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Abstract 

Biomass burning aerosols reaching the stratosphere (SBBA) present an emerging yet understudied 

threat to Arctic ozone (O3). Previous work focuses primarily on SBBA-induced heterogeneous 

chemistry, while their dynamical effects–altering temperature and circulation–have received less 

attention. Here, we assess both the chemical and dynamical impacts of SBBA over the Arctic 

during 2019–2020, a period marked by unusually high SBBA loading and O3 depletion. With 

satellite-constrained modelling, we show that SBBA cause a net increase in Arctic O3, 

compensating for 19% of the observed depletion in spring 2020. Dynamical processes dominate 

this effect via stratospheric heating and enhanced poleward O3 transport. We link this SBBA event 

to a confluence of northward fire activities and an anomalous polar cyclonic system. Given 

projected increases in boreal fires and their northward extension, our findings highlight the critical 

need to integrate both chemical and dynamical SBBA effects to accurately assess O3 budget and 

its consequences in a changing climate.   
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Introduction 

Stratospheric ozone (O3) plays a critical role in Earth’s climate and ecosystems1,2, yet faces 

an emerging threat from the intensification of large-scale wildfires3. Studies have shown that 

biomass burning aerosols (BBA) in the stratosphere (stratospheric BBA, or SBBA) can deplete O3 

by enhancing chlorine activation4 and heterogeneous reactions3,5. A striking example is the 

2019/2020 Australian bushfire, which has led to widespread perturbations in O3 concentration 

across the Southern Hemisphere6,7. The impact of BBA on O3 is of particular concern in polar 

regions, where O3 variability not only has local impacts but also contributes to broader hemispheric 

climate feedbacks8. 

Despite recent progress, the effects of SBBA on Arctic O3 remain poorly understood. While 

existing studies mostly consider the stratospheric aerosols as volcanic origin, Ohneiser et al. 

(2021)9 first report the presence of SBBA in the Arctic. Subsequent studies have demonstrated that 

SBBA often coincides with O3 depletion episodes driven by enhanced heterogeneous chemistry9,10, 

which is in line with modelling work extensively done for the Antarctic3,5,6. However, BBA also 

serve as an effective climate forcer in the Arctic, posing sizable impacts on radiation budget11, 

temperature12, cloudiness13, and sea ice coverage14. Temperature changes induced by SBBA are 

particularly relevant for O3, as Arctic O3 depletion is strongly linked to the persistence of cold 

temperatures under a stable polar vortex15, which triggers a record-high O3 depletion in spring 

202016. Additionally, as Arctic O3 is strongly affected by the poleward transport of O3-rich air from 

lower latitudes via Brewer–Dobson circulation (BDC)17, any SBBA-driven thermal anomalies 

might further modulate Arctic O3 levels by modifying the circulation pattern. The magnitude of 

SBBA-driven dynamical climate feedbacks on O3, and how they compare with the heterogeneous 

chemistry, remain a key barrier in understanding the role of SBBA. Addressing such a gap is 

essential, especially given projections of increasing wildfire frequencies and aerosol emissions in 

boreal regions11,18, which could render the Arctic increasingly vulnerable in terms of O3 stability. 

Here, with satellite-constrained simulations based on CESM2 (the Community Earth System 

Model 2)19, we quantify and compare how Arctic O3 responds to the SBBA from chemical and 

dynamical perspectives. Our analysis focuses on years 2019 and 2020, when a record-high SBBA 

loading and O3 depletion are observed. The presence and impacts of SBBA in this period are 

further linked with climate anomalies, providing insights into a specific feedback mechanism that 

affects Arctic O3 variability via BBA in a warming climate.  
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Results 

Arctic SBBA and O3 depletion in 2019–2020 

According to CALIOP (the Cloud-Aerosol Lidar with Orthogonal Polarization) observations, 

the stratospheric aerosol optical depth (SAOD) over the Arctic (> 60°N) reaches a peak anomaly 

of 0.033 during the autumn of 2019 (August–October, Fig. 1a), making the total SAOD more than 

doubled relative to the multi-year average (0.026, Fig. S1a). Positive anomalies in SAOD are 

widespread across much of the high-latitude Northern Hemisphere, with the majority of these 

aerosols confined to the lower stratosphere (below the 100 hPa height, Fig. 1c). Similar anomalies 

in stratospheric aerosols are also found in 2008 and 2009, which have been attributed to volcanic 

eruptions20,21. Although a volcanic eruption also occurs at middle latitudes (Raikoke, 48.29°N, 

153.25°E) in summer 201922, field measurements suggest its contribution to Arctic stratospheric 

aerosol burden is comparatively minor, about an order of magnitude weaker than the signal 

associated with biomass burning9,10. Multiple lines of evidence from satellite observations further 

support the dominance of SBBA in the 2019 stratospheric aerosol enhancement. Firstly, the 

Angstrom Exponent (AE)–a parameter describing the spectral dependence of aerosol extinction 

on wavelength23–retrieved over the Arctic during summer 2019 for altitudes between 10–16 km is 

lower than both the multi-year average (Fig. S2) and values for years with abundant volcanic 

aerosols (Fig. S3), which agrees with previous studies showing lower AE values when fire smoke 

dominates over volcanic aerosols9. Secondly, measurements from MLS (the Microwave Limb 

Sounder) do not show SO2 or sulphate enhancements in 2019 comparable to those observed in 

2008 and 2009 (Fig. S4-S5), in line with our model sensitivity simulations which suggest that 

volcanic emissions are not a major contributor in the 2019 episode (Methods). This is consistent 

with existing studies demonstrating that the emission from Raikoke eruption is insufficient to 

explain the large aerosol optical depth at upper troposphere and lower stratosphere (UTLS) in 

20199,24. Thirdly, the observed warming at lower stratosphere during summer 2019 indicates the 

presence of solar-absorbing aerosols such as brown carbon and black carbon (Fig. S6), which is 

unlikely to be associated with the sulphate heating due to infrared radiation absorption25 given the 

low concentration (Fig. S5). The evidence clearly demonstrates the dominance of BBA rather than 

volcanic aerosols in the Arctic stratosphere. 

Following the consistently high SBBA observations in 2019, a record-high O3 depletion in 

spring 2020 (February–April) is observed during the past four decades (Fig. 1b). The maximum 

depletion reaches 78 DU (Dobson units) in March, with 37% of the Arctic areas experiencing a O3 

loss exceeding 100 DU. The depletion is most pronounced in the mid-to-upper stratosphere 
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according to OMPS (Ozone Mapping and Profiler Suite) observations, with reductions in O3 of up 

to 27% at 50 hPa height (Fig. 1d). We identify a significant positive correlation between total 

column ozone (TCO) and stratospheric temperature at 50 hPa, with 2020 exhibiting the lowest 

stratospheric temperature on record for the past two decades (-6 ℃, Fig. S7). This anomalously 

low temperature favours the formation of polar stratospheric clouds (PSC) by threefold compared 

to a climatology26 (Fig. S8), and triggers several conditions conducive to heterogeneous chemical 

reactions, including the chlorine activation via conversion of HCl to ClO (Fig. S9b-S9c) and 

condensation of HNO3 into nitric acid trihydrate (NAT, Fig. S9d), both of which facilitate catalytic 

O3 destruction15,16.  

While existing studies have primarily attributed the record-breaking Arctic O3 depletion to 

dynamical drivers, including weakened wave activity and a suppressed BDC15,27,28, few have 

considered the potential impacts of SBBA. Given the sensitivity of O3 concentration to temperature 

and the capacity of BBA to perturb both radiative budget and chemical processes, we hypothesise 

that the 2019 SBBA event plays a role in the observed Arctic O3 depletion in 2020. 

Impacts of Arctic SBBA on O3 depletion 

We employ the CESM2 driven by GFED (Global Fire Emission Database 4s)29 to investigate 

the impacts of anomalous SBBA on the O3 concentration for the 2019–2020 period. To better 

represent the vertical distribution of SBBA, the fire injection profiles are modified to match 

satellite observations from CALIOP (see Methods). With this observationally constrained model, 

we conduct three sets of simulations: two climatological runs from 2000 to 2023 with (CLIM) and 

without (NOBB) fire emissions, and a 20-member ensemble run (FIRE19) focusing on the specific 

influence of 2019 fire injections. Paired simulations are conducted for all the three experiments 

with either the default or updated stratospheric chemistry schemes to fully account for the 

dynamical and chemical impacts of SBBA (see Methods). By comparing CLIM and FIRE19, we 

show that the 2019 SBBA overall lead to an Arctic TCO increase by 11.5 DU (-2.8–25.5 DU as 

interquartile range) during spring 2020. Relative to the 2000-2023 average level, such an increase 

offsets 19% of the observed O3 depletion (59 DU). 

To disentangle the underlying mechanisms, we separate the SBBA effects on O3 into chemical 

(by enhancing heterogeneous reactions and the resulting consequences) and dynamical (by altering 

temperature and circulation) components by applying varying stratospheric chemistry schemes 

(see Methods). Our simulations show that SBBA-induced heterogeneous chemistry leads to a TCO 

reduction of 6.1 DU (10% of the observed depletion) during spring 2020. However, this effect is 

overwhelmed by a dynamically driven O3 increase of 17.6 DU (4.4–31.7 DU), resulting in a net 
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positive anomaly (Fig. S10). Vertical profiles demonstrate that the compensation between the two 

effects occurs primarily above 100 hPa height, below which the dynamical impacts dominate (Fig. 

2b). Strong chemical impacts are found between 10 and 100 hPa level, yielding an average O3 

depletion of 0.09 ppmv. However, the accompanying dynamical impacts produce an O3 increase 

that is roughly 50% larger (0.14 ppmv). Consequently, O3 concentrations rise by a net 0.05 ppmv 

at this altitude range, contributing substantially to the positive Arctic TCO anomaly. These results 

suggest that, in the absence of the 2019 SBBA event–particularly the dynamical impacts–Arctic 

O3 depletion would have been more severe. While the typical threshold for an O3 hole is defined 

by a TCO below 220 DU30, such values have not been observed in the Arctic on a monthly basis 

in OMPS dataset. However, our results suggest that without the 2019 SBBA, this threshold would 

have been exceeded over an area of approximately 1.8×104 km2 in March 2020 (Fig. S11). 

Our further analysis reveals that the impacts of SBBA on O3 arise primarily through their 

perturbations to local temperature and large-scale circulation. By comparing FIRE19 and CLIM 

simulations with varied chemistry schemes (Methods), we decompose the SBBA-induced effects 

into three temporal stages based on the distinct temporal evolution of SBBA, O3, and climate 

dynamics. In Stage-1 (July–October 2019) immediately after the SBBA injection, a dense aerosol 

layer forms below 100 hPa height as also observed by CALIOP (Fig. 1c), resulting in a strong 

thermal dipole with heating within and weak cooling above the layer (Fig. 3d). Such a dipole 

structure is induced by the solar absorption of BBA, which cannot be formed in the case of volcanic 

aerosols as widely studied in previous studies. This initial heating within the aerosol layer increases 

O3 by disrupting ice cloud content (Fig. S12) and suppressing chlorine/bromine activation (Fig. 

S13). MLS and ERA5 data record a similar heating pattern (Fig. S14), which becomes obscured 

after September, possibly masked by the further changes associated with the rapid polar vortex 

development31,32 (Fig. S15). Simultaneously, this thermal structure facilitates upwelling above 200 

hPa height (i.e., negative anomalies in residual vertical velocity, Fig. S16) and dilutes O3-rich air 

in the middle stratosphere (Fig. 3b1), which is corroborated by OMPS and ERA5 data (Fig. S17). 

While in Stage-2 (November 2019–January 2020) which marks the onset of the polar vortex (Fig. 

S18), the lower-stratospheric warming persists, promoting upward wave penetration and leads to 

an EP flux convergence at upper stratosphere (Fig. S19). This is accompanied by an enhanced 

poleward O3 transport via enhanced BDC, as indicated by the tightened residual meridional 

velocity (Fig. S20). However, this effect is largely overridden by a dominant chemical-radiative 

feedback loop. The initial chemical O3 depletion caused by SBBA cools the lower stratosphere 

(Fig. S21), enhancing vertical stability, suppressing wave penetration, and ultimately weakening 

the BDC (Fig. S19). This reduced poleward transport synergizes with direct chemical depletion 
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due to SBBA, leading to a substantial Arctic TCO decline (13.1 DU) in this period. Stage-3 

(February–April 2020) sees the dynamical effects re-intensify and become dominant as the 

background BDC strengthens seasonally. The SBBA-induced strengthening of the BDC enhances 

poleward O3 transport and downwelling over the Arctic (Figs. S16, S20), which warms the 

stratosphere, weakens the polar vortex (Fig. 3e4), and suppresses PSC formation (Fig. S22), 

driving a net increase in O3 concentration (Fig. 3a4). Overall, our results highlight that the impacts 

of SBBA on Arctic O3 during 2019–2020 are governed more by dynamic feedbacks—particularly 

via local heating and circulation modulation—than by chemical pathways. 

Given that the anomalous climate conditions of spring 2020, characterized by the 

exceptionally low temperatures and strong polar vortex15,27,28, can influence O3 evolution, we 

additionally perform a hybrid simulation integrating free-running and nudged configurations (see 

Methods). This framework more accurately reproduces the observed temperature anomalies and 

O3 depletion for the focused period (Figs. S23-S24). Importantly, the estimated dynamical and 

chemical impacts of SBBA derived from this hybrid approach are consistent with those from the 

free-running simulations discussed above (Fig. S25), which demonstrates that our findings are 

robust and largely independent of the background climate state. In addition, our results highlight 

the warming induced by SBBA, which is validated against MLS and ERA5 data. Although aerosol 

modelling is constrained by CALIOP observations, our modelled warming shows notable 

overestimation (Fig. S26b-c). To evaluate the potential impacts of such bias, we conduct a 

sensitivity test by reducing BBA emissions to align the modelled temperature response with 

observations, which suggests an optimal scaling factor of 0.5 (Methods). A 10-member ensemble 

using half GFED emissions further indicates a net TCO increase of 5.7 DU (with an interquartile 

range of −8.7 to 19.5 DU) during spring 2020 (Fig. S26a). This falls well within the uncertainty 

range of the default GFED-driven simulations, further demonstrating the robustness of our 

conclusions. 

Possible drivers for the 2019 SBBA episode 

Given the impacts of SBBA on Arctic O3, we further investigate the drivers behind the 

exceptional stratospheric injection of BBA in summer 2019. Field measurements indicate that the 

SBBA in the Arctic primarily originate from Siberia9,10, consistent with global emission 

inventories identifying Siberia as the dominant source of boreal BBA emissions in 2019 (Fig. S27). 

While intense biomass burning can inject smoke into the UTLS via pyrocumulonimbus activity33 

and self-lifting with sufficient black carbon content9, the intensity of fires alone cannot explain the 

anomalous 2019 event. In fact, BBA emissions from Siberia are similar in 2020 and even higher 
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in 2021 (by 20–90% across multiple inventories) compared with 2019, yet no substantial 

stratospheric aerosol signal is detected over the Arctic for these years (Fig. 4b). This discrepancy 

points to additional factors shaping SBBA distributions. 

Our analysis reveals that the 2019 fire season is characterized by a unique combination of 

northward fire occurrence and anomalous atmospheric circulation at UTLS. As shown in Fig. 4a-

4b and Fig. S28, satellite observations demonstrate elevated stratospheric aerosol loading during 

all three selected intense fire years (2019–2021), yet only in 2019 do the aerosols reach the Arctic 

stratosphere efficiently. In contrast, stratospheric aerosols in 2020 and 2021 remain largely 

confined to the mid-latitude Westerlies (40–60°N). Such a discrepancy becomes most apparent in 

July, when the frequency and intensity of Siberian fires peak (Fig. S29). It has been well 

documented that plumes from intense fire activities can reach the UTLS level by self-lifting, 

provided sufficient black carbon content and solar radiation7,9, while the subsequent transport and 

distribution of these aerosols depend strongly on prevailing circulation patterns. By mapping the 

spatial distribution of extreme fires in July which are defined as daily fire radiative power 

exceeding 100 MW per 0.1° grid cell (i.e., approximately top 10% of severity across the boreal 

zone for the entire 2003–2023 period), we find that over 15% of the extreme fires in 2019 occur 

northward of 65°N, ranking the second in terms of extreme fire frequency following 2020. 

Concurrently, there is a pronounced low geopotential anomaly at 300 hPa level developed over the 

East Siberia, forming a strong cyclone system that enhances vertical motion and poleward 

transport of aerosols emitted from eastern and northern Siberia (Fig. 4c). In comparison, extreme 

fires in 2021 are located farther south, and circulation anomalies in 2020 are much weaker. Under 

such conditions, lofted BBA in 2020 and 2021 are trapped by mid-latitude anticyclonic systems 

and advected southward and downward into the mid-latitude Westerlies, failing to reach the Arctic 

stratosphere. Additionally, while we identify numerous extreme fire events during the 2003–2023 

period other than 2019–2021, the resulting plumes do not efficiently reach the Arctic stratosphere. 

This outcome is primarily attributed to the absence of the specific coupling between fire location 

and atmospheric circulation that is observed in 2019 (Fig. 4f and Fig. S30). This suggests that, 

beyond fire intensity, the circulation pattern plays an important role in determining the distribution 

of SBBA at mid-to-high latitude in Northern Hemisphere. 

Discussion 

In this work, we assess the Arctic O3 response to SBBA using an observation-constrained 

model. Different from previous studies that primarily emphasize O3 loss driven by heterogeneous 

chemistry, we show that the dynamical consequences triggered by SBBA solar absorption are more 
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important, which result in a net increase in TCO over the Arctic by enhancing northward O3 

transport from lower latitudes via circulation modulation. Our simulations also reveal that even for 

chemical impacts, the chemical-dynamical feedback following the O3 loss plays a more significant 

role than direct heterogeneous reactions. By comparing these effects with observed O3 

concentration, we estimate the 2019 SBBA injection overall compensates for 19% of the record-

breaking O3 depletion in 2020 spring. These findings suggest that BBA may influence climate not 

only through direct and indirect radiative effects as widely discussed in previous studies, but also 

by modulating stratospheric O3 which is proven to be an efficient driver of hemispheric climate 

variability8. However, such effects become substantial only when significant quantities of BBA 

reach the Arctic stratosphere, as constrained by satellite observations. Notably, both our default 

CESM2 simulations and many other global models tend to underestimate the vertical extent of 

BBA plumes34,35, which suggests potential biases in the configuration of fire emission injection 

and plume self-lifting. Therefore, proper representation of BBA vertical transport is critical for 

accurately quantifying their chemical and climatic impacts in global models. 

It has been documented that the observed Arctic O3 depletion in spring 2020 is coupled with 

anomalously low temperatures, a feature not fully captured by free-running simulations. By 

introducing nudging constraints to align modelled meteorology with observations, we confirm that 

while absolute O3 concentrations are sensitive to the climate state, the SBBA-induced 

perturbations remain remarkably consistent with the free-running simulations. This implies that 

the fundamental mechanisms and the associated impacts of SBBA identified in the present study 

are generalizable to other stratospheric BBA injection episodes, provided sufficient aerosol loading 

is present. 

Although intense fire activities are prerequisites for aerosols being injected into the 

stratosphere, our results demonstrate that fire intensity alone cannot fully explain the extreme 

Arctic SBBA event observed in 2019. We show that the 2019 episode is unique, resulting from a 

combination of northward distribution of extreme fire activities and an anomalous high-altitude 

cyclone. The extreme fires facilitate upward transport of smoke plumes, which are subsequently 

delivered to the Arctic by an anomalous cyclone at UTLS level. Under future climate warming, 

fire frequency and intensity at the northern boreal edge are projected to increase18,36,37. Whether 

these increased BBA can enter the Arctic stratosphere and potentially affect O3 budget therefore 

strongly depends on the high-altitude atmospheric conditions. The interplay between increasing 

fire activities and future circulation patterns introduces new complexities in understanding how 

climate change, wildfires, and Arctic O3 dynamics interact. Further studies are therefore warranted 
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to quantify the joint probability of these compounding events and their impacts on Arctic O3 

chemistry and dynamics. 

While our results demonstrate that the exceptional 2019 Arctic SBBA events can influence 

Arctic O3 through both dynamical and chemical pathways, our conclusions are subject to model-

related uncertainties. The stratospheric chemistry triggered by SBBA is relatively well constrained 

in CESM24, while the dynamical impacts, particularly those linked to temperature and circulation 

responses to aerosol and O3 forcing, remain less certain and vary substantially across global 

climate models38,39. To partially address this, we assess the aerosol climate sensitivity of CESM2 

in comparison with other models using historical experiments from the CMIP6 archive (Methods). 

Driven by identical aerosol emissions, CESM2 produces a moderate Arctic radiative forcing and 

temperature response that aligns closely with the CMIP6 multi-model ensemble mean (Fig. S31). 

Nonetheless, aerosol–climate interactions in the stratosphere remain less explored than those in 

the troposphere, and future model developments are required to address the associated 

uncertainties. In addition, despite the critical role of SBBA-induced warming on Arctic O3, our 

model overestimates this effect when constraining stratospheric aerosol loading with CALIOP 

observations, which is partly associated with the retrieval uncertainties in CALIOP data9. Future 

efforts should therefore focus on integrating multi-source observations to more robustly constrain 

SBBA loading and its associated climate response. Moreover, we note that while the 2019 

stratospheric aerosol anomaly is primarily attributed to SBBA based on observational evidence, 

existing studies show that Raikoke eruption might contribute to UTLS aerosol optical depth by 15-

30%9,24, indicating that the impacts of volcanic sulphate cannot be entirely ruled out. However, 

such estimates remain uncertain, particularly when inferred from various observational datasets40. 

Future studies that integrate multi-platform measurements with observationally constrained 

modelling will be essential for better understanding the relative contributions of volcanic sulphate 

co-occurring with the anomalous fire smoke in 2019, thereby contributing to a better understanding 

on the dynamical and chemical evolution of the Arctic ozone in a changing climate.  
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Methods 

Observational data 

This study focuses on the Arctic region (> 60°N) during the period 2000–2023. Observations 

for stratospheric aerosols and O3 were mainly obtained from satellite datasets. For aerosols, we 

used the total extinction profiles and SAOD data from CALIOP41 (2006–2021, monthly) and 

OMPS42 (2012–2023, daily), both of which have been extensively validated in previous studies41,43. 

The SAOD from CALIOP was mainly used to validate model results and was obtained by 

integrating the monthly mean aerosol extinction coefficients from 1 km below the MERRA-2 (The 

Modern-Era Retrospective analysis for Research and Applications, version 2) tropopause height 

to 36 km. The aerosol extinction coefficients (EC) at multiple wavelengths (λ) from CALIOP and 

OMPS were further used to calculate Angstrom Exponent (AE)23 using equation (1) 

𝐴𝐸 = −
log⁡(𝐸𝐶𝜆1 𝐸𝐶𝜆2⁄ )

log⁡(𝜆1/𝜆2)
                       (1) 

In addition, we also used MODIS (Moderate Resolution Imaging Spectroradiometer) observations 

for total aerosol optical depth44 to independently validate our aerosol injection parameterization in 

modified simulations. For O3, the O3 volume mixing ratio data were taken from SWOOSH 

(Stratospheric Water and Ozone Satellite Homogenized), which merges multi-source satellite 

records45. TCO for the whole study period was collected from NASA Ozone watch 

(https://ozonewatch.gsfc.nasa.gov/), which integrates OMPS retrieval and MERRA-2 reanalysis. 

Gridded TCO data from OMPS were also used to validate model performance. MLS L3 

observations of temperature, ClO, HCl, and HNO3 from 2004 to 2023 were used to further verify 

our analysis (https://science.nasa.gov/mission/aura/mls). The meteorological data were obtained 

from ERA5 for circulation analysis46. Daily fire radiative power data at 0.1-degree resolution from 

2003 to 2023 were obtained from GFAS (the Global Fire Assimilation System), which are 

originally based on MODIS active fire products47. 

Model configuration and observational constraints 

We used the CESM2 (Community Earth System Model version 2.1.3) to study the impacts of 

SBBA on O3 concentration. Given our focus on stratospheric processes, we utilized WACCM 

(Whole Atmosphere Community Climate Model) as the atmospheric component, which includes 

fully interactive chemistry for both troposphere and stratosphere48. All simulations were run at a 

horizontal resolution of 1.9° latitude × 2.5° longitude with 70 vertical layers stretching from 

surface to 6×10−6 hPa (140 km). Emissions of anthropogenic and biomass burning (BB) sources 
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were taken from GEMS (Global Emission Modeling System, https://gems.sustech.edu.cn/) and 

GFED (Global Fire Emission Database 4s, https://www.globalfiredata.org/), respectively. To 

isolate the impacts of BBA, we fixed anthropogenic emissions to 2010 level for all simulations. 

The modelled vertical profiles of aerosol extinction at 550 nm over the Arctic were validated 

against CALIOP observations, showing notable underestimation of stratospheric aerosols using 

default configuration (Fig. S1). We therefore modified the fire emission profiles by uniformly 

distributing the BB emission from surface to a prescribed height, while keeping the total emission 

intensity the same as those in GFED. Sensitivity tests indicated that an injection height of 12 km 

yielded good agreement with CALIOP profiles for the 2019 fire season, while 5 km provided a 

reasonable fit for other years (Fig. S1). These modifications also brought models more in line with 

MODIS observation for total aerosol optical depth, which independently verified our 

parameterization (Fig. S32). The adjusted emission profiles were applied throughout this study.  

As there was a strong eruption at Raikoke volcano (48.3°N, 153.2°E) on 21-22 June 2019 

that might potentially affect stratospheric aerosols and O3, we made paired sensitivity simulations 

with and without this particular source. The total amounts of SO2 emissions and vertical profile 

parameterisation followed Cai et al., 202222. The modelled output demonstrated negligible 

difference between the two simulations for the Arctic O3. We therefore excluded the impacts of 

volcano emissions in our study. 

Model experiment setup 

To investigate the impacts of SBBA, we designed the following three experiments: 

1. CLIM, which was a climatology run from 2000 to 2023 driven by annually varying GFED 

emissions, with all BB emissions injected from surface to 5 km height. This experiment served 

as the baseline and represented typical BB conditions. The modelled TCO from CLIM was 

further validated with observations from OMPS, demonstrating good agreement with OMPS 

observations in terms of both spatial patterns and seasonal evolution (Fig. S33). 

2. FIRE19, which ran successively for 40 years with repeating emissions from 2019 to 2020 (20-

member ensemble). The BB emissions in 2019 were injected from surface to 12 km to match 

observed aerosol profiles (Fig. S1). The difference between FIRE19 and CLIM indicates the 

impacts of abnormal SBBA seen from observations, which is the core of the present study. 

3. NOBB, which was the similar to CLIM except that all BB emissions were switched off.  

All the above experiments were initialized from identical initial conditions and were run for 4 

years prior to analysis as spin-up. Data for the 24 years from CLIM and NOBB runs were averaged 
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to provide climatology baseline. Given our focus on the O3 anomaly induced by the 2019 SBBA 

event relative to climatological conditions, the core of our analysis centred on the differences 

between FIRE19 and CLIM simulations. 

The default WACCM configuration calculates heterogeneous chemical reaction rates based 

on aerosol surface area density for three types (sulphate, nitric acid trihydrate, and water-ice 

aerosols)48, which, however, does not account for the impacts of BBA. To address this and allow 

for the separation of effects, we conducted the following paired simulations for the FIRE19, CLIM, 

and NOBB experiments, leveraging two distinct chemical schemes: 

 Default chemistry scheme: fire aerosols did not directly participate in heterogeneous chemical 

reactions in the stratosphere, so that only the dynamical impacts (e.g., modifications on 

radiation, temperature, and circulation) were captured.  

 Updated chemistry scheme: following Solomon et al. (2023)4, this scheme allowed organic 

aerosols to enhance O3-depleting heterogeneous chemical reactions. 

This approach allows us to distinguish the total SBBA influences into two components. The 

‘dynamical impacts’ were quantified by the FIRE19–CLIM results under the default chemistry 

scheme, primarily reflecting aerosol-induced alterations to temperature and circulation. The 

‘chemical impacts’ were estimated as the difference of FIRE19–CLIM results between the updated 

and default chemistry schemes, capturing the effects stemming from BBA heterogeneous reactions 

and the subsequent impacts of O3 depletion. We note, however, that this partitioning is not absolute 

due to the inherent interactions between dynamical and chemical processes. For instance, the 

dynamical effects can modify ice cloud content and PSC formation, which further alters the O3 

chemical loss rate. Conversely, chemical loss of O3 subsequently leads to changes in temperature 

via interactions with longwave radiation. Throughout this paper, the terms ‘dynamical’ and 

‘chemical’ were used to refer to the initial and direct effects of SBBA rather than the overall, non-

linear coupled responses. 

To better interpret the impacts of SBBA, we divided the focused study period (July 2019–

April 2020) into three distinct stages. Stage-1 (July–October 2019) represents the period of high 

SBBA loading immediately following the aerosol injection. Stage-2 (November 2019–January 

2020) is defined as a transition period, coinciding with the initial development of the polar vortex 

(Fig. S18). Stage-3 (February–April 2020) is the primary focus of this study, during which a 

record-high Arctic ozone depletion was observed (Fig. 1b). 

To account for the anomalous meteorological conditions of spring 2020, we further developed 
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a hybrid simulation framework. First, a fully nudged simulation towards ERA5 for 2019–2020 was 

performed to generate realistic initial conditions. For each month from January to April 2020, we 

then conducted the following three experiments: 

1. Baseline: A free-running simulation initialized from the nudged state at the end of the previous 

month. 

2. Perturbed dynamic: Similar to ‘Baseline’, but with the initial conditions adjusted to remove 

the estimated dynamical effects of SBBA from the previous month, as derived from the earlier 

free-running simulations. Such perturbations were applied to both atmospheric constituents 

(O3, aerosols, precursors, etc.) and meteorological fields (temperature, geopotentials, wind, 

etc.). As our earlier free-running simulations present 20-member ensembles, this perturbated 

experiment also consisted of 20 ensemble members, with each initialized with the 

corresponding member. 

3. Perturbed chemistry: Identical to ‘Perturbed dynamic’ except that the perturbations reflect the 

estimated chemical impacts of SBBA rather than dynamical ones. 

The deviations of the two perturbated experiments from ‘baseline’ were then used to quantify the 

dynamical and chemical impacts of SBBA. This approach disentangled the dynamical and 

chemical influences of SBBA while maintaining generally realistic meteorological conditions for 

the focused period (Fig. S23). Note that these experiments were not conducted for 2019, as 

observations indicated that the temperature and O3 concentration in 2019 were close to 2000–2023 

climatological levels, which were already captured accurately by our free-running simulations 

(Figs. S23-S24). Given the agreement of the SBBA impacts between the above free runs and this 

hybrid simulation (Fig. S25), we retain the conclusions derived from the original free-running 

ensembles. 

Our analysis suggested that SBBA-induced impacts on Arctic O3 were tightly associated with 

stratospheric aerosol warming. While the initial aerosol simulations were constrained using 

CALIOP data, comparisons against MLS observations and ERA5 reanalysis revealed an 

overestimation of the SBBA-induced warming (Fig. S26b-c). To quantify the impacts of this bias, 

we conducted a series of sensitivity experiments by linearly scaling the BBA emissions from 1.0 

down to 0.1, and evaluated the modelled stratospheric temperature response against observed 

anomalies from MLS for the summer of 2019 (July and August). A scaling factor of 0.5 was 

determined to yield the optimal agreement between the modelled and observed temperature 

magnitudes (Figs. S14, S26). Consequently, this factor was applied to the BBA emissions to 

perform a 10-member ensemble run, which utilized a configuration identical to FIRE19 using 
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updated chemistry scheme, with the sole exception of the adjusted emission magnitude.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Data Availability 

The CALIOP aerosol profile data are available at https://asdc.larc.nasa.gov/project/CALIPSO. 

OMPS observations can be accessed at https://www.earthdata.nasa.gov/data/instruments/omps. 

MLS data are available from https://www.earthdata.nasa.gov/data/instruments/mls. MODIS 

observations can be accessed at https://modis.gsfc.nasa.gov/data/dataprod/mod08.php. SWOOSH 

data can be obtained from https://csl.noaa.gov/groups/csl8/swoosh/. MERRA2 data can be 

downloaded from https://gmao.gsfc.nasa.gov/gmao-products/merra-2, TROPESS reanalysis data 

are available at https://disc.gsfc.nasa.gov/. ERA5 data are accessed from 

https://cds.climate.copernicus.eu/. Fire radiative power from GFAS is available at  

https://ads.atmosphere.copernicus.eu/datasets/cams-global-fire-emissions-gfas?tab=download. 

The GFED emissions can be accessed from https://www.globalfiredata.org/data.html. The 

boundary files can be accessed from https://www.naturalearthdata.com/. The data for generating 

the main figures are provide in the Source Data file. The CESM2 data generated in this study have 

been deposited in Figshare: https://doi.org/10.6084/m9.figshare.30984097. 

Code Availability 

The original CESM2 model code is available from https://www.cesm.ucar.edu/models/cesm2. The 

code for the updated stratospheric chemistry scheme used in this study can be found at Figshare: 

https://doi.org/10.6084/m9.figshare.30984097. 
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Figure Captions 

Fig. 1 Observed anomalies for Arctic stratospheric aerosols and ozone (O3). (a) Monthly 

anomalies of stratospheric aerosol optical depth (SAOD) from 2006 to 2021 based on the 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) observations. Data for three 

years with large SAOD anomalies are labelled in different colours. The embedded map 

shows the average SAOD anomaly from August to October in 2019, with solid black line 

indicating the Arctic area (> 60°N). (b) Monthly anomaly of total column ozone (TCO) 

from 1979 to 2024 based on NASA Ozone Watch (https://ozonewatch.gsfc.nasa.gov/). The 

blue line indicates 2020 data. The embedded map shows the average TCO anomaly from 

February to April in 2020 based on the Ozone Mapping and Profiler Suite (OMPS) data. 

(c1-c3) Vertical profiles of aerosol extinction anomaly from 2006 to 2021 for August (Aer-

Aug), September (Aer-Sep), and October (Aer-Oct), respectively. (d1-d3) Vertical profiles 

of O3 mixing ratio anomaly in the Arctic stratosphere from 2000 to 2023 for February (O3-

Feb), March (O3-Mar), and April (O3-Apr), respectively. 

Fig. 2 Modelled ozone (O3) anomalies induced by stratospheric biomass burning aerosols 

(SBBA) over the Arctic. (a) Monthly anomalies of modelled total column ozone (TCO) 

and stratospheric aerosol optical depth (SAOD). Data are shown from June 2019 to May 

2020. TCO results are shown as the difference between FIRE19 and CLIM (red solid line) 

and between CLIM and NOBB runs (red dashed line). The shaded area indicates 

interquartile ranges of the O3 anomaly from the 20 ensemble members considering the 

overall impacts of SBBA. The differences between FIRE19 and CLIM are further divided 

into the impacts of dynamic (in orange) and chemistry (in blue, see Methods). The results 

for CLIM and NOBB are not specifically for the 2019–2020 period, but instead averaged 

over the 24-year (2000–2023) simulations to provide a climatology baseline. For 

comparison, the modelled anomalies of SAOD are shown as lines with symbols. (b) 

Anomalies of vertical profiles for O3 mixing ratio in the Arctic during 2020 spring 

(February–April). (c-e) Modelled spatial distributions of TCO anomalies between FIRE19 

and CLIM in 2020 spring, considering the overall (c), dynamical (d), and chemical impacts 

of SBBA (e). The stippling indicates significant anomalies at 0.1 level. The upper-right 

numbers show the average TCO anomalies caused by SBBA over the Arctic.  
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Fig. 3 Spatiotemporal anomalies of the Arctic ozone (O3) in response to stratospheric biomass 

burning aerosols (SBBA). (a1) Monthly anomalies of the Arctic O3 mixing ratio affected 

by SBBA from May 2019 to June 2020. Results are shown as differences between FIRE19 

and CLIM simulations for overall SBBA impacts (Methods). The vertical lines indicate the 

three stages of O3 evolution. (a2-a4) Vertical profiles of anomalies in O3 mixing ratio 

averaged over Stages-1, 2, and 3, respectively. (b1-b4, c1-c4) The same as (a1-a4) but for the 

dynamic and chemistry impacts of SBBA, respectively. (d1, e1) Anomalies in temperature 

(d1) and potential vorticity (e1) averaged over Stage-3 at 20 hPa height caused by dynamical 

impacts of SBBA. (d2-d4, e2-e4) Vertical profiles of anomalies due to dynamical impacts 

averaged over three stages for temperature (Temp.) and potential vorticity (PV), 

respectively. The stippling indicates significant anomalies between FIRE19 and CLIM 

simulations at 0.1 level. 

Fig. 4 Observed stratospheric aerosol optical depth (SAOD) and circulation patterns in mid-

to-high latitudes in Northern Hemisphere. (a, b) Daily series of SAOD in the Arctic (> 

60°N) and middle latitudes (40–60°N) from 2012 to 2023 based on the Ozone Mapping and 

Profiler Suite (OMPS) observations. Data for three years (2019, 2020, 2021) with intense 

BBA emissions from Siberia (Fig. S29) are shown in different colours. The embedded maps 

show the monthly mean SAOD observation for July 2019, during which substantial SAOD 

within the Arctic is observed. The shaded areas indicate the focused regions in each diagram. 

(c–e) Anomalies of geopotential (background maps) and wind fields (arrows), as well as 

locations of extreme fire events (red dots) in July for 2019, 2020, and 2021. (f) 2003–2023 

averages for geopotential and wind field, as well as the combination of all extreme fires 

(red dots). The data in 2019–2021 are excluded from this climatology. In (c–f), fires with 

fire radiative power higher than 100 MW per 0.1-degree grid-cell on a daily basis are 

selected as extreme events. The geopotential and wind fields are shown for 300 hPa level 

to present the circulation patterns of the upper troposphere/lower stratosphere. 

 

 

Editorial Summary 

Stratospheric biomass burning aerosols can impact ozone through multiple pathways. This work shows 

that the 2019 fire aerosols caused a net increase in Arctic ozone, primarily through stratospheric heating 

and enhanced poleward ozone transport. 
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