and region of the air parcels release is chosen according to the individual SAGE III profiles

of interest. Here, 1000 trajectories are initiated on a regular grid covering the spatial uncertainty of the SAGE III measurements.

2.5 UVSPEC Radiative forcing estimations

The shortwave surface and top of the atmosphere (TOA) direct radiative forcing for this event is estimated using the UVSPEC20

radiative transfer model and the LibRadtran package (Mayer and Kylling, 2005), available at the following website:

http://www.libradtran.org/doku.php. The radiative transfer equation is solved with the SDISORT method, the pseudo-spherical

approximation of the discrete ordinate method (DISORT) (Dahlback and Stamnes, 1991). Surface and TOA direct and diffuse

shortwave spectra are computed in the range 300.0 to 3000.0 nm (0.1 nm spectral resolution). We use the input solar flux

spectra of Kurucz (2005). The atmospheric state in terms of the vertical profiles of temperature, pressure, humidity and gas25

concentration is set as for the AFGL (Air Force Geophysics Laboratory) climatological standard tropical atmosphere (Anderson

et al., 1986). Molecular absorption is parameterized with the LOWTRAN band model (H. Pierluissi and S. Peng, 1985),

as adopted from the SBDART code (Ricchiazzi et al., 1998). We performed clear-sky simulations. We perform a baseline

simulation, with this setup and a background boundary layer aerosol layer. Then we add the measured fire plume and ATAL

extinction coefficient profiles (SAGE III observations). For baseline and fire plume- or ATAL-perturbed configurations, we30

simulate the radiative transfer at different solar zenith angles (SZA). The daily average shortwave TOA radiative forcing for a

given aerosol layer (fire plume or ATAL) is calculated as the SZA-averaged upward diffuse irradiance for a baseline simulation
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without the investigated aerosols minus that with aerosols, integrated over the whole spectral range. The shortwave surface

radiative forcing is calculated as the SZA-averaged downward global (direct plus diffuse) irradiance with aerosols minus

baseline, integrated over the whole spectral range.

3 Tracing of the fire plume in the Asian monsoon region

To study the transport of the Canadian fire plume in the Asian monsoon area, we distinguish two sub-regions: 1st the main5

Asian monsoon region 15-45◦N and 40-110◦E (the green box in Fig. 1A), a compromise from the choices of Santee et al.

(2016),Ploeger et al. (2015), Vernier et al. (2011) and 2nd the AMA box in 2017 25◦N-38◦N and 40◦E-95◦E, with maximized

probability of being inside the AMA at 380 K for August 2017 (the black box in Fig. 1A). This probability (occurrence

frequency) has been calculated according to a maximum in the PV gradient on the 380K isentrope following Ploeger et al.

(2015). Even though this is considered as a reliable method to identify the AMA center, it should be noted that the maximum in10

the PV gradient around the monsoon anticyclone is weak (see discussion in Ploeger et al. (2015)) and has even not been detected

for several days during summer 2017. Based on the strength of the easterly jets in 2017 the circulation of the anticyclone was

strongest during July and from thereon declined very slowly and was still in place, even if weaker, at the end of September (see

Fig. A1).

A strongly enhanced aerosol extinction signature appears in the SAGE III data set, in the whole NH >40◦N mid to end of15

August (Fig. 1B), after the beginning of the major fire event in Canada, confirming the results of multiple previous studies

(Khaykin et al., 2018; Ansmann et al., 2018; Haarig et al., 2018). The aerosol signature descends with 2 mm in altitude per

second (5 km in one month). This exceeds the descent rate of the BDC at this latitude and altitude range (15-20 km) found

by Abalos et al. (2015) by a factor of 4. Hence, the descent of the aerosol is due to sedimentation. The troposphere and lower

stratosphere are filled with enhanced aerosols until mid-April 2018.20

Fig. 1C shows the SAGE III aerosol extinction values in the inner AMA region (black box in Fig. 1A). The unfiltered cloud

structures in the SAGE III data set masks the first appearance of the plume in the back box in Fig. 1C. However, the first

SAGE III profile that we can track back to the fire plume signature originating from the Canadian wildfire appears on August

30th 2017 at ∼17 km altitude. A clear signal is still apparent in April 2018, 8 months after its first appearance and long after the

break down of the AMA confinement. However, it has to be noted that there are no previous years of SAGE III measurements25

available so that no comparison with background conditions in April can be made.

To see whether the fire plume has entered the AMA circulation and has been transported to the tropics (as it has been shown

for the Sarychev eruption by Wu et al. (2017)), another box south of the core Asian monsoon box has been chosen (Fig. 1A,

magenta box). The fire plume signature rises ∼1.5 km per month in the magenta box and reaches approximatively the same

altitude as the one above the black box in January 2018 (Fig. 1D). The reversed vertical transport of the aerosol particles in Fig.30

1B compared to 1D (i.e. the observed descent in the northern latitudes and ascend in the tropics) reflects the contribution of the

ascending and descending branch of the BDC. The average signal for the magenta box remains also until April 2018 at ∼19

km altitude. The AMA generates a strong connection between the mid-latitudes and the tropics during the summer season.
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box from Fig. 1A). Looking at the green box between September 1st and 5th (red line) shows that the aerosol extinction of the

fire plume reaching the Asian monsoon area is by a factor of ∼9 higher than the ATAL signal observed in August and by a

factor of ∼18 higher than background aerosol conditions. The average peak altitude of the visible fire plume is ∼18 km.

From the average fire plume and ATAL spectral aerosol extinction profiles identified in Fig. 2A, spectral aerosol optical depth5

(AOD) are derived and shown in Fig. 2B. In Vernier et al. (2015), the time-evolution of the averaged ATAL AOD in July-

August, between 1995 and 2013, is derived at 525 nm with a combination of SAGE II and CALIOP data, using different

hypotheses of the LiDAR ratio value for the target aerosol layer. For this reason, the derived AODs are very uncertain. The

average July-August ATAL AOD estimated by Vernier et al. (2015) lies between 0.0030 and 0.0070. In our case, the average

ATAL AOD at 525 nm is ∼0.0025. This is consistent with Vernier et al. (2015), considering that our value is averaged on a10

late monsoon period (i.e. August 10th to 15th), when the dynamical barrier of the AMA starts to decline and, consequently,

the ATAL concentration and AOD are possibly weaker than e.g. in July. The ATAL AOD decreases steeply with wavelength to

values smaller than 0.001 at 1020 nm. The fire plume has significantly higher AOD values, i.e. from values higher than 0.010

at 380-520 nm to ∼0.0045 at 1020 nm. As an indicator for the average particle size in the aerosol populations the average

Angström exponent is estimated for both ATAL and fire plume (Fig. 2B). It is calculated starting from the AOD values at 86915

and 521 nm. A higher Angström exponent can be associated with the prevalence of smaller particles, while a lower exponent

points at larger particles, on average. Angström exponents between ∼0.8 and 1.5 may be linked to aged biomass burning plumes

(e.g. Müller et al. (2007) and Pereira et al. (2014)). On the contrary, higher Angström exponents (1.8 or greater) may point at

freshly nucleated secondary aerosol and/or younger biomass burning plumes (e.g. Müller et al. (2007)). The average Angström

exponent has values of ∼1.9 for the ATAL and 0.9 for the fire plume (Fig. 2B). This is consistent with our identification of an20

aged fire plume, transported into a region previously dominated by a layer of freshly nucleated, smaller particles.

To get a more comprehensive insight into the dynamics of the fire plume transport to the AMA region, an air mass origin

tracer has been initialized between August 12th and 14th 2017 in the box over western Canada (Fig. 3), using the CLaMS

model. After initialization, the tracer has been advected passively during the following weeks. The plume is first transported

eastwards, at latitudes >40◦N and passes over Europe in early/mid-August (Fig. 3A). After reaching the Asian monsoon area25

at the end of August, a fraction of the fire tracer is partly transported along the eastern flank of the AMA circulation from the

extratropics into the tropics (Fig. 3B). In the simulations, part of the plume even reaches the southern hemisphere (Fig. 3C).

It is shown that the plume reaches the tropics (<10◦N) through the AMA circulation (Fig. 3C). This is consistent with the

SAGE III observations shown before. With the slow break of the AMA, plume air masses mix into the area that has before

been confined by the AMA transport barrier from the northern side (Fig. 3D). By mid-September most of the NH is filled with30

the artificial fire tracer at 380 K potential temperature (Fig. 3D). This pathway of the fire plume transport to the tropics within

the eastern flank of the AMA circulation is further confirmed by daily OMPS aerosol extinction observations (see Fig. C1).

A measurement profile with readily identifiable and vertically separated AMA and fire plume signatures is shown in Fig.

4A. Around 380 K, the profile inside the AMA shows no clear evidence of enhanced aerosol from the fire plume, consistent

with the existence of the strongest confinement (transport barrier) in that layer (Ploeger et al., 2015). The generally weaker35

confinement at higher levels around 400 K allows for export of ATAL aerosol from the AMA into the stratosphere. This profile
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examples are discussed in the supplements: one profile showing enhanced aerosols due to the fire, originating from the plume

(Fig. B1), one profile showing both enhanced aerosols from the plume and ATAL (Fig. B2) and one profile with a visible ATAL

signal and no fire signature, due to the dynamical position of the measurement (Fig. B3).

Another profile showing enhanced aerosols due to the fire, originating from the plume is shown in the supplements (Fig.5

B2). One SAGE III profile on September 3rd

4 Regional climate impact

The radiative properties of the fire plume, once in the AMA region, are studied and compared with those of the observed late

ATAL layer. Starting from the spectral aerosol extinction from the SAGE III observations for the mean fire plume and ATAL10

of Fig. 2A, the radiative impacts have been estimated by means of the shortwave (300.0 to 3000.0 nm) daily average clear-sky

direct radiative forcing (RF) at the surface and at the TOA, as well as their f ratio (Fig. 5). The f ratio is defined as the ratio

between surface and TOA RF (e.g. Di Biagio et al. (2010) and Sellitto et al. (2016)). Even though the aerosol extinction data

used in our simulation have been observed, hypotheses are necessary for the single scattering albedo (SSA) of the two aerosol

layers. To cope with the limited knowledge of this parameter, we run the radiative transfer simulations multiple times using15

different realistic SSA values: from 0.90 to 0.93 for the advected fire plume and from 0.97 to 0.99 for the ATAL. Values higher

than 0.90 for aged fire plumes are found by e.g. Haywood et al. (2003). This points at the presence of less absorbing features

with respect to fresh biomass burning soot because of the progressive coating of condensed sulfates and/or organics (Field

et al., 2014). In addition, SSA for boreal forests fires have, on average, a higher SSA than tropical forests fires (Wong and

Li, 2002). Therefore, we select 0.90 to 0.93 as the interval of SSA for this particular fire plume. The ATAL is considered as20

principally composed of freshly nucleated secondary organic and sulfate aerosols, both characterized by very high (near-1)

SSA. Nevertheless, the precise composition of the ATAL and its variability are still largely unknown. Then, starting from the

idea of very reflective aerosols, we have extended the interval of SSA for the ATAL, to smaller values (i.e. down to 0.97). To

the best of our knowledge, ours is the first estimation of the surface direct RF and f ratio of the ATAL. Our estimation of the

TOA RF for the ATAL (about -0.05 W/m2) is significantly smaller than the one from Vernier et al. (2015) (-0.12 W/m2, also25

shown in Fig. 5). This might be related to the fact that our estimation has been made using observed ATAL aerosol extinction

profiles for a late monsoon period (August). The estimated shortwave surface RF is about -0.05 W/m2, consequently, the ATAL

f ratio is ∼1. This value is typical for very reflective aerosol layers, as expected for a layer mostly composed of condensed

sulfates or organic aerosols. On the contrary, the estimated shortwave RF for the advected aged fire plume is about -0.18 W/m2

at TOA and about -0.46 W/m2 at the surface, leading to an average f ratio of ∼3.5, typical for significantly absorbing layers30

(e.g. Sellitto and Briole (2015)). From the TOA RF calculations for the fire plume and ATAL, it can be concluded that the

regional climate impact of the fire plume is up to 4 times (late ATAL, our estimation) and 2 times (peak ATAL, estimation by

Vernier et al. (2015)) larger than the one of the ATAL. The fire plume TOA RF estimated here in the tropical UTLS has the

same order of magnitude as a moderate volcanic eruption. For example, Haywood et al. (2003) have estimated the mean RF
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impact, exceeding the ATAL climate forcing by a factor of 2 to 4, and our calculations suggest a significant cooling of the

NH climate system, comparable to a moderate volcanic eruption. The partially absorbing nature of aged fire aerosols may

lead to a significant local heating of the layer where they reside. While in this study we present one case example of the

plume that originated from the Canadian wildfires in 2017, it has to be noted that extreme fire events like this are expected to5

occur more frequently due to climate change (Field et al., 2014). Already in 2018 another series of record breaking wildfires

has been reported (Lindsay, 2018). For future extreme wildfire events the AMA circulation will provide a pathway for long-

range transport of atmospheric pollutants and fire plumes each year from the NH to the tropics and possibly to the southern

hemisphere and the stratosphere.
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Appendix A: Break down of the AMA circulation criterion

The criterion for the breakdown of the AMA circulation in 2017 is chosen according to the strength of the easterly jet that

forms the southern branch of the anticyclone and displayed in Fig. A1. The jet has its maximum at 12 km altitude (196 hPa).

Hence, the criterion is based on this altitude. For the years 2010-2017 the jet intensifies on average from April to July, with a
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