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Introduction

The frequency of wildfire events as well as the extent of the burned areas shows an increasing trend globally due to climate change [START_REF] Artés | A global wildfire dataset for the analysis of fire regimes and fire behaviour[END_REF][START_REF] Barbero | Climate change presents increased potential for very large fires in the contiguous United States[END_REF][START_REF] Liu | Trends in global wildfire potential in a changing climate[END_REF][START_REF] Randerson | Global burned area and biomass burning emissions from small fires[END_REF]. During the combustion of biomass, numerous pollutants, including particles and gases, are emitted into the atmosphere, which could have potential impacts on air quality and global climate [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF][START_REF] Jaffe | Ozone production from wildfires: A critical review[END_REF][START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF][START_REF] Randerson | Global burned area and biomass burning emissions from small fires[END_REF]. On a regional scale, the emitted pollutants could exacerbate air pollution downwind of the wildfire. For instance, [START_REF] David | Could the exception become the rule? "Uncontrollable" air pollution events in the U.S. due to wildland fires[END_REF] found that wildfire events in the US significantly enhanced the nationwide particulate matter with aerodynamic diameters smaller than 2.5 or 10 µm (PM 2.5 and PM 10 ). Considering that the number and severity of wildfire events are increasing, they suggested that wildfire impacts should be considered in the national ambient air quality standards and implementations. Besides, the emitted pollutants also affect ground-level O 3 [START_REF] Jaffe | Ozone production from wildfires: A critical review[END_REF]. As a secondary pollutant, O 3 could be consumed or accumulated within a biomass burning (wildfire) plume varying from different aging stages. In a very fresh plume, O 3 is typically consumed regarding its rapid reaction with the emitted NO. It is also possible that in the very early stages of plume formation, highly reactive organic molecules may serve to suppress ozone concentrations. As the plume is diluted and transported, O 3 can be produced through chemical reactions involving volatile organic compounds (VOCs) and NO x (NO + NO 2 ) under sunlight irradiation [START_REF] Granier | The Impact of Biomass Burning on the Global Budget of Ozone and Ozone Precursors[END_REF][START_REF] Jaffe | Ozone production from wildfires: A critical review[END_REF]. For example, [START_REF] Wang | Chemical Tomography in a Fresh Wildland Fire Plume: A Large Eddy Simulation (LES) Study[END_REF] observed 10-40 ppbv O 3 enhancement at 30 km downwind of a wildfire in the US. In addition, when the plumes (typically VOC-rich) mix into urban plumes (typically NO x -rich) substantial enhancement in O 3 formation is observed, which deteriorates urban air quality [START_REF] Xu | Ozone chemistry in western[END_REF].

Carbon monoxide (CO) is considered to be the second-largest primary carbon compound (after carbon dioxide, CO 2 ) emitted from the wildfire processes, which accounts for nearly half of its global emissions [START_REF] Zheng | Global atmospheric carbon monoxide budget 2000-2017 inferred from multi-species atmospheric inversions[END_REF]. CO is typically treated as a tracer for incomplete combustion, including biomass burning. The tropospheric lifetime of CO against OH with a global mean of 1.5×10 6 molecules cm -3 [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF] is about 5 weeks, implying that its concentration in the wildfire plume is dominated by the downwind dilution during transport over one week or so. Hence, the Emission factor (EF (X)=∆X/∆CO, where X represents the target species) of O 3 obtained in the wildfire plume was usually used for estimating the plume age [START_REF] Jaffe | Ozone production from wildfires: A critical review[END_REF]. Generally, its values were reported to be negative in a fresh wildfire plume and turned positive and increased progressively with the plume age [START_REF] Jaffe | Ozone production from wildfires: A critical review[END_REF].

In addition to the long-lived greenhouse gases (GHGs, e.g., CO 2 , CH 4 , N 2 O), non-methane hydrocarbons (NMHCs) could also be emitted from wildfires. Due to their high reactivity (with OH, O 3 , or NO 3 ), NMHCs play important role in the in-plume photochemistry to produce secondary pollutants like particulate matter (PM), O 3 , and other photo-oxidants. Furthermore, numerous NMHCs are toxic and the increase in their ambient concentration levels constitutes a risk to public health. To quantify their emissions from wildfires, their emission factors can be calculated [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF][START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF].

On a global scale, wildfires are an important GHG source [START_REF] Friedlingstein | Global Carbon Budget[END_REF]Saunois et al., 2020). Saunois et al. (2020) have estimated 17 Tg CH 4 yr -1 emissions from wildfire emissions from 2008 to 2017, which represents 5% of the total anthropogenic CH 4 emissions. In addition to GHGs emissions, depending on their size and location, wildfire plumes can be transported to the upper troposphere-lower stratosphere (UTLS) region, and hence, impact the global climate and stratospheric ozone layer [START_REF] Baray | Influence of stratosphere-to-troposphere exchange and long-range transport of biomass burning plumes[END_REF][START_REF] Hirsch | Record-breaking aerosol levels explained by smoke injection into the stratosphere[END_REF][START_REF] Hooghiem | Wildfire smoke in the lower stratosphere identified by in situ CO observations[END_REF][START_REF] Kloss | Australian Fires 2019-2020: Tropospheric and Stratospheric Pollution Throughout the Whole Fire Season[END_REF][START_REF] Kloss | Transport of the 2017 canadian wildfire plume to the tropics via the asian monsoon circulation[END_REF][START_REF] Yu | Black carbon lofts wildfire smoke high into the stratosphere to form a persistent plume[END_REF]. For example, [START_REF] Hirsch | Record-breaking aerosol levels explained by smoke injection into the stratosphere[END_REF] reported a record-breaking aerosol level in the stratosphere over the southern hemisphere caused by the intensive Australian bushfires. This wildfire smoke could have a lifetime of days to months, which allows the smoke to be uniformly mixed over most of the southern hemisphere, leading to a significant cooling effect of 1.0 ± 0.6 W m -2 . Satellite observations can be used for estimating the burned area and emissions of wildfires. However, scaling this to small fires remains challenging [START_REF] Ramo | African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data[END_REF]Saunois et al., 2020). For instance, [START_REF] Ramo | African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data[END_REF] found that the Moderate Resolution Imaging Spectroradiometer (MODIS) images underestimated the burned area of small fires (<100 ha) by 94% in sub-Saharan Africa. Hence, the regional impact on air quality and/or the global impact on climate from both small and large fires should be studied [START_REF] Ramo | African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data[END_REF], in particular in those regions where few fire events were recorded. Herein, in the middle of September 2020, a wildfire occurred in southern Orléans city where few wildfire events have occurred in the past.

To the best of our knowledge, no study has been conducted to quantify the impacts of wildfires on the air quality in this region. Based on atmospheric measurements along with trajectory model simulations, the impact of this wildfire on the air quality in suburban Orléans was quantified.

Emissions of this wildfire were evaluated and compared with the fire emission inventories.

Atmospheric implications are presented after analysis and discussion of the field measurements and model simulations.

Methods

The Sologne Forest Fire Event

At 15:44 (local time, UTC+2) on 14 th September 2020, firemen in Orléans received the information about the fire in the Sologne forest (47.3726°N, 2.12987° E, Figure 1). Its spread was controlled but it was still active at 2:31 on 15 th September (information obtained from Firefighters Loire-et-Cher, https://sdis41.fr/, last access: 17 January 2022). On 22 nd September, the fire was considered permanently extinguished. In total, about 36.3 hectares of forests (vegetation above ground: coniferous trees, mainly Laricio pines; surface vegetation: heather, moors, etc.) were burned during this event.

Figure 1 

Measurement Site and Instrumentation

Measurements used in this study were conducted at the VOLTAIRE supersite. It is located on the campus of the Centre National de Recherche Scientifique (CNRS, 47.8377º N, 1.9445º E) which is about 10 km south from Orléans city center and about 120 km southwest from Paris (Figure 1).

Details about this station can be found in previous studies based on measurements at this site [START_REF] Cai | Ambient BTEX concentrations during the COVID-19 lockdown in a peri-urban environment[END_REF][START_REF] Jiang | Seasonal and diurnal variations of BTEX compounds in the semi-urban environment of Orleans, France[END_REF]. , NH 4 + , Na + , K + , etc.). Black carbon (BC) was measured by a black carbon monitor (Magee Scientific Aethalometer ® Model AE33), which also includes the aethalometer model to quantify the contributions of wood-burning (BCwd) and fossil fuel (BCff) [START_REF] Herich | A 2.5 year's source apportionment study of black carbon from wood burning and fossil fuel combustion at urban and rural sites in Switzerland[END_REF].

At

Models

The Lagrangian transport and diffusion model, FLEXible PARTicle (FLEXPART) v10.4, was used to calculate back trajectories of air masses reaching our measurement site [START_REF] Brocchi | Intercontinental transport of biomass burning pollutants over the Mediterranean Basin during the summer 2014 ChArMEx-GLAM airborne campaign[END_REF][START_REF] Pisso | The Lagrangian particle dispersion model FLEXPART version 10.4[END_REF] [START_REF] Fountoukis | ISORROPIA II: a computationally efficient thermodynamic equilibrium model for K+-Ca2+-Mg2+-NH4+-Na+-SO42--NO3--Cl--H2O aerosols[END_REF]. The model was run based on the AIM data (particle-and gas-phase), temperature, and relative humidity.

Inventories

Data from three fire emission inventories were used in this study. 3 Results and Discussion

General Overview of the Measurements

All the observations in the whole of September 2020 are presented and overviewed here to represent the typical meteorological and air quality conditions, while detailed analysis was mostly focused on the wildfire plume and its comparison with measurements at the same hours on other days of September.

Meteorological Conditions

During the measurement period, it was mostly sunny and cloud-free except for a limited number of days (5 th -6 th Sept. and 28 th Sept. -1 st Oct.) when it was rainy or cloudy as reflected by the measured photosynthetically active radiation (PAR, Figure 2). The air temperature was typically around 20 ºC except for the last week (25 th Sept. -1 st Oct.) when the temperature decreased to around 10 ºC caused by a cold front. The campaign-averaged temperature is 18.0 ± 6.0 ºC, respectively (Table 1). Throughout the campaign, air masses observed at this site originated from various directions (but few from South/Southeast/East), as reflected by the wind rose plot (Figure S1A) and the trajectory frequencies obtained from the HYSPLIT model (Figure S1B). Wind speed was generally less than 2 m s -1 except for the periods of 17 th and from 23 rd to 28 th Sept.

when the wind speed reached 4 m s -1 . The average wind speed was 1.3 ± 1.0 m s -1 during the campaign.

In particular, the highest temperature of 35.4 ºC and the lowest RH of 21.8% during the campaign occurred at 16:45 on 14 th September, which is close to the occurrence of the forest wildfire. Daily average T of 22.6 ± 8.8 ºC and RH of 53 ± 22% on this day were the highest and lowest ones during the campaign, respectively. The wind direction was dominated by the south (the direction of the forest fire location) on the following day after the occurrence of the forest wildfire, which blew the emitted pollutants to the north of the fire, including the VOLTAIRE supersite.

Figure 2: Meteorological parameters measured at the VOLTAIRE supersite. RH: relative humidity; P: pressure; WS: wind speed; WD: wind direction; T: temperature.

Pollutants

The VOLTAIRE supersite is located in a relatively clean area with the average PM 2.5 (6.7 µg m - 3 ), PM 10 (12.8 µg m -3 ), NO 2 (7.4 µg m -3 ), and O 3 (63.6 µg m -3 ) being lower than the World Health Organization (WHO) air quality guideline values (see WHO website: https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health, last access: 7 March 2022) of 15 µg m -3 (24 h mean) for PM 2.5 , 45 µg m -3 (24 h mean) for PM 10 , 25 µg m -3 (24 h mean) for NO 2 , and 100 µg m -3 (8 h daily maximum) for O 3 . All the pollutants exhibited much lower values during the period from 23 rd to 28 th Sept., as a result of fast dilution caused by high wind speeds (Figure 2).

Regarding the mass distribution of different particle sizes, average concentrations of PM 1 , PM 1- 2.5 , PM 2.5-4 , and PM 4-10 were 5.0 ± 3.9, 1.7 ± 0.8, 1.6 ± 0.8, and 4.5 ± 3.7 µg m -3 (Table 1), with their contributions of 39%, 13%, 13%, and 35% to PM 10 , respectively. BC was generally lower than 2 µg m -3 , with an average of 0.6 ± 0.4 µg m -3 . Significant enhancements in PM and BC were found in the wildfire plume observed on the morning of 15 th Sept. and more analysis is presented in Section 3.2. Ambient ions in the particle or gas phase are presented in Figure 4. In terms of the measured concentrations, sodium and ammonium were the most important cations in the particle phase, while nitrate and sulfate were the most important anions. On average, concentrations of sodium, ammonium, nitrate, and sulfate were 0.8±0.3, 1.0±0.4, 0.5±0.5, and 1.1±0.5 µg m -3 (Table 1),

with their mass contributions of 19.9%, 24.8%, 13.0%, and 25.9% to the total particle-phase ions (Figure S2), respectively. In contrast, the measured organics (acetate and formate), chloride, nitrite, calcium, magnesium, and potassium showed much lower levels, with a sum of their contributions of 16.4%. In the gas phase, the dominant ions were ammonium (33.2%), acetate (28.6%), formate (13.6%), nitrite (8.6%), and sulfate (6.1%) while contributions of other ions were all less than 5% (Figure S2). 

Observations of the wildfire Plume

Figure S3 shows the concentrations of CO, NO 2 , CH 4 , and N 2 O measured by SPIRIT at the supersite. Stable measurements started at 9:27 on 15 th September and the first measured CO concentration was 837 ppbv, which is much higher than the background level of around 100 ppbv. Later, the highest CO concentration of 1050 ppbv was observed at 09:38. High concentrations of NO 2 (9.3 ppbv), N 2 O (334 ppbv), and CH 4 (2203 ppbv) were also observed within 10 mins around the CO peak. Meanwhile, the levels of other measured pollutants (e.g., PM, BC, sulfate) showed a simultaneous increase (Figure 3 and Figure 4). For example, the PM 10 level of 75.9 µg m -3 was the highest one in September and more than 6 times higher than the campaign average value of 12.7 µg m -3 , revealing the significant impact of this forest fire on the air quality in this region. In addition, a view from the satellite (Figure S4) also observed the wildfire and the regional spread of its emissions.

Emission Factors (EF)

As the forest fire occurred around 15:35 on 14 th September and the wildfire plume was observed at 9:38 (local time, the occurrence of the CO peak) on 15 th September, the plume age should be <18 h (from the trajectory a plume age <12 h could be obtained and mostly during night-time).

Besides, a significant O 3 decrease by ca. 13 ppbv was observed in this wildfire plume indicating the plume did not undergo much photochemistry that could lead to O 3 production. For instance, [START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF] found a significant O 3 enhancement in a wildfire plume after 2 h photochemistry. Hence, the wildfire plume observed here should be relatively fresh (also see the trajectory in Section 3.3). However, previous field and laboratory studies have reported the impact of near-source transformation on the properties of wildfire plumes, which may influence the EF values [START_REF] Collier | Regional Influence of Aerosol Emissions from Wildfires Driven by Combustion Efficiency: Insights from the BBOP Campaign[END_REF][START_REF] Hodshire | Aging Effects on Biomass Burning Aerosol Mass and Composition: A Critical Review of Field and Laboratory Studies[END_REF][START_REF] Li | Evolution of Organic Aerosol From Wood Smoke Influenced by Burning Phase and Solar Radiation[END_REF]. The derived EF values are focused on gas species, for which the atmospheric oxidization process may cause major uncertainties. Hence, we employed a method to constrain the uncertainties, which are generally caused by the chemical loss mainly through OH oxidization. Take toluene as an example, its reaction rate with OH is 5.6×10 -12 cm 3 molecule -1 s -1 at 298 K [START_REF] Mellouki | Evaluated kinetic and photochemical data for atmospheric chemistry: volume VIIIgas-phase reactions of organic species with four, or more, carbon atoms ( ≥ C&lt;sub&gt;4&lt;/sub&gt[END_REF]. Assuming a relatively high OH concentration of 5×10 5 molecule cm -3 , a negligible amount of CO but 11% of toluene will be lost through OH oxidization in 12 hours, leading to an underestimation by <11% in EF(toluene). Similarly, other EF uncertainties caused by the OH oxidization process can be estimated, which is summarized in the updated Table 2. Please note that we used a higher OH concentration to constrain the upper limit of the uncertainties. The molar enhancement ratio of compound X compared to CO was defined as EF(X)=∆X/∆CO [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF][START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF], which was used here to estimate the wildfire emissions. To avoid the uncertainty caused by the selection of background levels, we used the slope of the regression line between species X and CO as the EF (X) during the pollution case [START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF]. Table 2 shows the derived EFs and the correlations for numerous species. As mentioned before, a decreased O 3 resulted in a negative EF(O 3 ) of -0.05 µg m -3 ppbv -1 (equivalent to -0.026 ppbv ppbv -1 ) was obtained here, indicating a young wildfire plume. Most correlation coefficients are high, implying that the increase in species X and CO are caused by the same source, the wildfire plume. Poor correlations between some species (e.g., xylenes, benzene) and CO are also found, which might be caused by the complexity of the emissions as well as the ambient dilution process. In particular, significant CH 4 emission reflected by a high CH 4 peak of 2203 ppbv and a positive EF(CH 4 ) of 0.23 ppbv ppbv -1 was found in this wildfire plume, implying the burning of the herbaceous layer [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF][START_REF] Jost | Trace gas chemistry in a young biomass burning plume over Namibia: Observations and model simulations[END_REF]. This may also explain the higher EF(CH 4 ) and EF(N 2 O) obtained here than those from the averages of temperate forest fires (0.08 and 0.001 ppbv ppbv -1 , respectively) [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF]. Other EFs are lower than those from temperate fires [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF], indicating the potential impact of dilution and highlighting the complexity of the wildfire emissions and their impacts on ambient pollutant levels. Although this fire was small (36.3 ha burned area) compared with the fires summarized in [START_REF] Andreae | Emission of trace gases and aerosols from biomass burning -An updated assessment[END_REF], it has been suggested that the relatively high EFs for greenhouse gases (N 2 O and CH 4 ) from small fires may be of importance to the global greenhouse gas budget [START_REF] Randerson | Global burned area and biomass burning emissions from small fires[END_REF].

Impacts on BC and Particle Size Distribution

We explored the possible impact of this forest fire, even though a small one, on the measured BC levels and its sources. Figure 5 shows the average concentration of measured BC wb (BC derived from wood burning) and BC ff (BC derived from fossil fuel) in the wildfire plume or non-wildfire plumes at the same hours (9:00-11:00). BC ff was the major source for the measured total BC at this site and about one order of magnitude higher than BC wd in non-wildfire plumes. Considering that the measurements covered rush hours, the source of BC in non-wildfire plumes was attributed to fossil fuel combustion. The corresponding BC wb /BC ff ratio of 0.08 was in the range of 0.02 -0.11 reported in other sites in Europe during summertime [START_REF] Herich | A 2.5 year's source apportionment study of black carbon from wood burning and fossil fuel combustion at urban and rural sites in Switzerland[END_REF].

However, BC wd increased significantly in the wildfire plume (0.3±0.19 µg m -3 , non-wildfire plume: 0.06±0.05 µg m -3 ) while BC ff kept a similar level (0.95±0.38 µg m -3 ) to that in non-wildfire plumes (0.77±0.57 µg m -3 ), leading to an increasing BC wb /BC ff ratio of 0.32, which is in the range of values (0.3 -0.5) impacted by wildfire emissions [START_REF] Helin | Characteristics and source apportionment of black carbon in the Helsinki metropolitan area, Finland[END_REF][START_REF] Herich | A 2.5 year's source apportionment study of black carbon from wood burning and fossil fuel combustion at urban and rural sites in Switzerland[END_REF][START_REF] Kalogridis | Assessment of wood burning versus fossil fuel contribution to wintertime black carbon and carbon monoxide concentrations in Athens, Greece[END_REF][START_REF] Yttri | Quantifying black carbon from biomass burning by means of levoglucosan -A one-year time series at the Arctic observatory Zeppelin[END_REF]. This indicates the potential impact of this wildfire on regional BC levels. Figure 5B and C show PM mass concentrations at different sizes (PM 1 , PM 1-2.5 , PM 2.5-4 , and PM 4-10 ) and their relative contributions in the wildfire or non-wildfire plumes during the same hours (9:00 -11:00). Average PM 2.5 (or PM 10 ) in the non-wildfire plumes during the same hours of the day was 7.5 (or 14.7) µg m -3 , which is much lower than the WHO air quality guideline PM 2.5 (or PM 10 ) value of 15 (or 45) µg m -3 (24 h mean). However, in the wildfire plume, the average PM 2.5 (or PM 10 ) increased to 29.6 (or 42.6) µg m -3 , which exceeds (or becomes close to)

the WHO air quality guideline PM 2.5 (or PM 10 ) value, indicating a potential public health risk caused by wildfire emissions (PM, BC, VOCs, etc.). Moreover, wildfire emissions can cause changes in particulate size distribution. For instance, mass concentrations of PM 1 , PM 1-2.5 , PM 2.5- 4 , and PM 4-10 in the non-wildfire plumes were 5.5, 2.1, 2.0, and 5.2 µg m -3 , with relative contributions of 37%, 14%, 13%, and 36%, respectively. All their mass concentrations showed a significant increase (from 5.5 to 25.0, 2.1 to 4.6, 2.0 to 3.9, and 5.2 to 9.1 µg m -3 for PM 1 , PM 1- 2.5 , PM 2.5-4 , and PM 4-10 , respectively), while their contributions changed remarkably within the biomass burning plume, particularly PM 1 and PM 4-10 whose contributions increased to 59% or decreased to 21%, respectively. As reported in previous studies, wildfire can emit various sizes of particles. However, particles with a smaller diameter (i.e., submicron particles) hold a relatively longer atmospheric lifetime against deposition so that they may undergo a regional transportation process [START_REF] Gallagher | Measurements and parameterizations of small aerosol deposition velocities to grassland, arable crops, and forest: Influence of surface roughness length on deposition[END_REF].

Impacts on Ambient Ions in the Particle-and Gas-Phase

Figure 6A displays the relative mass contribution of each particle-phase cation or anion to their total masses. During the non-wildfire period, anions were dominated by SO 4 2-and NO 3 -, with contributions of 49% and 40%, respectively. Within the young wildfire plume, SO 4 2-was enhanced from 1.1 to 2.3 µg m -3 while NO 3 -reduced from 0.9 to 0.2 µg m -3 , resulting in a dominant role of SO 4 2-(89%) in the total particle anion mass. NH 4 + and Na + were the two most important cations in the particle phase with contributions of 45% and 34% in the non-wildfire plumes, respectively, which is similar to other European locations [START_REF] Tang | Pan-European rural monitoring network shows dominance of NH 3 gas and NH 4 NO 3 aerosol in inorganic atmospheric pollution load[END_REF]. NH 4 + was slightly enhanced from 1.2 to 1.4 µg m -3 while Na + slightly decreased from 0.9 to 0.7 µg m -3 in the wildfire plume compared to the non-wildfire plumes, leading to a larger NH 4 + contribution of 51%.

Figure 6B shows the relative mass contribution of each gas-phase cation or anion to their total masses. The gas-phase anions are typically in their acid forms, i.e., the measured gas-phase HCOO -, CH 3 COO -and NO 2 -were in the form of HCOOH, CH 3 COOH, and HONO in the atmosphere, respectively. A remarkable increase in organic acids (CH 3 COOH and HCOOH) was found within the wildfire plume. Their concentrations increased from 2.0 to 5.7 or from 1.2 to 3.7 µg m -3 , respectively, suggesting strong emissions of organic acids from the wildfire [START_REF] Burling | Laboratory measurements of trace gas emissions from biomass burning of fuel types from the southeastern and southwestern United States[END_REF][START_REF] Chaliyakunnel | A Large Underestimate of Formic Acid from Tropical Fires: Constraints from Space-Borne Measurements[END_REF][START_REF] R'honi | Exceptional emissions of NH 3 and HCOOH in the 2010 Russian wildfires[END_REF]. Interestingly, significant gas-phase SO 4 2-(i.e., H 2 SO 4 ) enhancement was also found within this wildfire plume as its concentration increased from 0.8 µg m -3 to 1.7 µg m -3 , which may have an impact on sulfate aerosol formation and new particle formation.

No apparent enhancement of HONO (gas-phase NO 2 -) was observed in the wildfire plume, contrary to previous studies (e.g., [START_REF] Nie | Influence of biomass burning plumes on HONO chemistry in eastern China[END_REF][START_REF] Peng | HONO Emissions from Western U.S. Wildfires Provide Dominant Radical Source in Fresh Wildfire Smoke[END_REF][START_REF] Theys | Global nitrous acid emissions and levels of regional oxidants enhanced by wildfires[END_REF], which presented significant HONO emissions from biomass burning process. Although this does not preclude the possibility of HONO emissions from the fire since HONO concentrations will be + (in the form of NH 3 ) predominated, with a concentration of 3.1 and 3.5 µg m -3 in the nonwildfire and wildfire plumes, respectively, which is comparable to other European cities [START_REF] Tang | Pan-European rural monitoring network shows dominance of NH 3 gas and NH 4 NO 3 aerosol in inorganic atmospheric pollution load[END_REF]. Figure 6: Relative contributions (%) of each cation/anion in the particle-phase (A) and gas-phase (B) masses. Percentages less than 5% were not shown. In the gas-phase, concentrations of the only cation source, NH 3 , are 3.1 and 3.5 µg m -3 during non-wildfire and wildfire periods, respectively.

Emission Estimation and Comparison with GFAS

FLEXPART Simulations

Figure 7 illustrates the 12-h back trajectory (starting from CO peak at 9:38 local time) obtained from the FLEXPART simulation. It was found that the air mass at the VOLTAIRE supersite mainly originated from the south and southwest, which is consistent with the wind measurements at this station on 14 th and 15 th September (Figure 2). Some clusters originated from the area above the wildfire (Figure 7). Hence, the large increase in pollutants, such as CO from ~100 ppbv to 1050 ppbv, is attributed to the transportation of the wildfire plume. The satellite also captured the widespread plumes (Figure S4), indicating the impacts of wildfire emissions on regional air quality. Besides, quantification of emissions from this wildfire is of significance for understanding the role and impacts of small wildfires on regional air quality and global climate. 

Emission Estimation vs. GFAS vs. GFED vs. FINN

We estimated carbon emissions from this fire event and compared them with current biomass burning inventories. A standard equation, developed by [START_REF] Seiler | Estimates of gross and net fluxes of carbon between the biosphere and the atmosphere from biomass burning[END_REF], was popularly used for calculating the total carbon emission from a forest fire (C total ). , (Eq-1)

where A, B, ƒ c , and β represent the total burned area (36.3 ha), biomass density (t ha -1 ), the fraction of carbon of the biomass, and the fraction of carbon consumed during the burning process, respectively. Considering the composition differences, such as organic mat on the forest floor and in peatlands, components on the ground layer and above the ground layer are estimated separately. [START_REF] French | Variability in the emission of carbon-based trace gases from wildfire in the Alaskan boreal forest[END_REF] furtherly modified the equation to:

, (Eq-2)

where B a , ƒ ca , β a , C g , and β g denote the average biomass density of the above vegetation (t ha -1 ), the carbon fraction of the aboveground biomass with an assumed value of 0.50, the fraction of the aboveground biomass consumed during the fire, the carbon density (15 t-C ha -1 from French et al. ( 2002)) of the organic mat exposed to the fire, and the fraction of the organic mat consumed during the fire, respectively. B a was set as 50 t ha -1 obtained from the European Space Agency BIOMASS mission [START_REF] Quegan | The European Space Agency BIOMASS mission: Measuring forest above-ground biomass from space[END_REF]. 50-year average values of β a (0.33) and β g (0.25) for forest fires obtained from [START_REF] French | Variability in the emission of carbon-based trace gases from wildfire in the Alaskan boreal forest[END_REF] were adopted in this calculation. Then we obtained the C total of 435.6 t for this forest fire. This leads to an average carbon emission of 12 t-C ha -1 , which is comparable to previous studies of 5 -40 t-C ha -1 [START_REF] French | Variability in the emission of carbon-based trace gases from wildfire in the Alaskan boreal forest[END_REF][START_REF] Randerson | Global burned area and biomass burning emissions from small fires[END_REF].

Emission factors of CO 2 , CO, and CH 4 during flaming (EF f , kg gas (g total carbon) -1 ) and smoldering (EF s , kg gas (g total carbon) -1 ) periods were taken from [START_REF] French | Variability in the emission of carbon-based trace gases from wildfire in the Alaskan boreal forest[END_REF] in which they calculated the average of values reported by several previous studies (Table S1). For emission factors of BC and N 2 O, the derived Emission factors in Table 2 were used. As shown in 2.4 (6.6), 0.017 (0.048), and 0.019 (0.054) t (unit: ton), assuming the fire was always at the flaming (or smoldering) stage, respectively. Note that the actual emission should be between those two numbers as a wildfire event typically undergoes both flaming and smoldering stages.

For the GFAS inventory, emissions were only detected on 14 th September, with a daily average of grid CO emission of 1.5×10 -9 kg m -2 s -1 . Previous studies reported underestimation of small fire emissions possibly due to the uncertainties in burned area estimation [START_REF] Ramo | African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data[END_REF]Saunois et al., 2020). In the present study, we found a similar underestimation by the GFAS inventory. In contrast, significant overestimation in the burned area, and total carbon, CO 2 , CO, and CH 4 emissions were found in the GFED and the FINN inventories. Regarding the significant overestimation in the burned area, in general, the reason is that current inventories use a coarse spatial resolution, such as 0.25×0.25 for GFED. For the FINN inventory, the burned area was classified according to land cover. For instance, in our case, woody savanna/shrublands, temperate forest, and temperate evergreen forest were identified in the FINN inventory, then the burned area can be overestimated when summing up all the burned areas. As far as we know, a new version of the FINN inventory is forthcoming (https://www2.acom.ucar.edu/modeling/finn-fire-inventory-ncar, last access: 11 July 2022), which should improve the performance in estimating small fire emissions. Hence, improvement of the inventory performance in small fire emissions is needed to quantify emissions of small fires and their environmental impacts. Differences between different inventories also suggest the necessary inter-comparison between inventories.

Conclusion and Implication

In the middle of September 2020, a forest wildfire occurred in the Sologne forest in Souesmes (Loir-et-Cher, Sologne, France) and its plume spread to 200 km in the following day, as observed by the MODIS satellite. At the VOLTAIRE supersite in suburban Orléans (about 50 km northwest of the wildfire location), instruments for various trace gases and particle compositions detected young biomass burning plumes from this wildfire. The data obtained enabled us to quantify the emissions from that fire and evaluate the possible impact on air quality in suburban Orléans.

Average concentrations of PM 2.5 and PM 10 in September were 6.7 and 12.8 µg m -3 , respectively, which are close to or lower than the updated WHO air quality guideline values of 5 and 15 µg m - 3 , respectively. However, PM 2.5 and PM 10 levels in the periods that were affected by wildfire emissions increased substantially (29.6 and 42.6 µg m -3 , respectively) and exceeded the WHO air quality guideline values (Figure 3). Additionally, levels of a series of VOCs including BTEX were also enhanced by the wildfire event.

Besides, the impacts of the wildfire on the size, composition, and properties of aerosol were quantified. Within the wildfire plume, an increase in BC was observed and the observed BC wb /BC ff ratio of 0.32 was in the range of values (0.3 -0.5) impacted by wildfire emissions.

Aerosol pH was significantly reduced in the plume as a result of the increase in sulfate. Besides, Emission factors compared to CO were calculated for various gaseous pollutants and compared with previous studies. Relatively higher EF ratios for GHGs (CH 4 and N 2 O) were found within the plume from this wildfire, indicative of the possibly important role of small fires in GHGs burden.

Furthermore, emissions of this wildfire were estimated and compared with GFAS emission inventory. We found that the GFAS emission inventory significantly underestimated the emission from this small fire, which agrees with other studies [START_REF] Ramo | African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data[END_REF][START_REF] Wang | Chemical Tomography in a Fresh Wildland Fire Plume: A Large Eddy Simulation (LES) Study[END_REF]. This study suggested that the detection and prediction of small fire emissions still need further assessment and improvement.

The year 2020 was a warm year in Europe, with the autumn having the highest recorded temperatures since 1950 (see ECWMF news at https://climate.copernicus.eu/esotc/2020/temperature, last access: 17 January 2022). Higher temperatures are expected to lead to wildfire events in wildfire hotspot regions as well as those regions where few wildfires were recorded before (e.g., Orléans) [START_REF] Liu | Trends in global wildfire potential in a changing climate[END_REF][START_REF] Randerson | Global burned area and biomass burning emissions from small fires[END_REF], which may be exacerbated by climate change. This not only reduces regional air quality near those wildfires but also increases global greenhouse gas emissions. We suggest that besides the major wildfire regions, attention should also be paid to the regions with few wildfires recorded so far, in order to better understand their environmental effects and how their distribution may change over time.

  Figure 1. (A): Locations of Paris and Orléans (obtained from https://www.arcgis.com/, last access: 25 February 2022); (B): Locations of the forest fire (red star) and the VOLTAIRE

Figure 4 :

 4 Figure 4: Gas-(upper panel) and particle-phase compositions of PM 10 (lower panel) measured at the VOLTAIRE supersite. The green and red vertical lines indicate the occurrence of the forest fire in Souesmes and the observation of the wildfire plume at the VOLTAIRE supersite, respectively.
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 5 Figure 5: Levels of (A) BC wb and BC ff , and (B) PM at different sizes, and (C) their relative mass contributions of different PM sizes to PM 10 in the wildfire or non-wildfire plumes during the same hours (9:00 -11:00) considering that the detection of the plume covered rushing hours.

Figure 7 :

 7 Figure 7: FLEXPART back trajectory with clusters. The black and the yellow stars represent the locations of the VOLTAIRE supersite and the wildfire.

  

  

  

Table 1 :

 1 Figure 3: Time series of pollutants (PM, O 3 , NO, NO 2 and BC, in µg m -3 ) concentrations at the VOLTAIRE supersite (data from Lig'Air, https://www.ligair.fr/, last access: 7 March 2022). The green and red vertical lines indicate the occurrence of the forest fire in Souesmes and the observation of the wildfire plume at the VOLTAIRE supersite. Statistic description of the observations at the VOLTAIRE supersite during the whole of September 2020. Except for the meteorological parameters, all the pollutants listed in this tableare in µg m -3 . For AIM data, p and g represent particle-or gas-phases, respectively.

	Parameters	Average	Range	Parameters	Average	Range
	T (ºC)	18.0±6.0	6.6-35.4	Sulfate (p)	1.1±0.5	≤2.9
	PAR (µmol m -2	17.7±24.2	0-91.2	Ammonium (p) 1.0±0.4	0.3-2.2
	s -1 )					
	WS (m s -1 )	1.3±1.0	0-5.9	Calcium (p)	0.3 ± 0.3	≤2.6
	RH (%)	70.6±21.0	21.8-100	Magnesium (p) 0.04±0.03	≤0.19
	P (mBar)	1018±5.9	1001-1030	Potassium (p)	0.2±0.1	≤0.8
	BC	0.6±0.4	≤3.0	Sodium (p)	0.8±0.3	0.6-2.1
	NO	0.8±1.9	≤29.7	Acetate (g)	2.4±1.3	0.7-7.4
	NO 2	7.4±6.1	0.9-44.6	Formate (g)	1.1±0.9	0.1-4.1
	O 3	63.6±26.5	2.4-146.4	Chloride (g)	0.19±0.14	0.05-0.90
	PM 1	5.0±3.9	0.6-42.1	Nitrate (g)	0.4±0.2	≤1.1
	PM 1-2.5	1.7±0.8	0.4-9.0	Nitrite (g)	0.7±0.6	0.1-4.4
	PM 2.5-4	1.6±0.8	0.3-7.8	Sulfate (g)	0.5±0.8	≤4.9
	PM 4-10	4.5±3.7	0.1-22.9	Ammonium (g) 2.7±1.4	0.1-4.4
	Acetate (p)	(8.7±2.8)×10 -4	≤0.002	Calcium (g)	0.04±0.02	0.01-0.16
	Formate (p)	(23±8.4)×10 -3	≤0.04	Magnesium (g)	(1.8±1.4)×10 -3 ≤0.02
	Chloride (p)	0.13±0.21	≤1.2	Potassium (g)	0.12±0.07	≤0.36
	Nitrate (p)	0.5±0.5	≤3.0	Sodium (g)	0.08±0.06	0.03-0.31
	Nitrite (p)	0.02±0.01	≤0.06			

Table 2 :

 2 Emission factors (EF) inferred from the wildfire plume. Units: ppbv ppbv -1 for Efs of

	NO 2 , CH 4 , and N 2 O (measured by SPIRIT); µg m -3 ppbv -1 for all the others. BTEX = Benzene +
	Toluene + Ethylbenzene + m/p/o -Xylenes. Comparisons with temperate forest fire summarized
	in Andreae (2019) were also shown. Note that the original values in Andreae (2019) are given in
	gram species per kilogram dry matter burned and they are converted to EFs for comparison.
	Atmospheric OH rate constants were taken from Mellouki et al. (2021) or Atkinson and Arey
	(2003).				
	X	EF (X)	Uncertainty %	R 2	Andreae (2019)
	O 3	-4.9E-2		0.70	
	NO	8.8E-4		0.47	2.5E-2
	CH 4	2.3E-1		0.79	8.2E-2
	N 2 O	1.7E-2		0.84	1.4E-3
	BC	2.8E-4		0.70	1.2E-2
	123-TMB	7.8E-6	51	0.99	
	124-TMB	1.7E-5	50	0.80	
	135-TMB	2.7E-6	71	0.86	
	BTEX	1.2E-4		0.62	2.5E-3
	Ethylbenzene	1.6E-5	14	1.00	9.7E-5
	Toluene	5.2E-5	11	0.90	7.5E-4
	α-Pinene	1.3E-5	68	0.69	
	n-Octane	8.7E-5	16	0.88	
	n-Propylbenzene	7.5E-6	12	0.67	
	p-Ethytoluene	3.5E-6	22	0.92	
	m-Diethylbenzene	6.8E-7		0.45	
	m-Ethyltoluene	6.2E-6	33	0.95	
	methyl ethyl ketone	2.5E-4	35	0.35	
	n-Decane	3.5E-6	21	1.00	

Table 3

 3 

	, the calculated emissions of CO 2 , CO, CH 4 , BC, and N 2 O were 1370 (1128), 82.8 (200),

Table 3 :

 3 The total CO emission based on the GFAS inventory was ca. 11 t. Similarly, the GFAS-derived total carbon, CO 2 , CH 4 , N 2 O, and BC emissions from Emission factors during flaming (EF f , g gas (kg total carbon) -1 ) and smoldering (EF s , kg gas (g total carbon) -1 ) periods, and the total released mass of each gas/particle during the two periods (M f and M s , in t).

	this wildfire were about 161.4, 1.0, 0.01, 0.05 t, respectively. All the GFAS-derived emissions
	except for BC and N 2 O were much lower than the estimated ones, either M f or M s .
	GFED and FINN inventories captured the wildfire on both 14 th and 15 th . However, the burned
	area in the FINN inventory is largely overestimated, either for fire counted by MODIS (175.5 ha)
	or MODIS+VIIRS (270.6 ha). This leads to larger emissions such as total carbon of 2210.7
	(1455.6) t, CO 2 of 7283.8 (4791.0) t, CO of 493.3 (328.0) t, etc. in FINN with fire counted by
	MODIS+VIIRS (or by MODIS only). Likewise, for the GFED inventory, similar emission levels

a : obtained from Sapeurs-Pompiers Loire-et-Cher; s : smoldering period; f : flaming period. Note that differences between FINN (MODIS) and FINN (MODIS+VIIRS) were possibly caused by the fact that the fire was detected twice on 15 th Sept. in FINN (MODIS+VIIRS), which can be obtained from Table

S2

; b : sum of carbon in the form of CO 2 , CO, CH 4 , and BC; c : using the average of the twice detection.
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