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Abstract. The abrupt reduction in human activities during the first lockdown of the COVID-19 pandemic created un-

precedented atmospheric conditions. To quantify the changes in lower tropospheric air pollution, we conducted the

BLUESKY aircraft campaign and measured vertical profiles of black carbon (BC) aerosol particles over Western and

Southern Europe in May and June 2020. We compared the results to similar measurements of the EMeRGe EU cam-5

paign performed in July 2017 and found that the BC mass concentrations (MBC) were reduced by about 47%. For BC

particle number concentrations, we found comparable reductions. Based on EMAC chemistry-transport model simu-

lations, we find differences in meteorological conditions and flight patterns responsible for about 7% of the reductions

in MBC, whereas 40% can be attributed to reduced anthropogenic emissions. Our results reflect the strong and imme-

diate positive effect of changes in human activities on air quality and the atmospheric role of BC aerosols as a major air10

pollutant and climate forcing agent in the Anthropocene.

1

https://doi.org/10.5194/acp-2021-1100
Preprint. Discussion started: 7 January 2022
c© Author(s) 2022. CC BY 4.0 License.



1 Introduction

To subdue the exponential spread of the SARS-CoV-2 (severe acute respiratory syndrome coronavirus type 2), most European

countries responded with substantial cuts in mobility and economic activities. This included forced and voluntary confinements

such as travel bans, home-office and relinquished travel activities (Quaas et al., 2021a). Many of these behaviour modifications15

decreased fossil fuel combustion, a major source of atmospheric black carbon (BC) (e.g., Pöschl, 2005; Bond et al., 2013).

This decrease is reflected in a roughly 30% decreased fossil fuel demand in early 2020 (Fig. A1). That reduction is attributed

to 90% less air traffic in Europe (Schumann et al., 2021b) as well as strongly reduced road traffic (Figs. A2, A3, A4). These

changes in anthropogenic emissions created unprecedented atmospheric conditions compared to the generally anthropogenic

shaped continental aerosol burden (Andreae, 2007) and gave rise to the opportunity to measure airborne BC.20

Several model studies use proxies like the strictness of the confinements or mobile phone data on transportation to show the

impact of behavior changes on emissions (e.g., Forster et al., 2020; Le Quéré et al., 2020). Also satellite-based observations are

used to track changes in trace gas concentrations, aerosol optical properties as well as cloud coverage (e.g., Quaas et al., 2021b;

Schumann et al., 2021a; Li and Groß, 2021). A more accurate estimate on costs of spatial resolution is achieved with surface

air pollution monitoring stations (e.g., Evangeliou et al., 2021; Petetin et al., 2020; Shi et al., 2021). All these studies have25

contributed to understanding the COVID-19 confinement’s influence on the atmosphere and climate. Nevertheless, they fail to

provide a precise quantification of air pollutants over a large spatial area with profiles of the lower tropospheric distribution.

Here we present the first airborne in-situ observations of BC during the first COVID-19 lockdown in early 2020, showing a

consistent data set for a large region along with the vertical distribution of BC.

We measured refractory BC mass (MBC) and particle number concentrations (NBC) in the lower troposphere in Western and30

Southern Europe (Fig. 1). The measurements were carried out with a single particle soot photometer (SP2) mounted on the

HALO (High Altitude and LOng range) research aircraft. This study compares data from in-situ measurements during non-

confinement conditions in July 2017 (during the EMeRGe EU campaign, Andrés Hernández et al., 2021) with those affected

by reduced emissions in May and June 2020 (during the BLUESKY campaign, Voigt et al., 2021). Here we estimate to what

extent the BC reductions are due to lower emissions and to other factors such as meteorological conditions and differences in35

flight tracks. Therefore we modeled MBC along the flight tracks with the ECHAM/MESSy Atmospheric Chemistry (EMAC)

model and used the differences in the model results to adjust our in-situ data for changes not related to reduced anthropogenic

emissions. We show for the measurement period in 2020 a substantial reduction in BC compared to the measurements from

2017.

The fast response on the BC burden can be explained by its relatively short atmospheric residence time, ranging from some40

days to a few weeks (Holanda et al., 2020; Lund et al., 2018; Bond et al., 2013). Despite its short residence time, BC absorbs

solar radiation which leads to strong positive radiative forcing (RF) (Ramanathan and Carmichael, 2008; Bond et al., 2013;

Gustafsson and Ramanathan, 2016; Naik et al., 2021. In Press). Owing to its relatively short atmospheric residence time the
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Figure 1. Flight tracks of the HALO EMeRGe EU (EM, in July 2017, Andrés Hernández et al., 2021) and BLUESKY (BS, in May and

June 2020, Voigt et al., 2021) aircraft campaigns. Both campaings were conducted from the DLR airport in Oberpfaffenhofen in Southern

Germany. Flight segments with altitudes below 5 km, which yielded the measurement data for this study, are highlighted in the map. The

population density is for the year 2020 (CIESIN, 2018).

BC burden response is nearly immediate to emissions changes. This immediacy makes BC an appropriate tracer for the rapid

changes in anthropogenic activities and thus an important quantity in estimating the radiative effect of the 2020 confinements.45
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2 Results

The focal point of this study is the comparison between two HALO measurement campaigns, conducted over South and West

Europe in 2017 and 2020 (Fig. 1 and A1). By using EMAC model simulations we quantify to what extent the pandemic-related

confinements in 2020, on one hand, and other factors such as meteorology, on the other hand, influenced the observed MBC

reduction. In addition, the atmospheric distribution of BC and its dependency on the magnitude of emissions is analyzed.50

Furthermore, we examine the regional direct radiative effect of the BC reduction.

Determining the adjusted vertical distribution of the 2020 measurements (Fig. 2 D) enables us to quantify the emission re-

ductions between both campaigns. Consequently, we calculated the difference between the two vertical distributions of MBC,

retrieved from the EMAC model (Fig. 2 A and B). In the following we added this difference to the 2020 measurements (sec-

tion A6), to generate an adjusted vertically integrated MBC burden (section A8) of 159 mgm−2, whereas the actual measured55

burden is 143 mgm−2 and 261 mgm−2 for 2017. Accordingly, a reduction of 101.8 mgm−2 is attributable to reduced anthro-

pogenic emissions. This value corresponds to a 40% reduction in MBC burden.

Beside an emission reduction, also other factors influence the differences in measuredMBC. Figure 2 shows the median vertical

distribution of measured and modeled MBC. For the model runs we used identical BC emission inventories (Hoesly et al.,

2018). While the 2017 measurements are 15% underestimated by the model (Fig. 2 A), the measurements under confinement60

conditions are overestimated by 50% in the model, when considering 2017 emissions (Fig. 2 B). These results demonstrate that

meteorological influences, different flight patterns and differences in seasonal emissions cannot explain the observed change

in lower tropospheric MBC. As metric for the direct comparison of the two measurement campaigns, we use the model results

to adjust our measurements. Therefore, we calculate the difference of the model results for 2017 and 2020 for each altitude

bin. Overall, the difference in modeled MBC between 2020 and 2017 accounts for a reduction of 7% relative to 2017. This65

difference is a consequence of different flight pattern, meteorological conditions and seasonal variations in emissions.

We find a good agreement for the the shape of the vertical BC distribution for measured and modelled MBC profiles. Even

though the concentrations in 2020 are strongly overestimated the vertical extent is well described by the EMAC simulations

(see also 2 C with reduced anthropogenic emissions). The Pearson coefficient of determination (R2) for the vertical profiles

of the observation-model comparison is 0.84 for EM and 0.89 for BS (Fig. A9). Based on the good agreement for the general70

vertical distribution during both campaigns, we conclude, that the shape of the vertical distribution of anthropogenic BC in the

lower troposphere remains unaffected by the emission changes in 2020.

We compare the median vertical profiles in this study to simplify the heterogeneously distributed MBC over Europe (Fig. 3).

The vertical distribution of BC is strongly influenced by the planetary boundary layer (PBL) height, whereas its geographic

pattern is more sensitive to emission hot spots like large cities or industrial areas. During both campaigns, MBC in Southern75

Europe exceeds values in Western Europe (at latitudes north of 47 °N). During the measurements in 2017, we also encountered

mixed biomass burning and anthropogenic pollution in and above the PBL. The biomass burning influence was prominent
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in Southern Europe from 40 °N and 42 °N latitude (Fig. 3 A). The defined BC plume between 2000 and 3500 m altitude in

Southern Europe is dominated by biomass burning emissions. An analogy can be drawn to previous studies, which reported

a similar pronounced stratification of biomass burning smoke above the PBL (Holanda et al., 2020). To be less sensitive to80

event-like measurements, we use median values for the comparison of the two aircraft campaigns (see also section A5).

The measured values forMBC in 2020 are 47% lower, when disregarding the model-based adjustment described above. For the

refractory BC particle (rBC) number concentration (NBC), we find 48% lower concentrations (Fig. 2 E). The good agreement

between MBC and NBC, is in accordance with the comparable median size distribution of the rBC particles between the two

measurement campaigns, with rBC core diameters (DrBC) ranging between ∼120 to 180 nm (Fig. A6). The range for DrBC85

agrees with literature values for urban emissions (e.g. Schwarz et al., 2008; Liu et al., 2014).

To estimate the effect the reductions have on Earth’s radiative budget, we calculated the regional aerosol direct radiative effect

in the measurement area. Therefore we reduced anthropogenic BC emissions in our EMAC simulation by 40% and found a

cooling effect of 0.06 Wm−2 (Fig. A8) at the top of the atmosphere (TOA). This reduction due to a reduction of anthropogenic

BC emissions by 40% is as large as the global-mean BC radiative forcing, as assessed by the IPCC AR6 (Naik et al., 2021. In90

Press).

3 Discussion

We present the first measurement study showing the influence of the unprecedented reduction in atmospheric pollution in 2020

on BC vertical distribution. Our measurements cover a large spatial area, measured on a rather short time scale. Thus, we

deliver a representative data set, showing the changes in atmospheric BC concentration. We benefit in this comparison from95

the large spatial coverage, measured with the same instrumentation. In addition, the vertical extent of pollutants emitted in the

PBL is observed with a high accuracy. In the discussion section we compare our aircraft data with recent studies, quantifying

the impact of the COVID-19 confinements with other metrics. We find a general agreement, even though most studies use 2019

or a multiyear average as reference for the comparison, while we compare two rather short periods in 2017 and 2020. We also

investigate potential reasons for the reduction of atmospheric BC and other pollutants and consequently analyze data published100

by EUROSTAT on fossil and solid fuel demand.

The 40% reduced MBC we find, exceeds the mean value for Europe (11%) reported by Evangeliou et al. (2021). Nevertheless,

our results fall within the reported range from 42% to 8% for Southern and Western Europe. Also studies with stronger regional

focus agree well with our results. Moreda-Piñeiro et al. (2021) found for the Southwest Atlantic region of Spain, BC reductions

between 29 to 51%. Beside BC, also other atmospheric constituents were found to be reduced during the 2020 confinements.105

For the Po Valley, Lonati and Riva (2021) found benzene reduced by roughly 40% in May 2020. Benzene is a volatile organic

compound (VOC) primarily emitted by road traffic and in good correlation with anthropogenic BC emissions (Wren et al.,

5

https://doi.org/10.5194/acp-2021-1100
Preprint. Discussion started: 7 January 2022
c© Author(s) 2022. CC BY 4.0 License.



Figure 2. Vertical distributions of measured and modeled MBC (A, B, C, and F). Solid lines represent average values, dashed lines represent

median values shading marks the interquartile range. (A) shows EM 2017 measurements and EMAC simulations with initial 2014 emission

inventories. (B) shows BS 2020 measurements and EMAC simulations with initial 2014 emission inventories. (C) shows BS measurements

and EMAC simulations with anthropogenic BC emission reduced by 40% to match the HALO 2020 observations. (D) shows EM and BS

measurements for comparison between the two campaigns, the data is the same as also shown in panels (A) and (B). The grey solid line

shows the weather and seasonal adjusted medianMBC concentration expected for BS measurements in 2020 (section A6). The adjusted value

is based on non-confinement influences retrieved from the difference of the EMAC simulations for BS and EM. It represents the expected

measurement value, assuming the same meteorological and seasonal conditions for both campaigns. The difference between the medians

of EM and adjusted BS represents the emission reduction. (E) shows the measured MBC for EM in 2017 and BS in 2020. (F) shows the

geometric mean refractory BC core diameters (DrBC) for EM in 2017 and BS in 2020.
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Figure 3. (A) Cross section of MBC for 2017 EMeRGe EU measurements. Averages for all data falling into a grid point of 0.2° latitude and

500m altitude. The color scale ranges from 0 to 0.3µg/m3. Averages exceeding this range are shown in red. (B) as (A) but for the 2020

BLUESKY measurements.

2018). Petetin et al. (2020) found NO2, as another traffic-related pollutant, decreased between 41 and 55% in Spain. By

combining satellite and surface in-situ measurements with numeric modeling, Venter et al. (2020) found fine particulate matter

(PM2.5) reduced by 31%. Apart from measurements, also proxy data are used to quantify the effect of the confinements on110

the atmosphere. Forster et al. (2020) shows globally a decrease in BC of up to 22% for the lockdown period and around 15%

in May 2020. When only considering the countries probed in our measurement flights, the reduction is 40% in May and 20%

in June 2020. These literature values, based on mobility data from Google and Apple, agree well with our measurements. All

of the above-mentioned studies, analyzing the reductions in traffic related pollutants and proxies, are in a similar range as our

results.115

Less traffic is identified as the driving force for improved air quality in 2020 (Le Quéré et al., 2020). This is reinforced by the

drop in fossil fuel demand during the confinements in 2020 (Figs. A1, A2, A3, A4). For May 2020, fossil fuel demand was
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30% below the 2017 level (Fig. A1). We found the largest reduction in kerosene demand with 75% (Fig. A4). For road traffic

fuels, the decrease is roughly 20% (Diesel −18%, Fig. A2 and motor spirits −32%, Fig. A3). Other than motor spirits, Diesel

is widely used in the transportation sector and thus the impact of the confinements in 2020 is relatively smaller. The higher120

decrease in motor spirits and kerosene can be attributed to the drop in passenger traffic, due to travel bans, home-office, and

relinquished traveling activities.

Beside reduced emissions due to the COVID-19 confinements, other emission reductions took place between the two measure-

ment campaigns. The total consumption of solid fuels in 2020 was around 42% below the corresponding value for 2017 (A5).

However, solid fossil fuel, only accounts for a small fraction (3%) of the BC emissions from power generation (McDuffie125

et al., 2020). Accordingly, reductions in solid fossil fuel combustion for power generation have only little influence (< 1%)

on the absolute MBC burden. Due to higher emission standards there are multi-year declines of the BC burden reported for

the Northern Hemisphere (e.e., Singh et al., 2018; Querol et al., 2013; Kutzner et al., 2018). Based on surface measurement

stations Kutzner et al. (2018) found an annual reduction between 1and 3% for German urban background and rural sites in

the period between 2005 until 2014. At traffic sites the annual reduction was as high as 5%. For a kerbside station in London,130

Singh et al. (2018) found up to 8% annual reduction in BC, whereas the reduction at rural and remote sites was as little as

0.6%. Querol et al. (2013) obtains similar results for Spain with a high BC reduction in urban areas and little to statistically

insignificant reductions in rural regions. The BC concentrations in our study falls within the range reported by Querol et al.

(2013) for remote and rural sites in Spain. It has to be noted that BC concentrations show both a strong vertical gradient and

a geographic pattern, highly sensitive to emission hot spots like traffic sites, domestic combustion sources or industrial areas.135

Thus the median vertical profiles shall be understood as lower tropospheric background concentrations with an anticipated

annual reduction in the range of rural and urban background concentrations. Hence, around 3 to 9% of the reduction we found

should be attributed to general emission reductions.

The local top of the atmosphere direct radiative effect of BC over continental Europe is considerably small, due to the low

surface albedo and relatively low BC concentrations (Heald et al., 2014). Due to BC’s ability to absorb solar radiation the140

reduced emissions show a net warming effect in the lower troposphere, by increasing the incoming radiation. However, there

is a change of sign at pressure levels below 700 (v3000 m) resulting in an overall cooling effect at the top of the atmosphere.

Nevertheless, to get a full picture of the atmospheric response to the unprecedented atmospheric situation during the COVID-19

pandemic, more sophisticated studies are needed at this point. In particular the long-range transport of anthropogenic pollutants

to remote regions like higher latitudes, where its climate impact is amplified by a high surface albedo and an increased ice145

melting due to deposition of atmospheric BC on snow and ice. Also, research on the long- and short-term radiative effects in

combination with other relevant species will be very valuable for atmospheric science and policy makers. For these studies we

present a good estimate for the near immediate response of MBC in the area of Southern and Western Europe. Furthermore, we

show that proxy data as used by Forster et al. (2020) or EUROSTAT data can serve well for the improvement and the definition

of emission inventories during the exceptional atmospheric circumstances during the pandemic.150
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4 Conclusions

We showed that lower tropospheric median MBC was decreased by 40% in Southern and Western Europe in 2020 compared to

2017. This reduction is attributed to two main reasons, the general decreasing trends of BC emissions in Germany and Europe

accounting for 3 to 9% and the confinement of human movement as a result the measures taken to minimize the spread of

COVID-19 accounting for 31 to 37%. The effect of COVID-19 confinements on the atmospheric MBC found in this study155

generally agrees with earlier studies using ground based and proxy data to estimate the confinement’s effect. In addition to

earlier studies, we present the first measurement results of airborne BC in 2020. We provide a consistent data set for a large

spatial area and the vertical extent of MBC and NBC.

Our results confirm the near immediate atmospheric response of MBC and NBC to anthropogenic activities. Reduced mobility

drives the BC reductions in the lower troposphere. Some of these changes in mobility, such as reduced road and air traffic due160

to home-office and video conferences, should be sustained into working culture. Model studies using our results can quantify

the positive effects on public health and the atmosphere due to reductions in air pollution. Our study extends current knowledge

about the distribution of pollutants in the atmosphere. It demonstrates that the impact of measures, which improve air quality,

also influence climate. It thereby contributes to one of the most important challenges of this century, namely how to mitigate

climate change.165

Data availability. The data set for the vertical distribution of MBC (Table A1), NBC (Table A2), the rBC core size distribution (Table A3)

and the vertically integrated MBC burden (Table A4) are provided in the supplementary material. The original data set is available in NASA

Ames format under https://doi.org/10.xxxxx/x. Further data from the two HALO missions is available at the HALO database (https://halo-db.

pa.op.dlr.de/). For data requests beyond the available data, please refer to the corresponding author.

Code availability. The EMAC model is available under license at https://www.messy-interface.org/.170
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Appendix A: Materials and Methods

We investigate the impact of the first COVID-19 lockdown in Europe on atmospheric BC concentrations with aircraft mea-

surements from 2017 and 2020. For a better understanding of impact-factors on BC other than emission reductions we model

results of MBC along the flight tracks. We used the resulting reductions to calculate the radiative influence due to lower BC

emissions.175

A1 Studied area

The measurement flights were carried out in Southern and Western European airspace (Fig. 1). The countries we focus on in

this study are Germany, France, Spain, Italy, Netherlands, Belgium and Luxembourg. These countries are also used for the

comparison of our results to other data sets and publications.

From 10 until 28 July 2017 the Effect of Megacities on the transport and transformation of pollutants on the Regional and180

Global scales (EMeRGe EU) was investigated in Europe (Andrés Hernández et al., 2021). The focus of EMeRGe EU de-

termined the flight tracks, to be in the lower troposphere, where anthropogenic pollution is most abundant. The flights were

performed predominantly up- and down-wind of dense populated regions.

We compare the results of EMeRGe EU to BLUESKY including the CAFE EU project (Chemistry of the Atmosphere: Field

Experiment in Europe), from 23 May until 09 June 2020 (Voigt et al., 2021). The central point during BLUESKY was to185

investigate the effects of the COVID-19 confinements on the atmosphere. This included measurements of urban pollution in

the lower troposphere, but also effects of reduced air traffic. Therefore, some measurements were performed in passenger

aircraft cruising altitudes in the upper troposphere and lowermost stratosphere (Schlager et al. 2021 in prep.).

The short lifetime of BC hinders it from getting well mixed in the free troposphere and leads to a strong vertical gradient

in its concentration. An accumulation of BC can be found in the lower troposphere and especially in the planetary boundary190

layer (PBL). On top of the PBL there is some turbulent and convective mixing taking place, introducing PBL pollutants, like

BC, into the lower troposphere (Andreae et al., 2018; Schwarz et al., 2017). Moreover BC concentrations in the middle and

upper troposphere are rather driven by wildfires and long range transport (Holanda et al., 2020; Ditas et al., 2018) than by

anthropogenic pollution. These properties of atmospheric BC led us to focus on the lower troposphere, up to 5000 m.

A2 Temporal course of country response measures to COVID-19 compared to measurement period195

The regional severity of the COVID-19 outbreak and thus the response by the European states was not concerted. A dynamic

and scattered change in restrictions was its outcome. Nevertheless, all countries covered by our measurements experienced a

substantial cut in both, private mobility as well as mobility on companies business. In Figure A7 we show the governmental

response index as indicator of the confinement strengths for selected countries. The data is downloaded form the Oxford Covid-
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19 Government Response Tracker (https://github.com/OxCGRT/covid-policy-tracker, last access 06.07.2021) and further de-200

scribed in Hale et al. (2021). Beside the patchy responses of particular states and provinces, the EU imposed a comprehensive

travel ban for non-EU citizens, with a drop in air-traffic as outcome. This ban was in effect form 18 March 2020 until 30 June

2020 and thus covered the whole measurement period (https://data.consilium.europa.eu/doc/document/ST-9208-2020-INIT/

de/pdf).

The measurement period took place in the later lockdown period, when still many confinements were in effect and travel205

activities remained low.

A3 Airborne BC measurements

Both measurement campaigns were conducted with the High Altitude and LOng range (HALO) research aircraft (G550, Gulf-

stream, USA), a modified long-range business jet. HALO is based at the German Aerospace Center (DLR) in Oberpfaffen-

hofen, Germany. Near isokinetic aerosol sampling was achieved with the HALO Aerosol Submicrometer Inlet mounted on the210

fuselage outside of the aircraft boundary layer (Andreae et al., 2018).

The refractory black carbon (rBC) was measured with an eight-channel Single Particle Soot Photometer (SP2, Droplet Mea-

surement Technologies, Longmont, USA). The SP2 quantifies rBC and non-absorbing particles using laser-induced incandes-

cence and scatter signals (Stephens et al., 2003; Schwarz et al., 2006). Particles with a rBC core absorb the laser light and

evaporate. The emitted incandescence signal is linearly proportional to the mass of the rBC cores (Laborde et al., 2013). The215

SP2 used for this study is sensitive to rBC cores in the size range between 70 to 500 nm mass-equivalent diameter, assuming a

density of 1.8 gcm−3.

The SP2 incandescence signal was calibrated at the beginning, during, and at the end of each campaign with size-selected

fullerene soot particles (Alfa Aesar Lot W08A039). The scattering signal was calibrated with spherical polystyrene latex size

standards (208, 244, and 288 nm) and size selected ammonium sulfate particles using a differential mobility analyzer (Grimm220

Aerosol Technik, Ainring, Germany). The results of all calibrations for both campaigns agreed within their uncertainty ranges,

confirming good instrument stability throughout the comparison. The uncertainty for SP2 measurements is 5% for NBC and

10% for MBC (Laborde et al., 2012). The measurement data was analysed with the Paul-Scherrer Institute (PSI) SP2 toolkit

(Gysel-Beer and Corbin, 2019) and adjusted to standard temperature and pressure (STP, T =273.15 K, p=1013.25 hPa).

Throughout the analysis we use the BC data without a correction for the lower cutoff of the SP2. Due to the large contribution225

of anthropogenic BC emissions on our measurements and the high uncertainty in the size distribution for diameters below

the SP2 detection limit we do not fit the size distribution to a log normal distribution. Furthermore for MBC, diameters below

100 nm do not play a significant role, regardless their potentially dominating role for NBC and importance for the BC surface

area (Seinfeld and Pandis, 2006; Pileci et al., 2021; Schwarz et al., 2008; Reddington et al., 2013).
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A4 ECHAM/MESSy model230

We used the ECHAM/MESSy Atmopheric Chemistry (EMAC) model at T63 horizontal spectral resolution (approx. 1.88° ×
1.88°) and with 31 hybrid terrain following pressure levels up to10 hPa in the lower stratosphere (Jöckel et al., 2005, 2010;

Pozzer et al., 2012; Lelieveld et al., 2019). The core atmospheric model employed here is the 5th generation European Centre

Hamburg (ECHAM5) general circulation model. EMAC includes multiple sub-models that represent the tropospheric and

stratospheric processes and their interaction with the biosphere. We used the Modular Earth Submodel System (MESSy, v.2.54,235

Jöckel et al., 2010; Beer et al., 2020) to link submodels that describe emission, aerosols, atmospheric chemistry, deposition

and other processes. The GMXe (Global Modal Aerosol Extension) submodel (Pringle et al., 2010) was employed to simulate

the microphysical processes in aerosols and the gas/aerosol portioning. The GMXe organizes the aerosols into hydrophilic and

hydrophobic modes. The hydrophilic mode encompasses aerosols in the entire size spectrum (coarse, accumulation, Aitken and

nucleation), whereas the hydrophobic mode does not consider the nucleation mode. We updated the assumption in the GMXe240

by emitting black and organic carbon in accumulation and Aitken modes following a recent study (Paasonen et al., 2016). The

gas phase and heterogeneous chemistry was simulated with the MECCA submodel (Sander et al., 2005, 2019). The ORACLE

(Organic Aerosol Composition and Evolution) submodel (Tsimpidi et al., 2014, 2018) was used to simulate the atmospheric

evolution and composition of the organic aerosols. The aerosol optical properties are calculated by the AEROPT (AERosol

OPTical properties) submodel (Lauer et al., 2007; Pozzer et al., 2012; Dietmüller et al., 2016; Klingmüller et al., 2019), which245

assumes the aerosol components in each mode to be spherical, well mixed and with volume averaged refractive indices. The

radiation calculations were done with the RAD submodel (Dietmüller et al., 2016) which is equipped with logical switches

for diagnostically calling the radiation schemes multiple times within one model setup for calculation radiative forcings. The

S4D (Sampling in 4 Dimensions) submodel (Jöckel et al., 2010) was used to interpolate and write the model outputs, online

at spatial and temporal steps of the EMeRGe EU and BLUESKY aircraft measurements. Apart from these submodels, the250

following MESSy submodels were enabled, AIRSEA, BIOBURN, CLOUD, CLOUDOPT, CONVEC, CVTRANS, DDEP,

E5VDIFF, H2O, JVAL, LNOX, OFFEMIS, ONEMIS, ORBIT, SCAV, SEDI, SORBIT, SURFACE, TNUDGE and TROPOP.

Explicit description of each of these submodels can be found in the MESSy submodel list (https://www.messy-interface.org/

current/auto/messy_submodels.html).

The EMAC global simulations, nudged towards the ERA-5 meteorological re-analyses were performed for two time periods255

January to July 2017 and January to June 2020 to coincide with the EMeRGe EU and BLUESKY aircraft campaigns respec-

tively. Over the past decade, EMAC model simulations of aerosols and trace gases have been extensively assessed against

ground measurements and satellite retrievals (Lelieveld et al., 2007; Kerkweg et al., 2006; Lelieveld et al., 2019; Tsimpidi

et al., 2018; Brühl et al., 2015; Pozzer et al., 2015; Zimmermann et al., 2020). Here, we use the monthly varying Community

Emissions Data System (CEDS) anthropogenic emission inventory of 2014, Hoesly et al. (2018) at 0.5◦× 0.5◦resolution for the260

primary emitted species including CO (carbon monoxide), NO2 (oxides of nitrogen), SO2 (sulfur dioxide), NH3 (ammonia),

BC, OC (organic carbon) and NMVOCs (non methane volatile organic compounds). Biomass burning emissions were obtained

from the Global Fire Assimilation System (GFAS) inventory Kaiser et al. (2012). The emissions data were then pre-processed
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and vertically distributed in six emission heights following Pozzer et al. (2012). Residential and commercial fuel use was the

largest emitter of BC (46934 t per year) over the region investigated in this study (Fig. 1, e.g. latitude between −5 and 16°265

and longitude between 37.5 and 54.5°), followed by emissions from land transportation (36023 t per year), power generation

(22161 t per year), industrial combustion and process (17737 t per year), agricultural waste burning (1283 t per year) and

air traffic (0.4067 t per year). For comparisons with the EMeRGe EU and BLUESKY aircraft measurements, BC concentra-

tion was diagnosed along the aircraft routes. A sensitivity model simulation was performed by reducing anthropogenic BC

emissions from all sectors by 40% to compare with the BLUESKY observations.270

A5 EMAC model evaluation

Beside the comparison between the EMAC results for MBC (Fig. A9), we also compare the modeled and observed ambient

temperature as an independent variable (Fig. A10). The R2 for the ambient temperature observation-model comparison is

close to unity, indicating a successful nudging of synoptic variables and that the meteorological conditions during the relevant

time period are simulated adequately. Peaks in MBC due to biomass burning emissions during EMeRGe EU (Fig. A9) are275

underestimated by the model. However, the median for the 500 m bins turns out to be robust against these outliers (R2 of 0.84

with a median absolute deviation (MAD) of 0.13µg/m3 for EM and R2 = 0.88, MAD = 0.06µg/m3 for BS). Whereas the

average for the vertical profiles are more sensitive to peak concentrations, leading to a significantly smaller R2 = 0.24 with

a high standard deviation (STD) of 0.77µg/m3 for EMeRGe EU. For BLUESKY the R2 = 0.93 with STD = 0.1µg/m3 is

slightly higher, compared to median values.280

A6 Accounting for different flight pattern and seasonal and meteorological variability

The major difficulty in comparing atmospheric aerosol measurements is the strong meteorological, regional and seasonal

influence on the distribution and concentration of aerosol. This is due to (I) removal processes driven by the hydrological

circle, dominated by cloud processing (Ohata et al., 2016). (II) The extent of the PBL, determining the concentration and

vertical extent of bulk BC and other aerosol species (S. Raj et al., 2021). (III) Seasonal variations in emission types and285

strengths. Beside these factors, influencing the actual BC burden, also the flight tracks have an important influence on the

measurement results.

We therefore used EMAC model simulations ofMBC along the flight tracks with different emission scenarios (details in section

A4). First, we run the model for 2017 and 2020 with unmodified 2017 emission inventories (Hoesly et al., 2018). For the com-

parison we use one minute average measurement data 30 s prior and 30 s after each model output. In the next step we calculate290

the descriptive statistics for vertical bins of 500 m. The difference for each altitude bin between the results of the EMAC runs

for 2017 and 2020 is added to the 2020 measurement results to account for differences unrelated to emission changes (e.g.,

flight pattern, meteorology, and differences in emissions pattern as well as emissions from wildfires). The adjusted vertical
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profile for the 2020 measurements is then compared to the 2017 measurements to quantify the emission reductions according

to equation A1.295

BCred =
MBC2017H− (MBC2020H + (MBC2017M−MBC2020M))

MBC2017H
(A1)

WhereBCred is the unit-less reduction factor inMBC attributed to the COVID-19 confinements,MBC2017H andMBC2020H stands

for HALO measurements. While the difference between the EMAC results (MBC2017M and MBC2020M) is the adjustment factor,

introduced earlier.

A7 Vertical and latitudinal distribution of MBC and NBC300

The vertical profiles of MBC (Fig. 2) and the microphysical BC properties in Figures2 D and A6 represent the data 30 s prior

and 30 s after each model output during the two campaigns. TheNBC vertical profile (Fig. 2 E) contains the whole measurement

data, since no EMAC simulations for NBC were conducted. To obtain the vertical profiles the measurement and model data are

concatenated in 500 m altitude bins. The statistical values given in the particular figure and table are calculated for each bin

with IGOR Pro (WaveMetrics Inc. version 7.08).305

Also the log normal size distributions, given in Figures2 D and A6, are calculated for the concatenated data in each altitude

bin. We used the following function according to (Heintzenberg, 1994),

f(x) =
A√

2πlog(σ)
exp

[
− (log(x)− log(Dg))2

2log2(σ)

]
(A2)

with A as a free parameter, Dg as mean geometric diameters and the widths (i.e., the standard deviations, σg) of the core size

distributions.310

A8 Vertically integrated MBC burden

The vertically integrated MBC burden per surface area is calculated as the integral of the median vertical MBC concentration.

Note that the MBC per cubic metre in the vertical profiles is STP corrected. Thus, we scaled the altitude bins with a scaling

factor (SP, Table A4) based on the pressure altitude. Equation A3 shows the calculation of (SP) with hbin as the altitude of the

corresponding altitude bin in the vertical profile.315
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SP =
1

(1− hbin
4307.69396m )5.2553026

(A3)

A9 Radiative impact of the changed MBC

The radiative effect due to 40% reduction in MBC is calculated with EMAC for the local radiative forcing (latitude between

−5 and 16° and longitude between 37.5 and 54.5°) for the months May and June. The radiative effect is the difference between

one run with full aerosol emissions and one with a 40% reduced anthropogenic MBC emissions. The calculations are done for320

short wave radiation with clear sky conditions.

A10 EUROSTAT data for fossil and solid fuels

Data published by EUROSTAT is used to investigate the reductions in fossil fuel demand during the confinement period

in 2020 (https://ec.europa.eu/eurostat/databrowser/view/NRG_JODI__custom_482779/default/table last access 25.01.2021).

Furthermore, the difference in solid fossil fuel demand between 2017 and 2020 is used to analyze important drivers for325

the BC reduction, other than the COVID-19 confinements in 2020 (https://ec.europa.eu/eurostat/databrowser/view/NRG_

CB_SFF__custom_1131819/default/table?lang=en last access 08.07.2021 and https://ec.europa.eu/eurostat/databrowser/view/

NRG_CB_SFFM__custom_1558586/default/table?lang=en last access 12.11.2021).
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Table A1. Average and median MBC from HALO observations and EMAC simulations. Values in column altitude represent centre of corre-

sponding 500m altitude bin.

EMeRGe EU BLUESKY

Observations EMAC Observations EMAC EMAC 40 % reduced

Altitude Avg Median Avg Median Avg Median Avg Median Avg Median

[m] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3] [µg/m3]

250 0.108 0.108 0.113 0.113 0.117 0.122 0.156 0.137 0.110 0.097

750 0.179 0.134 0.143 0.128 0.059 0.052 0.109 0.105 0.077 0.073

1250 0.129 0.103 0.119 0.112 0.072 0.061 0.079 0.078 0.056 0.055

1750 0.177 0.114 0.069 0.065 0.057 0.048 0.079 0.086 0.055 0.060

2250 0.263 0.067 0.043 0.030 0.029 0.009 0.031 0.034 0.022 0.024

2750 0.149 0.025 0.044 0.036 0.009 0.008 0.027 0.025 0.019 0.017

3250 0.069 0.038 0.028 0.021 0.016 0.007 0.015 0.010 0.011 0.008

3750 0.025 0.016 0.028 0.019 0.015 0.007 0.011 0.008 0.008 0.006

4250 0.029 0.006 0.010 0.008 0.009 0.007 0.004 0.003 0.003 0.002

4750 0.013 0.011 0.007 0.005 0.007 0.005 0.006 0.003 0.004 0.002
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Table A2. Average and median NBC from HALO observations. Values in column altitude represent centre of corresponding 500m altitude

bin.

EMeRGe EU BLUESKY

Observation Observation

Altitude Avg Median Avg Median

[m] [cm−3] [cm−3] [cm−3] [cm−3]

250 41.1 40.3 47.1 48.5

750 81.8 65.4 31.8 27.0

1250 62.5 53.1 33.7 30.7

1750 75.3 52.3 22.9 19.3

2250 54.2 15.0 18.0 5.1

2750 45.0 15.6 8.6 3.5

3250 34.4 25.8 4.7 2.4

3750 10.2 6.0 4.1 2.4

4250 10.8 4.7 4.2 3.2

4750 4.6 2.9 3.2 2.6
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Table A3. Average and median of MBC microphysical properties, geometric mean diameters (DrBC) and the geometric standard deviation

(σrBC) of the core size distributions. Values in column altitude represent centre of corresponding 500m altitude bin.

EMeRGe EU BLUESKY

DrBC σrBC DrBC σrBC

Altitude Avg Median Avg Median Avg Median Avg Median

[m] [nm] [nm] [nm] [nm]

250 157 155 2.083 2.047 144 152 2.180 2.063

750 167 150 2.006 1.966 134 140 2.268 2.108

1250 171 172 1.924 1.900 148 150 2.149 2.124

1750 174 157 1.872 1.858 138 138 2.027 1.972

2250 150 148 1.826 1.789 125 122 1.917 1.954

2750 155 153 1.749 1.714 151 165 1.866 1.907

3250 159 158 1.808 1.803 115 134 1.731 1.642

3750 169 174 1.701 1.735 130 134 1.642 1.634

4250 174 178 1.645 1.663 157 157 1.444 1.444

4750 170 160 1.447 1.463 157 148 1.392 1.405
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Table A4. Vertically integrated MBC burden per surface area. BLUESKY adjusted is the BLUESKY observation and the EMAC model

retrieved adjustment (see section A6). Values in column altitude represent centre of corresponding 500m altitude bin. Pressure altitude

scaling factor calculated as described in section A8. Last row provides column sum of vertically integrated MBC burden.

Pressure altitude EMeRGe EU BLUESKY BLUESKY Adjusted

Altitude scaling factor Median Median Median

[m] [mgm−2] [mgm−2] [mgm−2]

250 1.03 52.25 59.08 47.31

750 1.09 61.39 23.96 34.43

1250 1.16 44.26 26.23 40.85

1750 1.24 46.22 19.51 11.29

2250 1.32 25.44 3.54 1.94

2750 1.40 8.90 2.95 6.78

3250 1.49 12.67 2.22 5.74

3750 1.59 5.10 2.13 5.65

4250 1.70 1.69 2.14 3.45

4750 1.81 3.15 1.46 1.86

Sum 261.07 143.23 159.31
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Figure A1. Cumulative EUROSTAT data for fossil fuel demand for the July 2017, April 2020, May 2020 and June 2020. The data combines

demand for diesel, kerosene and motor spirit. Data is downloaded for countries considered in this study from the EUROSTAT website with

last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table).
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Figure A2. Cumulative EUROSTAT data for diesel demand for July 2017, April 2020, May 2020 and June 2020. The data combines demand

for diesel, kerosene and motor spirit. Data is downloaded for countries considered in this study from the EUROSTAT website with last access

08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table).
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Figure A3. Cumulative EUROSTAT data for motor spirit demand for the July 2017, April 2020, May 2020 and June 2020. The data combines

demand for diesel, kerosene and motor spirit. Data is downloaded for countries considered in this study from the EUROSTAT website with

last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table).
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Figure A4. Cumulative EUROSTAT data for kerosene demand for the July 2017, April 2020, May 2020 and June 2020. The data combines

demand for diesel, kerosene and motor spirit. Data is downloaded for countries considered in this study from the EUROSTAT website with

last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/NRG_CB_SFF__custom_1131819/default/table).
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Figure A5. Cumulative EUROSTAT data for solid fossil fuel inland consumption for the years 2012 to 2020. Data is downloaded for

countries considered in this study from the EUROSTAT website with last access 08.07.2021 (https://ec.europa.eu/eurostat/databrowser/view/

NRG_CB_SFF__custom_1131819/default/table).
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Figure A6. Vertical profiles of MBC microphysical properties, the geometric standard deviation (σrBC) of the core size distributions. 2020

BLUESKY measurements in blue and 2017 EMeRGe EU measurements in red. Dashed lines show the median, solid lines the mean concen-

tration and shaded areas represent interquartile range for each altitude bin of 500m.
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Figure A7. Temporal evolution of response on COVID-19 for selected European countries. Governmental response index data downloaded

from https://github.com/OxCGRT/covid-policy-tracker/blob/3143b76020ef83072086853749c950ac0921ba47/data/timeseries/government_

response_index.csv, last access 06.07.2021. The governmental response index is described elsewhere (Hale et al., 2021).
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Figure A8. Profile for difference in aerosol radiative effect due to a reduction of 40% in MBC. The profile is averaged for the months May

and June over the region of HALO measurements (latitude between −5 and 16° and longitude between 37.5 and 54.5°, Fig. 1).
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Figure A9. Scatter plot for median MBC values of HALO measurements and EMAC model results. Red data shows the comparison of 1

minute averages. In blue median concentrations as used for the vertical profiles are shown. Error bars are one median absolute deviation

(MAD) for the vertical merged data in 500 m altitude bins. Data shown is for the compared altitude up to 5000 m. (A) corresponds to

measurements from 2017 with R2 = 0.84. (B) are 2020 measurements with initial emissions in the EMAC model and R2 = 0.88. (C) as (B)

but with 40% reduced anthropogenic emissions in EMAC simulation and R2 = 0.88. Note that the different ranges for MBC, (A) starts at

0.001µg/m3 and the maximum is 1µg/m3, whereas for BLUESKY (B and C) we did not observeMBC exceeding 0.4µg/m3 which defines

the axis ranges.
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Figure A10. Scatter plot for ambient temperature (T) in K from HALO measurements and EMAC model simulations. Grey line is the one

to one ratio. (A) corresponds to measurements from 2017 with R2 = 0.985. (B) are 2020 measurements with R2 = 0.998.
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